N

N

Influence of the chemical modification of the interface on
the dispersion of lignocellulosic reinforcements in Green
Wood Plastic Composites GWPC : numerical model
contribution on the optimization of the mechanical
properties
Erica Rodi

» To cite this version:

Erica Rodi. Influence of the chemical modification of the interface on the dispersion of lignocellulosic
reinforcements in Green Wood Plastic Composites GWPC: numerical model contribution on the
optimization of the mechanical properties. Material chemistry. Université Paris-Est, 2017. English.
NNT: 2017PESC1100 . tel-01795003

HAL Id: tel-01795003
https://theses.hal.science/tel-01795003
Submitted on 18 May 2018

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche frangais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-01795003
https://hal.archives-ouvertes.fr

IZCCLIEE DCCTCRALIE —?raris-zsT uPEC |
Sciences, Ingénierie et Environnement JIFEG | W™

VAL DE MARNE

These de Doctorat

Présentée par :

Erica Gea RODI

Pour obtenir le grade de Docteur de 1’Université Paris-Est
Ecole doctorale Sciences, Ingénierie et Environnement

Spécialité : Sciences des matériaux

Influence de la modification chimique de I’interface sur la dispersion des
renforts lignocellulosiques dans les Green Wood Plastic Composites
(GWPC) : apport de la modélisation sur 1’optimisation des propriétés

mécaniques.

Soutenue le 13 décembre 2017

Rapporteur Emmanuel RICHAUD  Professeur, Arts et Métiers ParisTech

Rapporteur Marco GIGLIOTTI Professeur, Université de Poitiers, ISAE-ENSMA

Examinateur Salah RAMTANI Professeur, Université Paris 13, CSPBAT
Directeur de these  Valérie LANGLOIS  Professeur, Université Paris-Est, ICMPE

Co-directeur Thibault LEMAIRE Professeur, Université Paris-Est, MSME

Co-encadrant Vittorio SANSALONE Professeur, Université Paris-Est, MSME






These de Doctorat

Présentée par :

Erica Gea RODI

Pour obtenir le grade de Docteur de 1’Université Paris-Est
Ecole doctorale Sciences, Ingénierie et Environnement

Spécialité : Sciences des matériaux

Influence de la modification chimique de I’interface sur la dispersion des
renforts lignocellulosiques dans les Green Wood Plastic Composites
(GWPC) : apport de la modélisation sur I’optimisation des propriétés

mécaniques.

Soutenue devant le jury composé de :

Rapporteur Emmanuel RICHAUD  Professeur, Arts et Métiers ParisTech

Rapporteur Marco GIGLIOTTI Professeur, Université de Poitiers, ISAE-ENSMA

Examinateur Salah RAMTANI Professeur, Université Paris 13, CSPBAT
Directeur de théese  Valérie LANGLOIS  Professeur, Université Paris-Est, ICMPE

Co-directeur Thibault LEMAIRE Professeur, Université Paris-Est, MSME

Co-encadrant Vittorio SANSALONE Professeur, Université Paris-Est, MSME






Acknowledgments

"Gratitude is not only the greatest of virtues, but the mother of all the others"; this is what
Cicero said in I century B.C. Now, by saying “thank you” I want to express my gratitude to all those
persons who have contributed to this work and | want to return the affection received during these
long three years.

First of all, I would like to thank the directors of the two laboratories, the professor Michel
Latroche of the ICMPE and the professor Salah Naili of the MSME for having hosting me in their
institutes and allowing me to work in the best conditions, as well as the LABEX MMCD for funding
this work and the “Ecole doctorale ED-SIE” for all the proposed courses that have enriched me. |
would like to thank also the members of the jury, Professors Richaud and Gigliotti who have done
me the honor of evaluating my thesis, giving precise advises and useful suggestions about the work.
A great thanks goes also to Professor Ramtani for his kindness and availability to accept the role of
examiner in the committee.

I would like to express all my gratitude to my supervisor Valérie Langlois. She was constantly
engaged with energy in this project, conducting this work with optimism and allowing me to always
see the positive side of doing research. | would like to thank my co-supervisor, Estelle Renard for her
generosity and also for her extraordinary good mood. Thanks also to my other co-supervisor Vittorio
Sansalone for his prompt intervention in solving all problems presented during this work and for the
discussions in our mother tongue that have often reassured me. | would like to express my endless
gratitude to my other supervisor, Thibault Lemaire, excellent teacher and source of inspiration.
Thank you, Thibault, for accepting my strange professional profile in your research team, thank you
for guiding me in this path with the irony and sympathy that I needed and finally thank you for
believing in me.

| would like to thank Luca Andena and Francesco Briatico for hosting me in the department
“Giulio Natta” at the Polytechnic of Milan, directing my work carefully and integrating me into a
solid and intellectually stimulating research group. A great thanks goes also to Professor Andrea
Pavan for his valuable tips. / will always remember “my Milanese period” with a great smile!

I would like to thank all the members of the administrative team and in particular Isabelle of
the MSME, whose “joie de vivre” has been for me as a drug delivered every morning and Marcelle
of the ICMPE whose affection makes me feel at home. A great "thank you" goes to all the technicians
and lecturers of the three laboratories who have contributed to this work from the beginning. | would
like to express my gratitude also to all the professors of the three laboratories for their unconditional
help and to all the interns who have worked by my side and who have contributed in a decisive way
for the result of this work.

A great thanks goes to my colleagues all, companions of adventure, some of them became
friends during this long journey. I will never forget the endless hours spent with my dear friend
Etienne in front of the extruder or the memorable evenings with Antoine B., Sarra, Etienne, Romain
P., Azad, little Alina and Pierre. I will never forget the extraordinary days with Ilaria, Romain V. and
Antoine T. and our aperitifs in the afternoon to have the necessary “energy” to work or the good
times spent with Carine and Tina in our office and lastly the Milanese colleagues, true gentlemen. |



will always carry you into my heart. 1 would like to thank also my Italian friends who never
abandoned me during this long journey. Thanks to my best friend Maria and also to Riccardo whose
eclecticism has always dissolved my negative thoughts. Thanks also to Maria Teresa for her constant
energy and Anastasia and her mother who have always been ready to welcome me with a smile, a
hug and a packet of candied almonds to make my Parisian stay less bitter.

Surely the greatest thanks goes to my family all. To Marco and Zenia, who have constantly
helped and encouraged me since | was a child. To my aunt Pina and my uncle Giovanni who have
always supported me. To my grandparents who have seen the beginning of this journey but not
unfortunately the end. Finally, thanks to my father and my mother for their infinite sacrifices and to
have taught me honesty, persistence, goodness and sincerity, fundamental talents to accomplish this
work.



To Maria Foresi,
whose doubtful mind and pure soul,
have inspired my best thoughts and

consolidated my deepest certainties.



VI



Table of contents

Table of contents

Pag.
List Of fIQUIeS and SCREMES.........c.oiiiee e XV
LISE OF TADIES ..ottt XIX
General INTrOAUCTION. ..ottt bbb e e e 1
Chapter |
Green Wood Plastic Composites
I-1. An overview on composites MAterialS...........cccveieeiiiiiciicce e 6
1-2. The reinforcing fIDEIS ....o.oiiiiee e 10
e I N 10T L ] 1< £ SRS 12
I-2.2. Principal characteristics of vegetal fibers ..., 13
1-2.2.0. CIUIOSE ...ttt ettt bbb 16
1-2.2.2. HEMICEHUIOSES ..ottt sneenne s 18
1-2.2.3. LEGNIN ¢ttt bbbt 19
[-2.3. Presentation Of MISCANTNUS .........coeiiiiiiiiiiiie e 22
I-3. Aliphatic biodegradable POIYESTErS..........ccceiieiiiiecece e, 25
[-3.1. Synthesis of biodegradable aliphatiC POIYESTErS .........cccoiriiiiiie e 27
[-3.1.1. Synthesis of poly(lactic aCid) (PLA) ......coiiiieriieierieeee e 27
1-3.1.2. Synthesis of poly(e-caprolactone) (PCL) ......cccovvieiinininieene s 30
I-3.1.3. Synthesis of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBHV)............. 31
I-3.2. Thermal and mechanical properties of aliphatic biodegradable polyesters................ 32
[-3.3. Biodegradability of aliphatiC POIYESTErS ........ccooiiiiiiiiieee e 35
[-3.4. Thermal degradation of aliphatiC POIYESIErS........ccoviiiiiiiiiie e 39
I-4. Toward DIOCOMPOSITES .......ccveiiieieiicie ettt reeae e 41
I-4.1. Treatment of vegetal fIDErS .........covoiiii e 41
[-4.2. Processing MELNOUS. ........cuiiiiiiiieie e 45
[-4.2.1. The cOMPOUNTING PrOCESSES ....c.veiviiviriiriieiieieieste ettt 45
1-4.2.2. The MOIAING PIrOCESSES .....ccuvieitieiiieiiee ettt ettt et be e srae s e e sree s 47
[-4.3. PLA-DASEU COMPOSITES. .....viiiiiitieitie it itie sttt re ettt e et e te e saa e beesree s 49
[-4.4. PCL-based DIOCOMPOSITES........couiiiiiiiriiiiiiisieeiee et 52



Table of contents

[-4.5. PHBHV-based DiOCOMPOSITES .......ccveiiieiiiieiieic et 52
I-5. Micromechanics of heterogeneous materialS...........ccccovviiierinie e 55
[-5.1. Micromechanical frameWOrK ... 56
[-5.2. First Simple analytical Methods..........cccciiiiiiciccccec e 57
[-5.3. EShelby approXimation ...........cccveiuiiieiieiiiie et 59
[-5.4. Halpin-Tsal EQUALIONS .........coiiiiieieie e 60
[-5.5. Mori-Tanaka-Benveniste Model ..o 61
I-5.6. Numerical Methods: a focus on Finite Element Method ............ccocooiiiiiniiinicienn, 62
1-6. CONCIUSIONS ...ttt et bbbt b st e et bbb b e reen e s e 64
R =] (T =] (o= PR STPR 65
Chapter 11
Functionalization of Miscanthus by photo-activated thiol-ene addition to improve interfacial
adhesion with polyCcaprolactone............cocciiiiiiiii i 80
R 0 1 oo 18 o4 1 To] o F SO SRTPRPRURPRPRRO 81
T1-2. EXPEITMENTAL ...t 83
I AV = =T T SRS 83
11-2.2. PMMS grafting onto Miscanthus giganteus fibers...........cccociveviiiiiicie e, 83
11-2.3. Composites manufacturing, PCLxMISy........cccoooiiiiiiiiiiieieeee e 84
[1-2.4. ANalytical tECANIGUES ......cc.eiiiiieeece s 84
[1-3. RESUILS @Nd QISCUSSION .....vveiieieieie ettt e e nreesne s e nneene e 86
11-3.1. PMMS photo-grafting on the Miscanthus fibers .............cccooeveiveiicc i, 86
11-3.2. Preparation of biocomposites, PCLxMISy ... 90
[1-3.3. Characterization of DIOCOMPOSITES ........cceiiiiiiiierierie e 91
11-4. Conclusions and PEIrSPECTIVES .........cooieiiiiiiiiiiieee e 96
T AN o] o1 o o 1 OSSPSR 97
[1-5A. Effect of fibers content 0N PCL ........ooviiiiiiii e 97
[1-5B. Effect of BPO on PCL/MIS DIOCOMPOSITES .....cvveuviiiieiieiieiiieiieieie e 99
F1-6. RETEIENCES ... .ceiee ettt e re e be e esseesteenaesreeteaneenreas 102

VIHI



Table of contents

Chapter 111
Study of mechanical properties of PHBHV/Miscanthus green composites combining

experimental and micromechanical approaches............ccccocviiiiiiiiicici 106
I Va4 oo [ Ted A o] o ISP SPTRTROS 107
[11-2. Materials and MEthOdS. ..o 109
[H-2.1. MAEEITAIS ... et 109
[11-2.2. COMPOSITE PIOCESSING ...veveieeureeetesiesieeie ettt ettt sttt b e bbbt 109
[11-2.3. Materials CharaCterization ............cocovieiieeiie e 110
111-2.3.1. Scanning electron microscope (SEM) ......ccoovviieiiicii i 110
111-2.3.2. MeChaniCal ProPertiES........ccviieiieiiieiecee sttt 110
111-2.3.3. Fiber-size distribDULION .........cccooiiiiiiice e 111
[11-2.3.4. Density MEASUIEMENTS .....cveiviitiriiriisieeiiesieie sttt bbb 111
111-2.3.5. Differential scanning calometry (DSC) ........cccoveiveiiiiieiiece e 111
TN BV oo 1] T Vo OSSP 111
FHT=3. RESUILS ettt ettt et e e esneesteeneesreenbeeneenrees 113
[11-3.1. Mechanical properties of DIOCOMPOSITES.........c.coeiiiiiiiiiiee e, 113
[11-3.2. Scanning electron MicroSCOPY (SEM).....cc.ocveiiiieiiiiece e 116
[11-3.3. FIDer-size distriDULION ........coeiiiiiiiie i 117
[11-3.4. Density of Miscanthus and COMPOSITES ..........coerurriiriiirerieee e, 117
[11-3.5. Results of numerical SIMUIAtION ..........cccooiiieiiee e 118
FEE-4. DISCUSSION ...ttt sttt sttt b et e et e stesbesbe et e s neereeneeneeneas 120
I11-4.1. The mechanical behavior of PHBHV/MIS cOmMpPOSItesS .........cccoevveieeiieiieieeee 120
[11-4.2. Internal morphology and density of the bio COMPOSIES .........cccooeviriiiiiniiiienen, 121
[11-4.3. Numerical SIMUIBTION ........oviiiircc e e 121
H1-5. Conclusions and PErSPECLIVES .........ccuiiieiieie ittt sre s 123
N o] o =T (o [ TSSO SPURRRIS 124
[11-6A. Identification of the Young modulus of the matriX..........cccooevvniniininiiniieen, 124
[11-6B. Estimation of volumetric fraction of fibers in the specimens.............cc.coovvvineneen, 125

I11-6C. Effect of time on mechanical and thermal properties of PHBHV-based composites...



Table of contents

Chapter 1V
Effect of fiber content, length and arrangement on the mechanical modulus of
PHBHV/Miscanthus fiber composites: contribution of a finite element model.................. 132
IV=1, INEFOAUCTION ... ettt steene e s reesbeeneenreas 133
1V-2. Experimental iINVESTIgAtiON .........ccceiiiiiiice e 135
IV-2.1. MaterialS and ProCeSSING.......ccueiuieieiieieeiesee st esie s e s e eae e e sre e e sreesreeseesreesreeneeanes 135
IV-2.1.0, MALEITAIS ..ot nne e 135
IV-2.1.2. COMPOSITE PrOCESSING. ... eeuveuretirtertinieeiiesteie ittt e e se b bbbt ene e 135
IV-2.2. Materials CharaCterization ..........ccooeieiiiinieiee e 136
IV-2.2.1. Scanning electron MICIOSCOPY .......civieueieeieaieiieseesreseeseestesee e sressaesraenne e, 136
IV-2.2.2. Morphology of the FIDEIS ... 136
IV-2.2.3. Mechanical properties of the COMPOSITE...........ccociviririiiiiiee e 136
IV-2.3. EXPErimental FESUILS..........coviiieiecie et 137
IV-2.3.1. Scanning electron microscopy (SEM) and fibers characterization ................. 137
IV-2.3.2. Mechanical properties of the DIOCOMPOSITES .........ccovvriiiieieiiierreeees 139
IV-3. Numerical INVESTIGATION .........ooiiiiiiieieee e 141
IV-3.1. Finite element MOUEIS .......ccoveiiiiieie e 142
IV-3.1.1. 2D FE MOGEIS .....cviiiiiiieiiiiiieice et 143
IV-3.1.2. 3D FE MOGEIS ..ottt 145
IV-3.2. HOmMOogenization MOGEIS ..........ooiiiiiiiiiieee e 145
IV-3.3. NUMEFICAI FESUILS ..ot 146
IV-3.3.1. TeNSIle MOUUIUS ....ccoovieieiiie e s 146
1V-3.3.2. Stress diStriDULION .........ooiieiie e 148
V=4, DISCUSSIONS. ... .eeueeeeeeieesteetieste e e steeste e e sseesteeseesse e teeseesseesseeseeaseeseaneesseeseeeneesseenseanennsens 150
IV-4.1. Effect of fiber length and content on the mechanical behavior of the
DIOCOMIPOSITES ...ttt ettt et e e e e e s teeteereenbeenbesneenreas 150
IV-4.1.1. TeNSIE MOUUIUS ......ccveeieiieecie e 150
IV-4.1.2. TeNSIle STrENGEN .....cc.oiiiiiieie s 152
IV=5. CONCIUSIONS ...ttt sttt e re e te e s e sneesaeeneesneenteeneenrees 154
AN TN o] 0 1=1 o | PSPPSR 156
IV-6A. Processing parameters during extrusion and injection molding............c.cccoevvenee. 156
IV=7. RETEIEINCES ..cvveee ettt ettt et et e beenaesneenteeneesteenteaneenres 157



Table of contents

Chapter V
Biocomposites based on Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBHV) and

Miscanthus giganteus fibers : multiphase modeling of the effective mechanical behavior of

biocomposite with improved fiber/matrix interface.............cccoocviieiiieiieiii s 160
V=L, INEFOAUCTION ...ttt bbb 161
V-2, EXPEIITMENTAL .....oiiiiiiiiiiee bbb 163
RN R Y - =] -1 ST 163
V-2.2 Chemical treatment of Miscanthus giganteus fiDers ............cccocvevevieiieve e 163
V-2.3 Composite ManUFaCIUNING .......cc.oiveiiiieiecce e 163
V-2.4 Materials CharaCterization ............coceiiiirinieieie e 164
A L] I 1 - T [ PRSP 164
V-2.4.2 MeChaniCal tESTING .......coveiiiiiiiiiiisie e 164
V-2.4.3 Scanning electron microscopy (SEM) ......c.coveiiiiiicie e 164
V-2.4.4 Fourier Transform Infrared Spectroscopy (FTIR) .....ccccoeiieiiiie i, 165
V-2.4.5 Differential Scanning Calorimetry (DSC) ........cccoviiiriiieiiienc e 165
V-2.4.6 X-ray DIffraction (XRD) .......ccoooiiiiiiiiieieie sttt 166
V-3, RESUILS aNd QISCUSSION .....veuviiiiiiiiiiesiieiieeeie ettt sttt 167

V-3.1 Evaluation of PHBHYV grafting onto MIS surface during processing evaluated by

FTIR-ATR ANAIYSIS ..ottt 167
V/=3.2 TENSIIE PIrOPEITIES ...t bbbt 170
V-3.3 Fracture facies Morphology ..o 175
V-3.4 Characterization of biocomposites by DSC and XRD analyses..........cccccccevevvvennnne. 176
V-3.5 Analytical and numerical MOdelS .............cooveiiiiiiiiie e, 178
V-3.5.1 Use of a model involving three phases ..........ccoviiririiiiiiies e 179
V-3.5.2 Evaluation of Eg and @&c by a mathematical approach.............cccccocervvnivninnnnn, 180
V-3.5.3 Results of numerical and mathematical approach ..........c.ccccccoveveiieiicic e, 181
RV B @0 g T [0S o] USSR 184
V=5, APPENAIX .t bbb bbbt 185
V-5A Realization of specimens of PHBHV9oMIS10 (2.2% DCP)......coovvviiiiiiiiin 185
V=B RETEIEINCES ...ttt bttt b et enee e nres 186

Xl



Table of contents

Chapter VI

Processing and accelerated aging of PLA/Miscanthus composites: correlation between

mechanical properties and chemical and physical structure of the composites.................. 192

AV I 1 a4 T (3T 1 o] o ST PR PSPPI 193

VI-2. Materials and MethOdS. .........cooiiiiiiiiee e 196
V=21 MAEEITAIS ...ttt et nnes 196
VI1-2.2 Chemical treatment of Miscanthus giganteus fiDers...........ccooeviiiiiicicien, 196
VI-2.3 Compounding with internal mixer and manufacture of composites by compression
4 0] [0 11T PSSR SPUS PSRRI 196
VI-2.4 Compounding with a twin-lab extruder and manufacture of specimens by injection
MONTING ..ttt bbbttt 197
VI1-2.5 Accelerated agBIiNg .......c.civeiuiiieiieie et nes 198

VI-3. Materials CharaCterization............ccocuoiieiieie i 200
VI-3.1 Mechanical charaCterization .............cccoovveieiieiiene e 200
V1-3.2 Differential Scanning calorimetry (DSC) analysis ..........cccccooirenenineniniseeee, 201
VI1-3.3 X-Ray Diffraction (XRD) ANAIYSIS .........ccceivieiieiiiieieere e 201
VI1-3.4 Fourier Transform Infrared Spectroscopy (FTIR) .....cccecviieiveiiiieceece e 201
VI1-3.5 Size exclusion chromatography (SEC) ........ccciveiiiiiiice e 202
V1-3.6 Scanning electron microSCOPY (SEM) .....coviiiiiiiiiiiiineiece e, 202

VI-4. Results and discussions: Part I. Effect of processing on the properties of PLA

and PLA-DASed COMPOSITES......c.eciuiiiiiieie ettt e e sre e ans 202
VI-4.1 Influence of processing on the characteristics of PLA evaluated by FTIR, DRX, SEC
V0 15 1 TS 202
VI1-4.2 Effect of processing on the mechanical properties of neat PLA and PLA-based
(010000 L0 LY 1 TSSO 209
VI1-4.3 Analysis of fracture surface by SEM ... 211

VI-5. Results and discussions: Part I1. Effect of aging on the properties of PLA and
PLA-DASEA COMPOSITES ...ttt bbb bbbt 213
VI-5.1 Effect of aging on the crystallization behavior and degradation of PLA evaluated
by FTIR, DRX, DSC @nd SEC .......ccoiiiiiiiieicit et 213

X1



Table of contents

VI-5.2 Effect of aging on the mechanical properties of neat PLA and its composites ...... 215
V1-5.3 Effect of aging evaluated by SEM IMAJES.........cccoriiiririiieieieee e, 217
V1-6. Conclusions and PEISPECTLIVES .........cuiiiieieieieiie et 219
RV R A Y o] o 1= T 1 SRS 221
VI-7A. Torque and Temperature profiles for PLA and PLA-based composites................ 221
VI-7B. Properties of PLA-based COMPOSITES ..........coereieieriiinisieiee e 222
VI-7C. Characterization of PLA and its composites after aging .........ccccoeevveverienrveneenes 223
V1-8. RETEIENCES ...ttt bbbt sttt e s 224
CoNClUSION AN PEISPECLIVES .....c..eivieiieiiiieitesie sttt bbbt eb e 229

X1



XV



List of figures and schemes

List of figures and schemes

General Introduction

Figure 1-0. Performance, competitiveness, sustainability balance and applications of biocomposites.. 3

Chapter |

Figure I-1. Principle of combined actions for the mechanical resistance of a composite material
constituted by a fiber reinforced POIYMEriCc MAtriX ........ccooeveiiiiiii i 7
Figure 1-2. Example of reinforcement in the matrix. From left to right: particulate random,
discontinuous fibers (unidirectional), discontinuous fibers (randomly arranged), continuous fibers

(unidirectional) and continuous fibers (bIidireCtional) ..........cccovveiiiiiic i 7
Figure 1-3. Common polymers ClassifiCation ...........cccovviiiiiiiiic i 8
Figure 1-4. Crystalline and amorphous regions in a semicrystalline polymer...........ccccoovviienenennn. 9
Figure 1-5. Log E vs T curves for amorphous, semicrystalline and semicrystalline thermoplastic
reiNfOrCed WIth FIDEIS ... et st enes 10
Figure 1-6. Tensile Modulus (E) vs Density (p) of different fibers and composites ...........c.ccocerernennae 11
Figure 1-7. Tensile Modulus (E) vs Cost (Crm)/VVolume of different fibers and composites................. 12
Figure 1-8. Fibers used in France in materials field............cccccoeiiiieiii i 15
Figure 1-9. Chemical structure of CEHUIOSE ........coiviiiiiice e e 16
Figure 1-10. Formation of cellulose allomorphs. ... 16
Figure 1-11. Arrangement of fibrils, microfibrils and cellulose in cell wall .............c.cccovveiiiviennnane. 17
Figure 1-12. Internal structure of an elementary natural fiber ..........cccoooviiiiieii e, 18
Figure 1-13. Principal hemicelluloSe CONSITUBNTS ...........cceiiiiiieieiiise st 19
Figure 1-14. Three standard monomers Of HGNiN ..o 20
Figure 1-15. Structural motif of Softwood ligNin ... 20
Figure 1-16. Miscanthus: from plant to common appliCatioNns ............c.cverererereieini e 23
Figure 1-17. Global biodegradable polymer market, 2014-2020...........ccccoirineieieiiinisene e 25
Figure 1-18. Molecular structure of PLA, PCL and PHBHY polymMers........cccocvvveeiiievicieieeie e 26
Figure 1-19. Stereoforms Of IaCtIUES........cciiieiiiice e e 29
Figure 1-20. General Tormula Of (PHA)S ... .o 31
Figure 1-21. Principal temperature ranges for PLA, PCL and PHBHYV polymers .........c.cccccevviiennane. 33
Figure 1-22. Cleavage of the polymeric chain during the degradation of PCL .........c.ccccoeveviiiiiennenne. 40
Figure 1-23. Physical and chemical treatment of CellulOSe............ccoviiiiiiiiiiiie e 43
Figure 1-24. Typical XIrUSION PIrOCESS........cveveieeiiriisiesiestestesteee ettt st e st sb bt nn e e 47
Figure 1-25. Compression MOIdING PrOCESS ......ccviieiiiiieiesieeeeite st e st sre e sre et sre e e be e sreees 48
Figure 1-26. INjeCtion MOIAING PrOCESS .......ccveiiiiiiiiiirieste et 48
Figure 1-27. Multiscale methods for different length scale levels............ccccoviiiiiiiiiicii 55
Figure 1-28. Principal scales in micromechanics approach ..........ccccccvviieieiienc e 57
Figure 1-29. Scheme of a composite with fiber aligned in the stress direction ...........ccccoceveviviieinenne. 61
Figure 1-30. Micro-CT reconstruction of a polymer/fibers composite and determination of a realistic
RVE VOIUIMIE ...ttt e bbb e s et st e e et e st e s e ene et e eneebenaeneennenean 63
Scheme I-1. Synthesis methods for high molecular weight PLA: condensation/coupling, azeotropic
dehydrative condensation and ring-opening polymerization of lactide............ccccoovviiiiiiiininenennn 28
Scheme I-2. Initiation step for coordination-insertion ROP ...........ccccooiiiiiinineieecee s 30
Scheme 1-3. Mechanism of ROP USING [IPASE........coiiiiie e 31
Scheme 1-4. Pathway for the production of PHBHV from acetyl-CoA and from propionyl-CoA........ 32
Scheme I-5. Lifecycle of poly(lactic aCid) (PLA)......coiiiiiiiieieeeeee s 36
Scheme 1-6. Degradation pathway for poly(e-caprolactone) (PCL) .......cccccovririiriiciiiiiieeneseseees 37
Scheme I-7. Intracellular degradation pathway for PHB pOIYMEr..........ccoocoiiiiiiiieii e 38
Scheme 1-8. Unzipping depolymerization Step 0f PCL .......ccooiiiiiiiiiiiee s 39
Scheme 1-9. Thermal degradation mechanism for PHB ... 40

XV



List of figures and schemes

Chapter 11

Figure 11-1. Realization and mechanical characterization of PCL/MIS biocomposites............c.cccoc.... 80
Figure 11-2. EDX spectra of MIS and MIS-Br .........cccccovoiiiiiiieie et 87
Figure 11-3. FTIR-ATR spectra of MIS, PMMS and MIS-g-PMMS ..........ccccociiiiiiiiiiicie e 88
Figure 11-4. XPS survey spectra of A) MIS and B) MIS-g-PMMS ... 89
Figure 11-5. TGA analysis of MIS and MIS-g-PMMS..........cccoiiii e 89

Figure 11-6. Strain-stress curves of PCLgoMISzo (sample 1) and PCL79sMIS:0PMMS, 5 (sample 4)... 94
Figure 11-7. Numerical toy model to illustrate the role of the interface grafting.a/ Geometry; b/ Results:
PMMS non-grafted interface; ¢/ Results: PMMS grafted interface ... 95
Figure 11-8. SEM images of PCL, MIS,, (sample 1), PCL.,MIS , PMMS, , (sample 2) and PCL ., MIS

50 PMIMS | ((SAMPIE 4) .. 95

Figure 11-Al. Strain-stress curves for PCL/MIS composites with variable weight fraction of MIS fibers
TrOM 0 0 20 WE Q0. sttt ettt sttt e e et e st et e neesrees e e nbeeneetesbeeneeneeereentenne s 98
Figure 11-B1. Strain-stress curves for PCL/MIS composites with 5 wt % of fibers with and without BPO
............................................................................................................................................................. 100
Figure 11-B2. Strain-stress curves for PCL/MIS composites with 20 wt % of fibers with and without
2] OSSOSO 100
Scheme 11-1. Different methods to elaborate PCLMISy composites by using PMMS coating (A) or
PMMS Photo-grafting (B) ... ...ooeiereiiieieieieeee sttt bbb 84

Chapter 111

Figure 111-1. Schematic of the Mori-Tanaka model. On the left: actual, heterogeneous material; on the
right: effective, homogeneous material. The intermediate step represents the homogenization procedure
where individual inclusions are considered as embedded in the matrix phase and contribute to the overall

elasticity of the homogenized MALEITAL............ooeiiiiiiiii e 113
Figure 111-2. Strain-stress curves for PHBHV/MIS composites (the weight percent contents are
Tl [Tor: (o ) PRSPPSO 115
Figure 111-3. Young Modulus vs Nominal fibers content calculated with the two methods of loading-
unloading tests (M) and traction tESES (8)......c.ccueiveuiriiirerieieeieseseesese e e e e sre e aestesreesaesreeneenee e 115
Figure 111-4. Loading-unloading cycle for a PHBHVgsMISs SpPECimen..........c.ccoevveveieiiciecieceenns 116
Figure 1lI-5. SEM images of the cross section of PHBHV/MIS composites:
(A) PHBHVgsMISs; (B) PHBHVgMIS10; (C) PHBHVgMISy; (D) PHBHVoMISg0 ... 116
Figure 111-6. Results of numerical simulation: the values obtained with ROM rule are superposed with
those obtained with the Mori-Tanaka with cylindrical inCluSIiONS...........cccoovveiiiicic s, 119
Figure 111-Al. Actual sample (on the top) and 2D FE model of the sample (on the bottom); the “active”
PArt IS COIOUIEA IN YEITOW ...ttt 124
Figure 111-C1. Strain-stress curves for PHBHVssMISs composites tested after 8 days (black curve) and
after 8 MONNS (FBA CUMVE) ...ttt s be et et s re e besbe e e sreens 126
Figure 111-C2. DSC first heating thermograms of PHBHVsMISs biocomposites tested after 8 days
(black curve) and after 8 MONTNS (FEA CUIMNVE) .....ecuviiiiiec ettt 126
Chapter 1V

Figure 1V-1. SEM images of long fibers (on the left) and short fibers (on the right) before processing
............................................................................................................................................................. 137
Figure 1V-2. SEM images of PHBHVysMISs composites with long (Al) and short (A2) fibers and of
PHBHVgMIS2 composites with long (B1) and short (B2) FIDErs.........cooiiieiniiiiie e 138
Figure 1VV-3. Comparison between strain-stress curves for PHBHV¢sMISs composites realized with long
(solid line) and short (dashed 1iNe) FIDEIS .........cvviiiiiiie e 139



List of figures and schemes

Figure 1V-4. Comparison between strain-stress curves for PHBHVgMIS;o composites realized with

long (solid line) and short (dashed 1iNe) fIDErS........c.cov i 140
Figure 1V-5. Numerical models developed in this study. On the left: FE models (2D and 3D); on the
right: homogenization models (spherical and cylindrical inClUSIONS) ...........ccceviiiiiiiiinices 143
Figure 1V-6. 2D FE models of long-fiber (top row) and small-fiber (bottom row) composites with 20
wt % (left column) and 5 wt % (right column) MIS fiber content ... 144
Figure 1V-7. 2D FE models with different patterns of long fibers: clustered (a), staggered (b), random
with small (c) and large (d) levels Of randOMNESS..........c.cocvcieiiiiciii e 145
Figure 1V-8. 3D FE models of long-fiber composites with 20 wt % (on the left) and 5 wt % (on the
FIGNE) MIS FIDEI CONTENT......oeiiie e 145

Figure 1V-9. Top: Experimental and numerical values of the tensile moduli. Bottom: Relative errors of
the numerical predictions with respect to the experimental measures. FE results refer to the Unif fiber
S 2L =] 0 OO PP PSPPI 147
Figure 1V-10. Highly stressed regions in the matrix. Results refer to 2D and 3D FE models of 20 wt %
MIS composites (namely models 2, 4, 7, and 9). Gray regions: cp1 > omy; Red regions cp1 > omu (See
paragraph 1V-3.3.2 fOr detailS) .........cociiiiiiiiic e 149
Figure 1V-11. Images of long-fiber, 5wt % MIS (on the left) and 20 wt % MIS (on the right) composites
obtained through micro-computed tomography. A few individual fibers are colored differently to

NIGIIGNT tNEIT PAITEIN ... e n e 152
Chapter V

Figure V-1. FTIR-ATR spectra of MIS, MIS extracted from a composite PHBHV¢sMISs (sample 1) and
MIS extracted from a composites PHBHVsMISs DCP (2.2%) (sample 3)... c.ooeoeiiiiviiniieieeee 168
Figure V-2. FTIR-ATR spectrum of a PHBHYV specimen in the range 2000-1000 cm™.... ............... 169
Figure V-3. Strain-stress curves of composites PHBHVgsMISs (sample 1), PHBHVgsMISs with 0.25 wt
% of DCP (sample 2) and PHBHVgsMISs with 2.2 wt % of DCP (sample 3) .....ccccoevvviveiiieiienene, 172
Figure V-4. Strain-stress curves of composites PHBHVgsMISs (sample 4), PHBHVgsMISs with 0.25 wt
% of DCP (sample 5) and PHBHVgsMISs with 2.2 wt % of DCP (sample 6) ........ccccevvvvveveiniiennenne. 173
Figure V-5. Strain-stress curves of composites PHBHVgMISz, (sample 7) and PHBHVgMI1Sz with 2.2
Wt %0 OF DCP (SAMPIE ).ttt 173
Figure V-6. SEM images of PHBHV¢sMISs composites realized with fibers of 1 mm treated with DCP
(A) aNd UNLFEALEA (B) ...vevievieiiiieeiie ettt sttt ettt sttt e st e e e s beeta e besaeessesbesaeesresbeeneestesteenrenreas 175
Figure V-7. SEM images of pure PHBHV (C) and of the matrix in the PHBHV 9sMI1Ss (DCP) composites
realized with fibers of 1 mm (D) (sample 3) and 45 pm (E) (SaMple 6) ......cccoovvveeiinienininenicienns 176
Figure V-8. DSC first heating thermograms of PHBHV, PHBHVgMISy, (sample 7) and
PHBHVgMISx (DCP) (sample 8) ............................................................................................ 177
Figure V-9. XRD diffractograms of MIS, PHBHV, PHBHVgMISy (sample 7) and PHBHVgMISz
(DCP) (SAMPIE 8.ttt ettt ettt st ettt st e st e e e st e st e e e s beete e besbeessesbesaeeseesbeeneestesteenrenre s 178
Figure V-10. Evaluation of Eg as function of ®¢ for composites PHBHVgsMISs (samples 2, 3, 5 and 6)
............................................................................................................................................................. 183
Figure V-11. Evaluation of Eg as function of ®¢ for composites PHBHVgMISz, (sample 8).......... 183
Figure V-AL. Evaluation of Eg as function of ®¢ for composites PHBHVgMIS1o (DCP)................ 185
Chapter VI

Figure VI-1. Manufacturing methods of PLA-based COMPOSITES..........ccoereeirrieneeiiieere e 195
Figure VI-2. In-plane dimensions of the samples used for fracture tests. The value of H refers to the
gauge length, with the samples being longer to allow for firm gripping........c.ccoceoviviiininineiiiens 200
Figure VI-3. FTIR-ATR spectrum of PLA realized by compression (C), mixing and compression (MC)
and extrusion and injection (EI). Normalization at 1454 cm™ assigned t0 ScHs.....cvceeveveverererverenene, 204
Figure VI-4. FTIR-ATR spectra of PLA processed in different ways in the zones 1650-1850 cm™* and
750-1350 cmL. Normalization at 1454 cm 2 assigNed t0 ScHz...veveveverereeereriieieieie i 204

Figure VI-5. XRD of PLA (C) (black curve), PLA (MC) (bleu curve) and PLA (EI) (red curve) .... 205

XVII



List of figures and schemes

Figure VI-6. DSC curves for PLAgMISz (DCP) (sample 6 and 7) ......ccccvevveieviiiieieceece e 207
Figure VI-7. Young Modulus vs Final strength for mixed and compressed (m) and extruded and injected
(o) S 0T 11 T=1 3 SR PRR 211
Figure VI-8. SEM images of PLAgMISy realized by extrusion and injection molding (A) and by
mixing and compression MOIAING (B) ......cccvoiuiiiiiiiiiiiece et 212
Figure VI-9. DSC curves for PLAgMISz (DCP) specimens not aged (black curve), aged with UV
(A<280nm) for 250h (red curve) and for 500h (bleu curve) at 47+5°C and 50% of humidity............ 215
Figure VI-10. Young Modulus (E) for neat matrix (m), PLAgoMIS2 (MC) (@) and PLAgMIS2(DCP)
(MC) (A) after 250h and 500h of UV (A<280nm) at 47+5°C and 50% of humidity ...........ccecerurnneen 216
Figure VI-11. Final strength for neat matrix (m), PLAgMISz (MC) (®) and PLAgMISy (DCP) (MC)
(A) after 250h and 500h of UV (A<280nm) at 47+5°C and 50% of humidity .........cccccoerivrieeriennnns 217
Figure VI-12. SEM images of PLAgMISz (A) PLAgMISy (DCP) (C) not aged and PLAgMISy (B)
PLAsMISy (DCP) (D) after aging (UV (A<280nm) at 47+5°C for 250h at 50% humidity).............. 218
Figure VI-ALl. Torque and Temperature profiles vs Time for neat PLA and PLA/MIS composites
realized with raw or modified FIDEIS. .........coiiiiii 221
Figure VI-B1. Texture of composites PLAgMISz at 2.2% DCP (on the left) and 5% DCP (on the right).
............................................................................................................................................................. 222
Figure VI-C1. Effect of UV, temperature and humidity on the carbonyl ester group and on the crystalline
zone (700-950 cm?) for neat PLA, composite PLAgMIS20 and PLAgMIS2 (DCP) ... 223
Figure VI-C2. Diffractograms of PLA(C) (on the left) and PLAgMISz (MC) (on the right) before
(black curves) and after aging (F&A CUMVES) ......cvcviiiiiieieie ettt sre s 223

XVII



List of tables

List of tables

Chapter |

Table I-1. Chemical composition of some common vegetal fibers..........cccccvvveviiiiiicc e 13
Table I-2. Properties of some natural and synthetic fibers...........coovoveiiiecii i 14
Table 1-3. Young Modulus and tensile strength for different natural fibers ............ccocooiiiiiinenn. 24
Table I-4. Thermal and mechanical properties of PLLA, PDLLA, PCL, PHB and PHBgHV14.......... 34
Table I-5. Tensile properties of PLA-based composites with fibers untreated and treated with NaOH
and silane. E: tensile modulus; o: strength at yield; &: elongation at break; nd: not determined .......... 51
Table 1-6. Tensile properties of PHBHV-based composites with different vegetal fibers. E: tensile
modulus; 6: Strength At YIEIA .......coiviiiiiiiiii e 53
Chapter 11

Table 11-1. Structure of the polymer, the grafting agent and photo-initiator used in this study.. ......... 82
Table 11-2. PMMS grafting on MIS determined by gravimetric and FTIR-ATR analyses................... 88
Table 11-3. Comparison between R; values determined by FTIR-ATR analysis..........c.cccccvvvnenenienen. 90
Table 11-4. Tensile properties of the realized composites samples. E: Young modulus; & fracture strain;
or: tensile strength; n: global mechanical performance iNAEX ..........cccoovviiiiiinineienese s 94
Table 11-Al. Processing parameters for PCL/MIS composites with 0, 5, 10 and 20 wt % of MIS fibers.
Te: extrusion temperature; T: injection temperature; Tm: mold temperature; N: rpM......cccceveeeenennne 97
Table 11-A2. Pressure and torque values for PCL/MIS composites during extrusion process.............. 98
Table 11-A3. Results of loading-unloading cycles for PCL/MIS COMPOSIES ........ccovevririrenierieniennen. 99
Table 11-B1. Mechanical results for PCL/MIS composites with 5 and 20 wt % of fibers realized in the
Presence OF NOL OF BPO ...ttt st st be e e e e s beeneestesteetenre s 101

Chapter |11

Table I11-1. Some of the extrusion and injection molding parameters. Te: extrusion temperature; n:

rotational speed; T: injection temperature; Tm: Mold temMpPerature. ........ccoccvvevviveverceeie e 110
Table I111-2. Technical data of Young Modulus and Poisson coefficient for Miscanthus giganteus and
PHBHY ..ottt s et st s et et e bt E et R et et et e Rt n et R et e nente e ens 113
Table 111-3. Results of tensile tests on PHBHV/MIS composites at different fiber content (0, 5, 10, 20,
B0 WE QB) ..ottt h et e b e Rt e bt et s e e R e R e R e e R e R et et et e Rt eReereerenrenrenrennenes 114
Table 111-4. Results of cyclic loading-unloading test on PHBHV/MIS composites at different fiber
content (0, 5, 10, 20, 30 WE UD) ...veeuiiieiiiiieeie ettt s te et te et st reebe e s beeta e besre e b e teerenreenes 114
Table 111-5. Evaluation of fiber-size diStribDULION..........c.cccoivii i 117

Table 111-6. Density values for MIS fibers and composites materials calculated with weight values (a)
and with a Helium pycnometer (b). vmis_n. nominal mass fraction of Miscanthus; vmis_m: measured mass
fraction; <pmis>: average density of Miscanthus; <pc cac>: calculated average density of composites;

<pc_exp™>: Xperimental average density 0f COMPOSITES........cccvveiiriieiiiiiie e 118
Chapter IV

Table 1V-1. Fiber size distributions in long-fiber composites with 5 and 20 wt % of MIS ................ 138
Table 1V-2. Results of cyclic loading-unloading tests on PHBHV/MIS composites with different fiber
contents (0, 5, 20 wt %). (*) Identified, see Appendix I11-6A in Chapter Hl...........ccccoovveviiiinennene 140

XIX



List of tables

Table 1V-3. Results of tensile tests on PHBHV/MIS composites with different fiber contents (0, 5, 20
wt %) realized with two lengths of fibers (1 mm and 45 um). (*) Identified, see Appendix Il1-6A in

CRAPTET T .o b et b et b bbbt e e st bt bt n b nnen e 141
Table 1V-4. Elastic moduli and mass density of the constituent phases of the composite used in the
NUMETTCAL MOTEIS ...t sb bt e ettt b b e 142

Table 1V-5. FE model information. Column “Model features” provides information on the model
dimension (either 2D or 3D), type of fibers (either long or short), nominal fiber weight fraction (%), and
fiber pattern (either uniformly distributed (Unif), clustered (Clust), or randomly distributed fibers
(RandNoise and RandPattern Unif, see paragraph 1VV-3.1.1 for details). Columns 3 to 5 indicate the study
that the models were used for. Note that the numbers of elements and degrees of freedom (DOFS) are
oI o1 1T 1 (=T SRR 142
Table 1V-6. Experimental values and numerical predictions of the tensile modulus of the composites.
Exp: experimental value; MT: Mori-Tanaka model; 2D FEM and 3D FEM: FEM models with uniformly
(0TI T oTU o I ] T ST 146
Table IV-7. Tensile moduli of long-fiber, 20 wt % MIS composite predicted by 2D FE models with
different fiber patterns. Unif: uniformly distributed fibers; Clust: clustered fibers; RandNoise and
RandPattern: randomly dispersed fibers (see paragraph 1V-3.1.1 for detailS) ...........cccccovvrinirinennn. 147
Table 1V-8. Volume fractions ¢m and @m of highly stressed matrix when the boundary traction is equal
to omy and o, respectively (see paragraph 1V.3.3.2 for details). Column “Model features” provides
information on the model dimension (either 2D or 3D), type of fibers (either long or short), nominal

fiber weight fraction (%), and fiber pattern (either Unif, Clust, RndNoise, or RndPattern) ............... 148
Table IV-Al. Final parameters used in extrusion and injection molding procedure............ccccccoveue.n. 156
LChapter V

Table V-1. Composition of PHBHV/MIS composites at different fibers content (5 and 20 wt %) length
(2 mm and 45 pm) and DCP content (0, 0.25 and 2.2 WE 90).... .c.coviiiiriieieieieeesee e 167
Table V-2. Comparison of R, values obtained by FTIR-ATR analysis as function of DCP content for
fibers of 1 mm raw and extracted from biocomposites PHBHVgsMISs (samples 1 and 3)................. 169
Table V-3. Crystallinity parameters of PHBHYV and its composites determined by FTIR-ATR analysis
............................................................................................................................................................. 170
Table V-4. Tensile properties of biocomposites determined by tensile tests .........cccvevvevicieiicinennnnn, 174
Table V-5. DSC data for PHBHV/MIS composites realized with fibers of 1 mm and 45 pum: Twz and
Twmz (Melt temperatures); AH, (Melt Enthalpy); X. (Cristallinity degree).............coovviinininnnnn. 177

Table V-6. Technical data for Young Modulus and volumetric fraction for Miscanthus giganteus,
PHBHYV and gel fraction. (a) Adapted from [69]; (b) Experimental value; (c) evaluated according to

procedure described in Paragraph V-2.4.2 ...ttt st nre s 180
Table V-7. Comparison between Mori-Tanaka model, FE model and the experimental value for the
composite PHBHVgMIS20 (DCP) (SAMPIE 8) ...t 181
Table V-Al. Tensile properties of biocomposite PHBHVgMIS1o (DCP) determined by tensile tests
............................................................................................................................................................ 185
Chapter VI

Table VI-1. Processing parameters for the three processing methods: Tm (Melt temperature); rpm
(rotation speed); tm (mixing time); T, (injection temperature); Tm (mold temperature); tc (contact time),

P4, P2 (first and second pressures), t; and t, (time of contact 1 and 2).... ...cccevevviievviieie e 198
Table VI-2. Description of principal samples realized. PLA: poly(lactic acid); MIS: Miscanthus
giganteus fibers; DCP: dicumyl peroxide; PMMS: poly(mercapropropylmethylsiloxane) ................ 199
Table VI-3. Typical bands assignment fOr PLA..........ccovoiiiiie e 203
Table VI-4. Effect of process on the thermal properties of neat PLA and its COmposites ................. 207
Table VI-5. Crystallinity degree of PLA(C) after heating at 70°C and 100°C for 24h....................... 208

XX



List of tables

Table VI-6. Molar masses (M») and polydispersity index (PI) of PLA realized by different processing

IMEENOMS ...t bbb bbbt b bbb bbbttt R bbb bt n e 208
Table VI-7. Effect of UV (A<280nm), temperature (47+5°C) and humidity (50% RH) on neat PLA, on
composite PLAgMIS20 With and WIthOUE DCP ...........ooiiiiiiiiice e 214
Table VI-8. Stress intensity factor (K,) values for PLA (C) and PLAgMISz (MC) not aged (NA) and
aged for 250 hours with UV (A<280nm) at 32°C in a dried environment.............ccoveeeruerireenieesenninens 215
Table VI-B1. Effect of mixing step on the mechanical properties of neat PLA: compressed granules (C)
and mixed and compressed granules (MC) ......oov i 222

XXI



XX



“How much truth can a spirit endure,

how much truth can it dare?

This became for me more and more

the actual test of value.

Error (the belief in the ideal) is not blindness;

error is cowardice.

Every conquest,

every step forward in knowledge

is the outcome of courage, of hardness towards one’s self;
of cleanliness towards one’s self.”

(Friedrich Nietzsche)

XX



XXIV



General Introduction

GENERAL INTRODUCTION

The manufacturing and characterization of green composite materials constituted by bio-based
and biodegradable polymers as matrixes and vegetal fibers as reinforcement represents the general
context of this work. Growing environmental consciousness and changes in public policy have led to
an increasing demand for environmental eco-friendly materials with a subsequent progress in the field
of material science and an improvement of the associated technology. More precisely, in the recent
years, many efforts have been carried out from industries and researchers in different fields such as
organic chemistry, chemical engineering and process to improve the properties of such
biocomposites. The goals are to find new green materials by optimizing the processing steps
necessary to their manufacture and trying to control their mechanical behavior. Nowadays, the high
specific strength, the lightweight, the biodegradability and the eco-friendly character of natural fiber
reinforced polymer composites should be preferred to the traditional composites derived from
petroleum resources, these last being not eco-friendly due to their low degradability level. Many
efforts have been made to improve the characteristics of the biocomposites, typically acting on their
mechanical resistance and their thermal stability, in order to make them competitive with the

traditional ones.

Notwithstanding their green character, biocomposites present a series of concerns that affect
their final application. Some of these problems are related to the cost, which remains relatively high
at present and to the difficulty in processability of certain bio-based matrixes when compared to
traditional ones. A second concern is related to the physical incompatibility between the hydrophilic
vegetal fibers and the hydrophobic matrixes, which causes a lack of adhesion between the constituents
at their interface, inducing poor dispersion of reinforcement in the continuous phase, fibers pulling
out, mechanical properties and resistance to environmental aging of the composite worse than those
in which the contact matrix/fibers is good. In this context important challenges include the good
homogenization of fibers in the matrix, the improvement of the adhesion between fibers and matrix,
the reduction of the processing impact on the degradation of polymer and on the fibers structure, and
the full understanding of all those mechanisms related to the environmental conditions to which a
biocomposite could be subjected during his life-cycle. Undoubtedly, the combined action of a good
treatment of natural fibers, the appropriate choice of the matrix and an adequate processing method
are the key factors for the realization of biocomposites that meet the criteria of sustainability,
biodegradability and compostability required these last years (figure 1-0). Among all existing

matrixes, this work takes into account the thermoplastic polymers and among these last, the aliphatic
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biodegradable polyesters were chosen thanks to their great availability, biodegradability and pretty
good mechanical properties. More precisely, this thesis focuses on the realization and characterization
of biocomposites made of poly(e-caprolactone) (PCL), poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBHV) and poly (lactic acid) (PLA), as matrixes and Miscanthus giganteus
(MIS) fibers as reinforcement. The thesis has been organized as a set of articles in which different

aspects of biocomposites were taken into account and studied.

The first chapter constitutes a general overview on the existing literature about composites
materials, with peculiar attention to the mechanical and thermal properties of the biopolymers and
the effect of fiber’s type and arrangement on the characteristics of the final composite. The properties
of each constituent were taken into account in order to choose appropriate matrixes and reinforcement
for the experimental section. Moreover, particular attention was given to the processing methods and
to all those chemical treatments that could improve the mechanical properties of the final material. In
addition, an overview on analytical and numerical models was made in order to choose an appropriate

model that could help in designing the mechanical behavior of the biocomposites.

The second chapter focuses on the effect of chemical modification of fibers based on a two-
steps procedure. The first step consists on a thiol-ene reaction carried out between the double bonds
present in the lignin of fibers and the thiol groups characterizing the reactive used. The second step
consists in the grafting of the polyester, in this case PCL, to the vegetal fibers using a peroxide. The
originality of this method relies on the fact that it directly modifies vegetable fibers without using
pre-treatments and it acts on the unsaturated bonds present in the fibers instead of cellulose, this last
being largely studied in literature. This part has allowed us to find a green chemical modification
method applicable to any polyester. The identified chemical treatment will be able to improve the

mechanical properties of the final material maintaining the green character of the composite.

The third, fourth and fifth chapters are dedicated to the characterization of biocomposites
realized with the most innovative bio-based matrix used in this work, the PHBHYV. In the third chapter
the effect of filler content was investigated and a micromechanical approach was used to identify a
model that could approximate the mechanical behavior of the final material. More precisely, a
homogenization approach was used and fibers modeled as cylindrical inclusions in a perfect contact
with the matrix seems to well approximate the experimental mechanical behavior of the

biocomposites.
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Once defined processing parameters, the effect of reinforcement sizes and arrangement were
investigated in the fourth chapter by 2D and 3D numerical models aiming at determining not only the
effective mechanical behavior of the biocomposites but also the distribution of the stress in the
material, giving by this way important information on the non-linear behavior. The fifth chapter
focuses on the combined effect of fibers size and chemical treatment using reactive extrusion on the
PHBHYV-based composites. The aim of this chapter was to understand the mechanism behind the
reactive process and to try to provide a quantification of the cross-linking phenomenon occurring

during the reactive extrusion.

The last chapter focuses on the effect of processing, chemical modification of fibers and photo-
oxidative aging on PLA-based composites. At this stage, a more pragmatic approach was considered,
taking into account the reduction of the total cost by the use of a less expensive matrix such as the
PLA and the possibility to use other processing methods that can minimize the polymer degradation.
Moreover, a preliminary study of the long term behavior of the PLA/MIS composites allowed us to
a present a full characterization of the biocomposites, establishing relations between the mechanical

properties and the microstructural changes of the polymer matrix.

Fiber treatment

\ Low cost, efficient, green
methods

Competitive edge Sustainability

» Fluctuating oil price % Renewable/biobased

» Environmental concern % Recyclable

» Legislative provisions %+ Compostable

» Commercial innovation NI_atnX_ Efﬁc1e_nt % Commercially viable
modification processing .

» Laboratory research e e B Extrusion, Injection +» Enviromentally acceptable

and Compression
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Applications \
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devices, packaging, furniture, biomedical

Figure 1-0. Performance, competitiveness, sustainability balance and applications of biocomposites
(adapted from [1]).
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I-1. AN OVERVIEW ON COMPOSITES MATERIALS

The term “composite” refers to a material obtained by combining two or more constituents, by
adhesion or cohesion, different in shape and chemical composition and separated by an interface. The
final product has properties that are different from those of the individual constituents [2]. This
concept is very old. For instance, the ancients mixed straw and mud to get a building material and
Mongol warriors used biocomposites made of natural fibers and pine resins to craft swifter and more
powerful archery bows [3]. However, the word “composite” was first introduced only in the 1950’s.
Today one of the most used composites in the construction field, the reinforced concrete, belongs to

this type of materials.

In general, composites are constituted by a continuous phase called “matrix” and a
discontinuous one called “reinforcement”. This last is in general responsible of the strength and
stiffness of the final material, while the matrix is used to transfer the applied external loads by
adhering to the discontinuous phase. Furthermore, the matrix has the function to give a shape to the
finished object, holding together the type of reinforcement used (particles or fibers) [4]. A more
accurate analysis of the composition and internal structure of composite materials shows that, in
addition to those phases previously mentioned (matrix and fibers), there is also a third phase, located
between the matrix and the reinforcement, called interface. This last can be seen as a separation
surface between the different phases that constitute the composite material. However, the microscopic
observation of the areas near to the interface shows that this part have not only different structure but
also different properties. For this reason, in such cases, the word interface is substituted by the word
interphase, which corresponds to a defined area with specific chemical structure produced during the
processing step or created voluntarily to protect the reinforcement. This fact means that a composite
cannot be considered as a homogeneous material from a microscopic point of view because of the

presence of different phases and also of an interphase [5].

The constituents of a composite exhibit very different performances and according to the
principle of the combined actions, the optimization of properties (mechanical, cost etc.) are achieved
by the careful combination of two or more different materials. For instance, in the case of mechanical
properties, the addition of fibers with high tensile modulus to a matrix highly deformable results in a
composite with intermediary properties between those of the two constituents, like showed in the

figure 1-1.
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Figure I-1. Principle of combined actions for the mechanical resistance of a composite material

constituted by a fiber reinforced polymeric matrix.

Composites can be classified using different criteria. One of this is based on the reinforcing
type and its orientation in the polymer matrix (see figure 1-2). More precisely, we can distinguish
fibrous or particulate reinforcements. The fibrous one can be organized in a discontinuous or in a
continuous way. In the first case, short fibers are used with a random or a partial orientation, while in

the second case long fibers are preferred, resulting in unidirectional or bidirectional composites [5].
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Figure 1-2. Example of reinforcement in the matrix. From left to right: particulate random,
discontinuous fibers (unidirectional), discontinuous fibers (randomly arranged), continuous fibers

(unidirectional) and continuous fibers (bidirectional) (adapted from [5]).

Undoubtedly one of the most important classification is based on the type of matrix used, this
last being the continuous phase present in greater quantity in the blend. Matrixes can be polymeric,
metallic or ceramic [6]. The possibility to be processed at temperatures lower than 250°C by using
conventional techniques, the combination of low density and good mechanical properties, the
relatively low cost and the great availability and variability of matrixes, often makes of polymers the

good candidates for the realization of composite materials [5, 7, 8]. For all these reasons, this work
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is restricted on polymer matrix composites (PMCs), classifiable by different criteria [9], typically one
of these is that based on the polymer type. According to this last, we can distinguish two great

categories of polymers: thermosets and thermoplastics as shown in figure I-3.

Thermoplastics Thermosets

Semicrystalline Amorphous

Polyolefin (PE, PP...) PVC Epoxy resins

Biodegradable Polyesters PS Phenp lic resins
PC Amino resins
PMMA Polyimides

Unsaturated polyesters

Figure 1-3. Common polymers classification.

To the first category belong all those polymers whose polymerization process induces a cross-
linking phenomenon. This process takes place directly in a mold and it is irreversible, causing
insolubility, infusibility and high stiffness [10]. Thermosets resins have been largely used for the
realization of high performant composite materials for different reasons. First of all, the liquid form
of these resins before curing promotes the impregnation of the reinforcement at room temperature.
Second of all, the final composite can be used for high temperature applications, keeping its shape
due to the covalent bonds formed between the polymer chains. However the improvement of the
hardness of these materials causes a consequent increase in brittleness. Thermoplastics are linear or
slightly branched polymers. They can be processed with different techniques and re-heated more than
one time. Actually, they can be modeled under the action of heat without changing their chemical
composition and thus to form various shapes after cooling. They can be considered as ductile
materials compared to the first category. Polymers belonging to the class of thermoplastics are a great
number of polyolefin such as polyethylene (PE) and polypropylene (PP), polyesters and many others
[11-16]. An important group of thermoplastics which is fundamental in the realization of
biocomposites is that of aliphatic biodegradable polyesters, produced both from renewable and
petrochemical resources. After cooling, thermoplastics result in amorphous or semicrystalline

polymers. The first are constituted by randomly arranged chains and the second are constituted both
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by amorphous domains and by compacted polymer chains called crystalline regions (see figure 1-4).
Two different temperatures are fundamental in order to well understand the properties of these two
categories: the melt temperature and the glass transition one (Tm and Tq respectively). Melting is a
transition occurring in semicrystalline polymers when the polymer chains fall out of their crystal
structure and pass to a disordered liquid at a certain temperature (Twm). The glass transition occurs in
amorphous materials or in semicrystalline materials which possess amorphous domains and it

represents the transition of the polymer from a “glassy” state to a rubbery one.

Crystalline

region

Amorphous
region

Figure I-4. Crystalline and amorphous regions in a semicrystalline polymer (from [17]).

The amorphous regions can be seen as disordered structures, while the crystalline regions are
aggregates of crystallites, folded chains, usually in form of spherulites. The number and size of these
last, depending on the macroscopic temperature of the crystallization process, influence the
mechanical properties and also the diffusion phenomena. For these polymers the choice of the
processing temperature is very critical. The melting temperature have to be reached in order to obtain
a viscous state, but it is not very good to exceed this temperature level in order to avoid degradation.
The glass transition and melting are the two phenomena which limit the maximum operating
temperature for a thermoplastic polymer. In general, we can affirm that a maximal temperature equal
to Tg and a maximal temperature equal to Twm can be used for amorphous and semicrystalline matrixes
respectively. However these limits are only theoretical because in general the Young modulus E of a
semicrystalline polymer already decreases when exceeding the glass transition temperature. In the
present work, only semicrystalline matrixes are considered. The great advantage to realize
semicrystalline polymers-based composites is the important increase in the tensile modulus E above
the Tg. This makes it possible to use the material under high stress at higher temperature. This effect

is shown in the figure I-5.
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Figure I-5. Log E vs T curves for amorphous, semicrystalline and semicrystalline thermoplastic
reinforced with fibers (adapted from [18]).

As previously said, one of the functions of a typical matrix is to bond the fibers together and to
transfer loads between them. All these matrixes are often used with glass fiber reinforcement, but
they can also be reinforced by plant fibers. This work focuses essentially on this last category whose

characteristics will be described more in detail in the next paragraphs.

|-2. THE REINFORCING FIBERS

The main task of fibers used as reinforcement is that to provide strength and stiffness to the
final material [19]. According to their origin, fibers can be classified as natural and synthetic. The
last ones dominated the composites market until a few years ago, being produced for different
application fields, such as textile but also for engineering. Among this category, glass fibers have
been largely used due to the possibility to be obtained by continuous process in filaments of undefined
length and thanks to their good mechanical resistance at high temperatures. However, their high
density and relative low Young modulus, led researchers to find other reinforcing fibers. Carbon and
aramid fibers are other fibers largely used in polymeric matrixes. The first ones have good mechanical
properties due to the crystalline structure of graphite for instance and the second ones, made up of
synthetic polyamide chains, present an excellent specific weight, high mechanical strength and
resistance to crack propagation [20]. Despite these good characteristics, the growing attention to
environmental issues and specific legislative requirements regarding environmental protection and
recycling of materials, has led the researchers to develop new materials from renewable resources
[21-25]. More specifically, for what concern the reinforcement of polymer matrixes, the glass fibers
were substituted with less invasive reinforcements for the environment such as natural fibers [26, 27].

Actually, other advantages to use a reinforcement derived from a natural source are essentially related
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to the minor cost and less density exhibited from this kind of fibers. Compared to the synthetic ones,
such as glass or high strength (HS) carbon, certain natural fibers such as bamboo, jute and coir exhibit
a minor cost per weight. Figure 1-6 shows the relation existing between the tensile modulus and the
density, while the figure 1-7 that existing between the same modulus and the cost per volume of
natural and synthetic fibers and composites respectively [28]. In general synthetic fibers show high
tensile moduli but they have high density values and they are not environmentally friendly. Vegetal
fibers have competitive values of tensile modulus if compared to synthetic ones and they are less
dense [29, 30]. This last criterion in particular is essential in the realization of biocomposites used in
the construction field, lightening the weight of the composite due to the difference of density between
the two constituents. Natural fiber composites represent a promising class of materials, exhibiting

lower cost and density and competitive mechanical properties if compared to synthetic fiber

composites.
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Figure 1-6. Tensile Modulus (E) vs Density (p) of different fibers and composites (from [28]).
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Figure I-7. Tensile Modulus (E) vs Cost (Cm)/Volume of different fibers and composites [28].

1-2.1. NATURAL FIBERS

All fibers that belong to this category can be essentially divided into three great groups,
depending on their origin: vegetal, animals and minerals [21, 28]. Among all the existing animal
fibers, wool and silk are the most famous and they are widely used in the textile sector. However, for
the application in composite materials, plant fibers are the most interesting and popular. They can be
produced from different part of the plant, such as steam, leaf or grass. The natural fibers used in
composite applications are in general derived from agricultural residues or they can be cultivated
specifically for this purpose, such as in the case of textile plants. These fibers have a great number of
advantages. They are relatively inexpensive as showed in the previous paragraph and they are
immediately available in great quantity. In order to develop a totally green material which is
environmental compatible, both matrix and reinforcement must have the ability to undergo biological
degradation. Also for this reason natural fibers are preferred to synthetic ones, because of their
biodegradability, biocompatibility, recyclability and favorable CO, balance. Moreover, their low
density and thermal and acoustic insulation, are other common advantages of using vegetal fibers in
composite materials and in particular in the construction field [1]. However, the use of this type of

fibers in polymer matrix composites has been limited by several factors related to the intrinsic
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properties of these fibers. One of the reason is related to the great variability in mechanical properties
caused by the harvest, the different extraction technigues, the environmental conditions, the location
of the fiber in the plant and in certain cases by its genotype [31-33]. The low resistance to heat is a
second negative point of vegetal fibers, which may degrade during the manufacturing process [34,
35]. Finally, one of the fundamental problems of these fibers consists in their hydrophilic nature that
causes not only swelling but also incompatibility with most of the matrixes used to realize a composite

material which are hydrophobic [36, 37].

1-2.2. PRINCIPAL CHARACTERISTICS OF VEGETAL FIBERS

The physical structure and the chemical composition of vegetal fibers suggest that they can be
considered already as advanced composite materials. The conditions of growth, the type of soil,
climate and the aging conditions influence the chemical composition of a plant, playing an important
role in the final properties of the fibers. VVegetal fibers are constituted of three main constituents,
cellulose, hemicellulose and lignin, that are present in all plants but in different proportion as showed
in table I-1.

Fibers type Density Cellulose Hemicellulose Lignin Ashes CI* [%]
[g/cm?] [wt%6] [wt%o] [wt%o] [wt%o]

Jute 1.3-14 60 22.1 15.9 1.0 58
Ramie 1.5 80-85 3-4 0.5 - 62.9
Kenaf 1.5 72 20.3 9 4.0 72.1

Flax 1.5 71 18.6-20.6 2.2 - 86.1
Hemp 1.5 72 10 3 2.3 79.9

Sisal 1.5 74-75 10-13.9 7.6-7.9 04 72.2
Abaca 1.5 56-63 20-25 7.9 - 68.7

Coir 1.2 42-53 14.7 38-40 - 44

Softwood - 30-60 20-30 21-37 <1 -
Hardwood - 31-64 25-40 14-34 <1 71.6
Rice straw - 43.2 31.7 16.9 9.9 7
Wheat straw - 43.2 34.1 22 4.99 54.4
Bamboo 0.6-1.1 33-45 30 20-25 - 59.7

*ClI: crystallinity index
Table I-1. Chemical composition of some common vegetal fibers (adapted from [38]).
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These compounds are very different from each other in terms of physical and chemical
properties and for this reason it seems necessary to describe their characteristics more in detail in the
next paragraph. Other polysaccharides are present in the vegetal fibers, such as pectins. These last
contain a large amount of galacturonic acid residues that can be in general easily extracted using hot
acid or chelators [39]. Vegetal fibers are hydrophilic due to the presence of a great number of polar
groups, but at the same time they are constituted by other compounds in less content. Among these,
we can find phenolic compounds and hydroxyl acids like palmitic acid, stearic and oleic acids. These
last form a 3D protective film called the cuticle that is slightly permeable to gases and steam,
waterproof, remaining wettable at the same time. Waxes are also present in variable proportions.
These last are constituted by fatty acid esters and fatty long-chain alcohol and they are completely
hydrophobic, therefore totally impermeable to water and gases, thus reducing plant transpiration.
They have different morphologies: sticks, granulation, film or bloom [40]. Table 1-2 shows the

mechanical properties and the cellulose content of some natural fibers [28, 41].

Density Specific Specific Cellulose Cristallinity
Fibers type strength Modulus References
[g/cm?] [MPa] [GPa] [wt %] [%6]

Flax 15 535-1000 18.4-53 64-71 50-90 [28, 31, 42]
Hemp 1.47 372-608 47.3 70-74 50-90 [28, 31, 42, 43]

Jute 1.3-15 269-548 6.8-20.6 61-72 50-80 [28, 31, 42, 43]
Kenaf 15-16 641 36.55 31-39 - [28, 31]
Ramie 15-16 147-625 29.3-85 68.6-76.2 - [28, 31, 43]

Sisal 1.45 366-441 6.5-15.2 66-78 50-70 [28, 31, 42]

Bamboo 11 454 32.6 26-60 40-60 [31]

Coir 12 146 3.3-5 32-43 27-33 [28, 42]
Cotton 1.6 179-373 3.4-7.9 82.7-91 - [28, 42]
Abaca 15 267 8 56-63 - [28, 44]

Pineapple 1.4-1.6 118-446 4-27 70-82 44-60 [42, 43, 45]
Banana 1.35 444 13.2 44-64 45-55 [28, 42]
Miscanthus 1.41 - 6.7 38 - [46, 47]
Switchgrass 1.40 37.7 6.4 32 - [46, 48]

E-glass 2.55 1333 28.6 - - [28, 44, 45]

Table I-2. Properties of some natural and synthetic fibers [41].

The hydrophilic and hygroscopic nature is responsible of poor adhesion with the polymer matrixes

used in composites materials. The same characteristics cause also swelling and may accelerate the
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degradation process under certain aging conditions at the interface matrix/fiber. All vegetal fibers are
sensible to heat, limiting the maximum operational temperature at which they can be processed in the
presence of a matrix. The low melting temperature of certain thermoplastic polyesters, typically <
200°C represents an important advantage for the use of vegetal fibers to realize biocomposites.

At this point, it seems necessary to focus the attention on certain vegetal fibers species and more
precisely on those cultivated in France, the country in which this work has been carried out. Among
all existing species, the degree of knowledge, research and the use of vegetal fibers is not the same.
We can distinguish three categories dependent on these parameters as showed in figure 1-8. The first
type of fibers are those produced in great quantities at large industrial scale such as hemp and linen.
To the second type belong all those fibers whose production at large scale is not perfectly developed
but they begin to take place on the market such as cereal straw, flax straw and many others. The last
type is probably the most interesting. To this group belong all those potential fibers whose industrial
production is not already developed and among these we can find Miscanthus, the plant chosen to

realize biocomposites in this work, whose characteristics will be described at paragraph 1-2.3.

Use
Linen

Hemp
Available fibers

/ In the making fibers

@ Potential fibers
Rapeseed straw . Cereal straws

Sunflower cane Straws linseed
® Nettle

) ® © Sorghum @ Miscanthus

Ceps and vine Technological knowledge and research
shoots works

Figure 1-8. Fibers used in France in materials field (from [49]).

The potential of a certain type of fibers depends not only on their availability but also on their
chemical and mechanical properties. The profound knowledge of these characteristics can led to
identify all chemical bonds exploitable for a chemical treatment of fibers surface and to well

understand the impact of each constituents in the final resistance of a composite.
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1-2.2.1. Cellulose

Cellulose is a common material present in the cell wall of the plants. It was discovered for the
first time by the Anselm Payen in 1838 [50] . It is a polysaccharide with the formula (CsH10Os)n
constituted by D-glucose units (CeH1206) linked together by -(1,4) glycosidic bonds in order to form
linear chains (see figure 1-9). These units have three types of hydroxyl groups: two secondary and

one primary.

OH

OH

HO o}
OH

OH

Figure 1-9. Chemical structure of cellulose.

Due to its structure, cellulose is considered as a homopolymer with a molar mass ranging from
about 10000 to 150000. Cellulose is constituted by six different allomorphs forms. Among these, the
cellulose I is the most common crystalline form find in nature. In the cellulose I, the polymeric chains
are oriented in a parallel manner and it exist in two different forms, I-a and I-B, depending on the
proportion of crystallinity [51]. This form of cellulose is metastable and it can be converted in a more
stable form called Cellulose 1l. This last differ from the cellulose I in unit cell dimensions and in
chain polarity [19]. There are also other forms of cellulose crystalline forms identified by 11l and IV
numbers. The passage from one form to another can be made through different chemical treatment as
showed in figure 1-10. The most famous is undoubtedly the mercerization, a treatment with alkali

followed by washing in order to pass from the cellulose | to cellulose I1.

Cellulose I Mercerization , Cellulose II
‘{ NH; ‘{ NH,
Cellulose IIJ; Cellulose Il
[ Glycerol, Heat J Glycerol, Heat
Cellulose IV; Cellulose IV}

Figure 1-10. Formation of cellulose allomorphs (adapted from [52]).
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Strong hydrogen bonds between the hydroxyl groups of each glucose unit and the adjacent ones are
possible due to their favorable position. These bonds between many cellulose molecules in the
parallel direction led to the formation of particular structures, the microfibrils, that interact to form
fibrils [19]. These last can be seen as an assembly of microfibrils immerged in an amorphous matrix
constituted by hemicellulose, pectins and lignin as showed in figure 1-11. The supramolecular
architecture due to these hydrogen bonds is responsible for the important crystallinity of fibers. In
particular, the composition, the polymerization degree and the crystallinity of cellulose influence the
mechanical properties of the vegetal fibers. More precisely higher moduli were found for high content
of crystallinity degree. Certain conditions such as temperature and high pressure can favor the

increase in crystallinity [53].

Cell Wall

Fibril
Microfibril

OH
HO OH HO ()8

0 0
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HO  HO HO  HO
OH OH

Cellulose

Figure I-11. Arrangement of fibrils, microfibrils and cellulose in cell wall (adapted from

[54]).

The possibility to modify certain functional groups using chemical treatment depends on the
morphology of the fiber. This last is constituted by three principal layers: the primary wall, the
secondary wall and the lumen [19] as showed in figure 1-12. The primary wall is constituted by 25 to
30% cellulose, 30 to 65% hemicellulose, 5 to 35% pectin and 0.5 to 5% proteins [55-57]. In this wall
fibrils are covered by a layer constituted by pectin, proteins, minerals and waxes called cuticle. The
secondary wall constitutes the support for the entire structure. It has the same composition of the
primary wall but in different proportions: less hydrated networks, less matrix material and more rigid
constituents like cellulose and lignin. In this part fibrils are organized in a parallel way and form a
helix along the fiber. Reactive can reach functional groups through a series of void and canal, but in
such case fibrils are very close by blocking access to the reactive except when they are swollen.

Briefly, the content of cellulose increases from the primary to the secondary wall and that of lignin
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decreases in the same way. The reason is that no stress must occur when the content of moisture
changes. In this way, layers can contract and swell without problems, assuring the mechanical
resistance to the fiber. This structure constitutes a barrier against pathogenic agents and environment
[57].

_— Lumen

“Secondary wall L3

Hellically arranged
crystalline cellulosef

microfibrils Secondary wall L2
Amorphous i ‘
regron: matlly v “~ Secondary wall

lignin and ‘ layer 1 (L1)
hemicellulose | T
L ~ Primary
u cell wall

~
Disordery arranged | LX) "
crystalline cellulose ) N <
microfibrils ‘ ,’
e

Figure 1-12. Internal structure of an elementary natural fiber (from [58]).

For what concern cellulose physical properties, they are strictly dependent from the molecular
structure of the same. Cellulose is odorless, hydrophilic, chiral, degradable and crystalline [59]. It
was shown to melt at temperature above 300°C [60]. From a mechanical point of view, it is a resistant
material and its resistance depends on the geometry of the elementary cell. It is also deformable which
gives flexibility and elasticity to the membrane [61].

1-2.2.2. Hemicelluloses

Hemicelluloses includes different organic compounds like xylans, xyloglucans, mannans,
glucomannans and B-(1-3,1-4)-glucans showed in figure 1-13. They are the second type of
polysaccharides after cellulose present in the cell walls of the plants [39]. Hemicellulose is a branched
polymer constituted by short chains 500-3000 sugar units, so its polymerization degree (DP) is lower
than that of cellulose. Its backbone is in general constituted by one repeating sugar unit linked beta
(2-4) with branch points (1-2), (1-3) and/or (1-6). The most important biological role of
hemicelluloses is their contribution to strengthening the cell wall by interaction with cellulose and,

in some walls, with lignin [62]. Mechanical properties of neat hemicellulose are very difficult to find
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in literature and they are not very reproducible. Some works showed an elastic modulus of 8 GPa
from xylans fraction extracted while in other case, depending on the compositions of the

hemicellulose analyzed, modulus can reach values of 20 GPa [63, 64] .

il

p1—4 glucan pl—4 glucomannan
0
NN /&&O
Y 0
pl1—4 xylan

f1—4 mannan

Figure 1-13. Principal hemicellulose constituents.

1-2.2.3. Lignin

The research of the lignin structure has been a much discussed topic over the years. Karl
Freudenberg in the 50’s tried to figure out what really lignin was, if it was a “sort of molecular
compost heap” or if it possesses an orderly structure. He preferred this last option [65]. Today lignin
is defined as an organic compound with a complex structure composed mainly by polymers of phenyl-
propane units. In general three basic building blocks constitute lignin in nature: the p-coumaryl
alcohol, the sinapyl alcohol and the coniferyl alcohol whose structures are described in figure 1-14
[66]. Each plant species has a different content of these monomers. In softwood there is a predominant
presence of coniferyl alcohol, while in hardwood there are both sinapyl and coniferyl alcohols. Lignin
from grasses and bamboo contains all three monomers, while lignin from kenaf high amounts of
syringyl groups, these last being derived from sinapyl alcohol and containing two aryl-OCHs groups
[62]. Lignin is produced in vivo through a dehydrogenation polymerization mediated by enzymes,
the so called lignification. The final cross-linked material is amorphous and constituted by ether and

carbon-carbon bonds [67].
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p-coumaryl! alcohol sinapyl alcohol coniferyl alcohol

Figure I-14. Three standard monomers of lignin (from [67]).

The truth is that the lignin structure is so complex that still has to be investigated thoroughly. One of

the hypothetic structure of lignin is showed in figure 1-15.

Figure I-15. Structural motif of softwood lignin (from [67]).
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Lignin is preferentially distributed in the secondary cell wall of the plant. When lignin is
isolated it appears as a brown powder, but it can also appear also as a gummy mixture, this last is
constituted by a mixture of lignins having a wide range of molecular weight [19]. Both from
mechanical and physical point of view lignin is considered as a very resistant compounds, being
responsible for the strength of the plant and having a great resistance to compression. The
hydrophobicity is another important characteristic of lignin and this is the reason why plant cells are
waterproof. In general lignin is insoluble in acids but soluble in concentrated bases and also very
resistant to bacterial degradation. Mechanical properties of lignin are variable and dependent on its
location in the plant [68]. Values of elastic modulus can vary from 4 to 7 GPa for an extracted
isotropic lignin [64, 69]. Due to its good properties, recently lignin has been used as additive to create
composite materials improving mechanical properties of classic thermoplastic matrixes and
bioplastics [70, 71].
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1-2.3. PRESENTATION OF MISCANTHUS

Miscanthus (M.) can be classified as a lignocellulosic material, being constituted both by
cellulose and lignin, the two main constituents of plants [33]. Miscanthus was first introduced in
Europe as an ornamental garden grass. It is a genus of woody, perennial, rhizomatous grasses related
to sugarcane that originated in Southeast Asia [72]. Among all the existing species, 17 totally, the
most important are M. sinensis and M. sacchariflorus (which originate in East Asia), and also M.
giganteus (which is common in France), a hybrid species synthesized from the other two [73]. This
plant can be cultivated on poor quality soil and needs little amounts of herbicide, nitrogen, and water

compared to other energy crops [74].

The productivity is extremely high [75]: in temperate climates, Miscanthus is considered one
of the most productive land plants known [76]. It gives also good yield on relatively cold climates
[77]. It has been estimated that the yield of production can go up to 35 dry tons per hectare. In Europe
in particular, Miscanthus plantations are located in the United Kingdom (15 000 hectares), Germany
and France (2000 hectares). This plant is also a particularly suitable candidate for the production of
biofuels and chemicals on large scales [78, 79] because of some valuable advantages including good
yield and high calorific value (20 kJ/ kg if dry matter) [80]. Traditionally, in terms of the ratio of
energy content to volume, combustion and pyrolysis are efficient methods for controlling the energy
efficiency of Miscanthus [81]. Few studies have been performed on the use of Miscanthus as a source
of bioenergy for fuel [82-85]. It is currently being grown in the British Isles for use as a biomass fuel
to reducing greenhouse gas emissions that is a fundamental point of the Kyoto Accord [86]. It has
been estimated that undried straw of Miscanthus, which is 70-80% of the total mass, contains very
little amount of water and this gives it a calorific value of 4700 kWh/t. This value is higher than that
of the woodchips (3300 kWh/t). This fact means that Miscanthus could replace up to 50% of wood
in a power plant and that it could be also used for the domestic heating. In France, as in other
countries, the main outlet for Miscanthus crops is energy recovery.

However, many other outlets are receiving a growing attention from the R&D sector and this
is the case of manufacture of second-generation biofuels, litter, horticultural mulch, plastics and agro-
materials for construction [87]. In this fields, Miscanthus has been already used for the realization of
various construction materials including insulation panels and bio-concretes. Some of the final
applications of Miscanthus are showed in the figure 1-16. Actually, it is preferred to other straws due
to its resistance to putrefaction and to its ease and rapidity of implementation. Other potential

applications include its use as an emulsifier for oils. This means that Miscanthus powder could be
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useful used for oil spilled during environmental disasters [88]. Undoubtedly one of the most attractive
application field is that of biocomposites, in which Miscanthus fibers can be used to reinforce
traditional plastics or bioplastics in order to create materials with improved mechanical properties
[47, 89].

Concrete block
with
Miscanthus

Pellets fuel

Panels for
building

Figure 1-16. Miscanthus: from plant to common applications.

Miscanthus plant Miscanthus fibers \

The mechanical properties of reed fibers were studied by Kaack et al. [33]. The influence of
structure and chemistry of stems on the flexural modulus of Miscanthus fibers was investigated. They
revealed a proportional relation between the content of cellulose and lignin and the improvement of
the elastic modulus. The values of elastic modulus were found between 0.5 and 6 GPa. More
precisely, Young Modulus is higher for high content of cellulose and lignin and for specific plant
conformation (high internode length, number of internodes etc.). In another work, Kaack et al. [90]
showed that the variation in elastic modulus is also related to the position on the stem from which the
sample was recovered. They indicated that the average modulus was higher for the nodes than for the
internodes and that the modulus decreases significantly and linearly from the lower to the upper part
of the stem. The average modulus of the nodes was 5.8 and 4.5 GPa for the internodes. In a recent
work, Lundquist et al. [91] found a Young modulus and a tensile strength equal to 59.5 + 0.2 GPa
and 913 + 79 MPa, respectively. The latter values seem very high and should be confirmed. These

values can be compared to other vegetal fibers whose values are listed in Table I-3.
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Fibers Young Modulus [GPa] Tensile strength [MPa] Reference
Miscanthus 59.5 913 [91]
Flax 58 1339 [92]
Hemp 35 389-900 [22]
Sisal 9-22 347-700 [24]

Table 1-3. Young Modulus and tensile strength for different natural fibers.

Miscanthus fibers were processed with different matrixes using industrial techniques at high
temperatures. The knowledge of the degradation behavior of this plant seems necessary in order to
appropriately determine processing parameters. The thermal degradation of Miscanthus sisal was
studied by Szabo et al. [93]. They highlighted the beginning of degradation close to 210 °C and an
improvement in thermal resistance for HCI washing fibers. Lundquist et al. [91] indicated that the
temperature of 1% weight loss of the china reed (Miscanthus giganteus) was equal to 203 + 4 °C
which is in the range of processing temperatures of many thermoplastics polymers. They also studied
the influence of chemical treatments on reed fibers. Optimal mechanical properties were obtained for
methanol (10 vol %) and alkali (15 vol %) treated fibers with a pulping time of 25 min and a pulping
temperature of 170 °C. Few authors studied the incorporation of reed as reinforcement in a polymer
matrix. Johnson et al. investigated the impact performance of Mater-Bi reed composites and showed
that the addition of Miscanthus fibers to Mater-Bi increases the impact load by, on average, up to
30% over that of the pure biopolymer [94]. Temperature is the main influent factor on the impact
properties of these composites [86]; as the temperature of processing increases so does the load and
impact energy absorbed by the biocomposite. On the other hand, the fiber loading does not
significantly influence the results [47]. For all the reasons largely discussed in this paragraph and for
its growing potential in France due to its availability, low cost and good mechanical properties,
Miscanthus seems to be a good candidate for the realization of biocomposites. Moreover, the absence
in literature of a totally green chemical modification applied to this kind of fibers constitutes an
attractive opportunity to be exploited in order to improve the mechanical properties of future

biocomposites.

24



Chapter |

|-3. ALIPHATIC BIODEGRADABLE POLYESTERS

In order to realize a totally green composite, the use of a matrix environmentally friendly that
could replace all those plastics derived from oil resources is necessary. Among all properties that a
matrix should possess, the biodegradability is certainly one of the principal that we have taken into
account in this work to limit the disposal problems with environmental impact caused by non-
biodegradable plastics [95]. The possibility for a polymer to be degraded into simple and natural
molecules such as carbon dioxide, methane and water under the action of enzymes or living organisms

such as bacteria or fungi [96] has a fundamental impact on the wastes management.

Previsions about the capacities of the global biodegradable polymer market presented in figure
I-17, show that this market is expected to reach around USD 5.18 billion in 2020. In this context,
Europe accounted for majority of the market share for biodegradable polymers market in 2014 and

this fact is mainly due to strong focus on green technology.
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Figure 1-17. Global biodegradable polymer market, 2014-2020 (from [97]).

Biodegradable polymers are in general divided in two categories based on their origin and we
can distinguish natural and synthetic ones. To the first group belong starch, cellulose and many other
polysaccharides and proteins, while to the second group belongs a great number of polyesters and
polyurethanes. Moreover, in recent years microbial polymers were produced and they can considered
as a third category of biodegradable polymers, due to their natural origin and their interesting
properties [98, 99]. In this context, the term “biopolymer” is more appropriate and it refers to a bio-

based plastic [100] derived from living organisms or from a natural source.

25



Chapter |

The high cost and the low performances of certain bioplastics, concerning in particular their
low mechanical resistance and high permeability to water vapor compared to traditional ones [101]
constitute two fundamental problems for which these polymers are unable to take over the market
[102]. Moreover, biopolymers are extremely sensitive to moisture and high temperature during the
processing steps [103]. For this reason aliphatic biodegradable polyesters and among these some bio-
based polymers constitutes an attractive solution due to their excellent biocompatibility and thanks
to their large spectrum of properties that can be modulated in order to obtain products for specific
applications according to the need.

For these last reasons, this section focuses the attention on biodegradable synthetic and
microbial polymers. Among all the existing matrixes belonging to these groups, we have chosen
aliphatic polyesters and in particular poly(lactic acid) (PLA), poly(e-caprolactone) (PCL), and
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBHV) whose structures are presented in figure I-
18.
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Figure 1-18. Molecular structures of PLA, PCL and PHBHV polymers.

The thermoplastic character is one of the main characteristics of these three matrixes, however

their origin is not the same and as consequence also their properties are different.
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Poly(lactic acid) is produced both from fossil oil resources and from renewable natural ones.
This polymer has a biodegradable and biocompatible character [104]. The economical production of
high molar mass poly(lactic acid) constitutes the fundamental driver for the expansion in the PLA
production and use [105] . Concerning this point, a strong reduction of the production cost of PLA
began with the first PLA produced from renewable resource by the Cargill Dow LLC, the so called
NatureWorks™ PLA. This reduction caused an expansion in the use of this polymer beyond
biomedical applications and more precisely in the field of packaging and fiber applications with
particular attention to the environmental sustainability. Moreover, PLA is an excellent candidate for
the realization of totally green composites [106] thanks to its natural origin, its variegate properties
and its high productivity (140,000 tons per year) [107, 108]. Actually it is one of the major bioplastics
produced in the world after starch-derived plastics [109]. For what concerns poly(e-caprolactone),
this polymer is not bio-based, being produced from petrochemical resources. However it is
biodegradable and biocompatible. In particular, thanks to this last characteristic, PCL has been largely
used in biomedical and biomaterial applications [110-112]. Poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) belongs to the poly(3-hydroxyalkanoate)s or P(3-HA)s family, which are aliphatic
polyesters produced by bacteria after fermentation of natural raw material and accumulated as
intracytoplasmic inclusions. Their natural origin, their biodegradability and biocompatibility makes
these polymers particularly attractive. However, this polymer has a higher cost if compared to
traditional polyolefin [113] and this fact is essentially due to all those purification steps (solvent
extraction for example) that represents from 60 to 80% of the total cost. Moreover the use of solvent
is strictly related to toxicity problems and high price, especially when large amount of solvent is
needed [114]. The addition of natural fibers and the improvement of processing methods, preferring
for example blending to the synthesis of high-cost new biopolymers, can reduce the total cost of the
material [115]. In this regard, numerous studies have been performed concerning the development of
biocomposites with natural fibers and biodegradable polyesters such as PLA, PCL and PHBHV [116-
120]. The characteristics and the applications in the biocomposites field of these three promising

biodegradable polymers will be the focus of the next paragraphs.
1-3.1. SYNTHESIS OF BIODEGRADABLE ALIPHATIC POLYESTERS

1-3.1.1. Synthesis of poly(lactic acid) (PLA)

The poly(lactic acid) is commonly made from a-hydroxy acids and we can consider that lactic
acid (2-hydroxy-propionic acid) is the basic building block of this polymer. Lactic acid was produced

by petrochemical route and since 1990 by polysaccharides and sugar fermentation, this last being a
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more eco-friendly approach [121]. Lactic acid exists in two optical isomers, defined as L and D-lactic
acid. Actually, by the petrochemical synthesis, the produced lactic acid is a 50/50 mixture of the two
isomers, while by the fermentation route, the content of L-isomer is predominant (99.5% of L-isomer
and 0.5% of D-isomer) [122]. There are two main ways to produce high molar mass PLA as shown

in scheme I-1.
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Condensation
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Y ROP
CH; 0] CH,
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HO AY 0 0 CH,
CH;4 0]
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Mw=1000 to 5,000 H;C 0 O
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Lactide

Scheme I-1. Synthesis methods for high molecular weight PLA: condensation/coupling, azeotropic

dehydrative condensation and ring-opening polymerization of lactide (adapted from [121]).

Starting from lactic acid, PLA can be produced by condensation resulting in low molar mass.

This last can be improved only by the use of coupling agents, esterification-promoting adjuvants or
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chain-extending agents, these last increasing the cost and the complexity of the process. The
azeotropic dehydrative condensation is a second route producing a PLA with high molar mass without
the use of adjuvants or coupling agents. However, this way requires the use of high quantities of
catalysts to favor the reaction rate, whose residues can cause many problems in further processing
such as undesired degradation or uncontrolled hydrolysis. For all these reasons the ring opening
polymerization of lactides, demonstrated for the first time by Carothers in 1932 [123], is considered
as the best way to produce high molar mass and pure PLA. The process starts from lactide which is
obtained by depolymerization of low molar mass PLA and which results in a mixture of L-lactide, D-
lactide and meso-lactide. The ring opening polymerization can be cationic or it can be anionic [121].
Actually, the commercial PLA is a combination of various copolymers, such as the poly (L-lactic
acid) (PLLA), the poly(D-lactic acid) (PDLA) and the poly(DL-lactic acid) (PDLLA), synthesized
from L, D and DL-lactic acid monomers respectively whose stereoforms are showed in figure 1-19
[124, 125].
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Figure 1-19. Stereoforms of lactides ([125]).
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I-3.1.2. Synthesis of poly(s-caprolactone) (PCL)

Poly(e-caprolactone) is constituted by hexanoate repeat units. Similarly to poly(lactic acid),
PCL can be synthesized by different routes: the condensation of the 6-hydroxyhexanoic acid and the
ring opening polymerization of lactones (ROP) [126]. The second route to synthesize PCL, via ring
opening polymerization of lactones is undoubtedly the most used. The possibility to work under mild
conditions results in polyesters with high molar mass obtained in a shorter time than
polycondensation. The ring-opening polymerization can be performed in bulk, in solution, in
emulsion or dispersion and to start the process the use of an initiator is necessary, an active species
that react with the monomer to give the polymer. This kind of reaction is classified depending on the
catalyst used: metal-based, organic and enzymatic. We can distinguish anionic, cationic, monomer-
activated and coordination-insertion ROP. Among these four categories, the coordination-insertion
showed in scheme I-2 is the most common. In this process, the propagation proceeds through the
coordination of the monomer to the catalyst with the subsequent insertion of the monomer into the

metal-oxygen bond of the catalyst [127].
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Scheme I-2. Initiation step for coordination-insertion ROP (adapted from [126]).

Another way to synthesize PCL is the use of enzymes under mild conditions. This route can be
considered as a green way to synthesize these biodegradable polymers because of the absence of toxic
reagents and it includes also the possibility to recycle the catalyst [126, 128, 129]. One of this
mechanism is proposed in the scheme I-3 and it concerns a ROP using lipase, in which a lipase-
activated monomer complex, formed after the reaction between the lipase and the lactone, reacts with
an alcohol to form the polymer [126, 130, 131].
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Scheme 1-3. Mechanism of ROP using lipase (adapted from [126]).

1-3.1.3. Synthesis of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBHV)

The synthesis and the properties of the poly(3-hydroxybutyrate-co-3-hydroxyvalerate) are
strictly related to those of poly(3-hydroxyalkanoates), the family of polymers to which PHBHV
belongs. The PHASs possess many linear carbon side chains (renamed here R) with different lengths

depending from the carbon source and the nature of the bacteria (see figure 1-20).

H{\O

Figure 1-20. General formula of (PHA)s.
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In this context, three types of PHAS can be differentiated: short-, medium- and long-chain. The
first type of PHA, the so-called PHA scl (short chain length) has a lateral chain constituted by 1 to 3
carbon atoms (R=CHzs to CsHy), the PHA mcl (medium chain length) has a number of carbons atoms
in the lateral chain from 4 to 9 (R=CsHg to CoH19) and at last the PHA Icl from 10 to 14 (C1oH21 to
C14H29). The poly (3-hydroxybutyrate) (PHB) and poly (3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBHV), whose properties will be also investigated in the experimental part, belong to the P(3-
HA)s group [132].

The synthesis of the PHBHYV showed in scheme 1-4 consists in three fundamental steps based
on the chemistry of the acetyl-CoA as precursor, this last being produced by the oxidation of fatty

acids and sugars. This route is the most common metabolic way to produce this copolymer. At first
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the enzymatic activity of the B-ketothiolase allows to the condensation of two molecules of acetyl-
CoA to form acetoacetyl-CoA and the condensation of acetyl-CoA with propionyl-CoA to form -
ketovaleryl-CoA. In a second moment, the formed products are converted into the polymer by the
activities of the (acetoacetyl-CoA) reductase and of the PHB synthase. The quantity of HV units are
dependent from the carbon source; for example, the addition of glucose to the propionic acid results

in a great variability of HV units from 0 to 57%.

Acetyl-CoA Acetyl-CoA Propionyl-CoA

CH3—CH,—C—S-CoA

Il
HyC—C—§-Cop / HiC—C—8-CoA

0
CoA-SH )l p-ketothiolase C CoA-SH

Acetoacetyl-CoA B-ketovaleryl-CoA
0 0 (0] 0]
S-CoA MS-COA
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R O
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Scheme 1-4. Pathway for the production of PHBHYV from acetyl-CoA and from propionyl-CoA
(adapted from [133]).

1-3.2. THERMAL AND MECHANICAL PROPERTIES OF ALIPHATIC BIODEGRADABLE

POLYESTERS

Polyesters previously described can be considered as thermoplastic polymers with a

semicrystalline behavior. This means that a glass transition and a melt temperature characterize them.
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Although PLA, PCL and PHBHYV have these common characteristics, the range of temperatures at
which these polymers can be used and processed is not the same as showed in figure I-21. Properties
of PLA change with the content of L-isomer and in the case of PHBHYV the variability in the content
of the HV units caused different mechanical and thermal properties.
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Figure 1-21. Principal temperature ranges for PLA, PCL and PHBHV polymers.

The way of synthesis of PLA and PCL influences their mechanical and thermal properties. In
the case of poly(lactic acid), the content of L-isomer that characterize PLA produced from renewable
source influences preferentially the crystallinity. More precisely, high content of L-isomer induces
crystallinity while low content results in an amorphous PLA, decreasing also the melting and the
glass transition temperatures [105, 134, 135]. While, the melting temperature of the polymer is mainly
dependent on the optical purity of PLA and it can vary from a maximum of 180°C to 120°C depending
on the amount of D-lactide incorporated, the glass transition one is dependent also from the thermal
history of the polymer. The mechanical properties of PLA are variable and strictly related to the
crystallinity behavior of the polymer. Semicrystalline PLA has an elastic modulus of around 3 GPa,
a tensile strength that varies from 50 to 70 MPa and an elongation at break of about 4% [136, 137].
Due to these properties it is considered as a brittle material. For high mechanical performances,
semicrystalline PLA is preferred to an amorphous one. Mechanical properties of PLA are related to
the molecular weight, to the presence of the L or D isomers and also to thermal treatment such as

annealing as showed in previous works [138, 139].

Similarly to PLA, high molar mass poly(e-caprolactone) can be obtained by ring opening
polymerization of lactones and also in this case thermal and mechanical properties of this polymer
are dependent from its molar mass and its crystallinity. PCL cannot be considered as a brittle material,
exhibiting a low tensile strength (approximately 23 MPa) and high elongation at break (>770%). It

has the great advantage to possess lower density than the others, to be miscible with a lot of other
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polymers and to be mechanically compatible with polyethylene, polypropylene and rubber [117, 126,
140]. It is characterized by a melting temperature around 60°C and a glass transition temperature of
around -60°C [141, 142].

Failure stress and Young Modulus of the homopolymer PHB are similar to those of
polypropylene but the elongation at break of this last is higher (400%) [143, 144]. The introduction
of a co-monomer into the polymer backbone like 3-HV causes a change in thermal properties and a
consequent change in mechanical properties. In particular, the final copolymer exhibits an increase
in flexibility and toughness, but at the same time a reduction in polymer stiffness. Compared to its
equivalent homopolymer, the PHB, that is highly crystalline and brittle, the introduction of 3-HV
units allows a decrease in glass transition temperature (Tg) and melting temperature (Tm) without
significant changes in the crystallinity [114, 143, 145-148]. This weak change is due to a phenomenon
of co-crystallization of the two-monomer units (HV and HB) that rearrange creating an intermediary
structure and preserving the crystalline character. One of the problems of PHBHYV is the presence of
a secondary crystallization of the amorphous phase, which occurs during storage time at room
temperature. Several authors studied this phenomenon, so a sample stored at room temperature for
60 days have lower values for elongation at break than samples stored for 30 days [149-151]. The
range of principal thermal and mechanical properties of PLA, PHBHYV at different compositions and
PCL are listed in the table I-4.

Properties PLLA PDLLA PCL PHB PHByHYV
Density [g/em’] 1.26 127 1.20 1.25 1.25
Melting point [°C] 170-183 - 56-65 177 150
Glass transition [°C] 55-65 59 -60 4 4

Tensile Modulus [GPa] 2.7-3.5 1.9 0.2-0. 3.5 1.5
Tensile strength [MPa] 50-70 49-53 4-28 40 35
Failure strain [%] 4 - 700-1000 4 12
Crystallinity [%] 35-40 - 59-64 60 57

Table I-4. Thermal and mechanical properties of PLLA, PDLLA, PCL, PHB and PHBgsHV 14 [125,
126, 152, 153].
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1-3.3. BIODEGRADABILITY OF ALIPHATIC POLYESTERS

Biodegradation is considered as a form of degradation due to the action of many
microorganisms such as bacteria, fungi and algae. These living organisms assimilate biodegradable
polymers, producing degradation products like biomass, carbon dioxide, methane and water. Many
environmental factors influence the biodegradation like temperature, this last affecting the
microorganisms growth and also the pH and the source of carbon and nitrogen. However, the type of
living organism and the environmental characteristics are not the only requirements for a total
degradation of a polymer. The chemical structure and the physico-chemical properties of a plastic are
two fundamental parameters for a complete biodegradation. In this context, we will focus the attention
on the biodegradability of aliphatic polyesters previously described. These last are constituted by

ester bonds that can be degraded by many enzymes present in various living organisms.

Actually PLLA needs more than 2 years to reach the 50% of its initial mass and PDLLA needs
just 12-16 months [152]. Enzymes present in living organism can hydrolyze the ester linkage in
different biotic environments releasing carbon dioxide as showed in the lifecycle of PLA in scheme
I-5. PLA degradation is influenced by different factors that are dependent on the polymer properties
such as its crystallinity, molar mass and purity, but also from environmental parameters such as
temperature, pH, humidity, salinity, the presence or absence of oxygen etc. [125, 154]. It can undergo
hydrolytic degradation of the esters group preferentially present in the amorphous phase. The
hydrolytic process is a function of different factors such as aging time and conditions, molar mass,
the degree of swelling of the matrix, macromolecular conformation, chain mobility and crystallinity
[155]. Different hydrolytic mechanism have been proposed in these years. One of this suggests that
the polymer with high molar mass degrade via a heterogeneous mechanism, proceeding more rapidly
in the center than at the surface due to the autocatalytic action of the carboxylic acid end groups of
the degraded products entrapped in the matrix. These last are in general oligomers and monomers
that are water-soluble and that can move on the surface of polymer or remain entrapped inside [138,
156].
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Scheme I-5. Lifecycle of poly(lactic acid) (PLA) (adapted from [154]).

As in the case of PLA, the PCL totally biodegrades under the action of microbes in nature [157]
that are located in marine, sewage sludge, soil and compost ecosystem [98]. Compared to
conventional plastics which fully degradation require hundreds or thousands years, the
biodegradation of poly(e-caprolactone) occurs in a few years, with a relatively slow degradation rate
(2-3 years) that led to its use in long-term drug/vaccine delivery vehicle and allows to classify it as
an excellent candidate for the realization of eco-friendly materials [158, 159]. Many studies reported
that increasing the molecular weight of PCL, the degradability is reduced. This is also affected by the
microorganism’s type and by the enzymes produced. For example, PCL is easily hydrolyzed by
esterase and lipase [98]. The degradation starts at the amorphous domain causing an increase in
crystallinity degree while the molecular weight remain constant [160]. In a second step, the molar
mass loss occurs due to the diffusion of formed oligomers from the bulk [98, 161, 162]. The process
starts by the hydrolysis of the polymer chain and the formation of an intermediate of m-oxidation and
it proceeds by the B-oxidation to the acetyl-CoA which can further degrade in carbon dioxide and
water as illustrated in scheme 1-6. PCL degradation is autocatalyzed by carbon end groups of the
polymer chain during the first step of hydrolytic degradation [161] but it can also be catalyzed by
enzymes, resulting in faster decomposition [163]. While PCL can be enzymatically degraded in the

environment, it cannot be degraded enzymatically in the body [126, 152] .
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Scheme 1-6. Degradation pathway for poly(e-caprolactone) (PCL) (adapted from [164]).

Compared to PLA and PCL, microbial polymers are relative resistant to the hydrolytic
degradation and they can be totally biodegraded by many microorganisms releasing carbon dioxide
and water. The degradation rate of PHAs is lower than PLA and PCL. It has been estimated that after
28 days in river water, polymers are totally degraded and that PHBHYV in the composition range of
12-21 mol% HV degrades rapidly than its homopolymer [165]. The reaction leading to the formation
of PHAs is a reversible polymerization carried out by enzymes known as polymerases. The presence
of the reverse enzyme, the so called depolymerase, allows the degradation of these polymers. The
biodegradation process can be divided in two macro-categories: the intra and extracellular

biodegradation. In the case of intracellular processes, bacteria can hydrolyze PHAs previously formed
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thanks to the enzyme situated in the cytoplasm and more precisely on the surface of PHAs granules

[166]. To give an example, this degradation process is showed in scheme I-7 for PHB polymer.
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Scheme I-7. Intracellular degradation pathway for PHB polymer (adapted from [167]).

For what concern the extracellular degradation, this last is clearly dependent on different factors
like the type of environment [168, 169], the type of water [170-172] but also temperature and pH.
During this process bacteria produce extracellular enzymes that can hydrolyze PHAs forming
oligomers soluble in water. These last can easily converted in molecules such as CO2 or H.O
necessary to life of the bacteria. It was proved that the weight loss reached in the case of PHBHV

copolymer is higher than that obtained in the case of the homopolymer. This fact can be explained by
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the presence of HV units that cause less crystallinity of PHBHYV [173].

I-3.4. THERMAL DEGRADATION OF ALIPHATIC POLYESTERS

All thermoplastic polymers are known to undergo thermal degradation during conventional
processing such as extrusion or injection molding. In this case of PLA, degradation is caused by high
process temperature, long residence time in the compounding machines and extrusion screw torque
[174]. The presence of residual water in the polymer and the use of too much high temperature are
two of the main factors favoring the thermal degradation of this polymer. Various reactions may
occurs during this process such as random and oxidative chain scission, inter and intramolecular

transesterification and were largely described in literature [136, 175, 176].

The thermal degradation mechanism of PCL occurs a two-steps degradation mechanism [177],
the first consisting in a cleavage of the polymer chain via cis-elimination and the second in an
unzipping depolymerization from hydroxyl end of the polymer chain. The thermal degradation of
PCL produces small molecules with low boiling point that volatilize immediately. The final

mechanism is described in the scheme 1-8 [178].
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Scheme 1-8. Unzipping depolymerization step of PCL (adapted from [178]).

Temperatures can influence the chain scission type: the polymer degrades by end chain scission at
higher temperatures while it can degrade by random chain scission at lower temperatures as showed

in figure 1-22 [179].
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Figure 1-22. Cleavage of the polymeric chain during the degradation of PCL (adapted from [126]).

For what concerns the thermal degradation of PHAS, a prolonged exposure to high temperatures
just above their melting point (for example 180°C) could induce random chain scission reactions with
subsequent degradation and production of degraded products like crotonic acid and different
oligomers [180-182]. These reactions involving chain scission results in a polymer with low

molecular weight [183]. The mechanism of thermal degradation of PHB is showed in the scheme I-

9.
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Scheme 1-9. Thermal degradation mechanism for PHB.

The higher ductility of PHBHV compared to PHB led to an easy processability. The lower
temperature used during the processing reduces the thermal degradation problem typical of PHB [181,

182]. A similar degradation mechanism for PHBHYV was proposed by other researchers [184].
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I-4. TOWARD BIOCOMPOSITES

The nature of the reinforcement and that of the matrix are the principal factors affecting the
mechanical performances of biocomposites. However, there are other factors such as fibers
dispersion, shapes, orientation and composite manufacturing that can affect the global properties of
the final material [36]. Many of these factors such as fibers dispersion and orientation depend on the
fiber/matrix interfacial adhesion and on the choice of processing parameters. Among all the existing
factors affecting the properties of a biocomposite, the compatibilization between the reinforcement
and the matrix has a fundamental role. In the next paragraphs, the existing treatments used to improve
the compatibility of fibers with the matrix and to the processing methods used today to realize
biocomposites are presented.

1-4.1. TREATMENT OF VEGETAL FIBERS

The fiber/matrix interface plays a fundamental role in the stress transmission. For biopolymers
reinforced with vegetal fibers, there is a limited interaction between the hydrophilic reinforcement
and the hydrophobic continuous phase, leading to poor interfacial bonding decreasing the mechanical
performances as well as low moisture resistance affecting long term properties [36].

In the specific case of natural fibers used as reinforcement for a composite material, their
hydrophilic nature, poor resistance to moisture, poor dimensional stability and their limited maximum
processing temperature, constitute important limitations to the realization and final application of a
biocomposite. In order to have a good adhesion between the matrix and the reinforcement, the fibers
must present sufficient wettability. To achieve this goal, special treatments to modify the surface of
vegetal fibers are generally proposed [185-188]. Among these techniques, physical and chemical
modifications are largely used [3, 36]. Physical modification of fibers means that only the structure
and the surface of the fibers are modified by this treatment, but the chemical composition is preserved.
One of the traditional methods is the thermo-treatment, during which different phenomena can occur.
For example, the migration of softened lignin to the surface of the fibers was postulated, when the
treatment is conducted at temperatures much above its glass transition or the depolymerization of
hemicellulose and lignin into aldehyde and phenolic compounds that form resins after curing [189-
191]. Other physical techniques are the low-temperature plasma, the corona discharge and the
sputtering [192, 193]. The first one causes a great number of chemical modification due to the

possibility to use different gases, typically formation of radicals or surface functional groups, changes

41



Chapter |

in crystallinity, polymerization and cross-linking. The corona discharge and the sputtering cause

mainly changes to the surface of fibers, like surface roughness [194, 195].

For what concern the chemical modification techniques, the basic principle is the use of a
reactive agent to modify the chemical structure of the fibers. In this context one of the most famous
technique is the mercerization. This process was used for the first time in 1844 to treat cotton fibers
with sodium hydroxide (NaOH). During these treatment fibers swell and hydrogen bonds were broken
and re-bond during swelling and drying respectively, causing a decrease in fiber diameter, an increase
in the aspect ratio and an increase in exterior roughness. The significant improvement of the fibers
wettability reached by this technique causes an increase in final strength and in the Young Modulus
of composites realized by alkali-treated fibers, probably favored also by a change in the crystalline
structure of fibers. Substances like lignin and hemicellulose are removed during this treatment and
amorphous cellulose is hydrolyzed, leaving place to crystalline cellulose [196, 197]. In general, the
majority of surface chemical modification focuses on cellulose. They can be divided in three macro-
categories: the substitution of hydroxyl groups with small molecules, the polymer grafting based on
the technique of the grafting “from” in which reactions such as ROP may occur and the grafting
“onto” in which coupling agents are used [198]. Some of these techniques are showed in figure 1-23.
The oxidation is probably the simplest process and it refers to the oxidation of primary or secondary
hydroxyl groups in the cellulose chain initiated by oxidants or nitroxyls radicals such as the 2,6,6-
tetramethylpiperidine-1-oxyl radical, this last resulting in the TEMPO-oxidized cellulose. The
advantages of this kind of reaction are that it can be conducted under mild conditions, in aqueous
solution and it can be efficiently used to convert the alcoholic hydroxyl groups to aldehydes, ketones
and carboxyl groups [201]. Chemical coupling is the most used method to improve the adhesion
fiber/matrix in composite materials. A coupling agent is a compound, a bonding agents or a surfactant,
used in very low quantity to treat a surface and to bond this one with that of the second constituent of

a composite [202, 203]. The most used are silanes and isocyanates [204-206].
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Figure 1-23. Physical and chemical treatments of cellulose (adapted from [198-200]).

The term grafting can be referred to a grafting “onto” in which aliphatic polymers and oligomers
with reactive ending groups are attached to the cellulose surface, or to a grafting “from” in which the
monomer reacts directly with the hydroxyl groups of cellulose. The first method has different
advantages such as the possibility to control the length of the grafted oligomer and the great variability
of this last. Actually, many polyesters and their oligomers such as PHB, PHBHV, PCL and many
others can be used [207]. However, this method has also many disadvantages such as the fact that
oligomers have to be synthesized in a previous step and that they have to be functionalized in order
to react with the hydroxyls of cellulose. In this case, hydroxyl groups of cellulose act as initiator for

polymerization reactions like the ROP of lactide and lactones. This technique has the great advantage
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to use native cellulose without previous chemical treatment of the same and to use directly a monomer
[200]. In such cases the graft co-polymerization of monomers compatible with the matrix in order to
improve the compatibility fiber/matrix has been considered as another possible route to modify
cellulose and its derivatives. Vinyl monomers such as methyl methacrylate, acrylamide, and
acrylonitrile have been largely used [22]. The fibers are generally exposed to high-energy ionizing

radiation in order to create free radicals in the cellulose molecules [25, 208-210].

The most part of chemical modification previously described acts on cellulose structure. The
ambitious aim of this study is to use the thiol-ene click chemistry, successfully applied on cellulose
surface in a previous work [211], on the double bonds presents in the structure of Miscanthus fibers
in order to realize a totally green composite by photo-activation. The originality of this work resides
in the possibility to apply this chemistry on the unsaturated bonds of lignin and to use raw fibers
without previous chemical treatment of these last. Click-chemistry is a very efficient way to modify
surface fibers due to the mild reaction conditions, the high yields, the low quantity of sub-products

released during the process, the regio-specificity and the stereo-specificity [212].
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1-4.2. PROCESSING METHODS

The chemical treatment of fibers and the appropriate choice of a matrix are undoubtedly two
fundamental steps in the realization of a composite material, but they are not the only requirements
to realize a material with good properties for a specific application. Temperature, pressure and speed
adopted during the processing have an impact on the degradation of fibers and matrix, on fibers
dispersion and orientation. For this reason, this paragraph focuses on the principal processing
methods used to realize composites and more precisely on the compounding methods followed by
the molding step. The term “processing” deals with the transformation of raw materials into finished
product using compounding, chemical reaction and final molding techniques. Tadmor and Gogos
[213] give a more precise definition of polymer processing, this last concerning ‘operations carried
out on polymeric materials or systems to increase their utility’. By this last definition, it’s clear that
the principal goal of polymer processing is to increase the value of the polymer or of a certain
formulation. The final performances of a material are correlated to the processing used to realize it
and they are responsible of the final value of a certain object and of its applicability. Specific
performances can be achieved by the appropriate combination of materials and processing techniques.
The choice of the appropriate operational temperature is a function of the crystalline nature of the
polymer. If this last is amorphous (case 1), the operational temperature (To) needs to be higher than
the glass transition temperature (Tg), while if it is semicrystalline (case 2), To needs to be higher than
the melt temperature (Twm). Processing can be continuous or discontinuous. In the first case the most
important parameter is the flow, while in the second case is the number of pieces produced that is

correlated to the number of cycles.

1-4.2.1. The compounding processes

Mixing, blending and compounding are three terms largely used in the field of polymer
processing. The term mixing refers to the physical act of homogenization, during which all
constituents are distributed in a uniform manner in the total volume by applying a shear force.
Blending refers to the preparation of polymer alloys and compounding to the incorporation of fillers
(of different nature) in the raw polymer matrix using a specific formulation recipe [214]. The design
of new synthetic materials with specific properties for demanding applications is an expensive way
compared to the simple compounding of existing polymers. The minor cost of the mixing process is
the fundamental reason that led researchers to use this technique in order to create composites for
specific applications instead of synthesizing new polymeric materials. Optimal properties can be

achieved by controlling the ratio between the different constituents of a polymer blend and also by
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controlling the reaction time in the case of reactive blends. The absence of solvent, the good
processability and the uniformity of the product are three important points that could lead to choice
compounding methods. Moreover, this technique offers the possibility to change quickly the
formulation and to have high productivity [214, 215]. Polymer compounding includes different steps.
First of all raw materials (matrix and filler) have to be prepared. One common preparation step is
drying that is essential in the specific case for vegetal fibers and for certain matrixes sensible to
hydrolysis at high temperature, such as PLA [121]. The preparation can be followed by a pre-mixing
step in which eventual agglomerates are break and well dispersed and then the mixing and molding
operations can be carried out. Mixing processing is carried out in different type of equipment such
as single or twin extruders or internal mixers. These last can have great or small size depending on
other equipment associated such as those for mix discharge (blades) or power input (large or little
motors) and depending also on batch weight and speed of mixing. The constituents in a fluid state
are compressed, folded it over and then compressed again. High shear stresses existing between the
moving (rotating blades) and stationary (chamber) elements are applied to the material that is torn
apart [216]. One of the most famous compounding methods is the extrusion thanks to its versatility
and large use. The versatility of this method is due to the possibility to produce different artifacts with
symmetrical or not sections, such as hollows, pipes, sheet, film and beams. A typical extruder can be
considered as a pump used for melt or more precisely for plasticize and carry high viscosity fluids
(See Figure 1-24). The process converting the solid polymer into the plastic state is induced not only
by heating but also by compression and high shear applied during extrusion. The molten is pushed
and forced through a die that impart the desired shape. In general the polymer melts due to the heating
system and also to the heating released during the screw rotation. An extruder can have a single screw
or a twin, these last being co-rotating or counter-rotating. The rotation type depends on the final
purpose. More precisely, a counter-rotating twin screw extruder is preferred to optimize the mixing
of different constituents, while a co-rotating is preferred in the case of high pressures required. [12,
217, 218]. Extrusion can be also used also to perform a series of reactions such as bulk
polymerization, graft reaction, interchain copolymer formation, coupling/crosslinking reactions and
functionalization. This is the reason why in this case extrusion is called more properly with the name
of reactive extrusion [219]. Grafting reactions have been already described in paragraph 1-4.1. They
are associated to other side reactions such as radical combination [220], induced-crosslinking [221,
222], and degradation caused by beta-scission [223]. In order to limit these side reactions favoring
the grafting, it’s not sufficient to control only the monomer and initiator concentration, but also some

extruder’s parameters, such as residence time, screw speed and temperature [224-226].
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Figure 1-24. Typical extrusion process [9].

1-4.2.2. The molding processes

Mold processes refers in a more general sense to all processes in which polymers or blends are
transferred into a cavity having the shape of the work piece. They can be classified in two principal
categories depending on the used mold. We can distinguish open mold processes and closed mold
processes. In the first group, one can find processes such as the hand lay-up and the spray lay-up,
while in the second group there are processes such as compression and injection molding. Hand lay-
up and spray lay-up consist in creating a first layer of polymer and reinforcement in to a mold, adding
other layers until the desired thickness. These two techniques can be distinguished by the deposition
method of the polymer and the fibers (trough spray or roller) and are used to create component parts
or more in general large pieces. Several disadvantages here are associated to the open-mold processes
such as low productivity, health problems for operators due to the contact with the materials and low
surface smooth due to the absence of a counter mold. In the more specific case of the spray lay-up
the impossibility to orient fibers, limiting the process to the production of isotropic materials [227].
In this work more attention will be dedicated to the closed mold processes and in particular to
compression and injection molding. Compression molding (Figure 1-25) is used for high production
volume per unit of time. At first a controlled volume of material (blend or polymer granules) is
deposited inside the mold cavity heated sufficiently to allow the fusion of polymer. A pressure is
mechanically applied through a male mold to the charge deposited in a female mold in order to
achieve the desired shape. At the end of the procedure the final piece can be extracted, this last in
general having a sheet molding shape.
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Figure 1-25. Compression molding process (adapted from [228]).

Injection molding is widely used for thermoplastic polymers manufacturing. During this
process the constituents mixed previously in a tank with rotating screws is pushed inside a cylinder
heated at a temperature that allow the material to remain in a molten state and to flow into the cavity
of the mold through a gate. It is kept at a temperature lower than the glass transition one in order to

allow the solidification of material one it is filled completely (See Figure 1-26).

Figure 1-26. Injection molding process (adapted from [229]).

During this process, the applied pressure plays a fundamental role. Indeed, one filled the cavity,
it starts the maintenance phase during which a pressure is applied to force in the cavity other material
to compensate the increase in density and the withdrawal of the molded piece due to decrease in
temperature and solidification, which take place both during the maintenance phase and subsequently.
The dimension of the gate has a great impact on the cooling step. This last is more rapid if the gate is
thin. Then, the polymer became solid in the gate and less polymer fills the cavity with a consequent
impact on the residual pressure in the cavity (pressure at the opening of the mold). Another parameter
of great importance in this process is the pressure. This last tends to separate the two parts of the mold
once applied. An incomplete fill of the mold can happen. During the fill of the cavity, polymer tends
to become solid in contact with the mold walls, reducing the section available for the flux. In these
conditions the polymer doesn’t flow and flux is stopped when the pressure reaches the maximum

value possible for the machine. This effect can be reduced by increasing the injection temperature
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(T1) and the mold temperature (Tm). Compared to the compression molding in which there is no a
particular orientation of the material in the mold, the injection molding is known to create pieces with
a certain orientation of both polymer chains and reinforcement. The orientation and the morphology
of a polymer during the injection is essentially due to the cooling rate and to the orientation
accumulated in the previous step. In general injected pieces are not homogeneous, with variable
orientation and morphology from the mold walls to the center. All these effects suggest that the
mechanical properties of polymers injected are very different from those compressed and they are
related to the internal stresses applied. As said previously, macromolecules can be oriented along the
flow direction and after the end of this driving force they should return to the original conformation.
In the reality, the rapid cooling of the molten in the mold causes a shift of the relaxation time to higher

temperature than that of the process, causing residual deformations [11, 12, 217].

1-4.3. PLA-BASED COMPOSITES

The high productivity, the biodegradable and bio-based character of PLA are not the only
requirements for the realization of biocomposites. The low melting temperature at which PLA can be
processed constitutes an important advantage in the realization of composites reinforced with vegetal
fibers, these last being not degraded after processing. PLA can substitute the oil-derived plastics in
many sectors such as automobiles or packaging [230]. A comparison between PP and PLA reinforced
with 30-40% of flax fibers showed that the tensile strength was better in the case of PLA as matrix
of about 50%, with no decrease in PLA properties after compounding and an improvement of the
final stiffness [120]. This result suggests that a possible strategy to modify thermal and mechanical
properties of PLA, reducing the total cost of the final material is to reinforce the matrix with various

natural fibers.

Many PLA-based composites have thus been realized using kenaf, flax, jute, abaca, miscanthus,
cellulose and wood [47, 120, 231-235]. The comparison between different samples showed that in
general the addition of fibers caused an increase in tensile modulus and a decrease in elongation at
break and in tensile strength when they are used in the absence of a compatibilizing agent. Moreover
these results are independent from the realization method. The composites exhibit classical problems
related to the incompatibility between matrix and fibers such as the presence of void at the interface
[232, 236]. For this reason, many efforts have been made in the field of chemical treatment of fibers
in order to improve the mechanical performances of PLA-based biocomposites. Hemp and ramie
fibers treated with alkali and added to PLA showed much higher values in tensile strength and elastic
modulus than neat matrix [237, 238]. A similar trend for the tensile strength was found in the case of
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ramie fibers treated with silane [238] although the maximum strength was obtained in the case of
fibers treated with NaOH due to the bonding at the interface between the ramie fiber and PLA matrix.
In other works, a silane treatment on wood fibers induced an increase in tensile strength and in elastic
modulus, reflecting the improvement of the interfacial adhesion fibers/matrix [239]. The mechanical
discussed above are summarized in table I-5 and compared to the properties of the neat matrix.
PLA/kenaf composites are used for spare tire covers or circuit boards [230], PLA/cordenka
composites are used in automotive and electronic fields [240] and many PLA reinforced with man-
made cellulose suggested different fields of application like furniture, car parts, grinding discs and
safety helmets [241].

50



Chapter |

Chemical fibers E 19 € Reference
Sample
treatment [wit%] [GPa] [MPa] [%6]

PLA - - 34+10 60.4+0.8 41+13 [47]
PLA/flax - 40 7.3+05 440+7.2 09+0.2 [120]
PLA/jute - 40 8.1+04 72.7 +2.3* 15+0.0 [232]

PLA/miscanthus - 40 6.6+1.9 412+15 09+0.2 [47]
PLA/wood flour - 40 3.7+25 36.2+2.0 1.1+0.2 [239]
PLA/hemp - 40 7.4 44.6 nd
[237]
PLA/hemp-NaOH NaOH 40 8.5 54.6 nd
PLA/ramie - 30 nd 525+8.0 3.2+0.2
PLA/ramie-NaOH NaOH 30 nd 66.8+1.7 48+0.2 [ [238]
PLA/ramie-silane silane 30 nd 64.2 +0.7 3.6+01 |
PLA/wWF - 40 3.7+25 37.2+20 1.1+0.2
[239]
PLA/wf-silane silane 40 43+42 48 +47 1.3+0.2

*Maximum strength at yield

** wf: wood flour

Table I-5. Tensile properties of PLA-based composites with fibers untreated and treated with NaOH

and silane. E: tensile modulus; o: strength at yield; &: elongation at break; nd: not determined.
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1-4.4. PCL-BASED BIOCOMPOSITES

In order to keep intact the biodegradability of the starting material, improving at the same time
the mechanical properties of the final composite, PCL can be combined with various natural fibers
by adjusting the ratio matrix/fiber [242, 243]. For different application areas, the use of
lignocellulosic filler (cellulose, sisal, flax fibers) in PCL matrix was investigated [244, 245]. PCL is
generally blended [115, 246, 247], but it can be also extruded [248] and in this case the influence of
extrusion parameters like rotation speed, throughput, and screw configuration on the residence time
have to be taken into account. One of the advantage of PCL-based biocomposites is that they require
low energy for thermal recycling and they can be used as eco-friendly materials for energy recovery.
The low melt temperature of PCL is a great problem not only for the manufacturing the
biocomposites, but also for the final applications of the materials that cannot be exposed to slightly
elevated temperatures. In order to avoid the problem related to low melt temperature and degradation
of matrix and lignocellulosic fibers, biocomposites were realized by impregnation baths for fibrous
mats. In this case, thermal properties of PCL were maintained and mechanical ones were improved
thanks to this technique and to the refining treatment of alfa fibers [249]. Composites with various
types of lignocellulosic fibers, such as cotton, cellulose obtained from the same and hydrolyzed
cellulose were realized [250]. In this case, best performances were obtained for a composite with 15%
of simple cellulose, in which mechanical properties were improved and the barrier properties of the
pure matrix were not affected by the presence of the filler. The results demonstrated also that the
effort and costs involved in the chemical treatments to prepare the hydrolyzed cellulose were not
justified. In such case, other biocomposites properties such as water-resistance were improved acting
on the modification of the polymer, as demonstrated by PCL modified with acrylic acid or cross-
linked PCL, exhibiting lower swelling, higher water resistance but at the same time lower degradation
rate [251, 252].

1-4.5. PHBHV-BASED BIOCOMPOSITES

A lot of fibers have been used these last years to improve the mechanical properties of PHBHV,
such as flax [253], jute [119], cellulose [118], wood [254] and bamboo [255]. The elastic properties

of some of these composites are showed in table 1-6.

52



Chapter |

Sample % fibers [wt%] E [GPa] o [MPa] References
PHBg7HV3 - 2.1 +0.07 27.3+0.3
PHBg7HV3/man made cellulose 30 44+0.34 41.7+3.8
[119]
PHBgy7HV3/abaca 30 4.4 +0.06 28.0+1.3
PHBo7HV3/jute 30 7.0+0.26 352+13 |
Biopol - 1.0+ 0.09 214+15
[254]
Biopol/wood 30 1.9+£0.33 18.0+2.04
Biopol/bamboo 30 1.71 18.9 [255]

Table 1-6. Tensile properties of PHBHV-based composites with different vegetal fibers. E: tensile

modulus; o: strength at yield.

In general these composites show an increase in mechanical properties and various changes in
thermal properties with increasing the filler content. For example, the elastic modulus of neat PHBHV
can be improved by around 167% by adding 40 % by weight of wood flour. In contrast tensile strength
decreases with increasing wood flour content [254]. A similar trend can be found changing
reinforcement type, using for example 40 wt% of recycled cellulose as filler for PHBHV. In this case
tensile modulus was improved by 220% and at higher cellulose content (over 20%) tensile strength
increases [118]. Exception to this case, in general when fibers are not modified by a chemical or a
physical treatment, a decrease in final strength can be observed. The incompatibility between the
hydrophilic fibers and the hydrophobic matrix led to lack adhesion fiber/matrix with poor dispersion
of the reinforcement in the matrix. These results are often confirmed by SEM images in which fibers
pull out from the matrix or with formation of fibers aggregates at high content of reinforcement. The
crystal morphology of PHBHV-based biocomposites is another parameter that can be affected by the
presence of natural filler and that can influence the mechanical properties of the final composite.
Fibers or flour can act as nucleation points increasing crystallinity and changing the crystallization

rate [255]. Similar results were reported in literature on wood fiber and wheat straw fiber filled
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PHBHYV composites [256, 257]. However there are also many case reported in literature in which no
change in crystallinity of PHBHV or its crystallization kinetics are detected [258-260]. A great
amount of investigations done with PHBHV biocomposites focuses on processing techniques and in
particular on compression molding of thin layers or films [261-263]. The use of lab-scale equipment
such as mini-molders or mini-processing machines [118, 255] constitutes a limitation for a large scale
application of these materials. In most cases, the up-scaling procedure is not applicable [119].
However many studies [264, 265] were carried out using semi-scale processing equipment, resulting
in excellent fibers dispersion. These results are encouraging for an industrial application of these
materials. In order to show the advantages of PHBHV-based biocomposites, polypropylene (PP) was
used as matrix and reinforced with vegetal fibers. The comparison between the two matrixes was
possible because processing parameters and fibers type were the same in the two cases. The addition
of 30% of wheat straw in PP and PHBHV causes a much higher increase in Young Modulus for this
last matrix. This fact can be explained by the better compatibility of wheat straw with the PHBHV
matrix as compared to PP matrix. Moreover, scanning electron microscopy (SEM) images reveal
more deformation of PP matrix than PHBHV in all biomass reinforced composites, with a significant
gap between the fibers and PP, while no gap was detected for biomass fiber-reinforced PHBHYV [266].
The results described proved that these green composites can surely provide a sustainable alternative

to oil-derived composites.
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I-5. MICROMECHANICS OF HETEROGENEOUS MATERIALS

The constitution of a material intended as its chemical composition, the arrangement of the
different constituents and their volumetric fraction, constitute important requirements to realize a

composite with desired properties. The possibility to evaluate and predict the overall characteristics

of a composite has a fundamental role.

Thus, a multiscale procedure consists in evaluating the effective properties of a hierarchically
structured material at a scale of observation from considerations of the phenomena occurring at the
lowers scales. As presented in figure 1-27, the methods that have to be carried out to obtain this
effective behavior depend on the considered scales, from stochastic approaches for very large systems

to classical multiscale methods of continuum mechanics and even atomistic approaches necessary to

describe nanometric media.
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Figure 1-27. Multiscale methods for different length scale levels.
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At the laboratory scale, all the observable material properties are only the macroscopic
manifestation of very many complex interaction mechanisms involving structural components on
numerous scales smaller than those we perceive with the naked eye. Among these last, some of
interest are the mechanical performance (elastic modulus, hardness, toughness and ductility, or its
fracture resistance) and also the acoustic (i.e., its ability to propagate or attenuate acoustic waves),
electric (e.g., the electrical conductivity or the magnetic permeability) and optical properties.
Therefore, it’s necessary to investigate the multiscale nature of the materials in order to well
understand, describe and control the mechanics and physics of solids. In this context, composites
materials perfectly describe the differences between scales, being constituted by different phases and
they are a perfect example of how the microscopic structure can influence qualitatively and

quantitatively the macroscopic properties of the final material.

To illustrate how multiscale phenomena can influence the overall properties of a given material,
we can refers to a crystalline material. As already discussed, the crystallinity (for example of a
polymer) is linked to the chemical structure and influence the mechanical behavior of a material. At
the macroscale, which ranges above a few millimeters, it’s possible to observe the general
organization of a material. When zooming in, it is then possible to observe a large number of grains
with different properties of orientation. At this scale, often called mesoscale, the local particularities
and heterogeneities of the material appear. The next length scale, the microscale with typical
submicronic dimensions, requires imaging tools such as microscopy or tomography. At this scale,
within each grain, complex configurations of defects in the regular atomic lattice (most importantly,
the so-called dislocations) become visible, forming a complicated network. Together with all other

crystal defects, the dislocation network forms the microstructure.

1-5.1. MICROMECHANICAL FRAMEWORK

When studying matrix-fiber composites, the microscale typically refers to the inclusion size
whereas the macroscale is linked to the size of the composite product. According to figure 1-27, this
situation typically corresponds to the use of deterministic methods such as micromechanics. Aiming
describing heterogeneous materials by considering the properties of the matrix, the inclusions and the
interfacial phenomena, this approach involves classical tools of continuum mechanics. At the
macroscale, the notion of material particle is however replaced by the concept of Representative
Volume Element (RVE) [267]. This last can be seen as a sub-volume of a heterogeneous medium that
perfectly represents from a statistical point of view the composite, including all the micro-elements

(fibers, voids etc.) that constitutes the total material. It has thus to be large enough in comparison with
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the size of the microstructural constituents. Moreover, the RVE also has to be small enough when
compared to the characteristic size of the macroscopic medium in order to be able to introduce the

concept of material particle during a structural calculation [268].

The Russian dolls configuration of our types of composite materials are showed in figure I-
28 [269].

N =
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Figure 1-28. Principal scales in micromechanics approach.

Focusing the attention on the mechanical response, micromechanics tools make it possible to
determine the elastic moduli of a composite material starting from those of its constituents [270, 271].
The problem of the determination of elastic moduli in heterogeneous materials has been largely
investigated in past years [272-274] The transformation of a heterogeneous material into a
constitutively equivalent body of a homogeneous continuum constitutes the basic principle for
various composite homogenization models whose characteristics will be described in the next

paragraph.

1-5.2. FIRST SIMPLE ANALYTICAL METHODS

We consider hereafter that the scales separation that is necessary to derive the concept of RVE
is valid. This RVE is made by the union of two phases (typically the matrix and the fibers indexed
“M” and “F”).

The volume of this representative element is noted V (Vy and V), being the subvolumes

occupied by the fibers and the matrix) and the averaging over this domain of a quantity $ is noted
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1 1
(=71, sav=3|f, sav+], sav] (I-1)

To illustrate how this averaging procedure can be performed, let us consider the Young E modulus
as the quantity $. It is then possible to derive the rule of mixtures (ROM) providing an estimation of

the effective Young modulus . from the constant moduli of the two phases:

1
Eg=3 |1, ErdV+f, EydV|= @pEp +(1-0p)Ey (1-2)
where @ = Vi /V is the fibers volume fraction.

More generally, the development of a micromechanical model requires to provide the behavior of
each constituent of the heterogeneous medium. For instance, if x represents a location inside the RVE
and if each phase is considered as an elastic material, the local Hooke’s law in a Cartesian frame

reads:

0;i(X)=Cijra(x) €1 (x) (1-3)

or
&i7(X) =S (X) o1y (x) (1-4)

Here, g;; and &, represent the local stress and strain tensors and C=S" are the two fourth-order
elastic tensors (stiffness and compliance tensors). The aim of micromechanics being to provide
effective values of these latter properties tensors, the first two simple ideas consist in considering
homogeneous strain (Voigt approach), respectively homogeneous stress (Reuss approach), by

applying average values of the strain (&), respectively of the stress (o) at the boundaries of the RVE.

Thus, the effective stiffness tensor C, linking the average stress and strain through the effective

Hooke’s law

(0)=Cop () (1-5)
can be derived as follows

Cor = (C) (1-6)
in the case of the Voigt approximation and
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Cop= (S)’ (1-7)
in the case of the Reuss approximation.

Being quite simple, these two approximations do not generally provide a satisfactory
description of the effective behavior of the heterogeneous material. Indeed, the VVoigt method tends
to overestimate the stiffness of the equivalent homogeneous material, whereas the Reuss one leads to
an underestimation. That is why other approaches have been proposed in order to obtain more realistic
descriptions of the effective behavior of heterogeneous materials.

1-5.3. ESHELBY APPROXIMATION

Seeded in the works of Hill [273] introducing the fiber strain concentration tensor 4, it can be
demonstrated that the average composite stiffness C,; can be expressed as a function of this tensor

and the stiffness tensors of fibers (indexed “F”) and matrix (indexed “M”):
Cop = Cy+ @ p(Cp- Cyy) Ap (1-8)

The fiber strain concentration tensor Ay corresponds to the ratio between the average strain in the

fiber and that of the composite. Note that the previous Voigt and Reuss approximations can be easily

recovered from this equation considering homogeneous strain or stress conditions.

However, the determination of C,, remains very complex since the stress and strain fields in
the heterogeneous medium have to be determined. An analytical possibility to achieve such a
determination is based on the inclusion theory of Eshelby, developed in 1957 [275], concerning the
problem of an elastic inclusion in an infinite elastic homogenous medium. Eshelby considered the
matrix as a linear elastic solid containing an inclusion constituted by the same material of the matrix,
of a certain volume Vi and boundary S; which undergoes a change in shape and size caused by the
surrounding matrix. In order to determine the exact elastic state of the inclusion and the matrix,
Eshelby started to remove the inclusion from the matrix. This caused the so called “eigenstrain” [276,
277], a uniform strain with zero stress indicated with ¢'. After this removing step, by applying a
surface force on S;, he restored the cut inclusion to its original shape causing this time a stress in the
region of the inclusion with zero stress in the matrix. The whole body developed a complicated strain

field €. At the end of this procedure, Eshelby calculated the stress and strain fields in the inclusion,
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allowing to determine the effective elastic tensor C,;. More precisely he defined the stress in the

inclusion o; as:
o= Cp(e“-¢") (1-9)

where C,, is the stiffness of the matrix. For an ellipsoidal inclusion, Eshelpy showed that the strain

field e was uniform and related to the eigeinstrain &’ by the following relation:
eC=FEel (1-10)

Where E is the Eshelby tensor and is dependent on inclusion aspect ratio and the matrix elastic
constants [278]. The second step in Eshelby’s approach consists in demonstrating an equivalence
between the homogeneous inclusion problem and an inhomogeneous inclusion of the same shape. He

showed that the stress field in the inhomogeneous inclusion can be expressed as follows:
o= Cp(E-D[(C-Ci)E+Cp] " Cr ™ (I-11)

where | is the identity tensor, ”"is the eigenstrain in the inhomogeneity and C refers to the stiffness
tensor of matrix (indexed “M ") and inclusion (index “l”). The Eshelby theory is considered as the
background for all the homogenization methods developed. However, this method is restricting
because it was formulated for a single particle surrounded by an infinite medium. Moreover, Eshelby
solution treated only ellipsoidal fibers and can be used to evaluate the stiffness of a certain composite
with good accuracy for low volume fractions of fibers. This approximation is often called very dilute

inclusion approximation.

I-5.4. HALPIN-TSAI EQUATIONS

Other analytical techniques can be used to predict and better characterize the behavior of these
composites [279]. Again, these methods make simplifying assumptions about the microstructure to
solve the problem [280-282]. The perfect interface between the constituents and the elastic behavior
of fibers and matrix during the mechanical response are two of the most used assumptions in the

modelling of mechanical behavior of fibers-reinforced composites.

When focusing on the Young modulus, experimental observations have shown that the values
obtained with the rule of mixtures ( equation I-2) do not predict the real values [283]. This remark is

particularly true when considering anisotropic materials. For instance in figure 1-29, the fibers are
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mainly oriented in the longitudinal direction and it is obvious that the mechanical properties in this

direction strongly differs from the one in the transverse one.
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Figure 1-29. Scheme of a composite with fiber aligned in the stress direction

In such a configuration, the Halpin-Tsai model [284], largely used in the case of polymeric blends
[285] but also in the case of biopolymers reinforced with natural fillers [118, 254], is rather efficient.
Halpin-Tsai equations predicts the longitudinal (E1) and transversal (E2) moduli of an aligned short
fiber composite [286]:

E]:EF¢F+EM(1_¢F) (|'12)

Er _ [”f_ﬂ@F] (1-13)

Ey 1-ndF

where ¢ is the “reinforcing factor” depending on the fibers geometry, their “packing”, the loading

condition and where 7 is given by the following expression:

i e

1-5.5. MORI-TANAKA-BENVENISTE MODEL

Another model largely used in the domain of composite materials is the Mori-Tanaka model
[287] developed in 1973 and then reformulated by Benveniste in 1987 [288]. In their work, Mori and

Tanaka, starting from Eshelby’s theory, proposed a method to correlate the average stresses and
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strains of the inclusion with those of the matrix in a composite [289]. This approach is based on some

assumptions:

e The matrix is considered as a linear elastic and isotropic material;

e Fibers are considered as linearly elastic and they can be isotropic or transversely isotropic;

e Fibers can be characterized by a certain aspect ratio between their length “I” and their diameter
g

e There is a perfect contact at the interface between fibers and matrix; no interfacial slip, or
fiber/matrix debonding, or matrix crack is considered.

e The average strain in fiber is related to the average strain in the matrix by a fourth order tensor
expressing the relation between the uniform strain in the inclusion embedded in a matrix

material subjected to uniform strain at infinity.

Such approaches have been used in the laboratory to study bone properties [290] and these

implemented methods will thus be used to characterize our composites.

1-5.6. NUMERICAL METHODS: A FOCUS ON FINITE ELEMENT METHOD

If many theoretical models are present in literature [291-294], they are appropriate for the case
of unidirectional short-fiber composites but from an experimental point of view, it’s very difficult to
manufacture a material with short fibers perfectly aligned in a direction. In general, partial alignment
can be obtained using processing methods such as those described in the previous paragraph (injection
for instance). As visible in figure 1-30, advanced imaging techniques such as micro-tomography
shows that the intimate structure of the composite presents a level of disorder that increases the

accuracy of the theoretical estimations of the effective mechanical parameters.

The idea can then to simulate a tensile test on a sample to derive a numerical estimation of the
effective properties.

To do that, the most classical approach consist in using a Finite Element Method (FEM). This
numerical procedure is very well adapted to solve elliptic problems such as elasticity problem.
Basically, its idea consists in transforming the problem in its strong sense (the set of the partial
differential equations and the convenient boundary conditions defined over an open material domain
V and its boundaries dV) into a problem in the weak sense by using the scalar product by a test
function belonging to a convenient vector space of functions W. Using Green formulae, it is then

possible to explicitly incorporate the boundary condition into the formulation. Then, the solution to
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the problem is searched from this weak problem. To overcome the infinite dimension of the vector
space W, an approximation of the solution is searched on a discrete sub-vector-space (for instance
polynomial functions of a given degree with prescripted values over identified nodes of the domain
and its boundary) with a finite dimension, the problem often becoming the resolution of a quite simple

linear problem. These nodes form a mesh of the material domain.

This analysis is useful in the case of complex geometries and different properties of the
inclusions compared to those of matrix. The division of the problem in subdomains allows to detect
also local effects.

In the finite element analysis, the mesh generation is a fundamental part of the analysis because
it guarantees the geometric accuracies and participates to the numerical precision. In fact, in such
cases classical mesh generation led to poor accuracies and fail to characterize the material
heterogeneities, while ultra-fine meshes assure good accuracies but they may affect the computational
efficiency [295].

In our situation, the FEM models can be built from geometrical representations of the composite
(see chapter IV for instance) or from advanced imaging techniques such as micro-tomography to
predict the elastic properties of materials [296] and in order to have realistic information about the

geometry of the inclusions [297].

z\7 3 q

RVE for FE analysis

Micro-CT reconstruction

Figure 1-30. Micro-CT reconstruction of a polymer/fibers composite and determination of a realistic
RVE volume.
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|-6. CONCLUSIONS

In this chapter the characteristics of different matrixes and reinforcements, the principal
processing methods, the current chemical treatments of cellulose and some numerical and analytical
approaches were described. Thanks to the information provided by this study, only three matrixes
were retained for the next part of this thesis. We decided to reinforce poly(e-caprolactone), poly(lactic
acid) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate), all belonging to the group of biodegradable

aliphatic polyesters, with vegetal fibers of Miscanthus giganteus.

The description of all possible chemical treatments on the reinforcement suggested that the
majority of these methods are applied to the hydroxyl groups of cellulose and some of these are very
aggressive in terms of reaction conditions. In the following part, we have tried to identify an eco-
friendly chemical treatment that could maintain the green character of the biocomposites, improving
at the same time the mechanical properties of the final material. The method that we have chosen is
not based on the chemical modification of the hydroxyl groups of cellulose (largely described in
literature), but it is based on the reactivity of the double bonds present in the lignin structure of vegetal
fibers. To this innovative technique we have associated a grafting initiated by peroxides which can

improve the adhesion matrix/fibers, acting also on the cross-linking of the matrix.

The study about the processing methods suggested that in order to realize a biocomposite with
competitive mechanical properties, a good dispersion and a good alignment of the reinforcement into
the matrix are two fundamental requirements to be achieved. To this aim, we have retained for the
next part extrusion and mixing as two compounding methods and injection and compression molding

as final steps to give a shape to biocomposites.

The descriprion of the basics of micromechanics revealed that different methods (analytical and
numerical) can be used in order to describe the elastic behaviour of the final biocomposite. Among
all the possible models, we have retained the Mori-Tanaka model and the finite element methods to
describe the effect of fibers content, size, arrangment and adhesion to the matrix on the mechanical

behaviour of the biocomposite.
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Chapter Il

“Science is but a perversion of itself
unless it has as its ultimate goal
the betterment of humanity ”

(Nikola Tesla)
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FUNCTIONALIZATION OF MISCANTHUS BY PHOTO-ACTIVATED
THIOL-ENE ADDITION TO IMPROVE INTERFACIAL ADHESION WITH
POLYCAPROLACTONE

In this chapter totally green biocomposites were realized using poly(e-caprolactone) (PCL) as
matrix, thanks to its biodegradable character and its good elasticity and Miscanthus giganteus (MIS)
fibers as reinforcement. The main goal of this work was to find a totally green chemical treatment of
fibers able to improve the adhesion matrix/reinforcement. To this aim, a fast thiol-ene reaction
between the unsaturated groups of the Miscanthus fibers and poly(mercaptopropyl)methylsiloxane
(PMMS) activated by a photo-initiator was adopted in order to improve the interfacial bonding
matrix/fibers. To this aim PCL-based biocomposites with 20 % by weight of raw, coated and grafted
MIS fibers were realized by a lab-scale extruder and injector molding in the presence of benzoyle
peroxide (BPO) as radical initiator for the in-situ grafting reaction. Specimens realized were then
characterized by tensile tests (Figure 11-1) and the evidence of the grafting was studied by energy-
dispersive X-ray (EDX), X-ray photoelectron spectrometry (XPS) and FTIR-ATR spectroscopy. PCL
grafting was found to have a significant influence on the mechanical properties of biocomposites with
an important increase in final strength, revealing that this in situ reactive extrusion grafting offers
not only an effective approach to functionalize MIS fibers but it constitutes also an attractive solution
suitable for any type of polyesters used.

PCL;q sMIS ,,PMMS

o, (MPa)
o

0 10 20
g (%)

Figure 11-1. Realization and mechanical characterization of PCL/MIS biocomposites.

Rodi, E.G. et al., Functionalization of Miscanthus by Photoactivated Thiol-Ene Addition to Improve Interfacial
Adhesion with Polycaprolactone. 4CS Sustainable Chemistry & Engineering 4(10), p. 5475-5482 (2016).
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I1-1. INTRODUCTION

Growing environmental consciousness and changes in public legislations have led to an
important demand for environmental eco-friendly materials, especially for bio-composites resulting
from the combination of vegetal fibers and biodegradable and/or bio-based polyesters [1-12]. Low
cost, low density and biodegradability are some of the main reasons that lead to use these fibers as a
promising substitute for reinforcing polyesters. Among the different vegetable fibers, Miscanthus
(Miscanthus giganteus) present some valuable advantages concerning simple cultivation and
harvesting [13, 14]. Biocomposites based on hydrophilic natural fibers and hydrophobic polyesters

present an important drawback due to the low adhesion between the two components.

Different methods have already been developed to improve interfacial adhesion, by using
coupling agents [12, 15, 16], phenols [17], silane [18], modifications of fibers [19-22], plasticizers
[23], chemical modifications of polyesters [20, 24, 25] or graft polymerization of polyesters on
cellulose [26-28]. In all cases, the chemical modifications of fibers are only based on the reactivity
of the hydroxyl groups of the cellulose structure. In this context, we proposed an innovating approach
to improve adhesion between fibers and poly(e-caprolactone), a biodegradable polyester, by using
the reactivity of the unsaturated groups of the lignin. Lignin contains a number of double bonds as

stilbene groups, cinnamyl, cinnamaldehyde groups [29-33].

We reported here a novel route to functionalize Miscanthus fibers via a fast photo-activated
thiol-ene addition of a derivative of silicone, the poly(mercaptopropyl)methylsiloxane, PMMS, onto
the unsaturated bonds of the Miscanthus fibers, MIS-g-PMMS (table 11-1). As the content of stilbene
units in the lignin of the Miscanthus is low, it is necessary to use a polymer containing an important
ratio of thiol groups to enhance the efficiency of the thiol-ene reaction. Moreover, silicones are
extensively used in different applications because of their thermal and oxidative stability, flexibility
and moldability. Among the different derivatives of silicones, poly(mercaptopropyl) methylsiloxane
(PMMS) with multifunctional thiol pendant groups is suitable for the thiol-ene reaction [34, 35].
Because of its efficiency and simplicity, the thiol-ene method appears to be an ideal reaction for

guantitative functionalization of the Miscanthus.

Biocomposites were then prepared by blending MIS coated with PMMS (scheme 1I-1, A) or
MIS grafted with PMMS (scheme 11-1, B) with PCL as matrix. This study is expected to provide
information to support the development and application of cost-effective and eco-friendly bio-

composites through a comprehensive evaluation and understanding of their chemical and mechanical
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characteristics. This work aims at demonstrating that the functionalization of fibers promotes an

increase in toughness without significant loss in modulus and thermal properties.

Compound Structure
Poly(e-caprolactone) \h‘/\/\/\o %
(PCL) Il
)L\Si/ HSL J/
\O \O
Poly(mercaptopropyl)methylsiloxane " "
(PMMS)
SH
(0]
2,2-Dimethoxy-1,2-diphenylethan-1-one
(DMPA) HsCO OCHj

Table 11-1. Structure of the polymer, the grafting agent and photo-initiator used in this study.
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11-2. EXPERIMENTAL

11-2.1. MATERIALS

The PCL (Capa6400, molar mass M= 37000 g*mol?) was purchased from Solvay
Caprolactones, Solvay Interox Ltd. in granular form. Miscanthus giganteus was provided from
Miscanplus (France). It came from a 2014 spring crop roughly chopped and subsequently milled to
obtain fibers about 1 mm long. Poly(mercaptopropyl)methylsiloxane (PMMS) was purchased from
abcr GmbH & Co. (Germany). Benzoyl peroxide (BPO) and 2,2-Dimethoxy-1,2-diphenylethan-1-
one (DMPA) were provided from Acros Organics and BASF company respectively.

11-2.2. PMMS GRAFTING ONTO MISCANTHUS GIGANTEUS FIBERS

The Miscanthus giganteus powder was treated with two different methods in order to obtain
fibers coated with PMMS. In the first method (scheme I1-1, A) the fibers were impregnated for 1 hour
in a PMMS solution (200 g/l or 40 g/l in chloroform). The fibers were then filtered. In the second
method (scheme 11-1, B) the fibers were impregnated in a PMMS solution diluted in chloroform (40
g/l) containing 0.76 g of DMPA followed by a photo-grafting step. Fibers were filtrated and then
irradiated for 5 minutes at room temperature with a Hamamatsu Lightning LC8 (L8251) instrument.
This lamp was equipped with a mercury-xenon lamp (200 W) coupled with a flexible light guide. The
end of the guide has been placed at 11 cm from the sample, which corresponds to a maximum UV
light intensity of 180 mW cm™ and 250-450 nm. This intensity was measured by radiometry
(International Light Technologies ILT 393). After photo-grafting, the collected fibers were extracted

3 times in dichloromethane at 50 °C under pressure in order to remove the non-grafted PMMS.
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(A) (B)
PMMS Coatier Q/[MS Photografting
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Scheme 11-1. Different methods to elaborate PCLxMISy composites by using PMMS coating (A) or
PMMS photo-grafting (B).

11-2.3. COMPOSITES MANUFACTURING, PCLMISy

Before the realization of PCL-based composites with improved interface between fibers and
matrix, an optimization procedure was carried out in order to find the optimum ratio fibers/matrix
and the best processing parameters. To this aim, biocomposites with 0, 5, 10 and 20 wt % of fibers
were realized changing processing parameters (table 11-A1 and 11-A2 in appendix I1-A). The results
of this procedure suggested to retain 20 wt % as the good content of fibers for the realization of
biocomposites with modified fibers. Once found the good composition and processing parameters,
PCL and modified MIS were mixed together in a lab-scale twin-screw extruder (Minilab Thermo
Scientific Haake) with or without the thermal initiator BPO (5%). The experiments were performed
at 140°C (Te) with a screw speeds of 60 rpm. The retention time for the pure matrix was of 1 minute;
this time was increased to 2 minutes in order to well disperse fibers into matrix. After recirculation,
the extruded molten material was transferred by means of a preheated piston-cylinder assembly and
was shot in the micro-injection unit (MiniJet Thermo Scientific Haake) at a certain injection pressure
(Py) for 30 seconds. A maintenance pressure (Pwm), lower than that during the phase of injection, was
applied for other 30 seconds. All composites were realized with a weight ratio 80/20 between matrix

and fibers and the amount of BPO was fixed at 5 % of the total mass.

11-2.4. ANALYTICAL TECHNIQUES

The mechanical properties of the PCL/MIS composites were studied using an Instron 5965
Universal Testing Machine equipped of a cell load of 2kN.
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All specimens with standard dimensions according to ASTM638 were tested at a crosshead
displacement rate of 50 mm/min at room temperature (23°C). The FTIR spectra of the Miscanthus
fibers were recorded using a Bruker Tensor 27 spectrometer equipped with an attenuated internal
reflection accessory using a diamond crystal. Infrared spectra were collected with an accumulation of
32 scans. The morphological appearance of tensile fractured surfaces of specimens was investigated
using a Merlin Zeiss scanning electron microscopy. Images were recorded with an acceleration
voltage of 5keV. Prior to analyses, the samples were sputter-coated with a nanometric layer of Pt/Pd
in a Cressington 208 HR sputter-coater. The thickness of the metallic layer was monitored by a MTM-
20 Cressington quartz balance. Thermogravimetric analyses were carried out using a Setaram Setsys
Evolution 16 thermobalance. A total of 10 mg of composites and Miscanthus samples were heated
from the ambient temperature to 600°C at a heating rate of 10°C min™ in air flow. Structural
characterizations of Miscanthus powder and PCL/MIS composites were determined by X-Ray
diffraction (XRD) using a D8 advance Bruker diffractometer operating at 30kV and 40 mA with a
CuKa radiation. The crystallinity of composites was determined as the ratio of the areas of crystalline
reflections to the whole area in the range 26 ~ 10-50°. The X-ray photoelectron spectra were recorded
using a Thermo Fischer K-alpha spectrometer with a monochromatic Al Ka X-ray source as the X-
Ray source. XPS spectra were obtained with an energy step of 0.05 eV with a dwell time of 200 ms.
Data acquisition mainly focused on the C1s, O1s, N1s, S2p and Si2p core level lines. The elemental
composition and element chemical bonding were deduced from peaks shapes. Analysis of the
elements was carried out by EDX analysis using an OXFORD INCA 300 system. To determine their
distribution, Smart Map acquisition was used. Smart Map performs the simultaneous acquisition of
X-ray data from each pixel on the image area.

85



Chapter 11

11-3. RESULTS AND DISCUSSION

11-3.1. PMMS PHOTO-GRAFTING ON THE MISCANTHUS FIBERS

In most of the studies dealing with chemical modifications of fibers, hydroxyl groups have been
used as reactive groups for grafting monomers or polymers. The originality of this method is to graft
poly(mercaptopropyl)methylsiloxane (PMMS) onto the MIS, by using unsaturated groups present on
the stilbene units of the lignin in the presence of DMPA, a photo-initiator. As the content of stilbene
units is low, we used a polymer containing an important ratio of thiol groups to enhance the efficiency
of the reactions. First, to confirm the reactivity of the double bonds of the lignin, a solution of
dibromine was added to the MIS. The discoloration of the orange-yellow bromine solution indicates
that the unsaturated groups of MIS have reacted with Bra. As a further demonstration, the EDX
spectrum (figure 11-2) exhibited a well-defined peak for Br atoms at 105 keV, proving that bromide
is covalently linked onto the MIS. This initial result indicated effectiveness of the reactivity of double
bonds at the MIS surface.

PMMS was then grafted under photo-activation in presence of DMPA onto the MIS. In order
to testify the occurrence of PMMS grafting onto MIS, extraction with dichloromethane as solvent
was carried out. As shown in figure I1-3, PMMS presents absorbance peaks at 760, 1000-1100, 1258
and 2540 cm™* corresponding respectively to the Si-CHs symmetric deformation, Si-O-Si asymmetric
stretching, Si-CHz stretching vibration and SH groups. The presence of the peaks at 760 and 1258
cmt on the MIS-g-PMMS spectrum confirms that PMMS has been successfully grafted to MIS. The
ratio Ry between the peak at 1258 cm relative to Si-CH3 bond of PMMS and the peak at 1037 cm'™?
relative to the C-O bond of cellulose present in the Miscanthus was evaluated (see table 11-2) and
correlated with the weight gain after the PMMS grafting. The content of PMMS reached to 20 wt %
when the PMMS concentration is 200 g/mol compared to only 5 wt % when the concentration of
PMMS is about 40 g/mol. The PMMS that was just adsorbed on the MIS surface, was eliminated
after extraction with dichloromethane. Consequently, the ratio R1 decreased from 0.48 to 0.20. By a
gravimetric analysis it was more difficult to evaluate the presence of PMMS, inferior to 1 %. Although
the content of PMMS is not measurable by gravimetric analysis after extraction, it is possible to show
the presence of PMMS by FTIR-ATR that is a more sensitive method.

XPS analyses were performed in order to gain more insight into the chemical functionalization
on the MIS surface (see figure 11-4). Before XPS analysis, three extractions with dichloromethane as

solvent were carried out to eliminate the adsorbed PMMS that is not covalently grafted. The XPS
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spectrum of the Miscanthus shows the presence of carbon at 284.6eV, oxygen at 533 eV and nitrogen
at 396.91 eV [36, 37]. The peaks occuring at 163 and 103 eV, that were not present in native MIS,
are characteristic of the presence of S(2p) and Si(2p) atoms on the grafted MIS surfaces. The
thermogravimetric analysis (TGA) results are presented in figure 11-5. They are in agreement with
literature results for Miscanthus [38] with a mass loss between 250 and 350 °C. The temperatures of
the maximum mass loss rate for hemicellulose (25 wt %) cellulose (34 wt %), and lignin (36 wt %)
are respectively 275, 342 and 380 °C. We can observe that PMMS grafting onto MIS does not affect
the thermal stability of MIS fibers.

MIS-Br

MIS

0.0 0.3 0.6 0.9 1.2 15 1.8
KeV

Figure II-2. EDX spectra of MIS and MIS-Br.
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Figure 11-3. FTIR-ATR spectra of MIS, PMMS and MIS-g-PMMS.

Compound [PMMS] [0*LY]  t[h] R,@ MIS ®) [wt %]
MIS-g-PMMS © 40 4 0.32+0.01 5
MIS-g-PMMS © 200 4 0.48 +£0.01 20
MIS-g-PMMS @ 200 4 0.20 +0.01 <1

3 Determined by FTIR-ATR : Ri=l1258cm ™/ l1037cm™
b) Determined by gravimetric analysis

° Before extraction with CH,Cl,

9 After extraction with CH,Cl

Table 11-2. PMMS grafting on MIS determined by gravimetric and FTIR-ATR analyses.
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Figure 11-4. XPS survey spectra of A) MIS and B) MIS-g-PMMS.
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Figure 11-5. TGA analysis of MIS and MIS-g-PMMS.
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11-3.2. PREPARATION OF BIOCOMPOSITES, PCLMISy

Two methods were developed to prepared biocomposites. The first one, (scheme 11-1, way A)
consists to use MIS coated by PMMS. Then, PCL and MIS were mixed together in a lab-scale twin-
screw extruder with or without BPO. The percentage of radical initiator (5 wt %) is a typical
concentration used for grafting reactions in the case of biocomposites manufacturing [39]. This latter,
considered as a thermal initiator, is responsible for the formation of reactive radicals through its
decomposition at high temperature. In the second method, (scheme I1-1, way B) PCL was mixed with
the MIS-g-PMMS. Subsequently, three extractions in dichloromethane were carried out on the
biocomposites obtained in order to remove the PCL that was not grafted on MIS. The extracted MIS
were then studied by FTIR. This analysis was performed in order to verify if PCL can be efficiently

grafted using coated or grafted MIS.

The ratio R, between the peak at 1740 cm relative to symmetric stretching of carbonyl group
of PCL and MIS was evaluated (see table 11-3). PCL was covalently grafted onto MIS in all cases
thanks to the presence of BPO during the extrusion process. When the peroxide is heated during
extrusion it decomposes in free radicals that present the ability to abstract a hydrogen from the
polymer and MIS. The radicals initiate the reaction between the two phases present in the composites
as it was previously mentioned in the case of PHB/cellulose biocomposites [40]. We notice here that
when PCL is mixed with raw fibers in the absence of BPO initiator, the resulting spectrum of the
extracted fibers shows a zero value for the ratio Rz, while in the presence of BPO this ratio increases
demonstrating the presence of polymer on the surface fibers due to the grafting reaction. Moreover
the presence of PMMS influences the final value for this ratio. The best result in term of Rz is obtained
when MIS was only coated by PMMS. This can be explained by the presence of more SH groups
than in the case of a MIS previously grafted with PMMS.

Sample Type of MIS Method BPO [wt %] R2
PCLsoMIS20 raw Blend - 0

PCL78MI1S19sPMMS; 2 coated A 5 3.6

PCL79.5 MIS20PMMSo 5 grafted B 5 2.2

Table 11-3. Comparison between R values determined by FTIR-ATR analysis.
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11-3.3. CHARACTERIZATION OF BIOCOMPOSITES

Mechanical results of loading-unloading tests (See table 11-A3 in appendix I1-A) showed that
at 20 wt % of raw fibers there is a sensible increase in Young Modulus, demonstrating that fibers act
as reinforcement for the PCL and that 20 wt % seems to be the good composition to achieve high
mechanical properties of the final composites. However, these biocomposites showed a decrease in

final strength when fibers were not treated by a chemical agent (figure 11-Al in appendix I1-A).

The focus of this work was to understand the mechanical behavior of biocomposites when
PMMS and BPO were used together to improve the interface bond between the fibers and the matrix.
To this aim, five different biocomposites (labeled 1 to 5 in table 11-4) were elaborated with 20 wt %
of MIS using the two ways previously described. PCL exhibited an initial linear behavior followed
by a nonlinear part indicating the occurrence of plastic deformation. The insertion of 20 wt % MIS in
the pure matrix produces a marked change on the curve, reducing the nonlinear part (Figure 11-6).
These effects are largely described in previous works [6, 20, 41-43]. Comparing PCL and PCLgoMIS2o
we observed an increase of the modulus from 322 MPa to 819 MPa but at the same time a decrease
in tensile strength from 26 to 13 MPa. MIS acts as reinforcement for the matrix, making it more rigid.
This effect is revealed by the difference between the initial slopes of the PCL curve and that of
composites materials, the latter being more important. At the same time, the final strength decrease
from 26 to 13 MPa because of the low interfacial adhesion between fiber and matrix. This last is a
very common phenomenon in composites materials reinforced with natural fibers in which the
insertion of a lot of interfaces in an homogeneous matrix make the transmission of the stress during
the traction test less efficient [6, 41, 42]. This problem can be solved using a coupling agent in order

to have stronger and stiffer materials [43].

In the case of samples 2 and 4, the presence of BPO played an important role on the final
strength of these materials, respectively 26 and 20 MPa. This increase of tensile strength revealed the
good adhesion between the fibers and the matrix due to chemical radical reactions between the PMMS
and the PCL. This reaction takes place in the extruder by mixing MIS coated or grafted with PMMS
and PCL. Composite 2 shows the highest tensile strength (or, no loss with respect to PCL) and fracture
strain (er) but also the smallest Young modulus (E) among all the composites. Sample 5 shows the
highest Young modulus but also the lowest tensile strength and fracture strain. Sample 4 shows quite
high values for all these mechanical properties.
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In order to quantitatively compare the composites, a global mechanical performance index was
defined as: ncomp = ®e X Ecomp/EpcL + @¢ X &rcomplerpcL + o X orcomp/orpcL. The global mechanical
performance index is a novel concept to drive material and process selection. It allows combining
and comparing mechanical parameters which may not have the same physical units or meaning in
material and process selection. This index measures the total gain in mechanical performance of the
composite with respect to the PCL. Coefficients « are weights which should be set according to the
significance of each mechanical parameter with respect to a specific application. In this paper, no
specific application is targeted and all the weights were set to the same value (one third). Overall, the
best mechanical performances are obtained when the PMMS is photo-grafted on MIS before the
extrusion process (sample 4) attesting the fact that only 0.5 wt % PMMS are sufficient to assure a
good adhesion between matrix and fibers because this polymer contains a large proportion of SH
groups able to interact with natural fibers. Moreover, the highest values of n are obtained when BPO

is used (samples 4 and 2) revealing the relevance of this thermal initiator.

We noticed that the most important effect of chemical modification is visible on the tensile
strength. In the absence of a compatibilizing agent (sample 1), the poor adhesion between fibers and
matrix results in numerous voids at the interfaces. In these regions there is a concentration of stresses
with a subsequently formation of microcracks during the traction test, which propagate in the sample
till the final break. On the contrary, when PMMS grafting were used, the mechanical behavior of
composites totally changes. Microcracks are not so quickly formed during the traction tests because
of the improvement of the fiber/matrix adhesion with an increase of the final strength and a failure
typical of a brittle material (see figure 11-6).

To illustrate the role of the mechanical behavior of the fibers-matrix interface in terms of stress
transmission, a bidimensional finite element model is here proposed. The aim of this numerical
illustration is to present the different stress repartition inside the composite volume, and thus the stress
concentration phenomena in the matrix. That is why we present two limit situations: first, a perfect
contact between the two phases is considered to obtain a perfect stress transmission across the
interface (case of figure 11-7c); second, we consider a non-cohesive behavior of the interface (case of
figure 11-7b).

The real two interface transmission properties with the presence or not of compatibilizing agent
stay between these two limit situations, the grafted case being closer to the perfect contact situation.
This is only a toy model that is developed to deeply understand the underlying phenomena and the

geometry and the quantitative results of this model are not relevant to the reality of our composites.
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In Figure 11-7, this toy composite is made of an elliptic inclusion embedded in a matrix. The
mechanical properties of the inclusion, respectively the matrix, are chosen to mimic the properties of
Miscanthus, respectively PCL. According to the symmetry of the geometry (see figure 11-7a), only a
quarter of the sample is modeled, setting convenient symmetric boundary conditions (right and
bottom boundaries in figures 11-7b and 11-7c). A displacement is imposed on the left boundary
whereas the top boundary is free. We use the Structural Mechanics Module of the using the COMSOL
Multiphysics software and considered almost 70000 degrees of freedom to compute the following
results. In figure I1-7c, the matrix-inclusion interface maintains the contact between the two phases,
contrary to the case in figure I1-7b where the two material domain can be separated by the mechanical
loading conditions. A comparison between these two figures clearly shows that the grafting helps to
propagate the stress inside the inclusion, decreasing the peak stress value in the PCL and thus
increasing the effective tensile strength of the composite. SEM micrographs of fracture surfaces are
presented in figure 11-8. The unmodified blend 1 and composite 2 show poor polymer/fiber interfacial
adhesion, whereas the fracture surfaces of compatibilized composites 4 shows a good interfacial
adhesion, resulting in a coating of the fiber surface with PCL. The fibers are embedded into the PCL
matrix confirming the occurrence of strong interactions between MIS and PCL. This further
suggested that this interfacial adhesion between MIS and PCL was due to grafting. In particular, the
composite failure occurs with a mechanism that clearly involves fiber fracture more than fiber pull

out from the material.

Wide angle X-Ray diffraction was used to determine changes in the crystalline structure of PCL
matrix. Cellulose is a crystalline material with characteristic peaks at 22.6° and 15.8° [44]. PCL
contains reflections at 21.4, 22.0 and 23.7° attesting of the orthorhombic crystal structure [45]. The
crystallographic structure of the polymer can be influenced by the presence of Miscanthus or by the
processing temperature. The crystallinity of matrix decreased from 62 % (PCL) to 46 % (sample 1)
when 20 % wt of MIS was added. These results suggest that the increase of mechanical properties is
not due to a change of crystallinity of PCL but to the crosslinking reactions induced by the presence

of the initiator BPO. This effect is more marked when PMMS is present.
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BPO E Er Or
Reference Sample Method
[wt %] [MPa] [%] [MPa]
PCL - 322+7 906+226 26.0+6.0 1
1.025+
1 PCLgoMIS20 Blend - 819+34 5706 13.7+0.6 0.034
1.072+
2 PCL7MIS19sPMMS; 2 A 5 708+4 16.3x12 26.0%x0.8 0.015
1.017+
3 PCL7MIS19sPMMS; 2 A 0 811+49 53+06 136038 0.050
1.128+
4 PCL795MIS 20PMMSy 5 B 5 844+33 118+04 19521 0.007
1.046+
5 PCL795MIS 20PMMSy 5 B 0 860+28 4.7+06 120+10 0.041

Table 11-4. Tensile properties of the realized composites samples. E: Young modulus; &: failure

strain; or: tensile strength; n: global mechanical performance index.
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Figure 11-6. Strain-stress curves of PCLgoMIS2o (sample 1) and PCL795MIS20PMMSg 5 (sample 4).
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Figure 11-7. Numerical toy model to illustrate the role of the interface grafting. a/ Geometry; b/
Results: PMMS non-grafted interface; ¢/ Results: PMMS grafted interface.

Figure 11-8. SEM images of PCL, MIS,  (sample 1), PCL.MIS ; PMMS, , (sample 2) and
PCL,, MIS,, PMMS  , (sample 4).
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I1-4. CONCLUSIONS AND PERSPECTIVES

Composites from PCL and Miscanthus giganteus fibers were successfully prepared. The
incorporation of 20 wt % of fibers is sufficient to increase the Modulus (E) of these composites.
Although Miscanthus acts as reinforcement for the pure PCL, the poor adhesion between fibers and
matrix causes a decrease of the tensile strength and the presence of microcracks. Higher values of
tensile strength were achieved by melting PCL with a MIS treated with PMMS as compatibilizing
agent. An excellent balance of mechanical properties was achieved using fibers that were previously
treated with a photo-induced thiol-ene addition. BPO was employed as a reactant to enhance the
reaction between the different constituents, improving the adhesion between fibers and matrix. This
evidence was confirmed by SEM images where fibers previously photo-grafted with PMMS were
totally imbedded with the PCL, do not pull out from the material but rather break during tensile tests.
Moreover, the composites did not show variations in the degree of crystallinity or thermal degradation
as a result of the manufacturing process. Consequently, the increase of mechanical properties is likely
due to a crosslinking effect which is more important when PMMS is present in the melt. This method
of functionalization of natural fibers appears to be a very promising and versatile way to improve the
mechanical properties of any type of polyester. These latest results push for a more detailed
investigation of the BPO effect on the crosslinking of the matrix, discussed in appendix 11-5B of this
work. Moreover, the non-renewable origin of PCL and its poor thermal resistance are two main
factors which encouraged us to find other possible matrixes which can possess the requirements of
both biodegradability and bio-based origin. The investigation of the mechanisms involving the
interface matrix/fibers and the consequent effect on the mechanical properties of the biocomposites

constitute undoubtedly an interesting perspective to complete this work.
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I1-5. APPENDIX

I1-5A. EFFECT OF FIBERS CONTENT ON PCL

In order to investigate the effect of fibers content on the mechanical behavior of poly(e-
caprolactone), different biocomposites were realized by extrusion and injection molding varying the
weight fraction of Miscanthus fibers from 0 to 20 wt %. The processing parameters were chosen in
order to achieve a good dispersion of the reinforcement in the matrix. The optimized parameters were
described in the table 11-Al.

Te Ti Tm n
Sample
[°C] [°C] [°C] [t/min]
PCL 140 150 20 60
PCLgsMISs 140 150 20 60
PCLgoMIS10 140 150 20 60
PCLgoMIS20 140 150 20 60

Table 11-Al Processing parameters for PCL/MIS composites with 0, 5, 10 and 20 wt % of MIS

fibers. Te: extrusion temperature; T\: injection temperature; Tm: mold temperature; n: rpm.

During the extrusion process, the values of pressure and torque were recorder after
incorporation of fibers to the matrix. These values are listed in the table 11-A2. At high fibers content

both pressure and torque increase.
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Sample P [bar] AP [bar] M [N*cm)]
PCL 4 2 16
PCLgsMISs 8 3 18
PCLgoMIS10 8 4 20
PCLgoMIS20 16 7 28

Table 11-A2. Pressure and torque values for PCL/MIS composites during extrusion process.

Once specimens realized, they were tested using an Instron 5965 Universal Testing Machine

equipped of a cell load of 2kN. Five specimens of each type of composite with standard dimensions

according to ASTMG638 were tested at a crosshead displacement rate of 50 mm/min at room

temperature (23°C). The results of tractions tests are showed in figure 11-Al. The Young modulus of

the same specimens was also evaluated using a series of 8 loading-unloading cycles, from a minimum

load of 3 N to a maximum load of 11 N at a cross-speed of 0.05 N/s. The results obtained are listed

in the table 11-A3.

Stress (MPa)

25

——PCL
—— PCLMIS,

——PCL,MIS |
——PCL,MIS,,

30 40 50

Strain (%)

Figure 11-Al. Strain-stress curves for PCL/MIS composites with variable weight fraction of MIS

fibers from 0 to 20 wt %.
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Slope of unloading Young Modulus
Sample
phase [N/mm] [MPa]

PCL 62+3 399+21
PCLgsMISs 65+5 415+ 30
PCLgoMIS10 816 519+ 40
PCLsoMIS20 114+ 6 729 £ 38

Table 11-A3. Results of loading-unloading cycles for PCL/MIS composites.

The results showed that biocomposites with 20 wt % of raw fibers possess a good Young modulus if
compared to the neat matrix and to biocomposites with low content of fibers. This result allowed us
to choose 20 wt % as the good content of reinforcement for the realization of all biocomposites
presented in this work.

11-5B. EFFECT OF BPO oN PCL/MIS BIOCOMPOSITES

In the previous paragraphs the peroxide was added to the material molten in situ and in the
presence of fibers that were already modified with PMMS. The objective of this section is to
investigate the effect of BPO on the mechanical properties of biocomposites realized with 5 and 20
wt % of raw fibers. Once realized, specimens were tested with the same procedure showed in the
appendix A (see table 11-B1). Figures I1-B1 and 11-B2 showed the mechanical behavior for composites

with 5 and 20 wt % of fibers respectively.

The BPO seems to have no influence on the Young modulus of the biocomposites, being this
last essentially dependent on the fibers content. However, the materials became brittle and an increase
in final strength is visible for the composites realized in the presence of the peroxide. This increase
IS more important for composites with high content of MIS fibers. The results obtained could be
explained by an improvement of the adhesion matrix/fibers and by a cross-linking phenomenon of
the matrix. The rapidity of the process and the improvement of the mechanical properties obtained

are two factors that have led us to retain the reactive extrusion as a good process for the next chapters.
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Figure 11-B1. Strain-stress curves for PCL/MIS composites with 5 wt % of fibers with and without

BPO.
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Figure 11-B2. Strain-stress curves for PCL/MIS composites with 20 wt % of fibers with and without
BPO.
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Sample BPO [%0] E [MPa] omax [MPa] or [MPa] er [%0]
PCLgsMISs - 497 + 4.7 17.7+1.0 140+0.8 23+3.0
PCLgsMISs 5 517 +21 21.2+1.6 20.7+1.3 93+11
PCLgoMIS20 - 819+ 34 175+0.6 13.7+0.6 5.7+£0.6
PCLsoMIS20 5 822 + 107 30.0+1.2 220+24 15+24

Table 11-B1. Mechanical results for PCL/MIS composites with 5 and 20 wt % of fibers realized in
the presence or not of BPO.
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Chapter Il|

“Only when the last tree has been cut down,
the last fish been caught

and the last stream poisoned,

will we realize that we cannot eat money.”

(Cree Indians Prophecy)
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STUDY OF MECHANICAL PROPERTIES OF PHBHV/MISCANTHUS
GREEN COMPOSITES COMBINING EXPERIMENTAL AND
MICROMECHANICAL APPROACHES

The need to reduce the proliferation of synthetic and not-biodegradable plastics has been
already underlined in the previous chapters. The low melting temperature of PCL and its not bio-
based character are some aspects that have led us to the investigation of new bio-based and
biodegradable plastics with interesting mechanical properties. To this aim, the bacterial poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBHV) has been chosen as alternative to PCL to realize
totally green biocomposites by adding Miscanthus giganteus (MIS) fibers as reinforcement,
improving in this way its mechanical properties. This work aims to be a preliminary study on the
characteristics of these biocomposites before any chemical treatment of vegetal fibers. All the
manufactured materials were studied from their synthesis to the characterization of their mechanical
properties. These last are related to the underlying microstructure using both experimental and
modeling approaches. In this study, PHBHV with 12 % of HV units (PHBgsMIS12) was chosen as
matrix. Different contents of Miscanthus giganteus fibers, 5, 10, 20, 30 weight percent were thus
combined with the matrix. The samples were manufactured by extrusion and injection molding
processing at lab scale already treated in the previous chapter. The obtained samples were then
characterized by cyclic-tensile tests and microscopy. In parallel, the measured properties of the
biocomposite were also estimated using a Mori-Tanaka approach to derive the effective behavior of
the composite. As expected, the addition of reinforcement to the polymer matrix results in composites
with higher tensile moduli on the one hand, and lower failure strains and tensile strengths on the

other hand.
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I11-1. INTRODUCTION

In recent years the market for Wood Plastic Composites (WPCs) has grown exponentially and
is expected to exceed $ 4.5 billion in 2019 [1]. The different applications for these materials, such as
in building and construction field or automotive, make this market highly fragmented but at the same
time very attractive for many research groups and industries. Today, most of these materials are
constituted by matrixes derived from oil such as polyethylene (PE) or polypropylene (PP). Even
though natural cellulosic fibers have been successfully used with petroleum-derived polymers, the
environmental benefits of natural fiber composites can be enhanced considerably if biodegradable
polymers are used [2]. These biocomposites can be easily disposed of or composted at the end of their
life without harming the environment, which is not possible with synthetic fiber based polymer

composites.

Poly(3-hydroxyalkanoates) (PHAS) are a class of natural biodegradable polyesters accumulated
by many bacteria as carbon and energy supply when an essential nutrient is limited [3, 4]. Using
various substrates, a wide variety of PHASs can be synthesized, differing notably in the length of their
side chains [3, 5]. Two types of PHAs can be distinguished; (i) short chain length PHAS, or scl-PHAsS,
possessing alkyl side chains having up to two carbon atoms, as for example the widely used poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) PHBHV that is considered hereafter; (ii) medium chain
length PHAS, or mcl-PHAs, with at least three carbon atoms in their side chains. (PHAS) have been
suggested as green substitutes for conventional plastics, due to their synthesis from renewable
resources and their biodegradation by enzymatic action [6]. Owing to their biocompatibility and their
biodegradability, PHAs proved to be good candidates for biomedical applications including the
design of devices, biodegradable drug carriers and tissue engineering (TE) scaffolds [7-10]. They also
have been combined with natural cellulosic fibers such as hemp jute flax carnauba fibers, miscanthus,
bamboo [11-13], pineapple fibers [14], recycled wood fiber [15] and cellulose [16-18] to prepare

biocomposites.

Among all the existing PHAs, poly(3-hydroxybutyrate) (PHB) is certainly one of the most
important. It possesses a melting point close to that of polypropylene, better oxygen barrier property
and similar mechanical properties [6]. However, its brittleness and narrow processing temperature
window limit its application. To overcome the inferior properties of PHB, a variety of copolymers
have been synthesized by bioconversion such as the poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBHV). In this study, a PHBHV with 12 % of valerate units was chosen to realize composite
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materials. Among the different vegetable fibers that can be used, Miscanthus (Miscanthus giganteus)
was retained. This last is a perennial crop, highly productive, with a very efficient nitrogen-recycling
system and a very interesting energy balance due to the absence of nitrogen [19] and recently used
in composites [20-22]. A well-known phenomenon in these materials is the incompatibility between
fibers and matrix caused by the hydrophobicity of the polymer and the hydrophilic nature of the
fibers. This effect has serious consequences on the mechanical seal of the final material and this is
the reason why the presence of compatibilizer agents or additives improving the cohesion at the
matrix / fiber interface is often necessary [23]. Thus, we recently showed the possibility to improve
the adhesion between poly(e-caprolactone) and vegetal fibers using photo-activated grafting of a
bounding agent [24]. Such a functionalization of the fibers to improve their adhesion is out of the
scope of this paper since it is first important to present here a complete study of our

PHBHV/Miscanthus composites from their synthesis to their testing and in silico characterization.

Considering different contents of Miscanthus fibers, the purpose of the present paper is to
propose a rigorous method to produce these composites and then determine their mechanical
properties. This characterization is performed using a twofold approach since, in addition to classical
mechanical testing, a micromechanical approach taking into account the geometry, volume fraction
and organization of the fibers in the matrix is carried out to estimate the effective mechanical
properties of the composite. Thus, this modelling approach could be useful to derive a model-driven

optimization of the composite synthesis in a further step.
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[11-2. MATERIALS AND METHODS

111-2.1. MATERIALS

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBgsHV12), containing 12 % of valerate was
purchased from Goodfellow in a pelletized form. Miscanthus giganteus (MIS) fibers were provided
by Miscanplus, France. MIS fibers came from a 2014 spring crop roughly chopped and subsequently
milled until fiber length ranged between 1 and 5 mm.

111-2.2. COMPOSITE PROCESSING

Thermogravimetric analysis revealed that the MIS has ambient moisture of 5 %. For this reason,
prior to processing, both PHBHYV and Miscanthus were dried in a conventional oven at 80°C for 5 h
in order to remove any moisture and then they were stored in a desiccator containing KoHPO4 prior
to processing. To investigate the effect of the fiber content on composite mechanical properties, the
following nominal values were investigated: 0, 5, 10, 20 and 30 wt %. The nominal mass content
corresponds to the mass content of MIS at the beginning of the composite processing. As shown later
(see section 111-3.4), the fiber mass content of the final product may be slightly lower.
Notwithstanding this observation, the classical use of nominal contents is adopted hereafter to present

the results.

According to the nominal mass content of each phase, PHBHV and MIS were mixed together
in a lab-scale twin-screw extruder (Minilab Thermo Scientific Haake). The experiments were
performed at 160°C (Te) with a screw speed of 60 rpm (n). The retention time for the pure matrix
was of 1 minute; this time was increased to 2 minutes in order to fully disperse the fibers into the
matrix. After recirculation, the extruded molten material was transferred by means of a preheated
piston-cylinder assembly and was shot in the micro-injection unit (MiniJet Thermo Scientific Haake)
at the injection pressure for 30 seconds. A maintenance pressure, lower than that used during the
phase of injection, was applied for other 30 seconds. The collector and the mold temperatures were
set at 165°C (Ti) and 45° (Tm) respectively. Parameters during the phase of injection of the material
were adjusted according to the increase of the polymer melt viscosity with the fiber content. Some of

the final optimized parameters used for the entire process are resumed in table I11-1.
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T, n T, T,
[°C] [tr/min] [°C] [°C]
160 60 165 45

Table I11-1. Some of the extrusion and injection molding parameters. Te: extrusion temperature; n:
rotational speed; T: injection temperature; Tm: mold temperature.

111-2.3. MATERIALS CHARACTERIZATION

111-2.3.1. Scanning electron microscope (SEM)

SEM observations were performed using a Merlin Carl Zeiss scanning electron microscope.
Prior to observation, the cross sections of specimens at different fiber content were sputter-coated
with a thin layer of palladium in a Cressington 208 HR sputter-coater. Images were recorded with an

acceleration voltage of 10keV and at different magnifications.
111-2.3.2. Mechanical properties

The mechanical properties of the composites were evaluated using an Instron 5965 Universal
Testing Machine equipped with a cell load of 100 N. All specimens presented standard dimensions
according to ASTM638. Two types of tests were made. On the one hand, a simple traction test was
set up at a rate of 5 mm/min in order to evaluate the mechanical behavior of the composites, typically
its failure strain and tensile strength. Five samples were tested for each fiber content value. These
tests were performed 2 days after the day of realization of the biocomposites. On the other hand, a
cyclic traction test was set up to evaluate the Young modulus. Ten specimens for each fiber content
value were tested in this setup. Prior to testing, specimens were stored 8 days at 23 °C. The cyclic
traction test was set up with increasing values of the maximum load applied by the testing machine
from one cycle to another. The initial maximum state stress was set to 3 N and the final one to 10 N
with an increment of 1 N from one cycle to another (that is 8 cycles overall). The lower and upper
limits are related to the sensitivity of the experimental device threshold and to the yield stress of the
PHBHYV, respectively.

We moreover checked a posteriori that the cyclic loading curves remain in the elastic domain. All

cycles were made at a constant speed of 0.05 N/s. In the absence of extensometer or other devices
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allowing direct measures of stress and strain on the specimens, the elastic modulus was calculated

using the procedure showed in the appendix I11-6A.
111-2.3.3. Fiber-size distribution

After processing, specimens with different fiber contents were solubilized three times in
dichloromethane during 30 minutes. After filtration, the collected Miscanthus fibers were observed
using a 3B Scientific Physics microscope at a magnification of 4x. A series of 30 observations was

made per specimen.
111-2.3.4. Density measurements

Average density of pure matrix and composites were evaluated using a helium AccuPyc 1330
Micromeritics pycnometer on around 40 mg of mass taken from the central section of the specimens
used for tensile tests. The density calculated with this method was compared with that calculated

using the ratio between the mass and the volume of the specimens.

111-2.3.5. Thermal analyses

Differential scanning calorimetry experiments were performed on a PerkinElmer Diamond
DSC Apparatus. Sample of around 10 mg sealed in aluminum pans were initially heated from -60°C
to 200°C at 20°C/min, cooled down rapidly and then reheated in the same conditions used in the first
heating run. Melting point (Tm) and melting enthalpy (AHwm) were determined during the first heating.

The degree of crystallization (Xc) was then calculated using the following equation:

AHy
AHp*W

X,(%)= *100 (11-1)

where 4Hy corresponds to the melting enthalpy of a 100% crystalline PHBHYV (146 J/g) and W is
the polymer fraction present in the composite [25].

111-2.4. MODELING

Among the several methods predicting the elastic properties of fiber-reinforced composites, the
rule of mixtures (ROM) is probably the quickest and easiest one. Using the elastic moduli E. and
E, of the fiber and matrix phases, and the volume fraction of the fibers ¢, the effective Young
modulus of the composite reads:
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Ec =¢:E- +(1-4:)Ey (111-2)

Much more sophisticated models were also developed to evaluate the effective elastic behavior

of the composite using homogenization approaches. Homogenization theories can estimate the

effective elastic tensor C,___ of a multiphase material based on information about its microstructural

hom
organization. Among others, continuum micromechanics [26, 27] proved quite useful when dealing
with composite materials of matrix-inclusion type [28, 29]. Continuum micromechanics uses the

solution of the matrix-inclusion problem provided by Eshelby in the fifties [30] to estimate the

effective elastic tensor C, . of a multiphase material as [31]:

hom

Chom =Z¢rcr : A’ ! (”I-3)

where ¢,, C. and A, are the volume fraction, (4"-order) elastic tensor and (4™-order) localization

tensor of phase r, and the sum runs over all the constituent phases. The localization tensor A,

accounts for the nature and geometrical organization of the phase r within the effective matrix and its
expression depends, in general, on the volume fraction and elastic tensor of all the phases. Different

estimates of C, . can be obtained by suitable choices of the effective matrix. As long as one actual

hom

phase can be identified as a “matrix” phase, the relevant estimate of C, . is provided by the Mori-

hom

Tanaka model. The idea behind this approach is sketched in figure I11-1.

Our case is well described by the Mori-Tanaka model, since MIS fibers (inclusion phase) are
disconnected with one another and fully embedded in the PHBHV (matrix phase). Thus, the
information required by the model concerns the elastic tensors of the MIS and PHBHYV and the
volume fraction and geometrical organization of the MIS fibers. We assumed both MIS ad PHBHV
to be elastic isotropic materials (see table 111-2). The volume fraction of the MIS fibers @- was
computed based on the measured mass fraction using the procedure outlined in the appendix 111-6B.
Eventually, we assumed the MIS fibers to be either cylinder shaped and aligned with the sample main
axis (that is, the injection direction) or spherical particles. Note that these two hypotheses lead to

homogenized materials which are transversely isotropic and isotropic, respectively.
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Constituents Young’s Modulus [GPa] Poisson’s coefficient [-]
Miscanthus giganteus 4.5® 0.3 ©
PHBHV 1.0® 0.3©

Table 111-2. Technical data of Young Modulus and Poisson coefficient for Miscanthus giganteus
and PHBHV. (a) Adapted from [32] (b) Experimental value. (c) Assumed.
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Figure I11-1. Schematic of the Mori-Tanaka model. On the left: actual, heterogeneous material; on
the right: effective, homogeneous material. The intermediate step represents the homogenization
procedure where individual inclusions are considered as embedded in the matrix phase and

contribute to the overall elasticity of the homogenized material.

111-3. RESULTS

111-3.1. MECHANICAL PROPERTIES OF BIOCOMPOSITES

The tensile modulus, the tensile stress and the ultimate strain of the PHBHV/MIS composites
were evaluated using classical tensile tests (see table 111-3). For rather low nominal contents of fibers,
typically 5, 10 and 20 wt %, the properties change rather slowly. It is necessary to reach 30 wt % of
fibers mass content to observe a significant effect of the reinforcement in the matrix. This gradual
increase of the tensile modulus is clearly visible comparing the initial slopes of the curves obtained

from tensile tests (figure 111-2).

In parallel, a series of cyclic loading-unloading tensile tests was performed. First, a pure matrix
sample was tested to quantify its damage limit. Through these tests it was possible to identify the
applied force beyond which damage appears in the matrix, which turned out to be about 10 N. This

value was used to set up the upper limit of the 8-cycle loading-unloading tensile test performed on all
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the composite samples (see sec. 111-2.3.2), in order to prevent rupture of the samples. For each test,

the slope of each unloading phase was computed and used to obtain the tensile modulus of the

composite. This last was definitively corrected using the procedure showed in appendix I11-6A and

the final values are showed in table I11-4.

Slope, and thus tensile modulus, increased with increasing fiber content, but also the standard

deviations of these values increased. Furthermore, the values obtained with a simple tensile test are

lower from those obtained with the cyclic procedure (figure 111-3). Another important point of these

tests is the difference between the slopes of the curve during the loading and unloading phases, the

latter being more important (figure 111-4).

Tensile Modulus Tensile strength Ultimate strain
Samples
[MPa] [MPa] [%]

PHBHV 889 +41 22.0+0.48 99+1.1
PHBHVysMISs 1074 + 44 17.0 +1.54 42+0.7
PHBHV¢MIS o 1238 + 74 16.8 £1.67 44+0.9
PHBHVMIS2 1267 + 90 15.8 +0.77 3.9+0.2
PHBHV70MIS30 1891 + 172 16.9+1.03 3.3+0.7

Table 111-3. Results of tensile tests on PHBHV/MIS composites at different fiber content (0, 5, 10,

20, 30 wt %).

Slope of unloading phase

Tensile Modulus

Samples
[N/mm] [MPa]
PHBHV 115+£5.0 1012 +48
PHBHVysMISs 134+5.3 1185+ 44
PHBHVMIS10 159+ 7.0 1408 + 63
PHBHV3soMIS20 196 £ 15.2 1736 +£ 137
PHBHV70MIS30 228 +£22.3 2032 + 191

Table I11-4. Results of cyclic loading-unloading test on PHBHV/MIS composites at different fiber
content (0, 5, 10, 20, 30 wt %).
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Figure 111-2. Strain-stress curves for PHBHV/MIS composites (the weight percent contents are

indicated).
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Figure 111-3. Young Modulus vs Nominal fibers content calculated with the two methods of

loading-unloading tests (m) and traction tests (®).
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Figure 111-4. Loading-unloading cycle for a PHBHVgsMISs specimen.

111-3.2. SCANNING ELECTRON MICROSCOPY (SEM)

The cross sections of composites at different content of fibers were characterized by SEM and
the results are shown in figure I11-5. At lower fiber contents, typically at 5 and 10 wt %, the fibers are
isolated in the matrix and perfectly identifiable. At higher fiber contents, fibers tend to form

aggregates in all the section. In all samples, fibers pull out from the matrix.

Figure I11-5. SEM images of the cross section of PHBHV/MIS composites:
(A) PHBHVgMISs; (B) PHBHV9oMIS10; (C) PHBHVMIS20; (D) PHBHV70MISz0.
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111-3.3. FIBER-SIZE DISTRIBUTION

Average values of width (d) and length (I) of the fibers and the I/d ratio are reported in Table
I11-5. The fibers aspect ratio decreases when fiber content increases. This indicates that the composite
synthesis based on an injection molding processing does damage the fibers for higher content. Indeed,
due to the narrow pathway in the injector, it is reasonable to assume that high fiber contents

correspond to stronger deterioration of the fibers.

Samples Width, d [mm] Length, d [mm] ld
PHBHV¢sMISs 0.27 +£0.04 1.72 £0.33 6.4
PHBHVMIS; 0.20 £ 0.06 1.11+£0.44 5.6
PHBHV;3MIS» 0.16 £0.01 0.82+0.10 5.1
PHBHV;0MIS3, 0.18 £0.08 0.80 +0.09 4.6

Table I11-5. Evaluation of fiber-size distribution.
111-3.4. DENSITY OF MISCANTHUS AND COMPOSITES

In table 111-6, the fiber and composites densities are presented. First, using the procedure

presented in appendix I11-6B to calculate the volumetric fraction of the MIS fibers, the fiber mass

M. is obtained and then their density p. is determined thanks to Eq. I1I-B.1. The fiber mass

measurements clearly show that discrepancies between the nominal and actual MIS mass contents do
exist, the actual value being slightly lower. This trend may be due to a clogging effect at the injection
point. Actually, during the injection process, the mixture is cooled quickly from T, =165°C in the
collector to Tm = 45°C in the mold, leading to a progressive clogging at the injection point which
increasingly prevents fibers from entering the mold. According to this hypothesis, the bulk of the
mold should be richer in fibers than the space near the mold walls, this latter being essentially filled
by pure matrix. This phenomenon is clearly visible in the SEM images of figures 111-5A and 111-5B
where there are no fibers in the boundary of the sample. The density of MIS roughly ranged from 0.7
to 1 g/cm? after the injection molding procedure. Note that the MIS fibers extracted from specimens
at 5 and 10 wt %, respectively from specimens at 20 and 30 wt %, have similar densities. Secondly,
the density of the biocomposites was evaluated through the pycnometer and compared with that
obtained from a weighing procedure. Results obtained with the two methods are coherent for 5, 10
and 20 wt %, whereas they differ for the pure PHBHYV and the 30 wt % case. We attribute this to a
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potential misuse of the pycnometer. Actually, this last is not able to measure the exact density of
composites realized by injection molding, being these last free from evident pores. In this case, values

obtained by the weighing procedure seem to be more accurate.

<pMmis> <PC_cale> <PC_exp™
Samples VMIS_n VMIS_m 3 3 3
[g/cm ] [g/cm ] [g/cm |
PHBHV 0 0 - 1.25@ 1.083®
PHBHV¢sMISs 5 44+0.1 0.75+0.03 1.214+0.003@ 1.233®
PHBHVyMIS o 10 79+1.6 0.76 £0.05 1.187 +0.002@® 1.176®
PHBHVgoMIS» 20 17.5+2.1 096+0.01 1.186+ 0.005®@ 1.184®)
PHBHV70MIS30 30 27.1+£02 0.93+0.03 1.143+0.012®@ 1.2400

Table 111-6. Density values for MIS fibers and composites materials calculated with weight values
(a) and with a Helium pycnometer (b). vmis_n: nominal mass fraction of Miscanthus; vmis m:
measured mass fraction; <pmis>: average density of Miscanthus; <pc cac>: calculated average

density of composites; <pc exp>: experimental average density of composites.
I11-3.5. RESULTS OF NUMERICAL SIMULATION

A Mori-Tanaka model was used to estimate the overall homogenized elastic modulus of
PHBHV/MIS composites in the direction of application of the stress (E3). In a first case it is assumed
that the fibers had a cylindrical shape and were aligned along the axis of stress, leading to a
transversely isotropic effective behavior. In a second case, it is assumed that fibers had a spherical
shape realizing an isotropic system. Both models require knowledge of the volumetric fractions of
fibers in the biocomposites and the mechanical properties of the constituents. In both models, both
matrix and fibers are assumed to be isotropic. Then, their elastic behavior is fully described by their

Young modulus and Poisson ratio.

The experimental values calculated with the loading-unloading cycles lie between the two

simulations, which constitute the upper and lower limits for the elastic modulus E3.
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The model with cylindrical fibers aligned in the direction of the stress seems to get closer to the
experimental values than the model with spherical fibers. Moreover, result obtained from the
cylindrical fiber model are perfectly overlapped with those obtained using the rule of mixtures

(ROM). All these results are shown in figure 111-6.
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Figure 111-6. Results of numerical simulation: the values obtained with ROM rule are superposed
with those obtained with the Mori-Tanaka with cylindrical inclusions.
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I11-4. DISCUSSION

I11-4.1. THE MECHANICAL BEHAVIOR OF PHBHV/MIS COMPOSITES

A familiar behavior in composite materials is an increase of Young's modulus and a decrease
in failure strain and stress with increase of fiber mass content. This general trend was showed in many
previous works [32-36] and it seems to be independent from the nature of the polymer matrix.
Biocomposites realized with other bio-based matrix like PLA have shown an increase by 20% when
reinforced with 20 wt % of Miscanthus fibers and a slighty decrease in Young Modulus for percentage
over 20 wt %, this last probably due to the formation of aggregates [21, 37]. Comparing the tensile
modulus and strength of the polypropylene (PP) based wood fiber composites with PHBHV-wood
fiber composites, composites realized with polypropylene have higher order of tensile properties [38].
As reported in literature the modulus and the strength of a PP composite reinforced with 30 wt % of
wood fibers are 3.33 GPa and 27.1 MPa respectively [39]. In the present work, all the phenomena
previously described were highlighted by simple tensile tests (see table 111-3) and by loading-
unloading tests (see table 111-4). For our samples the tensile modulus was increased by 100 % and
tensile strength decreased by 23% when reinforced with 30 wt % of Miscanthus fibers as compared
to neat PHBHV.

Although the tensile modulus was calculated with the two methods, the values obtained with
tensile tests are lower from those obtained with the cyclic procedure (figure I11-3). Another important
point of these tests is the difference between the slopes of the curve during the loading and unloading
phases, the latter being more important (figure 111-4). These phenomena may be explained by the fact
that the matrix is subjected to crystallization during time. PHBHV is a semicrystalline polymer and
changes in the microstructure of the polymer are possible at temperatures higher than the glass
transition one. In our case, the tests were carried out at a temperature (23°C) that is slightly higher
than the glass transition temperature of the neat matrix (5°C) evaluated in a precedent work [40]. A
possible mechanism occurring during the traction tests consists of different deformation steps. In
particular, in the first stage of deformation, changes occur exclusively in amorphous zones that
stretch. Successively, the crystalline areas start to slide parallel to the traction axis pulled from the
stretched amorphous zones and, at the end, the highly stretched polymer chains align with the axis.

Since the polymer chains may vary during the loading, slopes in the loading and unloading phases
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can be different from each other. The crystallization phenomenon occurring during time was checked
“a posteriori” using both mechanical and thermal tests as showed in appendix I11-6C.

111-4.2. INTERNAL MORPHOLOGY AND DENSITY OF THE BIO COMPOSITES

The morphology of the biocomposites can be perfectly identified by SEM images. Moreover,
optical microscopy can provide important information on the effect of the processing on the fibers.
Generally, when a compatibilizing agent is not used, fibers pull-out from matrix because of the poor
adhesion between the two constituents. In the case of the biocomposites manufactured by extrusion
and injection molding, a multi-layer effect along the cross section was also observed. This
phenomenon was likely caused by the flow of melted material in the mold during the phase of
injection molding and has a clear effect on the dispersion of the fibers in the matrix. These latter are
mainly located in the upper part of the cross section while pure matrix is visible in the lower part (see
figures 111-5A and 111-5B). This effect can be explained as the result of low interfacial adhesion

between the fibers and the matrix.

The fabrication procedure, from milling to injection molding, strongly impacts the length of the
fibers, preserving their width (see table I11-5). At low contents of reinforcement in the matrix, the
fibers appear intact and long, while at high levels they are reduced to a finer powder. Keeping constant
the rotational speed and time of mixing during the extrusion process, the mechanical torque of the
extruder machine was observed to increase with the fiber content. As expected, after processing, there
is a reduction of the aspect ratio due to the breakup of the fibers during processing. Moreover, the
density of the fibers and consequently that of the composites is influenced by the degree of
compression imposed during the step of injection.

111-4.3. NUMERICAL SIMULATION

For the numerical simulation, a Mori-Tanaka model was adopted considering either cylindrical
or spherical inclusions (see sec 111-2.4). The hypothesis of cylindrical fibers seems to be confirmed
from SEM observations, while the hypothesis of a transversal isotropic organization seems to be
plausible and suggested by the method adopted to realize the biocomposites. In particular, the
injection molding procedure requires the injection of the extruded material into a mold along the
vertical direction. Fibers and polymer chains are forced to enter into the mold and to basically align
with the flow direction. Accordingly, both the Young modulus calculated using the ROM (see Eq.
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111-2) and the E3 modulus provided by the Mori-Tanaka model with cylindrical inclusions correspond
to the fiber direction. Although the transversely isotropic model with cylindrical inclusions is closer
to the experimental results than the one with spherical inclusions (see figure 111-6), it remains a
relatively rough model, showing that the reality is different and more complex than assumed. The
fibers are likely oriented in several directions resulting in an anisotropic material. Moreover, the
method used for manufacturing the materials causes a reduction of fiber size, with effects on their
shape, the latter not being perfectly cylindrical. An avenue of research to investigate these effects
consists in performing a direct Finite Element (FE) analysis from constructed geometries mimicking
the composite or from grid built from 3D micro-CT images of the composite. Such a FEM based
analysis is proposed in the next chapter.
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I11-5. CONCLUSIONS AND PERSPECTIVES

Biocomposites from PHBHYV and Miscanthus giganteus fibers were fabricated using extrusion
followed by injection molding. Tensile properties were evaluated using loading-unloading and simple
traction tests. Young modulus increased slowly for low fiber contents, typically 5, 10, 20 wt %. It is
necessary to attain 30 wt % of fibers to observe a significant difference in the Young modulus.
Although composites appear to be more rigid when compared to the pure matrix due to the presence
of the reinforcement, they exhibit a decrease of the tensile strength. This effect can be justified by the
lack of adhesion between the fibers and the matrix, which causes a loss of mechanical seal under
tensile stress. An evidence of this lack of adhesion is that the fibers pull out from the composites
instead of being totally immersed in the matrix as shown by SEM images. Moreover, a difference in
the Young modulus values calculated with the two methods (tensile tests and loading-unloading tests)
was observed, indicating that PHBHV crystallize during time. This phenomenon was demonstrated
by mechanical and thermal tests conducted “a posteriori” on the biocomposite with 5 wt % of raw

fibers at different times.

The mechanical behavior of these materials was modeled by a two-phase Mori-Tanaka model
where fibers were assumed either of cylindrical shape and oriented along the stress axis or spherical.
The first model provides a better approximation of the experimental values of the Young Modulus,
although in the reality fibers are not perfectly cylindrical and oriented in one direction. Indeed, fiber
size [41, 42], shape [41] and orientation [42] may strongly affect the effective elastic properties of
the composite and can explain the gap between the model and the experimental behavior. A better
understanding of fibers orientation and shape via micro-CT images may be useful to implement a
more accurate model. Moreover, the realization of PHBHV-based composites with different fibers
size could be an interesting perspective in order to further improve the mechanical properties of these
biocomposites. Lastly, as seen in the previous chapter, the adhesion between fibers and matrix can be
improved by the chemical modification of vegetal fibers [24] or by a simple reactive extrusion. To
this purpose, a green chemical modification of vegetal fibers could be adopted in order to obtain eco-
friendly composites with improved properties. However, before studying in detail the influence of
any chemical treatment on fiber/matrix adhesion, it seems more appropriate to investigate the effect
of the size and arrangement of the fibers in the matrix and their influence on the mechanical behavior

of the biocomposites, which will be the focus of the next chapter.
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[11-6. APPENDIX

I11-6A. IDENTIFICATION OF THE YOUNG MODULUS OF THE MATRIX

The Young modulus of the matrix was identified by inverse analysis using as input data. Our
raw input data are the slopes of the force/displacement curves of pure PHBHV samples in the
unloading phase of the loading-unloading tests (see table I11-4). No extensometer or other devices
allowing direct measures of stress and strain were available. The average value of these slopes, i.e.
115 N/mm, was assumed to be the stiffness of the PHBHV sample, Ks.

A 2D Comsol model was then developed to model the part of the actual sample between the
clamps of the testing machine, see figure I11-Al. The effective thickness of the model was set to that
of the actual sample, i.e. H = 0.93 mm, the material was defined as linearly elastic and homogeneous,
and simple traction conditions were applied on the left and right boundaries. A parametric analysis
was then performed by letting the Young modulus of the material, Em, vary (while keeping fixed the
Poisson ratio to 0.3) and the stiffness of the sample was computed as the ratio between the total force
applied on the boundaries and the calculated elongation of the sample. The value of Em best matching

the experimental value was found to be about 1 GPa.

Actual sample

— FE model of the sample p—

;:_

Figure I11-Al. Actual sample (on the top) and 2D FE model of the sample (on the bottom); the

“active” part is coloured in yellow.

Since the numerical models developed afterward focus only on the “active” part of the sample,
i.e. the central rectangular region sized L x B = 12 mm x 2 mm, a shape factor y was calculated to

transform the experimental values measured on the whole sample into values corresponding to its
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active part only. This shape factor is the ratio between the stiffness of the active sample, i.e. Ka =
Emx(BxH)/L, and the stiffness of the sample Ks (numerically computed). It turned out that y = Ka/Ks
= 1.37. Assuming that this shape factor does not change when considering a composite sample, it
allows computing the tensile modulus of composite material, Ec, based on the experimental value of

the stiffness of the composite sample, K¢, namely: Ec = yxKcxL/(BxH).
111-6B. ESTIMATION OF VOLUMETRIC FRACTION OF FIBERS IN THE SPECIMENS

The Mori-Tanaka method requires the knowledge of the volumetric fraction of the fibers in

each composite specimen. This parameter ¢. =V% is defined as the ratio between the volume of
C

the fibers V. and the total volume of the composite V. =V, +V,,, the volume of the matrix phase
being V,, . Note that we can measure the composite volume V. from the sample geometry. In order

to obtain ¢ , we adopted an invasive procedure in order to separate the matrix from the fibers. First

of all, every specimen manufactured by extrusion and injection molding was weighed and then
solubilized under pressure and high temperature in 100 mL of dichloromethane with a rotation speed
of 200 rpm for 30 minutes. After stirring, the solution was filtered and the solvent was evaporated in

a static manner. Fibers were washed for 2 times with the same procedure in order to eliminate the

matrix attached. The matrix and the fibers were finally collected and their mass values M,, and M_
were obtained. Then, knowing the matrix density p,, from the commercial provider, the fiber density

Pr » Which may vary with processing due to the various degree of compression during the injection

molding procedure, is finally expressed as:
M
Pr = W
-
Pw

Finally, the fiber volumeV, = M% can be deduced and thus the fiber volume content ¢ .
F

(I1-B.1)

I11-6C. EFFECT OF TIME ON MECHANICAL AND THERMAL PROPERTIES OF PHBHV-
BASED COMPOSITES

In order to evaluate the change in mechanical properties due to the time, traction tests were
carried out on specimens of PHBHV9sMISs after 8 days and then after 8 months. Results of these
tests are showed in figure 111-C1. An increase in modulus and a decrease in the elongation at break
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are visible after 8 months, confirming that the crystallization phenomenon during time observed from

other researchers is valid also for our composites. In a second time, we used differential scanning

calorimetry (DSC) as an additional analysis to evaluate the crystalline behavior of the biocomposites

and the results obtained are showed in figure I11-C2. A shift in the melt temperature from 157 to

162°C and an increase in the crystallinity degree from 28 % to 34 % are visible after 8 months. This

result is a further confirmation of the crystallization phenomenon.

Stress (MPa)

25 4

20

1

10 4

Strain (%)

Figure I11-C1. Strain-stress average curves for PHBHVg¢sMISs composites tested after 8 days

(black curve) and after 8 months (red curve).

-

Heat flow (endo up)

162 °C

tested after 8 days s
tested after 8 months 157°C

g T T T v 1
120 140 160 180
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Figure I11-C2. DSC first heating thermograms of PHBHV95MIS5 biocomposites tested after

8 days (black curve) and after 8 months (red curve).
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Chapter 1V

“Knowledge would be fatal.
It is the uncertainty that charms one.
A mist makes things wonderful.”

(Oscar Wilde)
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Chapter IV

EFFECT OF FIBER CONTENT, LENGTH AND ARRANGEMENT ON THE
MECHANICAL MODULUS OF PHBHV/MISCANTHUS FIBER
COMPOSITES: CONTRIBUTION OF A FINITE ELEMENT MODEL

The analytical models of Mori-Tanaka applied to the biocomposites manufactured in the
previous chapter have shown the limits of this homogenization technique which is not able to well
approximate the real elastic behavior of the biocomposites at high fibers content. Moreover, the lack
of knowledge concerning the distribution of fibers into the matrix and their effective size after
processing are two of the main factors which could affect the success of the models implemented. For
this reason, this chapter focuses on the effect of the fiber length and arrangement on the mechanical
properties of composites made of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) matrix (PHBHYV)
and Miscanthus giganteus fibers. Two fiber weight fractions (5% and 20%) and two different lengths
(1 mm and 45 um) were investigated. Composites of standard dimensions were realized by extrusion
and injection molding processing. The samples were characterized by cyclic tensile tests and traction
tests. Microscopy and micro-tomography were used as fundamental techniques to have information
about fibers structure, size and arrangement in the biocomposites. Mori-Tanaka models were
implemented in a different manner, considering now that cylinders and spheres can be used to
represent long and short fibers respectively. 2D and 3D Finite element models with different fibers
patterns were used to determine not only the elastic modulus of biocomposites but also to describe
the different distribution of the stress in the matrix, taking into account by this way the non-linear
behavior of the material. This work elucidates on the effect of the fibers size and it provides important
information about the better orientation of fibers to achieve in the matrix in order to have composite
with improved mechanical properties. This last information is strictly related to the processing
method used, which is responsible of the homogeneous distribution of fibers in the matrix and also of
their partial alignment in a specific direction.
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IV-1. INTRODUCTION

In these last years, polymer scientists focused their researches on the development of new
biodegradable polymer composite materials obtained from renewable resources [1, 2]. Wood plastic
composites (WPCs) are composed by plastics, such as polyesters and natural fillers. These latter
generally refer to cellulosic materials derived from wood and they are available in different forms
(particles or single fibers for example), causing different properties of the final material. Despite the
extraordinary progress that was made in the field of realization of biocomposites using techniques
such as injection molding and extrusion [3], a reduction of the tensile strength of the final composite
is often observed because of the lower interfacial adhesion between the hydrophilic fibers and the
hydrophobic matrix. However, the several advantages of natural fillers such as their low cost,
renewable nature, low density, high specific strength and stiffness [4, 5] and the increasing demand
for these composites have drawn the attention of many researchers to investigate the fiber properties
in order to design specific mechanical properties [6, 7]. Many research groups showed that the fiber
content and length affect the overall properties of bio-composites [7-14]. In particular these two
parameters impact the mechanical behavior of the composites. Actually, the tensile strength and the
elastic modulus of the composites mainly depend on the nature of the fiber-matrix interface and on
the fiber content, respectively [15]. Moreover, many studies revealed that processing methods
adopted to manufacture composite strongly affect fibers sizes, varying in this way the mechanical

properties of the final biocomposites [16].

In this study the effect of different fiber contents (5 and 20 weight %) and sizes (1 mm and 45
pm) on the mechanical properties of PHBHV and Miscanthus giganteus composites were
investigated. Microscopy analysis was used to have information about fibers sizes after processing
and their distribution in the biocomposites. These analyses were used as guide for the implementation
of both analytical and numerical models, aiming to provide information about the elastic behavior of
the materials. Results obtained by models were systematically compared to the experimental values
obtained by cyclic tensile tests. Mori-Tanaka models with cylindrical and spherical inclusions were
used to model the behavior of composites with long and short fibers respectively. Different 2D and
3D Finite element (FE) models, taking into account not only the fibers content and size, but also their
arrangement in the matrix, were also create. To this aim four models with different degree of matrix

coverage were implemented.
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In this work, FE models were used not only to provide information about the elastic behavior
of the composite, but also about the stress distribution in the final materials. Actually, these models
are able to predict the high-stress region, gaining insights on the non-linear behavior of composites.
Moreover, the results provided by the models can be useful in refining the processing methods,
indicating not only the quantity of fibers but also the orientation that they must possess in order to
create composite with improved mechanical properties.
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IV-2. EXPERIMENTAL INVESTIGATION

In this section the materials and methods used to realize biocomposites and to characterize them
were described. Extrusion and injection molding at the lab scale were chosen as processing techniques
to manufacture specimens of neat matrix and biocomposites, varying the content of fibers ( 5 and 20
wt %) and their lengths (1 mm and 45 pum), these last obtained with sieves of specific opening mesh.
The part dedicated to the characterization focused essentially on the morphology of fibers and to their
effect on the mechanical properties of biocomposites. To this aim, microscopy, cyclic and tensile tests

were used.
1V-2.1. MATERIALS AND PROCESSING

1VV-2.1.1. Materials

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBgsHV12) containing 12% of valerate was
purchased from the company Goodfellow in a pelletized form. Miscanthus giganteus (MIS) was
provided by Miscanplus (France) in the form of roughly cut stems. These latter were chopped and
then sieved with 1 mm and 45 pm opening mesh sieves. Fibers so obtained will be referred to as long
and short fibers, respectively. Note that the sieve mesh size does not correspond to the fiber size in
the composite due to the effect of processing inducing a decrease in fibers dimensions.

1VV-2.1.2. Composite processing

To investigate the effect of fiber amount and size on the mechanical properties of the
composites, the PHBHV and the fibers were mixed together in a lab-scale twin-screw extruder
(Minilab Thermo Scientific Haake). Composites with two different contents of fibers (5 and 20 wt
%) were realized. The retention time for the pure matrix was of 1 minute; this time was increased to
2 minutes in order to fully disperse the fibers into the matrix. After recirculation, the extruded molten
material was shot in the micro-injection unit (MiniJet Thermo Scientific Haake). The injection
pressure was adjusted according to the increase of the polymer melt viscosity with the fiber content
in order to obtain entire specimens of 60 mm x 20 mm x 1 mm. Final optimized parameters used for

extrusion and injection-molding processing are resumed in table 1V-A1 (see appendix 1V-6A).
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1V-2.2. MATERIALS CHARACTERIZATION

IV-2.2.1. Scanning electron microscopy

Scanning electron microscopy (SEM) observations were performed on the MIS fibers and on
the sections of specimens used in traction tests (see section 1V-2.2.3) using a JEOL JSM6301F
scanning electron microscope. Prior to observation, the fibers and the cross sections of analyzed
specimens were sputter-coated with a thin layer of gold. Images were recorded with an acceleration
voltage of 20keV at a working distance of 15 mm. These images give information about the shape of

the fibers and their orientation, distribution and adhesion to the matrix.

1VV-2.2.2. Morphology of the fibers

In this section it seems necessary to investigate more in detail the fiber size after processing.
As previously explained, processing technigues such as extrusion and injection molding in which
high shear stresses are applied, have a great impact on the aspect ratio of fibers, affecting in particular
their length as reported in other works [16].

The average dimensions of these fibers were analyzed through optical microscopy. To this aim,
fibers were extracted from biocomposites by dissolving PHBHV in 100 mL of dichloromethane for
30 minutes and then washed for 3 times at 54°C in the same solvent to remove any trace of matrix.
This procedure was successful only for long-fiber composites but failed for short-fiber composites.
Actually, separation of short fibers from the matrix results in a great loss of fibers and in the
impossibility to completely remove the matrix. Length (I) and width (d) were manually measured
using an Olympus BX 50F optical microscope at 50x and about 30 fibers per sample were measured.

Fibers were labeled to avoid duplicates and the aspect ratio (I/d) was then calculated.
IVV-2.2.3. Mechanical properties of the composite

The mechanical properties of the composites were evaluated through an Instron 5965 Universal
Testing Machine equipped with a cell load of 100 N. All the specimens presented standard dimensions
according to ASTM638. After realization, specimens were stored for 8 days at 23°C before testing.
First, cyclic tensile tests were conducted on ten specimens of each type of composite (5 wt % and 20
wt % MIS content, long and short fibers). The initial maximum load for cyclic tests was set to 3 N
and the final one to 10 N with an increment of 1 N from one cycle to another (that is, 8 cycles overall).

All cycles were performed at a constant speed of 0.05 N/s. Then, for each type of composite, five

136



Chapter IV

specimens out of ten were tested in monotonic traction tests at a speed of 5 mm/min in order to

evaluate the tensile strength and the failure stress and strain of the composites.

1V-2.3. EXPERIMENTAL RESULTS

1V-2.3.1. Scanning electron microscopy (SEM) and fibers characterization

Fibers used in this work were characterized by SEM in order to provide information about their
real shape and structure before processing. Figure V-1 shows that fibers milled with 1 mm mesh
sieve maintain their classical structure with an elongated shape, while fibers milled with a 45 pm
mesh sieve appear as a heterogeneous set of fibers whose structure has been destroyed by the sealing
operation.

/
/ 500 pm 50 pm

F

Figure IV-1. SEM images of long fibers (on the left) and short fibers (on the right) before

processing.

Using the procedure outlined in section 1V-2.2.2, the average fiber length and width of long-
fiber composites were evaluated. All these values are reported in table 1VV-1. It turns out that fibers in

5 wt % MIS samples are bigger and more elongated than in 20 wt % MIS samples.
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Sambples Fiber width, Fiber length, Aspect ratio,
P d [mm] [ [mm] l/d
PHBHVgsMISs 0.27+£0.04 1.72+0.33 6.4
PHBHVgoMIS2o 0.16 £ 0.01 0.82+0.10 5.1

Table IV-1. Fiber size distributions in long-fiber composites with 5 and 20 wt % of MIS.

The SEM images provide important information on the shape of the fibers that will have to be
taken into account in the numerical model. More precisely, it seems appropriate to assimilate the long

fibers to either elongated bars or cylinders and the short ones to either cubes or spheres.

The cross sections of long- and short-fiber composites with different fiber contents (5% and
20%) were also characterized by SEM as shown in figure IV-2. For the composite realized with 5%
of long fibers (figure 1V-2, Al), it is possible to notice that the fibers are isolated in the matrix and
perfectly identifiable. At higher fiber contents (20%), fibers tend to form aggregates (figure 1V-2,
B1). In all samples realized with long fibers, fibers pull out from the matrix. For what concerns the
sections of the composites realized with short fibers (figure 1V-2, A2 and B2), these latter are fully

dispersed in the matrix and their identification is rather difficult.

250 gm

Figure IV-2. SEM images of PHBHV9sMISs composites with long (A1) and short (A2) fibers
and of PHBHVgoMIS2¢ composites with long (B1) and short (B2) fibers.
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1V-2.3.2. Mechanical properties of the biocomposites

The mechanical properties of the PHBHV/MIS composites were evaluated using classical
tensile tests. The effect of fiber length is more pronounced in 5 wt % MIS composites (see figure V-
3) than in 20 wt % MIS composites (see figure IV-4). The presence of the fibers in the matrix causes
an increase in the tensile modulus and a decrease in the tensile strength and failure strain of the
composite as showed in tables 1VV-2 and table IV-3. For the tensile modulus, we refer to the cyclic
tests which provide more reliable results than monotonic traction tests. The tensile modulus of the
composites was computed based on the slope of the unloading phases in the loading-unloading tests

(see table 1V-2) using the procedure described in appendix 111-6A in Chapter I11.
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Figure IV-3. Comparison between strain-stress curves for PHBHVgsMISs composites realized with
long (solid line) and short (dashed line) fibers.
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Figure 1V-4. Comparison between strain-stress curves for PHBHVgoMIS2o composites realized
with long (solid line) and short (dashed line) fibers.

Slope of unloading Tensile modulus (*)
MIS Length Sample phase [N/mm] [MPal

- PHBHV 115+5 1012 + 48
PHBHV¢MISs 116 +2 1040 + 40

45 pm
PHBHVgMISz 172 £+ 11 1515+ 93
PHBHVgsMISs 1345 1185+ 44

1 mm
PHBHVgMISz 196 + 15 1736 = 137

Table 1V-2. Results of cyclic loading-unloading tests on PHBHV/MIS composites with
different fiber contents (0, 5, 20 wt %). (*) Identified, see Appendix I11-6A in Chapter III.
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Tensile Failure Failure Tensile

MIS Length Sample modulus (*) stress strain strength

[MPa] [MPa] [%0] [MPa]
- PHBHV 889 +41 20+ 0.9 11+16 23.0+£05
PHBHVgMISs 1021 + 20 16+ 0.6 6.1+0.8 18.8+1.0
S um PHBHVgMIS2 1525+ 84 15+ 0.7 29+0.3 16.9 £0.7
PHBHVgMISs 1074 + 44 14+1.0 42+09 16.1+1.7
Lmm PHBHVgMIS2 1267 + 90 14+04 35+£03 154+1.1

Table 1V-3. Results of tensile tests on PHBHV/MIS composites with different fiber contents (0, 5,
20 wt %) realized with two lengths of fibers (1 mm and 45 um). (*) Identified, see appendix I11-6A
in Chapter I11.

The tensile modulus increases with the fiber content irrespective of the fiber size, being almost
50 % higher in PHBHVgoMISzo than in PHBHVgsMISs. Moreover, the tensile modulus is higher in
long-fiber composites than in short-fiber composites irrespective of the fiber content. Short-fiber
composites show higher tensile strength and failure strain than long-fiber composites. This effect is

quite apparent in 5 wt % MIS composites whereas it is not significant in 20 wt % MIS composites.

IV-3. NUMERICAL INVESTIGATION

Different numerical models were used to investigate the dependency of the tensile modulus of
the composite in terms of its microstructure. Two modeling approaches are considered in the
following sections, namely, a Finite Element (FE) approach, where the microstructure is explicitly
modeled, and a homogenization approach, where a simplified representation of the microstructure is
assumed. In both approaches, the focus is set on the micro-architectural features of the composite
(fiber amount, size, and arrangement) while keeping fixed the elastic properties of its constituent
phases. Both the matrix and fibers were considered as linearly elastic, isotropic materials and their
relevant elastic moduli are shown in table I1V-4. Moreover, all models consider a perfect adhesion

between the fibers and the matrix.
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Material Young Modulus Poisson coefficient Mass density
[GPa] [-] [g/em?]
Miscanthus giganteus 4.5 ® 03© 0.70 ©
PHBHV 1L.0® 03© 125 @

Table 1\VV-4. Elastic moduli and mass density of the constituent phases of the composite used in

the numerical models. (a) Experimental value; (b) adapted from [17]; (c) Assumed; (d) Technical

data; (e) Calculated according to the procedure in appendix 111-6B in Chapter I1I.

1V-3.1. FINITE ELEMENT MODELS

Both 2D and 3D finite element (FE) models have been developed to study the effect of the

micro-architectural features of the composite on its axial modulus, see table IV-5. FE models were

implemented in the commercial software COMSOL Multyphysics 5.2a using the Structural

Mechanics module. FE models refer to the whole active part of the sample, that is a parallelepiped
domain 12 mm long (L), 2 mm wide (B) and 0.93 mm thick (H), see figure 1V-5.

Model Effect.of Effect of Effect of Fiber Nb. of Nb. of
Model features fiber size fiber model volume
nb. . . . elements DOFS
& amount pattern dimension| fraction
0
] 2D, Short, 5%, * 0.0710 39770 398906
Unif
0
» | 2D Short, 20%, * 02300 46368 464862
Unif
0
3 2D, Long, 5%, * * 0.0774 554 5662
Unif
0
4 2D, Long, 20%, * * * 0.2296 2046 20742
Unif
0
5 2D, Long, 20%, * 02187 24483 245038
Clust
2D, Long, 20%, %
6 o INoise 0.2203 8140 81806
2D, Long, 20%, %
7 PodPerrorn 0.2303 19067 191202
0
8 3D, Long, 5%, * * 0.0786 13939 63201
Unif
0
9 3D, Long, 20%, * * 02257 125005 521130
Unif

Table IV-5. FE model information. Column “Model features” provides information on the

model dimension (either 2D or 3D), type of fibers (either long or short), nominal fiber weight

fraction (%), and fiber pattern (either uniformly distributed (Unif), clustered (Clust), or randomly
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distributed fibers (RandNoise and RandPattern Unif, see paragraph 1\VV-3.1.1 for details). Columns 3
to 5 indicate the study that the models were used for. Note that the numbers of elements and degrees

of freedom (DOFS) are also presented.

Cyl

FEM

Homogenization

Figure 1V-5. Numerical models developed in this study. On the left: FE models (2D and 3D);
on the right: homogenization models (spherical and cylindrical inclusions).

For the long fibers the dimensions measured after sample processing were given and reported
in table IV-1. Lacking precise information on the size of short fibers after processing, they were
assumed to be equal to the nominal size of the corresponding sieve, i.e. 45 pum.

In each model, the number of fibers was set so as to best approximate the target nominal fiber
volume fraction (about 7% and 22-24% for PHBHV¢sMISs and PHBHVgoMIS2o, respectively) while
preserving a specific spatial pattern. Thus, the effective fiber volume fraction may slightly differ from
the target value. Quadratic Lagrange elements either triangles in 2D or tetrahedra in 3D were used.
Basic information about the FE models is reported in table IV-5. A uniformly distributed load
(increasing from 0 to 20 MPa) was applied on the left and right boundaries of the simulated domain
and the displacements of specific points were restricted so as to avoid rigid movements. The FE
solution provided the distribution of stress and strain in the composite. The tensile modulus was

eventually computed as the ratio between the average axial stress and strain in the composite.

1VV-3.1.1. 2D FE models

The 2D FE models were used to investigate the effects of fiber amount, size, and distribution
on the mechanical properties of the composite. The models were set up in plane stress conditions.
Long fibers were modeled as rectangular domains and fiber length and width were set up according
to table 1VV-1. Short fibers were modeled as square domains with edge length equal to the mesh sieve
opening (45 pm).
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The effects of fiber amount and size was investigated with respect to the models shown in figure
IV-6. Fibers were uniformly distributed in the sample in a staggered pattern and spacing was adapted

to best fill the whole sample according to the target fiber volume fraction.

(a) (b)

Figure IV-6. 2D FE models of long-fiber (top row) and small-fiber (bottom row) composites with

20 wt % (left column) and 5 wt % (right column) MIS fiber content.

The effects of fiber distribution was investigated by referring to long-fiber models with 20 wt
% MIS fibers. Several fiber patterns were considered, namely: uniformly distributed (Unif), clustered
(Clust), and randomly distributed fibers (RandNoise and RandPattern) (see figure 1\VV-7). In the Unif
fibers models, fibers were uniformly distributed in the sample in a staggered pattern and spacing was
adapted to best fill the whole sample according to the target fiber volume fraction. In the Clust fibers
model, fibers were placed close the center of the sample in a staggered pattern with horizontal and
vertical spacing equal to 10 % of their length and width, respectively. Two types of randomly
distributed fibers were considered. In the RandNoise models, fibers of the Unif models were randomly
displaced by adding a random noise to their position and orientation. More precisely, random
translations (tx and ty) and rotations (o) of the fibers were modeled through a centered normal
distribution with standard deviations (c=0.2xl, 6ty=0.2xb, 64=20) and were sampled using a custom
Matlab computer code. In the RandPattern model, fibers were randomly placed in the domain.
Random position (x,y) and orientation (o) of the fibers were modeled through a uniform and a
centered normal distribution (c4=20°), respectively, and were sampled using a custom Matlab

computer code.
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Figure IV-7. 2D FE models with different patterns of long fibers: clustered (a), staggered (b),
random with small (c) and large (d) levels of randomness.

IV-3.1.2. 3D FE models

A few 3D models were also developed to investigate the effects of model dimension (2D vs.
3D) for 5 wt % and 20 wt % MIS composites. For sake of computational time, only long-fiber models
were considered, see figure IV-8. Fibers were uniformly distributed in the sample in a 3D staggered

pattern and spacing was adapted to best fill the whole sample according to the target fiber volume

fraction.

(b)

Figure 1V-8. 3D FE models of long-fiber composites with 20 wt % (on the left) and 5 wt % (on the
right) MIS fiber content.

1V-3.2. HOMOGENIZATION MODELS

Our homogenization approach is based on the Continuum Micromechanics (CuM) theory [18,
19]. CuM allows computing the elastic properties of a multiphase material by extending the solution
of the matrix/inclusion problem obtained by Eshelby in the fifties [20]. In this framework, a simplified
geometric representation of the microstructure is adopted (in particular, each phase is assumed to be
made of particles of ellipsoidal shape) and the whole elastic tensor of the homogenized medium is

obtained through analytical or semi-analytical formulae.
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Different approximations exist in the scope of the CuM theory. For our composite, a two-phase
medium of matrix/inclusion type with a small content of inclusions, the Mori-Tanaka (MT)
approximation was applied [21]. Since we do not have precise information about the shape of the
fibers, we considered two limit cases, namely spherical and cylindrical inclusions, corresponding to
roughly spheroidal and very elongated fibers, respectively, see figure IV-5. The corresponding
models will be referred to as MT/Sph and MT/Cyl, respectively and are meant to represent short- and
long-fiber composites, respectively. It should be noted that the actual size of the inclusions does not
enter the MT model. The MT/Sph and MT/Cyl models lead to homogenized materials showing

isotropic and transversely isotropic elastic symmetry, respectively.

1V-3.3. NUMERICAL RESULTS

1VV-3.3.1. Tensile modulus

The tensile moduli computed through the different numerical models (with uniformly
distributed fibers) and MT models are resumed in table V-6 and table IV-7.

MIS information Tensile modulus [GPa] Error in tensile modulus [%6]
[wt %] Size Exp MT 2DFEM 3D FEM MT FEM2D FEM 3D
Short 1.04 1.11 1.09 - 6.3% 4.4% -
¥ Long 1.19 1.25 1.15 1.17 5.7% -2.9% -1.2%
Short 1.52 1.36 1.30 - -10.4%  -14.5% -
? Long 1.74 1.80 1.51 1.62 3.9% -12.7% -6.4%

Table 1V-6. Experimental values and numerical predictions of the tensile modulus of the
composites. Exp: experimental value; MT: Mori-Tanaka model; 2D FEM and 3D FEM: FEM
models with uniformly distributed fibers.
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Fiber pattern

Tensile modulus [GPa]

Unif
Clust

RandNoise

RandPattern

1.51
1.29
1.42
1.45

Table IV-7. Tensile moduli of long-fiber, 20 wt % MIS composite predicted by 2D FE models with

different fiber patterns. Unif: uniformly distributed fibers; Clust: clustered fibers; RandNoise and

RandPattern: randomly dispersed fibers (see paragraph 1V-3.1.1 for details).

Table V-6 is aimed at highlighting the effects of fiber size and amount. Results of the MT, 2D

FE (Unif fiber pattern), and 3D FE (Unif fiber pattern) models are reported and compared with the

experimental results. The same results are shown in figure 1V-9.

Tensile Modulus (GPa)

Error in Tensile Modulus (%)
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Figure IV-9. Top: Experimental and numerical values of the tensile moduli. Bottom: Relative errors

of the numerical predictions with respect to the experimental measures. FE results refer to the Unif

fiber pattern.

147



Chapter IV

Results reported in table V-7 are aimed at providing insights on the effect of the fiber pattern
on the tensile modulus of the composite. The elastic moduli of long-fiber, 20 wt % MIS composites
computed through 2D FE models with four different fiber patterns (Unif, Clust, RandNoise, and

RandPattern) are reported.
1VV-3.3.2. Stress distribution

FE models can provide useful information about the stress distribution in the composite which,
in turn, can help to gain insights on the nonlinear behavior of the composites. Information about high-
stress regions is reported in table 1VV-8. Let om,y=10 MPa be an alias of the yield stress of the matrix
and ocu=15 MPa an alias of the tensile strength of the composite (see figures 1V-3 and IV-4).
Moreover, let m1 and em2 represent the volume fractions of matrix (with respect to the total volume
of matrix) where the first principal stress op1 exceeds the yield stress om,y as the boundary traction o
is equal to om,y Or oc.u, respectively. Values of om1 and omz relative to several FE models are reported
in table 1V-8.

Model nb. Model features om1 [%0] om2 [%0]
1 2D, Short, 5%, Unif 41.3 97.7
2 2D, Short, 20%, Unif 46.5 91.6
3 2D, Long, 5%, Unif 28.5 88.9
4 2D, Long, 20%, Unif 15.1 55.3
5 2D, Long, 20%, Clust 39.1 86.1
6 2D, Long, 20%, RndNoise 13.4 73.4
7 2D, Long, 20%, RndPattern 11.4 74.6
8 3D, Long, 5%, Unif 31.6 80.9
9 3D, Long, 20%, Unif 8.6 30.1

Table 1VV-8. Volume fractions om1 and @m2 of highly stressed matrix when the boundary traction is
equal to om,y and oc,u, respectively (see paragraph 1V-3.3.2 for details). Column “Model features”
provides information on the model dimension (either 2D or 3D), type of fibers (either long or short),

nominal fiber weight fraction (%), and fiber pattern (either Unif, Clust, RndNoise, or RndPattern).

FE models predict that high-stress regions are larger in short-fiber composites (¢m1 > 40% and

om2 > 90%) (models 1 and 2) than in long-fiber ones (models from 3 to 7). In short-fiber models, the
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values of om1 and @m2 are similar irrespective of the MIS content. However, in long fiber-models, the
values of om: and @m2 are higher in 5 wt % (model 3) than in 20 wt% MIS models (models 4, 6 and
7). The only exception is constituted by the Clust pattern (model 5).

The effect of the model dimension (2D vs. 3D) was investigated with respect to long-fiber
models with Unif fiber pattern. 2D and 3D FE models provided similar results for a MIS content of 5
wt % (see models 3 and 8) but not for 20 wt %, when the 2D model (model 4) predicted high-stress

regions almost two times larger than the 3D model (model 9).

A deeper insight can be gained by looking at the distribution of high-stress regions shown in
figure 1V-10. Regions of the matrix where cp1 exceeds omy and omu (the tensile strength of the
PHBHV, equal to 23 MPa (see table 1V-3) are depicted in gray and in red, respectively. It can be
noticed that the matrix in short-fiber models is much more stressed than in long-fiber models.
Moreover, op1 never exceeds om,u in the 2D Unif model whereas it does in the 2D RandPattern model
(small red regions indicated by red arrows) which is characterized by higher stress concentration.

Stress concentration appears even more in the 3D model despite the regular distribution of fibers.

Boundary traction = 10 MPa Boundary traction = 15 MPa

2D, Short,
Unif

2D, Long,
Unif

2D, Long,
RandPattern

3D, Long,
Unif

Figure 1\V-10. Highly stressed regions in the matrix. Results refer to 2D and 3D FE models of 20 wt
% MIS composites (namely models 2, 4, 7, and 9). Gray regions: cp1 > om,y; Red regions cp1 > omu

(See paragraph 1V-3.3.2 for details).
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IV-4. DISCUSSIONS

1\V-4.1. EFFECT OF FIBER LENGTH AND CONTENT ON THE MECHANICAL BEHAVIOR OF

THE BIOCOMPOSITES

A familiar behavior in PHBHV based composites is an increase in tensile modulus and a
decrease in failure strain and stress with increase of fiber mass content [22, 23]. These phenomena
were highlighted by cyclic and monotonic tensile tests (see tables IV-2 and V-3, respectively) and

numerical simulations were used to gain further insight.
1V-4.1.1. Tensile modulus

Although the tensile modulus was calculated with both monotonic and cyclic tensile tests, we
consider only these latter in our discussion. As expected, the tensile moduli increase with the fiber
content, 20 wt % MIS composites showing a tensile modulus almost 50 % higher than short-fiber
composites. The numerical predictions of elastic moduli globally agree with the experimental
measures but in some cases substantial errors are observed (table 1V-6 and figure 1\VV-9). Despite their
simplicity, MT models perform quite well for the long-fiber composites and in particular for 20 wt %
MIS fibers composites. Therefore, the computational cost of such a model is absolutely negligible
with respect to that of a FE simulation. FE models (Unif fiber pattern) perform even better for the 5
wt % MIS composites (errors < 5%) but their accuracy decrease noticeably for 20 wt % MIS
composites, for which errors as high as 15% can be observed. As expected, being more realistic, 3D

FE models perform better than 2D ones.

Irrespective of the fiber content, long-fiber composites are stiffer than short-fiber ones. This
may be due to a shielding effect of long fibers which disappears as soon as the fibers become too
short. This shielding effect can be easily observed in the stress distributions predicted by the FE
models of short- and long-fiber composites shown in figure 1V-10. Indeed, the region of matrix
characterized by high stress in long-fiber composites is much smaller than in short-fiber composites.
The difference between short- and long-fiber composites is more pronounced for 20 wt % MIS
content. Actually, the very low amount of fibers in 5 wt % MIS composites is likely unable to shield
the matrix. These conclusions are also supported by the values of ¢m: reported in table 1\VV-8. Short-
fiber models (FE models 1 and 2) show the highest values of om: (more than 40%), supporting the

idea that the matrix is largely involved in carrying the stress. In long-fiber models, matrix is more
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stressed in 5 wt % MIS models (om: ~ 30%) than in 20 wt % MIS models (see FE models 3 & 8 vs.
4&9).

Comparing the experimental measures with the numerical results, it turns out that the elastic
moduli of the long-fiber composites are overestimated by the MT models and underestimated by the
FE models, irrespective of the fiber content. By contrast, all the numerical models behave similarly
with respect to short-fiber composites: experimental measures are overestimated at 5 wt % and

underestimated at 20 wt % fibers content.

The above discussion concerned models featuring regular fiber patterns. However, actual fiber
patterns are not regular. Figure 1\VV-11 shows the microstructures of long-fiber, 5 wt % MIS (on the
left) and 20 wt % MIS (on the right) composites as imaged through micro-computed tomography
(UCT). On the right, a few individual fibers are colored differently to highlight their pattern. It is
apparent that in both composites fibers are randomly oriented and, although most of them are roughly
aligned with the sample axis, a significant fraction is not. Fiber distribution may affect the elastic
modulus of the composites and was investigated by means of 2D FEM models of long-fiber, 20 wt
% MIS composites. On the one hand, results reported in table IV-7 show that Unif, RandNoise and
RandPattern patterns provide similar estimates of the tensile modulus, the former leading to the
higher value. In view of the uCT images in figure IV-11, it appears that the concept of representative
volume element (RVE) that was defined in the introductive chapter may be delicate to be properly
defined here. Indeed, the scale separation between inclusions and the sample seems quite limited and
the statistical distribution and orientation of the fibers may vary for different samples.
Notwithstanding this limitation to provide a convenient theoretical representation of the various
synthetized composites, the RandPattern pattern seems to be the most realistic one. However, the
best estimate of the experimental elastic modulus is provided by the Unif pattern. On the other hand,
the Clust pattern provides a much smaller estimate of the tensile modulus and results in a quite
compliant composite. These results point out the importance of controlling the fiber pattern during
the processing of the composite. Indeed, a fiber pattern as regular as possible is likely to increase the
elastic modulus of the composite whereas the presence of clusters of fibers should be prevented since

it is expected to have a negative effect.
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Figure 1\V-11. Images of long-fiber, 5 wt % MIS (on the left) and 20 wt % MIS (on the right)
composites obtained through micro-computed tomography. A few individual fibers are colored

differently to highlight their pattern.
IV-4.1.2. Tensile strength

The increase in final strength observed in short-fiber with respect to long-fiber composites (See
figures 1V-3 and 1VV-4) may be due to the fact that, at the same fiber content, shorter fibers are better
distributed within the volume of the sample, making the composite material more homogeneous. In
this case, the transmission of the applied stress is much more efficient and the propagation of
microcracks is more difficult than in long-fiber composites. In the case of composites realized with
long fibers, the stress concentration around the fibers is higher and the propagation and merging of

microcracks is easier due to the deflection and guidance phenomena occurring along the fibers.

Numerical results point in the same direction. Indeed, looking at the stress distribution in the
matrix shown in figure IV-10, it is apparent that the matrix in short-fiber composites is more
homogeneously stressed than in long-fiber ones where stress concentration around the fibers arise
(gray regions). This means that most of the matrix is involved in carrying stress in short-fiber
composites whereas, in long-fiber composites, only a small part of the matrix is concerned with
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transferring stress between the fibers therefore locally reaching higher values of stress. Stress
concentration is even more pronounced considering realistic fiber patterns or 3D models. In these
latter cases, very high stress levels appear in the matrix (red regions). These conclusions are supported
by the values of ¢m1 and om2 reported in table 1V-8. Indeed, the larger values of om: and om2 are

observed in short-fiber composites (models 1 and 2).

Experimental results show that the impact of fiber length on the tensile strength of the
composite is stronger for low contents of fibers, typically 5 wt % (see figure 1V-3). At 20 wt % of
fiber content, the effect of fiber length on the mechanical properties of the final composites is reduced
(see figure 1\VV-4). This effect can be explained by the fact that at high fiber contents, the composite
cannot be considered as a real diluted and homogeneous system. For both long and short fibers, the
interaction between fibers is predominant than the interaction between matrix and fibers. These latter
tend to improve the formation of aggregates and are distributed in all the section independently of
their length, thus the stress is transmitted in the same way through the sections of the composites and
this may explain the fact that the final tensile strength does not increase.

Numerical results do not agree with the experimental results. Indeed, according to the values of
om1 and em2 reported in table V-8, one would expect the main differences between short- and long-
fiber composites to appear at 20 wt % of fiber content. For instance, referring to the 2D FE models
with Unif fiber pattern (models 1 to 4), the ratio between the values of ¢m1 in short- and long-fiber
models is about 3 at 20 wt % and about 1.5 at 5 wt % fiber content. A possible explanation is related
to the fact that the results of the FE models have been obtained through a linear analysis which cannot
account for microcracks transmission and deflection. Since these phenomena are likely the main

determinants of the tensile strength of the composites, an important feature is missed in these models.
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IV-5. CONCLUSIONS

Biocomposites realized with PHBHV as matrix and Miscanthus giganteus as reinforcement
were realized by extrusion and injection molding processing. The effect of fiber content, length and
arrangement were studied by the realization of composites at 5 wt % and 20 wt % of MIS fibers and
with two different lengths (1 mm and 45 pm). First results showed that processing has a great impact
on fibers size and orientation in the matrix. This limits the possibility to properly derive a convenient
RVE. The large surface area exposed from 45 um particles facilitate stress transfer to the matrix
phase, increasing the final strength of the composites realized with 5 wt % of fibers. For composites
with higher content of fibers, typically 20 wt %, the particle-particle interaction is predominant on
the matrix-particle one and there is no evident effect of fiber length on the tensile strength. These
results were also supported by numerical simulations. The transmission of the applied stress is much
more efficient in the case of composites realized with short fibers, making more difficult the
propagation of microcracks than in long-fiber composites where fibers guide the cracks propagation.
Irrespective of the fiber content, long-fiber composites are stiffer than short-fiber ones. This effect
might be due to a shielding effect of long fibers which is not visible for short-fiber composites. This

effect is more pronounced for 20 wt % MIS content.

The developed models aim at understanding the elastic behavior of the biocomposites by
mimicking a tensile test and thus determining their elastic moduli. This parameter depends both on
fibers content and fibers distribution. Biocomposites with 20 wt % MIS fibers exhibit a modulus
higher than those with 5 wt % MIS fibers. Irrespective of the fiber content, the Mori-Tanaka models
overestimate the experimental values of long-fiber composites. Despite their simplicity, this
technique allow to a good approximation of the elastic behavior of composites realized with 20 wt %
of long fibers. Among all FE models implemented, undoubtedly 3D FE models are more realistic
than their corresponding 2D. However, it seems that no model represents perfectly the experimental
elastic modulus of biocomposites, overestimating or underestimating the real value of elastic
modulus. Despite this result, an important conclusion can be deducted from models with different
fibers distribution. In this case, composites with uniform pattern of fibers provide the best estimate
of the experimental elastic modulus, while composites with clusters of fibers provide the worsts. This
result suggests that the processing methods have to be better controlled, both during the
homogenization step occurring in the extruder and during the injection of fibers, this last causing a
partial alignment of fibers. Due to the numerical cost of 3D FEM analysis that is very much higher
than applying the Mori-Tanaka approach and the remaining uncertainties induced by the processing,
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it seems that the simpler second method should be preferred to in silico tailor the mechanical
properties of the composites.
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IV-6. APPENDIX

1V-6A. PROCESSING PARAMETERS DURING EXTRUSION AND INJECTION MOLDING

Biocomposites realized with different content of fibers (5 and 20 wt %) and two different fibers
lengths (1 mm and 45 pum) were realized by extrusion and injection molding. Some of the parameters
adopted during the processing steps are reported in table 1\V-Al. The processing temperatures Tg, T
and Tm corresponding to the extrusion, injection and mold temperatures respectively were maintained

the same in order to compare all the specimens. The screw speed was set to a fixed value of 60 t/min.

Ty [°C] n [t/min] T, [°C] T, [°C]

160 60 165 45

Table IV-AL. Final parameters used in extrusion and injection molding procedure.
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Chapter V

“Experience is the name
everyone gives
to his mistakes.”

(Oscar Wilde)
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BIOCOMPOSITES BASED ON POLY(3-HYDROXYBUTYRATE-CO-3-HYDROXYVALERATE)
(PHBHV) AND MISCANTHUS GIGANTEUS FIBERS : MULTIPHASE MODELING OF THE
EFFECTIVE MECHANICAL BEHAVIOR OF BIOCOMPOSITE WITH IMPROVED FIBER/MATRIX
INTERFACE

This chapter is dedicated to the realization of green biocomposites based on Poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBHV) and Miscanthus giganteus fibers (MIS) prepared in the presence of
dicumyl peroxide (DCP) via reactive extrusion. The objective of this study was to optimize the
interfacial adhesion between the reinforcement and the matrix, improving the mechanical properties
of the final material. To this aim, two fibers mass fractions (5 and 20 wt %) and two different fibers
sizes obtained by two opening mesh sieves (1 mm and 45 um) were investigated. The impregnation
of fibers with DCP before processing was carried out in order to promote the PHBHV grafting onto
MIS fibers during the process, favoring in this way the interfacial adhesion between fibers and matrix
instead of the cross-linking of the matrix. All composites were realized by extrusion and injection
molding processing and then characterized by tensile tests, FTIR-ATR, SEM, DSC and XRD.
According to the improved adhesion of fibers to matrix due to DCP, we carried out an implementation
of both analytical and numerical models involving a perfect interface that can predict the effective
mechanical properties of the biocomposites. Three phases were taken into account here: cylindrical
inclusions mimicking aligned fibers and cross-linked or not matrix fractions. Due to the complexity
of the system (matrix-crosslinked matrix-fibers) and to the lack of knowledge about all the phenomena
occurring during the reactive extrusion, a mathematical approach was considered in order to obtain
information about the modulus of the cross-linked matrix and its fraction in the composites. This
study aims to estimate these last values and to clarify the effect caused by the presence of vegetal
fibers in a composite in which different reaction are promoted by DCP.
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V-1. INTRODUCTION

In recent years, the attention of both academia and industry was focused on eco-friendly
materials from renewable resources due to the growing concern over environmental issues. The
pollution caused by non-biodegradable synthetic plastics led to the investigation of totally bio-based
polymers that could replace the first ones [1-7] . A class of polyesters of great interest is microbial
polymers known as poly(3-hydroxyalkanoate)s (PHAS). This family of polymers is known for the
good biodegradability and biocompatibility, being derived from bacterial synthesis [8-10]. These
polymers have been used for a wide range of applications, starting from biomedical such as for tissue

engineering and bone replacement to packaging, agriculture and personal disposal articles [8, 11-13].

Among PHAs, two of major polymers that have been largely investigated are the poly(3-
hydroxybutyrate) (PHB) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBHV). The
difficulty in processing and the very brittle character of PHB are two reasons explaining our interest
on the second polymer. Notwithstanding its better flexibility due to the HV units, its high cost limits
the usage of PHBHYV in industrial applications. In this context, green composites associating such
bio-based polymers and vegetal fibers constitute an attractive alternative due to their lower cost,

biodegradability, renewability, and pretty good mechanical properties [14-27].

Among all vegetal fibers, Miscanthus giganteus has a great number of advantages, like the
possibility to be cultivated on poor quality soil and in the presence of very little amount of herbicide
and water [28-30], the high productivity in particular in temperate climates [31, 32] with good yield
also in relatively cold zones [33]. These features and the variegated mechanical properties [34, 35]
make Miscanthus as a good candidate for the production of fuels and chemicals [36] and also as
reinforcement [37]. Although all these advantages, the hydrophilic character of vegetal fibers and the
hydrophobic one of bio-based polyesters, affect the transmission of the stress, resulting in poor

mechanical properties [38]

Interfacial adhesion could be improved by different techniques already tested [39-47]. Recently
the free radical grafting initiated by peroxides has been largely used in different polymeric blends to
induce coupling between molecular chains [44, 48] but also to graft cellulosic fibers or wood
derivatives to different matrixes [49-53]. Although the biocomposites realized in precedent works
were fully characterized by mechanical and thermal tests, indicating a decrease in crystallinity after
addition of the reinforcement and DCP, no studies were carried out to predict the effective mechanical

behavior of these types of composites with compatibilized interface matrix/fibers.
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Numerical models based on a kinetic approach were implemented in past years to predict the
molecular weight distribution as function of time for polyolefin crosslinked in the presence of
peroxides [54-57]. Other models based on statistical approaches [58-60] and Monte Carlo simulations
tried to predict a series of reactions that may occur during the crosslinking in order to fully
characterize this complex process [61]. Among all these methods, kinetics models were preferred to
statistical ones due to the impossibility of these last to predict the reactions as function of time, but
only as function of conversion. However, in such cases the mathematical analyses implemented were
too much simplistic for real polymers or too much specific to particular compositions or reactions
[61]. In this study we proposed an approach based on the reactive grafting initiated by DCP in order
to improve the adhesion of Miscanthus fibers to a PHBHV matrix with a consequent improvement of
the mechanical properties of the final composite. The reaction was conducted in situ using extrusion
followed by injection molding processing and the final materials were fully characterized to detect
any possible change in the crystalline structure. Starting from the experimental procedure, a modeling
strategies based on the inclusion theory of Eshelby was proposed to calculate the effective elastic
behavior of a composite realized by this technique. The confrontation between experimental and
numerical results doesn‘t provide a perfect agreement, showing that the complexity of the system and
the lack of knowledge about cross-linking and grafting phenomena occurring during the reactive
process need to be clarify more in details. In particular the elastic properties of the cross-linked matrix
and its exact fraction in the composites constitute two great limits for the implementation of realistic
models. To this aim a mathematical approach was considered in order to evaluate the change of the
elastic modulus of the cross-linked matrix as function of its fraction in the composites. This procedure
clarify the role of DCP and that of fibers in the reactive blend, quantifying a range of cross-linked

fraction matrix generated by a given content of DCP and for a given content of fibers.
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V-2. EXPERIMENTAL

V-2.1 MATERIALS

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBHV) containing 12 % of valerate was
purchased from Goodfellow. Miscanthus giganteus (MIS) was provided by Miscanplus, France. It
came from a 2014 spring crop roughly chopped and subsequently milled with two different sieves
with an opening mesh of 1 mm and 45 pum. For simplicity, in this work fibers so obtained will be
referred to as long and short fibers, respectively. Dicumyl peroxide (DCP) at 98% was purchased

from Sigma-Aldrich.

V-2.2 CHEMICAL TREATMENT OF MISCANTHUS GIGANTEUS FIBERS

The surface of Miscanthus giganteus fibers was modified using the dicumyl peroxide (DCP).
All kinds of fibers were dried at 80°C in a conventional oven for 4 hours and then impregnated in a
solution (8 mg/ml) of DCP in acetone. The quantity of DCP was varied from 0.25 to 2.2 and 5 wt %
of the total mass used during the compounding step. Solutions were stirred for 30 minutes at 200 rpm
and fibers were then dried statically before the realization of composites until total evaporation of the

solvent, this last evaluated by gravimetric analysis.

V-2.3 COMPOSITE MANUFACTURING

Before processing, PHBHV pellets and raw fibers were dried under vacuum at 80°C for 4 hours
in order to avoid the presence of moisture during the mixing step. Composites with two different
content of fibers (20 wt % and 5 wt %) were realized by mixing together the matrix and the fibers,
modified or not, in a lab-scale twin-screw extruder (Minilab Thermo Scientific Haake). The
experiments were performed at 160°C (Te) with a screw speed of 60 rpm (n). The retention time for
the pure matrix was of 1 minute; this time was increased to 2 minutes in order to fully disperse the
fibers into the matrix. After recirculation, the molten material was shot in a micro-injection unit
(MiniJet Thermo Scientific Haake) at a variable pressure depending on the fibers weight fraction
applied for 30 seconds. A maintenance pressure, lower than that used during the phase of injection,
was applied for other 30 seconds. The collector and the mold temperatures were set at 165°C (T)) and
45° (Tm) respectively. The injection pressure was adjusted according to the increase of the polymer

melt viscosity with the fiber content in order to have entire specimens of 60 mm x 20 mm x 1 mm.
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V-2.4 MATERIALS CHARACTERIZATION

V-2.4.1 Gel fraction

After processing, the gel content for the composite PHBHVgoMIS2o (DCP) was evaluated by
solvent extraction. Samples (2 g) were extracted with 150 mL of CHCI3 using a Soxhlet for 24 hours.
The non-reacted PHBHV was extracted by the solvent, while gel and fibers were recovered after
extraction and dried until recovering constant weight. The knowledge of the total mass (gel + fibers)
and the knowledge of the fibers mass fraction present in the composite, allow to calculate the exact
weight of the gel and as consequence its percentage by gravimetric analysis using the following

expression:

Gel (%)= == 100 (V-1)
0
where Wger and Wo are respectively the dry weights of isolated gel and of initial material.
V-2.4.2 Mechanical testing

Tensile modulus, tensile strength and failure strain for all realized composites were evaluated
using an Instron 5965 Universal Testing Machine equipped with a cell load of 100 N. All specimens
presented standard dimensions according to ASTM638 and they were stored at 23°C before testing 8
days after the realization day. The mechanical characteristics of composites were evaluated by tensile
tests. For each type of composite 10 specimens were tested at a speed of 5 mm/min. At the end of the
mechanical procedures curves were averaged in order to obtain one averaged curve representative of
each type of composite. Tensile modulus values were calculated using the procedure already

described in the chapter 111 (see appendix 6A).
V-2.4.3 Scanning electron microscopy (SEM)

SEM observations were performed on the fracture sections of composites using a JEOL
JSM6301F scanning electron microscope. Prior to observation, the cross sections of analyzed
specimens were sputter-coated with a thin layer of gold. Images were recorded with an acceleration

voltage of 20keV at a working distance of 15 mm.
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V-2.4.4 Fourier Transform Infrared Spectroscopy (FTIR)

Specimens of PHBHV/MIS and PHBHV/MIS/DCP composites realized with fibers of 1 mm
length were solubilized in dichloromethane in order to separate fibers from matrix. Then, the collected
fibers were extracted for 3 times in 100 mL of dichloromethane at 54°C, stirring for 30 minutes at
200 rpm. Fibers were then dried before analysis. Infrared spectra of the extracted fibers were recorded
using a TENSOR27 Brucker apparatus equipped with an attenuated internal reflection accessory
using a diamond crystal (Digi Tech DLATGS Detector, 32 scans, 4 cm™) in the range 500-4000 cm"
!, These spectra were then compared with that of raw Miscanthus fibers. In order to quantify the
grafting of PHBHYV on the MIS fibers due to the DCP, the ratio Ry was calculated as follows:

1 .
R,= 1726 em™! (V-2)
L1604 nrl
where 11726 corresponds to the intensity of carbonyl group of PHBHV and lie04 corresponds to the
intensity of the esters present in the lignin structure. A measure of crystallinity was also evaluated
using another index: the crystallinity index (Cl) [50] which is the ratio of intensity of the band

sensitive to crystallization to the band insensitive to the crystallization, in our case defined as follows:

CI = L1225 en! (V-3)

1452 em -1

where l1225 is assigned to the C-O-C stretching mode of the crystalline parts and 11452 corresponds the

asymmetric deformation of the methylene groups.

V-2.4.5 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry experiments were performed on a PerkinElmer Diamond
DSC Apparatus. Sample of around 10 mg sealed in aluminum pans were initially heated from -60°C
to 200°C at 20°C/min, cooled down rapidly and then reheated in the same conditions used in the first
heating run. Melting point (Twm) and melting enthalpy (AHwm) were determined during the first heating.

The degree of crystallization (Xc) was then calculated using the following equation:

AH)y
AHp*W

X.(%)= *100 (V-4)

where 4Ho corresponds to the melting enthalpy of a 100% crystalline PHBHV (146 J/g) [62] and W
is the PHBHYV weight fraction present in each the blend realized.
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V-2.4.6 X-ray Diffraction (XRD)

Structural characterizations of Miscanthus fibers and PHBHV/MIS composites with and
without DCP were determined by X-Ray diffraction (XRD) using a D8 advance Bruker diffractometer
operating at 40kV and 40 mA with a CuKa radiation. The whole area investigated was in the range

260 ~ 5-40° at a scanning rate of 0.2°/min.
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V-3. RESULTS AND DISCUSSION

V-3.1 EVALUATION OF PHBHYV GRAFTING ONTO MIS SURFACE DURING PROCESSING
EVALUATED BY FTIR-ATR ANALYSIS

During the extrusion process, the peroxide decomposes creating free radicals that can react with
the macromolecular chains of the PHBHYV forming ternary radicals. These last have two possibilities,
they can react with vegetal fibers constituents or they can react each other with a cross-linking effect
on the PHBHYV. In this work DCP was not directly added into the extruder but fibers were previously
impregnated with DCP and then they were processed in the extruder with the matrix. This procedure
was preferred in order to promote the grafting effect instead of the cross-linking of the matrix. Using
this technique, different biocomposites were prepared varying the content of fibers (5 and 20 wt %),
the length of fibers (1 mm and 45 pm) and the content of DCP (0, 0.25 and 2.2 wt %). All composites

realized are listed in Table V-1.

Reference Sample MIS length DCP [wt%]
PHBHV - 0
1 PHBHV MIS, 1 mm 0
2 PHBHV MIS, 1 mm 0.25
3 PHBHV MIS, 1 mm 2.20
4 PHBHV MIS, 45 um 0
5 PHBHV MIS, 45 um 0.25
6 PHBHV MIS, 45 um 2.20
7 PHBHV, MIS | 1 mm 0
8 PHBHV, MIS | 1 mm 2.20
9 PHBHV, MIS | 45 um 0
10 PHBHV, MIS | 45 um 2.20

Table V-1. Composition of PHBHV/MIS composites at different fibers content (5 and 20 wt %)
length (1 mm and 45 pum) and DCP content (0, 0.25 and 2.2 wt %).

In order to show the presence of PHBHV chains grafted onto MIS surface, FTIR-ATR
spectroscopy analyses were carried out on the fibers extracted from biocomposites PHBHV¢sMISs
realized in the presence or in the absence of DCP (samples 1 and 3). The ratio (R1) between the peak
at 1726 cm corresponding to the carbonyl group of the PHBHV and the peak at 1604 cm™

corresponding to the esters of lignin was evaluated. Figure V-1 shows the superposition of FTIR-
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ATR spectra, the first of raw fibers, the second of fibers extracted from a composite with 5 wt % of
fibers in the absence of DCP (sample 1) and the last of fibers extracted from a composite with the

same fiber charge and adding 2.2% of DCP (sample 3).

1604 cm!

MIS from PHBHV MIS_(1)

Absorbance

MIS from PHBHV, MIS DCP (2.2%) (3)

' | ! I ' I ! | ' 1
1500 1600 1700 1800 1900 2000
Wavelength (cm™)

Figure V-1. FTIR-ATR spectra of MIS, MIS extracted from a composite PHBHVgsMISs (sample 1)
and MIS extracted from a composites PHBHV¢sMISs DCP (2.2%) (sample 3).

The figure shows a significant peak at 1726 cm™ typical of the carbonyl group of the matrix for
the fibers that were treated in the presence of DCP. This qualitative result suggests that the grafting
of PHBHYV onto MIS surface occurred. As shown in Table V-2 the ratio R1 increases with increasing
the quantity of DCP. This fact means that more PHBHYV was grafted onto the surface of the fibers.
When DCP is not used, no PHBHV was grafted onto the MIS surface and the ratio Ry is the same of

that obtained for the raw Miscanthus.
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R,= 11726 cm!
Reference Sample DCP[wt%] 7]
1604 cm-!
MIS -- 1.3+£0.01
1 PHBHV MIS, 0 1.3+£0.01
2 PHBHV MIS, 0.25 1.6 £0.02
3 PHBHV MIS, 2.20 3.4+0.04

Table V-2. Comparison of Ry values obtained by FTIR-ATR analysis as function of DCP content

for fibers of 1 mm raw and extracted from biocomposites PHBHVgsMISs (samples 1 and 3).

FTIR is also a useful analysis to evaluate the crystallinity of the PHBHYV after processing. The
band at 1726 cm™ is representative of the C=0 stretch present in the highly crystalline structure of
the matrix, while the small shoulder at 1740 cm™ represents the same stretch in the amorphous region.
The band around 1378 cm™ corresponds to the symmetrical wagging of the CHs groups and that at
1452 cm™ to the asymmetric deformation of methylene groups. These bands are considered as
insensitive to crystallinity and they can be used to evaluate the crystallinity degree. [16, 50]. In
particular, The bands at 1452 cm™ and that at 1225 cm™, this last corresponding to the C-O-C
stretching, were taken into account to calculate the crystallinity index (see figure V-2). This index
provides qualitative information about all changes that may occur in the crystalline structure of the

matrix.

1225 cm™

|

Absorbance

1452 cm*

|

T T T 1
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Figure V-2. FTIR-ATR spectrum of a PHBHV specimen in the range 2000-1000 cm™.
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The CI decreased from 1.07 for the neat matrix to 1 for a composite with 20 wt % of raw fibers.
Compared to PHBHV/MIS blends, DCP treatment reduced the crystallinity index to 0.94 for a
composite with 20 wt % of fibers. However, the decrease in the Cl values caused by both fibers length

and by the presence of DCP cannot be considered significant.

Reference Sample MIS length DCP [wt%] CI

PHBHV 0 1.07+£0.1
1 PHBHV, MIS, 1 mm 0 1.06 £0.2
3 PHBHV MIS, 1 mm 2.2 0.98+0.1
4 PHBHV MIS; 45 pum 0 1.00+0.1
6 PHBHV MIS, 45 um 2.2 0.95+0.3
7 PHBHV, MIS | 1 mm 0 1.00+£0.1
8 PHBHV, MIS | 1 mm 2.2 0.94+0.2

Table V-3. Crystallinity parameters of PHBHV and its composites determined by FTIR-ATR

analysis.
V-3.2 TENSILE PROPERTIES

Biocomposites at different fibers content, length and DCP percentage were realized by
extrusion and injection molding and the results of the mechanical tests are summarized in table V-4.
The incorporation of 5 wt % of raw fibers causes an increase in tensile modulus from 889 MPa (value
for the neat matrix) to 1074 MPa (sample 1). This increase is more significant for the composites
realized with 20 wt % of fibers, reaching the value of 1525 when fibers of 45 um were used (sample
9). For what concern biocomposites with 5 wt % of fibers realized in the presence of DCP, a decrease
in tensile modulus is observed for high content of DCP (samples 3 and 6) compared to their equivalent
realized with raw fibers (samples 1 and 4). DCP is known to cause the cross-linking of the matrix that

should exhibit an increase in tensile modulus [51]. Although the increase is not too much high, this
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effect is visible only for the composite PHBHVsoMIS20 (sample 8). A possible explanation for the
decrease in tensile modulus might be the decrease in molar mass due to the presence of high content
of DCP. In order to verify this hypothesis PHBHV was treated with DCP and then extruded and
injected following the same procedure for the processing of the neat matrix. The tensile modulus and
the molar mass were then evaluated by tensile tests and size exclusion chromatography analysis. The
PHBHYV showed a decrease in tensile modulus from 889 MPa to 782 MPa and a decrease in molar
mass from 100,000 to 54,000 g'mol™ indicating that the degradation of the matrix occurred. In the
case of the composite PHBHVgoMIS20 (sample 8) which exhibit an opposite trend, it may be possible
that the high fibers content has a positive effect on the mechanical seal of the biocomposite with DCP,

reducing the molecular chains scission and improving the fibers/matrix interactions.

It is well known that the incorporation of vegetal fibers causes an increase in Young Modulus
and at the same time a decrease in final strength [24, 63, 64]. This fact is due to a weak interaction
between the PHBHV and MIS fibers, impeding stress transfer in the two-phase interface. To improve
the adhesion of the fibers to the matrix, Miscanthus fibers were modified with different amounts of
DCP as described previously and the optimal DCP content was determined after the results obtained
by traction tests. At low content of DCP, typically 0.25 wt %, there is a slightly increase in the final
strength (samples 2 and 5) and this results are independent from the length of the fibers used as
showed in figures V-3 and V-4. A content of DCP of 2.2 wt % is sufficient to improve the maximum
strength and final strain for all composites and in particular for composites with 20 wt % of fibers,
whose tensile strength pass from 15.8 (sample 7) to 22 MPa (sample 8) as showed also by figure V-
5. When 5 wt % of DCP is used the material molten cannot be extruded because it undergoes a too
important crosslinking phenomenon, blocking the material in the recirculation zone of the extruder.
A content of 2.2 wt % seems to be a good compromise between the grafting effect and the cross-

linking phenomena.

We can affirm that the improvement of the stress transfer between the matrix and the
reinforcement can be achieved by using fibers of 45 um but also by using DCP during the extrusion.
Actually the use of DCP allows to better mechanical properties for the biocomposites. However at
high content of fibers, typically 20 wt %, the effect of fibers length is not visible on the final strength
(sample 9). Moreover, for the same composition, biocomposites cannot not be realized in the presence
of DCP due to a strong interaction between fibers (sample 10). The reason is that the totally surface
area exposed from these particles is very high and in the presence of DCP the material molten
undergoes a rapid fiber-fiber interactions accompanied also by a crosslinking phenomenon, this last
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preventing the realization of specimens by extrusion and injection molding in the same conditions of

the other composites.

The composite PHBHVgoMIS20 containing 2.2% of DCP and 20 wt% of long fibers (sample 8)
was judged as the optimum composition. In this context, the degradation of the neat matrix showed
in the presence of DCP, was strongly limited by the great number of fibers. All the mechanical results
are listed in the table V-4. The Soxhlet extraction on this composite has led to the determination of a
crosslinked portion of 23 wt % on the total matrix present in the specimens. Assuming a quasi-
constant density of the matrix if cross-linked or not (1.3 g/cm?3), this fraction was determinant in the

following paragraph to determine the effective mechanical properties of this composite.
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Figure V-3. Strain-Stress curves of composites PHBHVgsMISs (sample 1), PHBHVgsMISs with
0.25 wt % of DCP (sample 2) and PHBHVgsMISs with 2.2 wt % of DCP (sample 3).
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Figure V-4, Strain-Stress curves of composites PHBHVgsMISs (sample 4), PHBHVgsMISs with
0.25 wt % of DCP (sample 5) and PHBHVgsMISs with 2.2 wt % of DCP (sample 6).
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Figure V-5. Strain-Stress curves of composites PHBHVgoMI1S2o (sample 7) and PHBHVgMIS20
with 2.2 wt % of DCP (sample 8).
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DCP E Omax €r
Reference Sample MIS length
[wt%] [MPa] [MPa] [%]
PHBHV100 - - 889 +41 23.0+05 11+1.60
1 PHBHVgsMISs 1 mm - 1074 + 44 17.0+£1.7 45+0.89
2 PHBHVgsMISs 1 mm 0.25 1126 + 37 18.0+ 0.7 41+043
3 PHBHVgsMISs 1 mm 2.2 962 + 19 20.0+0.9 59+0.74
4 PHBHVgsMISs 45 pm - 1021 + 20 18.0+0.1 6.3 +0.27
5 PHBHVgsMISs 45 pm 0.25 1045 + 62 20010 5.3+0.60
6 PHBHVgsMISs 45 pm 2.2 938 + 55 22.1+04 8.3+1.09
7 PHBHVgMIS20 1 mm - 1267 + 90 15.8+0.7 3.9+£0.22
8 PHBHVgMIS20 1 mm 2.2 1358 + 52 220+1.0 4.8 +£0.46
9 PHBHVgMIS20 45 pm - 1525 + 84 17.0 £0.7 3.1+0.30
10 PHBHVgoMIS29 45 pm 2.2 - - -

Table V-4. Tensile properties of biocomposites determined by tensile tests.
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V-3.3 FRACTURE FACIES MORPHOLOGY

After traction tests, the fracture section of each specimen was observed by SEM in order to
evaluate the adhesion between the fibers and the matrix. These observations revealed two different
effects due to the presence of the DCP as deduced from mechanical tests. The first one is the
improvement of the adhesion between matrix and fibers showed in figure V-6A. Indeed, when
considering untreated fibers (cf. figure V-6B), a non-cohesive interface can be observed. This
indicates that the increase in ultimate strength for treated fibers is due to an improved stress

transmission between the composite different phases during the traction test.

The second effect that is less evident and it was evaluated by a zoom on a specific part of the
specimen where only matrix is present. In these zones there is an evident structural change of the pure
matrix (See figure V-7). This morphological change could be due to a cross-linking effect caused by
the presence of DCP. These zones are not homogeneous in all section. Moreover, the type of cross-
liking is different if long fibers are used instead of short fibers. In the case of composites realized
with short fibers the resulting network seems to be more compact than that obtained in the presence
of long fibers (Figure V-7D, V-7E). This fact support the mechanical results in which composites
with 5 % of short fibers present better mechanical properties than their equivalent with long fibers

and composites with 20% of short fibers cannot be extruded.

Matrix { < ) Matrix

Figure V-6. SEM images of PHBHV9sMISs composites realized with fibers of 1 mm treated with
DCP (A) and untreated (B).
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Figure V-7. SEM images of pure PHBHV (C) and of the matrix in the PHBHV9sMISs (DCP)

composites realized with fibers of 1 mm (D) (sample 3) and 45 pm (E) (sample 6).

V-3.4 CHARACTERIZATION OF BIOCOMPOSITES BY DSC AND XRD ANALYSES

The differential scanning calorimetry (DSC) was used in order to evaluate the thermal behavior
of the final composites. All the curves of the composites present two melt peaks due to the repartition
of crystallites of different dimensions typical of semi-crystalline polymers (Table V-5). Each peak is
characterized by two different melt temperatures (Tm1 and Tmz). Comparing the neat matrix and
composites realized with high content of raw fibers, typically 20 wt % (sample 7), no modification
thermal properties was detected. This fact means that Miscanthus fibers do not have an impact on the
crystallization behavior of the matrix. The presence of DCP during the processing step causes a
modification in melt temperatures, these last passing from 156 to 148°C (Twm2) and from 140 to 133°C
(Twm1) for a composite realized with 20 wt % of fibers in the presence of 2.2 wt % of DCP (sample 8)
as showed in figure V-8. At the same time, no change in crystallinity was detected for the same
sample. This result could be explained by the fact that DCP doesn’t alter the semicrystalline behavior
of the matrix, whose crystallinity degree remains at 31 %, but it could have a significant impact on
the crystallites size and shape.
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Reference Sample [VDVtCO/l:] li\r/gfh ;gi ;l;g EA;/Ig“]“ [)oj:]
PHBHV - - 140 156 46 31
1 PHBHV%MIS5 - 1 mm 140 154 45 32
3 PHBHV, MIS, 22 I mm 137 154 44 32
4 PHBHV, MIS, : 45um 140 159 48 35
6 PHBHV, MIS, 22 45um 138 156 43 31
7 PHBHV, MIS | i Imm 141 155 37 31
8 PHBHV, MIS, 22 1 mm 133 148 40 31

Table V-5. DSC data for PHBHV/MIS composites realized with fibers of 1 mm and 45 pum:
Twmiand Tmz (Melt temperatures); AHM (Melt Enthalpy); Xc (Cristallinity degree).

PHBHV, MIS, (DCP) (8)

Endo up

PHBHV, MIS, (7)

v I v I v I v I v 1
100 120 140 160 180 200
Temperature (°C)

Figure V-8. DSC first heating thermograms of PHBHV, PHBHVgMIS2g (sample 7) and
PHBHVgMISzo (DCP) (sample 8).

This shift at lower fusion temperature suggested a change in the crystallites dimensions. XRD

analysis was also conducted on the neat matrix and composites with 20% of long fibers realized with
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and without DCP (Figure V-9). PHBHV has a semicrystalline nature with characteristics peaks at
2theta around 13°, 17°, 21°, 22°, 25° and 27°, corresponding to planes (020), (110), (101), (111),
(121), (040) respectively in the orthorhombic crystalline lattice. The addition of MIS and DCP does
not alter the basic crystal structure of PHBHYV, being the reflections located at the same angle.

Moreover, the evaluation of Bravais parameters, showed that the lattice volume did not change.

—— PHBHV
2 El
z z
T T 1 T
10 20 30 40 10 20 30 40
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Intensity (a.u.)
Intensity (a.u)
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Figure V-9. XRD diffractograms of MIS, PHBHV, PHBHVgoMIS20 (sample 7) and PHBHVgMIS2o
(DCP) (sample 8).

V-3.5 ANALYTICAL MODELS

Our goal is now to provide in this section modeling approaches that, if they can mimic the
actual behavior of the composites, could be then used to provide an in silico design of composites
according to various applications. To this aim we used micromechanics analytical approaches [65-
68]. In these models, a perfect contact between the inclusions and the matrix was assumed. According

to Figure V-6, this assumption seems relevant.
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V-3.5.1 Use of a model involving three phases

The rule of mixture (ROM), respectively the Mori-Tanaka model (MT), are ways to analytically
derive the effective Young modulus of a multiphasic medium. Concerning the latter one, it is based
on Eshelby's elasticity solution for diluted particle inclusion in infinite matrix [68]. These two
methods require to properly describe the different components that form the composite (indexed “C”).
Here, we chose to consider three phases: the fibers (indexed “F”), the gel (cross-linked matrix,
indexed “G”) and the remaining matrix (indexed “M”). To apply these methods, it is necessary to
know the volume fraction &; and the bulk Young moduli E; of each phase (i = F, G or M). Thus the
Young modulus of the composite E. can be described through two functions of these 6 parameters:

EROM: Z QDiEl' :f}?OM(EF,EG:EM @E QDG, @W (V'5)

which respectively correspond to the mixing rule or the Mori-Tanaka approach. Knowing five of
these six parameters and the effective Young modulus of the composite, it is thus possible to recover
the sixth parameter. Note that the conservation of the volume may reduce the number of unknown
volume fractions since their sum is one. We decided to focus our attention on PHBHVgMIS20 (DCP)
(sample 8) and apply to this peculiar specimen the two methods (Mori-Tanaka and rule of mixture)
to evaluate its elastic modulus. To this aim, the fraction of gel &c was calculated using the
experimental procedure previously described (See section V-2.4.1). The value of @ can be easily
deduced from fiber mass content and density. By this way, the knowledge of two volume fractions
provides the last one thanks to the volume conservation law (@F + @c + &v = 1). The Young modulus
of the cross-linked matrix was evaluated experimentally, by testing specimens of neat matrix realized
in the presence of DCP (See paragraph V-3.2). The final values used to implement the models are
resumed in Table V-6.

179



Chapter V

Constituents Young Modulus [GPa] Volumetric fraction [%]
Miscanthus giganteus 45® 0.22
PHBHV 0.889 ® 0.60
Gel 0.782 ® 0.18 ©

Table V-6. Technical data for Young Modulus and volumetric fraction for Miscanthus giganteus,
PHBHYV and gel fraction. (a) Adapted from [69]; (b) Experimental value; (c) evaluated according to
procedure described in paragraph V-2.4.2.

V-3.5.2. Evaluation of Eg and @¢ by a mathematical approach

The application of the rule of mixture to composites realized in the absence of DCP showed
discrepancies between the real value of Young modulus and that obtained by ROM In particular, for
the composite PHBHVgMISzo (sample 7), the error between the experimental value and that obtained
with the ROM is quite important around 33%. This great differences could be due to the lack of
knowledge of the fibers Young modulus assumed equal to 4.5 GPa, this last value being taken from

literature data and possible stress concentrations within the matrix.

The Young modulus of the cross-linked matrix is one of the principal unknown of our system.
At first, we apply an experimental procedure to calculate this value. If we consider that the matrix
totally cross-links during the manufacturing step, this hypothesis allows to assimilate the Young
modulus calculated for specimens of neat PHBHYV realized with DCP to that of any cross-linked
portion present in our composite. Then, assuming that the nature of the cross-linked portion doesn’t
change when fibers are present in the blend, it is possible to perform analytical and numerical
approaches to estimate the effective modulus of the composite. However, the uncertainties related to
the values of Er, Eg and to the fraction of cross-linked matrix cause the re-opening of the discussion
about the value of moduli used in the models and question about the role of vegetal fibers in the blend

when DCP is present.

For this reason, at this step, we decided to use MATLAB R2007b software to map the variation
of Ec as function of the cross-linked fraction &g, by implementing a function F from the function
from defined by Eq. (V-5). If the values of Eg and @c are variable (Ec varied from 0 to 2 GPa and &
from 0 to 1- &F), the other parameters are those obtained through experimental procedures. The

function F reads as follows:
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F( @65, Eq) )=PrEp + PgiEcam+ (1-Pr-Pg ) JEr Eexp (V-7)

The zero-curve obtained from this function provides possible couples (@, E; ) checking the
experimental effective behavior. Note that this value is characterized by errors due to the standard

deviation associated to Eexp and to the assumptions made about Er.

V-3.5.3 Results of analytical and mathematical approach

The results of analytical simulations on the composite PHBHVgMIS2 (DCP) (sample 8) are
presented in Table V-7. The homogenized models with cylindrical and spherical inclusions
constituted the upper and lower boundary for the experimental values, the first one representing a
fully oriented configuration whereas the second one remaining isotropic. The discrepancies between
the experimental and approximated moduli can be, in part, explained by the bad repartition of the

fibers (see previous chapter).

MT model 3 phases ROM Experimental
Sample EMT_cyl EMT_sph Erom Eexp
[MPa] [MPa] [MPa] [MPa]
8 1655 1170 1655 1358 +£52

Table V-7. Comparison between Mori-Tanaka model, ROM and FE model and the experimental
value for the composite PHBHVgoMIS2o (DCP) (sample 8).

According to the results in Table V-6, models provided unrealistic values compared to the
experimental ones. This fact means that the uncertainties presented in the previous paragraph
concerning the Young modulus of the cross-linked matrix and the choice made on that of vegetal
fibers have a great impact on the determination of the elastic modulus of a composite partially cross-
linked.

The mapping operation conducted on specimens of PHBHVosMISs (sample 2, 3, 5 and 6)
presents the various lines of possible. When considering fully cross-linked matrix, that is to say
asymptotic values which corresponds to the total cross-link of the matrix, it remains more or less the
same notwithstanding the DCP concentration (See Figure V-10). Moreover, the Young Modulus Eg
find for these composites ranges between 0.6 and 0.8 GPa. These values agree with the experimental
modulus (0.782 GPa) evaluated on specimens of neat matrix totally cross-linked. More precisely,
lower values of modulus are obtained for higher DCP content (samples 3 and 6 were realized with
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2.2 wt % of DCP), while higher values of modulus for lower DCP content (samples 2 and 5 were
realized with 0.25 wt % of DCP).

This result indicates that the cross-linking phenomenon within the matrix is predominant when

compared to the grafting of fibers.

At this point, it could be interesting to investigate the effect of the fibers content in order to
understand their role when the reaction of PHBHV with DCP takes place. To this aim, composite
PHBHVgMIS2o (sample 8) was analyzed in the same manner and the result is showed in Figure V-
11. For this sample, the value of &g is known and equal to 0.179. It is evident that at this gel fraction,
Ec must be negative to obtain the experimental value corresponding to the composite. This fact means
that: i/ the analytical rule does not work well for high fiber content; ii/ the fiber content impacts the
PHBHYV cross-linking process in addition to DCP concentration.

For all described composites it seems that the mechanical behavior oscillates from one (typical
of specimens with 5 wt % of fibers) in which the content of fibers is too low to have a remarkable
impact on the stiffness of the material, to another (typical of specimens with 20 wt % of fibers) in
which the presence of high content of reinforcement influences not only the mechanical behavior but
also the reaction of DCP. This threshold effect due to the content of fibers was verified a posteriori,
realizing PHBHV-based composites with 10 wt % of short MIS fibers and 2.2 wt % of DCP (see
appendix V-5A for more details). The properties obtained for the additional specimen demonstrate
that the composite is similar to those realized with 5 wt % of fibers in terms of mechanical behavior
and in terms of cross-linking phenomena. Moreover, the fact that the realization of this composite by
extrusion and injection molding was possible is a further clue that the high fiber content behavior was
not reached for this composite (the processing at 20 wt % of short fibers being unrealizable).
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Figure V-10. Evaluation of Eg as function of &g for composites PHBHV9sMISs (samples 2, 3,

5 and 6).
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Figure V-11. Evaluation of Eg as function of &@¢ for composites PHBHVgMISzo (sample 8).
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V-4. CONCLUSIONS

Free radical grafting initiated by DCP via reactive extrusion led to the improvement of the
mechanical performances of PHBHV/MIS blends. A total amount of 2.2 wt% of DCP was found to
be the optimum content in order to achieve a good adhesion fibers/matrix with consequent
improvement in final strength and elongation at break of the biocomposites. Fibers sieved with a 45
um mesh sieve showed in general a better improvement of the mechanical properties. Although this
good result, the great interfacial area exposed by these little particles caused a limitation in the
processing step when a lot of these fibers were used. This fact led to the choice of the blend with 20
wit% of long fibers and 2.2% of DCP as the better solution realized in terms of mechanical results
obtained, less matrix degradation during the process and no significant change in crystallinity degree
due to the presence of fibers or DCP. The evidence of the grafting between the fibers and the matrix
proved by FTIR-ATR and SEM analyses and the knowledge of the gel fraction for this composite,
led to the implementation of analytical models. However, the Mori-Tanaka model with 3 phases (neat
matrix/cross-linked matrix/fibers) overestimates the mechanical behavior of the composite. The
mathematical approach used to evaluate the ranges of Young modulus of the cross-linked matrix and
of its volumetric fraction agree with the experimental values. However, this result is not true for
higher fibers content (typically 20 wt %) in which the presence of a lot of fibers influences the normal
reaction of DCP. A threshold effect correlated to the content of fibers is visible on the analyzed
specimens. The first behavior is that typical of a material without fibers while the second one of a
composite with a high content of fibers that is able to modify the normal reaction occurring between
DCP and PHBHV. This fact was also demonstrated by an additional tests with an intermediary
composition between those realized in which the mechanical behavior at 10 wt % of fibers is similar
to that of composites at 5 wt %. The possibility to substitute a part of the matrix with vegetal fibers,
the improvement of the adhesion fiber/matrix and the possibility to process these composites with
conventional techniques, all these factors suggests that the functionalization of natural fibers with
DCP appears to be a very promising way to improve the mechanical properties of any type of

polyesters.
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V-5. APPENDIX

V-5A. REALIZATION OF SPECIMENS PHBHV9oMI1S10 (2.2 % DCP)

In order to demonstrate the threshold effect due to the fibers when the reaction of PHBHV with
DCP occurred, we decide to realize a composite with an intermediate content of short fibers (between
5 and 20 wt %) and 2.2 % of DCP. Note that the realization of a composite with 20 wt % of fibers
and the same content of DCP was impossible due to the excessive cross-linking effect in the extruder.
Once realized, specimens were tested in the same conditions than the others (See paragraph V-2.4.2
for details). Mechanical properties and results obtained by the mathematical approach are resumed in

the table V-A1 and visible in Figure V-Al respectively.

Sample E [MPa] omax [MPa] er [%]
PHBHV9MIS10 (DCP) 1099 + 65 22+2.0 7+1.0

Table VV-ALl. Tensile properties of biocomposite PHBHVgMIS1o (DCP) determined by tensile tests.

0.9 r

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Figure V-AL. Evaluation of Eg as function of &g for composites PHBHVgMIS10 (DCP).

The properties of PHBHV9MIS10 (DCP) composite are similar to those realized with 5 wt % of fibers

in terms of mechanical behavior and in terms of cross-linking phenomena.
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Chapter VI

“There are two possible outcomes:

if the result confirms the hypothesis,
then you've made a measurement.

If the result is contrary to the hypothesis,
then you 've made a discovery.”

(Enrico Fermi)
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PROCESSING AND ACCELERATED AGING OF PLA/MISCANTHUS
COMPOSITES: CORRELATION BETWEEN MECHANICAL
PROPERTIES AND CHEMICAL AND PHYSICAL STRUCTURE OF THE
COMPOSITES

The production of biocomposites at large scale requires the use of abundant low cost matrix
and reinforcement, their easy availability and their processability by common industrial techniques.
In this last chapter, poly (lactic acid) (PLA) was chosen not only as green alternative to conventional
plastics such as polypropylene (PP) but also as a real inexpensive bio-based and biodegradable
matrix for the realization of PLA/Miscanthus composites. This chapter has essentially three main
goals concerning the improvement of fiber/matrix adhesion, the processing of composites and the
characterization of the long-term behavior of PLA-based composites. First of all, the chemical
modification of fibers based on the use of PMMS and DCP, successfully used in the presence of the
other matrixes treated in this work (PCL and PHBHV), was applied here to PLA. This treatment, was
used to increase the ductility of these composites and to favor the adhesion between fibers and matrix.
Secondly, two different processing methods (extrusion and injection molding vs mixing and
compression molding) were compared to identify the most appropriate process in term of matrix
structure (and possibly degradation) and consequently the final mechanical properties of the
composite. Lastly, the combined effects of different aging conditions such as temperature, UV and
humidity were evaluated, allowing to investigate the long term behavior of PLA-based composites in

different simulated environments and to well understand the degradation mechanisms of PLA.
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VI1.1. INTRODUCTION

Plastics derived from petrochemical resources or made from synthetic polymers retain their
physical and chemical structure for a very long time, increasing the quantity of waste products in the
environment. Many efforts have been made from the R&D sector to substitute conventional plastics
with biodegradable ones. Among all the existing polymers, PLA, a bio-based and biodegradable
polyester has been widely produced and used in these last years. Due to its renewable origin (corn
starch, sugar beet), its easy recyclability and compostability [1] , good mechanical properties and
relatively low cost [2], PLA represent a promising candidate to replace synthetic plastics in many
applications. Moreover, this polymer can be processed by conventional techniques such as extrusion,

compression and injection molding [3, 4].

PLA has been largely used in biomedical applications for drug delivery or scaffolds due to its
hydrophobicity and biocompatibility respectively [5-7], and it has also been used for food packaging
applications [8, 9]. The polymer has been also mixed to vegetal fibers [10-13] such as kenaf [14, 15],
bamboo [16], miscanthus [17], ramie [18], cellulose [19, 20]. These fibers are biodegradable with a
low impact on the environment [21-23]. Moreover, they can be treated at processing temperature of
PLA without significant degradation or abrasion of processing equipment [24]. Although plant fibers
improve the mechanical properties of the final composite and allow to reduce the total costs, the
performances of the composite in terms of durability are limited by the external conditions at which
the composite is exposed, typically humidity, high temperature and UV exposure, as showed in a
previous works [25]. The aging of the composite is caused by a variety of mechanisms involving not
only the neat PLA, such as hydrolysis [26-28], thermal oxidation [29-31], photo oxidation [32] and
natural aging, but also the hydrophilic fibers which naturally contain moisture and that can accelerate
the degradation process [29]. This is the reason why many researchers have tried to study the effect
of aging conditions on composites realized with fibers whose surface was previously modified with
a chemical agent [33]. Another important point is the sensitivity of PLA to the processing method.
Changes in crystallinity may occur for different applied cooling rates and shear stresses levels,

causing a great variability of the mechanical properties [34, 35].

This work aims to provide a comparison on the processing (see figure VI-1) and aging methods
used for PLA and its composites realized with 20 wt % of Miscanthus giganteus (MIS) fibers. Two
kinds of chemical treatment of fibers were used: the first one was based on the grafting of PLA to

vegetal fibers in the presence of DCP (method A, figure VI-1) and the second one on the grafting of
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PLA to the fibers previously impregnated with PMMS (method B, figure VI-1). These specimens
were realized using different techniques and they were compared to composites realized with raw

fibers, as well as with the reference pure PLA matrix.

One of the main purposes of this work was to investigate the effect of three processing methods,
such as compression molding with (MC) and without mixing (C, only used for the neat PLA matrix)
and extrusion and injection molding (EI) on the thermal, mechanical and physical properties of neat
PLA and PLA/MIS composites, in which fibers were raw or modified using peroxide and siloxane as
reactants. The second purpose of this work was to understand the long-term behavior of the neat
matrix and its biocomposites under the combined effect of temperature, UV and humidity,
establishing relations between the aging conditions and the global mechanical properties of the final
materials. To this aim an accelerated photo-aging in the presence of oxygen at 47 + 5°C and 50% of
humidity was carried out for a total time of 500 hours. This study intends to be a systematic and
rigorous investigation of processing and accelerated aging effects on PLA and its composites. The
profound knowledge of the existing relationships between mechanical strength and changes in the
macromolecular structure of the polymer will allow us to determine the optimal process to be used
for the preparation of future composite materials and the optimal life conditions of these types of
composites.
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Figure VI-1. Manufacturing methods of PLA-based composites.
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VI-2. MATERIALS AND METHODS

VI1-2.1 MATERIALS

The poly(lactic acid) (PLA) used for these experiments was the Ingeo2003D purchased by
NatureWorks (USA). This grade was recommended by the producer for the extrusion process and
packaging applications. The polymer has a MFR of 6 g/10 min at 210°C and 2.16 kg load and a
density of 1.24 g/cm®. Miscanthus giganteus (MIS) was provided by Miscanplus (France). It came
from a spring crop roughly chopped and subsequently milled and riddled with a 500 pum mesh sieve.
Poly(mercaptopropyl)methylsiloxane (PMMS) was purchased from Abcr GmbH & Co. (Germany).
The dicumyl peroxide (DCP) at 98% was provided by Sigma Aldrich.

V1-2.2 CHEMICAL TREATMENT OF MISCANTHUS GIGANTEUS FIBERS

Two different reactants were used to treat the surface of vegetal fibers. In the first method, the
surface of Miscanthus giganteus fibers was modified using the PMMS as chemical agent. Fibers were
impregnated in a solution 40 g/l of PMMS in dichloromethane for one hour. More precisely 20 g of
PMMS were solubilized in 500 ml of dichloromethane and then 20 g of fibers were added to the
solution and stirred at 200 rpm. After impregnation, fibers were filtrated and dried in atmospheric
conditions until weight reached a constant value. At the end of the procedure, fibers coated with

PMMS had an average weight gain of around 27% (cf. method B in figure VI-1).

The second method consists in an impregnation of the dried fibers in a solution 8 mg/ml of DCP
in acetone. Fibers (a total amount of 8 g) were stirred for 30 minutes at 20 rpm in a solution containing
880 mg of DCP solubilized in 110 ml of acetone. They were then dried statically before the

preparation of composites (cf. method A in figure VI-1).

V1-2.3 COMPOUNDING WITH INTERNAL MIXER AND MANUFACTURE OF COMPOSITES

BY COMPRESSION MOLDING

Before processing, PLA pellets and raw fibers were dried at 80°C under vacuum for 24 hours
in order to remove moisture. PLA is very sensible to hydrolysis and as recommended by the producers
the moisture content before processing must be less than 0.025%. Matrix and fibers were mixed for
10 minutes using a Brabender W 50 EHT internal mixer operating at 180°C and 50 rpm. The

compounding consisted of two steps. At first the polymer pellets were melted in the internal mixer.
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After a decrease in the torque value was observed, 20 wt% of fibers, chemically treated or not, were
added little by little in order to prevent clustering of fibers. The mixing was continued for 10 minutes
for all composites except for those prepared using fibers modified with DCP. For the latter, in order
to avoid the crosslinking of the matrix within the Brabender, the mixing time was set to 5 minutes.
After mixing, all the blends realized, were dried at 80°C under vacuum for 24 hours and then they
were compressed to 1 mm thick plates. During the compression molding, the blends were heated at
200°C for 7 minutes. Two different steps were applied, the first one with a pressure of 20 kg/cm? for
10 minutes and the second one at 40 kg/cm? for 5 minutes. Mold and samples were cooled down to
room temperature with a water cooling system. All specimens were kept in a room with controlled
temperature and humidity (23° C and 50% RH) for at least 48 hours prior further testing. In alternative
to this procedure, PLA pellets were directly compressed after drying using the same conditions. The
objective was to evaluate the influence of the mixing and of the intermediary drying on the mechanical
properties of PLA alone. The mixing and compression and the simple compression will be indicated
from now with the letters MC and C respectively. Relevant parameters used are listed in the table VI-
1.

VI-2.4 COMPOUNDING WITH A TWIN-LAB EXTRUDER AND MANUFACTURE OF

SPECIMENS BY INJECTION MOLDING

PLA and raw fibers were dried at 80°C under vacuum for 24 hours before processing. Polymers
pellets and treated or untreated fibers were mixed using a lab-scale twin-screw extruder (Minilab
Thermo Scientific Haake). The experiments were performed at 180°C with a screw speed of 50 rpm.
The retention time for the pure matrix was of 1 minute; this time was increased to 2 minutes in order
to well disperse fibers into the matrix. After recirculation, the extruded molten material was
transferred and shot in a micro-injection unit (MiniJet Thermo Scientific Haake) operating at 210°C
at a fixed injection pressure for 30 seconds. A maintenance pressure, lower than that during the phase
of injection, was applied for other 30 seconds. The pressures values were adapted to the viscosity of
the molten blends in order to fill completely the mold during the injection molding. Specimens of
standard dimensions were then obtained and stored for 48h before testing. This method will be

indicated from now by the letters El and relevant parameters are also listed in table VI-1.
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Reference  Method [Tc\:ll [t*rﬂ: 1 [n?iln| |;%| |°Tén] [n:;n] [bfa;lrl |n:;n] |bI:12r] |n:§n|
EI A 180 50 2 210 Variable" - Variable® 0.5 Variable" 0.5
MC B 180 50 10 - 200 7 20 10 40 5
C C - - - - 200 7 20 10 40 5

* Variable values depending on the viscosity of the blend

Table VI-1. Processing parameters for the three processing methods: Tm (Melt temperature); rpm
(rotation speed); tm (mixing time); T (injection temperature); Tm (mold temperature); tc (contact
time), P1, P2 (first and second pressures), t1 and t2 (time of contact 1 and 2).

V1-2.5 ACCELERATED AGEING

One of the objective of this study was to evaluate the long-term behavior of neat PLA and its
composites. To this aim, the effect of combined parameters, such as temperature, UV and humidity

were studied.

At first, specimens of PLA (C) and PLAgsoMISz0 (MC) previously cut and notched on one side
(see section VI-2.1 for more details) were UV aged for 250 hours at 32°C in a dried environment.
Aging was carried out in a Solarbox 3000e chamber from Erichsen equipped with a filtered Xenon
lamp with radiative thermal flux of 550 W.m. The light of the xenon lamp was filtered under 280
nm with an UV window combined with IR filter glasses. After aging, all specimens were stored in a

thermostatic chamber at 23°C and 50% of humidity before fracture tests.

In a second time, another accelerated aging was conducted in the same machine at 47 + 5°C
and 50% of relative humidity for a total exposure time of 500 hours on the neat matrix realized by
direct compression of granules (PLA(C)) and also on PLAgMIS2 (MC) and PLAgMIS2o (DCP)
(MC) composites realized by mixing and compression molding. Samples realized with fibers
modified with PMMS were not investigated here due to their lower mechanical resistance than the
others. This machine can create an accelerated environment of the natural weathering conditions,
simulating materials conditions during its lifetime, i.e., daylight exposure to heat, oxygen and
humidity. The effect of temperature combined with UV and humidity was then evaluated by tensile
tests every 250 hours by thermal and spectroscopy analyses. All specimens realized with different
methods and aged according to the procedure described above are summarized in table VI-2 and

identified by a reference number in order to simplify the description of future results.
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Sample Method Composition DCP [wt %] Aging
1 C PLA - -
I C PLA - 250h (47°C, 50%RH)
17 C PLA - 500h (47°C, 50%RH)
1 C PLA - 250h (32°C, 0% RH)
2 MC PLA - -
3 El PLA - -
4 MC PLA,MIS,, ; ]
4 MC PLA, MIS,, - 250h (47°C, 50%RH)
47 MC PLA, MIS,, - 500h (47°C, 50%RH)
4 MC PLA,MIS,, - 250h (32°C, 0% RH)
5 EI PLA,MIS,, ; ]
6 MC PLA,MIS, (DCP) 2.2 -
6’ MC PLA,MIS,  (DCP) 2.2 250h (47°C, 50%RH)
6” MC PLAMIS,  (DCP) 2.2 500h (47°C, 50%RH)
7 El PLAMIS,, (DCP) 2.2 -
8 MC PLA., MIS,, PMMS;s5(DCP) 2.2 ;
9 El PLA., MIS,; PMMS; s(DCP) 2.2 ;

Table VI-2. Description of principal samples realized. PLA: poly(lactic acid); MIS: Miscanthus

giganteus fibers; DCP: dicumyl peroxide; PMMS: poly(mercapropropylmethylsiloxane).
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VI1-3. MATERIALS CHARACTERIZATION

V1-3.1 MECHANICAL CHARACTERIZATION

The tensile properties of all the specimens realized by simple compression (C) and mixing and
compression molding (MC) were studied using an Instron 1121 Universal Testing Machine equipped
with a 500N load cell. All types “5 dumb-bell specimens” were obtained using a die cutter according
to 1ISO 527-3. The displacement of the specimens were evaluated using a camera that tracks the
position of markers placed on the surface of the test specimens. The recorded video was then
converted in a series of frames that were processed with ImageJ software to determine accurately the

strain of each specimen.

All samples realized by extrusion and injection molding were tested by an Instron 5965
Universal Testing Machine equipped with cell load of 2 kN. In this case the strain was estimated by
the crosshead displacement. All tensile tests were performed at a constant displacement rate of 2
mm/min. In order to evaluate the fracture toughness K;of PLA (C) and PLAgoMISzo (MC) composites
aged and not (the index I refers to mode | fracture), LEFM (Linear Elastic Fracture Mechanics) was
considered as the best solution. In this case the stress intensity factor K, completely characterizes the
stress field around a crack tip. To this aim, single edge notched tensile (SENT) specimens having
dimensions of 50x20x1 mm (HxWxd), with initial notch length of 10 mm (ao) were realized. Notches
were made via automated “chisel-wise” cutting on one side of specimen. Tests were conducted at a
constant displacement rate of 2 mm/min and in standard conditions (23°C and 50% RH) using an
Instron 1121 Universal Testing Machine. Figure VI-2 shows the specimen used for this type of test,

in which H refers to the gauge length, the actual sample being longer to allow for firm gripping.

W=20 mm

— H=0.46x2xW

a=10 mm

Figure VI-2. In-plane dimensions of the samples used for fracture tests. The value of H refers to the

gauge length, with the samples being longer to allow for firm gripping.
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The stress intensity factor was calculated using the following equation:

K, = a+vmao (VI-1)
Where “a” is a geometry factor, “a” is the notch length and “c” is the nominal stress applied to the

specimens during the tensile test.

V1-3.2 DIFFERENTIAL SCANNING CALORIMETRY (DSC) ANALYSIS

The thermal behavior of neat PLA and PLA-based composites was analyzed using a
PerkinElmer Diamond DSC Instruments. Around 10 mg of each sample were introduced into
aluminum pans and were then analyzed. The samples were first heated from 20°C to 200°C with a
heating rate of 10°C/min, kept isothermal for 1 min at 200°C, then cooled down to 20°C at 100°C/min
and finally heated again to 200°C with a heating rate of 10°C/min. The first heating run was
considered for determining the melt temperature (Twm) and melting enthalpy (AHwm) of samples, while
the second run was considered for determining the glass transition temperature (Tg). The crystallinity

(Xc) of the PLA phase was calculated by the following equation:

AH,
Xe (%) = £ HO*A;/ - *100 (VI-2)

where AH% is the enthalpy of melting per gram of 100% crystalline PLA that is 93.6 J/g and W is the

weight fraction of PLA in the specimen [36].

V1-3.3 X-RAY DIFFRACTION (XRD) ANALYSIS

In order to evaluate structural change due to processing and aging, the neat PLA and its
composites were analyzed using a D8 advance Bruker diffractometer operating at 40 kV and 40 mA

with a CuKa radiation. The angle range investigated was 26 ~ 5-40°.

V1-3.4 FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR)

Quialitative changes in crystallinity due to the process and to the aging were evaluated using
infrared spectroscopy on samples of neat PLA and its composites. All spectra were recorded using a
TENSOR27 Bruker apparatus equipped with an attenuated internal reflection accessory using a
diamond crystal (Digi Tech DLATGS Detector, 32 scans, 4 cm™) in the range 500-4000 cm™.
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V1-3.5 SIZE EXCLUSION CHROMATOGRAPHY (SEC)

The changes in molecular characteristics were obtained by size exclusion chromatography
(SEC) equipped with a refractive Index detector (Shodex) and a light scattering detector (Wyatt dawn
8+). The calibration of SEC equipment was based on polystyrene standards. All analyses were
performed in THF as the eluent at a flow rate of 1 mI*min*. The PLA solutions in THF (10 mg*ml-
1y were prepared and analyzed. Results were treated using Astra V software. At the end of data
treatment, the molar mass and the polydispersity index were evaluated.

V1-3.6 SCANNING ELECTRON MICROSCOPY (SEM)

The morphological appearance of tensile fractured surfaces of specimens was investigated
using a Merlin Zeiss scanning electron microscopy. Samples were sputter-coated with a thin layer of
palladium in a Cressington 208 HR sputter-coater. Images were recorded with an acceleration voltage
of 10keV and at different magnifications. Different zones of specimens, with particular attention to
the interface fiber/matrix, were observed in order to have information about the effect of processing

and aging on the cohesion of fibers to matrix.

VI-4. RESULTS AND DISCUSSIONS: PART |. EFFECT OF
PROCESSING ON THE PROPERTIES OF PLA AND PLA-BASED

COMPOSITES

VI1-4.1 INFLUENCE OF PROCESSING ON THE CHARACTERISTICS OF PLA EVALUATED
BY FTIR, XRD, SEC AND DSC

In this work different processing methods (see figure VI-1) already described in paragraph VI-
2.3 and VI1-2.4 were used to realize specimens of neat PLA and PLA/MIS composites. This matrix is
very sensitive to the processing conditions [34, 35] and for this reason it seems necessary to
investigate the effect of processing on the microscopic structure of PLA. At first, infrared
spectroscopy analysis (FTIR) was used to detect qualitative changes in the crystallinity structure. The
principal band assignments for neat PLA were identified according to the literature data [37] and they
are listed in more details in table VI-3. Once recorded, spectra were normalized using the peak at

1454 cm™, corresponding to the methyl group of PLA. This peak was chosen because it doesn’t vary
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significantly after chemical modification or processing. Specimens of neat PLA realized by different
processing were analyzed and spectra were recorded (figure VI-3). Extruded and injected PLA
specimens (EI) showed a decrease in C=0 ester and in the C-O peaks whereas mixed and compressed
ones (MC) showed an increase in the same bands. Evident changes in the zone between 725 and 955
cm, which is related to the crystalline zone of PLA that are present for PLA (C) and PLA (MC)
samples as showed by the zoom of these zones in figure VI-4. However, these results provide only

qualitative information about changes in the crystalline structure of PLA.

v (cm) in literature [32, 37, 38] v (cm”) in this work Attribution
3504 - VOH
2995 2995 Ve,
2945 2945 v,
1754 1747 Vc=0
1450 1454 S,
1382 1382 dcu
1361 1358 dcH
1263 1261 vcoc
1193 1180 vcoc
1100 1080 vcoc
1045 1042 dc-oH

Table VI-3. Typical bands assignment for PLA.
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Figure VI-3. FTIR-ATR spectrum of PLA realized by compression (C), mixing and compression

(MC) and extrusion and injection (El). Normalization at 1454 cm™ assigned to chs.
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Figure VI-4. FTIR-ATR spectra of PLA processed in different ways in the zones 1650-1850 cm™

and 750-1350 cm™. Normalization at 1454 cm™ assigned to chs.

Other analyses, such as XRD and DSC analyses can show more precisely a change in the
crystalline structure of PLA. From literature, it is known that PLA presents one peak at 20 = 16.4°

corresponding to the 110 reflections and two smaller peaks at 19.1° and 32° corresponding to planes
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010 and 203, respectively, in the orthorhombic lattice [39]. XRD of neat PLA specimens realized in
different ways were performed and diffractograms were compared in figure VI-5. PLA (C) and PLA
(MC) showed a typical amorphous behavior, while the PLA (EI) showed peaks typical of the
crystalline structure located at 17.2°. The difference between these XRD results is most certainly
induced by the different processing conditions used in each case. The compression molding didn’t
favor the formation of orderly polymer chains, thus inhibiting the development of polymeric crystals.
On the contrary, shear stresses applied during the extrusion or injection molding processes is likely

to cause an increase in crystallinity degree.

2 PLA(EI)
>
‘©
(5

= PLA(MC)

PLA(C)

' I ' I ' I ' I ' I ' 1

10 15 20 25 30 35 40
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Figure VI-5. XRD of PLA (C) (black curve), PLA (MC) (blue curve) and PLA (EI) (red curve).

The results obtained by XRD and FTIR were confirmed by thermal analysis (see table V1-4).
Sheet of neat matrix realized in 3 different ways showed a slight decrease in Twm (from 152°C to
149°C) and also an important increase in crystallinity degree from 2% for the PLA (C) (sample 1) to
19% for the PLA (MC) (sample 2) and 32% for the PLA (EI) (sample 3). Processing methods such
as extrusion or injection molding in which high shear stresses are applied are able to enhance the
crystallization of PLA. The almost completely amorphous nature of PLA (C) (sample 1) could be
explained by two distinct raisons. First of all, all specimens realized by mixing and compression were

dried twice: before mixing and between the two processing steps. In all cases drying was carried out
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at a temperature above the T4 of the polymer (80°C for 24 hours). This intermediate drying causes a
change in the color of matrix from transparent to white (images are not reported here), the latter
occurrence suggesting an increase in crystallinity. Specimens of PLA (C) were not dried a second
time, being the dried granules directly compressed. In order to demonstrate that the temperature has
a role in the change of the crystalline structure of the polymer, specimens of PLA (C) were annealed
for 24 hours at 70°C (T4 +10°C). In this case a slight increase in crystallinity from 2 to 7% was
observed. In a second thermal cycle, temperature was increased to 100°C (T4 + 40°C) and the same
samples were reheated for 24 hours. In this case, the crystallinity degree finally observed was of 21%
The results, presented in table VI-5, show that the thermal history of the polymer plays a role on its
ability to crystallize and that the molecular movements of the polymer chains are favored by higher
temperatures. Secondly, at high compression pressure the crystallization of PLA can be prevented,

despite the low cooling rate.

The composites PLAgoMIS20 (samples 4, 5) showed no significant changes in the degree of
crystallinity, while those realized in the presence of DCP (samples 6, 7) showed a decrease in Twm
from 151°C (sample 6) to 147°C (sample 7), but not in the percentage of crystallinity, showing that
for these composites changes in crystallinity concerned the dimensions of crystals that became
smaller due to the extrusion and injection processing (See figure VI-6). Comparing the PLA (MC)
(sample 2) with the composite obtained in the same conditions (sample 4), an increase in crystallinity
was observed for the composites (from 19% to 25%). This result could be explained by the formation
of trans-crystalline zones formed around the fibers as showed in previous works [17, 40]. The same
comparison for the materials realized by injection molding (samples 3 and 5) showed an opposite

trend, indicating that fibers in this case did not act as nucleation points.
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Figure VI-6. DSC curves for PLAgMIS2 (DCP) (sample 6 and 7).

Sample Method T Al T Re
[°C] [J/g] [°C] [Yo]
- Virgin PLA - 152 29 61 31
1 PLA C 151 2 61 2%
2 PLA MC 152 18 61 19
3 PLA EI 149 30 61 32
4 PLA MIS,, MC 151 19 61 25
5 PLA, MIS, EI 151 22 61 29
6 PLA MIS,, (DCP) MC 151 21 61 28
7 PLA MIS, (DCP) EI 147 20 59 27

*The value of this point has been clarified in the table VI-5.

Table VI-4. Effect of process on the thermal properties of neat PLA and its composites.
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Sample T, [°C] t [h] T, [°C] t, [h] Xe [%]
PLA (C) - - - - 2
PLA (C) 70 24 - ; 7
PLA (C) 70 24 100 24 21

Table VI-5. Crystallinity degree of PLA(C) after heating at 70°C and 100°C for 24h.

The sensibility to moisture of PLA is a well-known problem affecting the properties of this
matrix in particular during the processing step. For this reason SEC analysis was also used to detect
all changes in molar mass (Mn) and polydispersity index (PI) of PLA samples realized by different
methods and the results are showed in table VI-6. The polydispersity index shows a little increase
from 1.2 for a virgin PLA to 1.4 for the PLA (MCJ/EI) (samples 2, 3). A decrease in M for specimens
of PLA (EI) (sample 3) is also visible. In general a decrease in molar mass occurred for specimen
subjected to high shear stresses, indicating that the processing methods have an direct impact not only
on the reduction of fibers aspect ratios (values not reported in this chapter but shown in Chapter I11),

but also on the degradation of polymer chains.

Reference Sample PI M, [g/mol]
- Virgin PLA 1.2 136000
1 PLA (C) 1.4 105000
2 PLA (MC) 1.3 111500
3 PLA (EI) 1.4 98300

Table VI-6. Molar masses (Mn) and polydispersity index (PI) of PLA realized by different

processing methods.
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V1-4.2 EFFECT OF PROCESSING ON THE MECHANICAL PROPERTIES OF NEAT PLA AND

PLA-BASED COMPOSITES

The mechanical properties, which are of fundamental importance in this study, were evaluated
through tensile tests on specimens realized by different processing methods already described and
resumed in table VI-2. In general, the addition of vegetal fibers caused an increase in elastic modulus
and a decrease in elongation at break due to the reinforcing effect of fibers as showed in previous
works [17, 41, 42]. In our case we observed an important increase in Young Modulus from 3500 MPa
(sample 2) to 5194 MPa for the composite reinforced with 20 wt % of fibers (sample 4). The value
obtained is higher than that obtained by other researchers for the same compositions and
reinforcement type, the latter reaching values of 2422 MPa. Moreover, if compared to
poly(propylene), values obtained are much higher (1270 MPa) [41].

The weak adhesion between fibers and matrix, with a consequent inability to transfer stress at
the interface between the two phases, was suggested by the decrease in final strength from neat PLA
(samples 1, 2, 3) to all composites realized (samples 4, 5, 6, 7, 8 and 9) independently from the
production method (figure VI-7). This decrease is more evident in the case of fibers modified with
PMMS indicating that this type of fibers modification didn’t have the expected result on PLA. PMMS
is a more ductile polymer than PLA, but its presence in this case is not sufficient to improve the
adhesion fibers/matrix as showed for example in other works in which a strong increase in mechanical
properties were found for poly(e-caprolactone) (PCL)-based composites [43].

Comparing the processing methods, an increase in final strength and at the same time a decrease
in Young Modulus occurred for specimens realized by extrusion and injection molding. The increase
in final strength could be explained by the fact that shear stresses applied during extrusion and
injection molding enhance the crystallinity of PLA [35, 44, 45] . The DSC analyses showed in the
previous paragraph are a further confirmation of this result. Moreover, virgin PLA constituted by
extruded granules have the same crystallinity of extruded and injected samples. At the same time, the
degradation of the polymer matrix suggested by SEC analysis might explain the decrease in Young
Modulus.

Torque values and temperature profiles reported in figure VI-Al (appendix VI-7A), showed
that a mixing time of ten minutes is sufficient to homogenize fibers and matrix for all composites
realized (torque and temperature profiles reach a constant value) except for composites 6 which tests
were stopped at five minutes in order to avoid the cross-linking of the matrix in the Brabender mixer.

Actually, in the case of fibers modified with DCP (samples 6, 7, 8 and 9), the expected result

was an increase in elongation at break and in final strength due to the presence of DCP as showed in
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previous works [43, 46, 47]. This increase is essentially due to an improved adhesion between the
reinforcement and the matrix that allows the material to resist to a higher stress.

However, in this study, results suggested that DCP had a negative effect on the mechanical
properties of composite, resulting in no significant change in final strength and in a decrease in Young
Modulus. Similar results were also found elsewhere [34]. In order to understand if this trend is
correlated to the DCP quantity, we tried to increase DCP content from 2.2 to 5 wt %. However, the
formed product had a totally crumbly texture (see figure VI-B1 in Appendix VI-7B) and it was
impossible to use the compression molding technique to obtain convenient specimens.

Despite PLA being an aliphatic polyester such as PCL and PHBHYV, the grafting in the presence
of DCP is less efficient. In all cases DCP creates radicals able to abstract a hydrogen in the
macromolecular chain, promoting grafting, but in the case of PLA B-scission reactions may occur
explaining in this way the poor mechanical results obtained. Notwithstanding this remark, figure VI-
7 shows that these composites represent a good compromise between high Young Modulus and good
final strength. For this reason, in the next section focusing on the aging of these materials, only
specimens of PLAgoMISzo prepared with and without DCP will be taken into account. These results
were than compared to those obtained for the neat matrix. Referring to the latter, no difference in
terms of mechanical results were found for samples of neat PLA (MC) and PLA (C) (table VI-B1 in
appendix VI-7B).

Actually, one of the aims of this study is to find the best processing method in terms of rapidity,
minor cost and low impact on polymer structure and properties. The above results concerning the neat
matrix suggests that PLA can be easily processed by direct compression of granules. This procedure
allows to optimize time, reducing the degradation of the polymer matrix. However, the direct
compression can’t be used for the realization of biocomposites for which a homogenization step
(mixing or extrusion) is necessary. Although mixing and compression molding method results in
polymers with low degree of crystallinity and lower final strength, it has several advantages such as
the rapidity and the absence of orientation effect of the fibers, resulting in a more isotropic material.
Moreover this process is considered as less aggressive due to lower shear stresses applied during
mixing, resulting in a minor reduction of the fibers length (aspect ratio not reported in this work). For
all these positive features in the next section all composites subjected to certain aging conditions were

prepared by this processing technique.
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Figure VI-7. Young Modulus vs Final strength for mixed and compressed (m) and extruded and

injected (0) specimens.

V1-4.3 ANALYSIS OF FRACTURE SURFACE BY SEM

The effect of different processing can be also evaluated by SEM images recorded on the cross
section of samples after traction tests, focusing the attention on the general appearance of the matrix
and on the interface fiber/matrix. The failure type and the orientation of fibers into the continuous
phase can be evaluated. Figure VI-8 shows the comparison between a composite with 20 wt % of
fibers realized by extrusion and injection molding (EI) (figure VI-8 A) and the same composite
realized by mixing and compression molding (MC) (figure V1-8 B).

The compressed samples showed a typical brittle failure, while injected samples showed a
plastic failure. In all cases fibers were pulled out from the matrix indicating that the adhesion
fiber/matrix was poor. In the case of compressed samples it seems that the adhesion of the fibers to
the matrix is better than that of injected samples. Moreover the figures show also the different
dispersion of fibers in the continuous phase, due to the different processing techniques used. As could
be expected, compressed samples seem more isotropic than the injected ones in which an orientation
of the fibers in the direction of the material molten flux is firstly due to the extrusion and then to the
injection molding. The anisotropy and isotropy of injected and compressed samples respectively were
also verified by visual observation on the different samples (images not reported in this work).
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R AN o

Figure VI-8. SEM images of PLAgoM ISy realized by extrusion and injection molding (A) and by

mixing and compression molding (B).
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VI1-5. RESULTS AND DISCUSSIONS: PART Il. EFFECT OF AGING ON

THE PROPERTIES OF PLA AND PLA-BASED COMPOSITES

V1-5.1 EFFECT OF AGING ON THE CRYSTALLIZATION BEHAVIOR AND DEGRADATION
OF PLA EVALUATED BY FTIR, DRX, DSC AND SEC

In this section the effect of UV, temperature, oxygen and humidity on the properties of PLA
and its composites were described. When UV are used at ambient temperature and in the absence of
humidity no change in the polymer structure was detected using FTIR, XRD and DSC analyses.
Spectra, diffractograms and thermograms of PLA (C) (sample 1°°” in table VI-2) and PLAgoMIS2o
(MC) (sample 4°>* in table VI-2) before and after aging are perfectly superimposed. These results
suggest that a UV exposure time of 250 hours has no effect on the crystallinity of PLA and its
composites in the absence of humidity and high temperature.

For this reason, a photo-oxidative aging was then carried out at 47 £ 5°C and 50% of humidity.
Accordingly to the literature [48] a new band should appear at 921 cm™ indicating the presence of
alpha crystals. In our case, we didn’t observe this effect on the neat matrix. However, the band at 921
cm* appears for all composites after 250 hours of aging. Composites showed also the decrease in
C=0 band, confirming that the hydrolysis of esters bonds can be favored in the presence of humidity
at high temperatures. Moreover the C=0 ester bonds at 1747 cm™ shift to 1754 cm™ and two C=0
distributions are clearly visible after aging (figure VI-C1 appendix VI-7C). These results suggest that
the properties of neat PLA are not greatly affected under mild aging conditions, while those of
composites changes in the same conditions. More precisely, below the glass transition temperature,
the movements of the chains are limited and water cannot diffuse easily in the matrix. On the contrary,
the presence of hydrophilic and hygroscopic fibers favored the absorption of water in the blend and

the consequent hydrolysis of the matrix.

To support FTIR analysis, XRD was used also in this case to evaluate changes in the crystalline
structure of PLA and its composites due to the aging. Figure VI-C2 in the appendix VI-7C showed a
comparison between diffractograms in the range 2theta = 5-35° for a PLA (C) and a PLAgoM ISz
(MC) before and after aging. The comparison revealed an important result: when UV radiation
occurred on the neat matrix for relative short time at low temperature, no changes were detected in
the crystalline structure. On the other hand, the presence of fibers caused in the same conditions a

change in the crystalline structure, the latter going from almost completely amorphous before aging
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to semicrystalline after aging. The crystalline peaks of PLA (17°, 19° and 29°) and crystalline
cellulose (22.7°) appeared after aging, showing both a change in the crystalline structure of the
polymer and in that of lignocellulosic fibers. The parameters of the orthorhombic crystalline lattice
were evaluated after XRD analysis. This procedure showed an increase of the lattice volume in the

case of composites after aging from 0.465 nm? to 0.527 nm?®,

The combined effect of temperature, UV and humidity was also studied using DSC analysis. The neat
matrix PLA (C) showed an increase in crystallinity from 2 (sample 1) to 18% after aging (sample 1°).
The sensitivity of PLA to humidity combined with high temperature, together with the almost
amorphous nature of PLA (C), favored changes in crystalline structure. Composites realized with raw
fibers did not show significant change in the crystallinity degree. On the contrary, most relevant
changes were found for the composites PLAgoMIS20 (DCP) in which the accelerated aging caused a
decrease in Tg from 61°C to 56°C and in Tm from 151°C to 142°C for samples 6 and 6’ respectively
as showed in figure VI-9. All the thermal results are resumed in table VI-7.

Reference Sample Aging time T At Tg X
[h] [°C] [J/g] [°C] [%o]

1 PLA (C) NA 151 2 61 2
1’ PLA (C) 250h 151 17 61 18
17 PLA (C) 500h 151 13 61 14
4 PLA, MIS, (MC) NA 151 19 61 25
4 PLA, MIS, (MC) 250h 152 21 61 28
4” PLAMIS, (MC) 500h 152 19 61 25
6 PLAg MIS, (DCP) (MC) NA 151 21 61 28
6’ PLA, MIS, (DCP) (MC) 250h 142 20 56 27
6” PLA, MIS, (DCP) (MC) 500h 144 21 59 28

Table VI-7. Effect of UV (A<280nm), temperature (47+£5°C) and humidity (50% RH) on neat PLA,
on composite PLAgoMIS2o with and without DCP.
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Figure VI-9. DSC curves for PLAgoMIS20 (DCP) specimens not aged (black curve), aged with UV
(A<280nm) for 250h (red curve) and for 500h (bleu curve) at 47+5°C and 50% of humidity.

V1-5.2 EFFECT OF AGING ON THE MECHANICAL PROPERTIES OF NEAT PLA AND ITS

COMPOSITES

In a general case fracture will initiate from a given defect when the applied stress intensity
factor, K|, exceeds a critical value Kic, which is the material’s fracture toughness. In this study, the
stress intensity factor of PLA decreased in two cases. The first one was when vegetal fibers were
added to the mix and the second one after 250 hours of UV aging at 32°C. These results showed the
reduced ability of the composite to resist crack initiation and propagation (Table VI-8). The weak
interfacial adhesion between the two phases caused microvoids and microflows in the composites. In
this context each fiber acts as a discontinuity initiating cracks and guiding their propagation [49].

This phenomenon increases during aging.

Reference Sample Aging type K, [MPa*m"0.5]
1 PLA (C) NA 3.40+0.34
4 PLAMIS ), (MC) NA 1.84+£0.10
1 PLA (C) uv 244 +0.17
4> PLAMIS ), (M) uv 1.34+£0.24

Table V1-8. Stress intensity factor (K) values for PLA (C) and PLAsoMIS20 (MC) not aged (NA)
and aged for 250 hours with UV (A<280nm) at 32°C in a dried environment.
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Secondly, an accelerated aging was conducted at 47 £ 5°C and 50% of humidity under UV in
order to understand the effect of temperature and humidity on the mechanical properties of PLA and
its composites. After aging an increase in Young Modulus can be observed for all composites. The
materials became more brittle as showed in figure VI1-10. For the composites PLAgMIS2 (MC) and
PLAgoMISz (DCP) (MC) a strong drop in final strength can be also observed (figure VI-11). The
neat matrix is not greatly affected by the aging conditions also in this case. All these effects could be
explained by the moisture absorption attributed mainly to vegetal fibers. The swelling and shrinking
caused by hydration and dehydration caused a decrease in the interfacial interaction with consequent
deterioration of the mechanical properties. The highest reduction in final strength occurred for
composites realized with DCP. For these composites a yellowish color is noted on the surface of aged
samples (images not reported in this work). This last observation might suggest the deterioration of
lignin as showed in different works [50, 51]. In particular, many groups present in the lignin structure
are able to absorb daylight, acting as preferred sites for photochemical oxidation reactions. Although
this effect can be noticed also for composites with raw fibers, probably the deterioration process is
accelerated by the presence of unreacted DCP present in the processed materials [52]. Moreover,
according to literature, acetophenone, a decomposition product of DCP, can form radicals due to the

absorption of UV light under 300 nm, favoring the composites degradation [53].
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Figure VI-10. Young Modulus (E) for neat matrix (m), PLAgoMIS20 (MC) (®) and
PLAgoMIS20(DCP) (MC) ( A) after 250h and 500h of UV (A<280nm) at 47+5°C and 50% of
humidity.
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Figure VI-11. Final strength for neat matrix (m), PLAgoMIS20 (MC) (@) and PLAgoMIS2 (DCP)
(MC) (A) after 250h and 500h of UV (A<280nm) at 47+5°C and 50% of humidity.

V1-5.3 EFFECT OF AGING EVALUATED BY SEM IMAGES

As showed in the previous paragraphs, the effect of aging on the chemical structure of
composites, in particular at temperatures higher than the ambient one, combined with UV and
humidity is more important for the composites than for the neat matrix. Among all composites
realized, those in which DCP is present showed a rapidly degradation. For this reason SEM images
were recorded on the cross section of composites realized with raw fibers and fibers modified with
DCP before and after aging, in order to show any eventual change in the polymer structure. Figure
VI-12 confirmed the results obtained previously. In the case of fibers modified with DCP, the
appearance of fibers surface after aging is not the same; the literature reports that at UV light under
300 nm, which correspond exactly to our case, the formation of sub products during the reaction, such
as acetophenone [53] can occur. However in our case we believe that this change might be due to the
presence of unreacted DCP that at 47°C could continue to crosslink the matrix, forming these peculiar

polymer structures on the surface of fibers.
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——_Fiber + DEP -~

Figure VI-12. SEM images of PLAgoMISz0 (A) PLAgMISz (DCP) (C) not aged and PLAgoMIS2o
(B) PLAgoMISz (DCP) (D) after aging (UV (A<280nm) at 47+£5°C for 250h at 50% humidity).
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V1-6. CONCLUSIONS AND PERSPECTIVES

In this work the effect of different chemical modifications, processing methods and aging
conditions were studied on PLA and PLA-based composites. The conditions adopted for processing,
in particular the cooling type and the shear stress applied level, have a great impact on the crystallinity
of the polymer, changing the mechanical properties of the final materials. All these changes were

detected using different analyses.

At a first glance, mixing and compression molding seems to be the most rapid and simple
process, and at the same time the less aggressive way to manufacture this type of composites.
However, it seems also that resulting polymers structure might be affected, resulting in an almost
completely amorphous structure. Moreover, the great advantages described about mixing and
compression molding are in contrast with certain mechanical properties, typically the final strength,
which is higher in the case of extruded and injected samples and which is the fundamental parameters
that have to be taken into account when a chemical treatment of fibers is applied. It is believed that a
change in process parameters or secondary heat treatments could yield a different crystalline structure

but this will have to be confirmed by further investigations.

In our case, the chemical modification of vegetal fibers surface adopted did not have a
significant impact on the mechanical properties of the composites, when compared with results for
PCL and PHBHYV described in the previous chapters. This fact suggests that probably PLA needs a
different chemical treatment before compounding with modified fibers. The dependency of
crystallinity, mechanical properties and macromolecular changes on aging conditions confirmed that
the tensile properties can be associated with the crystallization of PLA and with the decrease in molar
mass. Humidity associated to high temperature and UV accelerate the degradation process, in
particular for composites modified with DCP indicating the residual presence of unreacted peroxide

which could start various reactions during aging.

Although chemical modification proposed in this work did not give the expected results,
composites PLA/MIS realized with raw fibers showed good mechanical properties with a Young
Modulus and a tensile strength higher than some fibers-reinforced traditional plastics, such as
polypropylene (PP)/MIS composites [54, 55]. The mechanical properties of the materials proposed
here remain higher than those obtained with PP also after different aging conditions. These facts

suggest that, acting on processing parameters it will be possible to create a defined PLA-based
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composite with specific mechanical characteristics and crystallinity that can in the future substitute
the traditional plastics.

However, the improvements in mechanical properties might be counterbalanced by a greater
sensitivity of the resulting composite to ageing, unless the stability of the latter is improved. At
present, it would seem that work in this direction might aim at reducing the effect caused by the

hydrophilic nature of the reinforcing fibers.
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VI-7. APPENDIX

VI-7TA. TORQUE AND TEMPERATURE PROFILES FOR PLA AND PLA-BASED

COMPOSITES
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Figure VI-Al. Torque and Temperature profiles vs Time for neat PLA and PLA/MIS composites

realized with raw or modified fibers.
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VI-7B. PROPERTIES OF PLA-BASED COMPOSITES

E Or OGmax
Sample Method €r
[MPa] [MPa] [MPa]
PLA C 3707+ 22 57+0.54 63+0.23 0.07 £0.03
PLA MC 3510 + 30 56 £2.14 61 +0.86 0.06 £0.03

Table VI-B1. Effect of mixing step on the mechanical properties of neat PLA: compressed

granules (C) and mixed and compressed granules (MC).

PLAgMIS,, (2.2% DCP) PLAMIS,, (5% DCP)

Figure VI-B1. Texture of composites PLAgoMISz at 2.2% DCP (on the left) and 5% DCP
(on the right).
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VI-7C. CHARACTERIZATION OF PLA AND ITS COMPOSITES AFTER AGING
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Figure VI-C1. Effect of UV, temperature and humidity on the carbonyl ester group and on the
crystalline zone (700-950 cm™) for neat PLA, composite PLAgoMISz0 and PLAgMISz0 (DCP).
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Figure VI-C2. Diffractograms of PLA(C) (on the left) and PLAsoMIS2 (MC) (on the right) before

(black curves) and after aging (red curves).
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Conclusions and perspectives

This conclusion represents both a synthesis of the information presented in the course of
this study and an overview on the future perspectives. All the considerations and principal
results presented in the different chapters will guide the discussion towards possible

applications and extensions of this work.

The objective of the first chapter was to give the reader the basic concepts related to the
biocomposites world and a global overview of the potential matrixes and fibers, focusing
progressively the attention on the principal processing methods and chemical modification of
fibers used, which constitute in a certain manner one of the focus point of this work. The
materials were treated taking into account both the macroscopic characteristics such as their
mechanical and thermal properties and their microstructure by using a micromechanical
approach. This part allowed us to choice three aliphatic biodegradable polyesters as matrixes,
more precisely poly(caprolactone) (PCL), poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBHV) and poly(lactic acid) (PLA) and Miscanthus giganteus fibers as reinforcement.
Actually, the experimental part was divided in several chapters that focuses on the

biocomposites realized with these matrixes.

The aim of the second chapter was to propose an innovative chemical modification of
vegetal fibers based on the thiol-ene reaction on the unsaturated bonds of lignin in the presence
of peroxides to improve the adhesion matrix/fibers, solving by this way problems related to the
hydrophilic character of the fibers, this last being incompatible with the hydrophobic one of the
matrix. This part allows to a strong improvement in the mechanical properties of PCL/MIS
biocomposites, demonstrating in this way not only the importance to add a reinforcement to the
matrix, but also the efficiency of this method and its applicability to other biopolyesters.
However, the non-renewable origin of PCL and its low thermal resistance led us to the

investigation of other matrixes, most innovative and with a great potential.

For this reason, the third chapter focused on the PHBHV/MIS biocomposites, starting
from the effect of the content of fibers on the mechanical properties of this matrix. This study
highlighted the advantages and the limits to use a vegetal reinforcement; the use of too much
less fibers content results in composites with no great interest from an industrial point of view.

At the same time the use of too much high fibers is limited from the processing adopted,
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resulting in a poor dispersion and formation of aggregates, these last formed also due to the lack
adhesion fiber/matrix. The analytical model of Mori-Tanaka used to predict the elastic behavior
of the biocomposites showed promising results for fibers imaged as cylinder aligned in the
direction of the stress applied and at the same time showed various limits, including the
assumptions of perfect contact and of heterogeneity in fibers dimensions. For these several
reasons, the investigation of the effect of fibers dimensions and pathway was the focus of the
fourth chapter. 2D and 3D finite element analyses were conducted to study the sensibility of
the models to fibers dimensions and orientation in the matrix. The results demonstrated that 3D
models better approximate the elastic behavior of the composite. Moreover, the transmission of
the stress depends on the fibers pathway and content in the matrix. In this context, composites
with aligned fibers induced less stress localization and are more rigid than the others. This result
reveals that biocomposites for application in which high performance materials are required

have to be realized using other processing methods able to control the orientation of fibers.

The fifth chapter intended to be a sort of synthesis of the previous two, in which the effect
of fibers dimension was coupled with a reactive extrusion initiated by peroxides in order to
improve the mechanical properties of the PHBHV-based composites. The study highlighted
two different phenomena occurring in the biocomposites: the cross-linking of the matrix on one
side and the grafting of fibers to matrix on the other side. This result constituted the starting
point for the implementation of a numerical model in which the aim was not only to find a
model that can predict the elastic properties of the biocomposite, but also to predict the gel
fraction formed in the blend after the reactive process. Although the promising and innovative
results obtained with PHBHV, its high cost which great limits its use to a very large scale, led
us to the investigation of a more economic matrix in which the effect of process and the long

term behavior of the material can be studied.

The last chapter was then dedicated to the economical PLA and its composites. The study
showed that the processing method and more precisely the thermal treatment had a great impact
on the mechanical properties of the biocomposites and also on the crystallinity of the neat
matrix. Moreover, the photo-oxidative aging of the PLA-based composites showed a general
embrittlement of the material with the time, this last being more important for composites
modified with peroxides. The composites manufactured in this last chapter exhibited an
extraordinary elastic modulus and final strength when manufactured by mixing and

compression molding, maintaining good properties also after aging. These promising results
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demonstrated the feasibility to realize economical biocomposites able to concur with traditional

plastics reinforced with glass fibers.

The presentation of the macroscopic characteristics of the biocomposites manufactured
in this work highlighted not only their dependence from the processing methods, but also from
their microstructure. We exposed the limits of some analytical and numerical models in the
third and fourth chapters. Nevertheless, microscopic techniques associated to these models
seem a promising way for the identification of a model able to predict the elastic properties of
the biocomposites. Although, the engine of this work has been that to find an equilibrium
between the simplicity of the model and the not simplistic description of the reality, the
complexity of this last has constrained us to make some assumptions. Starting from this point,
it seems logic that in order to have more precise information about the microstructure, other
techniques should to be used such as micro-tomography. By this methods, the real images of

any sample could be used for the implementation of more realistic finite element models.

The systematic association of numerical models to the practical realization of the
materials seems to be a good method in order to obtain information on the relations existing
between macro-properties and microstructure. Therefore, the interdisciplinarity of this work
seems to be a good starting point for the concrete realization of biocomposites based on
vegetable fiber in the near future. The wide choice of matrixes and fibers will allow us to create
composites suitable in the most diverse fields, from that of construction to niche sector for the

most expensive matrixes.
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