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Abstract

This work explores the processability and foamability of Polypropylene/sisal fibre (PP/SF)
composites having near critical fibre length and short fibres. The addition of near critical fibre
length is expected to cause the rheological percolation which is not possible in short fibre
composites. Sisal fibres were treated with sodium bicarbonate (NaHCO3) for different time
intervals and the optimization of the treatment time was done by analysing fibre roughness,
crystallinity and tenacity. Specifically, the effect of fibre treatment, fibre length, and addition
of compatibilizer (polypropylene grafted maleic anhydride) on the performance properties of
the composites were studied. The critical fibre length for the PP/SF composite system was
found to be 8 mm. PP/SF composites were prepared using an internal mixer by varying fibre
concentration (10, 20, 30, 40 wt.%), and the average fibre length (~17 mm) in the composites
confirms the presence of near-critical fibre length. The investigation of the performance of
PP/SF composites having near-critical fibre length was carried out using physicomechanical,
thermal, rheological, and dynamic mechanical parameters. With increase in fibre
concentration, significant improvements in mechanical and thermal properties were observed.
The results show that sisal fibre has an undeniable impact on the dynamic mechanical
properties of the prepared composites as the storage modulus and loss modulus increase with
increase in sisal fibre concentration. The improvement in modulus results from the physical
interaction between PP and sisal fibre; however, the load transfers from fibre to matrix restrict
the segmental mobility of the PP chains. Shear rheology analysis confirms strong shear
thinning behaviour as the power-law exponent decreases with increased fibre concertation.
However, marginal improvement in the mechanical properties were observed in case of PP/SF
composites with short fibres. The marginal improvement in the properties might be due to the

short length of fibres, which is unable to transfer load from fibre to matrix.



Further, the foamability of PP and the prepared composites (having both NCFL and short fibre)
were carried out with batch foaming setup using supercritical CO» (sc-CO») as a physical
blowing agent. Foam processing was performed at different temperatures (145, 155, and
165°C); however, the optimized foaming temperature was found to be 145°C. PP/SF short
fibres composites were foamed at the optimized temperature. The incorporation of sisal fibre
into the PP matrix helps in cell nucleation; hence, cell density increases and cell size decreases,
as analysed from SEM. Effect of fibre length on the foamability of PP/SF composites were
observed using SEM and the results revel that the microcellular structure being present in
NCFL based PP/SF composites. The prepared rigid microcellular foams offer properties that
can be potentially used to produce high strength-to-weight ratio structural components, which
could be employed in applications related to sound absorption.

The continuous foam processability of polypropylene/Sisal fibre composites were determined
using extrusion foaming. CO; gas was used as a physical blowing agent. Foaming was carried
out at 60 Bar pressure, screw speed of 40 rpm, and at different temperatures (160°C and 200°C).
The lowest density and highest volume expansion ratio were found in foams prepared at a
temperature of 160°C. Further, scanning electron microscopy analysis supports the physical
property results, and the smallest cell size and more significant cell density were found in the
foams prepared at 160°C. Though cell size increased with fibre concentration (0-10 wt.% of
sisal fibre), the microcellular foam structure was found in foams prepared at 160°C. Thus, it
can be concluded that 160°C was the optimized temperature for foam processing. The addition
of sisal fibres in the PP matrix apparently decreases the impact absorb energy, but the foam
prepared at 160°C shows enhanced energy absorption than that of the sample prepared at
200°C. The prepared rigid foam composites might find the potential application in automobiles

(e-vehicles) and packaging.
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Tg HHA ieldIseed / BFer wEaR (@4l / Tauh) FHaifoe H Ffshdicashar AR

BIATAIET T IsdTel AT 8, TaH Agcaol BlesR dars AR B¢ FEg g 2l

oI AGcdYUT BISeN oidlg & 3elral RATlTolehel URehleIled I SHRUT defel T

3l & S O BBs Fulfolc § THT 87 g1 TA-3719T AT FRT & T

Bl wEsR FI Wf3TA TEFEaAe (NaHCO3) & TTY SolTol fohar 1T o7 3R FESR

GRS, fshEeelid 3T TEdr T [T ik 3YTR THT T 3fefehelel TohaT T

g7 fRIY ®9 G, UG & Fedd IUI W BB IUUR, B oleTg, IR

P fTASR (AelAIIISelle ATHFCS ATedch UGIS3ISS) & WHIT I eI Tohar

IAT| PP/SFHHI JOTel & oI Ageaqol BIseR &I ofarg 8 fAHA urg a1 didi/vaus
FHUIATH HI H-HelT BIgaR HHA (10, 20, 30, 40 ToIA%) GaRT Ueh 3RS

AR &7 39T P IR FIr =ar o1, 3R Faifee & 3dad v d9 s (~ 17

) ehc-HEcaqoT BIsaR ofdls &I 3URATT &I give el g1 ehe-Ageayol

BSS JIds dlel 9Id/Tdu® &uifoic & Wedd &1 S hfoaasiasd, o,
Rarditord 3R sRafA® dAdfaed WHE FT 39AT ad HT T8 A B
T H Fefsr & 1Y, A AR A quil # FAgeaqol UR @ 31| gRonA

gaid § o f8He $geR &1 IR Fulfole & aifafier Fifyew i | v HAfdare
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UHIG USAT § Fifeh HSROT A 3R gifel AT & Jeftr & Ay {FT Hge’

THIT # AT @ &1 I 3R e weR & &9 sifoe dud § A 7

GUR; gTeliich, s Bigek & Aferq & TUWTARA giar g, N J@ensit &1 @Sy

aifaRfierdr @ Sfasf®d wedar g1 FHawel RIS A2 AT el Tdel cTagR

T gfSe FAT & FIh ATFI-FIoeT TfAIEH ¢ §T FESR HEAel o A e &

gTellfeh, BIC WIgeR dTel NA/THTH FUITSC & HAHS H I IO H AN JUR

@ I gT| IO F AR FUR Bl Hl HH a1 & HROT g Hehell &, ST BIgeR
¥ Aferw # 9R TuEEART W 7 3aAET

g8 37eTaT, $ifdeh Slger Tole & &9 & uRishieshor W32 (TEE-HI3N2) HT 3urer
Foh ST BIFAT ST & AT Adr 3R IR Fifee (TIATHTA 3R i B
arAn) Fr wrAfefE fr 75| B gETeor faffiea amusEEt (145, 155, 31 165 oC)

W T I o, gTelifeh, 3eehfeld WA dT9dATT 1450C 9rr argr| didi/Tdes e

BISER hUlToIe I 3efehield ATTAT 9 BIF fohar arar| didr Afeera & e wrge
T FAAY AT ~G[FIU H Fee AT §; SATAT, AT Telcd doel § 3R qel &

3R Tedr §, ot i tasue & fagevor fam = &1 PP/SF @fFesr &Y simer e7edn

W HEaR HT a5 T YHIT SEM FT 39AET d¥ah @l a7 3R aRome aara § &

NCFL 3R PP/SF AFAH H ASHIAIeR AT AISG & dIR HoR ATShITTeR

9 N\ o]
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I 0T el X ¢ Toletehl T &7 & 3= ATFd-Q-dolel HeJaTd TAATCH

gchl Hl 3cUlced aladl & folT 3UANT fham 51 anar g, S &afa @ivor @
e gy & HAford far S gehar B

TFALSTT HIHIT I 3TAET ek Arelddgelsl /| AT BEeR Hafole &l ok
wa gfhareferdar [AURa fr 715 A0 co, AT F1 3uAer Hifdsw saisa o & &9
H frar Srar 21| BIfAT 60 SR garg, 40 IRATA $r 97 afd AR i agamEr

(160°C 3iRX 200°C) W AT =T AT| 160°C & dATUHT W IR BIF H Jad HF

geled 3N 3TUdH 3T faEAR 3e]UTe YT a1AT| S8 37erdl, Ehicial gelergiel
ATl faeeor Hifasw Tufd & aRomAr &1 G =T g, 3R 9w oer

HHR 3R 3¥F AgeaqolT Al Tefed 160°C W AR BIA H UrAT AT IS

HIART T HTHR BIZeR Higdl (0-10 IS BIEeR I ToAdA%) & AT d¢ I,

160°C TR IR BIFA F ATShIA[R BIFH HITAT IIS 35| 38 bR, Tg foiventy foishrerm

ST GohdT & b I THEHIOT & fIT 1600C 3Sedd draA a7l didt dAfceg & {aa

ISR o 3TclTal JHTT JaNNT Foil Hl TISC T F A L &l &, olfched 1600C TR

IR BIA 200°C W TAR T 31T FHA & Jolell H Foll IaAOT HT T gl
IR R ®IA FHalfsie JieciAlasd ($-age) 3R Yhfoer & gafaa sequter or

Tqohd gl

X



TABLE OF CONTENTS

CertifICALL...uueirrcrnriireistinsticttiseenteestecateseessesssesssnssssssssessssssssnssssssssessssesssnsssassssasssessaaes i
ACKNOWICAZEIMENLS. ...cccueeiueiiniiseiisniiseiisseissenissesssisssnssssncssessssssssessssssssessssssssssssassssassssssssases ii
ADSEFACT.ccuuteeiirenrseeessnnecssnencsssnessssnesssaeesssseesssnsessanesssasesssasesssssesssnsssssssssssssssssasssssssssssasssssassssns v
Table Of COMLENLS.....ccceieniiireiisniistiisiisstinsseessaeesnssssessessssesssassssessssssssssssasssssssssssssssssassssasssns X
LSt Of FiUIES .cuuveiriniiiinniiiniinnsniinssnnissnncsssnnssssnsssssssssssssssssssssssssssssssssssssssasssssssssssassssnasss xviii
LiSt Of TaDIES..ccuueiiiiiiiiiiitiiitiiiintenennnenneessecsseissesssesssstesssssssesssesssssessassssssssassssssssans XXVi
Chapter 1: Introduction and Literature SUIVeY ........ccccccveccssncssssncssssresssncssssncssssessssessssses 1
L1, INEPOAUCTION ... et e et e e e aa e e s abaeeesbaeesasaeessseeesnseeennseeas 1
1.2, STSAL FIDIES .ottt ettt et sttt sttt et sae e b enees 5
1.2.1. Composition 0f SiSal fIDTES ........cccuiiiiiiriiiiiiciieee e 5
1.2.2. Treatment Of SiSal fIDIe.......cceioiiiiiiiiiiiie e 5
1.2.3. Use Of COMPAtIDIIIZET........ccouiiiiieiiicieeiiecie ettt e 7
1.3. POLypropylene (PP) ......c.ooiiiiiiiiieeee et sttt s e 8
L4, COMPOSIEES ...ttt ettt ettt sttt et ettt et e et eat e e bt et eatesbe et eatesbeebeeasesbeenbeeaees 9
1.4.1. TypPES Of COMPOSILES ..eeuvveeeirieeiiieiiieeeieee ettt eeieeeeieeesteeesereeensaeessreesssneessseeensseeenns 12
1.4.2. Importance of fibre length .............ccoiviiiiiiiii e 13
1.4.3. Factors determining the properties of the composItes -« veevereeniniiniiiiiiin 17
1.5. Processing techniques for polymer COMPOSILES .......cccuervueeriierieenieniiienieeieesiie e 18
1.5.1. TWIN SCTEW EXIIUACT ..ecuvviiiiiieeiiieeiee et etee et e ve e e siveeesta e e e abeeesaeessneeessseeenns 18
1.5.2. INTEINAL TNIXET .eutiiiiiiiieeieeet ettt ettt st sb e et sbe e st e saeeens 19
Lo0. FOIMIS ...ttt et ettt ettt e et e sttt et e et e st e s 20
1.6.1. Mechanism Of fOAMING.........ccecuiiiiiieiiieeeiie ettt e et ereeesnee e 21
1.6.2. BIOWING QEENLS ....ccviieeiiieeiieeeiieeeiee e ieeesiteeeeteeetaeesteeestaeessaaeessseeessseeensseesnsseennes 23
1.6.3. Types Of fOAMING.......ccecuiiiiiiieiiieeccie ettt ee e sre e e e b e e reeenreeesaeeens 23
1.7. Literature outcomes, objective, and plan of WOrk..........cccveeeviieeiiiiniiiieieecee e, 26



1.7.1. LITELAtULE OULCOITIES ...neeeeeeeeeeeee e e e ettt e e e e e e e e et e e e e e e e e e e eea e aaeeeeeeeeeeaenaaaeeeaeeens 26

1.7.2. LItETALUIC ZAP ..ccuueieerieeeirieeiieeeiieeeeeeeteeesteeesteeessaeeassseeassaesnssaeassseesssseessseeesseeens 27
1.7.3. Objective and approach ..........cceeevieiiiiiiiiiieeiieee ettt 27
1.7.4. PIan Of WOTK.....cooiiiiiiiiiiieitetee ettt sttt 28
1.8. FOIMAt OF theSIS ..cuveeuiiiiiiiiiiesiieteete ettt ettt et 29
RETRICTICES ...ttt ettt ettt e bt e et e e beeeaeeas 30
Chapter 2: Materials and Methods .........cieeeiiiveiiissniiiisnicisnicnsnncsssnncsssnncssssscssssscssssscsnns 46
2.1, RaW MALETIALS ....eeeiiieciiiecieeeeee ettt e e ae e e tae e et e e e tbeeeasaeesasaeeensaeesnseeenns 46
2.1.1. POLypropylene (PP).......cocuiiiiiiieiieieeteee ettt ens 46
2.1.2. Polypropylene grafted maleic anhydride (PP-g-MA)........ccccooiiriininiinienieenene 52
2.1.3. S1SAL fIDIES (SF) ettt et et 55
2.1.4. Sodium bicarbonate (NAHCO3) ......coviiiiiiiiieiieiieeeee e 60
2.2,  MEROAS ...ttt ettt ettt sttt e nbeenaeeeaneas 61
2.2.1. FIDIe treatment......cc.ceoiiiiiiiiiieiieeieeee ettt ettt sttt st e s 61
2.2.2. Preparation of PP/SF COMPOSILES ......eeevviieiiiieeiiieeiiieeieeeieeeeiee e 62

2.2.3. Supercritical carbon dioxide (sc-COz) assisted batch foaming of short and NCFL

PP/SF COMPOSILES ...veeeiiiieiiie ettt ettt ettt e e et e e st e e e aeeesnseeessseeensseeesnseeennnes 64

2.2.4. Extrusion foaming of PP and PP/SF composites using CO; gas as a physical

DIOWING AZENT ..ottt ettt ettt et e et e et e st e e bt e eabeenseeenbeesnbeenseesssesnseas 65
2.3. Characterization techniques and instruments USed............ccccceerirriiienieiiienieeeesee e 68
2.3.1. Fourier transform infrared spectroscopy (FTIR) .......cccceviiiiiiiiiieniiiiiecieeieeee 68
2.3.2. Scanning electron microSCOPY (SEM) .....coiuiiieiiiiiiieeiieeeeee e 68

xi



2.3.3. Thermogravimetric analysiS (TGA) ....cccveeeiieeiieeeieeeeeece e 69
W B <) T T2 1 USRS 70

2.3.5. Fibre pull-out test and critical fibre length (L) and interfacial shear strength

(IFSS) determMINatiON ........ceecuieruieeiieiieeieeriieeteesteeseteesteesaeeseessaeeseessseesseessseenseessseenseensns 70
2.3.6. Wide angle X-ray diffraction StUdIeS........ccceeevveeriiiiiieniieiierie e 72
2.3.7. Internal miXer COMPOUNAING .......ccveerireiiierieeiierieeieesteereesteereesreeeseeseseenseesaneans 73
2.3.8. Compression MOIAINEZ. ....ccc.eeueeriiriiriiiiiicee ettt 73
2.3.9. Initial and final fibre length analysis .........cccoeoiiriiiiiiiiiii e 74
2.3.10. Mechanical teStINE .......cc.ueiuieiieeiieiie ettt ettt sttt et iee e e eas 74
2.3.11. Differential scanning calorimetry (DSC) .....c.ccovviveiiriieiiiiiiieieeceeeeee e 76
2.3.12. Shear rheology in the micro COMPOUNAET.........cceeeevieriierrierieeiienieereeseeeiee e 76
2.3.13. Melt state dynamic rh€0lOZY ........cocoueriieiiieiiieiie et 78
2.3.14. Melt flow indexX (MFI).....cocuiiiiiiieieee e 79
2.3.15. Dynamic mechanical analysis (DMA) .......cccooviriiniiiienienincneceeceeceeeen 79
2.3.16. Heat deflection temperature (HDT).....c.cooovieeiiiieiiiieieeceeeeeeeee e 80
2.3.17. Density and volume expansion ratio MeasuremMent ..........cc.eeervveerreeercveeessveeenneens 81
2.3.18. Compression StrENGth ........c.ceeeiiiiiiiieiiiie et 81
2.3.19. TMAGEJ ANALYSIS ..eeuviieiieiieiiieriie ettt ettt ettt et aeeteesteeenbeessaeeseenaaeens 81
RETETEICES ...ttt et st et sbe ettt 82

Chapter 3: Preparation of Polypropylene/Sisal fibre composite (Short and Near critical

fibre length) and estimation of rheological percolation threshold ...84

3.1. Sisal fibre treatment using sodium bicarbonate (NaHCO3) .......ccceevvieeeivieniieeniieee. 84

Xii



3.2. Characterization Of S1SAL fTIDIES .. .uoeeeeeeeeeeeeee e e e e e e e 85

3.2.1. FT-IR analysis of raw and treated sisal fibre...........ccccovveeiiieeiiieciiieeie e 85
3.2.2. SEM analysis of raw and treated sisal fiIbres..........cceeeevviieiieniienieeieciieeeeee 86
3.2.3. Thermogravimetric analysis of raw and treated sisal fibres............cccceveeviriennenne. 87
3.2.4. XRD analysis of raw and treated sisal fibres..........c.cccceveiieiiiniiienienciecieeeee 90
3.2.5. TenacCity OF fIDIC ..ccuviieiiiiciie e e 90
3.3. Preparation of PP/SF composites having a short sisal fibre...........occeevieiiinininninns 92
3.3.1. Initial and final fibre length analysis of short sisal fibres...........cccccevvueriieniinnenne. 92
3.4. Preparation of PP/SF composites having near-critical fibre length ...............cccceenee.. 92
3.4.1. Initial and final fibre length analysis of near critical fibre length sisal fibres........ 93
3.5. PP/SF phase adheSioN.........c.coiiiiiiiiiiiiiieiie ettt 94
3.6. Rheological percolation threshold...........c..coceviiiiriiniiiiiiiceceeee 96
3.6.1. Rheological analySis ........cccoeeruieiinieiieiiiniiciee ettt 97
N 01000 1.0 APPSR 98
RETEIENICES ...ttt et 100

Chapter 4: Performance properties and foam processability of Polypropylene/Sisal Fibre

composites having near-critical fibre length .. 104

Chapter 4A: Characterization of PP/SF composites having near critical fibre length .104

4.1. Characterization of PP/SF composites having near critical fibre length..................... 105
4.1.1. Morphological analysis of PP/SF COMPOSIES ......cc.cecverueerierieniieienienieeieeienienee 105
4.1.2. Mechanical properties analysiS.........cceeeeueeerieeeiieeeiiieeeiieesieeesieeesreeesveeesseeenns 106
4.1.3. Shear theology analySiS.......ccccveeiiieeiiieeiieeciiee et eeeae e e sveeeseaee e 109



4.1.4. Melt state dynamic rheological analysis..........ccccvueeeciiieeiiieniieeeie e 109

4.1.5. Analysis of rheological percolation threshold............cccccvveviiiiiiiiieciieeeeee, 112
4.1.6. Cole-Cole aNalYSiS......cccueriieiieiieiiieiie ettt ettt et eteesieeereessae b e e saaeenseees 114
4.1.7. ShOTe D hardness .........cecviriieriiiiiiieieeierieee ettt 115
4.1.8. Dynamic mechanical analysis (DMA) ......ccccoecieriieiiienieeieeieeeee e 116
4.1.9. Thermal analySiS.......cccueeciiieiiieeiiie e e et ettt eee et e e s e e sreeesaeeesaseeenaneeenns 121
4.1.10. Crystallinity analysis ........cccceevierierieriiniiieeicne ettt 125
4.2. Prediction of properties Of COMPOSILES:.......cccvueieriieeiiieeiieeecieeeiteeereeeereeeereeeeeree e 126
4.2, 1. DNSILY c.uviiiiiieiieeieeiee ettt e ette et e e bt e e b e esteeeebeestaeesbeessaeenbeesaeenbeensaeensaensseenseennes 126
4.2.2. Tensile strength and elastic MOAUIUS...........ceecvieriieiiieniieiieecee e 127
SUMIMNATY ..ottt ettt e st e et e e st e b sare e beeesneenaeesanees 130
RETETEICES ...ttt sttt e 131

1) 171 N 136
4.3. Foam processing of PP/SF composites having near-critical fibre length.................... 136
4.4. Characterization of PP/SF composite foams..........cceveeeiiieriiiiiienieeieeieeieee e 136

4.4.1. Physical characteriZation ............coceevuerieriiinienienieeient ettt 136
4.4.2. Microstructure and cell MOrphology ......cc.eeecuviveiiiiiiiiieieeee e 137
4.4.3. Crystallinity @NalYSIS ....ccccveieriiieeiiieeiiieeiieeeiteeeeeeeiteeeaeeesseeesreeesaeeesseeensseennns 142
4.4.4. COMPIESSIVE PIOPETLIES ...vvreeerreerireeeiereeeiereeesireeasreeassseessseeessseessssesessseesssseesssseennns 143
4.4.5. Dynamic mechanical analysis (DMA) ......cccooiuiiriiiiiienieeiee e 145
SUMIMATY ..eeeiiiieeeiiee ettt e ettt e ettt e st e e s bte e s bt eesabteesabeeesabeeesabeeenaseesnnes 147



RETEIEIICES ... e et e e e e e e e e e e e e e e e e e e e e e e e e e e eaaraaaens 149

Chapter 5: Performance properties and foam processability of Polypropylene/Sisal Fibre

composites having short fibres 155
Chapter 5A: Characterization of PP/SF short fibre composites.........c..ccceeviiniinnnnn. 155
5.1. Analysis of PP/SF short fibre COmMpPOSItES .......ccccuveeviiieiiiieeiiieeiieecie e 155
5.1.1. Morphological analysis (SEM)......c.c.ccccuiiiiiiiiiiiie ettt 155
5.1.2. Physical characterization (Density) .........cccceereeeiiierieiiieenieeieeneeeieeseeereeseee e 156
5.1.3. Thermal ProPeItICS.......ccccvierrieriieerrieeirertieeiteesteeeteesteeeseesseeasseesseeeseessseesseenssesnsens 157
5.1.4. Rheological properties (Melt state dynamic rheological analysis)....................... 162
5.1.5. Crystallinity analysis (XRD) .....cocuiiiiiiiiiiiieiieiee e 164
5.1.6. Flow behaviour (IMFI) .......ccccoooiiiiiiceee e e 165
5.1.7. Mechanical PrOPETtI€Ss. .......cueiecuieeriuieiriieeciieeeteeesteeesteeeereeeareeesaeesseeenseeenaree s 165

5.2. MOl IEHINES ..ottt et et e e et e e et e e sae e e nsee e enneeennnes 169
5.2.1. Rule of Mixtures (ROM) ......ccccuiiiriiiiiiiiieiie ettt s 169
5.2.2. Modified Rule of MIXEUTES ........oevuiiriiiiieiieeiie ettt 170
5.2.3. Modified Rule of MIXEUTES ........oeouieiiiiiieiieeiie ettt 170

5.3. Comparative study of NCFL and short fibre PP/SF composites..........ccccceveererviennnens 175
01000 1.0 AR 177
RETEIEIICES ...t ettt st e 178
Chapter 5B: Foam processability of short fibre PP/SF composites...........cccccuveenen. 181
5.4. Characterization of PP/SF composite foams...........ccceevvieeviiiniieecieecie e 181

XV



5.4.1. Physical characCteriZation ............ccccuveercuieeiiiieeeieeesieeesireeeiveeeeeeeeraeeereeesneeesnseees 181

5.4.2. Microstructure and cell morphology .........cceeeveeeiiieeiiieeeece e 181
5.4.3. Crystallinity QNalySis ....ccc.eecuieriiieriieeiieiie ettt e ebeesaee b e e saeeeneees 184
5.4.4. COMPIESSIVE PIOPETLIES ...veeuvieeereerieriieenieeeteestreeseessresseesseeesseesseesseessseeseesseesnses 185
5.5. Comparative study of NCFL and short fibre PP/SF composite foams ....................... 186
SUIMIMATY ..eviiiiiiiiee ettt e e ettt e e e ettt e e e saaeeee e asseeeeesssaeeeeanssaeesanssneesannsseeeann 188
RETETEICES ....eiieiiieeeee e et e et e e e tae e sta e e s taeesbaeeessaeessseeennseeanns 190

............................................................................... 194
Chapter 6A: Extrusion foaming of PP/SF short fibre composites..........c..ccoeveneenne 194
6.1. Characterization of PP/SF composite foams...........ccccevvuieiieniiieiieniiiicieeeeeeeen 195
6.1.1. PhySiCal PrOPEITIES. ...ccccuvieiiiieeiieeeiie ettt ettt e e ste e e e e s e e et eesseeeseseeennsee s 195
6.1.2. Microstructure and cell morphology .........cccoevviveiiieeiiieeieeeece e 196
6.1.3. Crystallinity analySis ........cccueereiiiiiiiiieiieeciie et bee e e e s 200
6.1.4. Thermal analySiS:........coveeieriiriiiiieiee ettt 203
SUMIMATY ...ttt ettt e et e sttt e et e e sttt e sabteesabeeesabeeesabeeenabeeenns 206
S (S 1 Lo PSRRI 207
Chapter 6B: Energy and sound absorption studies of PP/SF composites.................. 210
6.2. DyNamic imMPaCt tESTINE.......eevueeiiieiieeiieiie et ette ettt este et e siae et e seeeebeesiaeebeessaeenseas 210
6.3. SOUNA ADSOTPLION.....c.etieiieeiiieiie ettt ettt et e et esaae et e e ebeenbeesaaeenbeesnseenseas 213
6.3.1. Principle of sound abSOrption ............cccuieeiiieiiiieeiiee e 213

6.4. Application development of PP/SF composite foams............cccccveeevveeevieeeciieenneeennne. 217

XVi



6.4.2. SOUNA ADSOTPLION ....eveeeiiiieeiiie ettt eiee et et e e rae e e taeeetaeeesaeesssaeessseeensseeenaseeas 218

N 01000 10 APPSR 223
RETETEICES ...ttt ettt et st b et ae e 224
Chapter 7: Summary and CONCIUSIONS .....coveirveeireiisreisenisnensnensnecssnnsssessecsssecssecsassssascsne 229
B/ S 1 0 PSRRI 229
7.2, CONCIUSIONS ...ttt ettt ettt et et e et e st e et esate e bt e snbeenbeesaseenbeesnneenseas 234
7.3. Overall outcome of the thesiS........ccuiiiiiiiiiiii e 234
T4, FULUTE SCOPE .uvveeiiieeiiieeiiieeitee et e et e stteesiteeesnteeesnteeessseeesseeanssaeansaeeansaeennsseennseesnnses 235

XVii



List of Figures

Figure 1.1: Reaction mechanism of sodium bicarbonate and sisal fibre ............c.ccoeeevvriennnne. 7
Figure 1.2: Reaction mechanism of PP-g-MA and sisal fibre .............ccccevveniiiinincnninienne 7
Figure 1.3: Composites based on orientation a) Particulates randomly oriented b) randomly

oriented fibres c) discontinuous unidirectional oriented fibres d) unidirectional continuous

IDTES ettt h ettt b e bt et e et et e et saeens 11
Figure 1.4: Classification of composite materials............cecereeririienienieienieneeieeeeneee s 12
Figure 1.5: Foaming mechanism of polymers using SC-COx .........ccovevvieriieniieniienieeieeereennen. 22
Figure 1.6: Schematic of extrusion foam ProCesSiNg.........c.oeeveeveerieriieeneenieerieeneeesreesneenens 24

Figure 1.7: Foam processing mechanism of PP/SF composites having a) short fibres and b)

Near critical fibre length sisal fIDres. .........coocoiiiiiiiiiiiiiie e 25
Figure 1.8: Plan of WOTK .....cocuooiiiii e 28
Figure 2.1: Chemical structure of Polypropylene (PP)........ccccooiiiiiiiiiiiieeeeee, 46
Figure 2.2: FTIR Spectra Of PP.....c..cooiiiiiii e 48
Figure 2.3: DSC Second heating curve of PP ........cccccooiiiiiiiiiiiiiceccececees 49
Figure 2.4: DSC First cooling curve Of PP ........cccooiiiiiiiiiiceceeceee s 49
Figure 2.5: TGA SCan Of PP ......ooiiiiiiiii et 50
Figure 2.6: DTG sCan Of PP ......co.oiiiiiiiiet et 51
Figure 2.7: XRD SPectra 0f PP .....cc.coiiiiiiiiiiiieteee e 51
Figure 2.8: Chemical structure of PP-g-MA .......ccccooiiiiiiiiiieeeeeeeeee e 52
Figure 2.9: DSC Second heating scan of PP-g-MA ...........ccooiiiiiiiiiieeee e 53
Figure 2.10: DSC First cooling scan of PP-g-MA ..........ccociiiiiiiiieeeeeee e 53
Figure 2.11: TGA scan of PP-g-MA .......coooiii et 54
Figure 2.12: DTG scan of PP-g-MA ... ..coooiiiee et 55

Xviii



Figure 2.13: Raw Sisal fibre a) Image taken by camera b) Optical micrograph ¢) SEM image

.................................................................................................................................................. 56
Figure 2.14: FTIR Spectra of Raw Sisal FIDIe .........cccoiiiiiiiiiiieieeeeeeeeeee e 57
Figure 2.15: TGA scan of Raw Sisal FIDI€.........cccviiiiiiiiiiiicie e 59
Figure 2.16: DTG scan of Raw Sisal FIDI€.........cccoviiiiiiiiiiiiciecceeeeeeeeee e 59
Figure 2.17: XRD Spectrum of siSal fIDIe ......c.ceeviviiiiiiieiiieie e 60
Figure 2.18: Chemical structure of Sodium Bicarbonate.............ccceevvieeiiieciiiieieeeieeeiees 60
Figure 2.19: Image of PP/SF composites after batch mixing (Haake rheomix) ........c.cccceuee. 63
Figure 2.20: sc-CO2 assisted batch foaming SEtUP ........cceevverieriiiiiniiiniiienicecceceeene 64
Figure 2.21: Twin screw extruder (OMega 20, STEER Engineering Pvt. Ltd., India) ........... 66

Figure 2.22: CO?2 assisted extrusion Foaming setup: a) Haake Rheodrive b) feeder c) CO2 gas
injection port d) static mixer e) sheet die f) chill roll g) chill roll driving unit h) CO2 pressure
gauge and inside image showing zoomed view of extruded foamed PP sheet........................ 67

Figure 2.23: Image of Foamed PP and their composites at 160°C a) EF PP b) EF PP/SF02 c)

EF PP/SFOS d) EF PP/SFL0 ..ottt sttt 67
Figure 2.24: FTIR instrument, Thermo Scientific, Nicolet iS50 spectrometer ...........c..c...... 68
Figure 2.25: Scanning electron microscope (ZEISS EVO 50) ....cccoviiviiiiniineniiinicnicienens 69
Figure 2.26: TGA instrument, Perkin—Elmer Pyris 6 System ..........cccccoveeviniininieniicnennenens 69

Figure 2.27: a) Instron 3365 tensile testing instrument b) enlarged view of the tensile grip of

the TNSTIUMEIE. ....eetiiieiiieei ettt sttt et a et e e sbe e bt et esbeenbeeanesaeens 71
Figure 2.28: Rigaku Ultima IV WAXD equipment...........ccccocvevirrieriineriienieneeieneenieeeeneens 72
Figure 2.29: Internal mixer (Thermo scientific Haake polylab OS, Germany)....................... 73
Figure 2.30: Compression molding machine (Labtech engineering)..........c.ccceceevvervenervuennnnns 74
Figure 2.31: Tensile testing machine (Zwick Z/010).....c..ccccevieriiiiniininienieneeieeeerieeenens 75
Figure 2.32: Notched impact tester (Tinius OISEn)........coceeverieriiiiiniineiiieniesieeeeeeesieeee s 76

XiX



Figure 2.33: Differential scanning calorimetry (TA instruments [DSC Q200])........cccceeveeenn. 77

Figure 2.34: Micro compounder (Thermo Scientific, Haake MiniLab II, Germany).............. 78
Figure 2.35: Parallel plate rheometer (Bohlin C-VOR instrument).............cccceeevveencreeenneens 78
Figure 2.36: Melt flow index equipment (by FIeXitest)........ccccveriiiieiiiieeiiieeciieecie e 79
Figure 2.37: Dynamic mechanical analyzer (TA instruments [DMA Q800]).....c..ccccvveererernnns 80
Figure 2.38: HDT testing equipment (by JJ t€St)......cccviiiiiiieiiiieiiieeieeeeeeee e 80

Figure 3.1: FTIR spectra of raw sisal fibre and sisal fibres with different treatment times. ...86
Figure 3.2: SEM analysis a) RSF b) SF 2h ¢) SF 4h d) SF 8h. ....oooiiiiiiiiee, 87
Figure 3.3: TGA analysis of raw sisal fibre and fibres treated at different treatment time. ....88
Figure 3.4: DTGA analysis of raw sisal fibre and fibres treated at different treatment times. 89
Figure 3.5: XRD analysis of raw and fibre treated at different treatment times. ..................... 91
Figure 3.6: Fibre length distribution for short sisal fibres a) Initial b) Final.......................... 93

Figure 3.7: Fibre length distribution for near critical fibre length sisal fibres a) Initial b) Final

Figure 3.8: Interfacial shear strength and critical fibre length of PP/SF system ..................... 95
Figure 3.9: Pictorial view of rheological percolation threshold. a) PP/SF short fibre composite
b) PP/SF composite having NCLF........ccccooiiiiiiiiiiiiceeeese e 96
Figure 3.10: a) Storage modulus and b) loss modulus vs. frequency graph of PP/SF composites
having short SISl fIDIES .....cc.eiiiiiiiiiii e 97
Figure 3.11: Storage modulus and loss modulus vs. frequency graph of PP/SF composites
having near critical fibre length ...........cccooiiiiiiiiii e 98
Figure 4.1: SEM micrograph of impact fractured composites. (a) PP/SF10 (b) PP/SF20 (c)
PP/SF30 (d) PP/SFAOD ...ttt st 105
Figure 4.2: a) Stress vs. strain curve of tensile samples of composites b) Elongation at break c)

Tensile strength d) Tensile MOAUIUS .........cccooiiiieiiiiiiii e 106

XX



Figure 4.3: a) Stress vs. strain curve of the flexural test b) Flexural strength c) Flexural modulus
d) Strain at MAX FOTCE.....cciiiiiiiie ettt e e e e e e e s ta e e e baeesareeessseeessseeennseeas 107
Figure 4.4: Effect of fibre addition on the impact properties of composites ............ceeenee... 108

Figure 4.5: Relative rheological measurements for PP and its composites with different weight

90 OF SISAL TIDTE. ..ot ettt st et s e 110
Figure 4.6: Modulus vs. angular frequency of PP and their composites ...........cccceevveeenneenn. 111
Figure 4.7: Complex viscosity vs. frequency of PP and its composites ...........cccccveevveeennnenn. 112

Figure 4.8: a) Storage modulus vs. fibre concentration at two different angular frequencies (0.1
rad/s and 1 rad/s) b) fitting to the power law relation [log G’ vs. log(W-Wr)] ...cccveriieneen. 113
Figure 4.9: Cole-Cole analysis of neat PP and PP/SF composites ..........cccceccevvvevervinicnnnnne 114

Figure 4.10: a) Hardness vs. fibre concentration and b) storage modulus vs. hardness graph

Figure 4.11: Dynamic mechanical properties: a) Storage modulus b) Loss modulus c) Tan delta
of PP/SF composites having NCLF d) Storage modulus vs. fibre concentration at different
EEIMPETATUTE ...eniiiiiiiiiiiie ettt ettt e et e e e be e e eaba e e sabeeesabeeesaneeeeanee s 119

Figure 4.12: Effect of fibre concentration on normalized storage modulus (E') of composites

Figure 4.13: Melting temperature thermogram of PP/SF composites having near critical length
BIDTES. . 121

Figure 4.14: Crystallization temperature thermogram of PP/SF composites having near critical

LENGLN TIDTES. ..o ettt et e ettt e bt et e st e e naeeenreeees 122
Figure 4.15: TGA graph of PP/SF composites having NCLF. ........cccccocoviiviniininiinicnene 123
Figure 4.16: DTG graph of PP/SF composites having NCLF ...........cccccoeviiniiiiiiiiniieiee, 124
Figure 4.17: XRD spectra of PP/SF composites with NCLF...........cccccociniininiiniiinicnen 125

XXi



Figure 4.18: Experimental and theoretical density of composites with increasing concentration

Figure 4.19: Graph of Experimental and Theoretical Elastic modulus of composites with
increasing concentration Of fIDIES ..........ieiiiiiiiie e e 129
Figure 4.20: Graph of Experimental and Theoretical Tensile strength of composites with
increasing concentration Of fIDIES ..........iiiiiieiiie e e 129
Figure 4.21: Variation of (a) density and (b) volume expansion ratio (VER) of PP and its

foamed composites with foaming temperature at 100 Bar pressure and 15 min saturation time

Figure 4.22: Morphology of foamed PP at 100 Bar, 15 min saturation time, and a) 145°C, b)
I559C, €©) 1O05°C ettt st ettt 139
Figure 4.23: Morphology of foamed PP and their composites, foamed at 145°C, 100 Bar, and

15 min saturation time: (a)FPP, (b)FPP/SF10, (c) FPP/SF20, (d) FPP/SF30 and, (¢) FPP/SF40

................................................................................................................................................ 140
Figure 4.24: Influence of fibre concentration on cell size, cell density..........cccevervueriennne. 141
Figure 4.25: Influence of fibre concentration on nucleation ratio .......c..ccoceevervvereevenienenn 141
Figure 4.26: WAXD analysis of FPP and its foamed compoSites ..........ccoceeververerrienienennn 142

Figure 4.27: Compressive properties: a) Modulus and b) Fmax of FPP and their composite

Figure 4.28: Dynamic mechanical analysis of foamed PP and foamed PP/SF composites: a)
Storage modulus (E’), b) Loss modulus (E”) and, ¢) damping factor (Tang)........................ 147

Figure 5.1: SEM micrograph of impact fractured composites. a) PP/SF10(short) b)

PP/SF20(short) ¢) PP/SF30(short) d) PP/SFA0(ShOTt) ....c..cveivieieiniiniciriicicieccceceee 156
Figure 5.2: Density of PP/SF short fibre composites.........c.ccecevieviiiinieninienienceienieeane 157
Figure 5.3: DSC melting endotherm of short fibre PP/SF composites...........ccccevevienicnnenne 158

XXii



Figure 5.4: DSC crystallization exotherm of short fibre PP/SF composites............ccueeneee. 159

Figure 5.5: TGA thermogram of short fibre PP/SF composites ...........cccccvveevriierciieencreeennen. 160
Figure 5.6: DTG thermogram of short fibre PP/SF composites ...........cccccvveeeiiercieercieeennenn. 161
Figure 5.7: Modulus vs. angular frequency of short fibre PP/SF composites ....................... 163
Figure 5.8: Complex viscosity vs. angular frequency of PP/SF(short) ........ccccceevvvveevieennenn. 163
Figure 5.9: XRD spectra of short fibre PP/SF composites .........cccovvevvieeviiieciieeieecieeeen 164
Figure 5.10: Melt flow rate of short fibre PP/SF composites .........ccccvvveeveiieecieeeciieeeiieeeen. 165

Figure 5.11: a) Stress vs. strain curve of tensile samples of short fibre PP/SF composites b)
Tensile strength ¢) Tensile MOAULUS ........cooviiiiiiiiii e 166
Figure 5.12: a) Stress vs. strain curve of flexural samples of short fibre PP/SF composites b)
Flexural strength ¢) Flexural modulus ...........coocoiiiiiiiiiiiiieee e 167

Figure 5.13: Effect of fibre addition on the impact properties of short fibre PP/SF composites

Figure 5.14: Graph of experimental and predicted tensile strength of PP/SF composites ....171
Figure 5.15: Effective fibre volume fraction vs. fibre concentration of PP/SF composites .. 172
Figure 5.16: Different models for predicting the tensile modulus od the PP/SF composites 173
Figure 5.17: Modified ROM for tensile strength of composites for different value ofn0....173

Figure 5.18: Modified ROM for tensile modulus of composites for n0 = 0.375 and nL = 0.87

................................................................................................................................................ 174
Figure 5.19: Comparison of Tensile strength of NCFL and short fibre composites.............. 175
Figure 5.20: Comparison of Tensile modulus of NCFL and short fibre composites............. 176
Figure 5.21:Comparison of Impact strength of NCFL and short fibre composites ............... 176
Figure 5.22: a) Density b) VER of PP/SF(ShOTt) .....cc.cooouiiiiiiiiiiiiieeeeeeee e 181

Figure 5.23: Morphology of PP/SF composites having short sisal fibres a) PP/SF10(short) b)

PP/SF20(short) c) PP/SF30(short) d) PP/SF40(ShOrt) ........coovviieiiiieiieeieeeeeeeeeee e 182

XXiii



Figure 5.24: Influence of fibre concentration on cell size, cell density.........cccccecvveevveeennenn. 183
Figure 5.25: XRD spectra of PP/SF composites having short sisal fibres...........cccccccvveeneen. 184

Figure 5.26: Compressive properties of PP/SF composites having short sisal fibre a)

compressive modulus b) Fiax at 10% deformation.............cocceeieeiiiiiiiniiiiiiiceeeeeee 186
Figure 5.27: SEM image of a) PP/SF40 b) PP/SF40(Short) .......cccceeeviieeiiiieiiecieeeee e 187
Figure 5.28: Comparison of cell diameter of NCFL and short fibre composite foams ......... 187

Figure 5.29: Comparison of compression modulus of NCFL and short fibre composite foams

................................................................................................................................................ 188
Figure 6.1: Density of neat and extrusion foamed cOmMpPOSIteS........c.ceveeruienieriieenieriiiennieas 195
Figure 6.2: Volume expansion ratio of foamed composites ...........ccceeveeriiienieeiieenieeiieenees 196

Figure 6.3: SEM micrograph of a) EF PP b) EF PP/SF02 ¢) EF PP/SF05 d) EF PP/SF10 at 60
Bar and 200°C ... .ottt ettt at e e bt et ebeenaeeens 197

Figure 6.4: SEM micrograph of a) EF PP b) EF PP/SF02 ¢) EF PP/SF05 d) EF PP/SF10 at 60

Bar and TO0°C .....c..oooiiiiieee e st 198
Figure 6.5: SEM analysis of PP and their composites at 200°C and 60 Bar..............cc..c....... 198
Figure 6.6: SEM analysis of PP and their composites at 160°C and 60 Bar .............c...c....... 199
Figure 6.7: Nucleation Ratio at different temperatures ............coceeveeverienenneneneenenecnene 199
Figure 6.8: Mechanism of extrusion foaming of EF PP and EF PP/SF10..........cc.cccccecenee. 200
Figure 6.9: XRD spectra of PP and their composites films..........ccccooeriiniiiiniiniinincnene 201
Figure 6.10: XRD spectra of foamed PP and their composites at 160°C ...........ccccecveeeennne 201
Figure 6.11: XRD spectra of foamed PP and their composites at 200°C ...........ccccecuereennnnn 202
Figure 6.12: Melting endotherm of EF PP and its composites at 160°C ............ccccceueveennne 203

Figure 6.13: Crystallization exotherm of EF PP and its composites at 160°C (DSC analysis)

XXiv



Figure 6.15: DTG graph of EF PP and its composites at 160°C............cccceeevveeecrveencrieennnnn. 205
Figure 6.16: Drop tower impact tester (CEAST, Model: Fractovis Plus) .........ccccceeevveennenn. 212
Figure 6.17: Principle of Sound wave transformation............ccceeecveeervieeiieeecieeciieeeiee e 214
Figure 6.18: Image of PP and their composites (30 mm diameter) a) PP b) PP/SF10 c¢) PP/SF20
d) PP/SF30 €) PP/SFAQ ...ttt ettt 215
Figure 6.19: Image of PP/SF composite foams (30 mm diameter) a) FPP b) FPP/SFI10 c)
FPP/SF20 d) FPP/SF30 €) FPP/SFA0 .....ooiuiiiieeeeeeee et 215
Figure 6.20: Sound absorption testing SETUP.......covevueriireererienienieeteeeesie e 216

Figure 6.21: Total impact absorb energy of foamed PP and their foamed composites at different

15000 0 1C) ¢ 1101 4SS 217
Figure 6.22: Mechanism of sound absorption in composites and their foams....................... 220
Figure 6.23: Absorption coefficient vs. frequency of PP and its composites.............ccccu...... 221
Figure 6.24: NRC of PP and itS COMPOSILES ......eevuvieiieriiieiieiieeiie ettt 221

Figure 6.25: Absorption coefficient vs. frequency of foamed PP and its foamed composites

XXV



List of Tables

Table 1.1: Composition 0f $iSal fIDIES .......c.ccecvieriiiiiieiieiiieieee e 6
Table 1.2: General properties of POlypropylene...........ccoccueeoiieiiiiiiiiiiiiieeieeeeceeeeee e 9
Table 1.3: Influence of fibre length on processability ...........cccoovveeiiieriiieiieniiiiiieieceee e, 14
Table 2.1: Properties Of PP .........oouiiiioieceeeee ettt ettt e 47
Table 2.2: Important peaks in FTIR Spectra of PP..........cocoiviiiiiiiiiiiiiceceeeeeee e, 47
Table 2.3: DSC data Of PP .......oooiiiiiiee et 48
Table 2.4: TGA data Of PP....c..ooiiiiieeeeeee ettt 50
Table 2.5: Properties 0f PP-g-IMA ........cccooiiiiiieeiiceece ettt 54
Table 2.6: Properties of SiSal fIDres.......cccovviiiiiiiieiiieiieiece e 56
Table 2.7: Important peaks in FTIR Spectra of Sisal fibre............cccevvvveviieniiiiieniieieeeieeen, 58
Table 2.8: TGA properties of Raw Sisal FIDIes.........ccccieviieiiiiiiiiiieieceeceeeeeee e 58
Table 2.9: Temperature profile of twin-screw extruder (°C) .......cccvvvieeriieeniieeniieeeiee e 66
Table 2.10: Composite of PP/SF/PP-g-MA used in experimentation so far............c.ccceeevennn. 66
Table 2.11: Processing conditions of compression molding ..........ccccceeeeevveerieeeniieenceeenieeens 70
Table 3.1: Onset degradation temperature (°C) of all samples ........ccceeveuieeecieiniieiniieenieens 89
Table 3.2: Crystallinity (%) of all SAMPLES ......vevereiieeiieeiieeeeeeeeeee e 90
Table 3.3: Tenacity of raw and treated sisal fIbres ..........ccceevvieeiiieeiiiiieeee e, 91
Table 3.4: PP/SF composites fOrmulations...........cceeevieeiiiieiiieeiieeeieeeee e esree e e 94
Table 4.1: Mechanical properties of composites having NCFL ...........ccccccoevviiiniieenciieennen. 108
Table 4.2: Rheological parameters, shear viscosity, and torque values.............ccoceeveennennee. 110

Table 4.3: Crossover frequency and complex viscosity of PP/SF composites having NCLF



Table 4.5:

Table 4.6:

Table 5.1:

Table 5.2:

Table 5.3:

Table 5.4:

Table 6.1:

Table 6.2:

Table 6.3:

Thermal analysis of PP/SF composites having NCLF and short fibres................ 124

Physical, Morphological and mechanical properties of PP and its composite foams

............................................................................................................................... 144
Thermal analysis of PP/SF composites having short fibres...........cccceeevveeennennnee. 158
Crossover frequency and relaxation time of short fibre PP/SF composites ......... 162
Overall mechanical properties of short fibre PP/SF composites ............cccuue.e... 169

Physical, Morphological and mechanical properties of PP and its composite foams

............................................................................................................................... 183
Crystallinity % of PP and their composites and their foams ............cccceccveeneeee. 202
Thermal analysis of EF PP and their composites foamed at 160°C ..................... 206
Cell size and impact absorb energy of EF PP and their composite foams ........... 218

XXVii





