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ABSTRACT

In recent years increasing scarcity of oil resources, energy crisis, and white pollution urge
researchers to replace conventional petroleum based plastics with renewable, bio-based and
bio-degradable materials. Poly(lactic acid) (PLA) has drawn attention of researchers due to
high strength, high stiffness, good bio-compatibility, excellent transparency and complete
biodegradability. However, PLA suffers from major disadvantages notably brittleness (low
strain-at-break and high modulus), low heat distortion temperature (HDT, <60°C), poor
impact strength, low rate of crystallization and poor processability. These shortcomings
significantly restrict industrial applications of PLA particularly for durable applications such
as in automotive and electronics. The blending of bio-degradable polymers with fillers or
elastomers is thought to be a cheaper and less time consuming process of modifying polymer
properties.

PLA/lignin green biocomposites at varying concentrations of lignin from 0-30 wt.% without
use of compatibilizer were prepared which showed improved biodegradability and tensile
modulus. Increased tensile modulus indicated significant phase interaction. Tensile strength
decreased with increase in lignin in the PLA matrix. Because of stress concentrations,
mechanical restraints and phase adhesion the matrix ductility decreases at large deformations
resulting in the decrease of elongation-at-break as well. In the present study to understand the
phase interaction between PLA and lignin, tensile properties are analyzed employing
predictive models.

However, increased embrittlement of the biocomposite affected tensile strength, elongation,
and impact strength properties moderately. Therefore, to widen applications of PLA an

elastomeric copolymer ethylene-co-vinyl acetate (EVA) was blended with PLA. Blends of



PLA with various concentrations of EVA (vinyl acetate content 50 wt.%) were prepared to
modify mechanical properties. Incorporation of EVA co-polymer into PLA decreased the
crystallinity and substantially enhanced its flexibility. The tensile modulus and strength
decreased while toughness and ductility increased significantly. The impact strength of PLA
enhanced significantly making the blend super tough. Tensile properties of the blends were
described and correlated with theoretical models. Morphological analysis of impact tested
samples demonstrated various fracture mechanisms such as crazing/micro-cracks formation,
fibrillation, and shear yielding.

Rheological studies of the blends were performed on a capillary rheometer in which shear
stress increased with increase in the volume fraction of the blending polymer, @y, as well as
shear rate. Melt viscosity of the blends increased with increase in ®4and decreased with rise
in temperature. Power law relationship was followed by the blends. Power law index, n,
decreased with increase in d4 while the trend was opposite with increase in temperature.
Consistency index values increased with @®4. The values of the consistency, K, decreased
with rise in temperature for a particular blend composition. The activation energy increased
with increase in ®4 which may be due to the enhanced phase adhesion between PLA and
EVA. The frequency sweep data of parallel plate rheology indicated monotonous increase in
storage modulus, loss modulus and complex viscosity with EVA concentration due to strong
phase interaction.

The optimized PLA/EVA super tough blend with 30 wt. % of EVA was further modified
with varying concentrations (0.4-9.1 wt.%) of halloysite nanotubes (HNT). TGA study
indicated that incorporation of HNT improved the thermal stability of the nanocomposites

remarkably. Enhanced tensile modulus and impact strength demonstrated the strengthening

vi



and toughening effect of halloysite in the nanocomposites, simultaneously. The impact
fractured surface morphologies and halloysite induced morphological changes of the
nanocomposites were evaluated using scanning electron microscopy (SEM) and transmission
electron microscopy (TEM), respectively. FTIR investigation revealed interactions between
HNT and PLA. Glass transition behaviour of the nanocomposites, as shown by dynamic
mechanical analysis (DMA) and differential scanning calorimetry (DSC), presents strong
evidence in favour of phase interaction and reinforcing effect of halloysite. Enhanced tensile
strength and elongation-at-break demonstrated toughening effect of halloysite.

In the future, PLA/EVA/HNT ternary nanocomposites can be explored for applications in
services e.g. as wares, folded cartons, durable goods, laptop, computer and mobile housing,
packaging and automotive components. PLA/lignin composites are suitable for nondurable
applications in short term products, mulch films, as well as grocery and composting bags,

trays, bottle and other indoor applications.

vii



Table of contents

Certificate [
Acknowledgements ii
Abstract v
List of Contents IX
List of Figures XV
List of Tables XXI
List of Abbreviations XXiil

Chapter 1 Introduction and literature survey

0 10 0o o1 o) o PP 1
1.2 Polymer blends and COMPOSITES. .......o.viniiri i 1
1.2.1 Toughened POIYIMET. .. .. .t e e e 2
1.2.2 Rubber toughened POIYmMer. ... ..o 3
1.3 PLA- A biodegradable polymer...... ..o 6
1,30 AVANTAgES OF PLA . . o e e e 8
1.3.2 LImMItations OF PLA . ... e e 9
1.3.3 APPlCAtioNS OF PLA . ... e 10
1.4 PLA blends- A HTErature SUNVRY . .......viueiti ittt et et e e e aaeans 11
1AL EVA as Impact MOITIer. . ... e 14
1.5 POIYMEr COMPOSITES. ...\ttt ettt et e et et e e et e e e aanans 14
1.6 POlYMEr NANOCOMPOSITES. . ...\ttt ettt e 16
1.7 Polymer-halloysite NaN0COMPOSITES. .. .. .uueit ettt 22
1.8 Toughened PLA/HNT NanOCOMPOSITES. .. .. ueeiititet ettt et et et eeeee e aes 25
1.9 Objectives of the PreSent STUAY.........oouiieiti e 28
191 PIaN OF the WOTK. .. ..o e 28
IO o] o] 1 To%: L1 ) TS PP 28
L B 2S5 3 4 Lo 29
Chapter 2 Materials and methods
2. L EXPEIIMENTAL. ...t e 41
P20 00 R (0T [0 Tod 1 o o PP 41



2.0 2 MaALOTIAS. oo 41

2. L 2 L P A 41
2.1.2.2 Characterization Of PLA . ... e 41
2.0.2. 3 POlarimMe Iy 1ESt. ..ttt 41
2.1.2.4 X-ray diffraction pattern (XRD) Of PLA. ... ..o 42
2.0, 2D LGN . 43
2.1.2.6 Characterization of lignin. ... ... ... e 44
2.1.2.7 Average particle diameter. .. ..o 44
2.1.2.8 X-ray diffraction pattern (XRD) of lignin..............cooiii e 44
2.1.2.9 Thermogravimetric analysis (TGA) of lignin.................cooiii 45
2.0 2 A0 BV A 46
2.1.2.11 Characterization OF EV A . ... . e 46
2. L 2. 2 HN T L 46
2.1.2.13 Characterization OF HNT ... e 48
2.1.2.14 X-ray diffraction pattern (XRD) of HNT ..., 48
2.1.2.15 Thermogravimetric analysis (TGA) of HNT ..., 49
2.1.3 Preparation of PLA/IIGNIN COMPOSITES. ......ouintieiiet e 49
2.1.4 Preparation of COMPOSIte SPECIMENS. ... ..iuini it 50
2.1.5 Preparation of PLA/EVA blends and PLA/EVA/HNT nanocomposites..................... 51
2.1.5.1 Composition of blends and NANOCOMPOSITES.........ouiuiieiriiiiie e, 51
2.1.6 Preparation of the teSt SPECIMENS. ... ..uieit it e 53
2.1.6.1 Melt compounding and injection molding.............c.ooviiiiiiiiii e 53
2.1.7 Testing and measurement teCANIQUES. ........ouuiriri e eeaes 54
2.1.8 Thermal CharaCterization............ououiniiie et et 54
2.1.8.1 Differential scanning calorimetry (DSC)........c.oiiiiiiiiii e 54
2.1.8.2 Thermo-gravimetric analysis (TGA) ... .ouiiiii e 55
2.1.9 Mechanical ProPerties. .. ....ovine e 56
2.1.9. 1 TeNSIIE PrOPEITIES. .. .ottt e e e et e e 56
P e A o To [ ] o= Lol 2] S 57
2.1.10 Morphological STUTIES. ...t e 58
2.1.10.1 Scanning electron microscopy (SEM)........oviiiiiii e 58



2.1.10.2 Transmission electron microscopy (TEM)........c.ooiiiiiiiiii e 58

2.1.10.3 Wide angle X-ray diffraction (WAXD).......c.ootiiiiiiii e, 59
2.1.10.4 Fourier transform infra-red (FTIR).......cooiiiiii e, 59
2.1.10.5 Dynamic mechanical analysis (DMA).... ..ot 60
2.1.11 Rheological measurements. .. ... ....oiritie i e, 60
2.1.11.1 Capillary rheOmeter. ... ..o e e 60
2.1.11.2 Effect of temperature on mMelt VISCOSITY.........o.iiiiii e, 61
2.1.11.3 Dynamic rheological measuremMentS. ..........oouiiritit i, 62
2.2 RETBIEINCES. ...ttt e 63

Chapter 3 Mechanical, thermal, morphological and rheological characterizations of

PLA/Lignin composites

B J0 A 1 10T [0 Tod o] T 67
B2 EXPEIIMENTAL. ... .o 67
3.2.1Blend formulation..........c.oiei i 67
B TR AV [ To LT =T o T P 68
3.4 ReSUIES aNd QISCUSSTION. ... ..ttt et 68
3.4.1 Thermal charaCterization............cooiiiii i e, 68
I e I | (1T 2 PP 72
3.4 3 TeNSIIE PrOPEITIES. ..o ettt 73
3.4.3.1 SHrESS-SIIAIN CUNVE. ...ttt ettt e e e e et eaenes 73
34.3.2Tensile MOAUIUS. ..o e 74
34.3.3Tensile SreNgtN. ... 78
3434 Elongation-at-break. ... ... 82
344 IMPaCt SIrENQEN. . ... 84
3.5 Cryogenically fractured surface morphology...........ccoooviiiiiiii e, 86
3.6 Rheological analysis. ... .....ooeiirii e 88
3.6.1 Dynamic mechanical analysis (DMA)........ouiriiii i e 88
3.7 Parallel plate rheometry. ... ... 91
3.7.1 Dynamic VIiSCOEIAStIC PrOPeItIES. . .. vttt e e 91
BB CONCIUSIONS. . ...t e e e e e e 95
B0 R BIINCES. ...ttt 96

xi



Chapter 4A Mechanical, thermal and morphological properties of PLA/EVA blends

o A oo 18 Tox 1 o] RPN 101
A2 EXPEIIMENTAL. ...t 101
4.2.1Blend formulations. ..o 101
4.3 MBASUIEIMEINTS. . . ettt ettt et e e ettt e e e et et e et et 102
4.4 ReSUIS and dISCUSSION. ... . ettt e e e ettt e e e aein e e 102
4.4.1 Degree of crystallinity..... ..o 102
4.4.2 Thermogravimetric analysSiS. ... ....oouiirir i e 104
4.5 Mechanical PrOPertIES. ... .o.oe i 106
4.5.1 Tensile StreSS-Strain CUMVES. ... ...uit ettt et e e e a e e e e 106
452 Tensile MOAUIUS. ..o 108
453 Tensile Strength. .. ... 110
4.5.4 EloNQation-at-break. ..........oouiiiii e 113
4.5.5 IMPact StrENGtN. ... 115
4.6 Fracture surface morphology and mechanism of toughening...................c.ooooii.. 117
A 0 0011 ] o] 3 121

4.8 References

Chapter 4B Thermo-mechanical and rheological characterizations of PLA/EVA blends

4.9 Rheological charaCterization..............cooiiieii i e 127
L T A 0T [0 Tox 1 o] PPt 127
4.10 ReSUItS @nd diSCUSSION. ......vut ittt e et eene 127
4.10.1 Dynamic mechanical analysis (DMA).........ouiiiiiiii e 127
4.10.2 SNEAr rNEOIOQY . .....vieit e 131
AL0.3 FT-IR STUAY . .. eit e e 139
4.10.4 Capillary rheOMELIY. .. ..o 140
4.10.4.1 Flow curves (Shear stress vs. shear rate CUIVES)..........oeeveiiriiriniinianieniienennns. 140
4.10.4.2 VISCOSITY CUIVES. . ..ottt et ettt ettt et e e e et e e e et e et aeaaeaeas 141
4.10.4.3 POWEr 1aW INAEX (N). .o uitit it e 143
4.10.4.4 Consistency coefficient (K)........c.oooiiiiin e 146
4.10.4.5 FIOW aCtIVAtION ENEIQY ... ..o nt ittt ittt et e et e et e 147
4.10.4.6 CONCIUSIONS. .. ...ttt e e e e et e ettt e 148

xii



A L] RETEIBNCES. ... e it eet ettt e 150
Chapter 5 Thermal, static and dynamic mechanical and rheological properties of
PLA/EVA/HNT nanocomposites

S.LINITOTUCTION. ... e e e e e e e e e e e e 155
5.2 EXPEIIMENTAL. ... .ot 156
5.2.1 Nanocomposite formulations. ........... ..o 156
5.3 MBASUIBIMENTS. . ..ttt ettt e et e 156
5.4 ReSUIS aNd QISCUSSION. ... ..ttt e e e eei e 156
5.4. 1 Thermal @nalysis. ......oouiniiii i 156
5.4.2 Mechanical Properties. .. ... ..o.oouir i, 160
5.4.2.1 TensSile StreSS-Strain CUINVES. .. ...ttt ettt et e e e eeees 160
5.4.3 Morphology @nalysSiS. ........ouiuie i 163
5.4.4 Fourier transform infrared SPeCtroSCOPY.........ouiiririii e, 168
5.4.5 Dynamic mechanical Properties. ... .. ..c.oouiiririe i e 170
5.4.6 Dynamic oscillatory rheological analysis...............coooviiiiiiiii e 173
5.4.6.1 AMPIITUAE SWEEP. ... ettt 173
5.4.6.2 FIEQUENCY SWEBEP. ...t etente et et ettt e et et et e et et et et e et et e e et eaen et 174
5.4.6.3 Phase angle and freqQUENCY........ooririneii e e 176
5.5 CONCIUSIONS. ... .t e e e 177
5.8 RETEIEINCES. ...ttt 179
Chapter 6 Summary, conclusions and future scope
6.1 SUMMArY OF theSiS. .. ..o 183
T O] T 11 5] o] 0 185
6.3 Future scope of the WOrK. ... ... 185
List of publications and biography
LiSt Of PUDIICALIONS. ... ..ot e e e 187
Bio-data Of the aULNOT. ... ..o e 189

Xiii



List of Figures

SI. No. Title Page No.

Figure 1.1 Various applications OF PLA . ...t e 10
Figure 1.2 Basic structure of lignin. ... ... 15
Figure 1.3 Structure of halloysite Nanotubes. ............c.ooiiiiii i, 19
Figure 2.1 XRD pattern OF PLA . ... e e eeee e 43
Figure 2.2 Particle size distribution plot of the lignin particles.....................ooooiin . 44
Figure 2.3 XRD pattern of lignin. ... .. ..o, 45
Figure 2.4 TGA/DTG traces of lignin. ... ..., 45
Figure 25 TGA/DTG traces OF EV A . ..o e 47
Figure 2.6 DSC trace OF EV A . ... .o e, 47
Figure 2.7 XRD pattern of HNT ... e 48
Figure 2.8 (a) TGA (b) DTG traces Of HNT ..., 49

Figure 2.9 Schematic of shear induced orientation of HNTs through melt recirculation in the
NANOCOMPOSITES. . .ottt ettt ettt ettt et et et ettt et e et et et et 53
Figure 2.10 Schematic representation of TGA and DTG curves of a polymer for evaluation of
Tonset, Tmaxs AN Trinal VAIUBS . . ..ot e, 55
Figure 2.11 STreSS Strain CUMNVE. .. ..ttt et e et et e e nenes 57
Figure 3.1 DSC traces of PLA and its composites with various lignin contents recorded

during the second heating scan at 10 °C/MIN...........c.ocvuiiiiiriiiii e, 68
Figure 3.2 TGA (a) and DTG (b) scans of PLA, lignin and PLA/lignin composites........... 70
Figure 3.3 FT-IR scans of PLA and itS COMPOSItES. .........ccovriiiiiiiii e eieae e 72
Figure 3.4 Variations of stress and strain of PLA/lignin composites............................. 73

Figure 3.5 Variation of tensile modulus (E;) of PLA/lignin composites against ®z. Inset:
Dependence of tensile modulus of composites versus crystallinity............................. 75
Figure 3.6 Comparison of relative tensile modulus data of PLA/lignin composites, Einstein

model without adhesion, curve I, and Einstein model with adhesion, curve Il against

Figure 3.7 Plot of normalized tensile modulus, (E</Xc)/(Ex/Xp), of PLA/lignin composites
Yo 110 ] A 77

XV



Figure 3.8 Plot of tensile strength (o) of PLA/lignin composites against ®z. Inset: Variations

of tensile strength of composites versus crystallinity....................ocooiiiiiiiiiiia, 78
Figure 3.9 Comparison of relative tensile strength with Nicolais Narkis, Nielson model, with
K and a value indicated in PLA/lignin composites against ®s.............ccovivviiiiinneninnn. 79

Figure 3.10 Plot of normalized tensile strength, (o¢/Xc)/(0p/Xp), of PLA/lignin composites
AN ...ttt 81
Figure 3.11 Variation of elongation-at-break (%) of PLA/lignin composites against ®s. Inset:
Dependence of elongation-at-break of composites versus crystallinity.......................... 82
Figure 3.12 Plot of relative elongation-at-break, (ec/ep) data of PLA/lignin composites with
Nielson model, against Dr...........ooriiiii i 83
Figure 3.13 Variations of normalized elongation-at-break, (e./Xc)/(ep/Xp), of PLA/lignin
COMPOSILES AZAINSE Df. ... utet ittt et et et et e e e e e naeaenss 84
Figure 3.14 Izod impact strength of PLA/lignin composites versus ®:. Inset: Variation of
impact strength of composites against crystallinity....................ocoi . 85
Figure 3.15 Variations of normalized impact strength, (Ic/Xc)/(1,/Xp), of PLA/lignin
COMPOSITES AQAINST Df. ...ttt et e aeaeeas 86
Figure 3.16 SEM micrographs of lignin and freeze fractured surfaces of PLA/lignin
composites at varying ®f. (a) lignin, (b) PLLO, (c) PLL5, (d) PLL10, (e) PLL20 and (f)

Figure 3.17 Storage modulus (E') vs. temperature (°C) curves of PLA and composites....... 88

Figure 3.18 Loss modulus (E") vs. temperature (°C) curves of PLA and composites..........89
Figure 3.19 Tan 8 vs. temperature (°C) curves for PLA and composites......................... 90
Figure 3.20 Storage modulus vs. frequency plot of PLA, PLA/lignin composites............. 91
Figure 3.21 Loss modulus vs. frequency plot of PLA, PLA/lignin composites................. 92
Figure 3.22 Tan delta vs. frequency plot of PLA, PLA/lignin composites....................... 93
Figure 3.23 Complex viscosity vs. frequency plot of PLA, PLA/lignin composites............ 93
Figure 3.24 Cole-Cole plot of PLA and PLA/lignin COMpOSItes..........ccovviiiiiiinininnnnn. 94
Figure 4.1 DSC traces of PLA and PLA/EVA blends recorded during the second heating at 5
RO 3 o PP 102
Figure 4.2 (a) TGA and (b) DTG scans of PLA, EVA and PLA/EVA blends................. 104

XVi



Figure 4.3 Variation of stress and strain with @4 in PLA/EVA blends. Inset: Variation of
stress and strain for pUre EV A . . .. . i 106
Figure 4.4 Plot of variations of E/E, of PLA/EVA blends against ®4 and their predictive
behaviour according to the rule of mixture, Eq. (4.1), and the foam model, Eq.(4.2). Inset:
Dependence of normalized tensile modulus, [(Ex/Xb)/(En/Xm)], of PLA/EVA blends against

Figure 4.5 Plot of variations of 6, /oy, of PLA/EVA blends (*), Nicolais Narkis model (...),
[Eq. (4.3)] with K=0.91, and Porosity model (-), [Eq. (4.4)] with 0=2.06 against ®y. Inset:
Variations of normalized relative tensile strength [(cp/Xp)/(om/Xm)] of PLA/EVA blends
AEAINSE D, ..ottt 111
Figure 4.6 Variation of relative elongation-at-break (ep/em) of PLA/EVA blends against ®y.
Inset: Variation of relative normalized elongation-at-break (ep/Xp)/(em/Xm) of PLA/EVA
blends With Dy.....oooiiiiiii 114
Figure 4.7 Variation of normalized impact strength (1o/Xp)/(Im/Xrm), of PLA/EVA blends
Yot 10 R A2 P 117
Figure 4.8 Scanning electron micrograph of PLA/EVA blends at 2000 magnification at
varying @q: (2) 0, (b) 0.06, (c) 0.12, (d) 0.24 and (e) 0.35. Figure 4.8 (f) contain photographs
of notched lzod impact fractured samples. Samples at ®4 0, 0.06 and 0.12 show complete
breakage while at ®4 =0.24 and ®4 =0.35 exhibit partial breakage with extensive stress
LT L] 10T TR PP 119
Figure 4.9 Variation of normalized impact strength (1/Xp)/(Im/Xr) of PLA/EVA blends
against interparticle diStance (T).........co.oieiiiii i 120
Figure 4.10 Storage modulus (E') vs. temperature (°C) curves of PLA and PLA/EVA blends
with different EVA concentrations. Inset shows the plot of E' vs. temperature of EVA.....128
Figure 4.11 Loss modulus (E") vs. temperature (°C) curve of PLA and PLA/EVA blends with
different EVA concentrations. Inset shows the plot of E" vs. temperature of EVA........... 129
Figure 4.12 Comparison of tan & vs. temperature curves with rule of mixture (line) and
PLA/EVA blends (line with hollow circle): (a) PLA (b) PLE5 (c) PLE10 (d) PLE20 and (e)

P S0 .ttt 130
Figure 4.13 Dynamic strain sweep of PLA, and PLA/EVA blend.................ccoocevne.o. 132
Figure 4.14 Complex viscosity vs. frequency plot of PLA, PLA/EVA blends................ 133

XVii



Figure 4.15 Storage modulus vs. frequency plot of PLA, PLA/EVA blends................... 135

Figure 4.16 Loss modulus vs. frequency plot of PLA, PLA/JEVA blends...................... 136
Figure 4.17 Tan delta vs. frequency curve of PLA and PLA/EVA blends...................... 138
Figure 4.18 Cole-Cole plot of PLA and PLA/JEVADblends..............ccooiiiiiiiiiiins 138
Figure 4.19 FTIR spectra of PLA, PLA/EVADblends. ..o, 140
Figure 4.20 Variations of 1, against y,, at 180 °C, 190 °C and 200 °C in PLA/EVA blends at
varying ®@q values: (m) 0, (#) 0.06, (A)0.12,(V¥)0.24, and () 0.35..........ceerinenn... 141

Figure 4.21 Variations of melt viscosity (n,) versus shear rate (y,) at 180 °C, 190 °C and 200
°C for PLA/EVA blends at varying @y values: (m) 0, (o) 0.06, (A) 0.12, (V) 0.24, and ()

0.3 e 142
Figure 4.22 Plots of melt viscosity (1) versus @4 at 180 °C, 190 °C and 200 °C for
PLAJEVA DIENGS. .. .. e 144
Figure 4.23 Plots of n versus @4 at 180 °C, 190 °C and 200 °C temperatures for PLA/EVA
0] [=] o [0 IO 145
Figure 4.24 Plots of K versus @y at 180 °C, 190 °C and 200 °C temperatures for PLA/EVA
0] < 0o 146
Figure 4.25 Plots of log n, versus 1/T of PLA/EVA blends at 180 °C, 190 °C and 200 °C
LCCT 0T 0 =] LU 148
Figure 5.1 DSC thermograms of PLA/EVA blend and PLA/EVA/HNT
NANOCOMPOSITES . ..ottt ettt et ettt e et et e e et et e e 157
Figure 5.2 (@) TGA (b) DTG curves for HNT, PLA/EVA blend and PLA/EVA/HNT
NANOCOMPOSITES. . ...ttt ettt ettt ettt e et ettt e e e et e e e e et e et et e e ne s 159
Figure 5.3 Tensile stress-strain curves of PLA/EVA (70:30) blend and PLA/EVA/HNT
NANOCOMPOSITES . . ...\ttt ettt et et ettt et et e e e et e et et et 160

Figure 5.4 Mechanical parameters for composites with different HNT concentrations, (a)

Tensile modulus (b) Tensile strength (¢) Elongation-at-break and (d) Notched lzod impact

I NN . e 162
Figure 55 WAXD patterns of HNT, PLA/EVA blends and PLA/EVA/HNT
NANOCOMIPOSITES . ..\ttt ittt ettt et ettt e e e e e e e et e e e 164

XViii



Figure 5.6 SEM micrographs of (a) HNTs and PLA/EVA/HNT ternary nanocomposites at
varying HNT concentrations: (b) PLE-HO, (c) PLE-H1, (d) PLE-H2, (e) PLE-H3, and (f)

PLE-HA L e 166
Figure 5.7 TEM micrographs of HNTs (a) and PLA/EVA/HNT ternary nanocomposites: (b)
PLE-H1, (c) PLE-H2, (d) PLE-H3,and (&) PLE-H4...........oooiiiiiiiiiiieeeea 167
Figure 5.8: FT-IR spectra of HNT and PLA/EVA/HNT ternary nanocomposites............ 169

Figure 5.9 Storage modulus (E") vs. temperature (°C) curves of PLA/EVA blend and its
nanocomposites with different HNT concentrations.................covviiiiiiiiiiinineen.n. 170
Figure 5.10 Tan & vs. temperature curve of PLA/EVA blend and PLA/EVA/HNT
nanocomposites with varying HNT concentrations (a): variation of tan 6 vs. temperature for

rule of mixture (line) and nanocomposites (line with filled circle) for PLA/EVA and the

PLA/EVA/HNT nanocomposites (D-1).......coiiiii e 172
Figure 5.11 Plots of storage modulus vs. frequency at 190 °C temperature for
PLA/EVA/HNT NanOCOMPOSITES. ... .. ettt et ettt et e e e 174
Figure 5.12 Plots of loss modulus vs. frequency at 190 °C temperature for the
PLA/EVA/HNT NanOCOMPOSITES. .....v ettt et ete et et et e et et e e e 175
Figure 5.13 Plots of complex viscosity vs. frequency at 190 °C temperature for
PLA/EVA/HNT NANOCOMPOSITES. ...ttt ettt ete et ettt et et e et e e eaaeaa 176
Figure 5.14 Van Gurp Palmen plots at 190 °C temperature for PLA/EVA/HNT
NANOCOMPOSITES . ..ottt e et et et e et e 177

XiX



List of Tables

SI. No. Title Page
Table 1.1 Comparison of typical PLA properties [21, 36] with different thermoplastic resins.....7
Table 1.2 PLA/HNT nanocomposites and their key findings. ..., 25
Table 2.1 General properties OF PLA . ..., 42
Table 2.2 Properties Of lignin. ... ... e 43
Table 2.3 Properties Of EV A . ... o 46
Table 2.4 Properties Of HNT ... e 48
Table 2.5 Extruder temperature (°C) profile...........ooiriiiiirii e, 50
Table 2.6 Designations and compositions of the composite.................coooviiiiiiiiiiiiinn. .. 50
Table 2.7 Parameters for injection molding.............oooiiiiiiii i 51
Table 2.8 Blends compositions and sample designations...............cccoocviiiiiiiiiiii i, 52

Table 2.9 Designations and compositions of the blends

Table 3.1 Thermal characteristics of PLA and PLA/lignin composites at 10 °C/min. heating

Table 3.2 Characteristic temperatures of PLA composites from TGA..............coeevivininnnnn. 71
Table 3.3 Values of adhesion parameter, K, and stress concentration constant, a, in PLA/lignin
(00000 0[O | 1 S PUPRP 79
Table 4.1 Compositions and values of DSC crystallization parameters of PLA in PLA/EVA
blends
Table 4.2 Compositions and TGA parameters (Tonset: Tmax, and Tg) in PLA, EVA and PLA/EVA
blends
Table 4.3 Tensile properties and crystallinity data of PLA/EVA blends............................ 107
Table 4.4 Values of the adhesion parameter K, Eq. (4.3), and stress concentration factor a, Eq.
(4.4), INPLAIEVADIBNAS. ... oo 112

Table 4.5 Values of impact strength (lp), domain size (dy), and interparticle distance (1), of

PLAIEVA DIBNAS. ... e e 116
Table 4.6 Slope of log G' and log G" vs. log ® for PLA/EVA blends......................oceill 137
Table 4.7 Values of consistency coefficient, K, (Pa.s") at 180 °C, 190 °C and 200 °C at varying
€2 147

XXi



Table 4.8 The values of activation energy of PLA/EVADblends..................coooiiiiii 148
Table 5.1 Formulations of PLA/EVA/HNT nanocomposite and values of DSC crystallization
O T 1] (=] £ T PP 158

XXii



ASTM
DMA
DSC
Dw
EVA
FT-IR

G*

G
HNT
MFI

PLA

TGA

List of Abbreviations & Symbols

American Society for Testing and Materials
Dynamic mechanical analysis
Differential scanning calorimetry
Weight average particle size
Ethylene-co-vinyl acetate
Fourier transform infra red spectroscopy
Complex modulus
Elastic modulus
Viscous modulus
Halloysite nanotube
Melt flow index
Poly(lactic acid)
Thermogravimetric analysis
Melting temperature
Cold crystallization temperature
Onset of degradation temperature
Glass transition temperature
Wide Angle X-ray Diffraction
Degree of crystallinity
Activation energy
Tensile modulus of composite

Tensile modulus of PLA

XXiii



AHp

o

G¢

op

Heat of melting

Filler volume fraction

Volume fraction of EVA
Tensile strength of composites
Tensile strength of PLA
Matrix ligament thickness
Shear stress
Complex viscosity
Stress concentration factor

Phase angle

XXiv



	R K SINGLA (2011PTZ8187)Final thesis  library .pdf
	1 cover page.pdf
	2 cover page
	3 dedicated page
	4 Certificate
	5 Acknowledgement
	6 Abstract
	7 List of contents
	8 List of Figures
	9 List of Tables
	10 List of Abbreviations
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4A
	Chapter 4B
	Chapter 5
	chapter 6
	publiication biography chapter
	List of publications
	Bio-data
	R K SINGLA (2011PTZ8187)Final thesis  library .pdf
	1 cover page.pdf
	2 cover page
	3 dedicated page
	4 Certificate
	5 Acknowledgement
	6 Abstract
	7 List of contents
	8 List of Figures
	9 List of Tables
	10 List of Abbreviations
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4A
	Chapter 4B
	Chapter 5
	chapter 6
	publiication biography chapter
	List of publications
	Bio-data

	R K SINGLA (2011PTZ8187)Final thesis  library .pdf
	1 cover page.pdf
	2 cover page
	3 dedicated page
	4 Certificate
	5 Acknowledgement
	6 Abstract
	7 List of contents
	8 List of Figures
	9 List of Tables
	10 List of Abbreviations
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4A
	Chapter 4B
	Chapter 5
	chapter 6
	publiication biography chapter
	List of publications
	Bio-data

	R K SINGLA (2011PTZ8187)Final thesis  library .pdf
	1 cover page.pdf
	2 cover page
	3 dedicated page
	4 Certificate
	5 Acknowledgement
	6 Abstract
	7 List of contents
	8 List of Figures
	9 List of Tables
	10 List of Abbreviations
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4A
	Chapter 4B
	Chapter 5
	chapter 6
	publiication biography chapter
	List of publications
	Bio-data

	R K SINGLA (2011PTZ8187)Final thesis  library .pdf
	1 cover page.pdf
	2 cover page
	3 dedicated page
	4 Certificate
	5 Acknowledgement
	6 Abstract
	7 List of contents
	8 List of Figures
	9 List of Tables
	10 List of Abbreviations
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4A
	Chapter 4B
	Chapter 5
	chapter 6
	publiication biography chapter
	List of publications
	Bio-data

	R K SINGLA (2011PTZ8187)Final thesis  library .pdf
	1 cover page.pdf
	2 cover page
	3 dedicated page
	4 Certificate
	5 Acknowledgement
	6 Abstract
	7 List of contents
	8 List of Figures
	9 List of Tables
	10 List of Abbreviations
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4A
	Chapter 4B
	Chapter 5
	chapter 6
	publiication biography chapter
	List of publications
	Bio-data

	R K SINGLA (2011PTZ8187)Final thesis  library .pdf
	1 cover page.pdf
	2 cover page
	3 dedicated page
	4 Certificate
	5 Acknowledgement
	6 Abstract
	7 List of contents
	8 List of Figures
	9 List of Tables
	10 List of Abbreviations
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4A
	Chapter 4B
	Chapter 5
	chapter 6
	publiication biography chapter
	List of publications
	Bio-data

	R K SINGLA (2011PTZ8187)Final thesis  library .pdf
	1 cover page.pdf
	2 cover page
	3 dedicated page
	4 Certificate
	5 Acknowledgement
	6 Abstract
	7 List of contents
	8 List of Figures
	9 List of Tables
	10 List of Abbreviations
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4A
	Chapter 4B
	Chapter 5
	chapter 6
	publiication biography chapter
	List of publications
	Bio-data





