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ABSTRACT

The present study commences with a comprehensive exploration of two pressing contemporary
challenges: solid waste management and vibration control. The vast amounts of solid waste
generated by agriculture, industry, mining, and municipal activities lead to growing
environmental challenges. Inefficient waste management practices result in significant air, soil,
and groundwater contamination, adversely impacting urban ecosystems and posing
considerable health hazards. Beyond localized pollution, they also play a substantial role in
exacerbating climate change. Nevertheless, the process of pyrolysis offers a promising solution

by transforming these waste streams into valuable carbonaceous materials.

Concurrently, unwanted vibrations can cause damage and reduce performance, making
vibration control crucial in engineering. The four main techniques for controlling vibrations
are active, semi-active, passive, and hybrid. The passive control method, valued for its stability,
ease of use, and affordability, has been a common approach since the 1960s. This method
employs viscoelastic damping materials (VDMs) to enhance the damping of structural
vibrations. VDMs can absorb mechanical energy from a vibrating system and transform it into
heat due to their intrinsic elastic and viscous properties. The demand for effective vibration
control continues to grow, and the global market for VDMs is also rising. This market is
expected to expand from USD 0.94 billion in 2023 to USD 1.34 billion by 2030, achieving a
compound annual growth rate (CAGR) of 5.12%. This growth underscores the increasing need
for advanced vibration management solutions across industries. Among various VDMs,
rubber-based VDMs are the most popular choice due to their exceptional ability to absorb
vibration energy and their versatility in various applications. However, in rubber-based VDMs,

rubber alone often lacks essential properties like strength, toughness, and tear resistance, so



particulate fillers are typically added to enhance their mechanical performance. Fillers are
widely incorporated into rubber composites to improve their hardness, modulus, skid
resistance, tear strength, and wear resistance. However, widely used commercial fillers like
carbon black (CB) require large quantities of non-renewable, petroleum-based resources, and
their production is highly energy-intensive, contributing significantly to global CO, emissions.
Furthermore, their non-renewable and non-biodegradable nature presents significant risks to
the environment and humankind. Therefore, looking into the potential of the vibration-damping
material market in the upcoming future and the abundant amount of various solid waste
available, the present work aims to utilize solid wastes originating from various sources,

including agricultural, industrial, and electronic waste, to develop vibration-damping materials.

State-of-the-art techniques seek the utilization of sustainable carbonaceous materials as
reinforcing fillers obtained from different solid wastes, such as agricultural, industrial, and
electronic wastes, to develop vibration-damping composites. The composites were formulated
according to ASTM D3182-21a standards, utilizing two distinct rubber matrices: natural rubber
and butyl rubber. A comprehensive evaluation of their physical, rheological, morphological,
mechanical, thermal, and vibration-damping properties was conducted to assess their
performance. Moreover, from an application standpoint, the hyperelastic model was identified
for fabricated composites. Further, the vibration-damping properties were tested in different
configurations, and radiated sound power levels of mild steel bare beams with and without a
damping layer were evaluated. Additionally, the performance of the developed vibration-
damping composites is benchmarked with commercial vibration-damping material. The waste-
derived fillers present a sustainable and effective alternative to petroleum-based fillers for
developing vibration-damping composites by minimizing greenhouse gas emissions and

prioritizing sustainability.

Vi



AR

AU 3T gl TR THSBTIAH gHIfad] B Tad @iel & 1Y Y= Bidl &: 314 IRy
T 3R H9- (8071 BN, I, WA 3R TRUTCrenT MAff ¥ 3dd g ard 31
3OFRIF ® URY AE yaiaRofig gAIfaal & Serdt g1 AP MUY yseT guist &
URUMTARG=T gdT, fIgT iR Yoid &1 Heaqul Uguu gidT &, ST WYt UIRfRUfas! 6 wR
Ofded THIG STEdT § 3R HEYU! W Wak Ul Rl 8 | AR UG & SHral,
Seiary gRadH &1 dg # Ht wgayul yffier fuid &1 i ff, arRifaRig 1 ufsbar 54
UTRTY YRTS B Hedd™ Dla-Igad T # aRafdd dRe T RIS FHIH T
B B

SR & o Ea0r Teayul 81 SI1dT 81 U &1 RIS & &1 IR G- dadb-id
fera, sid-afora, Ffswa IR dax i § 1 ffswa i fafdy, St sroet R, Swim
T ST SR W & o Yeua™ €, 1960 & TRd ¥ U 34 DI 5! g1 I8 fafdr
AATHD HU DI STUT BI g & AT faepigenties St It (drEied) o1 Sud
el 31 AIETTH T SO YoMt § i3 Soll b Sa=Nd R Gahd § 3TR 30 SHdfkes
AER 3R Frafg 7ur & HRo 38 W A sed Tohd

THTE U FE=01 1 |t TR §¢ 81 @, 3R it & oy afye soik W sg TRl
9 dOIR & 2023 H 0.94 faferaT smfke! STeR ¥ dgar 2030 d® 1.34 faferaT st
SIeR e §¢ o1 3G B, R 5.12% P Iehgfeg e gig o) (HTSHarR) U grft|

Tg gfa I # I9d HUH YseH THTH] B dgal SaRgehdl & ¥@iferd ol g | fafvra

vii



HSITH H, HUF Sl DI AN HRA I SR & SR A SR F I
T UfaHT & HRUT ISR-MUTRT FTSTTH T b ig fadhed g | gTalis, JaR-3MeTRd
JISTTH H, 3frel TR T SRR dTdhd, Horal 3R S HfoRTe S STa=ad 0T BT 31HTd gidl
&, SYUIAY 3 IS UaR Bl IgH & R SR W uifégeie fhad S oid &

I&R HUINSIE B! HoRdT, AP, hs R, Y dIdhd 3R U= & URIY &I 98
§1 & e fiherd ) e U 4 TR duifere § A foar Sidr g | gTdlie, dle sl
@ teh) S AUS *TU ¥ ITAN fHU 91 e arfvifue frad & fore 9t amn # IR-
TAHU, Yeiferm-Sema et &t STaRgemdr gl 8, 3R 36T IdTe s

ol 8, Sl af¥ o2 I H HE@yUl dNTeM <al g1 39 3adl, 39@! TR-
TotepRuY 3R R-TAIf SIS Upfa Tafarur 3iR Ha wiifd 3 e Ayl Sifew uqd
P! | 3FIeTT, JMTHT Hidsr H Hu=-SfthvT Irft IoTR & & 3R Sudsy fafve 3
HTR Dt TR A1 B oad gU, TaH BT DI Se=d HUH- (U Ayl [dswRid d-- & forg
PN, 3N 3R AT e HoR Tfed fAfie Hidl ¥ I 81 aTd 319 B BT ST

A

BT

SATY (D TbriTch HU-SRITT HUIfee fapiRid B3 & feru $fY, sl $iR saiae e
HoR oY fafts 31 Safist ¥ Ui Aeied WR19 & ®U § RT3, Hre-gad IHial &
JUTRT P T H & | HUISTe &I TIISTH S13182-21T AFDI & IR dOR foa
T T, T &) 31aT- 31T &R AT ST IUANT fohdT 7T oT: Ui YR 3R FeRd
TSR | I TR BT ST B b el 31eb Hifiep, RATeToreb e, FUTeHe, Fifes, U
3R -SRI T[0T T HTTD Hedidh-1 [T 7T AT | $Hb STTdl, ST & VBI04,

o\

thisihcg PUINIC & AT TRIRAIRED Aled &t Ugd Bl T M| 5P 3fdral, Hu-

viii



SRR TIon &1 faftrs fomamart & oRieror fopam T o1, TR SR WRd & Wiy SR fomT g
W & 1 1 & fafeia @ e Wl &1 qeaie faar mn o1l 3u% sifafka,
fapRid Hu-SfiT Hulfsie & UM &I aiftifcus Hu--Sftn amelt & a1y d9wrs
forar T §1 Sufp-gad fhad WSy T I &I HH dxd 3R fRRaT &I
UTYTHHT bR HU--S R Huifsre fawmRid e & e ueiferam-snenid fires &1 ue
feepras 3R TuTd e ed TRgd #vd &




TABLE OF CONTENTS

CERTIFICATE

ACKNOWLEDGMENTS

ABSTRACT

ABSTRACT (IN HINDI)

TABLE OF CONTENTS

LIST OF FIGURES

LIST OF TABLES

ABBREVIATIONS

CHAPTER 1: INTRODUCTION

1.1 Background of Solid Wastes

1.1.1 Agricultural Waste

1.1.2 Tire Waste

1.1.3 Electronic Waste

1.1.4 Waste Treatment Technologies

1.2 Background of Structural Vibration

1.2.1 Methods of Structural Vibration Control

1.2.2 Classifications of Vibration Damping Materials
(VDMs)

1.2.3 Potential Constituents of Rubber-based Vibration

Damping Materials

XVI-XX

XXi-xxii

XXi1-XX1V

1-24

11



1.2.3.1

1.2.3.2

1.2.3.3

1.2.3.4

1.2.3.5

1.2.3.6

1.2.3.7

1.2.4

1.2.4.1

1.2.4.2

1.3

1.4

1.5

1.6

CHAPTER 2:

2.1.

2.2.

2.3.

2.3.1

232

Matrices: Rubbers
Reinforcing Fillers
Vulcanization Agents
Cure Accelerator
Plasticizer
Antioxidants
Activators

Performance Evaluation of Vibration Damping

Materials

Direct Methods

Indirect Methods

Motivation

Statement of Problem

Scope of the Proposed Research Work
Thesis Organization

LITERATURE REVIEW

Recent Progress on the Utilization of Solid Waste
Types of Vibration Damping Materials
Recent Advances in Vibration-Damping Materials

Polymer Composites Reinforced with Commercial

Fillers

Waste Derived Vibration Damping Materials

Xi

12

12

13

14

14

14

14

15

15

16

18

19

20

21

25-43

25

30

32

32

34



233

24.

2.5.

2.6.

2.7.

2.8.

CHAPTER 3:

3.1

3.1.1

3.1.1.1

3.1.1.2

3.1.2.1

3.1.2.2

3.1.23

3.2

3.3

Commercially Utilized Vibration-Damping

Materials

Hyperelastic (Materials-Specific) Models for
Vibration-Damping Materials

Application of Vibration-Damping Materials in

Different Layer Configurations
Conclusion and Research Gap
Problem Identification and Definition
Objectives of Thesis

MATERIALS AND METHODS

Materials Selection Strategy for the Development

of Composites

Polymers Matrices for the Development of

Composites
Natural Rubber (NR)
Butyl Rubber (BR)

Selection of reinforcing fillers for the development

of composites

Bamboo biochar (BB)
Pyrolytic carbon black (PCB)
Spent Graphite (SG)

Rubber Compounding Chemicals for the

Development of Composites
Development of Composites

Characterization of Fillers

xii

36

36

39

41

42

42

44-63

44

44

44

46

47

47

48

48

49

49

52



3.3.1

332

333

334

335

3.4

3.4.1

3.4.2

3.4.3

344

3.4.5

3.4.6

3.4.7

3.4.8

3.49

3.5

CHAPTER 4:

4.1

4.2

43

FESEM Analysis

CHNS Analysis

BET Analysis

FTIR Analysis

XRD Analysis

Characterization of Composites
Physical Characterization
Microstructural Characterization
Wettability Characterization

Thermal Degradation Characterization
Thermal Conductivity Characterization
Mechanical Characterization
Dynamic Mechanical Characterization
Vibration Damping Characterization
Acoustic Characterization

Summary

DEVELOPMENT
CHARACTERIZATIONS OF

52

53

53

53

53

54

54

55

55

55

56

57

58

58

60

63

AND

BAMBOO 64-83

BIOCHAR-REINFORCED COMPOSITES

Characterization of Bamboo Biochar (BB)

Details of Developed NR/BB and BR/BB

Composites

64

65

Characterization of Developed NR/BB and BR/BB

Composites

xiii

66



43.1

4.3.2

433

434

4.3.5

4.3.6

4.3.7

4.3.8

439

4.4

CHAPTER 5:

5.1.1

5.1.3.1

5.1.3.2

5.1.33

5.1.34

Physical Properties

Microstructure and Distribution of Filler
Wettability Studies

Thermal Stability and Degradation Behavior
Thermal Conductivity

Shore A Hardness, Tensile Strength, Modulus, and
Tear Strength

Material Loss Factor (Tan 6)
Natural Frequencies and Damping Ratios

Sound Transmission Loss

Summary

DEVELOPMENT AND
CHARACTERIZATIONS OF PYROLYTIC
CARBON BLACK-REINFORCED
COMPOSITES

Characterization of Pyrolytic Carbon Black (PCB)

Details of Developed NR/PCB and BR/PCB

Composites

Characterization of Developed NR/PCB and
BR/PCB Composites

Physical Properties
Microstructure and Distribution of Filler
Wettability Studies

Thermal Stability and Degradation Behavior

Xiv

66

67

70

71

72

74

77

78

80

82

84-103

84

86

86

87

88

90

91



5.1.3.5

5.1.3.6

5.1.3.7

5.1.3.8

5.1.3.9

5.14

CHAPTER 6:

6.1.1

6.1.3.1

6.1.3.2

6.1.3.3

6.1.3.4

6.1.3.5

6.1.3.6

6.1.3.7

6.1.3.8

Thermal Conductivity

Shore A Hardness, Tensile Strength, Modulus, and
Tear Strength

Material Loss Factor (Tan o)

Natural Frequencies and Damping Ratios
Sound Transmission Loss

Summary

DEVELOPMENT AND
CHARACTERIZATIONS OF SPENT
GRAPHITE-REINFORCED COMPOSITES

Characterization of Spent Graphite (SG)

Details of Developed NR/SG and BR/SG

Composites

Characterization of Developed NR/SG and BR/SG

Composites

Physical Properties

Microstructure and Distribution of Filler
Wettability Studies

Thermal Stability and Degradation Behavior
Thermal Conductivity

Shore A Hardness, Tensile Strength, Modulus, and
Tear Strength

Material Loss Factor (Tan 0)

Natural Frequencies and Damping Ratios

XV

92

94

97

98

100

102

104-125

104

105

106

106

107

110

111

113

115

119

120



6.1.3.9

6.1.4

CHAPTER 7:

7.1

7.2

7.2.1

7.2.2

7.3

7.3.1

7.3.2

7.4

CHAPTER 8:

8.1

Sound Transmission Loss

Summary

MODEL SELECTION AND
IMPLEMENTATION OF DEVELOPED
VIBRATION-DAMPING COMPOSITES
Selection of Hyperelastic Models for Developed

Composites

Theoretical Background of Hyperelastic Models
Determining Hyperelastic Materials Coefficients
Hyperelastic Material Coefficients

Vibration Damping Properties in Single-layer (SL)
and Double-layer (DL) Configurations

Determining Vibration-Damping Properties
Natural Frequencies and Damping Ratios

Radiated Sound Power Level (SWL) With and
Without Damping Treatment

Sound Power Level Measurement Using Acoustic

Camera

Radiated Sound Power Level of Developed

Composites
Summary

CONCLUSION AND SCOPE OF FUTURE
STUDY

Major Contributions

XVi

123

125

126-150

127

128

131

133

140

140

141

144

144

147

151

151-160

154



8.2

8.3

8.4

8.5

REFERENCES

PUBLICATIONS
FROM THE
THESIS

BIO-DATA

Benchmarking the Performance of Developed
Vibration-Damping Composites with Commercial

Vibration-Damping Materials
Practical Relevance of the Work

Novelty and Contributions Compared to Existing

Work

Scope for the Future Work

XVii

155

159

159

160

161-186

187

190



Figure No.

Figure 1.1

Figure 1.2

Figure 1.3

Figure 1.4

Figure 1.5

Figure 1.6

Figure 1.7

Figure 1.8

Figure 1.9

Figure 1.10

Figure 1.11
Figure 2.1

Figure 2.2

Figure 2.3

Figure 3.1

LIST OF FIGURES

Description

Composition of solid wastes (a) India and (b) Other
geographical regions.

Classification of solid wastes based on their origin,

composition, physical state, and hazardous nature.

Schematic representation of solid waste management through
thermal conversion techniques.

Engineering components without and with damping treatment
along with advantages of damping.

(a) Schematic representation of vibration damping, (b)
Classification of vibration damping materials (VDMs).

Potential constituents of rubber-based vibration damping
composites.

Variation of storage modulus (E'), loss modulus (E”), and tan &
with varying temperatures across different regions.

Typical frequency response function spectrum of damped and
undamped beams.

(a) Nlustrative diagram of the stick-slip mechanism of rubber-
based vibration damping composites, (b) sticking phase, and (c)
slipping phase.

Market forecast for vibration damping materials from 2023 to
2024 in USD billions, highlighting key application areas.
Flow chart of the thesis.

Applications range across various sectors of different VDMs.

Classification of hyperelastic models based on statistical and
phenomenological approaches.

Schematic illustrations of (a) Undamped beam, (b)
unconstrained layer damping (UCLD)/free layer damping
(FLD), and (c) Constrained layer damping (CLD) treatment.
Chemical structure of natural and butyl rubber matrices.

XViii

Page No.

10

16

17

18

19

22
31

37

39

45



Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Schematic representation of the pyrolysis process for bamboo
waste, outlining the operational parameters and the respective
yields of biochar, bio-oil, and gas.

Schematic representation of the pyrolysis process for tire waste.

Schematic representation of the recycling process for spent
lithium-ion batteries, highlighting the recovery of spent
graphite (SG).

Raw materials and fabrication steps for the development of
composites.

Types of composites developed for the study.

Schematic illustration of the sample preparation steps for
particle size analysis.
Schematic of the thermal conductivity meter.

(a) Uniaxial tensile test setup, (b) Dumbbell-shaped specimen,
and (c) Geometry of prepared rubber composite specimens.
Obrest beam experimental setup for vibration testing as per
ASTM E756-05

(a) Actual (b) schematic.

Schematic of four microphone impedance tube setups.

Samples mounted in (a) large tube and (b) small tube with the
sample holder

(a) FESEM micrograph of BB at 2.00 kX, (b) FTIR spectra of
BB, (¢) XRD pattern of the BB.

FESEM micrographs and EDS area maps of prepared NR/BB
composites: (a, e, 1) selected regions of NR/BB0, NR/BB10,
and NR/BB20; distribution of C (b, f, j), distribution of Zn (c,
g, k), and distribution of S (d, h, 1).

FESEM micrographs and EDS area maps of prepared BR/BB
composites: (a, e, [, m) selected regions of BR/BB0, BR/BB10,
BR/BB20, and BR/BB30; distribution of C (b, f, j, n),
distribution of Zn (c, g, k, 0), and distribution of S (d, h, 1, p).
DI water drop contact angle on the surface of (a) NR/BBO, (b)
NR/BB10, (¢) NR/BB20, (d) BR/BB0, (¢) BR/BBI0, (f)
BR/BB20, and (g) BR/BB30 composites.

TGA analysis of developed NR/BB and BR/BB composites.

XiX

47

48

49

51

51

52

56

57

59

60

63

65

68

69

70

71



Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 6.1

The thermal conductivity of the developed NR/BB and BR/BB
composites at (a) 40°C, (b) 60°C, and (c) 80°C.

Tan o plot of NR/BB and BR/BB composites at 0.5% strain and
1 Hz frequency.

Frequency response function of (a) NR/BB and (b) BR/BB
composites in 0 to 3200 Hz.

STL as a function of the frequency for developed (a) NR/BB,
(b) BR/BB, and (c) average STL of NR/BB and BR/BB
composites.

(a) FESEM micrograph, (b) FTIR spectrum, and (c) XRD
pattern of PCB.

FESEM micrographs and EDS area maps of prepared NR/PCB
composites: (a, e, 1, m) selected regions of NR/PCBO,
NR/PCB10, NR/PCB20, and NR/PCB30; distribution of C (b,
f, j,n), distribution of Zn (c, g, k,0), and distribution of S (d, h,
Lp).

FESEM micrographs and EDS area maps of prepared BR/PCB
composites: (a, e, i, m) selected regions of BR/PCBO,
BR/PCB10, BR/PCB20, and BR/PCB30); distribution of C (b,
f, j,n), distribution of Zn (¢, g, k,0), and distribution of S (d, h,

Lp).

CA of fabricated (a) NR/PCBO, (b) NR/PCB10, (¢) NR/PCB20,
(d) NR/PCB30, (e) BR/PCBO, (f) BR/PCB10, (g) BR/PCB20,
and (h) BR/PCB30 Composites.

TGA analysis of developed (a) NR/PCB and BR/PCB
composites, (b) enlarged view in between 200 °C to 400 °C.

The thermal conductivity of the developed NR/BB and BR/BB
composites at (a) 40 °C, (b) 60 °C, and (c) 80 °C.

Tan o plot of NR/PCB and BR/PCB composites at 0.5% strain
and 1 Hz frequency.

Frequency response function of NR/PCB and BR/PCB
composites in 0 to 3200 Hz.

STL as a function of the frequency for developed (a) NR/PCB
and BR/PCB composites, and (b) average STL of NR/PCB and
BR/PCB composites.

(a) The digital picture, (b) the FESEM micrograph, and (c) the
FTIR spectra of SG.

XX

73

77

78

81

85

88

90

91

92

93

97

98

101

105



Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

Figure 7.1

Figure 7.2

Figure 7.3

Figure 7.4

Figure 7.5

FESEM micrographs and EDS area maps of fabricated NR/SG
composites: (a, e, 1, m) selected region; (b, f, j, n) C distribution,
(c, g, k, 0) Zn distribution, and (d, h, 1, p) S distribution in
NR/SGO0, NR/SG10, NR/SG20, and NR/SG30.

FESEM micrographs and EDS area maps of fabricated BR/SG
composites: (a, e, i, m) selected region of BR/SG0, BR/SG10,
BR/SG20, and BR/SG30; (b, f, j, n) C distribution, (c, g, k, 0)
Zn distribution, and (d, h, 1, p) S distribution in BR/SGO,
BR/SG10, BR/SG20, and BR/SG30.

TGA curve of fabricated NR/SG and BR/SG composites.

TC values of the fabricated NR/SG and BR/SG composites at
(a) 40° C, (b) 60° C, and (c) 80°C.

(a) Hardness (Shore A), (b) TS (MPa), (¢) % EB, and (d) Ts
(N/mm) of fabricated NR/SG and BR/SG composites. (The
error bar represents the standard deviation of the data acquired
from five repetitions of each experiment).

Tan o for fabricated (a) NR/SG and (b) BR/SG composites with
increasing SG loading.

(a) Frequency response function of NR/SG and BR/SG
composites in 0 to 3200 Hz, (b) enlarged view at 1% mode, (c)
2" mode, and (d) 3™ mode.

(a) Normal incidence STL curve of fabricated NR/SG and
BR/SG composites, (b) zoom view of STL curve between the
frequency range of 320 Hz to 2500 Hz, and (c) average STL of
fabricated NR/SG and BR/SG composites.

Comparison of Mooney-Rivlin 5 parameter model with
experimental results for (a) unfilled NR, (b) NR/BB30, (c)
NR/PCB30, and (d) NR/SG30 composites.

Comparison of Mooney-Rivlin 5 parameter model with
experimental results for (a) unfilled BR, (b) BR/BB30, (c)
BR/PCB30, and (d) BR/SG30 composites.

Root mean square error using Mooney-Rivlin 5 parameter
model for the NR and BR-based composites.

Schematic illustrations of specimens used in vibration-damping
tests: (a) MSBB, (b) MSBB with a single layer of VEM, and
(c) MSBB with a double layer of VEM.

FRF curves comparison of MSBB and MSBB with single and
double layers (additional VEM damping layer) of BR/BB
composite specimens (S0, S1, S2, S3, S4, S11, S22, S33, S44).

XXi

109

110

112

115

116

120

122

124

136

139

139

142

143



Figure 7.6

Figure 7.7

Figure 7.8

Figure 7.9

Figure 7.10

Figure 8.1
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