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ABSTRACT

This work emphasises primarily the hypothesis that after foaming, a minimum percolation
threshold of multiwall carbon nanotubes (MWCNTs) volume fraction (%) is required for the
enhancement of the total electromagnetic interference (EMI) shielding effectiveness of
nanocomposites (NCs), based on MWCNTs incorporated in the dispersed phase [plasticized
ultrahigh molecular weight polyethylene (p-UHMWPE)] and high density polyethylene
(HDPE) as a matrix. Several processing and characterization techniques were utilised to
conduct the investigation. In the beginning of this study, the effect of plasticization on the
processability of UHMWPE with a viscosity average molecular weight (M,) of 3.2 million
g/mole was investigated by using two grades (H5 and 210P) of low molecular weight olefin-
based wax and utilising the HAAKE internal cord mixing device. HS wax was basically a
Fischer-Tropsch process-based hard wax having the M, of 1000 g/mole, and 210P was a
polyethylene wax having the M,, of 2000 g/mole. It was found that H5 wax was more effective
in plasticizing UHMWPE in terms of peak torque (M, Nm) and processing temperature window
(AT, °C), which were obtained from a Gaussian model applied to mixing data to get the torque
versus temperature plots.Quasi static, dynamic and nano mechanical, thermal and
morphological characterizations were carried out to support this observation which was
obtained from torque vs. temperature plots. It was revealed that p-UHMWPE having 10 phr
of H5 wax loading had an effective characteristic properties as compared to that of other
compositions. Due to comparatively low molecular weight and short chains, H5 had an
advantage of penetrations to uncoil entanglements among the amorphous phase of the
microstructure. In the second step of this study, 10 phr of H5 wax loading was utilized to
plasticize the UHMWPE and then melt blended with HDPE matrix at 5, 10, 20 and 30 wt. %
using HAAKE batch mixture. To investigate the impact of p-UHMWPE on microstructural

attributes, neat UHMWPE was also melt blended with HDPE at same series of compositions



for the comparison of quasi static mechanical, melt as well as solid state rheological, thermal
and morphological properties. An improved interfacial adhesion was seen with the blends
having p-UHMWPE throughout the compositions. Blends having 20-30 wt. % of p-UHMWPE
showed improved tensile and impact properties compared that of the neat UHMWPE based
blends. Phase immiscibility was observed in both of the cases. However, p-UHMWPE based
blends showed improved melt elasticity as well as shear thinning behaviour. Interestingly, it
was observed that after foaming at multiple levels of temperature (125-140, °C), pressure (90-
120, bar) and saturation time (2-30, min), an effective cell size distribution (45-135, micron)
and cell density (1.69 X 10* /cc) was found to be at temperature of 135°C and foaming pressure
of 120 bar kept for saturation time of 15 minutes with the blend having 20 wt. % of plasticized
UHMWPE. This was confirmed that foam processability was improved of the blend due to
plasticization of UHMWPE. Further, 20 wt. % of p-UHMWPE was maintained to prepare
HDPE/p-UHMWPE/MWCNT ternary NCs. MWCNTs was incorporated at 0.5,1,2,4 and 8 phr
levels. NCs were characterised in terms of quasi mechanical, thermal, melt and solid state
rheological, electrical and surface as well as crystalline morphological aspects. It was observed
that rheological and electrical percolation thresholds were found to be at 1.5 phr and 0.69 phr
of MWCNTs, respectively. SEM and TEM results confirmed that MWCNTs were aligned in
the interface of dispersed phase (p-UHMWPE) and matrix phase (HDPE). Post foaming of
NCs at 135°C and 120bar for saturation time of 15 min, EMI shielding effectiveness were
experimented using vector network analyser (VNA). Totals shielding effectiveness was
improved progressively with the MWCNTs loadings upto 8 phr. interestingly, maximum total
EMI shielding effectiveness was observed in the range of 0.5-1 phr of MWCNTSs content
nanocomposite foam. Dielectric permittivity was also enhanced in the both NCs as well as their
foams. Cell density was improved progressively upto 2 phr of MWCNTs content, after it

slightly reduced till 8 phr.
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g B & ¥ ¥ U URSAT W SR gl § [ BT & 96, Aeciald e "Hiegd
(MWCNTSs) GIegH 3T (%) B "AaH 3Hd:-FTd! WA MWCNTSs TR SURA ARG (NCs) @
URREUT gHTaRied Pl fdggd b gWaT (EMI) $i gig & [T saas fFav gu =ru
[[TRCITESS 3HeTTaTs U HR GIeitiH (p-UHMWPE)] 3R A & ® 0 # 3= g Uieiid=
(HDPE) ¥ 2Nfid 81 S &3 & folu 3 UHRUT 3iR ALHUT g0 qoh-1op| bl SUaNT favam 7am T
Y g Pt YT H, 3.2 AT g/mole &1 Rufuurge o siuifds YR (#,) & Iy
UHMWPE &1 URhaTdHS 1 IR WIRCHHRUI P YHTA B ol HH UGS HR S th-3end af
S (H5 3R 210P) BT IUTANT HIP 1 Ts At HAIH 3R HAAKE 31dRes Ble fHfRdT fEargy &
IUGIT BT H5 B9 ol 9 ¥ Teh IR ufghar-3nenid gTs 7 o1 S99 1000 g/mole T

1, 4T, 3R 210P TS Graifi= 91 o1 S8 2000 g/mole &1 M, UT1 T8 Tran 71 {6 hies €l (M, Nm)
3R TRAIRYT TrR=R fS (AT, °C) & YeH § UHMWPE &) @i 994 # H5 AF 31T gyt
T, S €lch §TH T =l o foIT Sel o fiam & forg ] TR Afsa ¥ ur fasar T
I S | T Sl &1 L= $HA & forg oref fRR, nfasfta ok A wifdes, wfa ik

TS A& g fovan T AT ST <ieh ST oy YES! A UTe o 1 1| 98 udl 9a fob

TIs JT AT F 10 phr a0 p-UHMWPE H 3= T137 1 o1 § T Tl fa=iar 1o 3

JATHS U HH S HR 3R BIET Y@l & SR H5 Bl AISHRCTNR &b SFIGR TR0
& dT IATE! B JIerH o [T N BT A1y TS| 3 I & gL TR H, H5 A AfST P 10
phr BT ITINT UHMWPE &1 @IRed S & ford fasam mam iR fihR 5, 10, 20 3R 30 wt.% TR HDPE
Afeay & Try Sy forar T, HAAKE o9 807 &1 STRT S-d g HIShRedaRd faRydrs IR
p-UHMWPE & UHTd &1 9 & & farg, 31 fRR gifaies, firaa o Try-9am o1 Isa Raaifored,

i 3R FUTHS T[0T ! Ja-T & [T ITT-137 &1 U &1 §¥al H W UHMWPE &1 HDPE &
1y B foear o1 Squl e W p-UHMWPE aTel TN & I T 98aR SexbhREad
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SIS T 7T 20-30 wt.% T THUT| p-UHMWPE & wt. % - ¥a%8 UHMWPE 3{TeTRd figor
@1 AT B IgR 9T 3R THIG T 1 feaman| g1 gt Amal | @R S SRl g TS|
BT, p-UHMWPE 3eTid i 3 sgar frad | & Wry-9ry Sav-! uaar sadeR foamn|

feeraRy &9 §, g8 @1 T fh arOHE (125-140, °C), TG (90-120, Bar) 3R It T80 (2-30,
min) & &3 WRI IR WIFHT & §Ie, Th THTE! I SMHR fIaRT (45-135 , pm) 3R I g9 (1.69
x 10* /cc) 135 °C % T 3R 120 Bar & WITHT Ga1d BT 15 min. & Sl T8I o o @1 T
20 wt. % p-UHMWPE dTd fi801 & Iy WR ur 1 | 98 4P &1 1% ff {6 UHMWPE &
WIREHDHRUI & BRI HYU Bt BIF Ufhar &Fdl § YR g1 ATl $Hb 3fardl, HDPE/p-
UHMWPE/MWCNT -t NCs dIR &4 & ol p-UHMWPE &1 20 wt. % ST T -7 7|
MWCNTSs @Y 0.5,1,2,4 3R 8 phr TR} TR XM foar mar o1l Tt &t 3ref-gifdes, yviq, Aee 3R
Tifers We Raraifoied, Safdcdhd 3R T8 & ITY-T1Y fored i uTds uggsil & e & fafyd

foram T U1 g a1 T f RAEed SiR safdeedd e IaRH J98IE HH: MWCNTs &
1.5 phr 3R 0.69 phr TR UTE 7T | SEM 3R TEM TRUIH! 3 gfP & fs MWCNTs &1 aRfaa =Ror (p-
UHMWPE) 3R AfSeRT R0 (HDPE) & Sextha H IRRAT fowar man a1l 15 fre & Iqfta 9wa &
forg 135 °C 3fR 120 Bar TR NCs & BIfHT & §Tg, ddex Aedd [N (VNA) BT STINT B3 EMI
URREUT JUTaRITETdT &1 URI&UN fohdm T-ITI MWCNTs SIS & FIY 8 phr db Hal GRRE(UT
FUTRAE & STRITR GUR g3l fETe™y 91 I8 § fb MWCNTs St A-idaifore B & 0.5-
| phr 3 THT T TYHTH F& EMI TRIEUT THIGRIAAT ¢! 5| NCs & ITY-H1Y 3 BIF gl

T gihdl g3 URTRIT Y SR 7T 4TI MWCNTSs It & 2 phr A% 9 O B SRR YUR

fopaT T UT, 39 8 phr TH YIS HH IR & G |
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Experimental shielding effectiveness due to reflection: Eq. 1.10

Experimental shielding effectiveness due to absorption: Eq. 1.11

Experimental shielding effectiveness due to multiple internal reflections: Eq. 1.12
Specific EMI shielding effectiveness: Eq. 1.13

Complex permittivity: Eq. 1.14

Complex permeability: Eq. 1.15

Electrical percolation threshold: Eq. 1.16 & 1.17

Electrical conductivity based on the distance between the two conductive fillers: Eq. 1.18
Bound Rubber content (BRC): Eq. 1.19

Gibbs free energy of mixing : Eq. 1.20

Interfacial energy of muticomponents: Eq. 1.21

Interfacial tension between the components, Wu’s Equation: Eq. 1.22

Viscosity Ratio: Eq. 1.23

Percentage crystallinity: Eq. 2.1

Percentage crystallinity of blends: Eq. 2.2
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Percentage crystallinity of nanocomposites: Eq. 2.3
Nucleation rate : Eq. 2.4

Difference in time (min) between peak and onset crystallization : Eq. 2.5
Apparent shear stress: Eq. 2.6

Apparent shear rate: Eq. 2.7

Apparent viscosity: Eq. 2.8

Volumetric flow rate: Eq. 2.9

Oswald-de Waele power-law: Eq. 2.10

Truncated 3 Parameters based Carreau model: Eq. 2.11
Power law model for rheological percolation threshold of nanocomposites: Eq. 2.12
Average molecular weight in entanglements: Eq. 2.13
Entanglements density: Eq. 2.14

Oliver-Pharr method: Eq. 2.15

Projected contact area for an ideal Berkovich indenter: 2.16
Contact depth between indenter and the material: 2.17
Stiffness model: Eq. 2.18

Effective elastic modulus of the contact: 2.19

Buoyancy technique (Density of samples): Eq. 2.20
Volume expansion ratio (VER): Eq. 2.21

Average cell size: Eq. 2.22

Cell density of foams: Eq. 2.23

Percentage crystallinity via WAXD: Eq. 2.24

Scherrer’s equation: Eq. 2.25

DC conductivity: Eq. 2.26

Power law model for electrical percolation threshold of nanocomposites: Eq. 2.27
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LIST OF ABBREVIATIONS

AM: Amplitude modulation

AFM: Atomic Force Microscopy

CaCOs : Calcium Carbonate

CB: Carbon Black

CNF: Carbon nanofiber

CNTs: Carbon nanotubes

CQDs: Carbon quantum dots

CPNCs: Carbon-based polymer
nanocomposites

CPCs: Conducting poymer composites

CCS: Complex cellular structure

CSM: Continues stiffness measurement

CR: Chloroprene Rubber

DCP: Dicumyl Peroxide

DC: Direct Current

DUHMWPE: Disentangled Ultrahigh
Molecular Weight Polyethylene

DSC: Differential Scanning Calorimetry

DTGA: Differential Thermogravimetry
Analysis

EM: Electromagnetic

EMI: Electromagnetic Interference

SE: Shielding Effectiveness

EPS: Expandable Polystyrene

EPE: Expanded Polyethylene

EPP: Expanded Polypropylene

FM: Frequency modulation

Fe;04: Ferric Oxide

h- Fe304: Hollow ferric Oxide

FeCLPU: Flexible Lignin-Based
Electromagnetic Shielding Polyurethane

FWHM: Full width half maximima

GnP: Graphene Nanoplatelets

GO: Graphene Oxide

HDPE: High density polyethylene: HDPE

HF: High Frequency: HF

HTM: High Temperature Melting

ICP: Intrinsically Conductive Polymers

LLDPE: Linear Low-Density Polyethylene

LF: Low Frequency

LDPE: Low-Density Polyethylene

MAH: Maleic Anhydride

MDPE: Medium Density Polyethylene

MF: Medium Frequency

pcell: Microcellular Foaming

MIR: Multiple Internal Reflections

MWCNTs: Multiwall Carbon Nanotubes

NC: Nanocomposite
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NBR: Acrylonitrile Butadiene Rubber

NRL: Naval Research Laboratory

NA: Network Analyzers

PBA: Physical Blowing Agent

PBAT: Poly (butylene adipate-co-
terephthalate)

PET: Poly (ethylene terephthalate)

PE-g-G: Polyethylene grafted on the

surface of graphene

IIR: Poly (isobutylene-co-isoprene) rubber

PCL: Poly (e-caprolactone)

PLA: Poly(lactic acid)

PMMA: Poly(methyl meth- acrylate)
PVA: Poly(vinyl alcohol)

PEMA: Poly(ethyl methacrylates)
PA: Polyamide

PANI/PAn: Polyaniline

PC: Polycarbonate

PE: Polyethylene

PFT: Polymerization filling technique
PNC: Polyolefin nanocomposites
POs: Polyolefins

PP: Polypropylene

PPy: Polypyrrole

PS: Polystyrene

PVF: Polyvinyl fluoride

RFI: Radio Frequency Interference

rGO: Reduced Graphene Oxide

SNA: Scalar network analyzers

SWCNTs: Single Carbon Nanotubes

SSSP: Solid-State Shear Pulverization

SBR: Styrene Butadiene Rubber: SBR

SCF: Supercritical Fluid

TPE: Thermoplastic Elastomers

TPU: Thermoplastics polyurethanes

TGA: Thermogravimetry Analysis

TEM: Transmission Electron Microscopy

UHF: Ultra High Frequency

UHMWPE: Ultrahigh Molecular Weight
Polyethene

UTM: Universal Testing Machine

VGCNHSs: Vapor Grown Carbon Nanofibers

VNA: Vector Network Analyzers

VHF: Very High Frequency

VR: Viscosity Ratio

vGP plot: van Gurp-Palmen plot

WAXD: Wide Angle X-ray Duffraction

ZN: Ziegler—Natta catalyst
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Aefy
SEpR

SE,

SEp

SE;

SErgp

LIST OF SYMBOLS

: Electric field of electromagnetic radiations
: Magnetic field of electromagnetic radiations
: Power of electromagnetic radiations

: Intrinsic wave impedance of free space

: Wave impedance

: Wavelength of incident wave

: Complex permittivity

: Real (storage cycle) permittivity

: Imaginary (loss cycle) permittivity

: Complex permeability

: Real (storage cycle) permeability

: Imaginary (loss cycle) permeability

: Electrical phase angle

: Electrical dissipation factor

: Magnetic loss tangent

: Absorption shielding coefficient

: Reflection shielding coefficients

: Transmission shielding coefficients

: Effective absorption coefficient

: Reflection Shielding Effectiveness

: Absorbance Shielding Effectiveness

: Shielding Effectiveness due to MIR

: Total Shielding Effectiveness

: Specific EMI shielding

: Skin depth

: Thickness of the nanocomposite sample
: Frequency of EM wave

: Total conductivity

: DC conductivity

: DC conductivity of nanocomposites
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0o : Characteristics electrical conductivity

dB : decibel

Beo : Electrical critical exponent

Vg : Volume fraction at electrical percolating threshold
h : Characteristic tunnelling distance
g : Gap between the two conducting fillers

AG,,;x : Gibbs free energy of mixing
AH,,;, :Enthalpy of mixing
AS,ix  : Entropy of mixing

Y : Total surface tension
v : Surface tension of dispersive components
yP : Surface tension of polar components

Wrg : Weight of rubber filler gel

w, : Weight of rubber sample
My : Weight fraction of the filler

m, : Weight fraction of rubber

X : Viscosity ratio

Mp : Viscosity of the dispersed phase
Nm : Viscosity of matrix phase

T.onser : Onset crystallization temperature
T, : Peak crystallization temperature
T : Peak melting temperature

Tononser - Onset melting temperature

T, : Glass transition temperature
Taonsee  : Onset degradation temperature
Ty : Peak degradation temperature

AH, : Change in enthalpy of fusion of 100% crystalline HDPE and/or UHMWPE
AH,, : Change in enthalpy of fusion/melting

Xc : Percentage crystallinity

20 : Diffraction angle

A, : Total area under amorphous regions
A, : Total area under crystalline peaks

XXX



™~

yapp
Tapp

napp

= > D

Q

: Scherrer’s constant

: Crystallites size

: Apparent shear rate

: Apparent shear stress

: Apparent viscosity

: Volumetric flow rate

: Screw rotation speed (rpm)

: Relaxation time

: Flow consistency index

: Flow behaviour index

: Zero shear rate viscosity

: Complex viscosity

: Angular frequency

: Melt rheological complex modulus
: Melt rheological storage modulus

: Melt rheological loss modulus

: Characteristics storage modulus

: Rheological critical exponent

: Volume fraction at rheological percolating threshold

: Reduced imaginary viscosity
: Reduced dynamic viscosity

: Rheological phase angle

: Rheological loss tangent

: Solid state dynamic complex modulus

: Solid state dynamic storage modulus

: Solid state dynamic loss modulus

: Storage modulus in the rubbery plateau

: Crystal- crystal slip

: Universal gas constant

: Absolute temperature in Kelvin scale

: Average molecular weight in entanglements

: Entanglement density

XXXI



: Density of the sample

: Maximum indentation load

: Maximum penetration depth

: Contact depth

: Geometrical constant

: Hardness of the indented sample

: Effective elastic modulus contact

: Elastic moduli of the indented sample

: Poisson’s ratio of the indented sample
: Projected contact area at maximum load
: Elastic Modulus of Berkovich indenter
: Poisson’s ratio of Berkovich indenter

: Cell density

: Average cell size

: Yield strength

: Young’s modulus

: Ultimate strength

: Breaking strength

: % Elongation at break
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