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ABSTRACT

Ternary nanocomposites of polyamide 12 (PA-12) and multi-walled carbon nanotubes-
embedded-polypropylene (as PP-MWCNT masterbatch) were fabricated at different in
composition ratios of PA-12:PP-MWCNT (100:0, 70:30, 60:40, 50:50, 40:60, 30:70 and 0:100)
by melt-mixing route. The polymer nanocomposites fabricated by masterbatch dilution
technique were characterized for their structural, thermal, morphological, rheological, dynamic
mechanical, mechanical and electrical conductivity behaviours. The structural characteristics
of the nanocomposites were obtained from wide angle X-ray diffraction (WAXD) which
showed a decrease in the overall crystallinity of the PA-12 phase followed by a nominal
increase upon the incorporation of PP-MWCNT above 50 wt.% though crystallite size
remained in the range of 8-9 nm (Scherrer's equation). The morphological attributes of the
ternary nanocomposites were characterized for their dispersion-nanomorphology (by
transmission electron microscopy (TEM)) and phase-selective micromorphology (by scanning
electron microscopy (SEM)). SEM studies revealed the existence of a quasi-co-continuous
phase-distribution wherein the conducting PP-MWCNT phase formed elongated continuous
channels dispersed in the PA-12 matrix with localized-MWCNT in the PP phase as
theoretically confirmed by wetting coefficient analysis. The partial migration of MWCNT from
PP phase to PA-12 phase was evident from the spreading coefficient estimations based on

interfacial dynamics and transmission electron microscopy (TEM) analysis.

The melt rheological properties (storage and loss modulus) of the nanocomposites were
investigated to understand the dissipation in polymer networks and network rigidity. Melt
rheology measurements based on scaling parameters associated with various viscosity models
such as, Cross model, Carreau-Yasuda model and Berzin model indicated systematic variation
in network rigidity that was in tune with dispersion-selective nano-morphology of the
nanocomposites. The phase inversion was attained in the composition range of 50-60 wt. % of
PP-MWCNT as indicated by Cole-Cole plot and van-Gurp Palmen plots. The phase inversion
has a direct correspondence to dispersed-phase-volume-fraction range of ~0.3-0.35. Critical
analysis of the solid-state mechanical behaviour showed broadening and shifting of the tan &
peaks (characterizing solid state relaxation) towards higher temperatures with increase in
MWCNT. Estimations from modified Kerner composite equation revealed that the chain
segments of PA-12 matrix are effectively immobilized due to the infiltration of MWCNT into

the PA-12 phase (TEM). Broadening of loss-peaks vis-a-vis enhanced storage moduli signified



the reduced mobility (of polyamide chains) causing an enhanced stiffness. The trend of tensile
properties of the nanocomposites demonstrated a switch over in the composition range of PA-
12/PP-MWCNT (60:40) to PA-12/PP-MWCNT (40:60). Such switch over in tensile properties
remained in tune with not only the entanglement density but also to a composition-dependent

phase distribution micro-morphology.

The non-isothermal crystallization behaviour of the nanocomposites were analyzed at various
cooling rates of 2.5-20 °C/min. Several kinetic models such as Jeziorny, Ozawa, Mo and Tobin
models were employed to analyse the crystallisation behavioural trend with respect to time and
temperature of the nanocomposites. The activation energy for crystallization was evaluated by
several established models as Takhor, Kissinger Augis-Bennett methods and Friedman. The
nucleation activity (MWCNT induced crystallization) values close to zero irrespective of
MWCNT loading reiterated the enhanced crystallization (rate) of PA-12 in the
nanocomposites. A comprehensive approach was attempted to discuss the sensitivity of
electrical conductivity with temperature for conducting polymer composites (CPCs) focussing
on the correlation of morphology, temperature dependent electrical conductivity, solid state
relaxation dynamics and melt endothermic transitions. A negative temperature coefficient
behaviour similar to semiconductor based electrical components was observed for the CPCs.
The correlation between solid state mechanical behaviour and surface electrical conductivity
was confirmed by the close proximity between the respective glass transition values of PA-12
and the corresponding temperature at which change of slope in electrical conductivity was
observed. The reproducibility of such temperature sensitivity of the nanocomposites has also
been explored. The outcomes of the experiments concluded that the PA-12 based conducting
nanocomposites to be potentially a promising material for functional electrical applications

over a wide temperature range.
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PA 66
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PPE

PA 6/12
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PVDF
EMAA
m-EMMA
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Full form
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differential scanning calorimetry
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EMI
A-MWCNT
EVA-g-MA
TRG

polyethylene octene copolymer grafted with maleic anhydride

sodium salt of amino-hexanoic acid modified mwcnt

thermoplastic elastomer of co-polyester by dupont
polycarbonate

polylactic acid

poly (e-caprolactone)
styrene-acrylonitrile-maleic anhydride
maleated polypropylene

low density polyethylene
polyethylene-grafted-maleic anhydride
poly(styrene-acrylonitrile)

dynamic mechanical analysis

polypropylene grafted maleic anhydride
aluminium nitride
(poly(epichlorohydrin-co-ethylene oxide)
ethylene-vinyl acetate

polyvinyl chloride

single walled carbon nanotubes

poly I-lactide

carboxylic acid functionalized single walled carbon nanotubes
polyamide 11

graphite oxide

polyoxometalate

tungsten trioxide

polyamide 56

poly (ethylene-co-glycidyl methacrylate)
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electro-magnetic interference

acid-oxidized multi wall carbon nanotubes
maleic-anhydride-graft-ethylene-vinyl acetate

thermally reduced graphene oxide

XXiv



CPCs
Ag
UHMWPE
NBR
LMWPE
TGA
TEM
HRTEM
SEM
LVR
FWHM
EA
IROM
NR

conducting polymer composites
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transmission electron microscope
high-resolution transmission electron microscope
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full width half maxima
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Meaning

glass transition temperature

melting temperature or melting point
density

relative crystallinity

heat of fusion of nanocomposites

heat of fusion of 100 % crystalline PA 12
volume fraction of the composite-filler masterbatch
crystalline area

amorphous area

storage modulus (from DMA)

loss modulus (from DMA)

damping parameter

distant between probes

thickness of sample

conductivity

resistivity

constant current applied to the sample
voltage measured across the sample
intensity
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crystallite size

wavelength of the radiation

full width half maxima

proportionality constant (~ 0.9)
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interfacial energy between MWCNT and PP
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glass transition temperatures corresponding to nanocomposites
obtained from tan 6 peak
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Tg2 extent of temperature rise (equivalent) due to incorporation of PP-

MWCNT
W1 weight fraction of PA 12 matrix
W2 weight fraction of PP-MWCNT masterbatch as the composite filler
o7 immobilized volume fraction
Em elastic moduli of matrix
Ec elastic moduli of composites
Vm Poisson’s ratio of the matrix (~0.3)
T temperature from DMA
Ry radius of gyration
Muw molecular weight
Me physical entanglements
p density of the polymer composites

universal gas constant

reference temperature

G' storage modulus at temperature t
Na Avogadro’s number

Ec elastic modulus of composites

Ef elastic modulus of reinforcement
Em elastic modulus of matrix

& volume fraction of filler

s square root of Vb

Vi Poisson’s ratio of matrix

Aijk spreading coefficient of dissimilar components (i, j, and k)
y surface energy

p polar component

d dispersion component

G' storage modulus (rheological)
G" loss modulus (rheological)

0} angular frequency

n* complex viscosity

G* shear modulus

@q or gpp-mwent  VOlume fraction of the dispersed phase (PP-MWCNT)
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1PA-12 viscosity of PA 12

1PP-MWCNT viscosity of PP-MWCNT

[n] intrinsic viscosity

K intrinsic nature of the material in the absence of shear stress
1o zero shear viscosity

A cross-over time or the characteristic time
a power law exponent

| intensity

20 diffraction angle

Te crystallization temperature

X(t) relative crystallinity

dHc/dT heat released

To crystallization onset temperatures

Te crystallization end temperatures

) cooling rate

T temperature

t time

n avrami exponent

Zt crystallization rate constant

R? regression coefficient

tir2 half time of non-isothermal crystallization
Zc corrected crystallization rate constant
K(T) cooling crystallization function

m Ozawa exponent

log (t) crystallization time

F(T) Kinetics parameter

b ratio of Avrami exponent to Ozawa exponent (n/m)
Kt Tobin crystallization rate constant

nt Tobin exponent

f nucleation activity

A constant

B, B* parameters for homogeneous and heterogeneous nucleation
AE activation energy
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dXx/dt
AEx
f(X,i)
Tx,i

Oc
of

CZ
Pp

o, B
Ea

Oo

instantaneous crystallization rate at a given relative crystallinity X
effective activation energy at given relative crystallinity X
function for conversion depending on the reaction mechanism

set of temperatures at a given crystallinity at different cooling rates
individual cooling rate (used)

pre-exponential factor

DC electrical conductivity of the composite

DC electrical conductivity of the PP-MWCNT composite filler
geometrical factor

volume fraction of polymer

structural factor

current

voltage

constants

activation energy for thermally activated hopping mechanism
electrical conductivity

absolute temperature

constant

boltzmann constant (1.308 x 102 J/K)
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