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ABSTRACT

Polyamides have been the subject of intense research over the past two decades in
academia and industry. Polyamide 12 [PA12] is a semi-crystalline polymer with wide variety of
applications such as aerospace, communication, engineering, automobile and commodity
industries. To meet the satisfactory performance PA12 needs to be modified by blending with
rubber and other reinforcing fillers. Blending with rubber has been chosen to achieve a
distinctive improvement in the toughness. However, rubber toughening may lead to considerable
reduction in the strength and stiffness related properties, which can be compensated for by
incorporating reinforcement, thereby concurrent improvements in strength and toughness could
be achieved.

The present study deals with the mechanical and morphological properties of polyamide
12/maleic anhydride grafted styrene-b-(ethylene-co-butylene)-b-styrene rubber (PA12/SEBS-g-
MA) binary blends at varying dispersed phase (SEBS-g-MA) concentrations. Tensile behaviour,
impact strength and crystallinity of these blend systems were evaluated. Influences of
microstructure, dispersed phase particle size, and ligament thickness on the impact toughness of
the blend were studied. DSC data indicated an increase in crystallinity of PA12 in the blends.
Tensile modulus and strength decreased while impact strength and elongation-at-break increased
with the elastomer concentration. The macro-mechanical and micro-structural property
evaluation studies revealed that 20 wt% of SEBS-g-MA content was the optimum level to
achieve a reasonably good balance in strength and toughness in PA12/SEBS-g-MA blends. The
enhanced properties were supported by interphase adhesion between the grafted maleic

anhydride groups of rubber with polar moiety of PA12. Analysis of the tensile data employing



simple theoretical models showed the variation of stress concentration effect with blend
composition.

The thermal degradation Kinetics and crystallization kinetics of PA12/SEBS-g-MA
blends were investigated under non-isothermal and isothermal conditions using
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC), respectively.
The activation energy of thermal degradation from Kissinger method was found to be less in case
of SEBS-g-MA than that of PA12 but the blends show comparatively high activation energy.
The macrokinetic model given by Avrami was used to analyze both the non-isothermal and
isothermal crystallization kinetics of the blends. The value of Avrami exponent during non-
isothermal crystallization for pure PA12 and PA12/SEBS-g-MA blends predicted spherulitic
growth with random nucleation of crystal structures as the n values lie between 3 to 4. The
dependence of crystallization rate constant (k) and half life of crystallization (t3,2) on cooling rate
by Jeziorny model also predicted almost similar values. The slight nucleating effect of SEBS-g-
MA was showed by nucleating activity calculated by the Dobreva and Gutzowa method. The
evaluated activation energy values according to Kissinger, Augis-Bennet, and Takhore methods
were higher in case of blends supporting the mechanism of weak nucleating effect of SEBS-g-
MA copolymer and the hindrance to PA12 chain mobility. The Avrami exponent, rate constant
and time to half crystallization under isothermal condition show similar crystal growth and

heterogeneous nucleation for both PA12 and the blends.

The viscoelastic behaviour of PA12/SEBS-g-MA blends was studied. Time sweep,
amplitude sweep, and frequency sweep tests were analyzed by the use of parallel plate
rheometer. Time sweep test shows time-independent viscoelastic behaviour of the polymer and

blends during the entire duration of test. The critical shear strain was higher for PA12 as
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compared to that of SEBS-g-MA and the blends in amplitude sweep test. However the plateau
modulus was higher for SEBS-g-MA as compared to PA12. The complex viscosity, dynamic
storage and loss moduli of PA12 increased with the addition of SEBS-g-MA as a consequence of
phase interaction between them. The influence of phase morphology of the blends on their
rheological properties was also examined. A transition from liquid-like to solid like behaviour in
blends was observed. The decrease in viscosity for PA12 and blends was observed with
increasing temperature. The van Gurp plots were successfully used to validate Time-
Temperature Superposition principle (TTS) for PA12, SEBS-g-MA and blend compositions.
PA12 holds TTS with a horizontal shift factor that fits Arrhenius equation. Whereas TTS fails for
SEBS-g-MA and the blends because of different temperature-sensitive response and

microstructural changes of melt during shear application.

Addition of 1 to 5 wt% of organoclay to an optimized PA12/SEBS-g-MA blend (20wt %
of SEBS-g-MA) led to ternary nanocomposites where the rigidifying effect of clay and
toughening effect of the rubber came together. The dispersion of organoclay, phase morphology
and orientation in impact modified PA12 blend with its static and dynamic mechanical properties
were characterized by XRD, HRTEM, SEM, tensile test, impact test and DMTA, respectively.
Interfacial tension between components of the nanocomposites was evaluated by contact angle
measurement. Theoretical prediction of selective localization of organoclay in elastomeric phase
was used to characterize morphological and mechanical property modifications. Tensile moduli
of PA12/SEBS-g-MA based nanocomposites enhanced significantly with the incorporation of
higher organoclay content. Microstructural changes to the PA12/SEBS-g-MA blend resulted in
an extended ellipsoidal shape of the rubber particles. Furthermore, elongation at break (ep)

increased from 127% for optimized PA12/SEBS-g-MA blend to 416% for PA12/SEBS-g-
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MA/organoclay (5 wt%) nanocomposite with respect to that of neat PA12. Efficient energy-
dissipation mechanisms during deformation were attributed to microvoid formation, sliding and
their alignment in the melt flow direction. FTIR and DMTA results were used to propose
reaction between organically modified nanoclay and maleic anhydride of SEBS-g-MA
copolymer considered responsible for improved dispersion of nanoplatelets.

The melt rheological analysis of the PA12/SEBS-g-MA/organoclay nanocomposites was
also performed in a parallel plate rheometer at 220 °C temperatures and a frequency range of
0.01 to 100 Hz. The influence of frequency and organoclay content on complex viscosity,
storage and loss moduli and damping behavior was investigated. A shear thinning behavior at
high frequencies was observed for all the compositions. Incorporation of 5wt% of organoclay
increased the viscosity of the system whereas there was slight decrease in viscosity with the
incorporation of 1wt% of organoclay in NS20 matrix. At 5wt% of clay the pseudo solid-like
behavior was observed which delayed the relaxation time as a consequence of jammed network
structure formation which acts as a barrier to the polymer chain mobility. The sliding and

orientation effect of clay was responsible for slight decrease in viscosity with 1wt% of clay.

The fire performance of impact modified PA12 polymer was studied in presence of 5-
25wt% of conventional flame retardant zinc borate. The influence of zinc borate on
decomposition pathway of elastomer modified PA12 blend was characterized using
thermogravimetric analysis (TGA), pyrolysis combustion flow calorimeter (PCFC), and cone
calorimeter. Interfacial tension measurements are used to predict the localization of zinc borate
in PA12/SEBS-g-MA blend. Although, ESEM and HRTEM micrographs are not able to predict
such selective localization, contact angle is supposed to be a primary test to predict such type of

selective localization with some limitation. TGA and micro calorimeter are used to analyze the
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thermal behavior of the composites. Cone-calorimeter is used to evaluate the exact fire behavior
of zinc borate composites. The cone calorimeter brings quantitative analysis to materials
flammability research by investigating parameters such as heat release rate (HRR), time to
ignition (TTI), total heat release (THR) and mass loss rate (MLR). It was seen that there was no
significant change in onset and peak decomposition temperature of the composites. It was
concluded that alone zinc borate could not create the desired flame retardant effect other than
providing an inorganic residue as seen in the TGA residue. So, it is necessary to combine zinc
borate with other fillers.

The thermal and fire behavior of impact modified PA12 blend in presence of nanoparticle
(organoclay) was also studied. TGA and microcalorimeter are used to analyze the thermal
behavior of the nanocomposites. The parameters investigated from cone calorimeter test showed
improved fire performance of the nanocomposites. There was no change in decomposition
temperature but the residue content confirm the presence of char which is responsible for
improved fire properties of the nanocomposites. Significant decrease in HRR in cone calorimeter
test also establishes the flame retardancy of intercalated/exfoliated organoclay which acts as
physical barrier to external heat flux and protects the underlying substance from burning. The
formation of stable char reinforced by organoclay layers at the nanoscale provided significant
reduction in peak heat release rate and mass loss rate in the cone calorimeter. The effect of
different external heat flux (35, 50, 65 kW/m?) on fire properties of the system was also studied
to systematically analyze the flammability in different fire scenario.

The combining effect of micro sized conventional flame retardant additive (zinc borate)
with nanosized filler (organoclay) was also studied. Interfacial tension measurements, HRTEM,

and XRD are used to explain the morphology of quaternary nanocomposites. TGA and



microcalorimeter were used to analyze degradation of the system at lab scale. Cone calorimeter
data were used to analyze the effect of combination of zinc borate and organoclay on
flammability of PA12/SEBS-g-MA/organoclay/zinc borate system. Residues characterization by
SEM and XRD ascribed the improved flame retardancy of the nanocomposites due to the
presence of physically strong and consolidated barriers owing to the action of residual zinc and
boron along with clay layers, providing tortuous pathway or barriers to the heat and mass transfer
during fire. Rheological properties were correlated with the flammability of the system. Finally,
dynamic mechanical properties and mechanical properties of selected compositions were

presented to see overall performance of the system produced in this research.
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