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ABSTRACT 

Polymer composites derived using nanomaterials has emerged as a fast growing research area 

for development of new materials with enhanced performance. Fibers are mechanically 

superior materials compared to films, moulds and casts for their use in various applications. 

Their properties principally depend on the orientation of the molecular chains in the direction 

of the fiber axis. Processing of composites in the form of fibers is expected to enhance the 

properties of these composites by coaligning nanostructures with molecular chains along the 

fiber axis. In order to achieve the benefit of nanostructures, it is essential to incorporate high 

aspect ratio nanostructures and ensure their homogeneous dispersion and uniform distribution 

in the polymer matrix. ZnO nanostructures are rigid hydrophilic entities that offer an 

alternate choice for reinforcement other than widely used CNTs. 

In the first part of the study, the hydrothermal synthesis of ZnO nanostructures for tailoring 

of their aspect ratio was carried out. The ZnO nanostructures of same diameter of 50 nm and 

different aspect ratios of 1, 14 and 200 were selected and coded as ZnP, ZnR and ZnW, 

respectively, for further studies. 

Further, the dispersion behavior was investigated in different solvents and polymer-solvent 

system in the second part of the study. The various polymer-solvent system selected were 

poly(vinyl alcohol)/water (PVA/H2O), poly(vinyl alcohol)/water-N,N’-dimethylformamide 

(PVA/H2O-DMF) and poly(acrylonitrile)/N,N’-dimethyl formamide (PAN/DMF) to make 

ZnO–polymer composite nanofibers. PVA/H2O system was observed to be a poor dispersing 

medium for ZnRs. Large aggregates of ZnRs were observed on the surface of ZnO-PVA 

composite nanofibers. The use of DMF as a co-solvent resulted in a marginal improvement in 
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dispersion of ZnRs. However, with time ZnRs had a tendency to settle down, and again 

separate as aggregates in electrospun composite fibers. On the other hand, in PAN/DMF 

system, very stable and homogeneous dispersion of ZnRs was observed. The electrospinning 

was successfully carried out for samples upto 50 wt% of ZnRs on the weight of PAN. The 

ZnO-PAN composite nanofibers were observed to have uniformly dispersed ZnRs aligned 

along the axis of the nanofibers. 

Composite PAN nanofibers using speciality grade PAN (special acrylic fiber, SAF) with well 

dispersed aligned ZnRs were also successfully electrospun. The incorporation of ZnRs was 

found to significantly improve the tensile strength (by 200%) as well as modulus (by 450%) 

of the nanowebs. The effect of the presence of ZnRs on structure development during 

carbonization process of PAN nanofibers has been investigated. On carbonization, all the 

samples with ZnRs were found to have significantly lower ID/IG ratios. The effect of 

carbonization temperature on the structural properties of carbon fibers was analyzed. The 

role of ZnO nanorods in carbonization was also investigated by performing carbonization of 

PAN and ZnO-PAN precursor nanofibers with and without oxidation step. The rigid ZnO 

nanostructures present in the fibers played crucial role by immobilizing the polymeric chains 

and keeping them oriented during the initial heating process with proper distribution of heat 

along the fiber. With the increase in the content of these rigid nanostructures, the fraction of 

polymer chains experiencing the above effect increased, and hence, results in overall better 

graphitic structure. The incorporation of ZnO rods allowed elimination of stabilization step 

and significantly faster carbonization with better graphitic content. 

The melt spinning behavior of ZnO/nylon 6 composites was investigated in the third part of 

the study. The ZnO nanostructures of different aspect ratios (i.e. ZnP, ZnR and ZnW) having 
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similar diameter of ~50 nm were melt blended with nylon 6, and subsequently, melt spun and 

drawn to obtain composite fibers. The incorporation of ZnO nanostructures inside nylon 6 

fibers resulted in significantly better mechanical properties. The maximum strength and 

modulus achieved were 2.28 and 10.8 GPa, respectively, with an improvement of 390 and 

511%, respectively, over the control nylon 6 fibers. The combination of high strength and 

extension resulted in extremely high values of toughness. The energy to break was very high 

at 165 J/g, which is comparable to that of dragline spider silk. Also, the thermal properties of 

the composite fibers were significantly improved. 

The structure of control nylon 6 and composite fibers having 1 wt% of ZnP, ZnR and ZnW 

was analyzed using FE-SEM, XRD and Raman spectroscopy. The presence of different ZnO 

nanostructures was found to change the extent of the fibrillar structure formation. The 

presence of anisotropic ZnO nanostructures in nylon 6, during its melt spinning and drawing, 

are instrumental in higher conversion of amorphous to highly oriented α crystalline regions 

resulting in increased α/γ ratio and increased crystallinity as well as crystalline orientation. 

Further, the orientation of remaining amorphous region was also increased which facilitated 

the formation of fibrillar structure. The significantly higher enhancement in mechanical 

properties of ZnW/nylon 6 fibers was attributed to much better alignment of polymeric 

chains, formation of higher extent of α crystals with highly fibrillar morphology in the 

presence of ZnW. It was inferred that the rigid nature and long dimensions of the anisotropic 

ZnWs changed the morphology of the fibers by helping in regulating the relaxation behavior 

of polymer chains during the spinning and drawing processes. Interestingly, the use of rigid 

anisotropic nanostructures such as ZnR and ZnWs could yield high performance fibers using 

commodity grade nylon 6. 
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