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ABSTRACT 

 As a renewable alternative to petroleum-based materials, wood or plant-based materials 

offer a greater prospect in the transition towards sustainable replacements. Native to wood, 

cellulose nanofibers (CNF) form the major load bearing component and possess tremendous 

potential as a reinforcement material in polymeric matrices. This study focuses on 

nanocellulose-based composites and aims to prepare and characterize bio-(nano)composites 

with high cellulose weight/volume fraction. The influence of nanoscale reinforcement or 

nanostructure on the macroscopic properties of the nanocomposites are investigated. Distinct 

prominence is given to the effect of nanocellulose dispersion and nanocellulose/polymer 

interface on the physical characteristics of biocomposites. 

 In an initial study, effects of cellulose pulp fibers (micro scale dimensions) were 

investigated in pulp-fiber/polyamide 6 (PA6) composites system obtained by melt 

compounding and injection moulding. Strong influence on the pulp fiber reinforcement on the 

polymer matrix were observed with well dispersed pulp-fibers resulting in enhanced 

mechanical properties. Further, the effect of pulp fiber orientation within the composites was 

assessed and the composites with longitudinal fiber alignment recorded the highest mechanical 

properties. 

 Regarding the investigation of PA6 and cellulose nanofibers, two different approaches 

were used to process the nanocomposites. Firstly, solvent casting-based approach, where CNF 

derived from enzymatic pretreatment were used to produce high content of CNF biocomposites 

by adopting a green solvent mixture to disperse the CNF and then impregnated by the dissolved 

polymer. Nanocomposite formulations up to 50 wt% of CNF were prepared and characterized. 

Unique characteristics due to the nanostructure of composites are discussed corresponding to 

CNF dispersion, CNF network, and CNF/matrix interface.  In addition, a comparison between 

the reinforcement effect of pulp-fiber and CNF are discussed to emphasize the importance of 

nano-scale reinforcement and their contribution in enhancing the physical properties of 

thermoplastic-matrix composites. Subsequently, melt processing approach with a high speed 

thermo-kinetic mixer was used to prepare PA6/CNF nanocomposites with up to 25 wt% 

formulations. This study focused on the industrial scalability and provided a methodology to 

produce high cellulose content CNF-nanocomposites at a commercial spectrum. Mechanical 



properties were characterized at different relative humidity and the investigation revealed good 

hygro-mechanical properties. All in all, the current nanocomposites exhibited excellent 

dispersion without major agglomerations and the mechanical properties were significantly 

enhanced with the addition of CNF in both the approaches.  

 Nanocomposites from polyamide-6 and high content of cellulose nanofibers were 

successfully prepared in this work, with remarkable improvement in the mechanical 

performance compared to the neat matrix, for both Young’s modulus and tensile strength. This 

in itself is an outstanding achievement, as compared to the literature up today. Moreover, the 

used methodology stands for industrial scalability and feasible processes towards the use of 

renewable and more sustainable products.  

 



RESUMEN 

Como alternativa renovable a los materiales producidos a partir de petróleo, la madera 

o los materiales producidos a partir de plantas ofrecen una mayor posibilidad en la transición

hacia reemplazos sostenibles. Las nanofibras de celulosa procedentes de la madera forman la 

mayor carga en el comportamiento del componente y poseen un tremendo potencial como 

material de refuerzo en matrices poliméricas. Este estudio se enfoca en materiales compuestos 

en base a nanocelulosa, en concreto en la preparación y caracterización de bio-(nano)-

compuestos con alto contenido de celulosa en fracción masa/volumen. Se investigará la 

influencia del refuerzo nanométrico o nanoestructura en las propiedades macroscópicas de los 

nanocompuestos. La dispersión de las nanofibras de celulosa y su interfase con el polímero, 

van a jugar un papel importante en las propiedades físicas de losbiocompuestos. 

La primera parte del trabajo, los efectos de la pulpa de fibras de celulosa (dimensiones 

micrométricas) fueron investigadas en sistemas de materiales compuestos de pulpa/poliamida 

6 (PA6) obtenidos por termo-fluencia y inyección. Una gran influencia del refuerzo de pulpa 

de fibras en la matriz polimérica fue observada con buena dispersión de pulpa de fibras 

resultando en una mejora de las propiedades mecánicas. Más adelante, el efecto de la 

orientación de la pulpa de fibras en el compuesto fue evaluado y los materiales compuestos con 

las fibras alineadas longitudinalmente obtuvieron las mayores propiedades mecánicas. 

Dos tipos distintos procedimientos fueron usados para procesar los nanocompuestos de 

PA6 y nanofibras de celulosa (CNF). En primer lugar, a partir del método solvent-casting, 

donde las CNF derivadas de un pretratamiento enzimático fueron usadas para producir 

biocompuestos con alto contenido de CNF, formando una mezcla ecológica para dispersar la 

CNF e impregnarlas por el polímero disuelto. Las formulaciones llegaron hasta un 50 wt% de 

CNF y fueron preparadas y caracterizadas. Las características únicas dadas por la 

nanoestructura del material compuesto son discutidas en relación a la dispersión de la CNF, la 

red de CNF, y la interfase CNF/matriz. Además, una comparación entre el efecto del refuerzo 

de pulpa de fibras y CNF es discutido para enfatizar en la importancia de los refuerzos 

nanométricos y sus contribuciones en mejorar las propiedades físicas de los materiales 

compuestos de matriz termoplástica. Posteriormente, un método de procesado por 

termofluencia con un mezclador termo-cinético de alta velocidad fue usado para preparar 



materiales nanocompuestos de PA6/CNF con formulaciones de hasta un 25 wt%. Este estudio 

está basado en el escalado industrial i en proveer una metodología para producir 

nanocompuestos de CNF con un elevado contenido de celulosa a nivel comercial. Las 

propiedades mecánicas fueron caracterizadas a diferentes humedades relativas y la 

investigación reveló buenas propiedades higromecánicas. Los materiales nanocompuestos 

exhibieron excelente dispersión sin aglomeraciones mayores y las propiedades mecánicas 

fueron significativamente mejoradas con la adición de CNF en ambos métodos. 

 



RESUM 

 Els materials procedents de plantes i arbres representen una alternativa renovable als 

materials procedents del petroli, en la transició cap a la producció de materials més sostenibles. 

Les nanofibres de cel·lulosa (CNF) procedents de la fusta són el principal component de 

càrrega i tenen un gran potencial com a material de reforç de matrius polimèriques. El present 

estudi es focalitza en la preparació i caracterització de bio-nano-compòsits amb un alt contingut 

en nanofibres de cel·lulosa (CNF). En concret, s’investiga la influència de la nanoestructura o 

del nano-reforç en les propietats macroscòpiques del nanocompòsit. L’efecte del grau de 

dispersió i de la interface nanocel·lulosa/polímer són factors claus sobre les propietats físiques 

dels nanocompòsits.  

 En la primera part del treball, s’ha investigat l’efecte de fibres de cel·lulosa (de 

dimensions micro) com a reforç en materials compòsits de poliamida-6 (PA6)/cel·lulosa, 

obtinguts per un procés de barreja (melt-compounding) i posterior moldeig per injecció. S’ha 

observat una marcada influència de la pasta de cel·lulosa a l’hora d’actuar com a reforç de la 

matriu polimèirca, presentant una bona dispersió de les fibres, i conseqüentment es van obtenir 

molt bones propietats mecàniques. També s’ha investigat la influència del grau d’orientatió de 

les fibres dins dels compòsits, obtenint-se millors propietats quan les fibres estaven alineades 

longitudinalment en la direcció de l’assaig mecànic, 

 Pel que fa al reforç de la matriu de PA6 amb nanofibres de cel·lulosa, s’han estudiat 

dos tipus diferents procediments per a processar els nanocompòsits de PA6/CNF. Per un costat 

es va fer servir el mètode solvent-càsting. En aquest cas, les CNF derivades d'un pretractament 

enzimàtic, es van dispersar i impregnar amb el polímer dissolt en una barreja de solvents 

“verds”. Es van produir biocompòsits  amb un alt contingut de CNF, de fins al 50% en pes. Les 

elevades propietats dels materials es van justificar en base a la bona dispersió de les CNF, la 

mateixa xarxa de CNF en sí, i la interfase CNF/matriu. A més, una comparació entre l'efecte 

del reforç de polpa de fibres i reforç de CNF va emfatitzar la importància dels reforços 

nanométricos i la seva contribució en la millora de les propietats físiques dels compósits de 

matriu termoplàstica. Per altra banada es va fer utilitzar un procés de barreja tèrmica amb un 

mesclador termo-cinètic d'alta velocitat per a preparar els nanocompósits de PA6/CNF amb 

formulacions de fins a un 25 wt%. Aquest estudi se centra en l'escalat industrial i en proveir 



una metodologia per a produir nanocompósits de CNF amb un elevat contingut de cel·lulosa a 

nivell comercial. Les propietats mecàniques es van avaluar a diferents valors humitats relatives 

i es van obtenir molt bones propietats higromecàniques. En tots els casos, els materials 

nanocompósits presentaven una bona  dispersió sense grans aglomeracions i les propietats 

mecàniques van millorar significativament amb l'addició de CNF en tots dos mètodes. 

 

 





 

Chapter 1 Introduction 

 From the beginning of the last century, the demands of the growing population and 

rapid advancements in technology have led to the increased dependency of the world on 

materials derived from fossil fuels.1 In the recent decades, significant attention has been 

focused on greener material sources that can offer environmental safety and a sustainable way 

of life.2 As an alternative source, wood and wood-based materials have shown promising 

potential due to their copious abundance and renewable origin.3 Moreover, wood-based 

products are key in diversification of the forest industry, especially in the view of declining 

market for some of the traditional wood-based products such as newspaper prints.4 Ingenious 

utilization of wood-based materials not only gives a major boost to the forest industry, but also 

open up innovative and carbon neutral solutions for various material applications. In this 

context, the major load bearing component in trees; cellulose, especially nanocellulose 

becomes of prominence due to their specific strength and stiffness. 

 Nanocellulose is part of the wood cell wall and is the major component of most natural 

fibers. From a materials perspective, nanocellulose fibrils are characterized by high strength 

(~3 GPa) and crystalline modulus of (~135 GPa) in the longitudinal direction.5 The high 

specific strength, combined with the low density of ~1.5 g/cm3 makes nanocellulose attractive 

for biocomposite applications. In the recent past, numerous energy efficient ways, developed 

to derive nanocellulose for wood have provided a notable momentum in the research of 

nanocellulose-based materials. This has generated a huge amount of interest in the field of 

nanoreinforcements for polymer matrix composites.6–8 An important use of nanoreinforcement 

in composites is that, materials can be designed to exhibit overall best property of the combined 

one or more separate components. This multi-functionality applies not only to mechanical 

properties, but also to optical, barrier and electrical properties. Recent progress in the field of 

nanocellulosic composites has shown the potential of nanocellulose as reinforcement in the 
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production of advanced and high-performance nanocomposites,9 which has encouraged major 

forest product industries to invest in nanocellulose pilot plants. 

1.1 Nanocelluloses 

1.1.1  Nanocellulose from wood  

 Wood as a source for cellulose has many advantages; most significantly, it is abundant. 

The annual production of cellulose in nature is about 1 trillion tons. In addition, an existing 

infrastructure has already been in place for harvesting, processing and handling.10 Wood tissue 

is a hierarchical designed structure that has evolved to perform two main function; (a) provide 

mechanical support and (b) transport water and nutrients through the tree. Variation in this 

natural process commands the aspect ratio, crystallinity, and morphology of the resulting 

microfibril§. The constituents in this hierarchical structure are arranged at different length 

scales so as to obtain mechanical integrity in a porous structure as shown in Figure 1.111. 

Cellulose biosynthesis involves, self-assembly of cellulose chains to form a ‘minisheet’ of 

ordered cellulose chains followed by the self-assembly of these cellulose minisheets and 

finally, assembly of cellulose fibrils into microfibrils. In brief, the cell wall is comprised of 

primary (P), secondary (S2, S2 and S3) and tertiary layers. The composition and orientation of 

components depends mainly on the source and varies across the cell walls. Predominantly, the 

S2 layer contains bundles of parallel oriented nanofibrils whereas, S1 layer contains randomly 

oriented nanofibrils. Cellulose nanofibrils with 3-5 nm in diameter and up to 1 μm in length 

are present as hemicellulose coated aggregates having 10-20 nm diameter in the cell wall.12 In 

general, cellulose is extracted by purifying wood with most of the lignin and hemicellulose. 

Other than wood, cellulose can be extracted from plant fibers such as cotton13, flax14, sisal15, 

wheat straw16, etc. and animals such as tunicates17, bacteria18, and algae19.  

 Among plant-based nanocellulose, there are two main categories: (a) Cellulose 

nanocrystals (CNC) and (b) Cellulose nanofibers (CNF). CNCs (sometimes, called as cellulose 

                                                 

§Microfibril is the commonly used botany term. Cellulose nanofibril is used in this thesis to emphasis nanoscale 

dimension with the abbreviation CNF. 
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nanowhiskers) are obtained from sulphuric acid hydrolysis of cellulose pulp fibers. CNC 

derived from wood in form of colloidal suspension are characterized by 3-5 nm width and 50 

to 500 nm in length. Various methods used to prepare and characterize CNCs have been 

previously summarized by Jonoobi et al.20 

 CNF are finer particles, relatively longer than CNCs, and have a higher aspect ratio. 

CNF can be obtained from refined wood or plant pulp by subjecting them mild pre-treatment 

methods (enzymatic or chemical) followed by high pressure homogenization. The earliest 

attempts to produce CNF from pulp were made in the early 1980s, where high mechanical 

energy was used to disintegrate and obtain fibrils with a broader size distribution.21 CNF are 

characterized by a cross-sectional width/diameter of 3-20 nm and length of 500-2000 nm. The 

precise dimensions of these nanocellulosic particles depend on the material source and are 

controlled by the pre-treatment techniques to obtain such materials. 

Figure 1.1 Schematic showing the hierarchical structure of wood to nanocellulose. This figure is adapted from 

reference 11. 
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1.1.2  Bacterial cellulose 

 Alternative to forest and plant-based resources which from the principal source of 

cellulose currently, bacterial cellulose (BC) has been considered as a good candidate for 

renewable cellulosic-based materials.22 BC was initially discovered by Brown et al. in the late 

1800s.23 BC is secreted by bacteria at the interface between air and a liquid media which allows 

the sustenance of bacterial cells by forming an interwoven network of nanofibers which also 

act as a self-defence mechanism from UV light and prevents dehydration of nutrients.24 A 

single bacterial cell can polymerize up to 200,000 glucose molecules per second.25 The 

production and morphological properties of BC depends on the species of bacteria which 

excrete the cellulose (bio-synthesis) and the culture media with optimum parameters which 

propagates growth of bacteria and BC.26  

 In brief, BC form 3D percolated network, are transparent, porous and agglomerate upon 

drying similarly to nanocelluloses derived from wood. The functionality to produce 3D 

structures greatly enlarge the scope of BC in nanocomposites applications. Composites and 

layered laminates structures can be produced by combining the functional 3D network of BC 

and with polymers, graphene derivatives, ceramics and metal-alloys to synergistically fabricate 

mechanically and thermally stable materials.27 Recent research highlights that various additive 

materials impart electronic, optical, magnetic, catalytic and bioactive properties to BC 

composites.28   

1.2 Extraction/Isolation of CNF 

 The extraction of cellulose can be achieved in two steps. Firstly, pre-treatment methods 

to assist the disintegration process of the raw material (generally pulp) to obtain individual 

cellulose fibrils. Secondly, further fibrillation methods, which are employed depending on the 

material source and the desired final morphology of nanocellulose. Processes for such 

alterations generally involve these methods separately or combined. Various pre-treatment 

methods have been developed to obtain CNF. Chemical pre-treatment can induce surface 

charges and facilitate disintegration due to the induced electrostatic repulsion. For example, 
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TEMPO mediated oxidation allow the formation of negative charged carboxyl groups from the 

primary hydroxyls on the surface of the fibril.29,30 Through TEMPO mediated oxidation, CNF 

with a surface charge density of 1500 μeq/g can be obtained.29 Cellulose molar mass is reduced 

substantially during the pre-treatment and fibrils of the order 3-5 nm in diameter and 0.5 μm in 

length can be obtained, when TEMPO oxidized to a high charge.31 Nevertheless, other 

chemical pre-treatment methods such as cationic functionalization32,33 and 

carboxymethylation34 have been used to disintegrate CNF.  

 In addition, enzymatic pre-treatment confides on the action of enzymes and 

disintegration is further expedited by the presence of hemicelluloses.35 Enzymatic pre-

treatment does not alter the surface morphology and retains the native chemical structure of 

cellulose. After enzymatic pre-treatment, small amount of charged hemicelluloses (~40-100 

μeq/g) are sustained and these help in CNF colloidal dispersion.36 Longer fibrils up to a few 

μm with a broader diameter distribution (3-10 nm) may be obtained by enzymatic pre-

treatment.37 In this current work, enzymatic CNF is used because of the comparatively 

unmodified structure, high molar mass and ease of processing. CNF have large number of 

hydroxyl on the surface owing to the chemical structure of cellulose and crystal arrangements.38 

The presence of hydroxyls provides a functional surface and is vital as a reinforcement in 

deciding the macroscopic properties of CNF-based composites. Moreover, CNF can physically 

entangle and form percolated networks due to strong hydrogen bonds and other secondary 

interactions. In case of high CNF content formulations, the efficient penetration of the CNF 

network by the matrix material is key to obtain high-performance biocomposites. 

1.3 CNF as Nano-Reinforcement  

 From the early 1990s onwards, nanocellulosic elements have attracted a great deal of 

interest as reinforcement in bionanocomposites.39 Biobased reinforcement materials produced 

from naturally occurring substances still lack certain characteristics when compared to 

synthetic fibers. However, the use of biobased nanoscale reinforcements allows to supress such 

drawbacks. The reinforcing potential cellulose in nanoscale dimension integrates the benefits 

of biobased materials and nanotechnology in a synergistic demeanour. Attributable to the 
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nanometer sizes, CNF-based polymer composites exhibit remarkably enhanced properties 

when compared to neat polymers and/or their traditional polymer blends. Often, these 

properties are more than that of predicted properties through micro-mechanical models. Nano-

size reinforcements provide higher surface area to form strong interfacial interactions with the 

polymer, thereby, dictating the effective reinforcement.40 The limitations associated with 

hierarchical structure can be eliminated with cellulose at nanoscale and new cellulose-based 

nano-building blocks becomes available for the next generation of bionanocomposites. 

Combined with renewability, high aspect ratio, high strength to weight distribution, low density 

(~1.5 g/cm3), low thermal expansion and surface functionalization properties due the presence 

of surface hydroxyl groups, make CNF an ideal biobased nanoreinforcement. 

1.3.1 CNF Network Structure 

 CNFs form physically entangled networks when filtered from a dilute colloidal 

suspension.41 The obtained dried thin structure is referred to as CNF nanopaper and the 

schematic showing the preparation of CNF nanopaper is shown in Figure 1.2 (i). The CNF 

nanopaper is characterized by strongly interacting and randomly oriented 2D network of CNFs, 

which are arranged in layers within the nanopaper (Figure 1.2 (iii, iv)). The porosity/density 

of network structures can be suitably controlled by a combination of casting and/or drying 

methods. Porous aerogels with high specific surface area or densely packed nanopaper films 

can be obtained as a result of such methods.42,43 Distinctive and collective properties such as 

low thermal expansion44,oxygen and gas barrier45, high transparency46 (Figure 1.2(ii)), and 

functional substrates47 can be obtained from such CNF network structures. 

 Furthermore, CNF network structures have high mechanical strength of ~200 MPa, 

Young’s modulus of ~12 GPa and deformation strain at break of ~7%. In case of random in-

plane orientation, the mechanical properties strongly depend on the network porosity, 
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respective CNFs and surrounding humidity.48 A typical stress-strain plot (Figure 1.3) of the 

CNF nanopaper reveals linear elastic behaviour until ~1% strain, followed by yielding and 

considerable strain hardening. The plastic strain hardening in CNF nanopaper originates from 

the network structure and is attributed to the structural rearrangements associated with fibril 

sliding and orientation, resulting in high ductility and ultimate strength of CNF nanopapers.49 

Strain hardening during plastic deformation can be turned to an advantage to orient nanofibrils 

along the test direction, thereby, amplifying the modulus and stiffness of nanopaper. CNF 

hydrogel can be subjected to slow uniaxial stretching up to pre-fracture strain and dried quickly 

to fix the fibril orientation in the nanopaper structure.50 This characteristic can be taken 

advantage of when manufacturing nanocomposites during injection moulding, where the 

hydrodynamic force of the polymer melt flow can be used to orient the fibers within the 

composite. CNF nanopaper with oriented fibrils structure exhibit a modulus of >50 GPa and 

tensile strength of >500 MPa.51 

Figure 1.2 (i) Schematic of the CNF nanopaper filtration process. The figure is adapted from reference 34. (ii) 

Highly transparent CNF nanopaper obtained from filtration process (densely packed CNF nanopaper of thickness 

~15 μm). SEM images of CNF nanopaper (iii) showing CNFs physically entangled network and (iv) cross-section 

showing layered structure of CNF networks.  
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Figure 1.3 Stress-strain curve for low porosity CNF nanopaper. This curve was obtained from CNF nanopaper 

prepared in this study with a mean thickness of ~15 μm. 

1.4  CNF Nanocomposites 

 In addition to high mechanical property, the low density and bio-derived aspect of CNF 

makes them attractive for bionanocomposites application. Nanocelluloses (CNC and CNF) 

provide high interfacial area to increase the interactions with the matrix phase and thus, 

improving the properties of the nanocomposite with relatively low concentrations of 

incorporated nanocellulose. Due to nanoscale reinforcement, the fracture-initiating defects are 

also expected to be in smaller size, thereby, delaying the failure of the nanocomposites.10 

Initially, the reinforcing potential of nanocellulose (CNC from tunicate) in polymer composites 

was brought to the foreground by Favier et al., where CNC nanocomposites were prepared 

with SBA latex as matrix.52 The strong reinforcement effect was accredited to hydrogen bonded 

network of CNCs in the composite.53 Since nanocellulose could be easily dispersed in water, 

earlier developments in nanocellulose composites were based on water soluble polymers. Later 

on, CNC nanocomposites were prepared by dispersing them in organic solvents which unfolded 

the scope for water-insoluble polymers as matrix choices.54 Another interesting outlook is that, 

the surface characteristic of CNFs and CNCs can be modified by surface modification methods 
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to improve dispersion and interfacial properties, especially to prepare composites with 

hydrophobic matrices.55–57 Further, wide range of matrix materials including thermoplastics 

and thermosets have been extensively investigated for CNC and CNF-based 

nanocomposites.58,59 Oksman et al. highlighted that conventional melt processing technique 

can be used to prepare nanocellulose reinforced engineering thermoplastic (with PLA) 

composites with improved mechanical properties.60 However, lower thermal degradation 

temperature (~230 °C) is a limitation for melt processing methods. Nevertheless, 

comprehensive reviews focusing on nanocellulose composites and its corresponding 

processing techniques have been published until date.9,40,61–63 

1.4.1 Reinforcement Mechanism 

 Incorporating CNF in polymer matrices aids in enhancing the energy dissipation in the 

resulting composites without compromising on strength and toughness. The large surface to 

volume ratio of CNF, rooted from their nanometer dimensions, presents a great opportunity to 

dissipate energy through interfacial interactions.64 Despite CNF showcasing excellent 

reinforcing potential in composites, the ability is principally dependent on the specific 

mechanics at the fibril-matrix interface. Load transfer between fibrils and matrix in an efficient 

energy dissipation way along the interface generally results in enhanced strength and toughness 

of composites. The classic shear lag model for traditional fiber-reinforced composites proposed 

by Cox65 suggests that, the effective energy dissipation of discontinuous fiber reinforced matrix 

is mainly instigated by elastic mismatch between the fibril and matrix.66 For higher 

concentration of CNF, the percolating phases increase and eventually reach percolation 

threshold, which is defined as the initial formation of a connected network.67 In cellulose 

nanocomposites, the interaction is at a molecular level. The properties of matrix, CNF, and 

CNF composition along with optimum dispersion majorly influence the interactions between 

CNF and matrix. In general, for high CNF weight fraction nanocomposites, the strong 

reinforcing effect of CNF may be attributed to the formation of percolating network structure 

above the percolation threshold as result of hydrogen bonding between CNFs.68,69 The 

percolation approach predicts an approximate lower bound and nanocomposites’ evaluation is 
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based on exceeding this lower bound. In the recent decades, computer aided simulations have 

been effective in modelling the percolation phenomenon in cellulose nanocomposites.61  

1.4.2 Polyamide 6/Nylon 6 (PA6) 

 Polyamide 6 (PA6) is an engineering plastic that is positioned between the cheaper 

commodity plastics and the high-performance polymers, both in price, performance and 

process-ability. It is especially attractive because PA6 can also be produced by using bio-based 

raw materials or renewable raw materials.70 Such bio-polyamides also includes PA10, PA11, 

PA12, PA46, PA6/12, PA6/10. Among these segments, the largest producer segment is bio-

polyamide 6 in the global market owing to its effective cost and high-performance ratio (Figure 

Figure 1.4 (i) Estimated global bio-polyamide market outlook by regions. This figure was adapted from Global 

Bio-Polyamide Market- Forecast and Analysis (2020-2027) Report by Maximize Market Research Pvt. Ltd., and 

(ii) Forecast of global PA6 and PA66 market in terms of applications. This figure was adapted by Global 

Polyamide Market Size, Share & Trends Analysis by Grand View Research. 
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1.4(i)). CNF or in general natural fibers when incorporated with bio-polyamides opens up 

possibilities for nanocomposites which are 100% biodegradable. The global the market size of 

PA6 is estimated to grow tremendously as a result of environmental concerns and the demand 

for greener materials (Figure 1.4(ii)). However, the main disadvantage of these bio-sourced 

materials is that they are currently more expensive compared to traditional polyamides/nylon. 

 PA6 is a more attractive as an engineering polymer as it is competing with thermoset 

plastics and metals for ‘under the hood’ automotive applications due to their resistance to high 

temperature, oils and corrosive chemicals, relative strength to weight ratio and recyclability.71 

A major potential application of cellulose (CNF and CNC) reinforced composites is the 

automotive industry as there is the need for light-weight, durable, inexpensive and potentially 

recyclable parts. When compared with conventional glass fillers, CNF are strong, lightweight, 

eco-friendly and most importantly impart stiffness enhancement along with better sound 

dampening.72 The application of these biocomposites in automobile interior components is 

forecast to increase drastically by each year due to environmental concerns.73 PA6 as a matrix 

for CNF has the potential to create nanocomposites with superior mechanical and flexural 

strength, better dimensional stability, lower expansion, and better thermo-mechanical 

properties. Various researchers have successfully investigated the preparation and 

characterization of PA6 and cellulose composites and/or nanocomposites by adopting different 

methodologies.74–79 However, PA6/CNF nanocomposites is a relatively new research area, 

especially for nanocomposites with high formulation of CNF and this study provides useful 

insights on the development of PA6/CNF nanocomposites, aimed at contributing towards bio-

based materials/composites and greener ways to produce them. 

1.4.3 Composite Interface 

 The fibril – matrix interface is one of the primary factors defining the failure properties 

of the nanocomposites. As enumerated earlier, stress transfer occurs through the fiber matrix 

interface. The use of natural fibers (pulp fibers with ~30-50 μm diameter) usually provides 

improved modulus with a wide range of matirces, but the ductility is substantially reduced 

making the composite brittle. As a result, strength improvements often require a coupling 

agent.80 Micron scale brittle composites are characterized by de-bonding at the fiber-matrix 
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interface leading to crack formation and propagation, resulting in specimen failure.40,81 In order 

to improve composite strength, it is desirable to obtain stronger interfacial adhesion at the fiber-

matrix interface. CNF have high surface charge density due to the hydroxyl groups, making 

them sensitive to moisture and given the smaller dimensions, specific surface area is higher 

when compare to microfibers.  

 With PA6 being a hydrophilic matrix, good level of CNF dispersion can be achieved. 

In addition, at a molecular level the amide groups of PA6 form strong interfacial adhesion with 

the hydroxyl groups on the surface of the CNF.82 Due to the hydrophilic nature of both PA6 

and CNF, the resulting nanocomposites become sensitive to moisture. Absorbed moisture 

content reduces the glass transition temperature (Tg) which in turn decreases the amorphous 

modulus and also the yield stress.83 Nevertheless, efficient energy dissipation due to good 

interfacial adhesion, and fibril dispersion and distribution are two critical aspects for achieving 

the effective reinforcement in strength of the composite.84 In high CNF content 

nanocomposites, the network forming ability of CNF has several functional advantages when 

the matrix is properly impregnated. The efficient impregnation of PA6 is challenge, as 

thermoplastic polymers have not been widely studied to impregnate nanocellulose structure.85 

This study demonstrates that PA6 can be successfully impregnated within the percolated CNF 

network by adapting suitable processing methodologies.  

1.4.4 Composite Processing 

 Two processing techniques that have been utilized in this study are: (i) Melt processing 

using the GELIMAT® and (ii) Solvent casting technique. Other processing methods commonly 

used to produce CNF (or micro/nanocellulose) based composites are melt processing using 

extrusion and brabender, electrospinning, and solid-phase compounding. Such methods are 

discussed in detail elsewhere.62,86,87 

 Solvent casting has been, by far the go to strategy for preparing nanocellulose-based 

composites. Typically, solvent casting involves mixing the components in a suitable (aqueous 

or organic) and pouring in mould, followed by drying/evaporation. In general, the rate of 

evaporation is critical to prevent agglomerations.88 The mechanical properties are improved 
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drastically with this technique when compared to neat polymer/matrix. Initially, Qua et al. 

prepared nanocellulose – PA6 composites by solvent casting and the tensile strength was 

improved almost two folds with just 5 wt% formulation.89 The strength is usually high with 

smaller weight fractions of CNF and for larger weight fractions, it usually decreases due to the 

CNF agglomerations. The impregnation of polymer matrices in this method capitalizes on the 

cross-linking proceeds in the presence of hydroxyl rich CNF which strongly influence the 

composite properties.90 Hence for low cellulose composition nanocomposites, solvent casting 

method is ideal  

 Melt compounding process is used to incorporate nanocellulose into thermoplastic and 

thermoset polymers by involving thermo-mechanical mixing of melt mixture. This is usually 

followed by injection moulding or compression moulding into specific geometric 

configurations depending on the application.91 Iwatake et al. prepared cellulose composites by 

pumping a concentrated solution of nanowhiskers (along with a plasticizer agent) into an 

extruder with a partially molten polymer matrix.92 However, introducing aqueous suspension 

of CNF (or CNF) into polymer melt has direct limitation and is commercial not feasible. 

Moreover, such extrusion methods cannot be implemented for PA6 matrix as the high 

processing temperature, time and shear stresses might compromise the thermal stability of CNF 

leading to reduction in mechanical properties. In addition, drying the CNF before adding them 

into the polymer melt also causes irreversible agglomerations in nonpolar matrices resulting in  

poo mechanical properties.93 Hence, only few reports concerning nanocellulose reinforced 

composites produced by melt processing techniques have been reported.94 

 Of particular interest, the thermo-kinetic mixer; GELIMAT® which was used to 

produce cellulose pulp fiber composites and CNF nanocomposites is briefly discussed. The 

schematic of the types of Gelimat mixers are shown in Figure 1.5.95 The compounding process 

involves exerting high shear rates on the materials, which increase the temperature of the 

compounding mixture and a final homogenous compound with excellent dispersion can be 

obtained.96 Compared to twin screw extruder and Brabender, composites with well dispersed 

and distributed fibrils can be obtained by the Gelimat.97 The obstacles of thermal stability can 

be overcome and good dispersion of CNF within the PA6 matrix can be achieved by melt 

compounding with a high speed thermo-kinetic mixer. Materials can be compounded in 
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extremely less time, therefore, due to shorter heating cycle of less than 30-60 seconds, the CNF 

are exposed to processing temperatures for extremely shorter period. Therefore, time-

temperature sensitive materials such as in CNF/PA6 composites, thermal stability is preserved. 

Moreover, homogenous compounds can be obtained in a single cycle, whereas, similar levels 

of dispersion require two or three passes in an extruder. 

 

 

Figure 1.5 Schematic of GELIMAT® Mixer. (i) Basic Gelimat mixing material movement in the Gelimat mixing 

chamber at different mixing blade top speeds increasing from top to bottom. (ii) Types of Gelimat mixers based 

on feeding mechanism: (a) Top hopper feed for start/stop drive and (b) Axial side feed screw for continuous drive. 

These figures were adapted from the DUSATEC™ Inc.’s brochure on GELIMAT Technology: Ultrahigh-Speed 

Thermo-Kinetic Mixing, Compounding & Fluxing. (iii) An axial feed screw Gelimat equipment. 
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1.5 State of the Art on ‘PA6 and Cellulose’ Composites  

 In this section some of the noteworthy developments on the topic of cellulose reinforced 

PA6 composites are mentioned. Polyamides reinforced with various bio-sourced 

reinforcements such as wood flour, pulp fibers, micro crystalline cellulose and nanocellulose 

has been discussed by Sessini et al.98 Additionally, natural, plant-based fibers such as flax, 

hemp and cotton fibers have been and are an obvious choice to reinforce thermoplastic 

polymers, as fibers can be incorporated in composites without the need of any pre-treatment 

process. Initially in the earl y 1980s, Klason et al. prepared PA6 and bleached wood-flour by 

using single screw extrusion and injection moulding.99 In the early 2000s, the use of processing 

aids to reduce the viscosity of the composite melt of PA6 and cellulose pulp-fibers during 

extrusion was employed by Jacobson et al.100 Up to ~40 wt% formulation of wood-flour and 

PA6 composites with a non-disclosed processing aid (up to 7 wt%) was produced with single 

screw extrusion and injection moulding by Chen et al. showing that high natural fiber content 

thermoplastic composites could be produced using traditional melt processing methods.101 

Many papers have been published on the reinforcement effect of natural fibers and also hybrid 

natural fibers for the PA6 matrix and have been characterized for mechanical and thermal 

properties.74,102–106 CNCs also have strong reinforcing effects and studies have also shown their 

positive impact on the physical properties or thermoplastic polymer composites.107 Correa et 

al. coated CNCs with PA6 and then incorporated them with the PA6 matrix and the resulting 

composites displayed improved dispersion and mechanical properties.78 Creep and viscoelastic 

materials functions of the PA6 reinforced CNC composites was investigated by Rahimi et al.108 

Effect of CNCs on crystallization, morphology and phase transition of polyamide 6 was 

recently analysed by Aitha et al.109 More recently, Lee et al. prepared PA6 and CNF composites 

by utilizing a wet laid sheet forming approach and witnessed significant improvements in 

tensile properties.110 Takeshi et al. acetylated wood-kraft pulp to increase the heat resistance 

and used twin screw extruder to facilitate nanofibrillation of cellulose fibers to produce 

composites with improved mechanical properties.111  Peng et al. obtained composite 

formulations up to 10 wt% CNF content with PA6 via thermal compounding using a Brabender 

with improvements in the tensile properties.75 Lee et al. prepared 40 wt% CNF/PA6 by silane 

treatment and calendaring process achieving ~2.5GPa and ~12.5MPa tensile modulus and 
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strength, respectively.82 Joshi et al. obtained up to 50 wt% of regenerated cellulose composite 

membranes with PA6 using electrospinning method with tensile strength and modulus 

increments corresponding to ~12% and ~150% respectively.112 Qua et al. used solution casting 

technique to prepare 5 wt% flax and MCC nanofibers obtained from acid hydrolysis and PA6 

composites with almost twice the amount of improvement in tensile strength and minor 

improvement of modulus.89 Xiang et al. fabricated polyamide 6/reduced graphene oxide nano-

composites by conductive cellulose skeleton structure and improved the conductivity of the 

composite.113  Studies related to other polyamides such as PA6.6114,115, PA11116–119 and 

PA12120,121 have also been successfully reinforced with cellulosic materials. 

 

 

 

 

 

 

 

 

 

 

 



 

Chapter 2 Objectives 

 This chapter consists of a brief discussion on the challenges and objectives as a whole 

for the doctoral thesis. 

 The drive for environmentally friendly materials has led to ground-breaking 

advancements in cellulose. This along with progress in polymer-matrix cellulose composites 

has allowed us to venture into property ranges that cannot be possible with individual 

components. Lately, cellulose nanofibrils (and nanocrystals) have gained traction as 

reinforcement because of their high intrinsic mechanical properties and sustainable resource. 

Plant and wood-based fibers (pulp fibers) have been used for a long time, however the use of 

nanocellulose provides greater possibilities in property enhancements and to develop newer 

functions. The nano-scale dimensions offer a better control over the design parameters and 

structural morphology. The tendency of nanocellulose to aggregate is a major challenge while 

processing such nanocomposites and may have pernicious effects on the physical properties. 

Hence, it is critical to preserve the nanostructure of cellulose in the bulk composite by means 

of uniform dispersion. 

 The principal objective of this work is to prepare nanocellulose (CNF) biocomposites 

with high CNF content and investigate the effects on the physical properties due to the 

nanostructure. One aspect of the study is to aim for high degree of dispersion of CNF in the 

nanocomposite and analyse the fibril/matrix interface by choosing an engineering polymer as 

matrix and varying the processing methods/techniques. Another aspect is to investigate the 

composites with different reinforcement sizes and also by varying the reinforcement 

concentrations. Therefore, in an initial study, cellulose composites with PA6 as matrix and 

cellulose pulp-fibers (in general with dimensions in few μm) as reinforcement was investigated. 

The reinforcement effect induced by the pulp fibers on the composite as a whole was studied 

with respect to the improvement of mechanical properties corresponding to the cellulose 
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composition. This was followed by investigating CNF nanocomposites which are prepared 

with two different methodologies; first, solvent casting approach and secondly, melt processing 

approach. A comparison between the reinforcing effect of cellulose pulp-fibers and CNF is 

made to emphasis the nanoscale dimension of reinforcement. Specific attributes such as 

dispersion, interface morphology, and effect of composite processing method/s and their 

respective influence on the material properties are investigated to expedite our understanding, 

so that materials with overall or distinctly improved properties can be designed. Overall, this 

investigation aims to contribute towards the fast-growing and sustainability-driven discipline 

of nanocellulose biocomposites.  

 

 

 



 

Chapter 3 Methods and Experimental 

 This chapter contains a brief summary of materials preparation and characterizing 

techniques. More details can be found in appended Articles I to III. 

3.1 Materials 

 Polyamide 6 (PA6) was obtained commercially from two manufacturers, both in form 

of pellets. Firstly, a natural coloured with low viscosity, extrusion and injection moulding grade 

PA6 namely Radilon® S 24E 100 NAT from Radici Group, Italy. This grade of PA6 is suitable 

for producing parts which require low material viscosity for efficient processing. Secondly, an 

easy flowing and finely crystalline grade namely, Ultramid® B3S was obtained from BASF, 

Germany. This PA6 is suitable to produce thin-walled technical parts. 

 Softwood pulp with high cellulose content (ca. 97%), kindly supplied by Domsjó 

Fabriker AB, Sweden, was used to prepare pulp-fiber composites and PA6/CNF 

nanocomposites via melt processing. CNF for nanocomposites produced using solvent casting 

was prepared from commercial never-dried softwood sulphite pulp (containing 87% cellulose, 

~12% hemicellulose, and ~0.7% lignin) from Nordic Paper, Sweden. 

3.2 Materials Preparation 

 Pulp fiber composites: As part of an initial study, softwood pulp fibers were used to 

prepare pulp fiber biocomposites with PA6. The pulp which was in form of sheets was 

disintegrated mechanically using a micro paper disintegrator. To prepare different 

compositions of pulp composites, batches of PA6 were dried for 8 h in 80°C to remove moisture 

content. Non-dried micro disintegrated cellulose pulp and dried PA6 were melt compounded 
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in the Gelimat® (G5 S, Draiswerke, USA). Non-dried pulp fibers were used to avoid fiber 

hornification.122 As the speed of the rotor blades increased, the mixture reached melting 

temperature and the compounding was completed in less than 60 seconds. The compounded 

mixture was collected and cooled immediately to prevent excessive thermal degradation. 

Subsequently after cooling, the compound was introduced into the pelletizer mill (SM100, 

Retsch, Germany) to obtain pulp composite pellets. This was repeated for all the planned 

formulation of the composites. To evaluate the effect of fiber orientation on the properties of 

composites, pellets were manufactured into square shaped samples using injection moulding 

(AR220 M, ARBURG, Germany). The injection chamber was cleaned from contaminants and 

impurities using a purging agent (Ultra Purge 5150, Chem-Trend, France) prior to the injection 

of pulp composites. Further, the square composite samples for all formulations were laser cut 

into three different orientations with respect to the injection flow direction; (a) perpendicular 

(90°), (b) parallel (0°) and (c) 45° with the sample dimensions (L x B x T) of 65 x 6 x 1.5 mm. 

 CNF preparation: CNF was prepared by enzymatic pre-treatment as described by 

Henriksson et al.123 In brief, pulp fibers obtained as wet cake (ca. 20 wt% dry fiber content) 

were diluted 10 times with water to concentration of 2 wt% and pre-treated with enzymatic 

action (Novozym 476, Denmark). Thereafter, the enzymatic CNF suspension was passed 

through a homogenizer under varied pressure with channels of 400-200 μm (3 passes) and 200-

100 μm (3 passes). The viscosity of the enzymatic CNF suspension increased with each pass 

and a viscous CNF gel was obtained at the end. 

 CNF template: The CNF gel was diluted further to a concentration of 0.2 wt% and 

dispersed in dilute water via high shear mixing (Ultra-Turrax T25, IKA, Germany). The dilute 

colloidal suspension was then vacuum filtered using PVDF membranes (Durapore®, EMD 

Millipore) with small pore size pf 0.65 μm. The filtered CNF cake had close to ~85% water, 

and was subjected to a vacuum drier (Rapid Köthen) in between filter papers at 90 °C. In the 

end, CNF nanopaper (neat CNF film) was obtained. 

 PA6/CNF nanocomposites via green solvent casting: At first, PA6 pellets were 

converted to powdered PA6 from Powder Plastics SL (Spain). From here on in, powdered PA6 

is denoted as just PA6. Five different formulations of PA6/CNF nanocomposites with high 
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CNF content (10 wt%, 20 wt%, 30 wt%, 40 wt% and 50 wt%) were prepared using green 

solvent mixtures. A petri dish with an inner diameter of 8.8 cm was used for casting the neat 

PA6 and PA6/CNF nanocomposites. To prepare thin films of thickness close to 0.1 mm, an 

approximate total weight of 0.8 g of PA6/CNF solution was required. The amount of PA6 and 

CNF required for each composition of nanocomposites was calculated using the mass, density 

and volume relation. For every formulation, 20 wt% of PA6 was dissolved completely in 

formic acid at 30°C. The 1.5 wt% CNF gel was then dispersed within formic acid to obtain a 

consistency of 0.75 wt.% CNF content in the solvent system. This pre-wetting of CNF in the 

same solvent was done in order to further improve CNF/PA6 compatibility and their interfacial 

adhesion.124 To ensure proper dispersion of CNF, the solution was mixed with the help of the 

Ultra-Turrax (T 25, IKA) by stirring at a high speed of 7000 rpm for about 30 seconds. This 

solution was then left in an Ultrasonic bath (Exibel, Clas Ohlson, Sweden) for 10 minutes to 

remove any possible bubble. Finally, the CNF gel dispersed in formic acid and the dissolved 

PA6 in formic acid were mixed with the help of a stirrer for 2 hours to ensure uniform mixing. 

This mixture was again left in the ultrasonic bath to remove any bubbles which might have 

been formed during mixing. The mixed solution was introduced on to the petri dish and placed 

in an oven (Memmert UM200, Germany) at 50°C for casting the PA6-CNF nanocomposite. 

When all the formic acid and water had evaporated, we placed the petri dish containing the 

composite in a desiccator at ambient temperature to prevent deformation while cooling. The 

composite was removed from the petri dish with the help of spatula and tweezers. Rectangular 

samples were cut using a hydraulic press (Stans & Press - TJT Teknik AB, Sweden) from the 

thin film for tensile and DMA characterizations. 

 PA6/CNF nanocomposites via melt processing: Initially, PA6 pellets were powdered 

from Powder Plastics SL (Spain). From here on in, powdered PA6 is denoted as just PA6. 

Three different formulations: 5 wt%, 15 wt% and 25 wt % of PA 6/CNF nanocomposites were 

prepared. Batches of PA6 respectively were dried for 8 h in an 80 °C oven to remove any 

moisture content. Each batch of dry PA 6 was thoroughly mixed with the respective amount of 

CNF gel to obtain the corresponding CNF wt% formulation of the nanocomposite. These 

mixtures were then dried in a 60 °C oven until all the gel-moisture content was removed. The 

dry PA6/CNF mixture was introduced into the Gelimat at a rotor speed of 300 rpm. The speed 
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of the rotor blades was increased and the action of the blades at such high speed allowed a 

mixture to reach melting temperature. The compounding was completed in less than 60 seconds 

and the compounded mixture was collected from the discharge gate. The obtained compounded 

mixture was cooled immediately using a cold bath. The compounding process was repeated to 

obtain the remaining two formulations of the nanocomposites. Further, the compounded 

composite mixtures for all the formulations were produced into composite pellets respectively 

using a pelletizer mill (SM100, Retsch). The nanocomposites pellets were compression 

moulded into films using a laboratory hydraulic hot press (Fontijne Presses, The Netherlands) 

at 230 °C under a pressure of 60 kN for 10 min. Metallic spacers with 0.5 mm thickness were 

positioned to control the thickness of the produced films. The obtained films were light brown 

in colour and translucent with no optical signs of CNF aggregation. 

3.3 Characterization 

 Uniaxial tensile tests were performed on a Universal Testing Machine (Intron 1122) 

for the pulp composites and PA6/CNF nanocomposites produced via melt processing. Pulp-

fiber composites samples of rectangular dimensions (L x B x T) 65 x 6 x 1.5 mm were tested 

at different fiber orientations. For PA6/CNF nanocomposites produced via melt processing, 

dog-bone samples according to ASTM D638 (Type V) specifications were used for tensile 

tests. For both the types composites, tensile tests were performed under two parameters. Firstly, 

dry samples, where the composite samples were dried in an 80 °C oven for 6 h prior to testing. 

Secondly, 48-hours conditioned samples, where the composite samples were placed in a 

climatic chamber at 23 °C and 50% relative humidity for 48 h according to ASTM D618 13 

prior to testing. Tests were carried out at room temperature with 5 kN load cell and at a strain 

rate of 2 mm/min and a gauge length of 30 mm. The thickness and width of the narrow section 

for each melt processed PA6/CNF nanocomposites was measured using a digital micrometer 

(Starrett®, USA). A minimum of 5 trials were repeated to establish statistical significance. 

 Uniaxial tensile tests were performed for PA6/CNF nanocomposites samples produced 

via green solvent casting using a Universal Testing Machine (Instron 5944). Samples were 

conditioned at 23 °C and relative humidity 50% for a period of two days (48 h) prior to testing. 
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Rectangular samples of dimensions (l x b) 45 x 6 mm and thickness 15-120 μm and a gauge 

length of 20-25 mm were tested under a 500 N load cell at a strain rate of 10%/min. Strain was 

measured optically using a digital speckle pattern (DSP). All the values reported are averaged 

over at least 5 samples. 

 For all the composites, Young’s modulus (E) was calculated from the slope the initial 

elastic region, typically between 0.1% and 0.4% strain.  The maximum yield strength (σy) was 

estimated from the intersection of tangents at elastic and plastic regions. For neat PA6, the 

intersection of a line parallel to E, at an offset of 0.2% strain with the stress strain curve was 

taken as the yield stress.   

 Flexural tests were performed for pulp-fiber composite samples using a Universal 

Testing Machine (Instron 1122) for both dry and 48 h conditioned samples. Rectangular 

samples of were prepared by injection moulding according to ASTM D790 standard. The 

flexural properties were determined using a 3-point bending rig and over the area between the 

loading noses. Flexural strength (σf) was calculated from the load deflection curve that shows 

a point at which the load does not increase with an increase in strain, that is, a yield point. 

Flexural modulus (Ef) was calculated by drawing a tangent to the steepest initial straight-line 

portion of the load-deflection curve.  

 Micromechanics study to assess the contribution of CNF to composite’s tensile 

properties was back-calculated for the PA6/CNF nanocomposites prepared via green solvent 

casting. A micromechanical model based on the rule of mixture (RoM) was used to estimate 

the tensile strength of the nanocomposites (Equation (1)).125 

𝜎𝑁𝐶 = 𝜎𝐶𝑁𝐹 𝑉𝐶𝑁𝐹 + 𝜎𝑃𝐴6 (1 − 𝑉𝐶𝑁𝐹) (1) 

  Where σNC is the tensile strength of the nanocomposite, σCNF and σPA6 are the 

experimental strength of CNF and PA6 respectively, and VCNF is the total volume fraction of 

CNF. The value of σNC predicts the linear relationship between σNC and the composition of 

CNF. An estimation of reinforcement efficiency for all the formulations of CNF content was 

calculated assuming the densities of 1.13 g/cm3 for PA6 and 1.5 g/cm3 for CNF. 
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 The Cox-Krenchel micromechanical model was used to back-calculate the Young’s 

modulus. This model was developed based on the classical shear lag theory and is one of the 

most widely used model for randomly oriented short fibre composites.68 This model is based 

on the following assumptions: (a) fiber and matrix respond elastically, (b) no axial loads on the 

fiber ends and (c) ideal fiber matrix interface.65,126 The Cox-Krenchel model is defined as: 

𝐸𝑁𝐶 = 𝜂𝑂𝑉𝐶𝑁𝐹𝐸𝐶𝑁𝐹 (1 − 𝑡𝑎𝑛ℎ (𝑛𝑠)𝑛𝑠 ) + (1 − 𝑉𝐶𝑁𝐹)𝐸𝑃𝐴6 (2) 

𝑛 = √2𝐸𝑃𝐴6 [𝐸𝐶𝑁𝐹(1 + 𝑉𝑃𝐴6)𝑙𝑛 ( 1𝑉𝐶𝑁𝐹)]⁄   (3) 

 Where ENC is the theoretical elastic modulus of the nanocomposite, ECNF and EPA6 are 

experimental moduli of CNF and PA6 respectively, fiber orientation factor η0 = 3/8 assuming 

an in-plane isotropic orientation of fibers in a random short fiber polymer composite, s is the 

fiber aspect ratio where the weight average fiber length L can be used to calculate s = L/D, 

where D is the diameter of the fiber 

 Additionally, Tsai-Pagano model was also used to predict the Young’s modulus 

assuming a random in-plane fiber orientation.127 ENC is the theoretical nanocomposite modulus 

for random in-plane fiber orientation and is defined by: 

𝐸𝑁𝐶 = (38) 𝐸𝐿 + (58) 𝐸𝑇  (4) 

𝐸𝐿 = 𝐸𝐶𝑁𝐹  𝑉𝐶𝑁𝐹 + 𝐸𝑃𝐴6 (1 − 𝑉𝐶𝑁𝐹) (5) 

𝐸𝑇 = 𝐸𝐶𝑁𝐹 𝐸𝑃𝐴6𝐸𝐶𝑁𝐹 (1 − 𝑉𝐶𝑁𝐹) + 𝐸𝑃𝐴6 𝑉𝐶𝑁𝐹  (6) 

   For longitudinal modulus (EL), RoM model was used (Equation (5)) and transverse 

modulus (ET, Equation (6)) was calculated assuming a unidirectional composite with 

cylindrical fibers. 
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 Dynamical mechanical-thermal analysis (DMA) was performed on a TA Q800 

equipment for PA6/CNF nanocomposites prepared via green solvent casting. DMA was 

conducted in tensile mode with a preload of 1N at a frequency of 1 Hz and at a ramp of 5 

°C/min starting at 30 °C and finishing at 160 °C. Rectangular samples of dimensions (L x B) 

15 x 6 mm and thickness 15-120 μm were placed in an oven for 48 h at 55 °C prior to analysis. 

The glass transition temperature (Tg) was estimated from the tan delta peak of DMA scans. 

 Scanning electron microscopy (SEM) was used to analyse the morphology of fractured 

surfaces for all types of composites prepared. SEM images were obtained using a Zeiss DSM 

960A microscope for pulp fiber composites. The samples were coated with gold using a sputter 

prior to analysis and were observed at an accelerated voltage of 7kV. 

 SEM images for both type of PA6/CNF nanocomposites were obtained using a Hitachi 

S-4800 microscope. Cross-section of samples fractured from tensile testing were coated with a 

thin layer of conductive layer prior to observation. The samples were analysed between the 

accelerated voltage of 7-15kV. 

 Thermogravimetric analysis (TGA) were performed for all the composites samples 

using a Mettler Toledo TGA 1 equipment. Samples were analysed in the temperature ranged 

from 25 to 600 °C with a 10 °C/min heating rate. The tests were carried out by placing the 

samples in an open platinum pan within a nitrogen environment. All the results were recorded 

using a thermal analysis software.  

 Additionally, for the PA6/CNF nanocomposites prepared via melt processing study, 

TGA at isothermal conditions (230 °C) for the CNF gel was performed to check for thermal 

stability of CNF at processing temperature conditions. 

 Differential scanning calorimetry (DSC) measurements were performed on a Mettler 

Toledo DSC 1 for PA6/CNF nanocomposites prepared via green solvent casting. For PA6/CNF 

nanocomposites prepared via melt processing, DSC measurements were performed on a TA 

DSC Q2000 equipment. For both cases, 5-8 mg of samples, after conditioning at 23 °C for two 

days, were placed in an aluminium pan. The samples underwent a heating cycle from 30 to 260 

°C with a heating rate of 10 °C/min. All the results were reported by a corresponding thermal 
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analysis software. The degree of crystallinity (χc) was calculated corresponding to the enthalpy 

of the melting endotherm using Equation (8), where ΔHsample is the enthalpy of the melting 

endotherm of the sample from the heating cycle, ΔHpolymer is the melting enthalpy of PA6 

polymer in the sample, WCNF is the weight fraction of the CNF in the sample and ΔH100% is the 

theoretical melting enthalpy of 100% crystalline PA6, which is equivalent to 230 J/g.128,129 

𝛥𝐻𝑝𝑜𝑙𝑦𝑚𝑒𝑟 = 𝛥𝐻𝑠𝑎𝑚𝑝𝑙𝑒 ⋅ ( 11 − 𝑤𝐶𝑁𝐹100 ) (7) 

𝜒𝑐 = 𝛥𝐻𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝛥𝐻100% ⋅ 100 (8) 

 Attenuated total reflection (ATR) FT-IR was performed solvent casted PA6/CNF 

nanocomposites using a Perkin Elmer spectrum 100. For real time measurements, samples were 

impregnated with PA6 as earlier and dried at room temperature for 30 min (but not cured). 

Then, they were placed on the preheated ATR crystal and the spectra recorded in the range of 

4000-600 cm-1. The changes in the chemical structure and the binding configuration of the 

nanocomposites were characterized by associated peaks. 

 Capillary rheological properties were studied using a melt flow indexer (MFI) device 

(Ceast, Italy) for PA6/CNF nanocomposites prepared via melt processing. Neat PA 6 and the 

corresponding nanocomposite pellets were tested for MFI at 230 °C through a capillary (die) 

of specific diameter and length by pressure applied through dead weight M (kg) as per ASTM 

1238-73. The geometrical dimensions of the MFI apparatus are: radius of the die r = 1 mm; 

radius of the heating cylinder R = 4.75 mm; length of the heating cylinder L = 30 mm (ISO 

1133). The mass series used to measure MFI values are: M1–M2–M3......M7 (kg) = 1.2–2.16–

3.8–5.0–7.16–10.0–12.16. For each mass used, five MFI values were measured for statistical 

significance. Capillary rheological properties can be illustrated on a rheogram, which 

represents variation of dynamic viscosity μ (Pa s) versus shear rate γ (s−1). To go from MFI 

(g/10 min) to viscosity, the Equations governing the flow of fluids inside a capillary (die) was 

used.130  
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 The apparent shear rate γ depends on the volume flow rate Q (m3s−1) and the radius of 

the die r (m). 

γ =  4 ∙  Qπ ∙  r3 (9) 

 The volume flow rate Q can be calculated using the MFI data and the respective hot 

density ρ (g cm−3) of the samples. 

Q =  600 ∙  MFIρ ∙  t  (10) 

Hence, γ =  2400 ∙  MFIπ ∙  r3  ∙  ρ ∙  t (11) 

 The viscosity μ is defined as shear stress τ (Pa) divided by the shear rate γ. The shear 

stress τ depend on the pressure P exerted at die inlet, i.e., the force F exerted by the mass M 

placed on the MFI piston. 

P =  Fπ ∙  R2  =  M ∙  gπ ∙  R2 (12) 

Hence, τ =  P ∙  F2 ∙  L  =  M ∙  g ∙  rπ ∙  R2  ∙  2 ∙  L (13) 

 The above Equations (11) and (13) are for Newtonian fluids. PA 6 and respective 

nanocomposite blends have non-Newtonian behaviour. Therefore, the apparent shear rates 

were corrected using the Rabinowitsch shear rate correction.131  A first realistic approach to 

the rheological behaviour was presented by the power law symbolized by Oswald law defined 

by Equation (14). 

τT =  k ∙  γTn (14) 
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 where τT is the true shear stress, k is a constant of the fluid and n is the flow index 

(pseudoplasticity index). To find out n, the curve Ln τ = f (Ln γ) was plotted from the calculated 

apparent stresses and shear rates obtained from the MFI data. With n being the slope and Ln k 

the intercept, the necessary Rabinowitsch correction was performed for the apparent shear rate 

γ using Equation (15). 

γT =  (3n + 1)4n  ∙  γ  (15) 

 where γT is the true shear rate, from which the true effective viscosity μ was calculated. 

Thus, the rheogram representing the rheological behaviour of nanocomposites at 230 °C was 

obtained without having to use a sophisticated rheometer. 

 Water uptake measurements were carried out for PA6/CNF nanocomposites prepared 

via melt processing. The influence of CNF content on water absorption and subsequently the 

mechanical properties of the composites were analysed. Periodic mass measurements of 

samples when submerged in water over a 24-h period was conducted. The dry samples were 

weighed before placing them in dilute H2O at room temperature. The samples were removed 

from the water and patted dry with Kimwipes® prior to weighing. Mass measurements were 

taken at 0 h, 0.5 h, 1 h, 3 h, 6 h, 12 h, 18 h and 24 h. The weight percentage change was 

calculated using Equation (16), where Wwet is the weight of sample after immersed in water 

and Wdry is the dry weight of the sample.  

percent change = (Wwet − Wdry)Wdry ×  100 (16) 

 Thereafter, the samples were allowed to gain mass until they reached an equilibrium 

state. The water uptake kinetics were model by using Fick’s theory of dispersion. The diffusion 

coefficient D (m2/s) for shorter immersion time of nanocomposite samples with respect to the 

ability of moisture/water to penetrate the samples was deduced from Fick’s law, as in Equation 

(17). Where Mt is the water uptake at a lower immersion time, M∞ is the maximum mass 

gained, L (m) is the thickness of the sample and time t (s). 



3.3 Characterization 29 

 

MtM∞ = 2 × (√ D t
 L2 ) (17) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



30 Methods and Experimental 

 

 

 



 

Chapter 4 Results and Discussion 

 

 This chapter consists of the results and discussions of the doctoral thesis based on the 

appended three articles.  

4.1 Pulp-Fiber Composites 

 As an initial part of the investigation, wood-pulp fibers derived from softwood were 

used to reinforce polyamide 6 (PA6) matrix. Although, cellulose nanofibrils (CNF) offer 

greater potential as discussed in Chapter 1, cellulose pulp fibers (diameter ~30 μm) have 

various cost and processing advantages. When compared to CNF, pulp fibers have lower costs, 

lower viscosity in suspensions, shorter dewatering time, and etc. In this section, pulp fiber 

composites are used to prepare PA6-pulp fiber composites. The results presented in this section 

are from Article I and the investigative outcomes are further used to design nanocomposites 

with CNF elucidated in the later sections.  

4.1.1 Effect of Fiber Orientation on the Mechanical Properties 

 High purity cellulose pulp fibers were used to produce composites with PA6 and five 

different wt% formulations (5, 10, 15, 20, and 25 wt%) were prepared. The materials were melt 

compounded in the high speed kinetic mixer (GELIMAT®) and then produced into test 

samples using injection moulding. To analyse the effect of fiber orientation on the mechanical 

properties of the composites, a square mould (Figure 4.1(v)) was injected with the 

compounded composite and later test samples were cut at different angles/orientations with 

respect to the injection flow (Figure 4.1(i-iv)). The pulp fibers, during processing (injection) 

are expected to align themselves in the direction of the injection flow imparting anisotropic 
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properties to the resulting composites.132,133 A similar model where the injection process was 

simulated shows the fiber orientation inside the square mould (Figure 4.1(vi)). Pulp fibers with 

high degree of orientation impart high stiffness to the composite in the longitudinal direction, 

mimicking the microfibrils in the plant cell wall. Flow induced alignment and good distribution 

of fibers within the matrix allow for greater control of the composites’ microstructure when 

designing such biocomposites.134 

 

 

Figure 4.1 (i) Square samples of dimensions (L x B x T) 70 x 70 x 1.5 mm, and square samples from which 

(ii) 0°, (iii) 90°, and (iv) 45° oriented test specimens were laser cut. (v) Square mould used for injection 

moulding and (vi) Flow simulation showing the orientation of the pulp fibers within the square mould. Figure 

adapted from Article I.  

4.1.1.1 Mechanical Properties  

 The summary of the tensile and flexural properties for dry samples are listed in Table 

1. The pulp fiber/PA6 composites obtained showed better mechanical properties. The 
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mechanical properties increased with the increase in pulp fiber content in comparison to neat 

PA6. As expected, the composite specimens oriented in the direction of the injection flow 

exhibited higher mechanical properties, compared to the other two orientations for all 

formulations respectively.  

Table 1. Summary of tensile properties of pulp fiber composites showing the variation of yield strength with 

respect to fiber orientation with the matrix for dry samples. Table adapted from Article I. 

Sample    

Pulp (wt%) 

Yield Strength      

σ (MPa) 

Young’s 

Modulus    

E (GPA) 

Strain at 

Break 

(%) 

Flexural 

Strength 

σF (MPa) 

Flexural 

Modulus 

EF (GPA) 

Orientation 0° 45° 90° 0° 0°   

Neat PA6 –––– 53.3 –––– 3.01 17.8 103.2 2.5 

5 60.6 56.2 54.5 3.3 7.1 105 2.6 

10 60.5 57.7 54.8 3.5 6.5 107.9 2.8 

15 61.4 59.5 55.3 3.8 4.9 111 3.01 

20 66.2 58.2 53.3 4.2 4.5 112.2 3.6 

25 64.8 60.5 53.1 4.6 4.0 113.6 3.8 

 The assessment of fiber orientation on the composites’ mechanical properties was 

analysed based on the yield strength results. For the oriented sample’s gauge length was too 

small for our extensometer to measure the modulus. However, the modulus and the deformation 

strain were measured from dog-bone samples prepared according to ASTM D638 standard. For 

the pulp fiber composites, the tensile properties increased with the increase of pulp fibers. The 

maximum yield strength was obtained for 20 wt% formulation and the maximum elastic 

modulus was obtained for 25 wt% formulation. The tensile strength values obtained for the 0° 

oriented samples were higher than the values for the other two oriented samples, with the least 

values obtained for 90° oriented samples. Naturally, cellulose microfibrils have higher specific 

strength in the longitudinal direction and this property is inherited in the pulp fiber composites 
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as well. The aspect ratio of pulp fibers, along with the good dispersion and distribution within 

the PA6 matrix aid in the enhancement of mechanical properties. For 45° and 90° oriented 

samples, the strength tends to decrease because of the increased amount of transverse fibers 

which provide low cross-sectional strength which tends to behave as defects under the 

elongation load. Further, the incorporation of pulp fibers into PA6 matrix restricts the elastic 

deformation of PA6 resulting in composites with higher modulus.135 The strong interaction 

between cellulose (carboxyl groups) and PA6 (amide groups) allows effective stress transfer 

under loading and notably, the strains at yield are reduced. These reductions in strain indicate 

that the pulp fibers were well dispersed and stiffened the composites. Flexural testes were 

carried out on samples according to ASTM D790 standard. Consequently, due to the stiffness 

of the composites, the flexural properties also increased with the addition of pulp fiber content. 

High magnification images (Figure 4.2) obtained from SEM analysis show that there is good 

wetting between the pulp fibers and PA6 matrix supporting the reinforcing effect of pulp fibers. 

The moisture content in never dried pulp fibers aid in interfacial bonding, due to the partial 

hydrolysis of PA6 caused by moisture at high temperature, generating carboxylic acid end 

groups which are compatible with the (-OH) groups forming ester bonds.136 Minor intermittent 

voids are can also be observed. 

 

Figure 4.2 Cross-sectional images of 25 wt% pulp fiber composites at various magnification levels indicating 

good wetting between fibers and matrix. Figure adapted from Article I. 

4.1.2 Hygro-Mechanical Properties 

 With both PA6 and cellulose pulp fibers being hydrophilic in nature, the properties of 

the composites are altered with moisture absorption. Pulp fiber/PA6 composites were studied 
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for hygro-mechanical stability by conditioning the test samples at 23°C and relative humidity 

50% for a period of 48 hours (ASTM D618 13) prior to testing. The mechanical properties 

reduced for the moisture conditioned samples (Table 2). Composites showed decent hygro-

mechanical stability when compared to neat PA6. The tensile modulus reduces to 4.4 GPa from 

4.6 GPa at relative humidity 50% for the 25 wt% formulation. Similarly, flexural modulus 

reduced to 3.1 GPa to 3.8 GPa for the 25 wt% formulation. Hydration of composites due to 

humidity reduces the intrinsic stiffness of the fibers. Moisture is likely to be accumulated at the 

fiber/matrix interface and weakens the adhesion. However, the tensile modulus reduction of 

~0.2 GPa is considerably a minor reduction and is also much higher than the modulus of 

conditioned neat PA6. This is due to the successful saturation of the PA6 matrix into the 

random pulp fiber reinforcement network and favourable interactions at the interface. Further, 

the effect of moisture on glass transition temperature, and mechanical properties of CNF 

nanocomposites are discussed in the later sections. 

Table 2. Summary of the mechanical properties for the PA6-pulp fiber composites after 48-hour conditioning of 

samples at 23° and relative humidity 50%. Table adapted from Article I. 

Sample    

Pulp (wt%) 

Yield Strength 

σ (MPa) 

Young’s 
Modulus    

E (GPA) 

Strain at 

Break 

(%) 

Flexural 

Strength 

σF (MPa) 

Flexural 

Modulus 

EF (GPA) 

Orientation 0° 45° 90° 0° 0°   

Neat PA6 ––––– 48.8 ––––– 2.9 16 90.2 2.1 

5 55.8 54.5 54 3.2 4.8 94.2 2.2 

10 57.6 56.2 53.1 3.4 4.8 95.4 2.3 

15 59.4 57.2 52.9 3.7 4.05 98.5 2.5 

20 57.6 55.4 51.5 4.1 3.7 101.5 2.8 

25 57.3 55.8 51.3 4.4 3.8 106.5 3.1 
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4.2 Nanocomposites via Solvent Casting 

 This section focuses on CNF/thermoplastic composites with PA6 as polymer. CNF are 

long fibril like structures which form percolated/entangles network when filtered from water. 

A solvent casting processing method, similar to a prepreg-based approach is adopted to produce 

nanocomposites with high CNF composition up to 50 wt%. Effect of high CNF content, 

specific surface area and fibril-matrix interface of the composites are studied. The tensile 

mechanical properties of the nanocomposite films were improved. The results presented in this 

section are selected from Article III. The differences in the reinforcement effect of cellulose 

pulp fiber and CNF are also analysed. 

4.2.1 Processing Approach 

 PA6/CNF nanocomposites were prepared by an impregnation-based approach using 

solvent casting. A dilute colloidal CNF suspension was filter to obtain a CNF nanopaper 

template. Formic acid was used as the solvent for dissolving PA6, as it accounts for negligible 

polymer degradation at a dissolving temperature of 30°C promoted by the weak acid 

characteristics.137,138 In addition, CNF has good dispersion in water and hence, a water/formic 

acid mixed system was adopted to impregnate dissolved PA6 in dispersed CNF. Furthermore, 

formic acid functions as a protic solvent and it can disrupt the hydrogen bonding in aggregated 

CNFs, hence, more effectively dispersing them.77 Moreover, CNF in formic acid medium 

results in esterification of hydroxyl entities upon evaporation/casting.139 Both PA6 solution and 

CNF suspension in formic acid/water medium were prepared as a first step. The nanocomposite 

films were produced by diluting the CNF dispersion in water into formic acid containing 20 

wt% of dissolved PA6. Homogenous impregnation of CNF was facilitated the Ultra-turrax. An 

advantage of this process is that CNF/polymer ratio in the final composites can be conveniently 

tuned by controlling the dissolved polymer content in the impregnating solution.  
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4.2.2 Dispersion, High Specific Surface Area and CNF Network 

 The prepared nanocomposite films showed no signs of optical agglomeration or defects 

(Figure 4.3 (iv & vii)). This indicated that the films had homogenous distribution and good 
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Figure 4.3 Cross-sectional SEM images of PA6/CNF nanocomposites films: (ii & iii) CNF nanopaper, (v & 

vi) 20 wt%, and (viii & ix) 50 wt% formulations. These images are adapted from Article III. Casted CNF 

nanocomposite films: (i) neat CNF nanopaper film, (iv) 20 wt%, and (vii) 50 wt% formultions. 
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dispersion. When the CNF colloidal suspension is filtered, CNFs form physical entanglements 

with a random in plane orientation of nanofibrils (Figure 4.3 (ii)). Layered structures are a 

feature of the nanocomposites too, since, the processing involves removal of solvent mixture 

through evaporation. The layers are distinct in the nanocomposites as well (Figure 4.3 (v & 

viii)). For CNF nanopaper, the hydroxyl groups on the CNF results in hydrogen bonding 

between individual CNFs and hence creating a 3D percolated network (Figure 4.3 (iii)). This 

network formation is apparent in the higher magnifications of the nanocomposites as well 

(Figure 4.3 (vi & ix)), where the nanofibrils are surrounded but the strands of PA6 which have 

deformed under elongation. Besides, this corroborates that the CNF network was successfully 

impregnated by the PA6 matrix. Nanocomposite films prepared by casting CNF and PA6 

mixture in formic acid had showed high optical transparency. In fact, the transparency 

increased with the addition of CNF. A favourable interface between CNF and PA6 matrix 

assists in dispersion of CNFs and relatively void-free packing in film. The absence of CNF 

agglomerates aided by dispersion to a large content, prevents scattering of light thereby, 

improving transparency. The electrostatic repulsion between the nanofibrils due to the negative 

charged surface density is also key in dispersing the CNF within the matrix. Storage modulus 

Figure 4.4 Storage modulus as a function of temperature for PA6/CNF nanocomposites (10, 30 and 50 wt% 

formulations). Figure from Article III. 
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as a function of temperature in PA6/CNF nanocomposites is shown in Figure 4.4. The modulus 

for neat PA6 stays constant up until 50 °C and later drops significantly corresponding to the 

glass transition region of PA6. For the nanocomposites, the storage modulus was significantly 

enhanced within the same temperature range, asserting that the CNF was well dispersed in the 

PA6 matrix. The increase in storage modulus is reminiscent even at higher temperatures, this 

effect is a result of the 3D percolated network within the rubbery matrix constraining the long-

range motion of polymer chains.53,140 The tensile strength and modulus of the nanocomposite 

films was improved significantly with the addition of CNF. Again, this is attributed to the 

uniform dispersion and high surface area of the fibres and strong interaction between the CNF 

and PA6 matrix, promoting effective stress transfer. The tensile mechanical properties are 

discussed further in in the later section. 

4.2.2.1  Mechanical Properties 

 In this section, the uniaxial tensile properties are discussed. Furthermore, 

micromechanical models are used to estimate the tensile strength and modulus of the CNF in 

different formulations of nanocomposites. The relation of CNF network reinforcement and 

mechanical properties of the nanocomposites are discussed. Representative stress strain curves 

are plotted in Figure 4.5 and the results are summarized in Table 3. From the curves (Figure 

4.5), it is palpable that the modulus and strength increased with the addition of CNF to the neat 

PA6. Ultimate strength of 124 MPa and modulus of 4.2 GPa was obtained for the 50 wt% 

formulation of nanocomposite. The tensile values are greater than previously reported values 

using cellulose or plant-based fibers for PA6 matrix.75,82,89,103,111,112,141–143 The trend in contrast 

to several of the mentioned studies on PA6 and cellulose (micro and nano) composites is 

characterized by strength increase for lower formulation of CNF content and then decreases 

for higher CNF content due to cellulose agglomeration. In our study, the impregnation in a 

solvent mixture necessitated by high speed dispersing (Ultra-turrax) and then casting allowed 

incorporating high CNF content (up to 50 wt%) in form of 3D percolated network, without 

causing extensive agglomerations. For CNF nanocomposites produced by melt processing 

approach, which is discussed in the next section, high content CNF nanocomposites (up to 25 

wt%) with improved mechanical properties were prepared as well, demonstrating that the 
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processing approaches adopted in our study allowed for producing high-performance 

biocomposites of cellulose nanofibrils and a technical polymer such us polyamide-6. 

 

Figure 4.5 Characteristic stress-strain curves from uniaxial tensile tests for PA6/CNF nanocomposites with 

relative humidity 50%. Figure adapted from Article III. 

Table 3. Summary of the tensile mechanical properties for the PA6/CNF nanocomposites at relative humidity 

50%. Table from Article III. 

CNF Content 

(wt.%) 

Mean 

Thickness (µm) 

Tensile 

Strength 

(MPa) 

Elastic 

Modulus (GPa) 

Strain at  

Break (%) 

Neat PA6 96.2 ± 8.4 46.3 ± 2.35 1.52 ± 0.08 12.6 ± 0.42 

10 111 ± 7.3 54.1 ± 2.87 1.85 ± 0.05 11.1 ± 1.72 

20 108.6 ± 1.9 67.3 ± 1.60 2.30 ± 0.08 10.1 ± 1.69 

30 116.8 ± 6.3 78.4 ± 0.35 3.48 ± 0.47 9.2 ± 0.49 

40 91.3 ± 3.0 110.5 ± 7.80 4.10 ± 0.26 7.8 ± 1.17 

50 99.8 ± 2.9 123.9 ± 6.12 4.20 ± 0.27 7.3 ± 0.50 

CNF film 15.4 ± 0.8 200.9 ± 6.73 12.23 ± 0.39 6.9 ± 0.82 
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 The stress-strain curves for the PA6/CNF nanocomposites follow the characteristics of 

the CNF nanopaper, where typical initial linear region (elastic response), followed by 

corresponding yielding at lower strain and subsequent plastic deformation (strain hardening) 

until sample fractures. Nanocomposites undergo significant plastic deformation which is 

especially apparent for high CNF content nanocomposites. Favourable strain hardening region 

if CNF network is retained, resulting in high strain to failure and higher ultimate strength. The 

reinforcement mechanism in plastic region are dominated by the CNF network and improves 

ductility and strength.144 In addition, polymers with low yield and high ductility allows for 

stronger effects of deformation. Hence, in some studies the tensile strength of the PA6 

composite is doubled for smaller concentrations of CNF content.89 At relative humidity 50%, 

neat PA6 has a modulus of 1.5 GPa, which increases to 4.2 GPa for 50 wt% formulation of 

nanocomposite (Table 3). The effective contribution of CNF to the composite modulus can be 

estimated using micromechanical models mentioned in Chapter 2. The yield strength was 

estimated using a RoM model (Equation (1)) and the composite modulus was estimated from 

Cox-Krenchel (Equations (2) & (3)) and Tsai-Pagano models (Equations (4)-(6)). The RoM 

model overestimates the tensile strength value (σNC) for the nanocomposites (Figure 4.6 (i)). 

RoM is a basic micromechanical model and does not take into account the effect of CNF 

network in high fiber weight fraction composites. Overall, for high fiber volume fraction 

nanocomposites, the predicted values should be considered purely theoretical since the 

nanocellulose might not exist as a dense nanopaper network but as a 3D percolated network of 

CNF.68 However, for the elastic moduli (ENC) of the nanocomposites, the values calculated 

from the models form a fitting upper and lower bounds for the experimental values of moduli 

(Figure 4.6 (ii)). The experimental values perform better than the values obtained from Cox-

Krenchel model. This model is considered a good method to approximate the elastic modulus 

as it takes into account the aspect ratio of CNFs. However, the Tsai-Pagano model 

overestimates the modulus values for the 10 wt%, 20 wt% and 50 wt% formulations of 

nanocomposites, suggesting that the potential CNF network on the reinforcement effect was 

not fully utilized. Overall, these models indicate that the reinforcement effect was strongest for 

30 wt% and 40 wt% formulations implying that good impregnation of PA6 within CNF 

network. For the 50 wt% formulation, the reinforcement effect was underutilised maybe due to 

the CNF agglomerates in high CNF content network.  
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Figure 4.6 Experimental and theoretically predicted values for (i) tensile strength and (ii) elastic moduli for PA6-

CNF nanocomposites. Figure from Article III. 

4.2.2.2 Glass Transition Temperature (Tg) and Crystallinity 

 The glass transition temperature (Tg), other thermal parameters and the crystallinity (χc) 

of the PA6/CNF nanocomposites obtained from DSC analysis are shown in Tg for 

nanocomposites shifts to a higher temperature, indicating strong interactions at the interface, 

which constrain the molecular mobility in the vicinity of CNF. For lower formulation of CNF, 

the increase of Tg is due to better dispersion and stronger interactions at the interface.145 In our 

case, the CNF content in the nanocomposites are high and the CNF network is stabilized by 

physical entanglement as well as CNF percolated network crosslinks from secondary 

interactions such as hydrogen bonds. Storage modulus as a function of temperature for 

PA6/CNF nanocomposites obtained from dynamical mechanical analysis was shown in Figure 

4.4. The neat PA6 shows constant modulus until 50 °C, after which modulus decreases 

corresponding to the polymer glass transition. CNF nanocomposites have higher modulus than 

neat polymer, and the reinforcement is more amplified in the rubbery state i.e. T> Tg. The 

strong improvement is due to the CNF network structure, which retains mechanical stiffness 

above the polymer Tg. 3D percolated networks of CNF formed due to hydrogen bonding results 

in strong improvements in the nanocomposites’ modulus above the polymer Tg. Altogether, 

the increased Tg reported for CNF-PA6 nanocomposites in this study could be attributed to the 
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higher CNF content which is dispersed well with the composites signifying that the fraction of 

PA6 polymer affected by the CNF is much larger.90 The decrease in the crystallinity for the 

nanocomposite samples is also attributed to the vast surface on nanofibrils, and its’ effect on 

the mobility of chains of polymer matrix. In some studies, CNF acted as nucleating sites for 

crystallization.110 The nucleating effect significantly contributes to the formation of trans-

crystalline layers around nanofibers thus, resulting in increase in crystallinity.146 Nevertheless, 

the addition of CNF constrains the mobility of polymer chains hindering the crystal growth. 

This is more influential in high CNF composition composites, as in our case, strong interactions 

between polar amide groups of PA6 and hydroxyl groups of CNF resulted in constrained 

segmental mobility of PA6 chain. This restricted conformational freedom for the PA6 polymer 

decreased the degree of crystallinity. 

Table 4, the Tg for nanocomposites shifts to a higher temperature, indicating strong interactions 

at the interface, which constrain the molecular mobility in the vicinity of CNF. For lower 

formulation of CNF, the increase of Tg is due to better dispersion and stronger interactions at 

the interface.145 In our case, the CNF content in the nanocomposites are high and the CNF 

network is stabilized by physical entanglement as well as CNF percolated network crosslinks 

from secondary interactions such as hydrogen bonds. Storage modulus as a function of 

temperature for PA6/CNF nanocomposites obtained from dynamical mechanical analysis was 

shown in Figure 4.4. The neat PA6 shows constant modulus until 50 °C, after which modulus 

decreases corresponding to the polymer glass transition. CNF nanocomposites have higher 

modulus than neat polymer, and the reinforcement is more amplified in the rubbery state i.e. 

T> Tg. The strong improvement is due to the CNF network structure, which retains mechanical 

stiffness above the polymer Tg. 3D percolated networks of CNF formed due to hydrogen 

bonding results in strong improvements in the nanocomposites’ modulus above the polymer 

Tg. Altogether, the increased Tg reported for CNF-PA6 nanocomposites in this study could be 

attributed to the higher CNF content which is dispersed well with the composites signifying 

that the fraction of PA6 polymer affected by the CNF is much larger.90 The decrease in the 

crystallinity for the nanocomposite samples is also attributed to the vast surface on nanofibrils, 

and its’ effect on the mobility of chains of polymer matrix. In some studies, CNF acted as 

nucleating sites for crystallization.110 The nucleating effect significantly contributes to the 
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formation of trans-crystalline layers around nanofibers thus, resulting in increase in 

crystallinity.146 Nevertheless, the addition of CNF constrains the mobility of polymer chains 

hindering the crystal growth. This is more influential in high CNF composition composites, as 

in our case, strong interactions between polar amide groups of PA6 and hydroxyl groups of 

CNF resulted in constrained segmental mobility of PA6 chain. This restricted conformational 

freedom for the PA6 polymer decreased the degree of crystallinity. 

Table 4. Thermal parameters and degree of crystallinity for the PA6 polymer in the plain matrix and in the PA6-

CNF nanocomposites. Table from Article III. 

CNF Composition  

(wt. %) 

Tg  

(°C) 

Tm  

(°C) 

Tc 

(°C) 

ΔHSample  

(J/s) 

𝝌𝒄 

 (%) 

Neat PA6 powder 43.4 223.2 193.7 120.4 52.3 

Neat PA6 film 44.2 223.2 194.0 114.9 49.9 

10 48.4 220.3 190.3 101.6 49.1 

20 50.2 218.7 189.3 81.4 44.2 

30 51.0 217.2 188.0 68.3 42.4 

40 53.6 217.0 187.2 54.9 39.8 

50 50.9 213.8 182.5 43.7 38.0 

4.2.3 Cellulose Pulp Fibers vs. CNF as Reinforcement 

 To further our understanding of the relationship between cellulose structure and the 

physical properties of the respective composites, it would be of interest to compare the 

mechanical properties of pulp fiber composites with CNF nanocomposites. The increments of 

the tensile strength and modulus with respect to neat polymer values for a common weight 

formulation of the composites are assessed. Since 20 wt% formulation was prepared for both 

pulp fiber and CNF composites, the mechanical properties of corresponding to this formulation 

is compared. For the pulp fiber composite, the 20 wt% formulation showed ~18% improvement 

in yield strength and ~41% improvement in elastic modulus. Under similar testing parameters, 

the 20 wt% CNF nanocomposite exhibited ~45% improved yield strength and ~51% improved 

elastic modulus. In contrast, the enhancement for the tensile properties of CNF nanocomposites 
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are higher than pulp-fiber composites. In pulp fiber composites, there is likely to be poor stress 

transfer between the microfibrils-PA6 matrix interface. However, in CNF nanocomposites, the 

CNF interactions forming a percolated network, which is then impregnated with matrix and 

utilised as an effective reinforcement. In addition, the plastic deformation in CNF 

nanocomposites is dominated by strain hardening of the CNF network, so that the ultimate 

strength is substantially enhanced. Moreover, CNF provide higher surface area for the matrix 

to form primary and secondary interaction which further increase the interfacial adhesion and 

allows for efficient stress transfer. In pulp-fiber composites, the fiber/matrix interface may 

initiate early debonding under stress, thus, leading to lower strain to failure. Therefore, the 

plastic deformation may or may not be dominated by the strain hardening for pulp-fiber 

composites. Even though, the size of the fibers are in microscale, strain hardening is unique to 

and a characteristic behaviour of the CNF network.147 Fundamentally, this highlights the 

importance of CNF and/or CNF network in order to produce high ductility and high ultimate 

strength polymer matrix-based cellulose composites. 

4.3 Nanocomposites for Industrial Scale Melt Processing 

 This section focuses on CNF/PA6 polymer nanocomposites produced by melt 

processing techniques. On an industrial scale, it is still a challenge for CNF-based 

biocomposites to become mainstream. The current day plastic industry involves majorly 

thermal processing methods such as extrusion, injection moulding, compression moulding and 

etcetera to produce composites. However, involving high processing temperatures is a major 

risk for the thermal stability of cellulose (CNF and CNC). CNF nanocomposites prepared via 

solvent casting, discussed in the previous section has many disadvantages at an industrial 

production scale such as; the use of large amounts of solvent could generate chemical waste. 

In addition, the complex geometries require specialized equipment to be casted whereas similar 

parts can be easily produced by injection moulding with negligible shrinkage. In this study we 

produce CNF-PA6 nanocomposites in order for it to be scalable at an industrial level. 

Developing a method to produce such nanocomposites by making use of the currently 

normative processing methods (melt processing) in the industry gives rise to various cost 

saving advantages. This section briefly discusses an approach to develop mechanically strong 
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and thermally stable PA6 and CNF nanocomposites in order to be produced at an industrial 

scale. The results presented in this section are selected from Article II. 

4.3.1 Processing Approach 

 A total of three different weight formulations of nanocomposites were prepared: 5 wt%, 

15 wt% and 25 wt% CNF content formulations of PA6/CNF nanocomposites. A major obstacle 

for melt processing PA6/CNF nanocomposites is the high melting temperature of PA6 (~220 

°C) which is close to the onset temperature of CNF. To overcome this and produce high-

performance biocomposites, GELIMAT® mixer (discussed in Chapter 1) was used to 

homogenously compound PA6 and CNF. Ability of the Gelimat to compound materials in 

extremely less time (<60 s) allows for shorter period of exposure of CNF at high processing 

temperatures, thus, preserving thermal stability of CNF within the composite. To further 

improve the scalability no dispersing agent and/or binding agent were used in the process. The 

compatibility of CNF and PA6 and the direct melt mixing of the composites allowed us to 

eliminate the use any coupling agent and dispersive agent.148 A schematic of the complete 

processing method adopted to produce PA6/CNF nanocomposites is shown in Figure 4.7. 

 In brief, PA6 powder and enzymatic CNF gel was mixed thoroughly according to the 

respective formulations and set to dry. The dried mixture was then melt compounded in the 

thermo-kinetic mixer (Gelimat). The compounded mixture was then milled into pellets which 

was then followed by compression moulding at 230 °C into films (0.3-0.5 mm thickness). Dog-

bone samples from this film were cut according to ASTM D638 (Type V) standard for 

mechanical testing. The processes resulted in a slight brownish colour change of for all the 

formulations of nanocomposites with expectedly, colour intensity increasing with increase in 

CNF content. Also, the films showed no optical aggregation of CNF. The discoloration of the 

prepared nanocomposite films (pressed samples) was due to the onset thermal degradation 

temperature of the CNF. This degradation is characterized by a slow, mild reaction and is 

mainly attributed to the dehydration of composite and formation of peroxides, which may 

catalyse the cellulose degradation.149 However, this degradation does not affect the thermal 

stability of CNF and the mechanical integrity of the nanocomposites. 
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Figure 4.7 Schematic of the complete manufacturing process for the PA6/CNF nanocomposites. This figure is 

taken from Article II. 

4.3.2 Hygro-Mechanical Stability and Interfacial Effects 

 CNF are inherently hygroscopic and absorb moisture when exposed to humid 

environment. Moisture is preferentially accumulated at the disordered regions of the CNF and 

on the fibril surface, reducing the intrinsic properties and acting as plasticizer for network 

deformation.150 This has an adverse effect on the mechanical properties, especially modulus 

and yield strength.151 The PA6/CNF nanocomposites were characterized for tensile mechanical 

properties at two different relative humidities to further our understanding of the CNF-matrix 

interface. The mechanical properties of nanocomposites at dry conditions (~0% relative 

humidity (RH)) and the 48-hour conditioned (at 50% RH) are shown in Table 5. 



48 Results and Discussion 

 

Table 5. Summary of the uniaxial tests for PA6/CNF nanocomposites at dry sample conditions and at relative 

humidity (RH 50%). For standard deviations of values, refer to Article II. This table was adopted from Article II.  

CNF 

(wt %) 

Mean Thickness  

(mm) 

Yield Strength  

(MPa) 

Elastic Modulus  

(GPa) 

Strain at Break  

(%) 

Dry RH 50%  Dry RH 50% Dry RH 50% Dry RH 50% 

PA 6 0.46 0.48 50.8 47.8 2.2 2.1 9.8 10.4 

5 0.35 0.29 56.5 53.6 3.9 3.5 2.3 2.5 

15 0.30 0.25 65.6 61.7 4.8 4.3 1.6 1.8 

25 0.25 0.31 77.7 73.2 5.6 5.4 1.2 1.3 

  Mechanical properties for the nanocomposites were significantly improved with the 

addition of CNF. The improvement is directly correlated to the dispersion of CNF and strong 

interface adhesion. Strain at break for the nanocomposites decreased suggesting that good 

wetting and interaction between CNF and PA6 necessitating effective stress transfer.152 The 

nanofibril interaction leading to formation of the percolated CNF network, was effectively 

impregnated with the PA6 matrix by using this method. Unsuccessful impregnation of matrix 

in CNF network lead to poor reinforcement and embrittlement of the nanocomposite, which 

was not prominent in our case.141 The improvement in tensile mechanical properties also 

stipulates that there was no excessive nanofiller-nanofiller interaction which prevent the 

effective impregnation of matrix into the CNF network.  

 Considering the elastic modulus and the yield strength of the PA6/CNF 

nanocomposites, the values for the RH 50% samples are comparable to the dry sample values, 

with the RH 50% samples showing minor decrease in strength and modulus values. For neat 

PA6, the yield strength and modulus accounted for 5.9% and 4.5% reduction in values from 

dry to conditioned samples. On an average, the yield strength reduced about 3.8% and the 

modulus reduced 8.1% in value for all the formulations of PA6/CNF nanocomposites. Moisture 

can enter at a molecular scale in between the CNF-matrix interface. The secondary interaction 

due to the larger surface area of CNF will be weakened due to the moisture accumulation.153 

The presence of moisture at the interface, facilitates sliding of the fibril and deteriorates the  
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CNF network contributions to stress upon loading.154 Nevertheless, the reduction in modulus 

and strength values is less severe for CNF nanocomposites due to the strong interactions of 

CNF (hydroxyl groups) and PA6 matrix (amide groups). It is notable that the PA6/CNF 

nanocomposites have extraordinary mechanical stability towards moisture absorption. The 

higher strain to failure for RH 50% formulations is significant of favourable strain hardening 

of CNF network. The yield strength and modulus values are not severely affected by moisture 

because the CNF network framework is retained at relative humidity levels and favourable 

plastic deformation from the network preserves the uniaxial mechanical properties at high 

relative humidity. Additionally, it can be speculated that the high surface charge opens the 

supramolecular structure, portions of which may have not been impregnated by matrix.155 

Hydroxyls in these un-impregnated regions cause moisture sensitivity at high relative 

humidity.49 Polyelectrolyte and conductimetric titration revealed the cationic demand of 258 

μeq. g/g and the carboxyl group content of 54 μmol COOH/g, respectively, for the adopted 

enzymatic CNF. Hence, it can be concluded that there is an optimum in fiber charge for hygro-

mechanical stability, even though mechanical properties for our nanocomposites were 

enhanced. 

 Since there was only a small reduction in modulus value (-3.6 %) at RH 50% for the 25 

wt% formulation, the effect of CNF content on the water absorption of the nanocomposites was 

studied. Water uptake study was carried out gravimetrically over a 24-h period. Mass 

measurements were noted periodically at 0 h, 0.5 h, 1 h, 3 h, 6 h, 12 h, 18 h and 24 h to 

determine the water absorption in the nanocomposites. In our case, two main interactions can 

be conjectured; (a) The interaction between the water molecules and the amide groups of the 

PA6 and then (b) interaction of water molecules with the hydrophilic CNF. With the former 

dominating the moisture absorption process in nanocomposite samples as the water uptake for 

nanocomposite samples decreased as function of CNF content but remained lower than the neat 

PA6 (Figure 4.8). The strong hydrogen bonds between the CNF and PA6 along with CNF-

CNF interaction and other secondary interactions are already competing with water 

molecules.156 This hinders the diffusion of water molecules within the nanocomposites. 

Further, diffusion coefficient (D) was calculated for lower immersion times using Fick’s law 

(Equation (17)). The diffusion coefficient decreased with the increase of CNF composition in 
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the nanocomposites. The 25 wt% had the lowest diffusion coefficient and can be related to the 

lower mobility of PA6 chains restricted by the CNF reinforcement. Nevertheless, hydrogen 

bonding between the nanofibers and PA6 matrix can also have a negative effect on the diffusion 

of water through the composite samples. 

 

Figure 4.8 Water absorption percent as a function of CNF content versus time for PA6/CNF nanocomposites at 

room temperature. This figure is adopted from Article II.  

4.3.3 Capillary Rheological Properties 

 It is important to optimize the processing conditions and to understand the rheological 

behaviour of the CNF nanocomposites to be scalable for production on an industrial level. This 

can be done by characterizing the samples for capillary rheological properties. The 

methodology used to determine the capillary rheological properties is discussed in Chapter 2. 

A rheogram representing variation of dynamic viscosity (μ) versus shear rate (γ) can be 

obtained without having to use a sophisticated rheometer. A rheogram for the nanocomposite 

samples at 230 °C is shown in Figure 4.9. The MFI values for the neat PA6 and nanocomposite 

samples can be found in the Supplementary Materials of Article II. Relevant processing shear 

rates involved can be characterized by analysing the flow behaviour of composite melts through 
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a capillary and evaluate the process-ability of the CNF nanocomposites. In addition, capillary 

rheological characterization by applied pressure closely resembles injection moulding process. 

The nanocomposites displayed similar shear thinning behaviour and PA6/CNF 

nanocomposites behave as pseudo-plastic fluids (non-Newtonian behaviour) which is 

confirmed by decreasing viscosity with increasing true shear rates. Moreover, pseudo-plastic 

behaviour is enhanced by the addition of CNF in the nanocomposites.  

 

Figure 4.9 Rheogram representing viscosity and true shear rate at 230 °C for the PA6/CNF nanocomposites. This 

figure is taken from Article II. 

 For the nanocomposite samples, the viscosities increased with increase in CNF content 

with the highest viscosity seen for the 25 wt % formulation. At lower formulations (5 wt %), 

the CNF for the most part may be like free particles and the nanocomposite melt is 

characterized by higher mobility. At larger formulations (15 wt% and 25 wt %), the CNF 

disturbs the normal flow of nanocomposite melts and hinders the melt mobility causing high 

shear stresses, which is attributed to the hydrodynamic effect.79,157 The viscosity was increased 

marginally for the nanocomposites when compared to neat PA6. This is due the processing 

method employed and the aspect ratio of the CNF, which align themselves along the composite 

melt flow direction.158 However, increase in dynamic viscosity of CNF nanocomposites are a 
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characteristic of well dispersed CNF and the presence of a percolating network. Furthermore, 

rheological behaviour is beneficial for process optimization and adjust processing conditions 

to improve the productivity. 

 

 

 

 

 



 

Chapter 5 Summary of Results 

 This chapter contains a brief summary of major results based on the details found in 

appended Articles I to III. 

 The results obtained from the cellulose pulp fiber composites (Article I) indicated a 

positive influence on the tensile and flexural mechanical properties with respect to increase in 

the composition of pulp fibers. A Maximum tensile strength of 66.17 MPa and modulus of 4.6 

GPa was measured for 20 wt% and 25 wt% samples of cellulose pulp-PA6 composites 

respectively. This constituted to an increase of strength by 24% and increase of modulus by 

25% when compared to the values of neat PA6. Moreover, pulp fiber composites samples 

depicted decent hygro-mechanical stability when compared to dry samples. Lower strain values 

of the composite samples with the increase in cellulose composition indicate the prominent 

reinforcing effect of cellulose due to strong interfacial bonding between fibers and PA6 matrix 

without the use of any bonding agents. Likewise, maximum value of flexural resistance of 

113.6 MPa and flexural modulus of 3.84 GPa was obtained for 25 wt% cellulose pulp-PA6 

composites which associated to an increase in value of 57% and 8% respectively when 

compared to neat PA6. Additionally, testing of different oriented samples indicate that the 

parallel fiber orientation with respect to the injection flow exhibit higher values of tensile 

strength. The adhesion between the cellulose pulp-fibers and PA6 matrix was further 

demonstrated through SEM analysis which also indicated lack of major defects or 

agglomerations confirming that the compounding method had been effective. The extreme 

short processing times, allows the composite mixture to be thermally compounded with 

negligible degrading effect on the cellulose pulp fibers. This single step, quick compounding 

process (GELIMAT) is suitable for temperature-time dependent materials such as cellulose in 

the preparation of cellulose reinforced polymer composites. 
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 For CNF nanocomposites prepared by solvent casting approach (Article III), 

nanocomposite films of enzymatically derived CNF with PA6 as matrix were successfully 

prepared by adopting a green solvent casting method (mixture of formic acid and water). High 

formulations of CNF nanocomposites up to 50 wt% in composition were prepared and 

characterized. The enzymatic CNF provided excellent reinforcement effect for the composites 

and solvent casting enabled good dispersion of CNF allowing for excellent stress transfer 

through strong interface adhesion between PA6 and CNF. The tensile properties increased with 

the addition of CNF demonstrating excellent reinforcement effect. A maximum values of 

tensile strength of 124 MPa and modulus of 4.2 GPa were obtained for 50 wt% CNF 

formulation. In general, the nanocomposite films were uniform, indicating good dispersion of 

CNF in the PA6 matrix, and no agglomeration was seen with the corresponding SEM 

micrographs. FTIR analysis revealed the molecular interactions between the CNF and PA6 

through hydrogen bonds with OH-groups of cellulose. TGA results illustrated that the 

nanocomposites' thermal stability slightly decreased with the addition of CNF. DSC revealed 

that the glass transition temperature increased slightly with the increase in CNF composition. 

In our case, the addition of CNF surfaces did not act as nucleating sites and restricted crystal 

growth thereby, decreasing the polymer crystallinity. A maximum crystallinity of ~49% was 

obtained for 10% CNF formulation. The nanocomposites had superior thermo-mechanical 

stability with an increase in CNF composition. This study presented an environmentally 

friendly and energy-efficient laboratory method to produce high CNF content nanocomposites 

with PA6.  

 CNF nanocomposites were prepared by melt processing approach (as described in 

Article II) using a high speed thermo-kinetic mixer (GELIMAT), and this study provided a 

methodology to produce CNF reinforced polymer composites which can be integrated at an 

industrial level. Good dispersion was obtained by adopting prior premixing and compounding 

procedure. Given the short compounding time of the Gelimat as discussed previously, the 

thermal integrity of CNF was not compromised during the procedure. Formulation up to 25 

wt% of CNF was prepared and characterized. The mechanical properties were improved 

significantly with the addition of CNF, where the 25 wt% formulation exhibiting the highest 

tensile values, with Young’s modulus of 5.6 GPA and tensile strength of ~78 MPa. In addition, 
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nanocomposite samples showed good hygro-mechanical properties with slight reduction in 

tensile values when compared to dry samples. Water uptake study indicated that the water 

uptake reduced with the addition of CNF due to the hydrogen bonds between the PA 6 and 

CNF, which hindered the diffusion of water molecules. DSC analysis revealed that the degree 

of crystallinity reduced for the nanocomposites as the addition of CNF constrained the polymer 

chain hindering crystal growth. TGA expectedly implied that the thermal stability of 

nanocomposites reduced slightly for the nanocomposites. The capillary rheological study 

indicated that the dynamic viscosity increased with the addition of CNF. SEM micrographs 

showed homogenous interface morphology of fractured samples with hardly any fiber pull-out. 

Further, this study provides useful prospects on sustainable materials and a methodology for 

developing high performance nanocellulose reinforced polymer composites with high CNF 

content 

 In general, PA6 with its material properties has become a hot commodity especially in 

the automobile industry. This combined with the tremendous emphasis on enhancing the 

mechanical properties using natural nanofillers. CNF with its high specific strength, aspect 

ratio and compatibility with PA6 become a tangible eco-friendly and sustainable choice of 

reinforcement. From the studies discussed so far, we conclude that different cellulosic materials 

effect the physical properties of cellulose-based composites due to various factors such as 

particle size, particle shape, dispersion, distribution, thermal stability, cellulose surface 

morphology and cellulose surface energy. 

 

 

 

 

 

 

 



56 Summary of Results 

 

 

 



 

Conclusion 

 Biocomposites with high content of cellulose pulp fibers and cellulose nanofibers were 

prepared. Various effects from the incorporation CNF with the different cellulose/PA6 matrix 

system were investigated. In cellulose pulp-fiber/polyamide 6 (PA6) composites obtained by 

melt compounding and injection moulding, unique characteristics of the pulp-fiber/PA6 

biocomposites were discussed and the findings include (a) Strongly increased mechanical 

properties of the biocomposites. (b) Effect of fiber orientation on the final property of the 

biocomposites governed by the flow of polymer composites melt. (c) Good dispersion and 

interaction between the PA6 and cellulose fibers providing for overall strength increase with 

increased in cellulose pulp content. 

 In PA6/CNF nanocomposites, nanocellulose dispersion was further improved even for 

high content of CNF formulations in the biocomposites due to a greener effective solvent 

casting method. Formulations upto 50 wt.% of CNF derived via environmentally friendly 

enzymatic methods were prepared using a green solvent mixture of formic acid and water. As 

the parameter of temperature is circumvented, thermal stability of CNF was retained 

completely. (a) Nanocomposites showed improved optical transparency and significantly 

improved tensile strength (up to 2.7x) and elastic modulus (up to 3x) due to strain hardening 

and corresponding ductility of CNF network biocomposites. (b) With the addition of CNF, 

glass transition temperature occurred a higher temperature and degree of crystallinity decreased 

indicating that the addition of CNF hinders the PA6 crystal growth. (c) Improved thermo-

mechanical properties due to well dispersed CNF particles which provide high surface area for 

the polymer matrix to form strong interfacial adhesion. (d) The strong interfacial adhesion was 

associated to the formation of hydrogen bonds between the amide groups PA6 and OH groups 

of CNF. (e) Increased hygro-mechanical stability of CNF-based composites from 

matrix/interface tailoring. 
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 In PA6/CNF nanocomposites produced by melt compounding and compression 

moulding, high specific surface area due to well dispersed CNF led to several interesting results 

providing a methodology to produce these biocomposites scaled to an industrial level. By this 

processing strategy, (a) Successful impregnation of polymer into the 3D percolated network 

was achieved even for high content CNF biocomposites. (b) Good dispersion and strong 

interfacial bonding led to higher mechanical properties. (c) Rheological behaviour of 

biocomposites was influenced by the addition of CNF with higher dynamic viscosity for higher 

CNF formulations. (d) Water absorption of the biocomposites reduced with the addition of 

CNF as hydrogen bonds between PA6 and CNF hindered the diffusion of diffusion water 

molecules. (e) The CNF did not manage to provide any nucleating sites for PA6, affecting 

crystal growth in biocomposites and decreasing the crystallinity of CNF. 

 The CNF network is crucial in imparting high mechanical performance to the 

biocomposites. CNF network dominated the plastic deformation in the nanocomposites, even 

at higher relative humidity. Hence there is no severe reduction in the strength and modulus 

values at a higher relative humidity. The mechanical improvements were more significant for 

the CNF biocomposites when compared to cellulose pulp fiber biocomposites, thus, 

showcasing the importance of nanoscale distribution and network.  

 Nanocomposites from polyamide-6 and high content of cellulose nanofibers were 

successfully prepared in this work, with remarkable improvement in the mechanical 

performance compared to the net matrix, for both Young’s modulus and tensile strength. This 

in itself is an outstanding achievement, as compared for the literature up today. Moreover, the 

used methodology stands for industrial scalability and feasible processes towards the use 

renewable and more sustainable products. 

 



 

Future Outlook 

 Cellulose nanofibers show great promise as (nano)reinforcement materials for 

polymeric matrices. Important characteristics and parameters that influence the macroscopic 

properties of cellulose-based composites with PA6 matrix has been highlighted in this thesis. 

The future development of CNF reinforcements is based on understanding how the natural 

materials work. A high degree of dispersion is one of the most important parameters. Well 

dispersed CNF provide high specific surface area to facilitate filler /polymer interface 

dynamics. Moving forward, the surface functionalization characteristic of CNFs should be 

made use of to produce hybrid composites with PA6 for specific applications such as flame 

retardancy.  

  The study and use of nanocellulose materials is said to increase in the recent future, 

with the current trend on ‘greener materials’ and increased industrial interest in sustainable 

materials.159 Despite, the advantages of cellulosic materials in the field of nanocomposites, the 

practical transition from laboratory scale to an industrial scale requires development of suitable 

technologies. One such methodology to produce such CNF nanocomposites on an industrial 

level is discussed in this thesis. However, in the long term, synergistic approaches and 

advancements will enable to manufacture high performing bionanocomposites. Strategies to 

further our understanding of bio-based nanostructure, synthesis, and methods to incorporate 

them in bio-based composites will create the next generation of bio-based materials. 
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Abstract: Cellulose is being considered as a suitable renewable reinforcement for materials production.
In particular, cellulose based composites are attracting global interest for their unique and intrinsic
properties such as strength to weight ratio, dimensional stability and low thermal expansion and
contraction. This article investigates the preparation of cellulose pulp fibers with polyamide-6
(PA6) polymer and the effect of fiber orientation within the matrix on the final properties of the
biocomposite. Cellulose pulp fibers were melt compounded with PA6 using a thermo-kinetic mixer.
Different formulations were prepared and the compounds were manufactured into test samples
by injection molding. Mechanical characterization revealed that elastic modulus and the flexural
properties increased linearly with the fiber composition. The effect of fiber orientation was examined
from square samples out of which individual specimens were cut at different directions with respect
to the flow direction. The contributions related to fiber content and effect of fiber orientation on the
tensile properties assessed lent positively towards parallel oriented samples (0◦) with respect to flow
direction. Furthermore, the cellulose network within the biocomposite revealed the superior interfacial
properties between the cellulose and PA6 matrix when observed under a scanning electron microscope.

Keywords: cellulose; polyamide-6; dispersion; orientation; interface

1. Introduction

Cellulose is the most abundant natural polymer in the world. Due to the demand for biodegradable
and renewal materials caused due to threats such as global warming and plastic pollution, there has
been a tremendous interest during the past decade in biocomposites derived from cellulose and
thermoplastic polymers [1]. From an engineering materials perspective, celluloses form the major
load bearing component in wood cell walls with high strength of about ~3 GPa and a potential
modulus ~138 GPa with respect to the longitudinal direction [2]. Extensive research and a number of
publications on the terms cellulose and biocomposites have increased drastically in recent years [3].
Many cellulose reinforced composites have potential applications in the automotive component
industry, construction and packaging [4–6]. This is due to the sustainability, availability, low density,
high specific strength and stiffness of natural fibers which can be compared to that of glass fibers [7–9].
To date, almost 50% of a vehicle’s internal parts are made out of polymeric materials and the global
average weight of plastic in a modern day passenger vehicle is 105 kg accounting for 10–12% of the
vehicle weight [4]. As government regulations and automotive makers are trending towards fuel
economy, high efficiency, and cleaner ways of operating with reduced CO2 levels, the demand for
biocomposites is expected to increase [10,11]. Cellulose fibrils impart improvement in dimensional
stability and physical and thermal properties of the cellulose reinforced biocomposites and have
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excellent potential as a reinforcement material for thermoplastic composites because of their mechanical
properties and low thermal expansion coefficient [12].

Few studies have been published examining the natural fibers reinforced polyamide-6 (PA6)
composites preparation through the injection molding technique for the automotive industry [13].
Natural fiber reinforced composites are mainly confined to commodity or standard polymers such as
polyolefins due to the challenges of high processing temperatures [10,14–16]. Commonly, polypropylene
(PP), polyethylene (PE) and polyoxymethylene are reinforced with natural short fibers and subsequently
reveal excellent mechanical properties but these polymers habitually require coupling agents such as
maleic anhydride grafted polypropylene (MAPP) and/or dispersing agents such as diglyme, during their
preparation processes, respectively [17–20]. Biobased polymer like polylactic acid (PLA) has also been
studied as a matrix for natural fibers reinforcement, but PLA-natural fiber composites exhibit poor
adhesion at the fiber-matrix interface. Various studies have indicated a decrease in the final properties
of the PLA-natural fiber composite and, moreover, have given the thermal characteristics of PLA,
it tends to degrade in some compounding processes such as repeated extrusion [21–23].

Engineering polymers such as polyamides are in exigency in the automobile industry accounting
to their eco-friendly nature. Recent studies emphasizing on increasing the properties of polyamides
reinforced with cellulosic materials are promising for our study [24,25]. Polyamide-11 (PA11) would be
an obvious choice of matrix to work on, as 100% bio-based PA11 is commercially available and many
investigations published are successful in obtaining composites with high mechanical properties [24,26].
However, polyamide-6 (PA6) or nylon-6 is a more attractive engineering polymer provided that PA6
is competing with thermoset plastics and metals for ‘’under the hood” automotive applications due
to their resistance to high temperature, oils and corrosive chemicals, relative strength to weight ratio
and recyclability [16]. The use of natural fibers in PA6 matrix not only provides better physical and
mechanical properties to the composite but also there is excellent compatibility between the fibers
and the matrix due to the hydrophilic nature of PA6, thus eliminating the need for any coupling
agent [7,16]. In North America, the market size of nylon-6 is estimated to grow as a result of
environmental concerns by the plastic industry (Figure 1). This forecast is supported by the increase
in demand for environmentally friendly wood based plastic composites. Correspondingly, PA6 has
been considered as conventional matrix material for natural fiber-reinforced composites because of its
beneficial thermo-mechanical properties [27].

–

–

–

provided that PA6 is competing with thermoset plastics and metals for ‘’under the hood’’ automotive 

–

′

Figure 1. USA nylon 6 and 66 market size, by product, 2014–2025 (USD Billion) [source:
grandviewresearch.com].

With a view to increasing the mechanical properties of the final composite, it is important to
understand the mechanics of microstructure of the composite. Von misses′ criteria can be used to
deduce that the strength of the composite is limited by the strength of the matrix [28]. The intrinsic
tensile properties of the cellulose fibers can be imparted to the composites if there is qualitative
interfacial bonding between the matrix and cellulose fibers. Addition to this, high degree of fiber
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orientation, fiber dispersion and distribution and shorter processing times are key factors to achieve
PA6-cellulsoe composites [29].

Melt processing techniques for preparation of natural fibers thermoplastic composites has
simplified scaling and shortening time for composite formation [30]. The morphology and properties
of PA6 composites are significantly affected by the type of melt processing technique and also depends
on the amount of shear produced [31]. The most common melt processing technique is the twin
screw extrusion process through which high degree of filler dispersion can be obtained and thus,
significant reinforcement and greater properties of the composites [32,33]. However, cycle time is long
and optimizing the extruder mixing conditions is a difficult task [34], which might lead to thermal
degradation of the natural cellulose fibers. Even though there are some limitations such as level of
dispersion and distribution or interfacial bonding with the matrix, these limitations can be overcome by
melt processing with the Gelimat® mixer [35]. Gelimat is a compounder/mixer based on the principle
of high speed thermo-kinetic mixing. A final compound with excellent dispersion quality can be
obtained in one cycle due to the high shear rate generated by the rotor [35]. The Gelimat equipment and
a schematic of the Gelimat mixer is shown in Figure 2. When compared with the twin screw extruder,
the Gelimat mixer produces higher dispersion [36] and the fiber length remains longer when compared
to extruder or internal mixers, consequently improving strength of the composite [37]. Some studies
indicate that several passes are required to obtain a biocomposite using an extruder with satisfactory
dispersion level exposing the natural fibers to longer levels of processing time hence prone to thermal
degradation [38,39]. Instead, Gelimat kinetic-mixer compounds at shorter processing time and it helps
fibrillation of fibers due to the high shear rate induced [30,40]. These factors make it very suitable
to manufacture extremely time-temperature sensitive biocomposites of cellulose and polymers such
as polyamide-6.

Figure 2. (a) Gelimat® equipment, and (b) Schematic of Gelimat compounder.

In this study the feasibility of reinforcing PA6 matrix with cellulose fibers by melt compounding
with a thermo-kinetic mixer was studied. The thermal degradation temperature of cellulose together
with the higher processing temperatures of PA6 are challenges for this study [14]. PA6 cellulose
composites were prepared in the Gelimat mixer and injected to test samples. For analyzing the effect
of fiber orientation on the mechanical properties of the composites, a square mold (Figure 3a) for
injecting test samples was used and test specimens oriented at different direction with respect to
the flow were laser cut from the square samples for all compositions. A simulation of the injection
process shows the fiber orientation indicated by color and the scale bar represented by orientation
factor (Figure 3b). The alignment of cellulose pulp fibers within the PA6 matrix is dictated by the
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direction of injection flow and alignment occurs parallel to the flow [41]. Natural wood pulp fibers
with high degree of orientation impart high levels of stiffness to the biocomposite [42]. Many studies
have analyzed the ability of flow stream with fibers to produce homogenous aligned fibrils at the
nano and micro scale [8,43,44]. In addition, flow induced alignment has good distribution due to the
electrostatic repulsion between the fibrils [8,42]. Such control of internal morphology gives advantages
in expanding the anisotropic properties of biocomposites [44].

 

–
–

Figure 3. (a) Square mold, and (b) Flow simulation using Moldex® 3 D with scale bare depicting
orientation factor.

2. Materials and Methods

Cellulose was obtained as a commercial product in the form of sheets (>97% cellulose content) by
the company Domsjö Fabriker (Örnsköldsvik, Sweden). It is made out of softwood, primarily from the
northern parts of Sweden and Latvia. Initially, the thermal degradation temperature of the cellulose
pulp fibers was determined by thermogravimetric analysis using a Mettler Toledo TGA851 equipment.
Commercially available PA6 (RADILON S 24 E 100 NAT) of 1140 kg/m3 density was purchased from
Radici Plastics Iberica SL (Barcelona, Spain) in the form of natural colored pellets. This grade of PA6 has
low material viscosity index (125 mL/g) and is suitable for efficient processing with injection molding.
A purging agent Ultra Purge 5150 from Chem-Trend (Entzheim, France) was used for cleaning the
injection chamber and screw from impurities and also to avoid contamination before the injection
process of our composites. The mixing chamber of the Gelimat was cleaned by running it with just the
PA6 prior to composite compounding process to avoid contamination.

2.1. Cellulose Pulp-PA6 Composites Preparation

To prepare different compositions of pulp composites, batches of PA6 were dried for 8 h in 80 ◦C
before they were compounded in the Gelimat® (Draiswerke G5 S, Ramsey, NJ, USA) (Figure 2a)
to remove the moisture content. Non-dried cellulose sheets were micro-shredded using a paper
disintegrator before the melt compounding process.

The mixing chamber of the Gelimat was cleaned with PA6 to avoid contamination. The rotor was
set to 300 rpm and non-dry micro-shredded cellulose was introduced first into the mixing chamber
through the loading gate (Figure 2b). Non-dried pulp fibers were used to avoid fiber hornification [45].
Dry PA6 pellets were then introduced and the loading gate was closed. The speed of the rotor blades
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was then increased gradually up to 2300–2600 rpm to consolidate the mixture to reach a melting
temperature of 220 ◦C thus resulting the mixing time of less than 15–20 s at this temperature. As soon
as there was a drop in the current (amperes) drawn by the rotor, compounding of the mixture was
completed and then the discharge gate was opened while rotor speed reduced. The discharged
compounded mixture collected in the discharge cabin was then carefully rolled flat with the help
of a heavy roller and cooled immediately to prevent any thermal degradation. When the flattened
composite had completely cooled down to room temperature, it was then broken into smaller pieces
to be introduced into the pelletizer and pellets were prepared prior to injection process. Finally,
the composites pellets were dried for 8 h at 80 ◦C before processing them into test specimens using
injection molding.

The injection machine (ARBURG AllRounder 220 M) was set to the parameters shown in Table 1
and then injection chamber was purged from contaminants and impurities before starting the injection
process for the composites. The composites were injected into a square shaped mold. The injected
square samples are shown in the Figure 4a. Later, the test specimens were obtained from the square
samples by using a laser cutting. Three different orientations of the test samples were laser cut from
the square samples: (i) perpendicular, (ii) parallel, and (iii) at 45◦ with respect to the injection flow
(Figure 4b).

Table 1. Injection molding parameters for pulp composites.

Parameter Value/s

Temperature profile 210, 215, 220, 225, and 230 ◦C
Mold temperature 60 ◦C
Injection pressure 575–650 bars

    

(a) (b) 

–

Figure 4. (a) Square sample with dimension 70 × 70 × 1.5 mm, and (b) Square samples from which
oriented specimens are laser cut, (from left to right) parallel (0◦), perpendicular (90◦) and 45◦ oriented cut.

2.2. Composite Characterization

2.2.1. Mechanical Testing

Tensile tests were performed using a universal testing machine type InstronTM 1122 (IDM Test,
San Sebastián, Spain) fitted with a load cell of 5 kN and operating at 2 mm/min. For tensile testing,
specimens were cut to 65 × 6 × 1.5 mm for all compositions at different orientation (0◦, 45◦ and 90◦) b).
Flexural testing samples were prepared according to the standard ASTM D790 and tensile modulus
samples were prepared according to ASTM D638 by using an extensometer (MFA2–Velbert, Germany).
All the tests were conducted at room temperature condition (23 ± 2 ◦C) and relative humidity (50 ± 5%)
for dry samples. The same was repeated for 48-h conditioned specimens using a Dycometal (Barcelona,
Spain) climatic chamber at 23 ◦C and 50% relative humidity for 48 h, according to ASTM D618 13
standard, for all composition. A minimum of five samples were tested for each formulation.
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2.2.2. SEM Analysis

The morphology of fractured samples was observed under a scanning electron microscope (Zeiss
DSM 960A, Jena, Germany) to characterize the interaction between fibers and PA6 matrix. The samples
were coated with gold using a sputter prior to measurement and observed at an accelerated voltage of
7 kV.

3. Results and Discussion

3.1. Themogravimetric Analysis of Cellulose Pulp Fibers

Thermogravimetric analysis (TGA) of cellulose pulp fibers provide important information for
means to avoid thermal degradation during composite processing. The TGA curve and its first
derivative (DTG) curve are shown in Figure 5. About 5% mass loss due to the evaporation of absorbed
moisture was observed from 80 ◦C. The initial mass loss peak started at 320 ◦C with the maximum
mass loss at 346 ◦C, as shown in the DTG curve (Figure 5). The use of pure cellulose is then beneficial
to allow the processing temperature of PA6 of 230 ◦C without degradation of the pure cellulose
fibers. The composites were compounded well under this temperature (220 ◦C) in the Gelimat and
manufactured at an injection temperature not exceeding 230/235 ◦C, with high injection pressure.

 

Figure 5. TGA curve, and DTG for the current cellulose pulp fibers.

3.2. Mechanical Analysis

3.2.1. Tensile Strength of Oriented Specimens

PA6-cellulose pulp composites with cellulose composition of 5, 10, 15, 20, and 25% were prepared,
and shown in Figure 6. These pellets were manufactured into test specimens using injection molding.
The samples turned light brown with respect to the increasing order of pulp cellulose composition.
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Figure 6. Cellulose pulp composites pellets indicating their respective cellulose composition prepared
from Gelimat mixer and later pelletized prior to injection.

The mean values of tensile strengths of the oriented specimens are shown in the Figure 7a for dry
samples and in Figure 7b for 48-h conditioned samples, conditioned at temperature (23 ± 2 ◦C) and
relative humidity (50 ± 5%). The control sample of dry PA6 had a tensile strength of 53.30 MPa. For all
formulations, the properties were in accordance to the cellulose fiber orientation inside the composite.
It is worth mentioning that 25 wt % of cellulose fiber was the maximum amount of fiber reinforcement
affordable for the PA6 matrix. Higher amounts of cellulose fibers were not allowed as the PA6 matrix
did not show proper fiber distribution and fiber wrapping along the composite material.

 

–

Figure 7. Tensile strength of oriented samples, (a) dry samples and (b) 48-h conditioned samples.

Parallel oriented specimens (0◦) displayed the best results substantiating the wood pulp fiber
composites with high orientation in longitudinal alignment have higher mechanical properties [42].
The tensile strength increased gradually with respect to increase in pulp cellulose composition.
The maximum value of 66.17 MPa was obtained for 20% composition followed by 64.76 MPa for
25% composition for dry samples. These tensile strength value corresponds to a 24% higher than the
values of the control sample. For 45◦ oriented samples, the values of tensile strength values were
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intermediate between 0◦ and 90◦ oriented samples with the highest value being 60.44 MPa for dry
sample of 25% composition. The 90◦ oriented samples exhibited the least values as the elongation took
place perpendicular to the fibers alignment, this is because of the anisotropic properties defined by
morphology of composites [44]. All the tensile strength values for 48-h conditioned samples showed
lower values than the dry ones since the samples absorb moisture during the 48-h conditioning in
the climatic chamber and water molecules behave as plasticizer in the course of tensile testing. Here,
the maximum tensile strength values were found at 15 wt % cellulose content, with an increment from
48.8 to 59.4 MPa in value with respect to the neat PA6 conditioned. For perpendicular oriented fibers,
the strength tends to decrease with the fiber content due to the increase amount of transverse fibers
with very low cross section strength that tends to behave as defects along the measurement direction.

3.2.2. Tensile Modulus of Elasticity

The control sample of PA6 for tensile modulus of elasticity (TMOE) test had a value of 3.01 GPa.
The control sample subjected to elongation initially responded with elastic deformation, viscoelasticity
followed by the yield point. The samples were allowed to deform after yielding resulting in
necking and propagation of necking until fracture to measure the elongation at break. The TMOE
increased significantly for the composites and its increase is linear to increase in cellulose composition.
The maximum TMOE was obtained for 25% composition samples with their values being 4.6 GPa
and 4.4 GPa for dry and 48-h conditioned samples respectively (Figure 8b). These TMOE values are
equivalent to 53% higher than those of the control sample. The incorporation of cellulose pulp fibers
into PA6 matrix restricts the elastic deformation of PA6 resulting in composites with high TMOE [14,46].
Due to this, pulp cellulose–PA6 composites when subjected to tensile load displayed notably lower
strains at yield point when compared to the control sample. The significant drop in strain levels at
break is shown in Figure 8a. Higher compositions of cellulose pulp fibers contribute to more relative
surface area for the PA6 matrix to adhere to, owing to the high dispersion and distribution of fibers
within the matrix imparted during Gelimat compounding. Thereby, forming stronger interfacial bonds
and incidentally increasing the tensile strength and TMOE [47,48].

 

Figure 8. (a) Elongation at break (indicating low strain at break for composites compared to control
sample), and (b) Tensile modulus of elasticity plot for all compositions.

There was a slight decrease of tensile strength from 66.17 MPa to 64.76 MPa from 20% to 25%
cellulose composition for the dry samples and 59.40 MPa to 57.29 MPa from 15% to 25% composition
for 48-h conditioned samples. Though these were small decrease in the values, this may be due to lack
of wetting and interaction between the fibers and PA6 matrix [14]. In such cases, the lack of interaction
weakens the reinforcing effect of the fibers within the PA6 matrix [49]. The reinforcing effect remain
dominant for TMOE and improvements were seen linearly with increase in composition (Figure 8b).
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This linear increase in stiffness depends on the fiber composition, dispersion and distribution of the
pulp fibers within the PA6 matrix [50].

Stress strain curves for control sample (neat PA6) and the different compositions of cellulose
pulp-PA6 composites deduced from the experimental data are shown in Figure 9. The deformation
behavior during elongation for all the samples is observed. Naturally, the presence of fibrils reduces
the elongation in the composites when compared to the neat PA6 attributable to the reinforcing effect
of cellulose fibers in the matrix [29]. In addition, increase in the cellulose composition supplements to
stiffening the composites. Further, it can be testified from Figure 8a that as fiber composition increases,
the strain at the point of deformation decreases thanks to the strong interfacial bonding between fiber
and matrix.

 
Figure 9. Stress-strain curves of neat PA6 and cellulose pulp-PA6 composites.

3.2.3. Flexural Resistance and Flexural Modulus of Elasticity

The flexural resistance and flexural modulus of elasticity (MOE) for all the composites are shown
in Figure 10. The flexural resistance and flexural MOE for the PA6 control sample were 105 MPa
and 2.45 GPa for dry samples and 90.19 MPa and 2.08 GPa for 48-h conditioned samples respectively.
The flexural MOE had significant improvements and the flexural resistance had gradual improvements
with respect to increase in cellulose composition.

 

Figure 10. (a) Flexural resistance and (b) flexural modulus of elasticity (MOE) of the pulp
cellulose composites.
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The highest values of flexural resistance and flexural MOE were obtained for 25% composition
with the values being 113.6 MPa and 3.84 GPa for dry samples and 106.5 MPa and 3.13 GPa for
conditioned samples respectively. These values correspond to an 8% increase in flexural resistance
(Figure 10a) and 57% increase in flexural MOE (Figure 10b).

3.3. SEM Analysis

The morphology of 5%, 15% and 25% in composition cellulose pulp fiber composites were
observed under SEM. The fractured surfaces of samples used for tensile testing were examined to study
the interfacial boding between pulp fibers and PA6 matrix sequentially. All the fractured samples were
allowed to reach equilibrium weight at room temperature and atmospheric conditions prior to SEM
analysis. The SEM micrographs for 25% cellulose pulp-PA6 composite are shown in Figure 11.

  

(a) (b) 

  

(c) (d) 

Figure 11. SEM micrographs of fracture surfaces of 25% cellulose pulp composite tested under tensile
load at different magnification levels.

The SEM images reveal that there was good wetting of cellulose pulp fibers within the PA6
matrix, denoting that the cellulose fibril surfaces are saturated by the PA6 matrix. Simultaneously in
Figure 11a, it is observed that pulp fiber (micro fibers) were well dispersed and no agglomerations
were observed. At higher magnifications (Figure 11b–d), the adhesion between the polymer and the
pulp fibers might be due to the chemical affinity between both components favoring the interface
compatibility. The hydrophilic nature of PA6 makes the adhesion between pulp fibers and PA6 matrix
strong [7,51]. The attraction between PA6 and cellulose fibers makes dispersion and distribution more
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effective, as it was validated by the improvements of tensile and flexural properties of the composites.
Some authors have explained the chemical interaction between PA6 matrix and cellulose fibers in the
partial hydrolysis of PA6 in presence of moisture and high temperature. The moisture content prior to
compounding process in (non-dried) fibers aid in interfacial bonding, due to the partial hydrolysis
of PA6 caused by moisture at high temperature, generating carboxylic acid end groups which are
compatible with the (-OH) groups forming ester bonds [45]. The reinforcing effect of cellulose materials
is determined by the stress transfer through the interfacial adhesion [14]. The PA6 matrix showed
surface distortion characteristic of ductile deformation after reaching to a level that the interfacial
adhesion cannot resist and the fibers were broken at the surface. No fiber pullout was observed as seen
from Figure 11c.

3.4. Summary

The results obtained from the tensile testing of different oriented samples draw positive conclusions
that the composites with parallel fiber orientation with respect to the injection flow exhibit higher
values tensile strength. Maximum tensile strength (66.17 MPa) and a maximum TMOE (4.6 GPa) was
seen was seen in 20% and 25% cellulose pulp-PA6 composite associating to 24% and 25% increase in
values respectively when compared to neat PA6. Similarly, maximum flexural resistance (113.6 MPa)
and maximum flexural MOE (3.84 GPa) was attained for 25% cellulose pulp-PA6 composites associating
to 57% and 8% higher values than those of neat PA6 respectively.

Previously conducted research on PA6-cellulose materials depicts no major increments in the
mechanical properties of the final composite [50,52]. The tensile and flexural values obtained in this
study are without the use of any lubricants or process stabilizers and are comparable to the results of
those in the bibliography [7,10,53]. Different cellulosic materials effect the tensile and flexural properties
of cellulose based composites due to various factors such as particle size, particle shape, distribution,
thermal stability, particle surface morphology and particle surface energy [54,55]. Lower strain values
with the increase in cellulose composition indicate the prominent reinforcing effect of cellulose due
to strong interfacial bonding between fibers and PA6 matrix [14,29]. The adhesion between pure
cellulose fibers and PA6 matrix is further demonstrated through SEM analysis. Lack of defects
indicate that the compounding method has been effective. Thanks to extreme short processing times,
the thermal stresses subjected on the cellulose fibers have negligible degrading effect. This single
step, quick compounding process constitutes to high fiber length when compared to studies which
involve multiple thermal compounding steps/cycles [25,49]. This aspect is boon on an industrial level
where the promotion of renewable materials is hindered due to complex nature procedures involved
in manufacturing biocomposites.

4. Conclusions

Cellulose pulp fibers were used to reinforce PA6 matrix to produce cellulose pulp-PA6 composites
from melt compounding with the thermokinetic mixer- Gelimat and injection molding without the use
of any coupling agent. The feasibility of conventional manufacturing processes is a very important
consideration for industrial level to promote use of renewable materials. This study provides a
novel method with a single step compounding procedure and injection molding keeping the industry
in mind. The Gelimat minimizes the exposure of cellulose fibers at high temperature inhibiting
thermal degradation and the injected samples exhibit high mechanical properties as a consequence of
low thermal stresses imposed on the cellulose fibers along with imparting excellent dispersion and
distribution of fibers within the PA6 matrix.

Overall, composite compositions of up to 25% in weight of cellulose pulp fiber were prepared and
all the formulations showed improved tensile and flexural properties due to the reduced fluidity of PA6
and increased stiffness of the composites when cellulose fibers were incorporated into the PA6 matrix.
Also, the SEM micrograph showed good wetting of pulp fibers within the PA6 matrix, without any
agglomerations and no pullout of fibers indicating the superiority of the interfacial bonding between
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the fibers and the PA6 matrix. This demonstrates that the Gelimat equipment is able to compound
cellulose-PA6 materials thoroughly with good mechanical properties of the final biocomposite.

This study corroborates that the fiber orientation in injection molded samples is dictated by the
forces exerted by the injection flow on the cellulose fiber. The tensile tests of different oriented samples
revealed that the fibers aligned in parallel (0◦) to the injection flow had the highest values of tensile
properties. The flexural tests of parallel oriented samples revealed that the flexural rigidity increases
linearly with cellulose composition. TMOE tests revealed low strain at break with respect to cellulose
composition indicating the effect of reinforcement. Flow induced natural fibers alignment with high
orientation produce biocomposites with high levels of stiffness imparting anisotropic properties to
the biocomposite. Moving forward, the potential of this research design can be further explored onto
PA6-cellulose nanocomposites and hybrid nanocomposites.
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Abstract: On an industrial scale, it is a challenge to achieve cellulose based nanocomposites due to

dispersion issues and high process temperatures sensitivity. The current study describes methods to

develop mechanically strong and thermally stable polyamide 6 (PA 6) and cellulose nanofibers (CNF)

composites capable of tolerating high processing temperatures. With PA 6 being a very technical

polymer matrix to be reinforced with CNF, good dispersion can be achieved with a high speed kinetic

mixer and also shield the CNF from excess thermal degradation by implementing extremely short

processing time. This paper presents an industrially feasible method to produce PA 6/CNF nanocom-

posites with high CNF composition processed by a high speed kinetic mixer (GELIMAT®) followed

by compression molding to obtain a homogenous and thermally stable nanocomposites aimed at

high performance applications. PA 6 was reinforced with three different wt % formulations (5, 15

and 25 wt %) of cellulose nanofibers. The resulting nanocomposites exhibited significant increase in

Young’s modulus and ultimate strength with CNF content, owing to the effective melt processing

and the surface charge density of the CNF, which necessitated the dispersion. The thermal stability

and polymer crystallinity with respect to CNF composition for the PA 6/CNF nanocomposites were

examined by TGA and DSC analysis. Rheology studies indicated that viscosity of the composites

increased with increase in CNF composition. Overall, this work demonstrates industrially viable

manufacturing processes to fabricate high performance PA 6/CNF nanocomposites.

Keywords: polyamide 6; cellulose nanofibers; nanocomposites; melt processing; mechanical proper-

ties; thermal properties

1. Introduction

Polyamide 6/nylon 6 (PA 6) is an engineering thermoplastic boasting good mechanical
integrity, thermal properties, chemical and dimensional stability. In recent years, com-
posites of PA 6 have gained tremendous interest in high performance and light weight
replacement for metals and rubbers in the industrial sector especially in the automotive
industry [1]. The performance of PA 6 can be further enhanced by reinforcing the polymer
matrix with fibrous or crystalline filler [2]. Industrial interest has shifted towards eco-
friendly and economic means to produce greener materials to reduce the impact of carbon
footprint on the environment. Incorporating natural fibers to polymeric matrixes not only
generates lower CO2 emission, but also increases the biodegradability of the material [3].
Commonly used synthetic fibers such as glass and carbon fibers possess higher density
than natural fibers, comparably to such synthetic fibers, natural fibers reinforcement can
provide high specific mechanical properties to the polymer composites [4]. Further studies
have revealed that incorporating natural fiber-fillers with their dimension in nanoscale,
significantly improves the mechanical properties of neat polymers due to their high specific
strength and high aspect ratio [5].

With cellulose being one of the most abundant natural polymer, reinforcing PA 6 with
cellulosic nanofillers is an effective way to develop new composites, further widening the
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potential of applications for polymeric composites [6]. There are two major families among
nanocellulose: cellulose nanocrystals (CNC) and cellulose nanofibers (CNF). CNF are easily
produced with high yield when compared to CNCs and, generally, CNF are more thermally
stable than CNC when they are purified thoroughly from lignin and hemicellulose, which
are thermally volatile constituents [7]. Enzymatically treatment of cellulose is one of the
simplest and ecofriendly ways to defibrillate and extract CNF [8]. These CNF embody
a swirled and flexible characteristic, and typically having their lengths in the range of
0.7–2 µm and diameters of around 5–30 nm, with majority of nanofibers with diameters
within 15–30 nm [9,10]. As PA 6 and CNF are polar materials and are hydrophilic in nature,
good interaction is formed between them making them compatible with each other [11].

CNF have a young’s modulus of 24 GPa and tensile strength of 320 MPa [12]. These
mechanical properties can be imparted to the end-use composite by dispersing them into
polymer matrix by various processing methods. However, there are several challenges in
reinforcing CNF with PA 6 matrix given the processing temperatures of PA 6 are close to
the degradation onset temperatures of the CNF. On an industrial scale, it is important to
optimize processing methods and modify materials if necessary, to produce high perfor-
mance nanocomposites and to improve the scalability of the overall production. While
processes like solvent casting have been successful in negating the degradation effect by
not involving high temperatures, solvent casting process is most suited to small-scale or
lab conditions and besides, extensive use of solvents generates chemical wastes making
it not ecofriendly [13,14]. Conventional methods like melt processing, injection molding
and compressing molding have already been well established in the current day industry.
To this day, many researchers have been successful in melt processing cellulose compos-
ites with polyethylene (PE), polypropylene (PP), polyvinyl alcohol (PVA) and polylactic
acid (PLA) [15]. Additionally, previous works within our group have successfully melt
processed PA 6 composites with well dispersed microfibrillated/pulp fibers with improved
mechanical properties and without compromising on thermal stability [16,17].

The obstacles of thermal stability can be overcome and good dispersion of CNF within
the PA 6 matrix can be achieved by melt compounding with a high speed thermo-kinetic
mixer such as a GELIMAT®. The schematic of a Gelimat mixing chamber is shown in
Figure 1 [18]. The process involves exerting high shear rates on the materials, which increase
the temperature of the compounding mixture and a final homogenous compound with
excellent dispersion can be obtained [19]. Materials can be compounded in extremely less
time (<60 s), therefore, the CNF are exposed to processing temperatures for a shorter period,
thus, preserving thermal stability. Compared to twin screw extruder and Brabender®, the
Gelimat produces well dispersed and distributed composites [20]. Moreover, homogenous
compounds can be obtained in a single cycle, whereas, similar levels of dispersion require
two or three passes in an extruder. In our study, we push forward the scalable industrial
method to produce high performance PA 6/CNF nanocomposites with high weight fraction
of CNF. To further improve scalability and due to the matrix–nanofiber interface, no
coupling and/or dispersing agent was used, which was used in some studies to improve
processability [21]. Nanocomposite samples were produced using compression molding
and characterized for tensile and thermal properties. Rheological behavior and water
absorption was analyzed with the interest for industrial scale processing methods.
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Figure 1. Schematic of GELIMAT® feeding and mixing chamber [18].

2. Materials and Methods

The PA 6 (density ρ = 1.14 g/cm3) was obtained commercially in pellet form from
Radici Plastics Iberica SL (Barcelona, Spain). The PA 6 pellets were then powdered from
Powder Plastics Europe SL (Valls, Spain) and the powdered PA 6 was passed through
a 1000-micron sieve. The major particle size distribution of the powdered PA 6 ranged
between 150 and 800 microns. For the rest of this paper, powdered PA 6 will be denoted as
just PA 6. Cellulose was originally obtained in form of pulp sheets from Domsjö Fabriker
(Örnsköldsvik, Sweden). These sheets were of high cellulose content (>97% pure cellulose)
primarily derived from softwood. To prepare the CNF, an endoglucanase enzyme namely
Novozyme 476 obtained from Novozymes® AS (Copenhagen, Denmark) was utilized to
expedite the disintegration of cellulose pulp. The Schematic of the complete composites
preparation process is depicted in Figure 2.

2.1. Processing of PA 6/CNF Nanocomposites

2.1.1. Preparation of CNF

The cellulose pulp was subjected to enzymatic treatment/disintegration as described
by Heriksson et al. [8]. Initially, the cellulose pulp was broken up in distilled water and
was amalgamated in a disintegrator (Papelquimia SA, Besalu, Spain) to form 3 wt %
cellulose pulp fibers suspension. The cellulose pulp fibers were then mechanically sub-
jected to a PFI mill (IDM Test SL, San Sebastian, Spain) at 1000 revolutions to increase
the fibers swelling in water and provide adequate accessibility for the enzyme. The
enzymatic treatment was carried out by dispersing the 3 wt % pulp fiber in 50 mM
tris(hydroxymethyl)aminomethane/HCl buffer with pH 7 and 0.02 wt % enzyme. The
fibers were incubated for 2 h at 50 ◦C and later washed on a Büchner funnel. This was
followed by keeping the fibers at 80 ◦C for 30 min to stop the enzyme activity and was
washed again. Additionally, the fibers were again subjected to the PFI mill at 4000 rev-
olutions. After the enzyme treatment, 1.5 wt % of pretreated fibers solution in distilled
water was prepared and subjected to homogenization (Panda Plus, GEA Niro Soavi, Parma,
Italy). The fibers were passed through the homogenizer 6 times and a consistent CNF gel
was procured.
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Figure 2. Schematic representaion of the manufacture process for PA 6/CNF nanocomposites [18,22,23].

2.1.2. Melt Compounding

In order to prepare 5 wt %, 15 wt % and 25 wt % of PA 6/CNF nanocomposites, batches
of PA 6 respectively were dried for 8 h in an 80 ◦C oven to remove any moisture content.
Each batch of dry PA 6 was thoroughly mixed with the respective amount of CNF gel to
obtain the corresponding CNF wt % formulation of the nanocomposite. These mixtures
were then dried in a 60 ◦C oven until all the gel-moisture content was removed. The dry PA
6/CNF mixture was introduced into the Gelimat® (Draiswerke G5 S, Ramsey, NJ, USA) at
a rotor speed of 300 rpm. The loading gate was shut and the rotor speed was increased to
2500 rpm. The action of the blades at such high speed allowed a mixture to reach melting
temperature (220–230 ◦C) in less than 20 s. The completion of the compounding process
was signified by the drop in current drawn by the rotor. Simultaneously, the discharge gate
was opened and the compounded mixture was collected and cooled immediately using a
cold bath. The compounding process was repeated to obtain the remaining formulations of
the nanocomposites. Further, the compounded composite mixtures for all the formulations
were produced into composite pellets respectively using a pelletizer (SM100, Retsch GmbH,
Haan, Germany).

2.2. Characterization of PA 6/CNF Nanocomposites

2.2.1. Compression Molding

All the formulations of nanocomposites pellets obtained from the compounding
process was compression molded into films using a laboratory hydraulic hot press (Fontijne
Presses BV, Delft, The Netherlands) at 230 ◦C under a pressure of 60 kN for 10 min. Spacers
with 0.5 mm thickness were positioned to control the thickness of the produced films. The
obtained films were light brown in color and translucent with no optical signs of CNF
aggregation. However, minute aggregation was observed in the 25 wt % formulation.
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2.2.2. Mechanical Testing

PA 6/CNF nanocomposites were tensile tested using a 5 kN Instron® Type 1122
Test (Norwood, MA, USA) machine. Dog-bone shaped samples from the PA 6/CNF
nanocomposites films were cut using a die as per ASTM D638 (Type V) specifications. The
pressed dog-bone samples were tested under two parameters. Firstly, dry samples, where
the dog-bone samples were dried in an 80 ◦C oven for 6 h prior to testing. Secondly, 48 h
conditioned samples, where the samples were placed in a climatic chamber at 23 ± 2 ◦C
and 50% ± 5% relative humidity for 48 h (ASTM D618 13) prior to testing. Tests were
carried out at room temperature at a strain rate of 2 mm min−1 and a gauge length of
30 mm. The thickness and width of the narrow section for each sample was measured
using a digital micrometer (Starrett®, Athol, MA, USA). Trials were repeated to establish
statistical significance.

2.2.3. Conductometric and Polyelectrolyte Titration of CNF

The content of carboxyl groups of the CNFs was determined by conductometric
titration as described by Saito et al. [22]. CNF was dispersed rigorously in deionized
H2O and 0.01 M HCl (Sigma Aldrich, Munich, Germany). The suspension was titrated
with 0.5 M NaOH (Sigma Aldrich, Munich, Germany). Titration conductivity values were
plotted against volume of NaOH added. The carboxyl content S (µMol/g) was calculated
using Equation (1).

S =
VNaOH · CNaOH

WCNF
·106 (1)

where VNaOH is the added volume of NaOH, CNaOH is the concentration of NaOH solution
and WCNF is the weight of dispersed CNF.

The surface charge of CNF was also characterized for cationic demand, which was de-
termined by polyelectrolyte titration using a Mütek PCD04 (BTG SL, UK) charger analyzer.
The titration was performed through surface adsorption of diallyldimethylammonium
chloride, poly-DADMAC, (Sigma Aldrich, Munich, Germany, molecular weight: 107 kDa)
and the excess was titrated with polyethenesodiumsulphonate, PES-Na, (BTG, Éclépens,
Switzerland) an anionic standard polymer.

2.2.4. Rheology Study

The rheological behavior was studied using a melt flow indexer/MFI-type device
(Ceast, Pianezza, Italy). Neat PA 6 and the compounded nanocomposite pellets were tested
for MFI at 230 ◦C through a capillary (die) of specific diameter and length by pressure
applied through dead weight M (kg) as per ASTM 1238-73. The geometrical dimensions
of the MFI apparatus are: radius of the die r = 1 mm; radius of the heating cylinder
R = 4.75 mm; length of the heating cylinder L = 30 mm (ISO 1133). The mass series was as
follows: M1–M2–M3......M7 (kg) = 1.2–2.16–3.8–5.0–7.16–10.0–12.16. For each mass used,
five MFI values were measured for statistical significance.

Capillary rheological properties can be illustrated on a rheogram, which represents
variation of dynamic viscosity µ (Pa s) versus shear rate γ (s−1). To go from MFI (g/10 min)
to viscosity, the equations governing the flow of fluids inside a capillary (die) was used [23].

The apparent shear rate γ depends on the volume flow rate Q (m3s−1) and die radius
r (m).

γ =
4 · Q

π · r3 (2)

The volume flow rate Q can be calculated using the MFI data and the respective hot
density ρ (g cm−3) of the samples.

Q =
600 · MFI

ρ · t
(3)
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Hence,

γ =
2400 · MFI

π · r3 · ρ · t
(4)

The viscosity µ is defined as shear stress τ (Pa) divided by the shear rate γ. The shear
stress τ depend on the pressure P exerted at die inlet, i.e., the force F exerted by the mass
M placed on the MFI piston.

P =
F

π · R2 =
M · g

π · R2 (5)

Hence,

τ =
P · F

2 · L
=

M · g · r

π · R2 · 2 · L
(6)

The above Equations (4) and (6) are for Newtonian fluids. PA 6 and respective
composite blends have non-Newtonian behavior. Therefore, the apparent shear rates were
corrected using the Rabinowitsch shear rate correction [24]. A first realistic approach to
the rheological behavior was presented by the power law symbolized by Oswald law
(Equation (7)).

τT = k · γT
n (7)

where τT is the true shear stress, k is a constant of the fluid and n is the flow index
(pseudoplasticity index). To find out n, the curve Ln τ = f (Ln γ) was plotted from the
calculated apparent stresses and shear rates obtained from the MFI data. With n being the
slope and Ln k the intercept, the necessary Rabinowitsch correction was performed for the
apparent shear rate γ (Equation (8)).

γT =
(3n + 1)

4n
· γ (8)

where γT is the true shear rate, from which the true effective viscosity µ was calculated.
Thus, the rheogram representing the rheological behavior of PA 6 and PA 6/CNF nanocom-
posites at 230 ◦C was obtained.

2.2.5. Water Absorption Study

Three dog-bone samples for each formulation were chosen to conduct periodic mass
measurements when submerged in water over a 24-h period. The dry samples were
weighed before placing them in distilled H2O at room temperature. The samples were
removed from the water and patted dry with Kimwipes® prior to weighing. Mass measure-
ments were taken at 0 h, 0.5 h, 1 h, 3 h, 6 h, 12 h, 18 h and 24 h. The weight percentage change
was calculated using Equation (9), where Wwet is the weight of sample after immersed in
water and Wdry is the dry weight of the sample.

percent change =

(

Wwet − Wdry

)

Wdry
· 100 (9)

The samples were allowed to gain mass until they reached an equilibrium state. The
water uptake kinetics can be modelled analytically by using Fick’s theory of dispersion.
The diffusion coefficient D (m2s−1) of the nanocomposite samples with respect to the ability
of moisture/water to penetrate the samples was deduced from Fick’s law. The diffusion
coefficient was determined for shorter immersion time and thus, Fick’s law is stated as in
Equation (10). Where Mt (%) is the water uptake at a lower immersion time, M∞ (%) is the
maximum mass gained, L (m) is the thickness of the sample and time t (s).

Mt

M∞

= 2 ·

(

√

D t

π L2

)

(10)
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2.2.6. Thermal Properties

Thermogravimetric analysis (TGA) was conducted using a Mettler Toledo TGA 851
equipment (Greifensee, Switzerland). The temperature ranged from 25 to 600 ◦C with
a 10 ◦C/min heating rate. The tests were carried out by placing the samples in an open
platinum pan within a nitrogen environment. All the results were recorded using the STARe

thermal analysis software. Additionally, TGA at isothermal conditions (230 ◦C) for the
CNF gel was performed to check for thermal stability of CNF at processing temperatures.

In addition to TGA, a differential scanning calorimeter (DSC) was performed with
DSC Q2000 equipment (TA Instruments, New Castle, DE, USA). The DSC was run three
times for each formulation and the dry samples ranging from 6 to 8 mg were placed in
aluminum pans. The samples underwent a heating cycle from 30 to 260 ◦C with a heating
rate of 10 ◦C/min. All the results were reported by a TA Universal Analysis software. The
degree of crystallinity (χc) was calculated corresponding to the enthalpy of the melting
endotherm using Equation (12), where ∆Hsample is the enthalpy of the melting endotherm
of the sample from the heating cycle, ∆Hpolymer is the melting enthalpy of PA 6 polymer
in the sample, wCNF is the weight fraction of the CNF in the sample and ∆H100% is the
theoretical melting enthalpy of 100% crystalline PA6, which is equivalent to 230 J/g [25,26].

∆Hpolymer = ∆Hsample ·

(

1
1 − wCNF

100

)

(11)

χc (%) =
∆Hpolymer

∆H100%
· 100 (12)

2.2.7. Scanning Electron Microscopy (SEM)

The morphology of fractured samples due to elongation from tensile testing was
characterized under a S4800 electron microscope (Hitachi, Ibaraki, Japan). The 5 wt % and
25 wt % formulations of the PA 6/CNF nanocomposites were analyzed at an accelerated
voltage of 15 kV to distinguish CNF and PA 6 matrix. The fractured surfaces were coated
with a thin layer of gold with the help of a sputter prior to observation.

3. Results and Discussion

Samples were made for three different formulations of CNF composition: 5 wt %,
15 wt % and 25 wt %. The PA 6/CNF pellets and the respective homogeneous films
obtained by Gelimat compounding and compression molding are shown in Figure 3. The
processes resulted in a color change of slight brownish color and the films showed no optical
aggregation of CNF. This discoloration of the pressed composite samples was expected
due to the onset thermal degradation temperature of the CNF. This degradation is slow,
mild and is mainly attributed to the dehydration of composite and formation of peroxides,
which may catalyze the cellulose degradation [27,28]. However, our previous experience
with pulp fiber composites suggest that it does not affect the mechanical integrity [16].

Mechanical properties of nanocomposites depend on many parameters like weight
fraction of CNF, degree of dispersion of CNF and the size of the nanofibers. The mechanical
behavior of the PA 6/CNF nanocomposites increased with the increase in CNF content
with respect to neat PA 6. The best result for ultimate tensile strength (77.7 MPa) and
modulus (5.6 GPa) was obtained for the 25 wt % formulation. All the data from the tensile
tests are summarized in Table 1.
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Figure 3. PA 6/CNF nanocomposites pellets and dog-bone samples for (a) 5 wt %, (b) 15 wt % and (c) 25 wt % formulations.

Table 1. Summary of tensile test results of dry and 48 h conditioned samples for neat PA 6 and all formulations of
nanocomposites.

CNF
Content (wt %)

Mean Thickness
(mm)

Ultimate Strength
(MPa)

Elastic Modulus
(GPa)

Strain at Break
(%)

Dry 48 h CC Dry 48 h CC Dry 48 h CC Dry 48 h CC

Neat PA 6 0.46 ± 0.05 0.48 ± 0.03 50.8 ± 0.62 47.8 ± 1.1 2.2 ± 0.1 2.1 ± 0.3 9.8 ± 5.4 10.4 ± 5.6

5 0.35 ± 0.05 0.29 ± 0.06 56.5 ± 1.1 53.6 ± 0.7 3.9 ± 0.7 3.5 ± 0.7 2.3 ± 0.6 2.5 ± 0.5

15 0.30 ± 0.04 0.25 ± 0.08 65.6 ± 1.5 61.7 ± 2.1 4.8 ± 0.6 4.3 ± 0.3 1.6 ± 0.4 1.8 ± 0.2

25 0.25 ± 0.04 0.31 ± 0.03 77.7 ± 2.01 73.2 ± 2.5 5.6 ± 0.1 5.4 ± 0.4 1.2 ± 0.3 1.3 ± 0.1

The improvement in the mechanical properties are directly correlated to dispersion
and distribution of CNF within the PA 6 matrix [29]. Additionally, the processing methods
did not compromise on the thermal stability and the melt compounding improved the
homogeneity of the nanocomposites. The compatibility of CNF-PA 6 and the direct melt
mixing of the composites allowed us to suppress the use any coupling agent and dispersive
agent. This increases the scalability of the entire process, which is important at an industrial
level. The reduction of deformation (strain) at break for the nanocomposites indicated good
wetting and interaction between the CNF and PA 6 matrix, which allowed effective stress
transfer and improved the stiffness [30]. Some studies on polyamide cellulose composites
indicated improvement in mechanical properties for lower nanocellulose concentrations,
but for higher concentration the tensile properties diminished. This could be due to
excessive nanofiller–nanofiller interaction leading to poor reinforcement and embrittlement
of the overall sample [31]. Another reason could be that increased filler content makes the
polymer difficult to penetrate the space between the nanofillers resulting in poor wetting
and hindering stress transfer through the interface [32]. Overall, for such high fiber weight
fraction nanocomposites, the CNF exists as a 3D percolated network due to the hydroxyl
groups on CNF resulting in hydrogen bonding between them [33]. Our findings support
the fact that high performance, high cellulose weight fraction composites can be obtained
by optimizing processing methods, which means our processing method was successful in
penetrating PA 6 in between the percolated network of CNF. Hence, is accountable for the
improvement in mechanical properties of the nanocomposites.

The enhanced mechanical properties are directly related to how well the CNF is
dispersed within the PA 6 matrix. The dispersibility is indeed dependent on the surface
charge density of the CNF, which governs the electrostatic repulsion between the individual
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fibers [34]. Polyelectrolyte and conductimetric titration revealed the cationic demand of
258 µeq. g/g and the carboxyl group content of 54 µmol COOH/g, respectively, for the
current enzymatic CNF. This suggests that amount of electrostatic repulsion between the
CNFs is sufficient to be well dispersed within the PA 6 matrix, which is further corroborated
by improvement in tensile properties [35]. Nevertheless, shorter chained polyamides such
as PA 6 possess higher frequency of amide groups resulting in hydrophilicity and thus,
leading to stronger interactions with CNF.

Capillary rheological properties are important to optimize the processing conditions
and to know the rheological behavior of the nanocomposites with respect to the addition of
CNF content. A rheogram representing variation of dynamic viscosity (µ) versus shear rate
(γT) can be obtained without having to use a sophisticated rheometer. We used an MFI type
device to measure the melt flow indices of the samples with 5–6 different masses. By using
different sets of masses, we were able to vary the shear stress. Subsequently, applying
simple rheological equations, we traced a rheogram for the samples at 230 ◦C (Figure 4).
The MFI values for the samples can be found in the Supplementary Materials. By studying
the flow behavior through a capillary, relevant processing shear rates were characterized
to confirm the process-ability of these nanocomposites. In addition, capillary rheological
characterization by applied pressure closely resembles injection molding process [36]. All
the samples displayed similar shear thinning behavior. PA 6/CNF nanocomposites behave
as pseudoplastic fluids (non-Newtonian behavior) confirmed by decreasing viscosity with
increasing shear rates. Moreover, pseudoplastic behavior is enhanced by the addition
of CNF. For the nanocomposite samples, the viscosities increased with increase in CNF
content with the highest viscosity seen for the 25 wt % formulation. At lower formulations
(5 wt %), the CNF for the most part was like free particles and the nanocomposite melt
had higher mobility. At higher formulations (15 and 25 wt %), the CNF disturbs the
normal flow of nanocomposite melts and hinders the mobility causing high shear stresses,
which is attributed to the hydrodynamic effect [37]. There was only a slight increase in
viscosity for the nanocomposites samples when compared to neat PA 6, maybe due to the
processing method employed and the aspect ratio of the CNF. This suggests the CNF was
well dispersed and the presence of a percolating network [38]. Furthermore, rheological
behavior is beneficial for process optimization and adjust processing conditions to improve
the productivity.

Figure 4. Rheological behavior of neat PA 6 and PA 6/CNF nanocomposites.
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Further, water uptake study was carried out gravimetrically over a 24-h period. Mass
measurements were noted periodically at 0 h, 0.5 h, 1 h, 3 h, 6 h, 12 h, 18 h and 24 h
to determine the water absorption and associate it with the mechanical performance of
the nanocomposite samples. In our case, two main interactions can be conjectured. The
interaction between the water molecules and the amide groups of the PA 6. Then, the
interaction of water molecules with the hydrophilic CNF. With the former dominating
the absorption process in nanocomposite samples as the water uptake for nanocomposite
samples decreased as function of CNF content but remained lower than the neat PA 6
(Figure 5). This is due to the strong hydrogen bonds between CNF and PA 6 along with
the CNF–CNF interaction which are competing with water [39]. To study the influence of
moisture on the mechanical properties, tensile samples were moisture conditioned for 48 h
in a climatic chamber at 23 ◦C and relative humidity 50% prior to testing. From the Table 1,
all the conditioned samples (48 h CC) showed reduced tensile modulus and strength. The
reduction of modulus in the presence of moisture is common to most polyamides due to
the plasticizing effect of water molecules on polyamides [40]. Tg for moisture conditioned
PA 6 can decrease to room temperature and below, as water molecules interfere with
hydrogen bonds between the polymer chain increasing the chain mobility. The reduced Tg

causes a strong reduction of the amorphous modulus in the presence of moisture leading
to decrease in the semicrystalline polymer [41]. Additionally, the reduction of modulus of
matrix results in the modulus reduction of the nanocomposites. With increased mobility
due to moisture conditioning, the yield stress also decreases and the deformation at break
increases. Hence, moisture is a key factor affecting processing and final performance for
PA 6/CNF nanocomposites.

Figure 5. Water absorption percent versus time for neat PA 6 and PA 6/CNF nanocomposites at
room temperature.

Fick’s law was used to calculate diffusion coefficient D at lower times of immersion,
i.e., when Mt/M∞ = 0.5. The diffusion coefficient for all the samples is summarized
in Table 2. It was observed that diffusion coefficient decreased as the amount of CNF
increased with 25 wt % formulation showing the least D value. The lower D values
can be related to the lower mobility of PA 6 chains inhibited by CNF reinforcement.
Nevertheless, hydrogen bonding between the fibers and the PA 6 matrix can also have
a negative effect on the diffusion of water through the composite samples [42]. The M∞

values for nanocomposite samples were reached quicker when compared to neat PA 6 due
to lower diffusion coefficients of the samples and the values remained below that of neat
PA 6.
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Table 2. Diffusion coefficient at 23 ◦C for PA 6/CNF nanocomposites.

CNF Content (wt %) M∞ (%) D × 10−9 (m2 s−1)

Neat PA 6 7.2 6.5
5 6.8 3.2
15 6.6 0.6
25 6.1 0.5

Thermogravimetric analysis (TGA) was conducted to determine the thermal behavior
of nanocomposites and compare it with the neat samples. Thermograms indicating TGA
curves and DTG curves for all the samples are shown in Figure 6. TGA plot revealed
the region of degradation (Figure 6a) and moreover, elucidated the temperature range
for processing the nanocomposites. The initial mass loss within the temperature range of
60–110 ◦C is attributed to the evaporation of water from the samples. This loss of water
is important because water acts as an auto accelerator in the degradation process [27].
For temperatures above 300 ◦C, degradation of cellulosic materials kicks off giving away
combustible volatiles such as methanol, acetic acid acetaldehyde and propenal. These
volatiles components increase the rate of decomposition in the nanocomposites [43]. For the
nanocomposites, the thermal stability decreased mildly with an increase in CNF content.
The CNF char residue for the samples lied between the range of 2–4%. From the first
derivative of TG (Figure 6b), the DTG thermal bands were obtained at 460 ◦C for neat
PA 6. In our case, a maximum temperature of 230 ◦C was used during the processing of
nanocomposites, thus avoiding excessive thermal degradation of CNF.

The TGA was performed for the enzymatic CNF gel (1.5 wt % consistency) by heating
the sample in an aluminum pan from 30 to 230 ◦C at a heating rate of 50 ◦C/min. At
4 min 230 ◦C was reached and the CNF was checked for thermal degradation at isothermal
conditions for 15 min. The TGA curve for CNF at isothermal conditions (230 ◦C) is shown
in Figure 6c. The initial drop in the TGA curve is due to the loss of water from the CNF gel.
The remaining pure CNF does not experience any thermal degradation at the processing
temperature. This indicates that the thermal stability of the CNF was not compromised at
a processing temperature of 230 ◦C for this time.

DSC analysis was conducted to recognize the effect of CNF content on the melt-
ing behavior and crystallinity of PA 6 matrix. Single, well defined endothermic peaks
were obtained for all samples and the DSC thermogram for the heating cycle is shown in
Figure 7. The values of glass transition temperature (Tg), melting temperature (Tm) and cor-
responding enthalpies (∆H) are summarized in Table 3, according to Equations (11) and (12)
in the experimental section.

Table 3. Thermal properties of neat PA 6 and PA 6/CNF nanocomposites.

CNF Content
(wt %)

Tg

(◦C)
Tm

(◦C)
∆Hpolymer

(J/g)
χc

(%)

Neat PA 6 51.6 221.96 72.1 31.4
5 53.5 221.32 60.49 26.3

15 54.7 220.91 59.81 26.0
25 55.4 220.69 57.12 24.8
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Figure 6. Thermograms, (a) TGA, (b) DTG for neat PA 6 and PA 6/CNF nanocomposites and (c) TGA of CNF gel at
isothermal conditions at 230 ◦C.

Figure 7. DSC thermogram, heating cycle for neat PA 6 and PA 6/CNF nanocomposites.
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The DSC measurements indicate that the glass transition for the nanocomposite sam-
ples occurred at a slightly higher temperature when compared to neat PA 6. Additionally,
the glass transition temperature increased with addition of CNF content. This was at-
tributed to the strong interactions between polar amide groups of PA 6 and hydroxyl
groups of CNF, thus reducing the segmental mobility of the nanocomposite structure [44].
The steady increase in Tg also indicated that the CNF was well dispersed in the PA 6
matrix [45]. The melting point of the neat PA 6 from the endothermic melting peak was
detected at 221.96 ◦C, which can be associated to the α-form crystals of PA 6 [46]. There
was no significant influence on the melting point of the nanocomposite samples as the
changes in Tm was minuscule. The Tm for all samples were between 220 and 222 ◦C. The
degree of crystallinity of the nanocomposite samples reduced with the addition of CNF.
The crystallinity of PA 6 was 31.4%, while the crystallinity for the 25 wt % formulation was
24.8%. Identical decrease in crystallinity was observed for PA 6 nanocomposites contain-
ing microcrystalline cellulose and nanoclay [47,48]. The decrease in the crystallinity for
nanocomposite samples is attributed to the vast surface on nanofillers, and the effect on
the mobility of chains of polymer matrix. In some previous study, CNF acted as nucleating
sites for crystallization [49]. The nucleating effect significantly contributes to the formation
of transcrystalline layers around nanofillers thus, resulting in increase in crystallinity [50].
Nevertheless, the addition of nanofillers constrains the mobility of polymer chains hin-
dering the crystal growth [45]. Thereby, decreasing the degree of crystallinity was the
prevailing factor in our case.

The morphology of 5 wt % and 25 wt % formulations samples were observed under
electron microscope. The SEM micrographs of the fractured surfaces for the nanocomposite
samples are shown in Figure 8. The distribution of CNF appeared to be homogenous
within the in-plane layers of the fractured samples with very few voids and no agglomera-
tions in Figure 8(i),(iv). The fractured surfaces of the nanocomposite samples were almost
identical to all formulations. The CNF show good adhesion to the PA 6 matrix and the
interface bonding regions are observed in Figure 8(ii),(v). The morphology of fractured
surfaces was formed under tension. Hence, the polymer strands had a fiber like shape,
which were broken at some point during tensile elongation and were surrounded by CNF
(Figure 8(v)). No major pull-out of the fibers was observed, but some broken fibers were
found, which indicated suitable interface between PA 6 and CNF. Due to the hydrophilic
nature of CNF and PA 6, the CNF demonstrated to be a suitable reinforcement to the poly-
mer without problems of agglomeration. Under elongation, the different moduli of CNF
and PA 6 created different deformation modes and the different strains were generated
by the same load, which created stress concentration points at the interface of PA 6 and
CNF. As this unmatched strain reached a magnitude of the interfacial adhesion between
PA 6 and CNF, a sliding deformation occurs [31]. This sliding deformation is observed in
Figure 8(vi). Moreover, the reinforcing effect was estimated by the effective stress transfer
through interfacial adhesion, which was corroborated by the improved mechanical proper-
ties of the PA 6/CNF nanocomposites. Additionally, from the SEM micrographs, it was
observed that the CNF integrity was unharmed, signifying no serious thermal degradation
had taken place.
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Figure 8. SEM micrographs of (a) 5 wt % and (b) 25 wt % PA/CNF nanocomposites.

4. Conclusions

PA 6 with its material properties has become a hot commodity in the automobile
industry. There is tremendous emphasis on enhancing the mechanical properties using
natural nanofillers. CNF with its high specific strength, aspect ratio and compatibility
with PA 6 became a tangible ecofriendly and sustainable choice of reinforcement. To
produce CNF reinforced polymer composites at an industrial level, successful incorporation
of CNF within the polymer matrix is critical. This study corroborated that premixing
and compounding via a thermokinetic mixer, PA 6/CNF nanocomposites with good
dispersion could be obtained. Minimizing the exposure time of CNF to high processing
temperatures was key in obtaining composites with the preserved integrity of CNF. Three
different formulations: 5, 15 and 25 wt % formulations of PA 6/CNF nanocomposites
were produced. The mechanical properties were improved with the addition of CNF, with
25 wt % formulation showing the highest tensile values, in Young’s modulus and in tensile
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strength. Water uptake study indicated that the water uptake reduced with the addition of
CNF due to the hydrogen bonds between the PA 6 and CNF, which hindered the diffusion
of water molecules. DSC analysis revealed that the degree of crystallinity reduced for the
nanocomposites as the addition of CNF constrained the polymer chain hindering crystal
growth. TGA expectedly implied that the thermal stability of nanocomposites reduced
slightly for the nanocomposites. The capillary rheological study indicated that the dynamic
viscosity increased with the addition of CNF. SEM micrographs showed homogenous
interface morphology of fractured samples with hardly any fiber pull-out.

Further, producing samples with injection molding and optimizing processing meth-
ods will further increase the scalability of CNF/polymer composites on an industrial
level. Ultimately, this study provides insightful prospects on sustainable materials and
developing high performance nanocellulose reinforced polymer composites with high fiber
weight fractions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym13091495/s1, Table S1: melt flow indices (MFI) and melt volume flow rate (MVR) for
neat PA 6 and PA 6/CNF nanocomposites at different masses.
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Abstract: Cellulose nanofiber (CNF) as a bio-based reinforcement has attracted tremendous interests

in engineering polymer composites. This study developed a sustainable approach to reinforce

polyamide-6 or nylon-6 (PA6) with CNFs through solvent casting in formic acid/water mixtures. The

methodology provides an energy-efficient pathway towards well-dispersed high-CNF content PA6

biocomposites. Nanocomposite formulations up to 50 wt.% of CNFs were prepared, and excellent

improvements in the tensile properties were observed, with an increase in the elastic modulus from

1.5 to 4.2 GPa, and in the tensile strength from 46.3 to 124 MPa. The experimental tensile values were

compared with the analytical values obtained by micromechanical models. Fractured surfaces were

observed using scanning electron microscopy to examine the interface morphology. FTIR revealed

strong hydrogen bonding at the interface, and the thermal parameters were determined using TGA

and DSC, where the nanocomposites’ crystallinity tended to reduce with the increase in the CNF

content. In addition, nanocomposites showed good thermomechanical stability for all formulations.

Overall, this work provides a facile fabrication pathway for high-CNF content nanocomposites of

PA6 for high-performance and advanced material applications.

Keywords: cellulose nanofiber; polyamide-6; solvent casting; mechanical properties

1. Introduction

Plant-based reinforcement is attractive for enhancing the mechanical properties of
polymers in the context of biodegradable and sustainable materials [1]. The reinforcing
effect of plant-based fibers originates from the highly crystalline cellulose hierarchical struc-
ture. Cellulose is both of a renewable origin and biodegradable [2]. In the nanocellulose
form, cellulose exhibits an extraordinary potential as a reinforcing element in composites
due to its high aspect ratio and high specific strength combined with its low density. It is
also possible to chemically modify its surface to tailor the properties in applications such
as foams, filter media films, adhesives, hierarchical materials, and electronic materials [3].
When well dispersed, nanocellulose exhibits a higher specific surface area, facilitating inter-
face adhesion with the polymeric matrix which enables efficient stress transfer. Among the
plant-based nanocelluloses, there are two major categories: cellulose nanocrystals (CNCs)
and cellulose nanofibers (CNFs). Typically, CNCs are highly crystalline, needle-like struc-
tures, with a few hundred nanometers in length and a few nanometers in width [4]. On
the other hand, CNFs are fibril-like structures that contain both crystalline and amorphous
phases, with diameters in the order of tens of nanometers and lengths typically ranging
from tens to hundreds of micrometers [5]. The linearity of cellulose polymer chains and
their strong intermolecular bonds enables the formation of ordered crystalline structures,
which impart exceptional mechanical properties to CNFs [6]. The extraction process of
CNFs from natural fibers is an essential factor as the properties of CNFs depend mainly on
the source of material and the method of extraction. CNFs are produced via mechanical
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defibrillation, often facilitated by either chemical or enzymatic pretreatments to reduce
the energy consumption of the process [7]. The inherent properties of CNFs make them
an interesting sustainable choice of reinforcement for polymeric matrices intended for the
automotive, construction, packaging, and energy sectors [8].

Polyamides as thermoplastic matrix materials with CNF reinforcement provide su-
perior mechanical and thermal properties of composites. The most common type of
polyamide is polyamide-6 (PA6, also called nylon-6). This polymorphic, biodegradable,
and bio-compatible thermoplastic polymer is an attractive choice for its availability, higher
mechanical properties, and compatibility with CNFs. Due to the hydrophilic nature of both
PA6 and CNFs, good interface interactions are formed without the use of a compatibilizer
or coupling reagents [9]. The compatibility of PA6 and CNFs results in an excellent disper-
sion, distribution, and interfacial adhesion. However, silane coupling agents can improve
the adhesion between a polyamide matrix and CNFs [10].

Recent studies have shown increments in mechanical properties for composites of PA6
with cellulose pulp fibers and/or micro-fibrillated cellulose (MFC) through melt processing
with the help of a high-speed thermo-kinetic mixer [11,12]. MFCs are more heterogeneous
and larger in size than CNFs. As CNFs offer a larger specific surface area for the polymer
to form strong and functional interface adhesion, the overall reinforcing potential of CNFs
is greater than that of MFCs [13]. One of the drawbacks of melt processing PA6/cellulose
composites is the high melting point of PA6 (~220 ◦C), which leads to the onset of thermal
degradation of cellulose during processing. Techniques such as solvent casting circumvent
thermal degradation, retaining the thermal stability of cellulose, and facilitate uniform
CNF dispersion in the matrix [14]. The primary advantage of solvent casting is the ease
of fabrication without specialized equipment that is essential for other techniques such as
extrusion and injection molding processes. The cast film exhibits a homogenous thickness
distribution and fiber dispersion [15]. Currently, the most commonly used solvent is
dimethylformamide (DMF). DMF is aprotic by nature, has a high dielectric constant and
low volatility, and provides a good dispersion of CNFs in PA6 matrices. However, DMF is
a potent liver toxin and may cause abdominal problems and reduce sperm motility [16].
A green solvent alternative would be a significant leap forward. In this study, we used
formic acid which is renewable and has a lower toxicity than DMF. Previous studies have
reported formic acid as an excellent solvent for dissolving PA6. Formic acid dissolves
PA6 at 30 ◦C with negligible degradation of the polymer, promoted by the weak acid
characteristics [17,18]. CNFs have good dispersion in water [19]. Therefore, we considered
a water/formic acid mixed system to both dissolve PA6 and disperse the CNFs. This study
developed a green solvent casting system based on water and formic acid to produce high-
CNF content PA6 nanocomposites. The nanocomposites were produced by diluting the
CNF dispersion in water in formic acid containing 20 wt.% of dissolved PA6 corresponding
to each formulation. The homogenous mixture was then dried to produce thin films for
characterization.

2. Materials and Methods

2.1. Materials

An industrial grade of PA6 called Ultramid® B3S (density ρ = 1.13 g/m3) was com-
mercially purchased from BASF SE (Ludwigshafen, Germany) in the form of pellets. This
grade of PA6 is colorless, less viscous, and suitable for producing thin-walled technical
parts. The pellets were powdered from Powder Plastics Europe SL (Valls, Spain) and then
passed through a 1000-micron sieve to reduce the dissolving time of PA6 in formic acid
(Sigma Aldrich 33015-1L-M, St. Louis, MO, USA). The grain size distribution of PA6 is
shown in Table 1. Commercially available cellulose pulp provided by Nordic Paper Säffle
AB (Säffle, Sweden) was used to derive the CNFs. This product was of a high cellulose
content, with 87% of pure cellulose, 12 to 12.5% of hemicellulose, and less than 1% of lignin.
CNFs were then used to reinforce the PA6 matrix.
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Table 1. Grain size specification and distribution for PA6 powder.

Particle Size Specifications (Micron) Composition (%)

>1000 0
>800 8.82
>500 33.86
>300 29.42
>100 19.79

2.2. Methods

2.2.1. Preparation of PA6-CNF Nanocomposite Films

The cellulose pulp was disintegrated into cellulose nanofibers (CNFs) by an enzy-
matic pretreatment described by Henriksson et al., 2007, using an endoglucanase enzyme,
namely, Novozyme 476 (Novozymes AS, Bagsværd, Denmark) [20]. Enzymatic treatment
provided a more specific, milder, and environmentally friendly method to increase the
yield and expedite the disintegration of cellulose [21,22]. Firstly, the cellulose pulp fibers
were beaten mechanically in a PFI mill (Hamjern, Hamar, Norway) at 1000 revolutions
to increase the swelling in water and provide better accessibility of the enzyme to the
cellulose. Further, enzymatic treatment was carried out by dispersing 3 wt.% pulp in
50 mM tris(hydroxymethyl)aminomethane/HCl buffer with pH 7 and 0.02 wt.% enzyme
relative to the amount of pulp. The fibers were incubated for 2 h at 50 ◦C and later washed
on a Büchner funnel. The fibers were kept for 30 min at 80 ◦C to cease the enzyme activity
and later washed again. Then, the fibers were beaten in the PFI mill at 4000 revolutions.
Following the enzyme pretreatment, 1.5 wt.% fiber suspension in water was prepared
and subjected to homogenization (Laboratory Homogenizer 15M, Gaulin Corp., Boston,
MA, USA) at a constant high pressure without heating. Initially, the suspension was at
room temperature, but with an increasing number of passes, the temperature increased
slightly, facilitating the homogenization of the CNFs [23]. The fibers were passed through
the homogenizer six times until the suspension reached a consistent viscosity based on
visual inspection to obtain a CNF gel with 1.5 wt.%. consistency. Previous work in our
group by Prakobna et al. determined that these CNFs have an average diameter ranging
from 6 to 9 nm and lengths in the 0.7–2 µm range [24].

The Petri dish used for casting the PA6-CNF nanocomposites had an inner diameter
of 8.8 cm. To produce thin films of thickness 0.1 mm, an approximate total weight of 0.8 g
of the PA6-CNF mixture was required. The amount of PA6 powder required for each
composition of cellulose was calculated using the density, mass, and volume relation. For
obtaining 0.8 g of nanocomposite film, the weight specifications of CNF and PA6 are shown
in Table 2.

Table 2. Weight specifications for casting PA6-CNF nanocomposites.

CNF
Composition (wt.%)

CNF
Dry Weight (g)

CNF Density
(g/cm3)

PA6
Dry Weight (g)

Composite
Density (g/cm3)

10 0.08

1.52 ± 0.03

0.72 1.159 ± 0.02
20 0.16 0.64 1.189 ± 0.02
30 0.24 0.56 1.220 ± 0.02
40 0.32 0.48 1.254 ± 0.03
50 0.4 0.4 1.289 ± 0.03

For every formulation, 20 wt.% of PA6 was dissolved completely in formic acid at
30 ◦C. The 1.5 wt.% CNF gel was then dispersed within formic acid to obtain a consistency
of 0.75 wt.% CNF content in the solvent system. This pre-wetting of CNFs in the same
solvent was conducted in order to further improve CNF/PA6 compatibility and their
interfacial adhesion [15]. To ensure proper dispersion of CNFs, the solution was mixed
with the help of an Ultraturrax (T 25, IKA, Königswinter, Germany) by stirring at a high
speed of 7000 rpm for about 30 s. This solution was then left in an Ultrasonic bath (Exibel,
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Clas Ohlson, Dalarna, Sweden) for 10 min to remove any possible bubbles. Finally, the CNF
gel dispersed in formic acid and the dissolved PA6 in formic acid were mixed with the help
of a stirrer for 2 h to ensure uniform mixing. This mixture was again left in the ultrasonic
bath to remove any bubbles which might have been formed during mixing. The mixed
solution was introduced onto the Petri dish carefully and placed in an oven (Memmert
UM200, Büchenbach, Germany) at 50 ◦C for casting the PA6-CNF nanocomposite. When
all the formic acid and water had evaporated, we placed the Petri dish containing the
composite in a desiccator at ambient temperature to prevent deformation while cooling.
The composite film was removed from the Petri dish with the help of a spatula and tweezers.
Rectangular samples were cut using a hydraulic press (Stans & Press—TJT Teknik AB,
Vilshult, Sweden) from the thin film for tensile and DMA characterizations. An example
of the cast nanocomposite film (50 wt.%) is shown in Figure 1. The neat CNF film was
produced by the filtration method. PA6 films were also prepared to be used as control
samples.

 

−

𝜎 = 𝜎  𝑉 + 𝜎  (1 − 𝑉 )
σ σ σ

σ σ

Figure 1. 50 wt.% PA6-CNF casted nanocomposite film.

2.2.2. Tensile Tests

Rectangular samples of dimensions (l × b) 45 mm × 6 mm were cut from the films to
perform tensile tests. The thickness values of each nanocomposite sample were measured
using a digital precision micrometer (Starrett, Athol, MA, USA). Prior to tensile testing,
the rectangular samples were dried overnight in an oven at 50 ◦C and then conditioned at
room temperature of 23 ± 2 ◦C and 50 ± 5% relative humidity (RH) for 48 h. The uniaxial
tensile properties were measured on a Universal Testing Machine (Instron 5944, Norwood,
MA, USA) where the extension was quantified with a high-precision camera. Tensile tests
were performed with a 500 N load cell and strain rate of 0.1 min−1. The measured tensile
strength and modulus were averaged over at least five samples for statistical significance.
For comparative assessment, the tensile strength of the nanocomposites was also estimated
by a basic rule of mixtures (ROM) model:

σNC = σCNF VCNF + σPA6 (1 − VCNF) (1)

where σNC is the tensile strength of the nanocomposite, σCNF and σPA6 are the experimental
tensile strengths of CNFs and PA6, respectively, and VCNF is the total volume fraction
of CNFs. The value of σNC predicts the linear relationship between σNC and the CNF
composition. An estimation of reinforcement efficiency for all the formulations of CNF
content was resolved. All volume fractions were calculated assuming the densities of
1.13 g/m3 for PA6 and 1.5 g/m3 for CNFs.
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The Cox–Krenchel micromechanical model was used to predict the tensile modulus.
This model was developed based on the classical shear lag theory and is one of the most
widely used models [1]. Assumptions used in this model are: (i) the fiber and matrix
respond elastically, (ii) no axial loads on the fiber ends, and (iii) an ideal fiber matrix
interface. The Cox–Krenchel model is defined as

ENC = η0VCNFECNF

(

1 −
tanh(ns)

ns

)

+ (1 − VCNF)EPA6 (2)

where n is expressed by

n =

√

2EPA6/
[

ECNF(1 + VPA6)ln

(

1
VCNF

)]

(3)

In the above Equations (2) and (3), ENC is the elastic modulus of the nanocomposite,
ECNF and EPA6 are the experimental moduli of CNFs and PA6, respectively, with the fiber
orientation factor η0 = 3/8 assuming an in-plane isotropic orientation of fibers in a random
short fiber polymer composite, and s is the fiber aspect ratio where the weight average fiber
length L can be used to calculate s = L/D, where D is the diameter of the fiber [25].

Similarly, elastic moduli were calculated assuming a random in-plane fiber orientation
using the Tsai–Pagano model defined in Equation (4) [26].

ENC =

(

3
8

)

EL +

(

5
8

)

ET (4)

EL = ECNF VCNF + EPA6 (1 − VCNF) (5)

ET =
ECNF EPA6

ECNF (1 − VCNF) + EPA6 VCNF
(6)

where EL and ET are the longitudinal and the transverse modulus of the nanocomposite
calculated longitudinally and transversely to the direction of the fiber assuming a unidirec-
tional composite with cylindrical fibers. ENC is the theoretical nanocomposite modulus for
a random in-plane fiber orientation.

2.2.3. Scanning Electron Microscopy (SEM)

The morphology of samples fractured due to elongation during the tensile tests
was observed under a scanning electron microscope (Hitachi S4800, Ibaraki, Japan) to
characterize the interaction between CNFs and the PA6 matrix. The samples were observed
at an accelerated voltage of 15.0 kV and a short working distance. The cross-sections of
the fractured samples were coated with a thin layer (2–4 nm) of Pt:Pd with the help of a
Cressington sputter prior to observation.

2.2.4. Fourier Transform Infrared Spectroscopy (FTIR)

The changes in the chemical structure and the binding configuration of the nanocom-
posite samples were analyzed by using Fourier transform infrared analysis. The FTIR
spectrum of the films produced was obtained in transmission by performing the analysis in
the IR frequency range of 500 to 4000 cm−1 using a Perkin Elmer Spectrum 100 spectrometer
(PerkinElmer, Waltham, MA, USA).

2.2.5. Thermogravimetric Analysis (TGA)

The control samples and all the formulations of PA6-CNF nanocomposites were
analyzed for thermal degradation using a TGA1 STARe System (Mettler Toledo, Greifensee,
Switzerland) at the heating rate of 10 ◦C/min. The tests were carried out by placing the
sample in an open platinum pan within a nitrogen environment and heating it from 30
to 600 ◦C.
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2.2.6. Differential Scanning Calorimetry (DSC)

The thermal properties of the PA6 (powder and control film) and PA6-CNF nanocom-
posite films were measured using a DSC 1 STARe System (Mettler Toledo, Greifensee,
Switzerland). The DSC was run three times for each sample. The samples were firstly
heated from 30 to 260 ◦C and held at this temperature for 2 min followed by cooling
of samples to 30 ◦C within a nitrogen environment. The heating and cooling rate was
10 ◦C/min. The degree of crystallinity of the polymer after processing was determined
from the enthalpy corresponding to the melting endotherm of the first heating, according
to Equations (7) and (8).

∆Hpolymer = ∆Hsample·

(

1
1 − wCNF

100

)

(7)

χc =
∆Hpolymer

∆H100%
·100 (8)

where ∆Hsample is the enthalpy of the melting endotherm of the sample from the first
heating cycle, and ∆Hpolymer is the melting enthalpy of the PA6 polymer in the sample. The
degree of crystallinity (χc) considers the melting enthalpy for the 100% crystalline PA6,
∆H100% = 230 J/g [27].

2.2.7. Dynamic Mechanical Analysis (DMA)

Rectangular samples of dimensions (l × b) 15 mm × 6 mm were cut from neat PA6
and PA6-CNF nanocomposite casted films to perform DMA in tensile mode. These samples
were kept in the oven for 48 h at 55 ◦C prior to analysis. The analysis was performed
using the instrument DMA Q800 (TA Instruments, New Castle, DE, USA) measuring from
30 ◦C and finishing at 160 ◦C, with a heating rate of 5 ◦C/min, preload of 1 N, a constant
frequency of 1 Hz, and strain amplitude of 0.1%. The DMA tests were run three times for
each formulation.

3. Results and Discussions

3.1. Morphology

The PA6 and CNF nanocomposite films produced via solvent casting had a good
dispersion and distribution for all formulations, which was evident from the uniform
translucency observed throughout the films. There were no visual signs of voids or agglom-
eration even for the high-CNF composition, thus confirming a good phase morphology.
The films were generally flat and were easy to cut into rectangular samples for testing. The
pure CNF film was obtained through the filtration process and had only small pores. As the
sample thickness significantly affects the calculated mechanical properties, the thickness
measurement was conducted with a digital precision micrometer. The mean thicknesses of
all rectangular samples for each formulation used for tensile testing are shown in Table 3.

Table 3. Tensile properties for the control samples and PA6-CNF nanocomposites.

CNF Composition
(wt.%)

Mean Thickness
(µm)

Tensile Strength
(MPa)

Elastic Modulus
(GPa)

Strain at Break
(%)

Neat PA6 96.2 ± 8.4 46.3 ± 2.35 1.52 ± 0.08 12.6 ± 0.42
10 111 ± 7.3 54.1 ± 2.87 1.85 ± 0.05 11.1 ± 1.72
20 108.6 ± 1.9 67.3 ± 1.60 2.30 ± 0.08 10.1 ± 1.69
30 116.8 ± 6.3 78.4 ± 0.35 3.48 ± 0.47 9.2 ± 0.49
40 91.3 ± 3.0 110.5 ± 7.80 4.10 ± 0.26 7.8 ± 1.17
50 99.8 ± 2.9 123.9 ± 6.12 4.20 ± 0.27 7.3 ± 0.50

CNF nanopaper 45.4 ± 0.8 200.9 ± 6.73 12.23 ± 0.39 6.9 ± 0.82
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3.2. Tensile Tests

The tensile strengths and elastic moduli for all the formulations are summarized in
Table 3. During tensile testing, there were no failures at the grips due to the clamping
pressure. The tensile properties of the nanocomposites increased with the CNF content,
corroborating that the CNFs were well dispersed within the PA6 matrix. Previous studies
have demonstrated that carboxyl groups increase during enzymatic pretreatment [28].
These carboxyl groups play a vital role in the dispersion of CNFs within a matrix. The
repulsion due to negative charges on the surface of the CNFs prevents fibril–fibril agglom-
eration, aiding in achieving a uniform distribution and consequently contributing to the
mechanical properties of the nanocomposite films. The CNFs imparted intrinsic mechani-
cal properties to the nanocomposites. Both the tensile strength and Young’s modulus are
appreciably higher, indicating good wetting and effective stress transfer at the PA6–CNF
interface [29]. The uniform dispersion and distribution of CNFs provide a high surface area
that increases the number of secondary interactions with the PA6 matrix [30]. The highest
tensile stress at break and Young’s modulus were observed for the 50 wt.% formulation
nanocomposite with the values of 124 MPa and 4.2 GPa, respectively, corresponding to an
improvement of 2.7 times when compared to the PA6 control sample. For the high-CNF
content nanocomposites, casting/evaporation causes strong interactions between the CNFs,
promoting strong percolating network formation through hydrogen bonding. The casting
process ensures that the PA6 matrix penetrates this CNF network formation and enhances
the mechanical properties. For such high-CNF content films, the improvement in tensile
properties is dependent on the CNF network followed by successful penetration of the PA6
matrix and may not be attributed to the intrinsic stiffness of individual nanoparticles. For
the neat CNF film, the maximum tensile strength of ~201 MPa and modulus of 12.23 GPa
were obtained.

Previously, we prepared up to 25 wt.% CNF formulations with PA6 by melt compound-
ing using a Gelimat thermo-kinetic mixer and observed good enhancement in mechanical
properties [31]. Peng et al. obtained composite formulations up to 10 wt.% CNF content
with PA6 via thermal compounding using a Brabender with minor improvements in the
tensile properties [32]. Lee et al. prepared 40 wt.% CNF/PA6 by silane treatment and
the calendaring process, achieving ~2.5 GPa and ~12.5 MPa for the tensile modulus and
strength, respectively [33]. Joshi et al. obtained up to 50 wt.% of regenerated cellulose com-
posite membranes with PA6 using the electrospinning method with tensile strength and
modulus increments corresponding to ~12% and ~150%, respectively [34]. More relatively,
Qua et al. used the solution casting technique to prepare PA6 and 5 wt.% flax and micro-
crystalline cellulose (MCC) nanofibers obtained from acid hydrolysis, and the composite’s
tensile strength was improved drastically, which is promising for our study [35]. Our
study develops an energy-efficient approach towards solvent casting by adopting simple
green solvent mixtures to fabricate PA6 nanocomposites using CNFs derived enzymatically,
which is a more environmentally friendly way to extract CNFs when compared to other
processes such as acid hydrolysis and TEMPO oxidation. In addition, tensile mechanical
improvements of about 176% (for modulus) and 168% (for strength), when compared to
neat PA6, were achieved for the 50 wt.% formulation without using any dispersion or
coupling agents.

The strain at break decreased with an increase in the CNF composition. The CNFs
provide larger surface areas for the PA6 matrix to form strong interfacial adhesion, enabling
the effective stress transfer and imparting stiffness to the composite [36]. Our previous work
with PA6 and cellulosic material biocomposites produced via melt processing showed a
considerable drop in strain levels for 25 wt.% cellulose pulp [12,31]. Similarly, in this study,
strain at break decreased with the increase in the CNF content. This behavior is inherent to
a well-dispersed CNF network where the CNF behavior is retained in the corresponding
CNF-polymer matrix nanocomposites [37]. CNFs hinder the nanocomposites’ elongation
due to stiffening caused by the reinforcing effect. Nevertheless, despite the higher CNF
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contents, an elongation of ~7% was measured for the 50 wt.% formulation. Figure 2 shows
the stress–strain plots and the deformation behavior during elongation for all the samples.

σ
σ

σ σ

Figure 2. Stress vs. strain curves for control samples and PA6-CNF nanocomposites.

As an approximate assessment of nanocomposites’ tensile strength (σNC), we used the
basic rule of mixtures model (ROM). ROM assumes that σNC depends on the strength of the
CNF nanopaper (σCNF) and neat PA6 (σPA6), scaled with the corresponding fiber volume
fractions. The prediction from Equation (1) shows the nanocomposites’ lower bound tensile
strength as the tensile strength of a single CNF is assumed to be underutilized. Experimen-
tal values ranging from 103 to 232 MPa for the cellulose nanopaper were recorded in the
previous literature [38,39]. The difference in tensile strength is due to the nanofiber and
nanofiber networks [40]. Based on the ROM model, the experimental values of the tensile
strength match reasonably well with the predicted values for all the CNF composition
formulations (Figure 3A). Overall, for high-fiber volume fraction nanocomposites, the
predicted values should be considered purely theoretical since the nanocellulose might not
exist as a dense nanopaper network but as a 3D percolated network of CNFs [1].

Figure 3B shows the experimental elastic moduli for nanocomposites with moduli
calculated from the Cox–Krenchel equations, Equations (2) and (3), and the Tsai–Pagano
equations, Equations (4)–(6). The Tsai–Pagano model overestimates the elastic moduli
of the nanocomposites except for two formulations (30 wt.% and 40 wt.%), suggesting
that the stiffness of the cellulose nanofiber network was controlling the moduli of the
nanocomposites. The Cox–Krenchel model considers the aspect ratio of CNFs and is a
good method to approximate the effect on the nanocomposites’ elastic modulus. As the
aspect ratio of nanofibers decreases, the fiber ends act more effectively as stress and strain
fields in the PA6 matrix due to the discontinuity [41]. The experimental values are similar
to the estimated values for low-CNF composition nanocomposites (5 wt.% and 10 wt.%),
whereas they are higher than the theoretical values with CNF compositions of 20 wt.%,
30 wt.%, and 50 wt.%. This suggests there was good impregnation of the PA6 matrix within
the CNF network.
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Figure 3. Experimental and theoretically predicted tensile strength (A) and modulus (B) values for PA6-CNF nanocomposites.

3.3. SEM Analysis

The morphology of the fractured tensile cross-sections of the 20 wt.% and 50 wt.%
CNF nanocomposites and neat CNF nanopaper was analyzed with a scanning electron
microscope. Figure 4 shows the SEM micrographs of the fractured surfaces at three dif-
ferent magnification levels. The distribution of CNFs appears to be homogenous within
the in-plane layers at the nanoscale, with very few voids and no agglomerations for the
nanocomposite films (Figure 4A,D). Typically, nanocomposites’ fractured surfaces had a
brittle fracture with deformation occurring in different planes. Under tensile load, the
different moduli of PA6 and CNFs lead to different modes of deformation, generating dif-
ferent strains which create stress concentration points at the CNF–PA6 interface. When this
unmatched strain surpasses the magnitude of interfacial adhesion, a sliding deformation
occurs [31]. The resulting surface morphology due to this sliding deformation is seen in
Figure 4B,E. As the CNF content increased, the surface morphology of the nanocomposites
transitioned to be partially identical to that of the pure CNF nanopaper (Figure 4G). The
fractured surfaces for the nanocomposites were formed due to elongation; hence, the PA6
strands have a fiber-like shape which have been fractured at some point under tension.
These PA6 strands are adjoined by CNFs, indicating good adhesion, and the strands should
not be confused for agglomerated fibers (Figure 4C,E). The dispersion of fibers can be
observed from Figure 4B,C,E,F with strands of PA6 surrounded by tiny fibrils of CNFs.
For the CNF nanopaper, the hydroxyl groups on the CNFs result in hydrogen bonding
between individual CNFs, hence creating a 3D percolated network, as seen in Figure 4H,I.
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PA6—20 wt.% CNF 

   

PA6—50 wt.% CNF 

   

Pure CNF 
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Figure 4. SEM micrographs for 20 wt.% (A–C), 50 wt.% (D–F) PA6-CNF nanocomposites, and CNF nanopaper (G–I).

3.4. FTIR Analysis

FTIR was used to confirm the hydrogen bonding behavior and crystallinity in the neat
samples and PA6-CNF nanocomposites [42]. The FTIR spectra for the neat samples and
40 wt.% and 50 wt.% nanocomposite formulations are shown in Figure 5. The pure PA6
film had absorptions at 3323 cm−1 (hydrogen-bonded N-H stretching vibration), 3038 cm−1

(N-H in-plane bending), 2930 cm−1 (stretching vibration CH2), 1634 cm−1 (stretching vi-
bration C=O), 1537 cm−1 (stretching vibration C-N and CO-N-H bend), 1463 cm−1 (CH2
in-plane bending), 966 cm−1 (stretching vibration C-CO), and 693 cm−1 (out-of-plane bend-
ing N-H) [43]. The PA6 polymer can effortlessly undergo a phase transition from the γ to
the α form because of external inducement or modifications in the processing parameters
as there are minor differences in energy between the α and γ forms. Hence, the structure
and crystalline morphology are important to the PA6 properties [44]. The IR spectra below
1500 cm−1 are sensitive to the polymorph structure and are used as a spectroscopic marker
to identify the presence of contrasting crystalline forms in the sample [45]. The sharp
increase in marker bands (Figure 5B) correlates with the α form at 693 cm−1, 920 cm−1,
1200 cm−1, and 1418 cm−1 in relation to the marker bands at 1172 cm−1. The crystalline
α-phase PA6 has a planar zig-zag structure and is thermodynamically more stable, while
the γ phase has a helix structure and is metastable [34]. Since the CH2 group is not ideally
packed, hydrogen bonds are more efficient in the α form. Contrastingly, in the γ form,
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hydrogen bonding is dominated by the ideal packing of methylene blocks [46]. Interactions
lead to the formation of new hydrogen bonds with the amide groups of PA6 and the OH
groups of cellulose. The intensity of the marker peaks after 1030 cm−1, at lower-CNF
composition nanocomposites, signifies the C-O stretching. The verge at 1722 cm−1 corre-
lates with a C=O stretching vibration resulting from a small degree of esterification of the
cellulose OH groups [47]. The affinity of CNFs and PA6 reorients the original hydrogen
bond in the PA6 polymer chain. The reorientation of the hydrogen bonds is more evident
for nanocomposites with a higher CNF content.

α
γ

α
γ

−

−

Figure 5. (A) FTIR spectra and (B) enlarged portion of the FTIR spectra at a lower wavelength for PA6 film, CNF film, and
40% and 50% formulation nanocomposite films.

3.5. TGA Analysis

Figure 6 shows the thermogravimetric (TGA) and the first derivative thermogravimet-
ric (DTG) curves for the control samples and PA6-CNF nanocomposites. For the control
samples, single-stage thermal decomposition bands with a distinct maximum weight loss
peak were observed. However, for the nanocomposite films, the thermal bands seemed
to have two-stage decomposition with two peaks indicating maximum weight loss. The
two-stage thermal decomposition is clearly observed in Figure 6B for the 30 wt.% and
40 wt.% formulations. Degradation initiation of PA6 occurs at ~405 ◦C, while for the
nanocomposites, it starts at ~290 ◦C (Figure 6A). During thermal degradation of CNFs
above 290 ◦C, cellulose decomposes, releasing combustible volatiles such as acetaldehyde,
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propenal, methanol, and acetic acid. These volatile products accelerate the decomposition
rate in the samples [34,48]. The degradation bands for the PA6-CNF nanocomposites were
between the control samples’ degradation bands (Figure 6B). From the DTG curves, maxi-
mum degradation temperatures of ~440 ◦C and ~350 ◦C were observed for the PA6 and
CNF films, respectively. Overall, the presence of the CNF content in the nanocomposites
reduces the thermal stability of the nanocomposites.

 

χ

Δ 𝝌𝒄 (%) 

α γ

Figure 6. (A) TGA curves and (B) DTG curves for PA6, CNF, and PA6-CNF nanocomposite films.

3.6. DSC Analysis

The polymer’s melting and crystallization behavior in the PA6 powder, PA6 film,
and PA6-CNF nanocomposite films was analyzed with DSC. The glass transition tempera-
ture (Tg), melting temperature (Tm), crystallization temperature (Tc), and the degree of
crystallinity (χc) of the PA6 polymer for all formulations are summarized in Table 4.

Table 4. Thermal parameters and degree of crystallinity for the PA6 polymer in the plain matrix and in the PA6-CNF
nanocomposites.

CNF Composition
(wt.%)

Tg (◦C) Tm (◦C) Tc (◦C) ∆HSample (J/s) χc (%)

PA6 powder 43.4 223.2 193.7 120.4 52.3
0 44.2 223.2 194.0 114.9 49.9

10 48.4 220.3 190.3 101.6 49.1
20 50.2 218.7 189.3 81.4 44.2
30 51.0 217.2 188.0 68.3 42.4
40 53.6 217.0 187.2 54.9 39.8
50 50.9 213.8 182.5 43.7 38.0

The DSC thermograms corresponding to the first heating and cooling cycles appear
in Figure 7. There was no morphological change in the crystal structure of the polymer
between the PA6 powder and the PA6 film (Figure 7A) since the Tm was similar in both
cases (~223 ◦C), which corresponded to the α-form and γ-form PA6 crystals [49]. A
tendency for decreased Tm with the increase in the CNF content was observed because
of a reduction in the crystalline order. The crystallinity of the PA6 pellets was slightly
greater than that of the PA6 casted film. This change in crystallinity suggests that formic
acid evaporation results in the formation of a metastable crystalline structure [50]. With
the addition of CNFs, the Tg for the nanocomposites occurred at a moderately higher
temperature compared to the control PA6 film. This increase in Tg is a result of the good
dispersion of CNFs within the PA6 matrix and the strong interfacial adhesion [51,52]. As the
CNF content increased, the crystallinity of nanocomposites reduced. Strong interactions
between the polar amide groups of PA6 and the hydroxyl groups of CNFs resulted in
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constrained segmental mobility of the PA6 chain [53]. This restricted conformational
freedom for the PA6 polymer and reduced the crystallinity of the nanocomposites.

 

α

𝛿 ′ 𝛿

Figure 7. DSC thermograms: (A) heating cycle, (B) melting region, and (C) cooling region, all at a rate of 10 ◦C/min, for
PA6 powder, PA6 film, and PA6-CNF nanocomposite films.

On cooling, a distinct crystallization exothermic peak (Figure 7B) for neat PA6 at
~194 ◦C relates to the α-form crystal [54]. Tc’s tendency to decrease as the CNF content
increased means that crystallization of PA6 begins later in the nanocomposites when com-
pared to neat PA6. Cellulosic materials at lower concentrations usually serve as nucleating
agents that increase the crystallization rate in PA6 [55,56]. However, at high weight frac-
tions of CNFs, the crystallization rate is retarded, reducing the degree of crystallinity, as
observed in our nanocomposites. Overall, in our case, it can be stated that the mobility of
PA6 chains is restricted by the addition of CNFs, thus reducing the crystallinity.

3.7. DMA Tests

Dynamic mechanical analysis was used for characterizing the viscoelastic behavior of
neat PA6 and PA6-CNF nanocomposites by a sinusoidal deformation in tensile mode. Due
to the polymer’s viscoelastic nature, the stress and strain for such materials will represent
a damping factor (δ). The reliance of the storage modulus (E′) and tan δ at temperatures
between 30 and 150 ◦C for neat PA6 and the nanocomposite formulations is shown in
Figure 8. From Figure 8A, the nanocomposite samples show good thermomechanical
stability with an increase in the CNF composition. The improved thermomechanical
properties of the nanocomposites indicate the presence of good interfacial bonding between
the CNFs and the PA6 matrix [57]. With the increase in temperature, PA6 showed a drastic
decrease in the storage modulus. The CNFs had a remarkable effect on the nanocomposites’
viscoelastic behavior, with an increase in the storage modulus throughout the range of
temperatures with the addition of CNFs. The presence of nanofibers reduces the elongation
and promotes stiffness, aiding the stress transfer through the nanocomposites [58]. The
increase in the storage modulus for the higher-CNF content nanocomposites suggests the
presence of percolated network structures of cellulose in the PA6 matrix, constraining the
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long-range motion of polymer chains and resulting in a pseudo-solid behavior [30]. The
presence of nanofibers reduces the elongation and promotes stiffness, aiding the stress
transfer through the nanocomposites [58]. Since the storage modulus serves as an accurate
measure of molecular rigidity, it shows that the nanocomposites become more rigid with
the addition of CNFs [59].

′ 𝛿𝛿 𝛿𝛿
𝛿

′ ′ ′ 𝛿

Figure 8. DMA results: (A) storage modulus (E′), and (B) tan δ for neat PA6 and the PA6-CNF nanocomposite films.

Additionally, the tan δ intensity for the nanocomposites after the glassy state decreased,
as seen in Figure 8B. Traversing from low to high temperatures, the tan δ peak for neat
PA6 is about ~94 ◦C (Figure 8B). The values of tan δ are related to the glass transition
temperature (Tg) and are higher than the values obtained from the DSC analysis. This
shift in the Tg is attributed to DMA being more sensitive than DSC as larger specimens
are used [60]. Nevertheless, the Tg from the tan δ peaks and the DSC results depict
similar trends of an increase in the Tg with the addition of CNFs. The reinforcement
factor (FR), defined as the ratio of storage moduli of nanocomposites and control samples,
is shown in Table 5 along with the DMA values obtained at the specific temperatures.
Expectedly, FR increases as the CNF composition increases, indicating improved stiffness
and corroborating the reinforcement effect.

Table 5. Summary of storage modulus, damping factor, and reinforcement factor (FR) for neat PA6
and the nanocomposite films at specific temperatures.

CNF Composition
(wt.%)

E
′ at 50 ◦C
(GPa)

E
′ at 80 ◦C
(GPa)

E
′ at 120 ◦C

(GPa)
tan δ Peaks

(◦C)
FR at 50 ◦C

0 0.82 0.71 0.44 94 -
10 1.35 1.12 0.89 102 1.6
20 1.72 1.55 1.29 108 2.1
30 2.38 2.15 1.71 110 2.9
40 3.36 3.27 3.09 112 4.1
50 3.68 3.36 3.10 117 4.5

4. Conclusions

Nanocomposite films of PA6, reinforced with a high content of CNFs, were successfully
prepared with the solvent casting method using a green solvent mixture of formic acid
and water. The CNFs obtained from enzymatic hydrolysis, followed by homogenization,
endowed an excellent reinforcement effect, providing a good dispersion, and enabled an
excellent stress transfer through the strong interface adhesion between the PA6 and CNFs.
The tensile test results demonstrate the excellent reinforcement effect, where the tensile
properties for the nanocomposites increased with an increase in the CNF composition.
The maximum values of the tensile strength (~124 MPa) and modulus (~4.2 GPa) were
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obtained with the 50 wt.% CNF formulation. The nanocomposite films were uniform,
indicating a good dispersion of CNFs in the PA6 matrix, and no agglomeration was seen
in the SEM micrographs. FTIR analysis revealed the molecular interactions between the
CNFs and PA6 through hydrogen bonds with the OH groups of cellulose. The TGA results
illustrate that with the increase in the CNF composition, the nanocomposites’ thermal
stability slightly decreased. DSC revealed small increases in the glass transition, followed
by a gradual decrease in crystallinity with the increase in the CNF content as a result of
the constrained mobility of PA6 chains upon the addition of CNFs. Maximum crystallinity
(~49%) was obtained for the 10 wt.% formulation. The nanocomposites had superior
thermomechanical stability with the increase in the CNF composition. This study presents
an environmentally friendly method in the interest of high-performance and high-cellulose
content bio-nanocomposites.
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