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ABSTRACT 

 

Electric Field Alignment of Cellulose Based-Polymer Nanocomposites. 

(May 2012) 

Sanjay Varma Kalidindi, B.E., Vellore Engineering College;  

M.S., University of Texas – Pan American   

Chair of Advisory Committee: Dr. Zoubeida Ounaies 

  

Cellulose whiskers (CWs) obtained from naturally occuring cellulose are nano-

inclusions which show a lot of promise as mechanical reinforcements in polymers. 

Typically, a relatively high content is added to realize improvement in effective 

mechanical behavior. This enhancement in modulus is usually followed by a modest 

increase in strength but generally the ductility and toughness decrease. Our approach is 

to use small concentrations of CWs so as not to detrimentally affect processability, 

toughness and ductility. By aligning the small concentrations, we target the same kind of 

improvement in modulus and strength as reported in the literature, but at much smaller 

volume contents.  

In this work, we investigate the effect of AC electric field on the alignment of 

dispersed nanoscale CW in a polymer. Polyvinyl acetate (PVAc) is used as the model 

polymer because of the good interaction between CWs and PVAc. A low concentration 

of 0.4wt% was used for the study. Two dispersion methods, namely basic and modified, 

were developed. The basic method led to micron scale dispersion. Using the modified 
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method, CWs were individually dispersed in PVAc with average lengths and diameters 

of 260 nm and 8 nm respectively yielding an aspect ratio of approximately 30. The 

behavior of CWs (alignment and chain formation) under an applied electric field was 

found to be a function of applied electric field magnitude, frequency and duration. 

Following alignment, the CW/PVAc nanocomposites are thermally dried in the presence 

of electric field to maintain the aligned microstructure. Improvements in dielectric 

constant and mechanical properties were observed for the aligned cases as compared to 

random case and pure PVAc. The optimal electric field magnitude, frequency and 

duration for the alignment and chain formation were found to be 200Vpp/mm, 50 KHz 

for duration of 20 minutes for the microcomposite and 250Vpp/mm, 10KHz for a 

duration of 1hr for the nanocomposite. At 0.4wt% concentration, 21% increase in 

dielectric constant for the optimal nanocomposite case. Above Tg, a 680% improvement 

in elastic modulus at 0.4wt % concentration for the optimal nanocomposite case. The 

reason for the significant reinforcement is attributed to alignment (rotation and chain 

formation) and chain-chain interaction (3D network formation and hydrogen bonding).  
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NOMENCLATURE 

 

CWs Cellulose whiskers 

MFCs Microfibrillated cellulose 

DMA Dynamic mechanical analysis 

AFM Atomic force microscopy 

PVAc Polyvinyl Acetate 

DMF Dimethyl Formamide 

OM Optical microscopy 

SEM Scanning electron microscopy 

DSC Differential scanning calorimetry 

TGA Thermogravimetric analysis 

Tg Glass transition temperature 

E’ Storage modulus 

SF Unidirectional short fiber composites 

LF Aligned long fiber composites 

MH Modified Halpin-Tsai 

E Elastic modulus 

Ec Elastic modulus of composite 

Ef Elastic modulus of fiber 

Em Elastic modulus of matrix 

α Randomness factor 
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l/d Aspect ratio 

Vf Volume fraction 

Ec,L Elastic modulus of composite in the longitudinal direction 

Ec,T Elastic modulus of composite in the transverse direction 
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1. INTRODUCTION 

 

Cellulose is the world’s most abundant, renewable, biodegradable polymer. 

Cellulose is known to occur in a wide variety of living species namely plants, animals, 

sea creatures, bacteria and algae [1]. Examples of plants that contain cellulose are flax, 

ramie, cotton, jute, sisal, hemp and palm [2]. In recent years cellulose based materials 

have attracted great interest in the plastic industry because of their low cost, 

recyclability, bio-compatibility, eco-friendliness, low density, ease of processability, high 

specific modulus and strength. Cellulose fiber reinforcements are showing a lot of 

promise in automotive applications [3-5]. Other potential applications like furniture, 

sports, aircrafts and railways are also being considered [6]. Also, cellulose has been 

known to be a piezoelectric polymer. Bazhenov first reported a piezoelectric response in 

wood [7]. In 1955, Fukada demonstrated that the observed piezoelectricity was due 

oriented cellulose crystallites [8]. Despite these early studies, cellulose as a smart 

material was not fully explored until recently. Researchers showed that cellulose based 

electro–active paper undergo large bending deformations when an electric field is 

applied [9-12]. Because cellulose is relatively cheap and biodegradable, it is 

advantageous for applications like smart skin, smart wall paper, MEMS, micro insect 

robots and so on [13-16]. 

 

____________ 
This dissertation follows the style of IEEE Transactions on Magnetics. 
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In particular, cellulose whiskers (CWs) (obtained by chemical treatment of 

cellulose) as inclusions show a lot of promise that could address needs in multifunctional 

materials due to exceptional mechanical properties and their potential piezoelectric 

response [9, 17-19]. Since the first announcement of using CWs as a reinforcing phase 

[20-21], they have been extensively used as model fillers in several kinds of polymeric 

matrices, including synthetic and natural ones. A recent review reported the properties 

and application in nanocomposite field of cellulosic whiskers [1]. CWs occur as highly 

crystalline elongated rod-like particles or whiskers with aspect ratios ranging from 10-

100. The precise physical dimensions of the crystallites depend on several factors, 

including the exact hydrolysis conditions, the ionic strength and particularly the source 

of cellulose. They can be as short as about a tenth of a micrometer, for cotton [22] and 

wood cellulose [23], or as long as several micrometers for tunicates or seaweeds such as 

Valonia [24]. The width is typically between 4 and 20 nm. On the other hand, 

Microfibrillated cellulose (MFC) consist of crystalline regions joined by amorphous 

regions. Like CWs, the dimensions depend on the source of cellulose. They are usually 

tens of microns in length and 50-100 nm in diameter. The properties of cellulose can 

potentially be exploited by using it as nanoscale reinforcement in polymers composites.  
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1.1 Background 

 

1.1.1 Cellulose Structure 

 

Native cellulose present in macroscopic fibers (plant fibers) consists of a 

hierarchical structure. The hierarchical structure is built up by smaller and mechanically 

stronger entities consisting of native cellulose fibrils. The fibrils interact strongly and 

aggregate to form native cellulose fibers [2]. These fibrils consist of crystalline regions 

connected by amorphous regions. The amorphous regions form weak spots along the 

fibril. These fibrils display high stiffness and are an ideal material for reinforcement of 

nanocomposite materials. The hierarchical structure is shown in Figure 1.1a. Figure 1.1b 

shows procedure used to prepare nanofillers from native cellulose.  

There are various ways of preparing nanofibers from natural cellulose fibers. One 

such method consists of subjecting plant fibers to strong acid treatment combined with 

high power sonication. The acid treatment leads to hydrolysis of the amorphous regions, 

yielding rod-like nanofibers called cellulose whiskers. The acid hydrolysis leaves behind 

sulfate groups on the CWs. The electrostatic repulsion between the sulfate groups on the 

CWs help in dispersion of CWs in organic media. The dimensions of the cellulose 

whiskers depend on the source of the cellulose. 
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Figure 1.1: Schematic (a) Hierarchical structure of cellulose and (b) Procedure to 

achieve MFCs (High shear mixing) and CWs (acid hydrolysis) [25-26]. 

High Shear 
Mixing
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(CWs)
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Some typical transmission electron microscope images of these CWs are shown in 

Figure 1.2. 

 

 

Figure 1.2: Transmission electron micrographs of cellulose whiskers obtained from 

acid hydrolysis of microcrystalline cellulose [27],  b tunicate [28], c cotton [29], d 

ramie [30]. 

 

By excluding the hydrolysis step and subjecting the natural cellulose fibers to 

high mechanical shearing forces, breakdown of the fibers occurs, leading to a material 

called microfibrillated cellulose (MFC). The MFCs consist of both amorphous and 
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crystalline cellulose. Some typical transmission electron microscope images of MFCs 

are shown Figure 1.3. 

 

 

 
 
Figure 1.3: Transmission electron micrographs of cellulose microfibrils (a) 

bleached wood pulp, (b) cotton, (c) tunicin, and (d) bacterial cellulose [31]. 

 

1.1.2 Dispersion 

 

CWs tend to agglomerate in bundles because of the tendency of whiskers to form 

strong hydrogen bonds with each other. Owing to agglomeration, the main concern 

associated with making effective nanocomposites from cellulose whiskers is dependent 
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on their homogeneous dispersion within a polymer matrix. Water is the preferred 

medium because of the high level of dispersion and high stability of cellulose whisker 

dispersions. Researchers have shown that excellent dispersion can be achieved in 

aqueous dispersed polymers, i.e., latexes, [20, 32-33]. Starting from the first study in 

1995, the main focus in 90’s (1995-1999) and early 2000’s (2000-2005) was on 

reinforcing various water based polymers systems with high concentrations of various 

sources of CWs to achieve improvements in mechanical properties. There were 16 

publications each in the 90’s and early 2000’s. However, this option restricts the choice 

of the matrix to water-soluble ones. To use CWs in non-aqueous systems they can be 

coated with a surfactant [34]. However, the high amount of surfactant needed to coat the 

high specific surface of CWs prohibits the use of this technique in composite 

applications. More recently (2006-2012), researchers have developed dispersion 

methods for use of CWs in non-water based polymer systems. There was renewed 

interest into looking at CWs for structural applications because of the new dispersion 

methods leading to 133 publications from 2006 to 2011. With the new dispersion 

methods, recently, it was shown that tunicin whiskers could be dispersed in DMF 

without additives or any surface modifications [35]. This result opens avenues for the 

use of CWs in non-water based polymer matrices.  

 
 
 
 
 



8 
 

 
 

1.1.3 Mechanical Reinforcement 

 

Cellulose whiskers with different aspect ratios isolated from different sources, 

like tunicin [20], linter [36], cotton [37] , straw [33], sisal [38], sugar beet [39] and MCC 

[40], were evaluated as a reinforcing phase in nanocomposites using different polymer 

matrices such as natural rubber , poly(styrene-co-butyl acrylate) [20, 32], PLA [36], 

PVA [40], POE [41-42] and PCL [43]. In most cases, the mechanical properties were 

substantially improved depending on the amount and homogeneity of cellulose filler 

dispersion. The strong reinforcing effect of the whiskers is generally attributed to the 

formation of a percolating network structure above the percolation threshold resulting 

from hydrogen bonding between nanoparticles [44-45]. 

CWs polymer nanocomposites have great potential in nanocomposite 

reinforcement applications. Since the first announcement of using cellulose whiskers as 

a reinforcing phase by Favier et al, new nanocomposite materials with original properties 

were obtained by physical incorporation of cellulose whiskers into a polymeric matrix 

[20, 33, 35, 46-48]. Favier et al. investigated the percolation of nanowhiskers extracted 

from tunicates [20] as shown in Figure 1.4. The authors measured shear modulus using 

the DMA. A spectacular improvement in the storage modulus after adding tunicin 

whiskers into a poly(S-co-BuA) matrix was observed. This increase was especially 

significant above the glass-rubber transition temperature. In the rubbery state of the 

thermoplastic matrix, the modulus of the composite with a loading level as low as 6 wt 

% is more than 2 orders of magnitude higher than the one of the unfilled matrix.  



 

 

Figure 1.4: DMA plot of t

 

Helbert et al. reported that a poly(S

wheat straw cellulose whiskers presented a rubbery Young‘s modulus value more than 

1000-times higher than that of the bulk matrix

was ascribed not only to the geometry and stiffness of the whiskers, but also to the 

formation of an H-bonded whiskers network.

 

Figure 1.5: DMA plot of w

[33]. 

 

 

of tunicate cellulose whiskers reinforced latex system 

Helbert et al. reported that a poly(S-co-BuA) latex film containing 30 wt% of 

wheat straw cellulose whiskers presented a rubbery Young‘s modulus value more than 

times higher than that of the bulk matrix [33] as shown in Figure 1.5

was ascribed not only to the geometry and stiffness of the whiskers, but also to the 

bonded whiskers network. 

 

of wheat straw cellulose whiskers reinforced latex system 

9 

unicate cellulose whiskers reinforced latex system [20]. 

BuA) latex film containing 30 wt% of 

wheat straw cellulose whiskers presented a rubbery Young‘s modulus value more than 

Figure 1.5. This effect 

was ascribed not only to the geometry and stiffness of the whiskers, but also to the 

heat straw cellulose whiskers reinforced latex system 
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The enhancement in tensile modulus and strength of polymers, especially above 

Tg, is widely described in the literature [20, 30, 33]. However, the presence of whiskers 

tends to decrease the elongation at break of the nanocomposites compared to the neat 

matrix [1, 30, 49-50]. For example, Bendahou et  al showed that with addition of 10wt% 

cellulose whiskers from palm trees to natural rubber, percent elongation decrease 

drastically from 576% to 16% (see Figure 1.6) [51]. 

 

 

Figure 1.6: Tensile stress vs strain plot of cellulose whiskers reinforced polymer 

nanocomposites [51]. 

 

Most recently, Shanmuganatha et al used a solvent transfer method to make CWs 

reinforced polyvinyl acetate nanocomposites using an organic solvent [47]. The authors 

used  4 to 16.5wt% CWs in PVAc. The authors reported significant improvement in 

mechanical properties with the solvent transfer method as shown in Figure 1.7. They 

achieved a 100% and 4500% improvement in storage modulus below and above the Tg 

respectively. 
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Figure 1.7: DMA of cellulose whiskers reinforced polyvinyl acetate [47]. 

 

To summarize, CWs reinforced composites showed significant improvement in 

mechanical properties. The drive for the significant improvement was attributed to the 

formation of 3D structure beyond the percolation threshold. Due to the strong hydrogen 

bonding, improvements as high as 5000% have been achieved. These improvements 

were typically achieved with high concentrations of CWs (10 wt% or more).  

 

1.1.4 Electric Field Alignment 

 

It has been shown that improvements in mechanical and electrical properties can 

be achieved by aligning nanoparticles in polymer nanocomposites [52-53]. Researchers 

have aligned various nanoparticles like SWNT [54-57], MWNT [58-59], gold [60] and 

CNF [61] in polymer nanocomposites. 
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Researchers have manipulated CWs in aqueous solutions under an external field 

using either shear forces [62] or magnetic fields [19]. However, there is limited work in 

the field of electric field - patterning of CWs in polymers. Bordel et al used AC electric 

field to align native cellulose in chloroform and cyclohexane [40]. They aligned native 

cellulose at 200V/mm and 1KHz alignment frequency and observed rotation of cellulose 

particles under electric field as shown in Figure 1.8. The study was limited to one AC 

electric field and frequency. Figure 1.8(a) shows random orientation and (b) shows 

aligned microstructure of native cellulose. The study did not make composites to study 

mechanical reinforcement.  

 

Figure 1.8: Alignment of native cellulose in chloroform and cyclohexane [40]. 

 

Habibi et al aligned cellulose nanocrystals using AC electric fields by varying the 

electric field and frequency to study the behavior of the cellulose nanocrystals in water 

using a surfactant [63]. They studied the behavior of cellulose for a wide range of 

voltages (2.5 – 20V/mm) for a frequency range of 1KHz to 2 MHz. Figure 1.9 shows the 

aligned microstructure they achieved. This study was also limited to alignment in 

Bordel et al 2006
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solution. In addition Bordel et al and Habibi et al used a parallel electrode configuration 

to carry out the experiments.  

 

 

Figure 1.9: AFM image of electric field oriented tunicate cellulose nanocrystals 

prepared at 10 V with a frequency of 2.5 x 105 Hz and electrodes width gap of 20 

µm [63]. 

 

In summary, a planar electrode configuration was used to carry out experiments 

reported in the literature. A planar electrode configuration is not amenable to processing 

of aligned CWs-reinforced polymer nanocomposites.  Also, the effect of varying the 

frequency of the applied AC electric field for parallel electrode configuration has not 

been investigated before. Studying and understanding the change in microstructure by 

measuring in-situ dielectric properties was also not looked into.  
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1.2 Problem Statement 

 

Some of the potential applications of AC electric aligned CWs nanocomposites 

are listed below in Figure 1.10. For example in battery applications PEO is used as a 

solid polymer electrolyte. The ideal operating temperatures of batteries are 50-80°C and 

PEO melts at ~50° C. Researchers have looked at reinforcing PEO with cellulose 

whiskers to improve the mechanical properties and thermal stability for battery 

applications. However, high concentrations of cellulose whiskers are needed to achieve 

improvements in elastic modulus and tensile strength. The high concentrations make the 

PEO brittle which is not ideal for battery application. Researchers have looked at 

reinforcing polymers with CWs for flexible display applications. By aligning low 

concentrations of CWs, we could potentially improve the elastic modulus and tensile 

strength by not detrimentally affecting toughness and elongation at break. 

Similar to the problem in battery applications, significantly high concentrations 

were necessary to realize improvements. This usually affected the transparency and 

flexibility of the displays. By aligning low concentrations of CWs, we could potentially 

improve the elastic modulus and tensile strength by not detrimentally flexibility and 

transparency of the composites.  

Cellulose is a piezoelectric polymer and has been shown to act as nucleating sites 

for polymer crystallization. Adding CWs to other piezoelectric polymer systems like 

PVDF and polyimides could potentially lead to improved piezoelectric response and by 

aligning CWs the mechanical properties can also be improved.  
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Finally aligned CWs can potentially be used in the packaging industry. Apart 

from improved mechanical properties, the aligned CWs microstructure will result in a 

torturous path for diffusion of gases leading to improved barrier properties.   

 

Figure 1.10: Potential applications of AC electric field aligned CWs 

nanocomposites.  

  

This research targets a detailed investigation into the use of cellulose as 

reinforcing material in polymer nanocomposites by focusing on developing a 

methodology for dispersion and AC electric field alignment of cellulose based 

nanoparticles in polymer nanocomposites.  

The purpose of this study is to investigate the assembly of CWs using an AC 

electric field as a function of electric field magnitude, frequency and duration for a 

parallel electrode configuration. Also, in the literature, researchers have used very high 

concentrations of CWs to realize improvements in storage modulus. This enhancement 
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in modulus is usually followed by a modest increase in strength but generally the 

ductility and toughness decrease. Our approach is to align small concentrations of CWs 

to achieve the kind of improvements reported in the literature by not detrimentally 

affecting toughness and ductility. The study will then be extended to preparing bulk 

PVAc composites with aligned CWs to access the effect of alignment on physical 

properties.  

 

We propose to achieve our goals through the following steps; 

i.   Dispersion of CWs in polymer nanocomposites 

In this step we will focus on developing a “processing method” wherein water 

can be removed by a solvent transfer method and replaced with a nonaqueous solution 

for cellulose whiskers dispersion in non water based polymer systems. We will then 

characterize the dispersion and relate results to state of dispersion. 

 

ii. Electric field manipulation of micro CWs in polymer composites 

 We will firstly, align micron scale CWs to allow for visual inspection of the 

microstructure and to understand the behavior of CWs under an applied electric field and 

evaluate the effect of the following parameters; 

a) Electric field magnitude  

b) Frequency  

c) Duration of applied electric field 
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iii. Electric field manipulation of Nano CWs in polymer composites 

With necessary understanding of the behavior of micro CWs, we will move on to 

aligning the nano scale dispersed CWs. We will develop a methodology that is amenable 

to composite processing with aligned cellulose and study the effect of AC electric field 

on the behavior of CWs in polymer composites and evaluate the above mentioned 

parameters. 

 

iv. Exploring the impact on physical properties of aligned CWs reinforced polymer 

nanocomposites  

In this step we investigate the effect of alignment on dielectric and mechanical 

reinforcement of CWs reinforced polymer nanocomposites. Specifically this includes the 

following tasks; firstly, characterize physical properties as a function of alignment 

parameters. Secondly compare the physical properties “parallel” and “perpendicular” to 

electric field direction to assess the enhancement in properties and finally understand the 

“mechanism” that drives the impact on physical properties.  
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2. EXPERIMENTAL 

 

2.1 Materials 

 

Acetone and Dimethylformamide (DMF) purchased from Sigma Aldrich were used as 

solvents to disperse. The properties of DMF are listed in Table 2.1. Polyvinyl acetate 

(PVAc) purchased from Sigma Aldrich was used as a model polymer. The properties of 

PVAc are listed in Table 2.2.  

 

Table 2.1: Properties of DMF 

 DMF 

Grade  Anhydrous 

Evaporation temperature 60 oC 

Density 0.944g/mL 

 

Table 2.2: Properties of PVAc 

 PVAc 

Molecular weight ~100,000  

Tg 42 oC 

Density 1.18g/mL 



19 
 

 
 

 

CWs extracted from date palm trees were used (procedure is detailed below). The 

properties of CWs are listed in table 2.3.  

 

Table 2.3: Properties of CWs 

 CWs 

Chemical Structure 

 

Functional Groups Sulfate (SO3-) ~ 15% 

Length ~260 nm 

Diameter ~8 nm 

Aspect ratio ~ 32 

 
 

2.1.1 Cellulose Extraction 

 

Cellulose whiskers and microfibrillated cellulose were extracted from the rachis 

of the date palm tree. Colloidal suspensions of CWs in water were prepared based on the 

method developed by, Wise, Marchessault and Paako. [25, 64-65]. A flowchart of the 

method used is shown in Figure 2.1. Fragments of the rachis of the palm tree were 

purified with a mixture of acetone /ethanol (68/32) using soxhlet. The purified matter 
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was twice submitted to alkali treatment with 2wt% of NaOH at 80°C for 2 hours and 

then subjected to four successive bleaching treatment using sodium chlorite (NaClO2) 

4,8 tampon solution at 70°C. The bleached pulp was then subjected to acid treatment 

with 65wt% sulphuric acid solution at 45°C for 45 min under stirring. Suspensions were 

washed with water until neutrality is reached, dialyzed against deionised water, and then 

filtered leaving behind CWs. On the other hand, the bleached pulp was subjected to high 

shear mixing to achieve MFCs 

 

 

Figure 2.1: Extraction of CWs and MFCs from date palm tree. 

 
 
 
 

Powdered Raw Material

Purified Cell Wall Material

Bleached Pulp 

Cellulose Whiskers Microfibrillated Cellulose

Toulene - Ethanol (62:38), 24h

Alkaline treatment NaOH 2%, 80oC, 2h(x2)

Bleaching NaClO2, pH=4.8, 70oC, 1h (x2)

Acid hydrolysis 

H2SO4, 65%, 45min
High Shear Mixing
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2.2 Processing 

 

2.2.1 Dispersion 

 

2.2.1.1 Low Viscosity Silicone Oil  

 

The extracted cellulose whiskers were dispersed in acetone under bath 

sonication. Weighed amount of silicone oil was then added to the solution. The solution 

was put on a hot plate at 60°C and stirred for 30 minutes at 150 rpm to enable the 

evaporation of acetone. The viscosity of the silicone oil used was 100cp.  

 

2.2.1.2 PVAc – Basic Method 

 

In this study we used a non-covalent approach to exfoliate the CWs. As received 

CWs (0.1g) were dispersed in 4 g of DMF under bath sonication for 4 hours. 1g of 

PVAc was dissolved in 4.9g DMF on a hot plate at 40ºC separately. Both solutions were 

then mixed together, such that the final concentrations were 1, 10 and 89 wt% of CWs, 

PVAc and DMF respectively. The solution was then put in a bath sonicator and 

sonicated for an additional 4 hours. This solution was used for the In-situ alignment 

study to allow visual inspection of the microstructure and mechanism. This method will 

be referred to as the basic method. 
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Pure PVAc and CW/PVAc films were prepared by solution casting with the 

above described dispersion method. Films of pure, 0.1 and 0.2wt% CW/PVAc 

composites with 20wt% PVAc were cast. PVAc pellets were mixed with DMF as 

explained above. After the pellets dissolved completely in the solvent, the solution was 

poured onto a heat-resistant glass ceramic plate. A doctor blade was moved across the 

glass plate to create films of uniform thickness. The CW/PVAc micro-composites films 

were similarly cast with the following added steps; CWs were dispersed in DMF using a 

bath sonicator for 4 hours. The solution of dispersed CWs in DMF was then mixed with 

the PVAc/DMF solution and the mixture is further bath sonicated for 4 hours. The 

sonication times differ because at low concentration the CWs disperse easier that at high 

concentrations. This method was used to process the CW/PVAc composites. The 

thickness of the films were between 40-50µm. 

 

2.2.1.3 PVAc – Modified Method 

 

Due to the possibility of water (present in as-received CWs) acting as a 

plasticizer, a modified dispersion method was developed. A high power sonication 

method to exfoliate the CWs was used. A flowchart of the dispersion process is shown 

in Figure 2.2. As-received CWs (0.2g) were dispersed in 9.9 g of water under probe 

sonication for 10 minutes in an ice bath; the ice bath prevents evaporation of the solvent 

and degradation of the polymer. The solution was centrifuged at 8500 rpm for 15 

minutes. The water was replaced by DMF and the solution is then sonicated for 10 
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minutes. This step is repeated five times to remove all the water present in the as-

received CWs. The solution was then sonicated for an additional 60 minutes. 1g of 

PVAc was dissolved in 9.9g DMF on a hot plate at 40ºC. Both solutions (CW-DMF and 

PVAc-DMF) were then mixed together, such that the final concentrations were 0.04, 10 

and 89.96 wt% of CWs, PVAc and DMF respectively. The solution was then probe 

sonicated for an additional 60 minutes. This method will be referred to as the modified 

method. 

CW/PVAc films were prepared by solution casting with the modified dispersion 

method to compare the mechanical properties achieved by the two dispersion methods. 

 

 

Figure 2.2: Flow chart showing the dispersion method. 

 

A systematic study was done to figure out the power needed for the high power 

sonicator to achieve nanoscale dispersion. The ideal sonication parameters were found to 

Repeat 5 times

Sonication of CWs in Water

Centrifuge solution at 8500 Rpm for 15Mins

Replace water with DMF

Sonication for 10 min

Add to solution of DMF/PVAc 

Sonication for 60 min

Sonicate composite solution for 60 min 
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be 450 W power for 60 minutes of sonication time. Figure 2.3a and b show the mold 

used for study and aligned nanocomposite sample with dimensions. 

 

     

Figure 2.3: Picture of (a) Mold and (b) Aligned nanocomposite sample. 

 

2.3 Electric Field Processing and Characterization 

 

AC electric field was used to align and manipulate CWs in PVAc. Parallel 

electrodes separated by a distance of 1mm were used for the in-situ alignment study with 

the basic dispersion method. For making aligned nanocomposites parallel electrodes 

separated by 18mm were used as shown in Figure 2.4. An HP 33120A function 

generator supplied the AC voltages and this was integrated with a TREK 609D-6 high 

voltage amplifier. A variety of AC electric field magnitudes (100, 150, 200, 500 and 

1000 Vpp/mm) were used for the in-situ study and (100,150, 200 and 250 V/mm) for the 

aligned nanocomposite study. A wide range of frequencies (0.1 mHz to 1 MHz) were 

applied to the resulting solution for 20 minutes for the in-situ study and 1 Hour for the 

nanocomposite study. 

18mm

38mm

Direction of 

alignment

Thickness ~ 400μm



 

 

Figure 2.4: Parallel electrode configration setup. All dimensions

The 1 wt% CWs/ PVAc solution was poured in between the electrodes. AC 

electric field was applied for 1 hour. After 1 hour, the solution was heated to 60

evaporate the DMF. The temperature was maintained at 60

left on for another 3 hours. The electric field was then switched off while the 

temperature was maintained for an additional 24 hours to remove any tra

Figure 2.5 shows the curing profile used. 

and put in the vacuum oven to remove any residual DMF. The same electrode setup was 

used to measure in-situ dielectric properties. 

 

Figure 2.5: Curing profile used for the aligned nanocomposites

 

 

: Parallel electrode configration setup. All dimensions are in mm.

 

The 1 wt% CWs/ PVAc solution was poured in between the electrodes. AC 

lied for 1 hour. After 1 hour, the solution was heated to 60

evaporate the DMF. The temperature was maintained at 60oC and the electric field was 

left on for another 3 hours. The electric field was then switched off while the 

temperature was maintained for an additional 24 hours to remove any tra

shows the curing profile used. The sample was then removed from the mold 

and put in the vacuum oven to remove any residual DMF. The same electrode setup was 

situ dielectric properties.  

 

: Curing profile used for the aligned nanocomposites. 
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are in mm. 

The 1 wt% CWs/ PVAc solution was poured in between the electrodes. AC 

lied for 1 hour. After 1 hour, the solution was heated to 60oC to 

C and the electric field was 

left on for another 3 hours. The electric field was then switched off while the 

temperature was maintained for an additional 24 hours to remove any trapped DMF. 

The sample was then removed from the mold 

and put in the vacuum oven to remove any residual DMF. The same electrode setup was 
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2.4 Characterization 

 

2.4.1 Microscopy 

 

Optical Microscopy (OM) was used to characterize the dispersion and electric 

field effects on the CWs. OMs were obtained using a Zeis Axiovert 200 Optical 

Microscope.  Multiple OMs were taken of each film to assess uniformity throughout the 

film. Scanning Electron Microscope (SEM) images were obtained to study the CWs 

dispersion. The CWs/PVAc films were cleaned with isopropyl alcohol and then frozen 

in liquid nitrogen and fractured. Images of the fracture surface were obtained to better 

understand the dispersion of CWs. Transmission electron microscopy was used to study 

the effect of oxidation on the sizes of MFCs. 

 

2.4.2 Differential Scanning Calorimetry (DSC) 

 

DSC was used to investigate the behavior of the polymer with the addition of the 

CWs, using Q20 from TA instruments. For each measurement, a sample of about 10 ± 

0.5 mg was placed in an aluminum pan and heated to 80°C at a heating rate of 

10°C·min−1 and cooled to 0°C at the same rate. Data shown represent averages of at least 

three samples. 
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2.4.3 Dielectric Spectroscopy 

 

The in-situ dielectric properties were used using a Quadtech® LCR meter. The 

measurements were done at room temperature at wide range of frequencies (50 Hz to 1 

MHz). Data shown represent averages of at least three samples. The samples are 

electroded using high purity silver paint.  

Dielectric broadband spectroscopy is used to measure the dielectric permittivity 

of the samples. A sinusoidal voltage in the form of V=V0 Sin(wt) is applied across the 

thickness of the sample and the current flow through the sample is measured by the 

instrument which is in the form of I=I0 Sin(wt+δ).  The ratio of output current to the 

input voltage is the complex capacitance of the material which can be written in the form 

of C*=C'+iC". Using parallel plate geometry the complex capacitance is converted to the 

complex dielectric permittivity of the material. Equation 1 shows the relation between 

capacitance and dielectric constant in parallel plate geometry setup:  

           (1)  

 

Where, 

C = Capacitance 

ε = Dielectric constant 

ε0 = Permittivity of free space 

 

d

A
C 0εε

=
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The capacitance of the aligned microstructure is measured from the LCR meter. Using 

equation 1 the dielectric constant of the aligned microstructure is calculated. 

 

2.4.4 Dynamic Mechanical Analysis (DMA) 

 

The dynamic mechanical properties of the nanocomposites were measured with a 

RSA III DMA from TA instruments. The tensile testing fixture was used at a frequency 

of 1Hz, a strain of 0.01%. A temperature range of -80οC to 80οC at a heating rate of 

3οC/min was used. The tests were performed using samples with dimensions, 

approximately equal to 5 x 5 x 0.05 mm. Data shown represent averages of at least three 

samples.  

In a DMA, an oscillatory strain in the form of ε(t) = ε0sin (ωt) is applied to the 

sample where ε0 is the strain amplitude, ω is the frequency, and t is time. For viscoelastic 

materials the dynamic stress (σ) can be expressed as:  

               (2) 

Where E’ and E” are storage and loss modulii respectively. In addition, the ratio of loss 

modulus to storage modulus can be defined as the loss tangent: Tan δ = �"/�′ where δ is 

called phase angle. Generic profile of storage modulus as function of temperature is 

shown in Figure 2.6. 

 

( )tEtEt ωωεε cos"sin)( '
0 +=
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Figure 2.6: Profile of storage modulus as a function of temperature. 

  

2.4.5 Tensile Testing 

 

An Instron machine was used to perform the tensile tests on pure PVAc and 

composites made by the basic and modified method. These tests were performed using 

rectangular samples with dimensions; approximately equal to 40 x 5 x 0.05 mm. Tensile 

tests were also performed on the aligned samples and compared to pure PVAc and 

randomly oriented composites. These tests were performed using rectangular samples 

with dimensions of 8 x 5 x 0.4 mm. Data shown represent averages of at least three 

samples. The grips used are shown in Figure 2.7.  
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Figure 2.7: Tensile test grips. 

 

 Figure 2.8 shows the generic stress vs. strain plot for polymers. The slope of the 

linear portion of the stress-strain curve is used to measure the elastic modulus (E) of the 

material. The maximum stress is taken to be the tensile strength (TS) . The area under 

the stress-strain gives the toughness of the material and finally the maximum length to 

which the material can extend is the percentage elongation (% EL). 

 

 

Figure 2.8: Generic Stress Vs. strain plot for polymers. 
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2.4.6 Atomic Force Microscopy (AFM) 

 

A Bruker Icon AFM was used to study the dispersion as well as CWs sizes. The 

AFM was used in the scanning mode. The tip of the AFM is scanned laterally across the 

surface and the vertical movements of the tip are recorded. This information is used to 

construct a quantitative 3D image of the surface. Surface AFM was done of the random 

samples to study the dispersion of CWs in PVAc and cryogenically fractured samples 

were used to study the alignment of CWs in PVAc. 

 

2.4.7 Thermogravimetric Analysis (TGA) 

 

Presence of moisture and solvent in the nanocomposites were measure using a 

TGA from TA instruments. Presence of moisture and solvent content can be measured by 

the changes in weight of the samples with increasing temperature. The heating cycle 

used for this study was 30oC to 250oC at a heating rate of 10oC per minute. Samples of 

10-15mg were used for the study. 

  



 

 

3.

 

3.1 Dispersion 

 

3.1.1 Silicone Oil 

 

Method described in chapter 2 section 2.2.1.1 was 

silicone oil. Important features of silicone oil are included in Table 

sonication process helps prevent reagglomeration of CWs in addition to breaking the 

large CW agglomeration. OM images

50µm) and not as individual whiskers, resulting in a microcomposite. However, there is 

a possibility that a few of the CWs were individually dispersed; due to the resolution of 

the OM, it is not possible to verify if that is th

dispersion of CWs in acetone and 

silicone oil. The dispersion of CWs was found to be stable over long periods of time. 

 

Figure 3.1: OM images of (a) Initial 

dispersion of CWs in silicone oil

a 

 

3. RESULTS AND DISCUSSION 

Method described in chapter 2 section 2.2.1.1 was followed to disperse CWs in 

Important features of silicone oil are included in Table 2.1 of chapter 2. 

sonication process helps prevent reagglomeration of CWs in addition to breaking the 

OM images showed CWs were dispersed as small bundles (< 

50µm) and not as individual whiskers, resulting in a microcomposite. However, there is 

a possibility that a few of the CWs were individually dispersed; due to the resolution of 

the OM, it is not possible to verify if that is the case. Figure 3.1a shows the pre

dispersion of CWs in acetone and Figure 3.1b shows the final dispersion of CWs in 

The dispersion of CWs was found to be stable over long periods of time. 

  
: OM images of (a) Initial dispersion of CWs in acetone and

dispersion of CWs in silicone oil. 

b 
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followed to disperse CWs in 

1 of chapter 2. The 

sonication process helps prevent reagglomeration of CWs in addition to breaking the 

ispersed as small bundles (< 

50µm) and not as individual whiskers, resulting in a microcomposite. However, there is 

a possibility that a few of the CWs were individually dispersed; due to the resolution of 

a shows the pre-

b shows the final dispersion of CWs in 

The dispersion of CWs was found to be stable over long periods of time.  

 
dispersion of CWs in acetone and (b) final 
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3.1.2 Basic Method - PVAc 

 

The OM of as-received CWs in acetone is shown in Figure 3.2a. By ultra 

sonicating the CWs in acetone and then dispersing them in PVAc a homogeneous 

dispersion of CWs results as shown in Figure 3.2b. The detailed procedure followed is 

given in chapter 2 section 2.2.1.2. The sonication process significantly reduces the large 

CWs agglomeration. Although CWs were homogeneously dispersed, optical images 

(OMs) show that they were dispersed as small bundles (< 10µm) and not as individual 

whiskers, resulting in a microcomposite (Figure 3.2b). However, it is possible that a few 

of the CWs were individually dispersed. Owing to the resolution of the OM, it is not 

possible to see them if that is the case.  

 

  

Figure 3.2: OM images of (a) Initial dispersion of CWs in acetone and (b) final 

dispersion of CWs in PVAc. 

 

 

a b 
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3.1.3 Modified Method - PVAc 

 

Method described in chapter 2 section 2.2.1.3 was followed to disperse CWs in 

PVAc. The high power sonication method leads to homogeneous dispersion of CWs in 

PVAc. Figure 3.3 shows the SEM image of the fractured surface of 0.4wt% CWs/PVAc 

nanocomposite. CWs were individually dispersed with average lengths and diameters of 

~260 nm and ~8 nm respectively yielding an aspect ratio of approximately 33. 

 

 

Figure 3.3: SEM of fracture surface of 0.4wt% CWs/PVAc nanocomposite. 

 

AFM was used to further verify the sizes of CWs in PVAc. Figure 3.4 shows an 

AFM image of surface of 0.4wt% CWs/PVAc nanocomposite. The average dimensions 

of the CWs were found to be ~260nm in length and ~8nm in width as evidenced by 

SEM. The dimensions of CWs from the above SEM and AFM were compared to the 

AFM image of as received CWs in PVAc. It was found that the dimensions of as 

received CWs in water and CWs dispersed were found to be the same. 
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Figure 3.4: AFM image of 0.4wt% CWs/PVAc nanocomposite. 

 
 
3.1.4 Comparison of Basic and Modified Methods 

 

DSC was used to study the thermal behavior of the polymer and the CWs 

reinforced polymer composites. Figure 3.5 and Table 3.1 shows the DSC results of pure 

PVAc and CW/PVAc composites processed using the basic and modified methods. No 

melting or re-crystallization peaks were observed. This behavior is typical of an 

amorphous polymer. The glass transition (Tg) temperature of PVAc was found to be 

42±0.4 oC. The Tg of 0.1wt% and 0.2wt% CW/PVAc (basic method) were found to be 

40±0.12oC and 39±0.15oC. This is due to the water present in as received CWs. 

However, with the modified method the Tg of 0.1 and 0.2wt% CWs/PVAc composites is 
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42oC. No change is the Tg of the polymer confirms that water was completely removed 

by the modified method.  

 

 

 

Figure 3.5: DSC of pure PVAc and CWs nanocomposite (a) basic method and (b) 

modified method. 
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Table 3.1: Tg results of pure PVAc and CW/PVAc composites 

 

Sample Tg (basic method) Tg (modified method) 

Pure PVAc 42±0.4oC 42±0.06 oC 

0.1wt% CWs + PVAc 40±0.12 oC 42±0.13 oC 

0.2wt% CWs + PVAc 39±0.15 oC 42 ±0.23 oC 

 

Tensile tests were performed on samples (as described in chapter 2 section 2.4.5) 

to investigate the effect of CWs reinforcement in CW/PVAc composites with the basic 

and modified methods. Figure 3.6 shows the stress-strain plots of pure PVAc and 

CW/PVAc composites. The elastic modulus of pure PVAc (calculated from the slope of 

the linear region of stress-strain curve) was found to be 10 MPa as shown in the inset. 

With the basic method, the elastic moduli of 0.1wt% and 0.2wt% CW/PVAc composites 

drop to 5 and 4 MPa respectively. It seems the reduction in elastic modulus is due to the 

water present in as received CWs acting as a plasticizer. With the modified method, the 

elastic moduli increase to 14 ± 1.17 and 15 ± 1.21MPa for 0.1 and 0.2wt% CWs/PVAc 

composites. 
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Figure 3.6: Stress vs. Strain plot of pure PVAc and CW/PVAc composites with (a) 

basic method and (b) modified method. 
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3.2 Electric Field Alignment 

 

3.2.1 Cellulose Whiskers in Silicone oil 

 

Solution of 1wt% CWs dispersed in silicone oil was used as described in chapter 

2 section 2.2.1.1. AC electric fields of 500, 1000, 2000 and 3000Vpp/mm were applied at 

varying frequency (1mHz to 100KHz). OMs images were taken before and after the 

electric field were applied as shown in Figure 3.7. Figure 3.7a shows the CWs randomly 

dispersed with no preferred orientation. Figure 3.7b shows OM images at 500Vpp/mm. 

The change in the microstructure due to the applied electric field is a two step process: 

Firstly the CWs rotate in the direction of the electric field for all applied frequencies as 

shown in Figure 3.7b.  

 

    
Figure 3.7: OM images of (a) before and (b) after electric field was applied. 

 

The second step involves the formation of chains as shown in Figure 3.7: at a low 

frequency range of 1 mHz – 100 mHz, thin chains of CWs were observed. At 500 mHz 

frequency, very good alignment and chain formation were achieved. Between 1Hz and 1 

b a 
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kHz, CWs do align in the direction of electric field but form thinner chains as compared 

to 500 mHz. For frequencies higher than 1 KHz, some CWs align in the direction of the 

electric field but no chain formation was observed. Based on these findings, 500 mHz 

was found to be the optimal frequency for both alignment and chain formation. The 

behavior described above was consistent for all electric fields. As the electric field was 

increased from 500Vpp/mm to 3000Vpp/mm, the thickness of the chains significantly 

increased. Figure 3.8 shows the effect of frequency and electric field on the alignment 

and chain formation of CWs. In general, chain formation was dependent on the 

frequency indicating that the driving force is dielectrophoresis. Dielectrophoretic force 

arises from a non uniform electric field. In this work, a uniform AC electric field was 

applied to the CW/Silicone oil solution. Contrast in the dielectric constants of CWs and 

silicone oil distorts the uniform electric field lines resulting in a non uniform local 

electric field [18]. The gradient in the electric field causes the CW bundles to experience 

a dielectrophoretic force. Dielectrophoretic force acts on the polarized CW bundles and 

due to their polarization, the CWs bundles are attracted to the regions of higher electric 

field intensity. This leads to the formation of CW chains. The dielectrophoretic force is a 

function of the Clausius Mossoti factor, where the Clausius Mossoti factor is dependent 

on the dielectric constant of the CWs and silicone oil and is therefore dependent on the 

frequency. As a result, the dielectrophoretic force changes as the frequency of alignment 

is varied.  

It was also observed that the alignment and chain formation were dependent on 

time as shown in Figure 3.9. From 0 to 5 minutes, the particles start rotating in the 
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direction of the electric field. Very thin chains start to form at 10 minutes and these 

chains become thicker as the field is left on. 

 

 

Figure 3.8: Effect of frequency and electric field on the alignment and chain 

formation of CWs in silicone oil. Scale bar in all the images is 100 µm. 

 

The gap between the chains also increases. Beyond 10 minutes, the alignment 

and chain formation continues until 20 minutes for all frequencies and electric fields. At 
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the end of 20 minutes there were very thick and highly dense chains. The thick chains 

are comprised of many thin chains. Beyond 20 minutes no further improvement in 

alignment or chain formation was visually observed under the microscope. Therefore, 

alignment duration of 20 minutes was selected as optimum. We characterized the 

solutions by measuring the dielectric properties to verify that there was no improvement 

in alignment and chain formation beyond that point. 

 

 
Figure 3.9: Effect of time on the alignment and chain formation of CWs at 1000 

Vpp/mm at different alignment frequencies. Scale bar in all the images is 100 µm. 

 

In-situ dielectric properties of the solutions were measured while the electric 

field was on to gauge the extent of alignment and its impact on effective properties. The 

dielectric constant is measured in the same direction as alignment. The measurements 
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were made in the liquid state after applying an electric field at two magnitudes (500 

Vpp/mm and 3000 Vpp/mm) for 20 minutes for a wide range of alignment frequency (0.1 

mHz – 100 KHz). At each alignment frequency case, the dielectric constant was 

measured as a function of input measurement frequency, from 50 Hz to 1 MHz. The 

result is shown in Figure 3.10a (500 Vpp/mm alignment field) and Figure 3.10b (3000 

Vpp/mm alignment field). For all cases, the dielectric constant of the solution showed a 

dependence on the measurement frequency. Herein, the ‘random case’ refers to the 

solution with dispersed CWs prior to alignment by AC field. For the random case, the 

dielectric constant starts at about 9 at 50 Hz (measurement frequency) and settles to a 

value of ~7 at 1 MHz (Figure 3.10a). For the aligned cases at 500 Vpp/mm (also Figure 

3.10a), the dielectric constant value increases as compared to the random case, reaching 

values between 14 (at the lower measurement frequencies) to 12 (at 1 MHz). In general, 

at this electric field magnitude, alignment frequency does not seem to affect the final 

value of dielectric constant.  This behavior is consistent with the observed morphology 

shown in Figure 3.8. Alignment and thin chain formation in all these alignment cases at 

500 Vpp/mm yield a similar microstructure, and therefore result in similar effective 

dielectric constant. At 3000 Vpp/mm (Figure 3.10b), significant improvement in 

dielectric constant was observed with some values reaching 20, and there is a noticeable 

difference in dielectric constant for different alignment frequencies as compared to the 

random case. At 10 mHz alignment frequency, the dielectric constant increases from 9 

for the random case to ~16.  



44 
 

 
 

  
 

 
Figure3.10: In-situ dielectric constant as a function of measurement frequency for 

(a) 500 Vpp/mm and (b) 3000 Vpp/mm.  

 
When the alignment frequency is increased to 500 mHz, the dielectric constant 

increases further to ~20. Finally, when the alignment frequency is 10 KHz, the dielectric 

constant value drops to ~14, although still higher than the random case. Once again, the 
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dielectric constant behavior parallels the aligned microstructures seen in Figure 3.8 for 

the 3000 Vpp/mm case, further confirming that the CWs were well aligned and chain 

formation bridging between both surfaces is having an impact on the effective 

properties.   

 

3.2.2 Cellulose Whiskers in PVAc – Basic Method 

 

Solution of 1wt% CWs dispersed in PVAc was used as described in chapter 2 

section 2.2.1.2. AC electric fields of 100, 150, 200, and 1000 Vpp/mm were applied at 

varying frequencies (100 Hz to 1 MHz). Figure 3.11a shows OM images of the random 

case. Herein, the ‘random case’ refers to the solution with dispersed CWs prior to 

alignment by AC field. Figure 3.11b shows the OM after an electric field of 100 Vpp/mm 

was applied for 20 minutes. The CWs response to the applied electric field is a two step 

process: First, the CWs rotate in the direction of the electric field. Second, the ends of 

the CWs bundles interact with each other and form long chains in the direction of the 

electric field. Finally the chains interact with each other to form thicker chains. The 

degree of alignment of CWs in PVAc was dependent on the alignment frequency, electric 

field magnitude and time. 

At low alignment frequency of 100 Hz, most of the CWs rotate in the direction of 

the electric field. This behavior was observed for all electric fields at this frequency. At 

alignment frequencies of 1, 10 and 50 KHz, both rotation and chain formation were 

observed for 100, 150 and 200 Vpp/mm (Figure 3.12).  
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Figure 3.11: OM images of (a) Random and (b) Aligned CWs in PVAc at 

100Vpp/mm and 1 KHz for a duration of 20 minutes. 

 

After rotation and chain formation the CWs chains start to interact with each 

other to form thicker chains as a function of time. At 500 and 1000 Vpp/mm, only short 

chains formation was observed, and therefore they do not cross from one electrode to the 

other. At 100 KHz alignment frequency, CWs rotate in the direction of the electric field 

but no chain formation was observed; this behavior was observed for all electric fields. 

We are interested in both rotation and chain formation because the previous study in oil 

showed impact on dielectric properties was highest when chains formed and connected 

across the electrodes.  

a b 
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Figure 3.12: Effect of frequency and electric field on alignment and chain 

formation of CWs. Scale in all images is 100µm.  

 

 It was also observed that the alignment and chain formation were dependent on 

time as shown in Figure 3.13. From 0 to 1 minutes, the particles start rotating in the 

direction of the electric field. Very thin chains start to form at 5 minutes and these chains 

become thicker as the field is left on. Beyond 10 minutes, the alignment and chain 

formation continues until 20 minutes for all frequencies and electric fields. At the end of 

20 minutes there were thick and dense chains. The thick chains are comprised of many 

thin chains. Beyond 20 minutes no further improvement in alignment or chain formation 
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was visually observed under the microscope. Therefore, alignment duration of 20 

minutes was selected as optimum. We characterized the solutions by measuring the 

dielectric properties to verify that there was no improvement in alignment and chain 

formation beyond that point. 

 

 

Figure 3.13: Effect of time on alignment and chain formation of CWs. Scale in all 

images is 100µm. 

 

 To show the impact of alignment and chain formation on the dielectric properties, 

dielectric constant as a function of measurement frequency for 150 and 500 Vpp/mm was 

measured as shown in Figure 3.14a and b. The dielectric constant before and after the 

AC electric field was applied showed a dependence on the measurement frequency. 
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Dielectric constant of the solution without applying the AC electric field was found to be 

9 at low and 7 at high measurement frequency. At 500 Vpp/mm (Figure 3.14a), 

improvements in dielectric constant for various alignment frequencies as compared to 

the random case were observed. For alignment frequencies of 1, 10 and 100 KHz the 

dielectric constant hovers around 10-12. However, there was no significant difference in 

the dielectric constant at different alignment frequencies for this electric field. This 

behavior is consistent with the alignment and chain formation that were achieved for 500 

Vpp/mm as seen in Figure 3.12. For 150 Vpp/mm (Figure 3.14b), significant 

improvements in dielectric constant were observed as compared to the random case. In 

addition, the dielectric constant was higher at 50 KHz as compared to the 1 KHz and 100 

KHz alignment cases, mirroring the alignment behavior shown in Figure 3.12. Optimum 

properties were achieved at 50 KHz for duration of 20 minutes for field magnitudes 

ranging from 100-200 Vpp/mm, as seen optically and in terms of enhancement in 

dielectric properties. This set of parameters is hence taken as the favorable alignment 

conditions. 
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Figure 3.14: In-situ dielectric constant as a function of measurement frequency for 

(a) 150 V/mm and (b) 500 V/mm. 
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3.2.3 Cellulose Whiskers in PVAc – Modified Method 

 

With the necessary understanding of the behavior of micro CWs we move on to 

the alignment of individually dispersed CWs in PVAc. Since the CWs were dispersed in 

the nanoscale in-situ alignment was no longer possible. Hence we used in-situ dielectric 

properties as a tool to gauge the alignment of CWs as a function of alignment 

parameters. In-situ dielectric constant measurements were done after applying the 

electric field for 4 hours to assess the effect of alignment parameters on the 

microstructure of CWs reinforced nanocomposite solutions.  Figure 3.15a and b shows 

the dielectric constant as a function of measurement frequency at 100Vpp/mm and 250 

Vpp/mm respectively. For the random case , the dielectric constant starts at about 9 at 50 

Hz (measurement frequency) and settles to a value of ~7 at 1 MHz (Figure 3.15a), a 

behavior typical of a dielectric material. For all the aligned cases at 100 Vpp/mm (also 

Figure 3.15a), the dielectric constant value is close to the random case. In general, at this 

electric field magnitude, alignment frequency does not seem to affect the final value of 

dielectric constant. At 250 Vpp/mm (Figure 3.15b), increase in dielectric constant was 

observed with some values reaching 11, and there is a slight difference in dielectric 

constant for different alignment frequencies as compared to the random case.  At 1Hz 

alignment frequency, the dielectric constant increases from 9 for the random case to 9.5. 

When the alignment frequency is increased to 10Hz, 100Hz and 1 KHz the dielectric 

constant increases to 10.5, 10.7 and 10.8. There seems to be a trend wherein the change 

is microstructure is causing an increase in dielectric constant. This behavior was 
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observed in our previous study wherein the alignment and chain formation of micro 

CWs in PVAc was the driving force for an increase in dielectric constant [17].  

 

  

  

Figure 3.15: In-situ dielectric constant as a function of measurement frequency at 

(a) 100Vpp/mm and (b) 250 Vpp/mm. 
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This trend observed in dielectric constant with alignment frequency is indicative 

of a change in microstructure with alignment of CWs occurring in the 250Vpp/mm case 

as compared to the 100Vpp/mm case.  

 

3.3 Physical Properties 

 

3.3.1 Differential Scanning Calorimetry 

 

Figure 3.16a and b and Table 3.2 show the DSC curves for nanocomposites 

aligned at 100V/mm and 250V/mm. The Tg was found to be ~42±0.13oC. DSC results 

showed no effect on Tg for aligned composites as compared to pure PVAc and randomly 

oriented nanocomposites.  The alignment does not affect the long range molecular 

motion of polymer chains. DSC results show that water present in CWs was completely 

removed. 
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Figure 3.16: DSC curves of aligned sample (a) 100 V/mm and (b) 250 V/mm. 
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Table 3.2: Tg of aligned nanocomposites at 100Vpp/mm and 250Vpp/mm 
 

 
Tg (100 V/mm) Tg (250 V/mm) 

Pure PVAc 42.10 oC ± 0.76 42.03oC ± 0.16 

Random 42.14oC ± 0.34 42.01oC ± 0.52 

1 Hz 42.21oC ± 0.45 42.12oC ± 0.22 

10 Hz 41.94oC ± 0.12 41.04oC ± 1.2 

100 Hz 42.03oC ± 0.95 42.00oC ± 0.1 

1 KHz 42.24oC ± 1.03 42.07oC ± 0.42 

10 KHz 42.28oC ± 0.25 42.18oC ± 0.11 

 
 
 
3.3.2 Water Absorption Study 

 

Weight change experiments were carried out to see if the nanocomposites absorb 

water from the atmosphere. Table 3.3 below shows the weight change before and after 

tensile testing. It was found that the weight of the samples does not change before and 

after tensile testing leading us to believe that the nanocomposites do not absorb any 

moisture from the atmosphere. 
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Table 3.3: Weight change of pure PVAc and CWs  nanocomposites  before and after 

tensile testing 

SAMPLE 
Wt  (g)  

(Before Testing) 

Wt  (g) 

(After Testing) 

Pure 6.419 ± 0.14 6.419 ± 0.13 

Random 6.325 ± 0.33 6.324 ± 0.33 

1Hz 6.248 ± 0.01 6. 248 ± 0.03 

10 Hz 6.353 ± 0.6 6.354 ± 0.5 

100 Hz 6.125 ± 0.22 6.124 ± 0.09 

1KHz 6.632 ± 0.27 6.632 ± 0.3 

10 KHz 6.269 ± 0.15 6.266 ± 0.06 

 

3.3.3 Thermogravimetric Analysis  

 

TGA was performed on pure PVAc and CWs/PVAc nanocomposites to 

quantitatively study water absorption of PVAc and CWs nanocomposites. The TGA 

curves of pure PVAc and CWs/PVAc composites are shown in Figure 3.17. The curves 

show that pure PVAc and CWs/PVAc composites do not absorb any water. This is 

evidenced by the absence of weight loss at 100oC.  
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Figure 3.17: TGA of pure PVAc and CWs/PVAc nanocomposites. 

 

3.3.4 Dynamic Mechanical Analysis 

 

Dynamic mechanical measurements were done for pure PVAc and CWs 

reinforced nanocomposites parallel (L) and perpendicular (T) to the alignment direction. 

Storage modulus (E’) as a function of temperature for samples parallel and 

perpendicular to the alignment direction show enhancement of E’ for the aligned cases 

as compared to the pure PVAc and random case. Figure 3.18 shows storage modulus 

(parallel to alignment direction) as a function of temperature for the 250V/mm 

alignment case. At room temperature and above glass transition, the storage modulus 

was noisy. The DMA recommended sample lengths and widths are 30mm and 5mm 

respectively. After the alignment process the maximum sample length we could achieve 

was 18mm. Above the tg, when there is long range molecular motion, the material 
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softens. Softening of the material makes it difficult to grip. Also, the length of the 

material we processed is much smaller than recommended. The reduced length in 

addition to softening of the material leads to slipping of the sample from the grips 

causing noise in the data.  

 

 

Figure 3.18: Storage modulus (parallel to alignment) as a function of temperature 

for 250V/mm case. 

 

Figure 3.19 shows the shows storage modulus as a function of temperature for 

the 250V/mm case below the Tg.  Below Tg (42oC), the storage modulus of pure PVAc 

and random were found to be 1 and 1.25 Gpa respectively. For the alignment 

frequencies of 1Hz, 10Hz, 100Hz, 1KHz and 10KHz the storage modulii were found to 

be 1.54, 1.75, 1.90, 2.01 and 2.2 GPa respectively as listed in Table 3.4  
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Figure 3.19: Storage modulus (parallel to alignment) as a function of temperature 

(below Tg) for 250V/mm case. 

 

Table 3.4: Storage modulus (parallel to alignment) of pure PVAc, random and 

aligned cases below Tg and comparison of percentage increase in E’ 

Sample E’ (Gpa) % Increase in E’ % Increase in E’ 

Pure 1.08  ± 0.012 - - 

Random 1.25  ± 0.014 15.74 - 

1 Hz 1.54  ± 0.016 42.59 23.02 

10 Hz 1.75  ± 0.016 62.03 40.00 

100 Hz 1.90  ± 0.020 75.93 51.99 

1 KHz 2.01  ± 0.025 86.11 60.79 

10 KHz 2.22 ± 0.027 105.56 77.60 
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Figure 3.20 shows storage modulus (perpendicular to alignment) as a function of 

temperature for the 250V/mm alignment case. As in the case of composites parallel to 

the direction of alignment, increase in E’ was observed for samples perpendicular to the 

alignment direction. 

 

 

Figure 3.20: Storage modulus (perpendicular to alignment) as a function of 

temperature for 250V/mm case. 

 

Figure 3.21 shows the storage modulus as a function of temperature for the 

250V/mm case below the Tg.  Below Tg (42oC), the storage modulus of pure PVAc and 

random were found to be 1 and 1.25 Gpa respectively. For the alignment frequencies of 

1Hz, 10Hz, 100Hz, 1KHz and 10KHz the storage modulii were found to be 1.28, 1.31, 

1.35, 1.39 and 1.42 GPa respectively.  
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Figure 3.21: Storage modulus (perpendicular to alignment) as a function of 

temperature (below Tg) for 250V/mm case. 

 

Table 3.5: Storage modulus (perpendicular to alignment) of pure PVAc, random 

and aligned cases below Tg and comparison of percentage increase in E’ 

Sample E’ (Gpa) % Increase in E’ % Increase in E’ 

Pure 1.08  ± 0.01 - - 

Random 1.25  ± 0.013 15.74 - 

1 Hz 1.28  ± 0.011 18.52 2.40 

10 Hz 1.31  ± 0.009 21.29 4.80 

100 Hz 1.35  ± 0.021 25.00 8.00 

1 KHz 1.39  ± 0.024 28.70 11.19 

10 KHz 1.42 ± 0.029 31.38 13.59 
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A 77% and 13% increase in storage modulus below the Tg (parallel and 

perpendicular to alignment direction respectively) was observed as a function of 

alignment frequency for the optimal alignment parameters (250Vpp/mm and 10KHz for a 

duration of 1 hour) as compared to pure PVAc. This kind of reinforcement below the Tg 

is usually not seen in polymer nanocomposites. As the alignment frequency is increased, 

the CWs come close to each other and form chains. When left over time the chains start 

interacting with each other forming thicker chains as seen in Figure 3.12. When the CWs 

chains come close to each other, they start interacting with each other due to the strong 

hydrogen bond forming affinity between the OH- groups of the CWs leading to 

formation of 3D networks. Therefore, the significant reinforcement observed for the 

aligned cases (parallel to alignment) is possibly due to chain formation, thickening of 

chains and possible hydrogen bonding  between the CWs chains. As for the samples 

tested perpendicular to alignment direction the hydrogen bonding seems to be 

contributing to the enhancement in modulus.  

 

3.3.4.1 Theoretical Predictions 

 

Modeling of the mechanical properties based on rule of mixtures and Halpin-Tsai 

equations were carried out to determine the theoretical predictions. Halpin-Tsai 

equations are normally used to predict the modulus of random and unidirectional short 

fiber composites (SF) [66]. Rule of mixtures is used to predict the modulus of 

continuous long fiber composites (LF) [67]. The following data was used in the 
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calculations: ECW=145 GPa, EPAVc= 1.08GPa, Aspect ratio=32 and Volume fraction = 

0.00315 (weight fraction = 0.004). The values of elastic modulus of the CWs (ECW) and 

PVAc (EPVAc) were taken from the literature. The aspect ratio of 32 was calculated by 

averaging the lengths and diameters of 150 individually dispersed CWs from the SEM 

and AFM pictures shown in section 3.1.3. A weight percent of 0.4 was used for this 

study. The volume fraction was calculated by converting wt% to vol% and dividing it by 

100. To account for randomness of short fibers a parameter ‘α’ was introduced [66]. If 

fiber length is smaller than thickness of specimen, fibers are assumed to be randomly 

oriented in 3D and α = 1/6. The Halpin-Tsai equation for randomly aligned short fiber 

composites (MH) is as follows: 

  

                                              (3) 

 

                                   (4) 
 

Where,  

Ec, Ef, Em= Elastic modulus of composite, CWs and PVAc respectively 

α = Randomness factor (1/3) 

l/d = Aspect ratio of CWs 

Vf = Volume fraction of CWs 
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A comparison of the experimental and theoretical results for the random case using 

equations (1) and (2) are presented in Figure 3.22. The experimental results for random 

were in very good correlation with the Halpin-Tsai theoretical results. 

 

 

Figure 3.22: Experimentally measured modulus compared to theoretical 

predictions by Halpin-Tsai for randomly oriented composites. 

 

Theoretical predictions for unidirectional short and continuous long fiber composites 

were also carried out. For aligned long fiber composites, the longitudinal stiffness (LF-

L) is expressed as: 

          (5) 

and the transverse stiffness (LF-T) is expressed as: 

                                                                                                                    (6) 

 

Expt - Random Halpin Tsai - Random

E
la

st
ic

 M
od

ul
us

 (G
P

a)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

)1(, fmffLC VEVEE −+=

m

m

f

f

TC E

V

E

V

E
+=

,

1



65 
 

 
 

For unidirectional short fiber composites, the longitudinal stiffness (SF-L) is expressed 

as: 

    

                              (7) 

 

Where,           (8) 

 

The transverse stiffness (SF-T) is expressed as: 

 

                                                                                                                               (9) 

 

Where,                  (10) 

 

Ec,L and Ec,T = Elastic modulus of composite in the longitudinal and transverse directions 

Ef, Em= Elastic modulus CWs and PVAc respectively 

Vf = Volume fraction of CWs 
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correlate well. However, the Halpin-Tsai equations and rule of mixtures for 

unidirectional short and continuous long fiber composites underestimate the longitudinal 

elastic modulus of the aligned CW nanocomposites. 

 

 

Figure 3.23: Comparison of experimental results (parallel to alignment) to rule of 

mixture and Halpin-Tsai predictions. 

 

Figure 3.24 shows the comparison of experimental results (random and samples 

perpendicular to the alignment direction) to predictions for random, transverse 

unidirectional short and continuous long fiber composites. Similar to the experimental 

results for samples parallel to the alignment direction, the Halpin-Tsai and rule of 

mixtures for unidirectional short and long fiber perpendicular to alignment direction 

seem to underestimate the elastic modulus of aligned CWs nanocomposites. 
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Figure 3.24: Comparison of experimental results (perpendicular to alignment) to 

rule of mixtures and Halpin-Tsai predictions. 

 

This underestimation could be because the Halpin-Tsai and rule of mixtures 

assume that there is no interaction between fibers. However, in our case we do expect 

interaction between CWs and CWs chains. The tendency of the CWs to form hydrogen 

bonds seems to be contributing to the reinforcement. Figure 3.25 shows a comparison of 

experimental results (parallel and perpendicular to alignment direction) to Halpin-Tsai 

predictions for unidirectional short and continuous long fiber composites. 
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3.3.5 Static Tensile Testing 

 

Since the data from the DMA at room temperature and above glass transition was 

noisy, static tensile testing was performed to measure the mechanical properties. Tensile 

tests were performed to obtain mechanical properties at room temperature and above Tg 

(50 °C). Figure 3.26 shows the stress-strain curves for pure PVAc, random and aligned 

cases (parallel to alignment direction) at room temperature. Figure 3.27 shows the initial 

portion of the stress strain curve. The elastic modulus of pure PVAc was found to be 35 

MPa. The elastic modulus increases to 66.52 MPa with the addition of 0.4wt% CWs. 

The elastic modulus at 1Hz alignment frequency was found to be 102.26 MPa. As the 

alignment frequency is increased for 1 Hz to 10 KHz the elastic modulus increases.  

 

 

Figure 3.26: Stress vs strain curves for pure PVAc, random and aligned cases 

(parallel to alignment direction) at room temperature. 
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Figure 3.27: Initial portion of the stress vs strain curves for pure PVAc, random 

and aligned cases (parallel to alignment direction) at room temperature. 

 

The highest increase in elastic modulus was obtained for the 10 KHz alignment 

frequency case. Table 3.6 shows the elastic modulus of the pure PVAc, random and 

aligned cases and comparison of percentage increase in elastic modulus. An 88, 191, 

257, 278, 305 and 325% increase in elastic modulus was achieved for random, 1Hz, 

10Hz, 100Hz, 1 KHz and 10KHz cases respectively as compared to pure PVAc. A 54, 

89, 100, 115 and 125% increase in elastic modulus was achieved for 1Hz, 10 Hz, 100Hz, 

1 KHz and 100 KHz cases respectively as compared to the random case.  
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Table 3.6: Elastic modulus of pure PVAc, random and aligned cases at room 

temperature and comparison of percentage increase in elastic modulus 

Sample 
 

Modulus 
(MPa) 

% Increase in E % Increase in E 

Pure PVAc 35 ± 1.3 
 

- 

Random 66.52 ± 0.9 - 88 

1Hz 102.26 ± 1.1 54 191 

10Hz 125.14 ± 0.4 89 257 

100Hz 132.58 ± 0.31 100 278 

1KHz 142.23 ± 0.54 115 305 

10 KHz 149.42 ± 0.76 125 325 

 

 

The tensile strength for pure PVAc was found to be 0.5 MPa. With the addition of 

0.4wt% CWs the tensile strength increases to 0.95 MPa. After the application of electric 

field, the tensile strength increase as a function of alignment frequency. The tensile 

strength at 1Hz, 10Hz, 100Hz, 1 KHz and 10 KHz alignment frequencies were found to 

be 1.2, 1.5, 1.7, 2.3 and 2.5 MPa respectively as shown in Table 3.7. The percent 

elongation for pure PVAc, random, 1Hz, 10 Hz and 100Hz was ~3000. At 1 and 10 KHz 

the elongation at break drops to 2400. A 20% reduction in elongation was observed 
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Table 3.7: Tensile strength and elongation at break for pure PVAc, random and 

aligned cases at room temperature 

Sample Tensile Strength 
(Mpa) 

% Elongation 

Pure PVAc 0.52 ± 0.10 3002 ± 96 

Random 0.95 ± 0.22 2996 ± 112 

1Hz 1.21 ± 0.13 2999 ± 56 

10 Hz 1.53 ± 0.09 3003 ± 43 

100 Hz 1.71 ± 0.12 3002 ± 12 

1KHz 2.34 ± 0.31 2380 ± 44 

10 KHz 2.53 ± 0.15 2368 ± 81 

 

 

Figure 3.28 shows the stress vs strain curve for pure PVAc, random and aligned 

cases (parallel to alignment direction) at 50oC. Figure 3.29 shows the initial portion of 

the stress-strain curve. The elastic modulus of Pure PVAc was found to be 0.29 MPa. 

The elastic modulus increases to 1.18 MPa with the addition of 0.4wt% CWs. The 

elastic modulus at 1Hz alignment frequency was found to be 1.22 MPa. As the 

alignment frequency is increased for 1 Hz to 10 KHz the elastic modulus increases. The 

highest increase in elastic modulus was obtained for the 10 KHz alignment frequency 

case.  
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Figure 3.28: Stress vs strain curves for pure PVAc, random and aligned cases 

(parallel to alignment direction) at 50°C. 

 

 

Figure 3.29: Initial portion of the Stress vs strain curves for pure PVAc, random 

and aligned cases (parallel to alignment direction) at 50oC. 
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Table 3.8 shows elastic modulus of pure PVAc, random and aligned cases and 

comparison of percentage increase in elastic modulus. A 306, 320, 427, 479, 583 and 

680% increase in elastic modulus was achieved for random, 1Hz, 10Hz, 100Hz, 1 KHz 

and 10 KHz cases respectively as compared to pure PVAc. A 4, 30, 43, 68 and 91% 

increase in elastic modulus was achieved for 1Hz, 10 Hz, 100Hz, 1 KHz and 10 KHz 

cases respectively as compared to the random case. The tensile strength for pure PVAc 

was found to be 0.14 MPa. With the addition of 0.4wt% CWs the tensile strength 

increases to 0.18 MPa. After the application of electric field, the tensile strength increase 

as a function of alignment frequency.  

 

Table 3.8: Elastic modulus of pure PVAc, random and aligned cases at 50oC and 

comparison of percentage increase in elastic modulus 

Sample 
Elastic Modulus 

(Mpa) % Increase In E % Increase In E 

Pure PVAc 0.29 ± 0.1 - - 

Random 1.18 ± 0.05 0 306.89 

1Hz 1.22  ± 0.04 3.38 320.68 

10 Hz 1.53  ± 0.17 29.66 427.58 

100 Hz 1.68  ± 0.12 43.22 479.31 

1KHz 1.98  ± 0.12 67.79 582.75 

10 KHz 2.26  ± 0.25 91.52 679.31 
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The tensile strength at 1Hz, 10Hz, 100Hz, 1 KHz and 10 KHz alignment 

frequencies were found to be 0.16, 0.25, 0.24, 0.41 and 0.43 MPa respectively as shown 

in Table 3.9. The percent elongation for pure PVAc, random, 1Hz, 10 Hz and 100Hz 

was ~4000%.  At 1 and 10 KHz the elongation at break drops to 2700%. A 32 percent 

decrease in percent elongation was observed. 

  

Table 3.9: Tensile strength and elongation at break for pure PVAc, random and 

aligned cases at 50oC 

Sample Tensile Strength 
(Mpa) 

% Elongation 

Pure PVAc 0.14 ± 0.05 4087 ± 42 

Random 0.18 ± 0.12 4082 ± 19 

1Hz 0.23 ± 0.09 4005 ± 31 

10 Hz 0.26 ± 0.10 4012 ± 76 

100 Hz 0.27 ± 0.04 4019 ± 9 

1KHz 0.41 ± 0.06 2678 ± 52 

10 KHz 0.44 ± 0.02 2662 ± 13 
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Tensile tests were performed on pure PVAc, random and aligned composites 

(perpendicular direction of alignment) at 50oC. Figure 3.30 shows the stress vs. strain 

curve for pure PVAc, random and aligned cases. The elastic modulus of Pure PVAc was 

found to be 0.29 MPa. The elastic modulus increases to 1.18 MPa with the addition of 

0.4wt% CWs. Figure 3.31 shows the Initial portion of the stress vs strain curves 

(perpendicular to alignment direction) at 50oC. The elastic modulus at 1Hz alignment 

frequency was found to be 1.20 MPa. As the alignment frequency is increased for 1 Hz 

to 10 KHz the elastic modulus increases to 1.34 MPa.  

 

 
Figure 3.30: Stress vs strain curves for pure PVAc, random and aligned cases 

(perpendicular to alignment direction) at 50oC. 
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Figure 3.31: Initial portion of the stress vs strain curves (perpendicular to 

alignment direction) at 50oC. 

 The highest increase in elastic modulus was obtained for the 10 KHz alignment 

frequency case. A 306, 313, 324, 337, 348 and 362% increase in elastic modulus was 

achieved for random, 1Hz, 10Hz, 100Hz, 1 KHz and 10 KHz cases as compared to pure 

PVAc and a 1.5, 4, 7.5, 10 and 13% increase in elastic modulus was achieved for 1Hz, 

10 Hz, 100Hz, 1 KHz and 10 KHz cases as compared to random case as shown in Table 

3.6. The tensile strength at 1Hz, 10Hz, 100Hz, 1 KHz and 10 KHz alignment frequencies 

were found to be 1.18, 1.20, 1.23, 1.27, 1.30 and 1.34 MPa respectively as shown in 

Table 3.10. The percent elongation for pure PVAc, random, 1Hz, 10 Hz and 100Hz was 

~1930%. There was no reduction in % elongation for aligned cases.  
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Table 3.10: Elastic modulus of pure PVAc, random and aligned cases 

(perpendicular to alignment) at room temperature and comparison of percentage 

increase in elastic modulus 

Sample Elastic 
Modulus (MPa) 

% Increase In 
E 

% Increase In 
E 

Pure PVAc 0.29 ± 0.10 - - 

Random 1.18 ± 0.30 - 306.89 

1Hz 1.20 ± 0.08 1.69 313.79 

10 Hz 1.23 ± 0.03 4.24 324.14 

100 Hz 1.27 ± 0.04 7.62 337.93 

1KHz 1.30 ± 0.20 10.17 348.27 

10 KHz 1.34± 0.14 13.56 362.07 
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Table 3.11: Tensile strength and elongation at break for pure PVAc, random and 

aligned cases (perpendicular to alignment) at room temperature 

  

Sample Tensile Strength (Mpa) %Elongation 

Pure PVAc 0.1 ± 0.05 1932 ± 12 

Random 0.14 ± 0.12 1963 ± 16 

1Hz 0.19 ± 0.07 1943 ± 4 

10 Hz 0.24 ± 0.04 1939 ± 6 

100 Hz 0.42 ± 0.06 1965 ± 13 

1KHz 0.54 ± 0.1 1935 ± 7 

10 KHz 0.45 ± 0.14 1942 ± 11 

 

 

Table 3.12 shows a comparison modulus enhancement we achieved with 

previous findings. In CWs/latex systems, Favier et al achieved 156% increase in 

modulus at 1wt% loading, Helbert et al achieved 500% increase in modulus at 5 wt% 

CWs loading. In other CWs systems, Samir et al achieved 4% increase in modulus at 3 

wt% POE and Li et al achieved 227% increase with 1 wt% in POE and PU repectively. 

In CWs/PVAc systems, Capadona and Shanmuganathan et al achieved 360 and 566% 

increase in modulus at 1 and 4wt% respectively. As indicated in Table 3.8 , a 680% 
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increase (this study) in modulus at 0.4 wt% CWs. This demonstrates the advantage of 

aligning CWs to achieve significant improvements in mechanical properties at low 

weight content. This is a drastic improvement compared to other findings in the 

literature.  

 

Table 3.12: Comparison of modulus enhancement we achieved with previous 

findings 

Material 
System Studies 

Concentration 
(wt%) 

Improvement in E 
(%) 

CWs + PVAc This Study 0.4 680 

CWs + Latex Favier [20] 1 156 

CWs + Latex Helbert [33] 5 500 

CWs + POE Samir [68] 3 4 

CWs + PU Li  1 227 

CWs + PVAc Shanmuganathan [47] 4 566 

CWs + PVAc Capadona [46] 1 360 
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4. CONCLUSIONS 

 

The main objective of this work was to improve the mechanical and dielectric 

properties of cellulose based polymer nanocomposites by using low concentrations of 

CWs so as not to detrimentally affect toughness and ductility. To accomplish this 

objective, an AC electric field was used to align low concentrations of uniformly 

dispersed CWs in PVAc. 

Firstly, we focused on developing a processing method to achieve homogeneous 

dispersion of CWs. Two different dispersion methods were used - basic and modified 

method. The basic method was based on magnetic stirring and bath sonication. 

Homogeneous dispersion of CWs was achieved by increasing the sonication time. The 

sonication process breaks down the large CWs agglomeration and helps in preventing re-

agglomeration of CWs. OMs of the basic method showed CWs were dispersed as small 

bundles (< 50µm) and not as individual whiskers, resulting in a microcomposite. 

Following results from DSC which pointed to the possibility of water (present in as-

received CWs) acting as a plasticizer, a modified dispersion method was developed. A 

solvent transfer process was used wherein the water present in CWs was removed by 

centrifuging the CWs in DMF. Repeated washes with DMF led to complete removal of 

water, as verified by TGA. A high power sonication method was used to exfoliate the 

CWs. The optimal parameters of sonication were found to be 450 W power for duration 

of 70 minutes. For the optimal parameters, CWs were individually dispersed with 

average lengths and diameters of ~260 nm and ~8 nm respectively yielding an aspect 
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ratio of approximately 32. The dimensions of the as received CWs in water were 

~260nm in length and ~6nm in diameter. Comparing the dimensions of the dispersed 

CWs by the modified method to those of the as-received CWs dispersed in water, we 

conclude that the modified dispersion method does lead to individually dispersed 

whiskers in DMF and PVAc. 

Secondly, we focused on developing a methodology that is amenable to 

composite processing with aligned cellulose to study the effect of AC electric field on 

the behavior of CWs in silicone oil and polymer composites.  

In the case of silicone oil, the effect of AC electric field was evaluated as a 

function of electric field magnitude, frequency and duration of applied electric field. The 

CWs response to the applied electric field was a two step process: Firstly, the CWs 

rotated in the direction of the electric field. Secondly, the ends of the CWs interacted 

with each other and formed long chains in the direction of the electric field. Finally the 

chains interacted with each other to form thicker chains. The driving force for chain 

formation is believed to be dielectrophoresis. The degree of alignment of CWs in 

silicone oil was dependent on the alignment frequency, electric field magnitude and 

time. The optimal parameters of alignment for the CWs in silicone oil were found to be 

3000Vpp/mm and 500 mHz for a duration of 20mins. 

In the case of PVAc, the behavior of CWs under an applied electric field was 

similar to that of the silicone oil study. The degree of alignment of CWs in PVAc was 

dependent on the alignment frequency, electric field magnitude and time. The optimal 

parameters of alignment for the CWs in PVAc using the basic method were found to be 
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200Vpp/mm and 50 KHz for duration of 20mins and 250V/mm, The optimal parameters 

of alignment for the CWs in PVAc using the modified method were found to be 

250Vpp/mm and 10KHz for a duration of 60 minutes respectively. In-situ dielectric 

measurements of all the three solutions (CWs/Silicone oil, micro CWs/PVAc and nano 

CWs/PVAc) were done to gauge the extent of alignment. Increase in dielectric constant 

was achieved as a function of alignment parameters. The highest increase (133%) in 

dielectric constant for CWs aligned in silicone oil was achieved at 300Vpp/mm and 500 

mHz for a duration of 20 minutes. The highest increase (77% and 22%) in dielectric 

constant for micro CWs  and nano CWs aligned in PVAc respectively.  

Finally, we focused on exploring the impact on physical properties of aligned 

CWs reinforced polymer nanocomposites. Dielectric constant measurements were done 

on the aligned nanocomposites made by the modified method. After solvent evaporation 

the sample were dried further to remove any residual solvent. The samples were then 

electroded and dielectric constant measurements were done. An enhancement in 

dielectric constant as a function of alignment frequency was achieved. At 100V/mm, a 

slight increase in dielectric constant was achieved for the aligned cases as compared to 

random. However, there was no contrast in dielectric constant as a function of alignment 

frequency. At 250V/mm, improvement in dielectric constant as well as contrast between 

different alignment frequencies was achieved. Significant improvements in modulus as a 

function of alignment frequency were achieved below Tg (42°C, at room temperature 

and above Tg when the samples were tested along alignment direction.  Below Tg, a 76% 

and 100% increase in storage modulus was achieved for 10 KHz alignment frequency 



84 
 

 
 

case as compared to random and pure PVAc. At room temperature and above Tg a 325% 

and 680% enhancement was achieved respectively as compared to pure PVAc. 

Significant improvements of 400% and 210% in tensile strength were achieved at room 

temperature and above the Tg respectively. A moderate 23% decrease in elongation at 

break was observed for the 10 KHz alignment case. Improvements in modulus as a 

function of alignment frequency were also achieved when the samples were tested 

perpendicular to the alignment direction. A 32% and 300% increase in modulus was 

achieved for the 10 KHz as compared to random and pure PVAc. Rule of mixtures and 

Halpin-Tsai equations were used to compare to the experimental results. The 

experimental results for random correlated well with the random Halpin-Tsai 

predictions. However, the theoretical models underestimate the modulus of the aligned 

composites. This is because the models do not take into consideration the interaction 

between the particles. The significant improvement in mechanical properties at 0.4wt% 

CWs in PVAc is attributed to the alignment, chain formation and strongly interconnected 

3D network formed due to CWs interacting with each other. 

Through a variety of characterization techniques, we showed that significant 

improvements in physical properties can be achieved by electric field manipulation of 

CWs polymer nanocomposites. Electric field magnitude, frequency and duration of 

electric field can be varied to achieve desired physical properties at very low CWs 

loadings by not detrimentally affecting toughness and ductility. 
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4.1 Recommendations for Future Work:  

1) In terms of the aligned microstructure, the next step should focus on probing 

the microstructure of aligned CWs.  

a) Develop a sample preparation method (possibly dyeing the CWs before 

alignment or argon gas etching to remove polymer layer) to probe the 

microstructure possibly using TEM and AFM  

 

2) Exploring the possibility of using CWs for sensing and actuation applications.  

a) Cellulose is known to be an electroactive polymer. Reinforce polymers 

like polyvinylidene fluoride (PVDF) and polyamides with aligned CWs 

and characterize composites for possible electromechanical coupling. 
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APPENDIX 

 

Although MFCs have been studied for over 10 years, they have attracted a lot of 

attention recently because researchers have prepared very high aspect ratio MFCs that 

have been shown to significantly improve mechanical properties.  

The following section will include discussion on the use of MFCs as mechanical 

reinforcements and our preliminary work on the dispersion of MFCs. 

 

Background 

 

Microfibrillated cellulose 

 

Grunert et al. reported cellulose acetate butyrate matrix reinforced with 10 wt% 

of MFc showed 94 and 2000% increase in storage modulus below and above Tg as 

shown in Figure 1[21]. The study does not address the reason behind the increase in 

modulus. The authors said further characterization to find if the increase in modulus is 

due to good filler-matrix adhesion or percolative network held together by hydrogen 

bonding are being investigated.  
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Figure A1: Storage modulus as a function temperature [21].  

 

 Seydibeyoglu et al reinforced polyurethane (PU) with hard wood MFCs and 

studied the mechanical reinforcement [69]. They used a novel process to make fibrillated 

micro and nano cellulose fibers. They reported a tensile strength increase of 200% for 

the PU- Cellulose micro fibrils as compared to pure PU. The addition of 8.5 wt% 

cellulose fi The to the PU matrix increased the Elastic modulus value by 300% and with 

18.7 wt% the modulus increased 500%. Table 1 shows mechanical properties of the 

nanocomposites. The nanofibrils showed to be more effective reinforcement than the 

micro fibril celluloses. The strength increased from 5 MPa for neat PU to 28 MPa (~ 

500%) for the PU-cellulose nanofibril composite, and the modulus increased from 25 to 

725 MPa, a 3000% increase. 
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Table A1: Mechanical Properties of neat PU and prepared composites [69] 

 

 

More recently, Sequeira et al compared CWs and MFCs and chemically modified 

MFCs reinforced polycaprolactone (PLA) composites to study the effect of their 

reinforcement [48]. The mechanical properties of ensuing composite films were reported 

to have increased in terms of both stiffness and ductility. Figure 2 shows the elastic 

modulus, tensile strength and ductility as a function of concentration. The modulus and 

tensile strength of the modified MFC reinforced composites were reported to be the 

highest as compared to the CWs reinforced composites followed by MFCs composites. 
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Figure A2: Evolution of the Young’s modulus (A), strength (B), and strain at break 

(C) for PCL-based nanocomposites vs. filler (whisker or MFC) [48]. 

 

However, the ductility of the CWs reinforced composites was found to be higher 

than modified MFC followed by MFC reinforced PLA composites. To summarize, MFC 

reinforced composites showed improvement in mechanical properties. The driving for 

the significant improvement was attributed to the formation of 3D structure beyond the 
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percolation threshold. Similar to CWs significant improvements in mechanical 

properties were typically achieved with high concentrations of CWs (10% or more).  

In recently published articles by Saito et al it was reported that 2,2,6,6-

tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxidation of cellulose fibers, allowed 

for mechanical disintegration of the oxidized fibers in aqueous suspensions [70-71]. 

TEMPO is a highly stable nitroxyl radical which is used extensively in the selective 

oxidation of primary alcohols to corresponding aldehydes and carboxylic acids. In 

aqueous environments, TEMPO catalyzes the conversion of carbohydrate primary 

alcohols to carboxylate (COO- Na+) functionalities in the presence of a primary 

oxidizing agent e.g. sodium hypochlorite (NaOCl) [72]. In the studies by Saito et al. 

three to four nanometer-wide and several hundred nanometers to a few microns-long 

nanofibrils were obtained without any loss to the nanocellulose degree of crystallinity 

[70-71].  
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Results 

 

Dispersion 

 

Transmission electron microscopy 

 

 TEM was done to see the effect of oxidation time on the characteristics of native 

cellulose in terms of dimensions. TEM images were obtained for native cellulose 

oxidized for 5, 60 and 120 minutes. Figure 3 shows the TEM of native cellulose at 5 

minutes of oxidation time. As expected, significant bundling and agglomeration was 

observed because only a small percentage of primary alcohols undergo the reaction. The 

bundling and agglomeration shown is similar to MFCs obtained from just mechanical 

treatment. As the oxidation time is increased to 60 minutes, exfoliated fibril structures 

were observed. This is because after 60 minutes more primary alcohols have converted 

to carboxylate (COO- Na+) functionalities and the repulsion between the COO- 

functionalities leads to exfoliation as shown in Figure 4. However, the diameter of the 

fibrils structure is around 100 nm showing that there are still bundles present.  



100 
 

 
 

 

Figure A3: TEM of native cellulose oxidized for 5 minutes. 

 

 

Figure A4: TEM of native cellulose oxidized for 60 minutes. 

 

As the oxidation time is increased to 2 hours further exfoliation was observed with 

length ranging from 2-4 microns and diameters ranging from 30-40nm as shown in 

Figure 5. We expect to individually disperse the MFCs with high power sonication. 

5μm

10μm
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Figure A5: TEM of native cellulose oxidized for 120 minutes. 

 

FTIR measurements were performed to see the level of oxidation achieved on the MFCs 

and APS modified. Figure 6 shows the FTIR plot for pristine and oxidized MFCs. The 

black, blue, red and green lines show the FTIR spectra’s of pristine MFCs, 5 minutes, 1 

hour and 2 hours of oxidation respectively. In these spectra, the arrowed band near 

1730cm-1 corresponds to the C=O stretching frequency of carboxyl groups in their acidic 

form. Please not the absence of the 1730 cm-1 in the case of the pristine MFCs, which is 

to be expected. As the MFCs are oxidized for the different cases a peak at 1730cm-1 is 

observed and this peak increases in intensity as the oxidation time is increased.  

 Figure 7 shows the FTIR plot for pristine and oxidized MFCs. The black and 

green lines show the FTIR spectra’s of pristine CWs and 10 hours of oxidation. As in the 

case of the MFCs, a band near 1730cm-1 corresponding to the C=O stretching frequency 

of carboxyl groups in their acidic form was observed for the oxidized CWs. 

500 nm
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Figure A6: FT-IR spectrum of MFCs: (A) Non-oxidized and oxidized at different 

times: (B) 5min, (C) 1 Hour, (D) 2 Hours. 

 

 

Figure A7: FT-IR spectrum of pristine CWs and oxidized CWs. 

 

UV-Vis spectroscopy was performed on the MFCs to get information on the size 

and transparency of the various oxidized MFCs. After every three cycles, a small sample 

of the MFCs was taken to compare the transmittance as a function of number of cycles. 
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Figure 8 shows the plot of transmittance vs wavenumber for the 5 minutes oxidation 

case. It was noted that a strong gel is achieved when defibrillation occurs leading to 

nanofibrillation. It can be seen from Figure 8 that the number of passes notably affects 

the amount of the nonfibrillated material. We observed an increase in transmittance as a 

function of number of cycles. The transmittance increases for approximately 14% at 0 

cycles to 50 % at low and 90% at high wavenumbers. This behavior was observed for 

the 1 and 2 hours oxidation cases to as shown in Figure 9 and 10. Significant 

improvement in transmittance was observed for at 1 and 2 hours as compared to the 5 

minutes case. For the 1 hour case, the transmittance improves from 10% for 0 cycles to 

78% at low and 100% at high wavenumbers.  

 

 

Figure A8: UV-Vis spectroscopy after 5 minutes oxidation as a function of number 

of cycles. 
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For all samples a transparency gel is obtained after 3 passes, the fairly higher 

transparency degree is observed for the highest oxidation degree (2hours), namely for 

the sample with carboxylic content 774 µmol/g. 

 

 

Figure A9: UV-Vis spectroscopy after 1 hour oxidation as a function of number of 

cycles. 

 

Further evidence of the effect of the homogenization condition on the 

transparency of the nanofibrillated suspension is depicted from UV-Vis transmittance 

spectra of diluted suspension (Figure 10). As previously observed for the samples 

homogenized at 700 bar and after 3 cycles, the highest transmittance is noted for the 

highest level of carboxylic content. For the 2 hours case, the transmittance improves 

from 10% for 0 cycles to 84% at low and 100% at high wavenumbers. This significant 
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increase is transmittance is primarily due to the good nanofibrillation and dispersion of 

the MFCs.  

 

 
Figure A10: UV-Vis spectroscopy for 2 hours oxidation as a function of number of 

cycles. 
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