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ABSTRACT

Electric Field Alignment of Cellulose Based-PolynNanocomposites.
(May 2012)
Sanjay Varma Kalidindi, B.E., Vellore Engineeringliége;
M.S., University of Texas — Pan American

Chair of Advisory Committee: Dr. Zoubeida Ounaies

Cellulose whiskers (CWs) obtained from naturallgwing cellulose are nano-
inclusions which show a lot of promise as mechdnieinforcements in polymers.
Typically, a relatively high content is added toaliee improvement in effective
mechanical behavior. This enhancement in modulussiglly followed by a modest
increase in strength but generally the ductilitgd amughness decrease. Our approach is
to use small concentrations of CWs so as not toindemtally affect processability,
toughness and ductility. By aligning the small camtcations, we target the same kind of
improvement in modulus and strength as reportethenliterature, but at much smaller
volume contents.

In this work, we investigate the effect of AC etecffield on the alignment of
dispersed nanoscale CW in a polymer. Polyvinyl atee{PVAc) is used as the model
polymer because of the good interaction between @WdsPVAc. A low concentration
of 0.4wt% was used for the study. Two dispersionhods, namely basic and modified,

were developed. The basic method led to micronesdepersion. Using the modified



method, CWs were individually dispersed in PVAchnitverage lengths and diameters
of 260 nm and 8 nm respectively yielding an aspatib of approximately 30. The
behavior of CWs (alignment and chain formation) emdn applied electric field was
found to be a function of applied electric field gnéude, frequency and duration.
Following alignment, the CW/PVAc nanocomposites taermally dried in the presence
of electric field to maintain the aligned microstture. Improvements in dielectric
constant and mechanical properties were observetthéoaligned cases as compared to
random case and pure PVAc. The optimal electritd filmagnitude, frequency and
duration for the alignment and chain formation wirend to be 200/mm, 50 KHz
for duration of 20 minutes for the microcomposited a250\,/mm, 10KHz for a
duration of 1lhr for the nanocomposite. At 0.4wt%na@entration, 21% increase in
dielectric constant for the optimal nanocomposésec Above {, a 680% improvement
in elastic modulus at 0.4wt % concentration for tdptimal nanocomposite case. The
reason for the significant reinforcement is atttédslito alignment (rotation and chain

formation) and chain-chain interaction (3D netwfokmation and hydrogen bonding).
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1. INTRODUCTION

Cellulose is the world’s most abundant, renewalbi®@degradable polymer.
Cellulose is known to occur in a wide variety ofiig species namely plants, animals,
sea creatures, bacteria and algae [1]. Example$aofs that contain cellulose are flax,
ramie, cotton, jute, sisal, hemp and palm [2]. dnent years cellulose based materials
have attracted great interest in the plastic imgudtecause of their low cost,
recyclability, bio-compatibility, eco-friendlineskw density, ease of processability, high
specific modulus and strength. Cellulose fiber faarements are showing a lot of
promise in automotive applications [3-5]. Other gudial applications like furniture,
sports, aircrafts and railways are also being dmmed [6]. Also, cellulose has been
known to be a piezoelectric polymer. Bazhenov fiegiorted a piezoelectric response in
wood [7]. In 1955, Fukada demonstrated that theciodesl piezoelectricity was due
oriented cellulose crystallites [8]. Despite thesarly studies, cellulose as a smart
material was not fully explored until recently. Raschers showed that cellulose based
electro—active paper undergo large bending defoomstwhen an electric field is
applied [9-12]. Because cellulose is relatively agheand biodegradable, it is
advantageous for applications like smart skin, small paper, MEMS, micro insect

robots and so on [13-16].

This dissertation follows the style EEE Transactions on Magnetics.



In particular, cellulose whiskers (CWs) (obtaineg themical treatment of
cellulose) as inclusions show a lot of promise timatld address needs in multifunctional
materials due to exceptional mechanical properéied their potential piezoelectric
response [9, 17-19]. Since the first announceménsimg CWs as a reinforcing phase
[20-21], they have been extensively used as maliimisfin several kinds of polymeric
matrices, including synthetic and natural oneseéent review reported the properties
and application in nanocomposite field of cellubosihiskers [1]. CWs occur as highly
crystalline elongated rod-like particles or whiskevith aspect ratios ranging from 10-
100. The precise physical dimensions of the criy&sl depend on several factors,
including the exact hydrolysis conditions, the mstrength and particularly the source
of cellulose. They can be as short as about a @nghmicrometer, for cotton [22] and
wood cellulose [23], or as long as several micr@rsetor tunicates or seaweeds such as
Valonia [24]. The width is typically between 4 ar#® nm. On the other hand,
Microfibrillated cellulose (MFC) consist of cryskake regions joined by amorphous
regions. Like CWs, the dimensions depend on thecsoof cellulose. They are usually
tens of microns in length and 50-100 nm in diamekbe properties of cellulose can

potentially be exploited by using it as nanoscalaforcement in polymers composites.



1.1Background

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 shofigure 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 ofcellulose and (b) Procedure to

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



Some typical transmission electron microscope imagethese CWs are shown in

Figure 1.2.

Figure 1.2: Transmission electron micrographs of deilose whiskers obtained from
acid hydrolysis of microcrystalline cellulose [27], b tunicate [28], ¢ cotton [29], d

ramie [30].

By excluding the hydrolysis step and subjecting nla¢ural cellulose fibers to
high mechanical shearing forces, breakdown of iber$ occurs, leading to a material

called microfibrillated cellulose (MFC). The MFC®rtist of both amorphous and



crystalline cellulose. Some typical transmissioecgbn microscope images of MFCs

are shown Figure 1.3.

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

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

1.1.2 Dispersion

CWs tend to agglomerate in bundles because oktigency of whiskers to form
strong hydrogen bonds with each other. Owing tolaggration, the main concern

associated with making effective nanocompositesifoellulose whiskers is dependent



on their homogeneous dispersion within a polymetrimaWater is the preferred
medium because of the high level of dispersion laigt stability of cellulose whisker
dispersions. Researchers have shown that excallispersion can be achieved in
aqueous dispersed polymers, i.e., latexes, [2B332Starting from the first study in
1995, the main focus in 90's (1995-1999) and e&®p0’s (2000-2005) was on
reinforcing various water based polymers systenth Wigh concentrations of various
sources of CWs to achieve improvements in mechhmiczgperties. There were 16
publications each in the 90’s and early 2000’s. ey, this option restricts the choice
of the matrix to water-soluble ones. To use CWsoan-aqueous systems they can be
coated with a surfactant [34]. However, the higloant of surfactant needed to coat the
high specific surface of CWs prohibits the use bisttechnique in composite
applications. More recently (2006-2012), reseachéave developed dispersion
methods for use of CWs in non-water based polynystesis. There was renewed
interest into looking at CWs for structural applioas because of the new dispersion
methods leading to 133 publications from 2006 td120With the new dispersion
methods, recently, it was shown that tunicin whiskeould be dispersed in DMF
without additives or any surface modifications [3%his result opens avenues for the

use of CWs in non-water based polymer matrices.



1.1.3 Mechanical Reinforcement

Cellulose whiskers with different aspect ratioslased from different sources,
like tunicin [20], linter [36], cotton [37] , stray83], sisal [38], sugar beet [39] and MCC
[40], were evaluated as a reinforcing phase in camposites using different polymer
matrices such as natural rubber , poly(styrenettgttacrylate) [20, 32], PLA [36],
PVA [40], POE [41-42] and PCL [43]. In most castt&e mechanical properties were
substantially improved depending on the amount lamehogeneity of cellulose filler
dispersion. The strong reinforcing effect of theiskbrs is generally attributed to the
formation of a percolating network structure abolve percolation threshold resulting
from hydrogen bonding between nanopatrticles [44-45]

CWs polymer nanocomposites have great potential n@mocomposite
reinforcement applications. Since the first annemment of using cellulose whiskers as
a reinforcing phase by Favier et al, new nanocoitgasaterials with original properties
were obtained by physical incorporation of cellelaghiskers into a polymeric matrix
[20, 33, 35, 46-48]. Favier et al. investigated pleecolation of nanowhiskers extracted
from tunicates [20] as shown in Figure 1The authors measured shear modulus using
the DMA. A spectacular improvement in the storageduius after adding tunicin
whiskers into a poly($o-BuA) matrix was observed. This increase was esfigci
significant above the glass-rubber transition terafge. In the rubbery state of the
thermoplastic matrix, the modulus of the composiih a loading level as low as 6 wt

% is more than 2 orders of magnitude higher tharotie of the unfilled matrix.
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Figure 1.4: DMA plot of tunicate cellulose whiskers reinforced latex syste[20].

Helbert et al. reported that a pol-co-BuA) latex film containing 30 wt% ¢
wheat straw cellulose whiskers presented a rubldemng‘'s modulus value more th:
10004imes higher than that of the bulk ma [33] as shown irFigure 1.!. This effect
was ascribed not only to the geometry and stiffrefsthe whiskers, but also to t

formation of an Hbonded whiskers netwol
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Figure 1.5: DMA plot of wheat straw cellulose whiskers reinforced latex sysmn

[33].
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The enhancement in tensile modulus and strenggolymers, especially above
Ty, is widely described in the literature [20, 30].33owever, the presence of whiskers
tends to decrease the elongation at break of thecomposites compared to the neat
matrix [1, 30, 49-50]. For example, Bendahou eshalwed that with addition of 10wt%
cellulose whiskers from palm trees to natural ruplpercent elongation decrease

drastically from 576% to 16% (s€ggure 1.6[51].

1.40E407

1_20E+D?~-| NR-W15
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Figure 1.6: Tensile stress vs strain plot of cellobe whiskers reinforced polymer

nanocomposites [51].

Most recently, Shanmuganatha et al used a solve@méfer method to make CWs
reinforced polyvinyl acetate nanocomposites usimgrganic solvent [47]. The authors
used 4 to 16.5wt% CWs in PVAc. The authors regostgnificant improvement in
mechanical properties with the solvent transferhoétas shown ikigure 1.7. They
achieved a 100% and 4500% improvement in storagkilas below and above thg T

respectively.
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E' (Pa)

—{— Neat PVAc
—e—4.0% viv CCW PVAc
10" —A—8.1% viv CCW PVAC
—— 12.2% v/v CCW PVAc
—is— 16.5% v/v CCW PVAc

30 Py 50 60 70 80
Temperature (°C)

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

To summarize, CWs reinforced composites showedfggnt improvement in
mechanical properties. The drive for the significemprovement was attributed to the
formation of 3D structure beyond the percolatioreshold. Due to the strong hydrogen
bonding, improvements as high as 5000% have bebievad. These improvements

were typically achieved with high concentrationsCaVs (10 wt% or more).

1.1.4 Electric Field Alignment

It has been shown that improvements in mechaniwledectrical properties can
be achieved by aligning nanoparticles in polymarat@mposites [52-53]. Researchers
have aligned various nanoparticles like SWNT [54-BT/WNT [58-59], gold [60] and

CNF [61] in polymer nanocomposites.
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Researchers have manipulated CWs in aqueous swWutioder an external field
using either shear forces [62] or magnetic fieltl8][ However, there is limited work in
the field of electric field - patterning of CWs polymers. Bordel et al used AC electric
field to align native cellulose in chloroform angctohexane [40]. They aligned native
cellulose at 200V/mm and 1KHz alignment frequeneg abserved rotation of cellulose
particles under electric field as shown in Figur®. The study was limited to one AC
electric field and frequency. Figure 1.8(a) showsdom orientation and (b) shows
aligned microstructure of native cellulose. Thedgtdid not make composites to study

mechanical reinforcement.

Bﬂdel et al 2006

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

Habibi et al aligned cellulose nanocrystals usin@ Alectric fields by varying the

electric field and frequency to study the behawabthe cellulose nanocrystals in water
using a surfactant [63]. They studied the behawbrcellulose for a wide range of
voltages (2.5 — 20vV/mm) for a frequency range oHiKo 2 MHz. Figure 1.9 shows the

aligned microstructure they achieved. This studys vedso limited to alignment in
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solution. In addition Bordel et al and Habibi etuakd 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 10Hz and electrodes width gap of 20

pm [63].

In summary, a planar electrode configuration wasdus carry out experiments
reported in the literature. A planar electrode @pmfation is not amenable to processing
of aligned CWs-reinforced polymer nanocompositédso, the effect of varying the
frequency of the applied AC electric field for pigghelectrode configuration has not
been investigated before. Studying and understgniti@ change in microstructure by

measuring in-situ dielectric properties was alsblooked into.
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1.2 Problem Statement

Some of the potential applications of AC electligreed CWs nanocomposites
are listed below in Figure 1.10. For example intdygt applications PEO is used as a
solid polymer electrolyte. The ideal operating temgpures of batteries are 50-80°C and
PEO melts at ~50° C. Researchers have looked aforeimy PEO with cellulose
whiskers to improve the mechanical properties ahdrmial stability for battery
applications. However, high concentrations of defle whiskers are needed to achieve
improvements in elastic modulus and tensile stienfiie high concentrations make the
PEO brittle which is not ideal for battery applicat Researchers have looked at
reinforcing polymers with CWs for flexible displagpplications.By aligning low
concentrations of CWs, we could potentially imprdiae elastic modulus and tensile
strength by not detrimentally affecting toughnesd elongation at break.

Similar to the problem in battery applications,msiigantly high concentrations
were necessary to realize improvements. This usudfected the transparency and
flexibility of the displays. By aligning low concteations of CWs, we could potentially
improve the elastic modulus and tensile strengthnbl detrimentally flexibility and
transparency of the composites.

Cellulose is a piezoelectric polymer and has béemva to act as nucleating sites
for polymer crystallization. Adding CWs to otherepoelectric polymer systems like
PVDF and polyimides could potentially lead to imyed piezoelectric response and by

aligning CWs the mechanical properties can alsonpeoved.
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Finally aligned CWs can potentially be used in geekaging industry. Apart
from improved mechanical properties, the aligned SCWicrostructure will result in a

torturous path for diffusion of gases leading t@ioved barrier properties.

Batteries Flexible displays

e Load
T

log (E'/Pa)
L= -~ w w0 =]
‘%
o

Electrons | Current] E

Separator l

Anode Caihode G

-100 50 0 50 100 150
Temperature (*C)

Solid Polymer Electrolyte @amjﬂu:m

Actuation

- Q) § "

Figure 1.10: Potential applications of AC electric field aligned CWs

nanocomposites.

This research targets a detailed investigation iite use of cellulose as
reinforcing material in polymer nanocomposites bycusing on developing a
methodology for dispersion and AC electric fieldigament of cellulose based
nanoparticles in polymer nanocomposites.

The purpose of this study is to investigate theemddy of CWs using an AC
electric field as a function of electric field maigie, frequency and duration for a
parallel electrode configuration. Also, in the gtire, researchers have used very high

concentrations of CWs to realize improvements aragie modulus. This enhancement
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in modulus is usually followed by a modest increasestrength but generally the
ductility and toughness decrease. Our approaah aign small concentrations of CWs
to achieve the kind of improvements reported in literature by not detrimentally
affecting toughness and ductility. The study wileh be extended to preparing bulk
PVAc composites with aligned CWs to access thecefté alignment on physical

properties.

We propose to achieve our goals through the folgvateps;
i. Dispersion of CWs in polymer nanocomposites

In this step we will focus on developing a “proéegsmethod’wherein water
can be removed by a solvent transfer method andaeg with a nonaqueous solution
for cellulose whiskers dispersion in non water dapelymer systems. We will then

characterize the dispersion and relate resulttate sf dispersion.

il. Electric field manipulation of micro CWs in polymer composites
We will firstly, align micron scale CWs to allovorf visual inspection of the
microstructure and to understand the behavior okGWder 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 ofen@Ws, we will move on to
aligning the nano scale dispersed CWs. We will tigva methodology that is amenable
to composite processing with aligned cellulose studly the effect of AC electric field
on the behavior of CWs in polymer composites andluate the above mentioned

parameters.

iv. Exploring the impact on physical properties ofaligned CWs reinforced polymer
nanocomposites

In this step we investigate the effect of alignmentdielectric and mechanical
reinforcement of CWs reinforced polymer nanocomiggsiSpecifically this includes the
following tasks; firstly, characterize physical pesties as a function of alignment
parameters. Secondly compare the physical propemperallel” and “perpendicular” to
electric field direction to assess the enhancenmeptoperties and finally understand the

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

2.1 Materials

Acetone and Dimethylformamide (DMF) purchased frBigma Aldrich were used as
solvents to disperse. The properties of DMF aredisn Table 2.1. Polyvinyl acetate
(PVAc) purchased from Sigma Aldrich was used asodehpolymer. The properties of

PVAc are listed in Table 2.2.

Table 2.1: Properties of DMF

DMF
Grade Anhydrous
Evaporation temperature 80
Density 0.944g/mL
Table 2.2: Properties of PVAc
PVAc
Molecular weight ~100,000
Ty 42°C
Density 1.18g/mL
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CWs extracted from date palm trees were used (duveeis detailed below). The

properties of CWs are listed in table 2.3.

Table 2.3: Properties of CWs

Chemical Structure

Functional Groups Sulfate (SP~ 15%
Length ~260 nm
Diameter ~8 nm
Aspect ratio ~ 32

2.1.1 Cellulose Extraction

Cellulose whiskers and microfibrillated cellulosere extracted from the rachis
of the date palm tree. Colloidal suspensions of @Wsater were prepared based on the
method developed by, Wise, Marchessault and P4ako.64-65]. A flowchart of the
method used is shown in Figure 2.1. Fragments efréthis of the palm tree were

purified with a mixture of acetone /ethanol (68/3@jng soxhlet. The purified matter
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was twice submitted to alkali treatment with 2wt%NaOH at 80°C for 2 hours and
then subjected to four successive bleaching tredtmsing sodium chlorite (NaCHp
4,8 tampon solution at 70°C. The bleached pulp thas subjected to acid treatment
with 65wt% sulphuric acid solution at 45°C for 4nnainder stirring. Suspensions were
washed with water until neutrality is reached, yiiad against deionised water, and then
filtered leaving behind CWs. On the other hand hleached pulp was subjected to high

shear mixing to achieve MFCs

Powdered Raw Material

|
Toulene - Ethanol (62:38), 24h

\ 2
Purified Cell Wall Material

|
Alkaline treatment NaOH 2%, 80°C, 2h(x2)

|
Bleaching NaClO,, pH=4.8, 70°C, 1h (x2)

.

Bleached Pulp

Acid hydrolysis

H,S04, 65%, 45min High Shear Mixing

Cellulose Whiskers Microfibrillated Cellulose

Figure 2.1: Extraction of CWs and MFCs from date pdm tree.
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2.2 Processing

2.2.1 Dispersion

2.2.1.1Low Viscosity Silicone Oil

The extracted cellulose whiskers were dispersedad@etone under bath
sonication. Weighed amount of silicone oil was theded to the solution. The solution
was put on a hot plate at 60°C and stirred for 30utes at 150 rpm to enable the

evaporation of acetone. The viscosity of the sileoil used was 100cp.

2.2.1.2PVAc — Basic Method

In this study we used a non-covalent approach toliate the CWs. As received
CWs (0.1g) were dispersed in 4 g of DMF under tmthication for 4 hours. 1g of
PVAc was dissolved in 4.9g DMF on a hot plate aC4€eparately. Both solutions were
then mixed together, such that the final conceiotnatwere 1, 10 and 89 wt% of CWs,
PVAc and DMF respectively. The solution was thert pu a bath sonicator and
sonicated for an additional 4 hours. This solutiwas used for the In-situ alignment
study to allow visual inspection of the microsturet 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 solutcasting with the
above described dispersion method. Films of purd, &d 0.2wt% CW/PVAc
composites with 20wt% PVAc were cast. PVAc pellatsre mixed with DMF as
explained above. After the pellets dissolved comabfein the solvent, the solution was
poured onto a heat-resistant glass ceramic platboctor blade was moved across the
glass plate to create films of uniform thickneskse TTW/PVAc micro-composites films
were similarly cast with the following added ste@¥Vs were dispersed in DMF using a
bath sonicator for 4 hours. The solution of dispdr€Ws in DMF was then mixed with
the PVAC/DMF solution and the mixture is furtherttbasonicated for 4 hours. The
sonication times differ because at low concentratie CWSs disperse easier that at high
concentrations. This method was used to processCMEPVAc composites. The

thickness of the films were between 40-50pum.

2.2.1.3 PVAc — Modified Method

Due to the possibility of water (present in as-ree@ CWSs) acting as a
plasticizer, a modified dispersion method was dgwedl. A high power sonication
method to exfoliate the CWs was used. A flowchéithe dispersion process is shown
in Figure 2.2. As-received CWs (0.2g) were dispeerise9.9 g of water under probe
sonication for 10 minutes in an ice bath; the iathlprevents evaporation of the solvent
and degradation of the polymer. The solution wastrfaged at 8500 rpm for 15

minutes. The water was replaced by DMF and thetisolus then sonicated for 10
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minutes. This step is repeated five times to remaldghe water present in the as-
received CWs. The solution was then sonicated foradditional 60 minutes. 1g of
PVAc was dissolved in 9.9g DMF on a hot plate a€4®oth solutions (CW-DMF and

PVAc-DMF) were then mixed together, such that thalfconcentrations were 0.04, 10
and 89.96 wt% of CWs, PVAc and DMF respectivelyeTdolution was then probe
sonicated for an additional 60 minutes. This metivdtibe referred to as the modified

method.

CWI/PVAc films were prepared by solution castinghaite modified dispersion

method to compare the mechanical properties adthieyehe two dispersion methods.

Sonication of CWSs in Water

v
»| Centrifuge solution at 8500 Rpm for 15Ming
v
Replace water with DMF

v

Repeat 5 times Sonlcatlorll for 10 min
v

Sonication for 60 min
v

Add to solution of DMF/PVAC

v

Sonicate composite solution for 60 mib

Figure 2.2: Flow chart showing the dispersion metha.

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

sonicator to achieve nanoscale dispersion. The sedcation parameters were found to
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be 450 W power for 60 minutes of sonication timguFe 2.3a and b show the mold

used for study and aligned nanocomposite sampledirhensions.

L 38mm |

Direction of

alignment 18mm

Thickness ~ 400um

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

2.3 Electric Field Processing and Characterization

AC electric field was used to align and manipul&té/s in PVAc. Parallel
electrodes separated by a distance of 1mm werefasé#te in-situ alignment study with
the basic dispersion method. For making alignedooamposites parallel electrodes
separated by 18mm were used as shown in Figure Ah4HP 33120A function
generator supplied the AC voltages and this wasgnated with a TREK 609D-6 high
voltage amplifier. A variety of AC electric field agnitudes (100, 150, 200, 500 and
1000 \p/mm) were used for the in-situ study and (100,28@ and 250 V/mm) for the
aligned nanocomposite study. A wide range of fregies (0.1 mHz to 1 MHz) were
applied to the resulting solution for 20 minutes tloe in-situ study and 1 Hour for the

nanocomposite study.
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AV
Electrodes

Figure 2.4: Parallel electrode configration setup. All dimengns are in mm.

The 1 wt% CWSs/ PVAc solution was poured in betwdlem electrodes. Al
electric field was agjed for 1 hour. After 1 hour, the solution was tezato 6C°C to
evaporate the DMF. The temperature was maintain€d°C and the electric field we
left on for another 3 hours. The electric field wtsen switched off while th
temperature was maintained for an additional 24rdéo remove any tpped DMF.
Figure 2.5shows the curing profile useThe sample was then removed from the n
and put in the vacuum oven to remove any residbdFDr'he same electrode setup v

used to measure situ dielectric properties

E M
EAppIied
TH »
t
T=60°C [
T=0°C i S
1Hr 4Hr 48Hr t

Figure 2.5 Curing profile used for the aligned nanocomposite.
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2.4 Characterization

2.4.1 Microscopy

Optical Microscopy (OM) was used to characterize dmspersion and electric
field effects on the CWs. OMs were obtained usingeas Axiovert 200 Optical
Microscope. Multiple OMs were taken of each filmassess uniformity throughout the
film. Scanning Electron Microscope (SEM) images evebtained to study the CWs
dispersion. The CWs/PVAc films were cleaned witbpi®pyl alcohol and then frozen
in liquid nitrogen and fractured. Images of thecftaie surface were obtained to better
understand the dispersion of CWs. Transmissiortreleenicroscopy 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 thgrpet with the addition of the
CWs, using Q20 from TA instruments. For each measent, a sample of about 10 +
0.5 mg was placed in an aluminum pan and heate80f&€ at a heating rate of
10°C-min*and cooled to 0°C at the same rate. Data showesept averages of at least

three samples.
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2.4.3 Dielectric Spectroscopy

The in-situ dielectric properties were used usin@uadtecfi LCR meter. The
measurements were done at room temperature atrange of frequencies (50 Hz to 1
MHz). Data shown represent averages of at leastetlsamples. The samples are
electroded using high purity silver paint.

Dielectric broadband spectroscopy is used to meathar dielectric permittivity
of the samples. A sinusoidal voltage in the formivVelV Sin(wt) is applied across the
thickness of the sample and the current flow thhotlge sample is measured by the
instrument which is in the form of l&Bin(wt+3). The ratio of output current to the
input voltage is the complex capacitance of theemmgtwhich can be written in the form
of C*=C'+iC". Using parallel plate geometry the qaex capacitance is converted to the
complex dielectric permittivity of the material. &&ation 1 shows the relation between
capacitance and dielectric constant in parallékpigometry setup:

_ EELA (1)
d

C

Where,
C = Capacitance
¢ = Dielectric constant

go = Permittivity of free space
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The capacitance of the aligned microstructure iasueed from the LCR meter. Using

equation 1 the dielectric constant of the alignecrostructure is calculated.

2.4.4 Dynamic Mechanical Analysis (DMA)

The dynamic mechanical properties of the nanocoitggowere measured with a
RSA 1l DMA from TA instruments. The tensile teggiffixture was used at a frequency
of 1Hz, a strain of 0.01%. A temperature range8ifC to 80C at a heating rate of
3’C/min was used. The tests were performed using lsasmpith dimensions,
approximately equal to 5 x 5 x 0.05 mm. Data shosgresent averages of at least three
samples.

In a DMA, anoscillatory strain in the form cf{t) = gsin (©t) is applied to the
sample wherey is the strain amplitude is the frequency, and t is time. For viscoelastic
materials the dynamic stress €an be expressed as:

£(t) = go(E' sinat + E"cosax) (2)
Where E’ and E” are storage and loss modulii retppalg. In addition, the ratio of loss
modulus to storage modulus can be defined as #setémgent: Tad = E"/E’ wheres is
called phase angle. Generic profile of storage rusdas function of temperature is

shown in Figure 2.6.
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Log Young's Modulus, Pascals

Temperature

Figure 2.6: Profile of storage modulus as a functioof temperature.

2.4.5 Tensile Testing

An Instron machine was used to perform the tertgif#s on pure PVAc and
composites made by the basic and modified methbdsd tests were performed using
rectangular samples with dimensions; approximagglyal to 40 x 5 x 0.05 mm. Tensile
tests were also performed on the aligned sampldscampared to pure PVAc and
randomly oriented composites. These tests wereonmeeld using rectangular samples

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

samples. The grips used are showRigure 2.7
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Figure 2.7: Tensile test grips.

Figure 2.8 shows the generic stress vs. strainfpiqpolymers. The slope of the
linear portion of the stress-strain curve is usetheasure the elastic modulus (E) of the
material. The maximum stress is taken to be thsileestrength (TS) . The area under
the stress-strain gives the toughness of the mhi@nd finally the maximum length to

which the material can extend is the percentagegelkon (% EL).

Siress

Strain

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

A Bruker Icon AFM was used to study the dispersagsnwell as CWs sizes. The
AFM was used in the scanning mode. The tip of th&1As scanned laterally across the
surface and the vertical movements of the tip asended. This information is used to
construct a quantitative 3D image of the surfacefese AFM was done of the random
samples to study the dispersion of CWs in PVAc arnabgenically 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 nanocortgsogiere measure using a
TGA from TA instruments. Presence of moisture asldent content can be measured by
the changes in weight of the samples with increpsamperature. The heating cycle
used for this study was 3D to 250C at a heating rate of 40 per minute. Samples of

10-15mg were used for the study.
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3. RESULTS AND DISCUSSION

3.1 Dispersion

3.1.1 Silicone QiIl

Method described in chapter 2 section 2.2.1.1 followed to disperse CWs
silicone oil.Important features of silicone oil are includedrable2.1 of chapter 2The
sonication process helps prevent reagglomeratio@W#& in addition to breaking tt
large CW agglomeratiorOM image: showed CWs wereigpersed as small bundles
50um) and not as individual whiskers, resultingimicrocomposite. However, there
a possibility that a few of the CWs were individyalispersed; due to the resolution
the OM, it is not possible to verify if that ise case. Figure 3alshows the p-
dispersion of CWs in acetone aFigure 3.b shows the final dispersion of CWs

silicone oil. The dispersion of CWs was found to be stable aweg beriods of time

-

K it il o
Figure 3.1 OM images of (a) Initial dispersion of CWs in acetone an (b) final

dispersion of CWs in silicone o.
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3.1.2 Basic Method - PVAC

The OM of as-received CWs in acetone is showrFigure 3.2a. By ultra
sonicating the CWs in acetone and then disperdiegntin PVAc a homogeneous
dispersion of CWs results as shown in Figure 312ie detailed procedure followed is
given in chapter 2 section 2.2.1.2. The sonicapimtess significantly reduces the large
CWs agglomeration. Although CWs were homogeneoudstpersed, optical images
(OMs) show that they were dispersed as small ben@elOum) and not as individual
whiskers, resulting in a microcomposite (Figureb3.However, it is possible that a few
of the CWs were individually dispersed. Owing te tlesolution of the OM, it is not

possible to see them if that is the case.

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

dispersion of CWs in PVAc.
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3.1.3 Modified Method - PVAc

Method described in chapter 2 section 2.2.1.3 wlsewed to disperse CWs in
PVAc. The high power sonication method leads to dgemeous dispersion of CWs in
PVAc. Figure 3.3 shows the SEM image of the fraadusurface of 0.4wt% CWs/PVAc
nanocomposite. CWs were individually dispersed \aitbrage lengths and diameters of

~260 nm and ~8 nm respectively yielding an aspeid ohtapproximately 33.

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

AFM was used to further verify the sizes of CWsMAc. Figure 3.4 shows an
AFM image of surface of 0.4wt% CWs/PVAc nanocomjmsihe average dimensions
of the CWs were found to be ~260nm in length and ~8mwidth as evidenced by
SEM. The dimensions of CWs from the above SEM aRf#lAvere compared to the
AFM image of as received CWs in PVAc. It was foutiét the dimensions of as

received CWs in water and CWs dispersed were foniheé the same.
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0.0 Peak Force Error 2.0 pm'

Figure 3.4: AFM image of 0.4wt% CWs/PVAc nanocompdte.

3.1.4 Comparison of Basic and Modified Methods

DSC was used to study the thermal behavior of tbiynper and the CWs
reinforced polymer composites. Figure 3.5 and T&hleshows the DSC results of pure
PVAc and CW/PVAc composites processed using the lzasl modified methods. No
melting or re-crystallization peaks were observétlis behavior is typical of an
amorphous polymer. The glass transitior) (emperature of PVAc was found to be
42+0.4°C. The T of 0.1wt% and 0.2wt% CW/PVAc (basic method) wesarfd to be
40+0.12C and 39+0.1%C. This is due to the water present in as recei@aus.

However, with the modified method thg df 0.1 and 0.2wt% CWs/PVAc composites is
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42°C. No change is the Tg of the polymer confirms thater was completely removed

by the modified method.

1.0
0.8 A = Pure PVAC
06 0.1 wi¥ CWs +PVAC
| w 0.2 wt% CWs + PVAC
= 04 j/
k=]
(N
T 024
(]
T
-0.2
044 @
20 30 40 50 60 70
Temperature (°C)
2.0
w== Pure PVAC
154 (0.1 wt% CWs + PVAC
we 0.2 wt% CWSs + PVAC
1.0
S X’
K=l
L o5 :
© H
& H
T H
N \r
b H
10 —r—r T T
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Temperature (°C)

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

modified method.



Table 3.1: Ty results of pure PVAc and CW/PVAc composites

Sample T (basic method) Jimodified method)
Pure PVAc 42+0.C 42+0.06C
0.1wt% CWs + PVAC 40+0.1C 42+0.13C
0.2wt% CWs + PVAc 39+0.1%C 42+0.23°C
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Tensile tests were performed on samples (as describchapter 2 section 2.4.5)

to investigate the effect of CWs reinforcement WIRVAc composites with the basic

and modified methods. Figure 3.6 shows the strgagisplots of pure PVAc and

CWI/PVAc composites. The elastic modulus of pure \alculated from the slope of

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

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

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

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

elastic moduli increase to 14 + 1.17 and 15 + 1.PAMor 0.1 and 0.2wt% CWs/PVAc

composites.
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Figure 3.6: Stress vs. Strain plot of pure PVAc andCW/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 weed as described in chapter
2 section 2.2.1.1. AC electric fields of 500, 102000 and 3000p/mm were applied at
varying frequency (ImHz to 100KHz). OMs images wtaken before and after the
electric field were applied as shownRigure 3.7. Figure 3.7a shows the CWs randomly
dispersed with no preferred orientation. Figuredb3ows OM images at 50gymm.
The change in the microstructure due to the apmledtric field is a two step process:
Firstly the CWs rotate in the direction of the #fecfield for all applied frequencies as

shown in Figure 3.7b.

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

The second step involves the formation of chainshasvn inFigure 3.7: at a low
frequency range of 1 mHz — 100 mHz, thin chain€Wdfs were observed. At 500 mHz

frequency, very good alignment and chain formati@ne achieved. Between 1Hz and 1
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kHz, CWs do align in the direction of electric tidbut form thinner chains as compared
to 500 mHz. For frequencies higher than 1 KHz, s@Wés align in the direction of the
electric field but no chain formation was observBdsed on these findingSpP0 mHz
was found to be the optimal frequency for batlgnment and chain formation. The
behavior described aboweas consistent for all electric fields. As the éliecfield was
increased from 500y mm to 3000y,/mm, the thickness of the chains significantly
increased. Figure 3.8 shows the effect of frequearay electric field on the alignment
and chain formation of CWs. In general, chain fdiora was dependent on the
frequency indicating that the driving force is digfophoresis. Dielectrophoretic force
arises from a non uniform electric field. In thi®nk, a uniform AC electric field was
applied to the CW/Silicone oil solution. Contrasttihe dielectric constants of CWs and
silicone oil distorts the uniform electric fieldn&s resulting in a non uniform local
electric field [18]. The gradient in the electrieldl causes the CW bundles to experience
a dielectrophoretic force. Dielectrophoretic foeds on the polarized CW bundles and
due to their polarization, the CWs bundles areaetéd to the regions of higher electric
field intensity. This leads to the formation of GNains. The dielectrophoretic force is a
function of the Clausius Mossoti factor, where @lausius Mossoti factor is dependent
on the dielectric constant of the CWs and siliconeaand is therefore dependent on the
frequency. As a result, the dielectrophoretic fazhanges as the frequency of alignment
is varied.

It was also observed that the alignment and chaimdtion were dependent on

time as shown irFigure 3.9. From 0 to 5 minutes, the particleststarating in the
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direction of the electric field. Very thin chaintag to form at 10 minutes and these

chains become thicker as the field is left on.

500Vpp/mm |1000Vpp/mm | 2000Vpp/mm | 3000Vpp/mm
|

Figure 3.8: Effect of frequency and electric fieldon the alignment and chain

formation of CWs in silicone oil. Scale bar in althe images is 100 um.

The gap between the chains also increases. Beyondidutes, the alignment

and chain formation continues until 20 minutesdibrfrequencies and electric fields. At



42

the end of 20 minutes there were very thick andhlgiglense chains. The thick chains
are comprised of many thin chains. Beyond 20 msute further improvement in

alignment or chain formation was visually observedler the microscope. Therefore,
alignment duration of 20 minutes was selected asmopn. We characterized the
solutions by measuring the dielectric propertiesdnfy that there was no improvement

in alignment and chain formation beyond that point.

100mHz 500mHz 1Hz 1 KHz

5 Min

10 Min

20 Min

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

Vp/mm at different alignment frequencies. Scale bami all the images is 100 pm.

In-situ dielectric properties of the solutions werneasured while the electric
field was on to gauge the extent of alignment asdnpact on effective properties. The

dielectric constant is measured in the same doeds alignment. The measurements
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were made in the liquid state after applying arctele field at two magnitudes (500
Vpo/mm and 3000 y/mm) for 20 minutes for a wide range of alignmeetiiency (0.1
mHz — 100 KHz). At each alignment frequency cas$es dielectric constant was
measured as a function of input measurement freyydrom 50 Hz to 1 MHz. The
result is shown in Figure 3.10a (50Q¥m alignment field) and Figure 3.10b (3000
Vy/mm alignment field). For all cases, the dielectanstant of the solution showed a
dependence on the measurement frequency. Hera@nrdhdom case’ refers to the
solution with dispersed CWs prior to alignment b§ Aeld. For the random case, the
dielectric constant starts at about 9 at 50 Hz guesment frequency) and settles to a
value of ~7 at 1 MHz (Figure 3.10a). For the aligeades at 500 y¢mm (also Figure
3.10a), the dielectric constant value increasesoagared to the random case, reaching
values between 14 (at the lower measurement fregsno 12 (at 1 MHz). In general,
at this electric field magnitude, alignment freqaemoes not seem to affect the final
value of dielectric constant. This behavior is sietent with the observed morphology
shown inFigure 3.8. Alignment and thin chain formation ihthese alignment cases at
500 Vp/mm yield a similar microstructure, and therefoesult in similar effective
dielectric constant. At 3000 j¥ymm (Figure 3.10Db), significant improvement in
dielectric constant was observed with some valaashing 20, and there is a noticeable
difference in dielectric constant for differentggdment frequencies as compared to the
random case. At 10 mHz alignment frequency, théediec constant increases from 9

for the random case to ~16.
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Figure3.10: In-situ dielectric constant as a funcon of measurement frequency for

(@) 500 ,p/mm and (b) 3000 \j,/mm.

When the alignment frequency is increased to 50 ntke dielectric constant
increases further to ~20. Finally, when the alignnfeguency is 10 KHz, the dielectric

constant value drops to ~14, although still higivan the random case. Once again, the
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dielectric constant behavior parallels the align@drostructures seen in Figure 3.8 for
the 3000 \ymm case, further confirming that the CWs were vadijned and chain
formation bridging between both surfaces is haveny impact on the effective

properties.

3.2.2 Cellulose Whiskers in PVAc — Basic Method

Solution of 1wt% CWs dispersed in PVAc was usedl@scribed in chapter 2
section 2.2.1.2. AC electric fields of 100, 15002@and 1000 }y/mm were applied at
varying frequencies (100 Hz to 1 MHz). Figure 3.5baws OM images of the random
case. Herein, the ‘random case’ refers to the ispluivith dispersed CWs prior to
alignment by AC field. Figure 3.11b shows the ONeaan electric field of 100 y¢mm
was applied for 20 minutes. The CWs response t@apipdied electric field is a two step
process: First, the CWs rotate in the directiorthef electric field. Second, the ends of
the CWs bundles interact with each other and fayngIchains in the direction of the
electric field. Finally the chains interact withckaother to form thicker chains. The
degree of alignment of CWs in PVAc was dependentheralignment frequency, electric
field magnitude and time.

At low alignment frequency of 100 Hz, most of thé&/€ rotate in the direction of
the electric field. This behavior was observeddlbrelectric fields at this frequency. At
alignment frequencies of 1, 10 and 50 KHz, botlatroh and chain formation were

observed for 100, 150 and 20gvnm (Figure 3.12).
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Figure 3.11: OM images of (a) Random and (b) Aligre CWs in PVAc at

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

After rotation and chain formation the CWs chaitertsto interact with each
other to form thicker chains as a function of tihe 500 and 1000 M/mm, only short
chains formation was observed, and therefore tloeyad cross from one electrode to the
other. At 100 KHz alignment frequency, CWs rotatehie direction of the electric field
but no chain formation was observed; this behawias observed for all electric fields.
We are interested in both rotation and chain foionabecause the previous study in oil
showed impact on dielectric properties was highdstn chains formed and connected

across the electrodes.
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100Vpp/mm | 150Vpp/mm | 200Vpp/mm | 500Vpp/mm | 1000Vpp/mm
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.
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Figure 3.12: Effect of frequency and electric field on alignmentand chain

formation of CWs. Scale in all images is 1Q0m.

It was also observed that the alignment and chaimdtion were dependent on
time as shown ifFigure 3.13. From 0 to 1 minutes, the particlest statating in the
direction of the electric field. Very thin chaingg to form at 5 minutes and these chains
become thicker as the field is left on. Beyond liutes, the alignment and chain
formation continues until 20 minutes for all freqaees and electric fields. At the end of
20 minutes there were thick and dense chains. fAibk thains are comprised of many

thin chains. Beyond 20 minutes no further improvetie alignment or chain formation
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was visually observed under the microscope. Thezefalignment duration of 20
minutes was selected as optimum. We characterizedsolutions by measuring the
dielectric properties to verify that there was magprovement in alignment and chain

formation beyond that point.

1KHz 10 KHz 50 KHz

1 Min

5 Mins

20 Mins

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

images is 10fim.

To show the impact of alignment and chain formatioritendielectric properties,
dielectric constant as a function of measuremegjuiency for 150 and 50Q,Ymm was
measured as shown in Figure 3.14a and b. The tieleonstant before and after the

AC electric field was applied showed a dependentehe measurement frequency.
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Dielectric constant of the solution without applyithe AC electric field was found to be
9 at low and 7 at high measurement frequency. A0 S/mm (Figure 3.14a),
improvements in dielectric constant for variougy@thent frequencies as compared to
the random case were observed. For alignment fregee of 1, 10 and 100 KHz the
dielectric constant hovers around 10-12. HoweVare was no significant difference in
the dielectric constant at different alignment fregcies for this electric field. This
behavior is consistent with the alignment and cli@imation that were achieved for 500
Vp/mm as seen in Figure 3.12. For 15Q,/Mim (Figure 3.14b), significant
improvements in dielectric constant were obseng&danpared to the random case. In
addition, the dielectric constant was higher akb%{x as compared to the 1 KHz and 100
KHz alignment cases, mirroring the alignment betashown in Figure 3.12. Optimum
properties were achieved at 50 KHz for duration20f minutes for field magnitudes
ranging from 100-200 p¥mm, as seen optically and in terms of enhancenmment
dielectric properties. This set of parameters iscketaken as the favorable alignment

conditions.
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3.2.3 Cellulose Whiskers in PVAc — Modified Method

With the necessary understanding of the behavieoniofo CWs we move on to
the alignment of individually dispersed CWs in PVAince the CWs were dispersed in
the nanoscale in-situ alignment was no longer ptssHence we used in-situ dielectric
properties as a tool to gauge the alignment of CA§¥sa function of alignment
parameters. In-situ dielectric constant measuresnevdre done after applying the
electric field for 4 hours to assess the effect abigjnment parameters on the
microstructure of CWs reinforced nanocomposite tsmhg. Figure 3.15a and b shows
the dielectric constant as a function of measurérfrequency at 100y/mm and 250
Vyo/mm respectively. For the random case , the dieteconstant starts at about 9 at 50
Hz (measurement frequency) and settles to a vdlue’at 1 MHz (Figure 3.15a), a
behavior typical of a dielectric material. For #ie aligned cases at 10Qnm (also
Figure 3.15a), the dielectric constant value iseltw the random case. In general, at this
electric field magnitude, alignment frequency daoes seem to affect the final value of
dielectric constant. At 250 jymm (Figure 3.15b), increase in dielectric constaas
observed with some values reaching 11, and theee sbght difference in dielectric
constant for different alignment frequencies as garad to the random case. At 1Hz
alignment frequency, the dielectric constant insesafrom 9 for the random case to 9.5.
When the alignment frequency is increased to 1A@HHz and 1 KHz the dielectric
constant increases to 10.5, 10.7 and 10.8. Theras®& be a trend wherein the change

IS microstructure is causing an increase in digteatonstant. This behavior was
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observed in our previous study wherein the aligringerd chain formation of micro

CWs in PVAc was the driving force for an increaselielectric constant [17].
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Figure 3.15: In-situ dielectric constant as a fundbn of measurement frequency at

(@) 100V,p/mm and (b) 250 \pp/mm.
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This trend observed in dielectric constant witlymnent frequency is indicative
of a change in microstructure with alignment of Cé¢surring in the 250y/mm case

as compared to the 10g¥mm case.

3.3 Physical Properties

3.3.1 Differential Scanning Calorimetry

Figure 3.16a and b and Table 3.2 show the DSC sufme nanocomposites
aligned at 100V/mm and 250V/mm. Thg Was found to be ~42+0.33. DSC results
showed no effect ongffor aligned composites as compared to pure PVAkrandomly
oriented nanocomposites. The alignment does rfectathe long range molecular
motion of polymer chains. DSC results show thatewatesent in CWs was completely

removed.
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Table 3.2: Ty of aligned nanocomposites at 10Q/mm and 250\f,,/mm

T4(100 V/mm) (250 V/mm)

Pure PVAc 42.16C £0.76 42.0% +0.16
Random 42.1%€C +0.34 42.09C +0.52
1Hz 42.28C +0.45 42.12 +0.22
10 Hz 41.94C +0.12 41.0C+1.2
100 Hz 42.03 +0.95 42.08C +0.1
1 KHz 42.24C +1.03 42.07C +0.42
10 KHz 42.28C +0.25 42,18 +0.11

3.3.2 Water Absorption Study

55

Weight change experiments were carried out to fsie inanocomposites absorb
water from the atmosphere. Table 3.3 below showsambight change before and after
tensile testing. It was found that the weight ¢ #amples does not change before and
after tensile testing leading us to believe th@& tfanocomposites do not absorb any

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

tensile testing

SAMPLE W W@
(Before Testing) (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 CWSs/PVAC nanquusiies to
guantitatively study water absorption of PVAc an@V€ nanocomposites. The TGA
curves of pure PVAc and CWs/PVAc composites arevshio Figure 3.17. The curves
show that pure PVAc and CWs/PVAc composites do atidorb any water. This is

evidenced by the absence of weight loss af@00
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Figure 3.17: TGA of pure PVAc and CWs/PVAc nanocompsites.

3.3.4 Dynamic Mechanical Analysis

Dynamic mechanical measurements were done for [RWAc and CWs
reinforced nanocomposites parallel (L) and perpardr (T) to the alignment direction.
Storage modulus (E’) as a function of temperatucg $amples parallel and
perpendicular to the alignment direction show eckarent of E’ for the aligned cases
as compared to the pure PVAc and random case.d 818 shows storage modulus
(parallel to alignment direction) as a function t#mperature for the 250V/mm
alignment case. At room temperature and above gfassition, the storage modulus
was noisy. The DMA recommended sample lengths aidthss are 30mm and 5mm
respectively. After the alignment process the maximsample length we could achieve

was 18mm. Above the tg, when there is long rangéecntar motion, the material
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softens. Softening of the material makes it dificio grip. Also, the length of the
material we processed is much smaller than recodetenThe reduced length in
addition to softening of the material leads to @iy of the sample from the grips

causing noise in the data.
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Figure 3.18: Storage modulus (parallel to alignmentas a function of temperature

for 250V/mm case.

Figure 3.19 shows the shows storage modulus asdida of temperature for
the 250V/mm case below thg. TBelow Ty (42°C), the storage modulus of pure PVAc
and random were found to be 1 and 1.25 Gpa respéctiFor the alignment
frequencies of 1Hz, 10Hz, 100Hz, 1KHz and 10KHz dt@age modulii were found to

be 1.54, 1.75, 1.90, 2.01 and 2.2 GPa respectaglisted in Table 3.4



15

1.4 A

1.3 4

1.2 A

Storage Modulus (GPa)

1.1

1.0

10KHz

PEEEK XK XK KR X R X XX PRRXK K X %
1KH 4990849330343 0 9494999 ¢ ¢

100HYYYYYY VY Y YV YV Y YIRITT TG T T4 T
10Hz ﬂ§%§§§§§§§§§§§
1Hz A%

[

Random

Pure

930309830999 9555333353336 3833

5825432342

g%ig g
smpsi b IR B

B URnn U0y g Rt A 665 56606 B0a

T
-20

T
-10

T T
0 10

Temperature (°C)

20

59

Figure 3.19: Storage modulus (parallel to alignmentas a function of temperature

(below Tg) for 250V/mm case.

Table 3.4: Storage modulus (parallel to alignmentpf pure PVAc, random and

aligned cases below Jand 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 3.20shows storage modulus (perpendicular to alignmeng function of
temperature for the 250V/mm alignment case. Ashendase of composites parallel to
the direction of alignment, increase in E’ was obsd for samples perpendicular to the

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

temperature for 250V/mm case.

Figure 3.21 shows the storage modulus as a funafotemperature for the
250V/mm case below the,T Below Ty (42°C), the storage modulus of pure PVAc and
random were found to be 1 and 1.25 Gpa respectirelythe alignment frequencies of
1Hz, 10Hz, 100Hz, 1KHz and 10KHz the storage maodudire 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 aligment) as a function of

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

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

and aligned cases belowgland 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 Thgparallel and
perpendicular to alignment direction respectivelyas observed as a function of
alignment frequency for the optimal alignment paggers (250yyymm and 10KHz for a
duration of 1 hour) as compared to pure PVAc. Kmsl of reinforcement below the, T
is usually not seen in polymer nanocomposites h&salignment frequency is increased,
the CWs come close to each other and form chaimeneft over time the chains start
interacting with each other forming thicker chaassseen in Figure 3.12. When the CWs
chains come close to each other, they start intiagawith each other due to the strong
hydrogen bond forming affinity between the OHroups of the CWs leading to
formation of 3D networks. Therefore, the signifitarinforcement observed for the
aligned cases (parallel to alignment) is possihlg tb chain formation, thickening of
chains and possible hydrogen bonding between s Chains. As for the samples
tested perpendicular to alignment direction the rbgdn bonding seems to be

contributing to the enhancement in modulus.

3.3.4.1 Theoretical Predictions

Modeling of the mechanical properties based onatilmixtures and Halpin-Tsai
equations were carried out to determine the theatetpredictions. Halpin-Tsai
equations are normally used to predict the modafusndom and unidirectional short
fiber composites (SF) [66]. Rule of mixtures is dise predict the modulus of

continuous long fiber composites (LF) [67]. Theldaling data was used in the
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calculations: Ew=145 GPa, k= 1.08GPa, Aspect ratio=32 and Volume fraction =
0.00315 (weight fraction = 0.004). The values @fsét modulus of the CWs ¢) and
PVAc (Epvac) Were taken from the literature. The aspect rafi@2 was calculated by
averaging the lengths and diameters of 150 indallgudispersed CWs from the SEM
and AFM pictures shown in section 3.1.3. A weigktgent of 0.4 was used for this
study. The volume fraction was calculated by cotivgwt% to vol% and dividing it by
100. To account for randomness of short fibersramater & was introduced [66]. If
fiber length is smaller than thickness of specinfdrers are assumed to be randomly
oriented in 3D and = 1/6. The Halpin-Tsai equation for randomly aégnshort fiber

composites (MH) is as follows:

|
1+ 2(djﬁfvf

E=— 9 E 3
1-n:V; ()
aEf
E -1
—_ =m0 4
,7f O,Ef (I) ()
+2 —
E_ ‘\d

Where,

E., &, En= Elastic modulus of composite, CWs and PVAc respely
a = Randomness factor (1/3)

I/d = Aspect ratio of CWs

V; = Volume fraction of CWs



64

A comparison of the experimental and theoreticaults for the random case using
equations (1) and (2) are presented in Figure 3.B8.experimental results for random

were in very good correlation with the Halpin-THasoretical results.
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Figure 3.22: Experimentally measured modulus compad to theoretical

predictions by Halpin-Tsai for randomly oriented camnposites.

Theoretical predictions for unidirectional shortdacontinuous long fiber composites
were also carried out. For aligned long fiber cosif@s, the longitudinal stiffness (LF-
L) is expressed as:
Ec, =E;V; +E,(1-V;) (5)
and the transverse stiffness (LF-T) is expressed as
1 Vi VvV

- 4+ M 6
E.r E, E ©)

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

as:
1+2((|jj,7fvf
E., =—————~—FE
o 1-n:Vq ; (7)
Ef - Em
Where, Ny =——7 5 Em (8)
d
The transverse stiffness (SF-T) is expressed as:
1+2n.V
ot :LEm (9)
1-n:Vq
Where _Er7En g (10)
) ,7f - Ef +2Em m

E.L and E r= Elastic modulus of composite in the longitudiaatl transverse directions
E, En= Elastic modulus CWs and PVAc respectively

V; = Volume fraction of CWs

Figure 3.23 shows the comparison of experimengllte (random and samples
parallel to the alignment direction) to random,dir@ctional short and continuous long
fiber composites. Both unidirectional short andtoarous long fibers composite models
were used to account for possible alignment andthdleamation of CWs in PVAc. As

discussed before, the random results from expetsnand Halpin-Tsai predictions
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correlate well. However, the Halpin-Tsai equatioasd rule of mixtures for
unidirectional short and continuous long fiber casipes underestimate the longitudinal

elastic modulus of the aligned CW nanocomposites.

25

1.5 A

1.0 A

Elastic Modulus (GPa)

0.5 A

00 T T T T T T T T T
MH-RExpt-R 1Hz 10Hz 100Hz 1KHz 10KHz SF-L LF-L

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

mixture and Halpin-Tsai predictions.

Figure 3.24 shows the comparison of experimentallte (random and samples
perpendicular to the alignment direction) to prédits for random, transverse
unidirectional short and continuous long fiber casifes. Similar to the experimental
results for samples parallel to the alignment dioe¢ the Halpin-Tsai and rule of
mixtures for unidirectional short and long fiberrpendicular to alignment direction

seem to underestimate the elastic modulus of ali@\&'s nanocomposites.
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Figure 3.24: Comparison of experimental results (p@endicular to alignment) to

rule of mixtures and Halpin-Tsai predictions.

This underestimation could be because the Halpamn-asd rule of mixtures
assume that there is no interaction between fid¢osvever, in our case we do expect
interaction between CWs and CWs chains. The terydehthe CWs to form hydrogen
bonds seems to be contributing to the reinforcentagtire 3.25 shows a comparison of
experimental results (parallel and perpendiculaalignment direction) to Halpin-Tsai

predictions for unidirectional short and continudarsg fiber composites.
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3.3.5 Static Tensile Testing
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Since the data from the DMA at room temperatureabuale glass transition was

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

tests were performed to obtain mechanical propedieoom temperature and aboye T

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

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

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

MPa. The elastic modulus increases to 66.52 MPh thi¢ addition of 0.4wt% CWSs.

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

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

3.0

254

2.0

Stress (MPa)

1.5 4

Pure
Random
1Hz
10Hz
100Hz
1KHz
10KHz

T ——

104 \

0.5 1

0.0

T T T T T T
0 500 1000 1500 2000 2500 3000

Strain (%)

3500

Figure 3.26: Stress vs strain curves for pure PVAcrandom and aligned cases

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

and aligned cases (parallel to alignment directionat room temperature.

The highest increase in elastic modulus was oldaioethe 10 KHz alignment
frequency case. Table 3.6 shows the elastic modofiube pure PVAc, random and
aligned cases and comparison of percentage incieaskastic modulus. An 88, 191,
257, 278, 305 and 325% increase in elastic modwias achieved for random, 1Hz,
10Hz, 100Hz, 1 KHz and 10KHz cases respectivelgaspared to pure PVAc. A 54,
89, 100, 115 and 125% increase in elastic moduhssaghieved for 1Hz, 10 Hz, 100Hz,

1 KHz and 100 KHz cases respectively as comparétetoandom case.
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Table 3.6: Elastic modulus of pure PVAc, random andaligned cases at room

temperature and comparison of percentage increasa elastic modulus

Sample Modulus % Increase in E | % Increase in E
(MPa)
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 t®@eMPa. With the addition of
0.4wt% CWs the tensile strength increases to 0.8%a.Mfter the application of electric
field, the tensile strength increase as a funcbbralignment frequency. The tensile
strength at 1Hz, 10Hz, 100Hz, 1 KHz and 10 KHzratignt frequencies were found to
be 1.2, 1.5, 1.7, 2.3 and 2.5 MPa respectively temvs in Table 3.7. The percent
elongation for pure PVAc, random, 1Hz, 10 Hz anH®was ~3000. At 1 and 10 KHz

the elongation at break drops to 2400. A 20% reduadh elongation was observed



Table 3.7: Tensile strength and elongation at brealtor pure PVAc,

aligned cases at room temperature
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random and

Sample Tensi(ll\(;pS;;ength % 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 fog PWAc, random and aligned
cases (parallel to alignment direction) alGOFigure 3.29 shows the initial portion of

the stress-strain curve. The elastic modulus o RYAc was found to be 0.29 MPa.

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

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

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

highest increase in elastic modulus was obtainedhi® 10 KHz alignment frequency

case.
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Figure 3.28: Stress vs strain curves for pure PVAcrandom and aligned cases

(parallel to alignment direction) at 50°C.
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Figure 3.29: Initial portion of the Stress vs stran curves for pure PVAc, random

and aligned cases (parallel to alignment directionit 50°C.
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Table 3.8 shows elastic modulus of pure PVAc, ram@dmnd aligned cases and
comparison of percentage increase in elastic medWu306, 320, 427, 479, 583 and
680% increase in elastic modulus was achievedaiodom, 1Hz, 10Hz, 100Hz, 1 KHz
and 10 KHz cases respectively as compared to pdAc.PA 4, 30, 43, 68 and 91%
increase in elastic modulus was achieved for 1zH%, 100Hz, 1 KHz and 10 KHz
cases respectively as compared to the random Thasdensile strength for pure PVAc
was found to be 0.14 MPa. With the addition of A%WCWSs the tensile strength
increases to 0.18 MPa. After the application ottle field, the tensile strength increase

as a function of alignment frequency.

Table 3.8: Elastic modulus of pure PVAc, random andhligned cases at 5C and

comparison of percentage increase in elastic modidu

Sample EIaStEK/Im:)dUIUS % 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 dfd KHz alignment
frequencies were found to be 0.16, 0.25, 0.24, Gntll0.43 MPa respectively as shown
in Table 3.9. The percent elongation for pure PV&ndom, 1Hz, 10 Hz and 100Hz
was ~4000%. At 1 and 10 KHz the elongation at lbih@ps to 2700%. A 32 percent

decrease in percent elongation was observed.

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

aligned cases at 51C

Sample Tensi(ll\(;pS;;ength % 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, randomd aligned composites
(perpendicular direction of alignment) at°60 Figure 3.30 shows the stress vs. strain
curve for pure PVAc, random and aligned cases.élagtic modulus of Pure PVAc was
found to be 0.29 MPa. The elastic modulus incre&sds18 MPa with the addition of
0.4wt% CWs. Figure 3.31 shows the Initial portioh tbe stress vs strain curves
(perpendicular to alignment direction) at°60 The elastic modulus at 1Hz alignment
frequency was found to be 1.20 MPa. As the alignnrequency is increased for 1 Hz

to 10 KHz the elastic modulus increases to 1.34 MPa

0.6

e Random
05 —Hz

e 10HZ

e 100HZ

e 1 KHz
e 10KHz

Stress (MPa)

(') é All (IS Eli lIO 12 14 16 18 20
Strain (%)
Figure 3.30: Stress vs strain curves for pure PVAcrandom and aligned cases

(perpendicular to alignment direction) at 56C.
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Figure 3.31: Initial portion of the stress vs stran curves (perpendicular to
alignment direction) at 50°C.

The highest increase in elastic modulus was obédafor the 10 KHz alignment
frequency case. A 306, 313, 324, 337, 348 and 3B2¥ease in elastic modulus was
achieved for random, 1Hz, 10Hz, 100Hz, 1 KHz anKHZ cases as compared to pure
PVAc and a 1.5, 4, 7.5, 10 and 13% increase irtielasdulus was achieved for 1Hz,
10 Hz, 100Hz, 1 KHz and 10 KHz cases as comparedndom case as shown in Table
3.6. The tensile strength at 1Hz, 10Hz, 100Hz, ZkHd 10 KHz alignment frequencies
were found to be 1.18, 1.20, 1.23, 1.27, 1.30 aBd MPa respectively as shown in
Table 3.10. The percent elongation for pure PVAaodom, 1Hz, 10 Hz and 100Hz was

~1930%. There was no reduction in % elongation lignad cases.



78

Table 3.10: Elastic modulus of pure PVAc, random ath aligned cases

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

increase in elastic modulus

Sample Elastic % Increase In % Increase In
Modulus (MPa) E 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 brdéafor pure PVAc, random and

aligned cases (perpendicular to alignment) at roortemperature

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 19357
10 KHz 0.45+0.14 1942 + 11

Table 3.12 shows a comparison modulus enhancementashieved with
previous findings. In CWs/latex systems, Favieraetachieved 156% increase in
modulus at 1wt% loading{elbert et al achieved 500% increase in modulus at%
CWs loadingln other CWs systems, Samir et al achieved 4% asearén modulus at 3
wt% POE and Li et al achieved 227% increase wittt% in POE and PU repectively.
In CWs/PVAc systems, Capadona and Shanmuganathahaehieved 360 and 566%

increase in modulus at 1 and 4wt% respectivelyintiicated in Table 3.8 , a 680%
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increase (this study) in modulus at 0.4 wt% CWsdsTdemonstrates the advantage of
aligning CWs to achieve significant improvements niechanical properties at low
weight content. This is a drastic improvement comgato other findings in the

literature.

Table 3.12: Comparison of modulus enhancement we lsieved with previous

findings
Material . Concentration | Improvementin E
System Studies (Wt%) (%)
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 thechanical and dielectric
properties of cellulose based polymer nanocompoditeusing low concentrations of
CWs so as not to detrimentally affect toughness dactility. To accomplish this
objective, an AC electric field was used to aligogwl concentrations of uniformly
dispersed CWs in PVAc.

Firstly, we focused on developing a processing oektio achieve homogeneous
dispersion of CWs. Two different dispersion methedse used - basic and modified
method. The basic method was based on magnetiengtiand bath sonication.
Homogeneous dispersion of CWs was achieved byascrg the sonication time. The
sonication process breaks down the large CWs agghition and helps in preventing re-
agglomeration of CWs. OMs of the basic method slib@®/s were dispersed as small
bundles (< 5@m) and not as individual whiskers, resulting in acnmcomposite.
Following results from DSC which pointed to the gibdity of water (present in as-
received CWs) acting as a plasticizer, a modifiesgppersion method was developed. A
solvent transfer process was used wherein the vpagsent in CWs was removed by
centrifuging the CWs in DMF. Repeated washes withFded to complete removal of
water, as verified by TGA. A high power sonicatioethod was used to exfoliate the
CWs. The optimal parameters of sonication were doianbe 450 W power for duration
of 70 minutes. For the optimal parameters, CWs wadividually dispersed with

average lengths and diameters of ~260 nm and ~8 spectvely yielding an aspect
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ratio of approximately 32. The dimensions of theraseived CWs in water were
~260nm in length and ~6nm in diameter. Comparingdingensions of the dispersed
CWs by the modified method to those of the as-uwestkiICWs dispersed in water, we
conclude that the modified dispersion method daesd Ito individually dispersed
whiskers in DMF and PVAc.

Secondly, we focused on developing a methodologt e amenable to
composite processing with aligned cellulose to il effect of AC electric field on
the behavior of CWs in silicone oil and polymer qsites.

In the case of silicone oil, the effect of AC electfield was evaluated as a
function of electric field magnitude, frequency ahdation of applied electric field. The
CWs response to the applied electric field was a $tep process: Firstly, the CWs
rotated in the direction of the electric field. 8edly, the ends of the CWs interacted
with each other and formed long chains in the dimacof the electric field. Finally the
chains interacted with each other to form thickieaios. The driving force for chain
formation is believed to be dielectrophoresitie degree of alignment of CWs in
silicone oil was dependent on the alignment freqgyeelectric field magnitude and
time. The optimal parameters of alignment for ttM<Cin silicone oil were found to be
3000V,pymm and 500 mHz for a duration of 20mins.

In the case of PVAc, the behavior of CWs under ppliad electric field was
similar to that of the silicone oil study. The degrof alignment of CWs in PVAc was
dependent on the alignment frequency, electria frahgnitude and time. The optimal

parameters of alignment for the CWs in PVAc usimg basic method were found to be
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200V,/mm and 50 KHz for duration of 20mins and 250V/nirhe optimal parameters
of alignment for the CWs in PVAc using the modifiedethod were found to be
250V,/mm and 10KHz for a duration of 60 minutes respetyi In-situ dielectric
measurements of all the three solutions (CWs/Sikcoil, micro CWs/PVAc and nano
CWSs/PVAc) were done to gauge the extent of aligrimi@crease in dielectric constant
was achieved as a function of alignment paramelés. highest increase (133%) in
dielectric constant for CWs aligned in silicone wads achieved at 300Vpp/mm and 500
mHz for a duration of 20 minutes. The highest iasee (77% and 22%) in dielectric
constant for micro CWs and nano CWs aligned in €x&spectively.

Finally, we focused on exploring the impact on ptgisproperties of aligned
CWs reinforced polymer nanocomposites. Dielectanstant measurements were done
on the aligned nanocomposites made by the modifiethod. After solvent evaporation
the sample were dried further to remove any residalvent. The samples were then
electroded and dielectric constant measurements vdene. An enhancement in
dielectric constant as a function of alignment fregcy was achieved. At 100V/mm, a
slight increase in dielectric constant was achiefeedhe aligned cases as compared to
random. However, there was no contrast in dielectrnstant as a function of alignment
frequency. At 250V/mm, improvement in dielectrimstant as well as contrast between
different alignment frequencies was achieved. $igamt improvements in modulus as a
function of alignment frequency were achieved beliy(42°C, at room temperature
and above Jwhen the samples were tested along alignmenttairecBelow Ty, a 76%

and 100% increase in storage modulus was achiewetlOf KHz alignment frequency
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case as compared to random and pure PVAc. At reompérature and abovg & 325%
and 680% enhancement was achieved respectivelyoagpared to pure PVAc.
Significant improvements of 400% and 210% in tensirength were achieved at room
temperature and above thg fespectively. A moderate 23% decrease in elongaito
break was observed for the 10 KHz alignment casgrdvements in modulus as a
function of alignment frequency were also achievdien the samples were tested
perpendicular to the alignment direction. A 32% &@0% increase in modulus was
achieved for the 10 KHz as compared to random amd PVAc. Rule of mixtures and
Halpin-Tsai equations were used to compare to tRkpereamental results. The
experimental results for random correlated well hwithe random Halpin-Tsai
predictions. However, the theoretical models unsteraate the modulus of the aligned
composites. This is because the models do notitdkeconsideration the interaction
between the particles. The significant improvemannechanical properties at 0.4wt%
CWs in PVAc is attributed to the alignment, chaamfiation and strongly interconnected
3D network formed due to CWs interacting with eatier.

Through a variety of characterization techniques, sthowed that significant
improvements in physical properties can be achidweelectric field manipulation of
CWs polymer nanocomposites. Electric field magretuétequency and duration of
electric field can be varied to achieve desiredsptal properties at very low CWs

loadings by not detrimentally affecting toughnesd ductility.
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4.1 Recommendations for Future Work:

1) In terms of the aligned microstructutbe next step should focus on probing
the microstructure of aligned CWs.
a) Develop a sample preparation method (possikdyndythe CWs before

alignment or argon gas etching to remove polymgerlato probe the

microstructure possibly using TEM and AFM

2) Exploring the possibility of using CWs for semgiand actuation applications.
a) Cellulose is known to be an electroactive polyrReinforce polymers
like polyvinylidene fluoride (PVDF) and polyamidedth aligned CWs

and characterize composites for possible electrbarecal coupling.
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APPENDIX

Although MFCs have been studied for over 10 yehesy have attracted a lot of
attention recently because researchers have pteparg high aspect ratio MFCs that

have been shown to significantly improve mecharpcaperties.

The following section will include discussion onetluse of MFCs as mechanical

reinforcements and our preliminary work on the drspn of MFCs.

Background

Microfibrillated cellulose

Grunert et al. reported cellulose acetate butymaaérix reinforced with 10 wt%
of MFc showed 94 and 2000% increase in storage hasdhelow and abovegyTas
shown in Figure 1[21]. The study does not addrassréason behind the increase in
modulus. The authors said further characterizatofind if the increase in modulus is
due to good filler-matrix adhesion or percolativetwork held together by hydrogen

bonding are being investigated.
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Figure Al: Storage modulus as a function temperatue [21].

Seydibeyoglu et al reinforced polyurethane (PUjhvwhard wood MFCs and
studied the mechanical reinforcement [69]. Theydwsaovel process to make fibrillated
micro and nano cellulose fibers. They reportedraite strength increase of 200% for
the PU- Cellulose micro fibrils as compared to péMd. The addition of 8.5 wt%
cellulose fi The to the PU matrix increased the tiflanodulus value by 300% and with
18.7 wt% the modulus increased 500%. Table 1 shoeshanical properties of the
nanocomposites. The nanofibrils showed to be mdeztefe reinforcement than the
micro fibril celluloses. The strength increasednird MPa for neat PU to 28 MPa (~
500%) for the PU-cellulose nanofibril composited dahe modulus increased from 25 to

725 MPa, a 3000% increase.
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Table Al: Mechanical Properties of neat PU and pregred composites [69]

Sample E-modulus ( MPa) Max strength (MPa)
PU 25+03 5+04
PU-CFI 107 08 11402
PU-CF2 144 = 0.6 15+03
PU-CNFI1 93+ 0.7 5402
PU-CNF2 725+13 28+05

More recently, Sequeira et al compared CWs and M#rdschemically modified
MFCs reinforced polycaprolactone (PLA) composites study the effect of their
reinforcement [48]. The mechanical properties cfugmg composite films were reported
to have increased in terms of both stiffness andildy. Figure 2 shows the elastic
modulus, tensile strength and ductility as a fuorctof concentration. The modulus and
tensile strength of the modified MFC reinforced gasites were reported to be the

highest as compared to the CWs reinforced compotlwed by MFCs composites.
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Figure A2: Evolution of the Young’s modulus (A), stength (B), and strain at break

(C) for PCL-based nanocomposites vs. filler (whiskeor MFC) [48].

However, the ductility of the CWs reinforced comipes was found to be higher
than modified MFC followed by MFC reinforced PLAmposites. To summarize, MFC
reinforced composites showed improvement in medaamroperties. The driving for

the significant improvement was attributed to tbharfation of 3D structure beyond the
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percolation threshold. Similar to CWSs significammprovements in mechanical
properties were typically achieved with high cortcations of CWs (10% or more).

In recently published articles by Saito et al itsweeported that 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxida of cellulose fibers, allowed
for mechanical disintegration of the oxidized fben agueous suspensions [70-71].
TEMPO is a highly stable nitroxyl radical which used extensively in the selective
oxidation of primary alcohols to corresponding algldes and carboxylic acids. In
aqueous environments, TEMPO catalyzes the conwersiocarbohydrate primary
alcohols to carboxylate (COCNa’) functionalities in the presence of a primary
oxidizing agent e.g. sodium hypochlorite (NaOCI2][7In the studies by Saito et al.
three to four nanometer-wide and several hundretbmaters to a few microns-long
nanofibrils were obtained without any loss to ttemacellulose degree of crystallinity

[70-71].
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Results

Dispersion

Transmission electron microscopy

TEM was done to see the effect of oxidation timelee characteristics of native
cellulose in terms of dimensions. TEM images welgaimed for native cellulose
oxidized for 5, 60 and 120 minutes. Figure 3 shtwes TEM of native cellulose at 5
minutes of oxidation time. As expected, significdmindling and agglomeration was
observed because only a small percentage of prialaoyols undergo the reaction. The
bundling and agglomeration shown is similar to MFsIsained from just mechanical
treatment. As the oxidation time is increased tor@0utes, exfoliated fibril structures
were observed. This is because after 60 minuteg mamary alcohols have converted
to carboxylate (COO Na') functionalities and the repulsion between the COO
functionalities leads to exfoliation as shown igue 4. However, the diameter of the

fibrils structure is around 100 nm showing thatéhare still bundles present.
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Figure A3: TEM of native cellulose oxidized for 5 nnutes.

Figure A4: TEM of native cellulose oxidized for 60minutes.

As the oxidation time is increased to 2 hours fertkxfoliation was observed with
length ranging from 2-4 microns and diameters magdrom 30-40nm as shown in

Figure 5. We expect to individually disperse the@®4Frwith high power sonication.
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Figure A5: TEM of native cellulose oxidized for 120minutes.

FTIR measurements were performed to see the |éwelidation achieved on the MFCs
and APS modified. Figure 6 shows the FTIR plotgastine and oxidized MFCs. The
black, blue, red and green lines show the FTIRtspsf pristine MFCs, 5 minutes, 1
hour and 2 hours of oxidation respectively. In &éheapectra, the arrowed band near
1730cn" corresponds to the C=0 stretching frequency ofaarbgroups in their acidic
form. Please not the absence of the 1730 anthe case of the pristine MFCs, which is
to be expected. As the MFCs are oxidized for tlifemint cases a peak at 1730tis
observed and this peak increases in intensityeasstitation time is increased.

Figure 7 shows the FTIR plot for pristine and aeedl MFCs. The black and
green lines show the FTIR spectra’s of pristine GAWg 10 hours of oxidation. As in the
case of the MFCs, a band near 1730amrresponding to the C=0 stretching frequency

of carboxyl groups in their acidic form was obser¥ar the oxidized CWs.
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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.
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Figure A7: FT-IR spectrum of pristine CWs and oxidized CWs.

UV-Vis spectroscopy was performed on the MFCs toigfermation on the size
and transparency of the various oxidized MFCs.Adigery three cycles, a small sample

of the MFCs was taken to compare the transmittasca function of number of cycles.
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Figure 8 shows the plot of transmittance vs wavdmmior the 5 minutes oxidation
case. It was noted that a strong gel is achievednwdefibrillation occurs leading to
nanofibrillation. It can be seen from Figure 8 ttfa# number of passes notably affects
the amount of the nonfibrillated material. We obseran increase in transmittance as a
function of number of cycles. The transmittancereéases for approximately 14% at 0
cycles to 50 % at low and 90% at high wavenumbEnss behavior was observed for
the 1 and 2 hours oxidation cases to as shown gur&i 9 and 10. Significant
improvement in transmittance was observed for ahd 2 hours as compared to the 5
minutes case. For the 1 hour case, the transmattiamgroves from 10% for O cycles to

78% at low and 100% at high wavenumbers.
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Figure A8: UV-Vis spectroscopy after 5 minutes oxidtion as a function of number

of cycles.
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For all samples a transparency gel is obtained &8ftpasses, the fairly higher
transparency degree is observed for the highestabain degree (2hours), namely for

the sample with carboxylic content 774 pmol/g.
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Figure A9: UV-Vis spectroscopy after 1 hour oxidatn as a function of number of

cycles.

Further evidence of the effect of the homogeniraticondition on the
transparency of the nanofibrillated suspensioneapiated from UV-Vis transmittance
spectra of diluted suspension (Figure 10). As nesly observed for the samples
homogenized at 700 bar and after 3 cycles, theekigtransmittance is noted for the
highest level of carboxylic content. For the 2 l®gase, the transmittance improves

from 10% for O cycles to 84% at low and 100% ahhigavenumbers. This significant
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increase is transmittance is primarily due to thedynanofibrillation and dispersion of

the MFCs.
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Figure A10: UV-Vis spectroscopy for 2 hours oxidatn as a function of number of

cycles.
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