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SUMMARY

A new and environmental benign method for preparaggeneratedellulose and
montmorillonite (MMT) biodegradable nanocomposiisgleveloped using-methyl
morpholineN-oxide (NMMO) as the solventResults showed that the modulus of the
nanocomposites increases linearly at the MbEding range of 1110%.Using Wide
Angle X-ray Diffraction (WXRD) analysis, scanning electron microsc(pigM) and
transmission electron microscopy (TEM) observation, it was found for the first time that
the MMT was intercalated and exfoliated in the pure cellulose matrix.

Cellulose nanowhiskers reinforced poly(vinyl alcohol) (PVA) nanofiber wab
successfullyabricated using electrospinning technigliee morphology and mechanical
properties of highly aligneédlectrospun fibewebs were investigated. The relative
alignment derge of electrospun fiber webs was analyzed using a fast Fourier transform
(FFT) method. It was found that the modulus and tensile strength of aligned webs are
higher than those of isotropic electrospun fiber webs. élagions of reinforcement
effects, fber alignment and cellulose nanowhiskers alignment have been investigated.

The mechanical properties of cellulose nanowhiskers reinfaaigdvinyl
alcohol) PVA) electrospun fiberather than fiber webisave been measured using
nanoindentation method@he modulus of PVA/cellulose nanowhiskers electrospun fiber
increases linearly with increasing loading ratio of cellulose nanowhiskers up to 20.0wt%.
Experimental results were compared with a longitudinal Haljgaa model. The
nanoindentation results are~AD% smaller than the longitudinal model predictions.

Ice-templated (IT) cellulose microfibril porous foams are successfully fabricated
via unidirectional freezing methods. IT cellulose microfibrils foam prepared from 1.0wt%
suspension shows a crdsiked network structure. As increasing the concentrations of

cellulose microfibrils suspension from 1.0wt% up to 2.75wt%, a transition from a
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network structure to a lamellar channel structure happens gradually. As increasing the
concentration of suspensionsin 3.0wt% up to 8.0wt%, highly aligned channel
structures parallel to the freezing direction were obtained. It was found that cellulose
microfibrils are partially aligned along the freezing direction. It was found that the
compressive stresses of IT cetlsé microfibril foams increase linearly as increasing
concentrations of suspension.

The morphology and growth mechanism of IT surfaces were investigated
successfully using cellulose microfibrils and hydrophilic substrates. When the height of

IT cellulosemicrofibril surface is 50rm, the surface shows honegmb like structures.
When the height of IT surfaces is between afitand 20Q7m, a transition from honey

comb like structures tmultilayer structures happens. In these cases, elipape

channels are observed. If the height of IT surfaces is larger tham3dally developed

multichannel surfaces are obtained. By controlling the temperature gradisaehet
cellulose microfibril suspensions and secondary freezing mediums, various surface
structures including honegomb like structures, ellipsghape channel structures, fully
developed multichannel structures are obtained successfully. For thedwnbike
patterned surface, high contact angles are observed. On the other hand, for the layered

patterned surface, anisotropic wetting properties were observed.
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CHAPTER 1

INTRODUCTION

Cellulose is the most abundant natural polyrties. environmentallyfriendly,
biocompatibleandrenewableDue to the hydroxyl groups on cellulose, there are strong
hydrogen bonds between cellulose molecules. Especially, cellulose nanowhiskers and
cellulose microfibrils which are high aspect ratio tgfie particles showood
mechanical properties. Moreover, they have a low density compared with inorganic filler
materials. Therefore, cellulose based materials including cellulose nanowhiskers and
cellulose microfibrils are excellent candidates for biocompatible nanocoep@sth
good mechanical properties.

For the fabrication of a new type of functional products, there are 3 important
factors to consider. Which materials is the most appropriate? Which design is the best to
get the required properties? Which fabricatiorthod is the most effective? Any of them
cannot be neglected and three of the factors affect each other. Recently, interests on the
control of the 2D/3D architectures of nanostructures and their properties have been
increased due to the fast developmerfabfication techniques. Especially, alignment,
anisotropy and orientation control of the nanostructures are critical issues.

In this study, new types of cellulose based nanocomposites and their fabrication
methods are introduced. Especially, the refediops between 2D/3D architectures of the
nanocomposites and their properties are investigated. At the following chapter, literatures
including the background of my researches and relevant topics are reviewed. At Chapter
3, nanocomposites from regeneratetlulose and montmollironite (MMT) nanoclays are
introduced. The effects of MMT structures and surface properties on the mechanical

performance of nanocomposites are investigated. At Chapter 4, cellulose nanowhiskers



reinforced PVA electrospun fiber webee fabricated. The relationships among the
alignment of fibers, the orientation of cellulose nanowhiskers and physical properties of
fiber webs are investigated. At Chapter 5, individual fiber properties of cellulose
nanowhiskers reinforced electrospubpefis are measured using nanoindentation method.
The effects of alignment of cellulose nanowhiskers on the electrospun fibers are studied.
At Chapter 6, cellulose microfibril porous foams are made usintgroplated (IT)

method. The morphology, growth meetism and mechanical properties of IT cellulose
microfibril foams are investigated. At Chapter 7, cellulose microfibril pattern surfaces are
fabricated using IT method. The morphology, growth mechanism and wetting properties
of IT cellulose microfibril paerned surfaces are studied. The relationship between

surface structures and wetting properties are also investigated.



CHAPTER 2

LITERATURE REVIEW

2.1 Cellulose

2.1.1 Structure and Polymorphism of Cellulose

Cellulose is the most abundant natural paynit is the very commonly found in
a wide variety of living speciesuch agplants, animals, bacteremdsome amoebas. It
has been estimated that globally betw&@fand 18" tons of cellulose are synthesized
[1]. Cellulose whose formula is {B100s) » is the natural polymeric polysaccharide
carbohydrateCe | | ul os e i sglucose), whickwhdefisée dmo (lg h- b ( 1Y 4)
glycosidic bondsStructure of cellulose is shown in Figl2Thecellulosemonomers are
linked together by condensatiandthe sugar rings are joined by glycosidic oxygen
bridges.Theaverage degree of polymerization in native cellulose is reported as around

13,000.

HO

- OH HOH,C -

Figure 21. Structureofe | | ul os e t Iglycosidigtonds ( 1Y 4)

Celluloseexists asix different polymorphs;ellulosel, 11, 111y, [y, 1V}, and I\

[2]. The interconversion between the polymorphs of cellulose is summarized a2 Fig 2



Cellulose 1is found in nature. Cellulose Il can be obtained from cellulose | by
regeneration process. Interconversion between cellulose | and Il is the irreversible
reaction. Cellulose liland cellulose 1) are formed from cellulose | and Il, respectively,
by the amine treatment. Interconversion between cellulose | awd tllulose 11 and

[l is reversible. Cellulose INand 1V, may be prepared by heating cellulosednd I,

to 20&C in glycerol, respectively.

Regeneration

Mercerization
Cellulose | » Cellulose Il
NHS(I) NH3(|)
_NH3(9) _NHS(g)
Cellulose llI, Cellulose Ill;
heat heat
Cellulose 1V, Cellulose 1V,

Figure 22. Interconversion of the polymorphs of cellul¢2k

It was also found that Cellulose | has two polymorphs, cellulasarid cellulose

| 6. The fractions of celluloseal and cellulose b in native cellulose depend on the

origin of the cellulose.d phase is a meta stable and can be converted to the more stable

| 6 form by annealing.

2.1.2 Cellulose ultrastructure



The extendedellulose chain forms a flat ribbdike structure. Cellulose chains
are stiffened by Van der Waals forces, as well as intra and intermolecular hydrogen
bonds, resulting in a regular crystalline arrangement of cellulose chains. In nature, it is
hard to fird a single cellulose chain. Most of cellulose exists as the forms of crystalline
array of cellulose chains.

Elementary fibrils are the basic unit of cellulose morphology. Their lateral
dimension is about 30 x 30 Angstroand their average length is 30@gstroms.
Elementary fibrils are connected by amorphous cellulose region. Microfibrils are
composed of a bundle of elementary fibrils. Their size is approximately 120 x 120
Angstroms and infinite length. Fibrils are composed of bundles of microfibrgs. It
approximately 2000 Angstroms in length. When viewed in esession, fibril structures

are blocked within a matrix of hemicellulose and lignin as shown in-Bif22.

E

cellulose elementary
fibril

I

2=+ hemicellulose

ﬁ lignin

I
|

I
|

|
I

25-30 nm i

Figure2-3. Schematic of crossectional view of the ultrastructural organization of the
cell wall components in wod@].



Each microfibril carbe considered as a string of cellulose crgstatked along
the microfibril by amorphous domains and having a modtibge to that of the perfect
crystal of native cellulosgestimated to be around 150GPa) and a strength that dbeuld
in the order of 10GPa.

2.1.3 Amorphous cellulose

Cellulose tlat lacks a degree of order is considered amorphous cellulose.
Elementary fibrils are connected by amorphous cellulose. Amorphous cellulose are also
located between cellulose microfibrils. The amount of amorphous cellulose depends on
the species of cellulessource. For example, cellulose from cotton has high crystalline
cellulose ratio and a small amount of amorphous cellulose. On the other hand,
regenerated cellulose has higher amorphous cellulose ratio. High amorphous ratio in
cellulose means high accdsfity of chemicals to cellulose structure. The schematic of
amorphous cellulose and crystalline cellulose is shown insBiglisordered red region

represents amorphous cellulose and ordered blue region is crystalline cellulose.

Amorphous
cellulose

Crystalline
cellulose

Figure 24. Schematic of amorphous cellulose and crystalline cellulose.



Compared to starch, cellulose is also much rooystalline Whereas starch
undergoes a crystalline gmnorphoudransition when heated beyond-80 °C in water
(as in cooking), cellulose requires a temperature of 320 °C and pressurglB2S

become amorphous in water

2.1.4 N-methylmorpholine-N-oxide (NMMO)

Cellulose is the most abundant natural polymer with outstanding properties.
However, chemical processing of cellulose is difficult because cellidos® meltable
and not soluble in usual solvents due to its strong hydrogen bonds and partially
crystalline structure. Therefore, more than 100 years, processing and manufacturing
process of cellulose largely depends on the hazardous viscose technaboggeVi
process is accompanied by serious environmental byproducts such &s&£8&nd
several heavy metals. After the first patenNefethylmorpholineN-oxide (NMMO)
method at 19693], lots of researctseeonN-methylmorpholineN-oxide (NMMO) and
cellulose system have been d¢#é]. Nowadays, NMMO process is popularly used to

produce regenerated cellulose products such as Lyocell

/—\ FHs
g N
\__/ o

Figure 25. Formation and molecular structureNsimethylmorpholineN-oxide[5].
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Figure 26. Scheme of Lyocell spinning process based on cellNd4k1O method[5].

N-methylmorpholineN-oxide (NMMO) hasstrong N-O dipoleswhich can
substitute the hydrogen bonds between cellulose molecules during dissolving process.
NMMO is produced by the oxidation of the ternary aminethylmorpholine with
hydrogen peroxide. A molecular structure of NMMO is shown in Fig Phe most
outstanding advantage of NMMO as solvent is that it is environmentally friendly and
100% recyclable in comparison to the hazardous viscose techriige-6 is the

scheme oftie Lyocell spinning process based on celllss&VO method[5].
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Figure2-7. Phase diagram of celluled&VIMO-water systenfi5].

2.1.5Cellulose andN-methylmorpholine-N-oxide (NMMO) system

The melting point of the pure NMMO is at 170°C and hydration with one water
molecule per NMMO molecule leads to the NMMO monohydrate with a melting point of
74°C which improve dissolution strength forlo@se. The solubility of cellulose in the
binary NMMO/water system is shown in Fig/2 The phase diagram indicates that
complete dissolving of cellulose happens only in the small region, highly concentrated
NMMO. Dissolving process of cellulose in NMMO&#ter system starts after the water
content is reduced to 13~15wt% through evaporation. If regenerated cellulose dissolution
with NMMO/water is put in the large amount of water, a competing reaction happens
between water molecules and NMMO molecules fdutede molecules which prefer
water. Therefore, NMMO is removed entirely and homogeneous regenerated cellulose

which contains small amount of water can be obtained.



2.2 Cellulose nanowhiskers

2.2.1 Preparation of cellulose nanowhiskers

Cellulose nanowliskers can be obtained by a careful acid hydrolysis with sulfuric
acid[7]. The amorphous regiorse the weaker piin cellulose microfibrils so sulfuric
acid breaks the amorphous parts first. As shown in Hgystalline cellulose
structures are surrounded by the amorphous cellulose. Therefore, cellulose nanowhiskers
consist of high contents of cellulose crystedldomain and small amount of amorphous
domain. The exact ratio of cellulose crystals and amorphous parts depends on the
hydrolysis condition and the source of celluloB@ansmission electron microscope
photos of cellulose nanowhiskers from differentudebe sources such as cotton, sugar
beet pulp and tunicin were shown in Fi@§2

Cellulose nanowhiskers agenerally stiff rodlike particles. Their average
diameter of cellulose nanowhiskers is between 5nm and 20nm and their length ranges
from 150nm toA00nm.Geometrical characteristics of cellulose whisldgpend on the
origin of cellulose microfibrils and actaydrolysis process conditions such as time,
temperature, anplurity of materialsThe effects of hydrolysis condition on the

characteristics ofellulose nanowhiskers are summarized at Talil¢72.

(a) (b) (c)
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Figure2-8. Transmission electron microscope photosesiulose nanowhiskefsom (a)
cotton (b) sugabeet pulp and (c) tunicif].

Table 21. Effect of hydrolysis time on the properties of cellulose nanowhi$kers

Sample Hydrolysis Total suffur Surfoce Farticle Ordered
time content charge length phase
(min) (%) (0SO7)(S%)®  (nm)°
& 10 053 0.30 390 -
7 20 0.50 0.33 331 +
8 30 0.58 0.50 76 +
9 45 0.62 0.64 226 +
10 &0 0.69 0.68 197 +
I 120 0.74 0.68 |79 +
12 240 0.75 0.62 177 +

As the hydrolysis time increased from 10 to 240mins, the total sulfur content and
the surface charge of the cellulosowhiskergienerally increased.he particle size of
cellulose microcrystallites decreased from 390nm to 177im@ relationship between

hydrolysis time and average length of cellulose nanowhiskers was shown 9 Fid). 2

Length of Cellulose Crystallites (nm)

: 0 50 100 150 200 250
Hydrolysis Time (min)

Figure 29. The relationship between hydrolysis time and the average length of cellulose
nanowhisker$7].
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2.2.2. Orientation of cellulose nanowhiskersn aqueous solution

Cellulose crystalline has highly oriented structure. Even though the surface of
cellulose nanowhiskers is slightly occupied by amorphous cellulose, the alignment and
arrangement of amorphous cellsdoare affected by the orientation of cellulose crystals
inside of the cellulose nanowhiskers. Besides, the hydroxyl groups on cellulose surface
enhance the interaction between cellulose nanowhiskers. In conclusion, due to the highly
oriented cellulose cstalline structure and strong hydrogen bonds, cellulose
nanowhiskers have a strong tendency to align side by side. As a result, the cellulose
nanowhiskers aqueous suspension has a siogfgingencd9]. Fig 210 (a) shows a
nematic phase of cellulose nanowhiskers in aqueous suspgsjsion

In a dilute regime, the average distance between cellulose nanowhiskers and
interaction force are not enough, therefore cellulose nhis&ers suspension forms
isotropic phase. However, above the critical concentration (4.9wt%), cellulose
nanowhiskers suspension starts to form anisotropic phase andsbfrimgencd8].
Fig 211 shows the relationship between suspension concentration and the volume
fraction of anisotropiphase. If the concentration of suspension is 5wt%, 50% of the
cellulose nanowhisker particles exist as a nematic phase. Above 10wt%, 100% of
cellulose nanowhiskers is the anisotropic condifgjnCellulose nanowhiskers thin film
still maintains the chiral nematic order after evaporatiosobfent such as water. Fig 2

10 (b) shows the image of cellulose nanowhiskers thin film through-podaszers.
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Figure 210. (a) Abirefringenceof cellulose nanowhiskers in aqueous suspension (b) an
image of cellulose nanowhiskers thin film thrbwa crosgolarizer[8].
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Figure 211. A relationship between suspension concentration and the volume fraction of
anisotropic phasg3].

2.3 Cellulose microfibrils
Cellulose microfibrils are called as several different names such as cellulose
nanofibrils, microfibrillatel cellulose nanofibers and cellulose nanofibers. Cellulose

microfibrils are the main components of plants and wood pulps. To obtain the cellulose
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microfibrils, lignins and hemicelluloses should be removed. Several preparation methods
have been reported ngl a mechanical processifif-11], an enzyme treatmefit2] and

a grinder treatmerjiL3]. The diameter and length of cellulose microfibrils are different
according to the source materidlfie diameter of microfibrilsisuallyranges from 10nm

to 30nm and their length is betweenrh and 30rr7m [10-13]. Fig 2-12 is the AFM

image of cellulose microfibrils prepared using an enzyme treatment and the SEM image

of cellulose microfibrils obtained by aigder treatment.

Figure 212 (a) AFM image of cellulose microfibrils prepared using an enzyme treatment
[12] (b) SEM image of cellulose microfibrils abhed by a grinder treatmejit3].

Cellulose microfibrils have been widely used as reinforcement materials in
polymeric nanocompa®s and porous foams. Cellulose microfibrils show environmental
friendly characters and good mechanical properties. Sovaasireported that celse
microfibrils were used aginforcanent materials for theanocompositewith various
matrix materials such as polyurethghé] and poly(lactic acid)15]. Porous foams were
prepared from cellulose mmfibrils and amylopectifil6]. Recently, optically
transparent pap¢t1] and highly touch nanopapdfs/] prepared from pure cellulose

microfibrils were reported. Cellulose microfibrils are also widely used for biomedical
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applications such as wound coverage nialtej18] and a scaffold for tissue engineering

[19].

2.4 Cellulose nanowhisker reinforced nanocomposites

Cellulose nanowhiskers have been widely used as reinforcing materials for
cellulosic nanocomposites afteethirst synthesis by Favier et §0]. It was reported
that cellulose nanowhisker reinforced nanoposites showed significantly improved
mechanicapropertiedor both of the natural and synthetic polymer matrix such as starch
[21], cellulose acette butyratg¢22], poly(vinyl chloride)(PVC)[23] and poly(vinyl
alcohol)(PVA) [24].

Cellulose nanowhiskers are stable in aqueous solution and dispersed well with
most of the hydrosoluble polymers. It was also reported that surface modified cellulose
nanowhiskers are mixed well with organic solvents. Due to the highbtive hydroxyl
groups on cellulose nanowhiskers, their surfaces can be easily modified with a surfactant

[25], chemicalg§26-27] and crosdinking agen28].

2.4.1. Mechanical properties of cellulose nanowhiskers reinfordenanocomposites

In the past 10 years, a great interest was focused on the improvement of
mechanical properties of cellulose nanowhisker reinforced nanocomposites. The
reinforcement effect attributes to several factors such as a modulus of cellulose
nanowthskers, an aspect ratio of cellulose nanowhiskers and a whisker/whisker
interaction It was reported that the modulus of the crystalline region of cellulose is
137GPa measured by-pay diffraction[29], 143GPa measured by Raman spectroscopic
techniqud30], 149GPa ~ 155GPa calculated by computational simul@@idnThe
modulus of a single cellulose microfibril was measured directly using atomic force

microscope (AFM) Jooint bend test and was evaluated to be 93GHalt is very
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difficult to measure the mechanical properties of cellulose nanowhiskers directly. The
diameter and the length of cellulose nanowhiskers are-siaa@and much smaller than
those of cellulose microfibrilgherefore isolating, gripping and holding a single cellulose
nanowhisker is not technically feasible. Therefore the modulus of a single cellulose
nanowhisker should be assumed based on the modulus of the crystalline cellulose and
cellulose microfibrilslt looks reasonable the modulus of cellulose nanowhiskers is
between that of crystalline cellulose (137GPa ~ 155GPa) and that of cellulose
microfibrils (~93GPa) because the ratio of crystalline domain in cellulose nanowhiskers
is between crystalline cellode and cellulose microfibril§he density of crystalline
cellulose is relatively low compared with other inorganic materials. The modulus of

engineering materials and cellulose crystalline is summarized at Fable 2

Table 22. Modulus of engineering rtexials and crystalline cellulo$a7].

Ilodulus Density Spedific modulus
Materials
(GPa) (2gim3) {Gpam3ig)
Aluminium 69 2.7 26
Steel 200 78 26
Glass 68 2.5 28
Crystalline cellul ese 138 15 92

It is well known that fillers with a high aspect ratio can enhance the mechanical
properties of nanocomposites. The aspect ratio of cellulose nanowhiskensed
according to the source of cellulose and preparation condj88hsThe average aspect
ratios of cellulose nanowhiskers prepared from tunicin, bacterial and Avicel are 67, 60

and 10, respectivelyd4]. Cellulosesnanowhiskers show a strong whisker/whisker
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interaction due to the strong hydrogen bonds. The network structure of cellulose
nanowhiskers increases the elastic modulus of nanocomposites, especially abgve the T
[35-36].

2.4.2. Model studies

Halpin-Tsai model

Halpin-Tsai equation is the most widely used model for the analysis of

mechanical properties of nanocomposj&3%40]. Model equation is given by,

é: 1h1 @D

Where E is modulus of compositg, E modulus of matrix, H s modul us of f il

shapefactoandid i s vol ume ¢@giverabgti on and d i s
E./E -1

h:i (2.2)
E,/E,+z

Shape factoe defmed as the geometry of filler materials. Various geometries of fillers

and their shape factors are summarized at TaBle 2
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Table 23. Various geometries of fillerand their shape factors.

< @ &

) Tube
Geometry of fillers Disk Sphere
longitudinal  transverse
Shape factor ) diameter (D) , ) length (L) ,
thickness (T) - diameter (D) -

The modulus of cellulose nanowhiskers reinforced nanocomposites can be
expressed using tube geometry shape factor. When cellulose nanowhiskers are aligned
parallel to tensile test direction, longitudinal shape factor canigedo the model. On
the other hand, transverse shape factor can be used if cellulose nanowhiskers are aligned
vertical to the tensile test direction. If the alignment of cellulose nanowhiskers in matrix
is isotropic, the modulus of nanocomposites igesged as the fractional summation of

E and E.

(2.3)

I'I'I
1
0l w
m
ot
m

where E is the longitudinal modulus arig is the transverse modulus

Percolation model

When the loading ratio of féirs increases, the interaction between fillers should
be considered in mechanical properties of nanocomposites. Cellulose nanowhiskers show

relatively large interactions between particles because of the high aspect ratio of the
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particles and strong hydrag&onds. Percolation theory considers various parameters
such as partickparticle interactions, orientation of particles and aspect ratio. In

percolation approach, the elastic modulg®Ethe composites is given by

:(1' 2/ +NR)ESER (-1 Vl‘?) JEFZa (2.4)

EC (1' VR)ER -(VR /.') ES

where subscripts S and R refer to the soft phase (polymeric matrix) and rigid phase
(cellulose nanowhiskersy. and E are the volume ratio and elastic modulus of given

phags.; and v, defined as

/=0 for vy Vg,

, Ve- V,

J =Vq (ﬁ)b for vy g, (2.5)
Rc

, 207

" L/d

where b = 0.4 for a 3D networl,, is the percolation threshold which meansltveest
volume ratio of cellulose nanowhiskers that can be considered as a percolating phase. It

was found that percolation theory agrees well with experimental data aeve0"'C

[41-42]. Fig 213 is the bgarithm plot of the relative tensile modulus of various cellulose

nanowhiskers nanocomposites measurel] &0°C. Black and white circles are

experimental data. A dotted line is the percolation model value and a solid line is-Halpin

Tsai model predictiof34].
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Figure 213. Logarithm of the relative tensile modulus of various cellut@s®whiskers
nanocomposites measured t+50°C [34].

2.5 Polymer/layered silicate (PLS) nanocomposites

At chapter 3, one of the layered silicates (montmorillonite) is used as filler
materials for regeneted cellulose nanocomposites. Therefore, the background about
layered silicates and polymer/layered silicate (PLS) nanocomposites is reviewed in this
section.

Nanocompositerefer to polymersnixturefilled with small inorganic particles
Polymer/layerd silicate (PLS) nanocomposites have attracted great interest both in
industry and in academia because they showed remarkable improvement in their
properties due to the high aspect ratio of layered sili¢éte improvements of modulus
[43], heat resistandd4], flammability[45], biodegradability46] and decreased gas
permeability{47] have been reporte@the commonly used layed silicates for the PLS
nanocompositesweremade up of two tetrahedrally coordinated silicon atoms fused to an

edgeshared octahedral sheet of either aluminum or magnesium hydroxide.
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25.1 Structure and properties of layered silicates

The commonly uselhyered silicates for thgreparation of PLS nanocomposites
is the group®sf 2:1 layered or phyllosilicate$heir basicstructure consists d#o layers
of tetrahedrabtructure oordinatedwith silicon atomsandoctahedral shedtetween them.
Either aluninum ormagnesium hydroxidis located inside the structufée layer
thickness is arountl nm, and the lateral dimensions of these layersvagyfrom 30 nm
to several microns or largetepending on the particular layered silicdtgpical particle
length of commonly used layered silicate is 50~60nm (Saponite), 100~200nm
(Montmorillonite) or 200~300nm (Hectorite). Te&ucture of these layered silicates is

shown in theFig 2-14.

Basal spacing

O AL Fe, Mg, Li
®on

®o
& Li Na,Rb, Cs

Figure 214. General structure of layered silici48].
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Between the layer&Exchangeable cations exishé cation exchange capacity
(CECQ)is the unique and important characteristic of layered silicates. When ion exchange
happens, the cations exchange their sites with another organic or inorganic tatioms.
pristine state, layered silicate is only miscible with hydrophilic polymers such as
poly(ethylene oxide)(PEO) or poly(vinyl alcohol)(PVA). Organically modified layered
silicate (OMLS) can be obtained through4exchange reactions with cationic surfactants.
OMLS is miscible with many organophilic engineering polymers. The chemical formula

and characteristics of commonly used layered silicates are summarized in-flable 2

Table 24. The chemical formula and characteristics of commonly used layered silicates
[49].

2:1 phyllosilicates Chemical formula CEC (mequiv/ 10( g} Particle length (nm)
Montmorillonite Mr(Als_ Mg, )5ig0x(OH)s 110 100150

n v LiliSi 120 200 300
Hectorite MuiMegg— Li )8igOagl OH ),
Saponite Mr Mgl Sig— Al )SigOug OH BbuG 30-60

2.5.2 Organically modified layered silicate (OMLS)

To prevent the phase separation between pristine lagiicate and organophilic
polymers and promote the good dispersion of layered silicates in polymer matrix,
originally hydrophilic silicate surfaces must be converted to organophilic surfaces.

Normally, pristine cations (Naor K*) were exchangedith cationic surfactants
including primary, secondary, tertiary, agdaternary alkylammonium or
alkylphosphoniuntationsby ion-exchange reactiong he size of cationic surfactants is
larger than N&or K* ions, resultingn a largerinterlayer spacingSometimesseveral
cationic surfactants have the functional groups which make or initiate the reactions with

the polymer matrix.
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Figure 215 (a) schematic of pristine layered silicate (b) schematic of OMLS and primary
alkylammoniumcationic surfactant at low terapature (cschematic of OMLS and
tertiaryalkylammoniumcationic surfactant at high temperat{48].

Table 25. Properties of commercial MMT produ¢g&s].

Modifier
d-spacing concentration

Sample 28 (=) [y Organic modifier meqg/100g clay

MMT Na+* 1.66 11.5 N/A N/ A

MMT 104 4.58 19.2 Dimethyl benzyl debydrogenated 125
tallow quaternary ammonium

MMT 30B 477 18.5 Methyl tallow bis-2-hydroxyethyl a0
quaternary amimonium

MMT 254 475 18.6 Dimethyl dehydrogenated tallow 95
2-ethylhexyl quaternary ammonium

MMT 934 374 236 Methyl dehydrogenated tallow 90
ammaonium

MMT 204 367 24.2 Dimethyl dehydrogenated tallow 95
quaternary ammonium

MMT 154 2.80 3.5 Dimethyl dehydrogenated tallow 125

quaternary amimoninm

Usually, the characterization of interlayer distance change isutong wide angle
X-raydiffraction (WXRD). The schematics of pristine layered silicate arghnoically
modified layered $icate (OMLS)were shown in Fig-A5. The detailed structure of
layered silicates and interlayer distance are affected by several factors such as the species

of cationic surfactants, packing density of surfactants between layers, the length of alkyl
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chainof surfactants and temperature.

Montmorillonite (MMT) is one of the most widely used layered silicates.
According to the species of organic surfactants, MMT can be classified with MMT Na+,
MMT 10A, MMT 30B and so on. \de angle Xraydiffraction (WXRD) results (27),
interlayer distance (dpacing), the species of organic modifiers and modifier

concentration of commercial MMT products were summarized in Table 2

2.5.3 Structure of Polymer/layered silicate (PLS) nhanocomposites

When the layered silicate are mixed and dispersed in polymer matrix, the
insertion of polymer matrix into the layers happens. Depending on the degree of polymer
insertion, the strength dfiterfacial interactions between the polymer matrix and layered
silicateand the change of the interlayer distanbesedifferent types of PLS
nanocomposites are obtain&ihenthe insertion of a polymer matrix into the layered
silicate structure occuyrg is called as intercalated structure. In this casentieelayer
distance changes but maintained regular after intercaldtimnexfoliated nanocomposite
is one that the individual clay layers are separated in a continuous polymer matrix. The
average distance between each clay layer depends on clay loading. Trentday af an
exfoliated nanocomposite is usually lower than that of an intercalatestompositdf
the insertion of polymer matrix doesnodt
is called as phase separatiSchematidllustrationand theirTEM images arshown in
Fig 2-16 and Fig 21.7. The structure change of layered silicate after forming
nanocomposites can be confirmesing wide angle ay diffraction (WXRD). For
intercalated nanocompositesspacing peak shifts to smaller angle. Ondtieer hand, d

spacing peak in WXRD disappears after exfoliation.
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Phase separated Intercalated Exfoliated

Figure2-16. Schematic illustration dhreedifferent types of PLS nanocomposi{éS8].

2.5.4 Preparation methods of Polymer/layered silicate (PLS) hanocomposites

The preparation methods of PLS nanocomposites are classified intonthiree
groups. The first method is intercalation of polymer oroymer from solution, based
on a solvent system where polymer is soluble and the layered silicates are swellable.
During the dissolving process, dissolved polymer chains intercalate entaytrs and
exchange the location with the solvent within the interlayer. After removing the solvent,
PLS nanocomposites can be obtained. In situ intercalative polymerization is the second
method. In this method, monomer penetrates between the laydrseanblymerization
occurs by heat or radiation. Sometimes, a catalyst fixed on the surface of each layer can
be used for the initiator of the polymerization reaction. In melt intercalation method,
layered silicates and polymer are mixed above the soffgraimt of the polymer without
solvent. Third method is environmentally benign due to the absence of organic solvents
and it is applicable to the current industrial process such as extrusion and injection
molding. However, uniform dispersing of nanoclayhe polymer matrix is a common

problem in melting method.
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Figure 217. (a) TEM image of intercalated nanocomposites (b) TEM image of exfoliated
TEM image[49].

2.6 Electrospinning
Electrospinning is the most efficient technique for the fabrication of polymer
nanofibers. Various polyars have been successfully used to fabricate nanofiber via
electrospinning method in recent years. Electrospinning is a very versatile method. Most
of polymers can be electrospun in solvent solution or in melt form. Potential applications
of electrospun bers are also various. Application fields targeted by US patents on

electrospun fibers were summarized at Fi8250].

: Electromagnetic shielding

j Liquid crystal device . _

Medical prosthesis ]
Tissue template gre—— ———

- Composite

Filtration

Figure 218. The number of US patents related to electrospun nandfitgrs

26



Electrospun fibers or electrospun fiber membrane have unique properties. First of

all, the size of electrospun fiber is very small. They show a high modulus and tensile

strength compared to the light weight. Eleguas fiber membranes also have a very

large surface area. Electrospun fibers membrane can be used as skin therapy materials.

They can be also fabricated as liquid or gas filters. Tissue engineering scaffolds are

possible applications of electrospun fibérisey can be fabricated as porous membranes,

blood vessels and cell culture scaffolds. Nareasor is the possible application of

electrospun fibers due to the large surface area. The potential applications of electrospun

fibers were summarized at Figl®[50].

Cosmetic Skin Mask

Skin cleansing
Skin healing

Application in Life Science
Drug delivery carrier
Haemostatic devices .

+  Wound dressing

Tissua Engineering Scaffolding
Porous membrane for skin

Tubular shapes for blood vessals
and nere regenerations
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1 = Three dimensional scaffolds for
bona and cartilage regenerations
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» Ultra-lightweight spacecrafl malerials

+  Higher efficlent and functional catalysts

Figure 219. Potential applications of electrospun fi&@).

2.6.1 Process of electrospinning

The schematic of a typical electrospinning apparatsksasvn in Fig 220. The

basic units are a high voltage supply, a syringe filled with polymer solution and a metal
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collector. One electrode (positive or negative) is immersed into the polymer solution. The
metal collector is normally groundéd/hen High volage is appéd to the polymer

solution,a charge is induced on the surface of liquid solution. As the intensity of

collected charge increases, elongated polymer surface forms hemispherical shape which
is known as Taylor cone (Fig2D (b)J51]. Further increasing of the electric field makes
repulsive electrostatic force of chargedfaoe overcome the surface tension. Therefore,
charged polymer jas ejected from the end of the Taylor cone Hied to the metal

collector During the flight, the solvent evaporates and solidified electrospun fibers are
collected. The discharged polymjet undergoes high shear force, therefore the polymer

jet and electrospun fiber become very long and thin.

(@) (b)

Metal collector

Polymer sohtion

C

Figure 220. (a) The schematic of a typical electrospinning apparatus (b) Photograph of
electrospun jet from Taytacone[51].

2.6.2 Parameters in electrospinning
Electrospinning is affectedylseveral factors such as (g solution properties

(viscosity, elasticity, conductivity, arslirface tension (b) apparatus parameters (applied
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voltage,the distance between the #pd themetal collector, and the size diet capillary
tip), and (c) abient parametersolution temperaturandhumidity)

The fiber diameter is affected by the viscosity of polymer solution. It was reported
that a higher viscosity results in a larger fiber diami@&®}. The viscosity of polymer
solution is proportional to the polymer concentration. Therefore the higher concentration
of polymer solution makes the fiber diameter larger. Applied voltage is also important
parameter to theorphology of electrospun fibers. In general, a higher voltage induces
larger amount of polymer eject from Taylor cone resulting in the larger diameter of
electrospun fiberfb3]. Polymer beads are easily observed in electrospun fibers. Higher
polymer concentration solution and higher viscosity of polymer solution makes fewer
beads. On the other hand, for the lower concentration polymer solati®of polymer
beads are found as shown in Fig2[54]. It is also reported thatk added polymer
solution results in beafilee electrospun fibers due to higher electric charge on polymer

jet[55].

A250\centipoise

Less Beads

Viscosity

R cennbdé'e- : More Beads

Figure 221. SEM images of electrospun fibers from different concentration polymer
solution[54].
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2.6.3 Alignment of electrospun fibers

Basically, most of electrospun fibers are obtained as isotropigvogan from. If
it is possible to contrahe arrangement and alignment of electrospun fibers, their
possible applications can be expanded. However, it is very difficult to control the
fabrication of electrospun fibers because the size of fibers is very small and polymer jet
trajectory is very comlicated. So far, a few techniques have been developed to get the

aligned electrospun fibers.

A rotating cylinder collector

It was reported that highly aligned electrospun fibers can be fabricated using a
rotating cylinder collectoat a very high speg&6]. A schematic of the apparatus and

SEM images are shown in Fig-22.

(@)

Electrode for Sohution Chargng

Fofymer Solution
Reservoir .

Figure 222 (a) A scheme of the rotating cylinder collector and electrospinning apparatus
(b) SEM image of aligned electrospun collagen fijg63.

Themechanism of electrospun fiber alignment via rotating cylinder has not been
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very clear yet A reasonable explanation is given as followsenthe end of fiber is
attached on the cylinder surface anlihear speed of the rotating cylinder surfexceame
with the flying speed of polymer jate fibers are taken up dine rotatingsurface othe
cylinder tightlyresulting in thealignmentof electrospun fibersSuch a speed cée
called as an alignment speed. If the surface spet alylinder is slower than the
alignment speed, randomidieposited fibers will be collecte®n the other handoo high
rotating speeavill break thefiber jetresulting in no fiber collectiofb0]. Theaefore, the

rotating speed of metal cylindehould be selected very carefully.

A thin wheel with sharp edge

A highly aligned electrospufiber has been obtained using a thin wheel collector

with sharp edge as shown in Fig2[57].
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Figure 223 (a) A scheme of thin wheel electrospinning equipment (b) SEM image of
aligned PEO electrospun fibd&s/].
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Before reachinghe electrically grounded targetectrospuriibers retain
sufficient residual charges to repel each other. fesalt, once a nanofiber is attached to
the wheel tip, iwill exert a repulsive force on the next fiber attracteth&tip. This
repulsion from one another results ineparation between the deposited nanofifi€}s
This technique is very sensitive to the rotating speed. Therefore, it is not possible to
retain high alignmetof fibers when the deposited fibers are thicker. It is also difficult to

fabricate large area aligned membrane using this apparatus.

A parallel electrodes collector

A new collector consisting of two pieces of parallel electrodes separated by a gap
whosewidth could be varied from hundreds micrometers to several centimeters (Fig 2

24) was introduce{b8].

@)

needle
E‘“' Power
supply
fiber
Collector

Figure 224 (a) A scheme of parallel electrode electrospinning equipment (b) SEM image
of aligned PVP electrospun fibers (c) Higher resolution SEM image of aligned carbon
electrospuriibers[58].
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Using this technique, highly aligned fibers agsily obtained compared to other
methods. Moreover aligned fibers are located between electrodes, not on the substrate,
therefore it is easy to separate and transfer the aligned fibers. However the gap between
two electrodes should be smaller than fewticeeters and there is a limitation in the

length of aligned fibers.

A rotating wire drum collector

A rotating wire drum collector combined the advantages of a rotating cylinder
collector and a parallel electrode collector. The basic concept is sintiea wotating
cylinder collector but separated wires enhance the alignment of electrospun fibers.
Collected electrospun fibers are highly aligned and relatively long compared with a
parallel electrodes collector. A scheme of the apparatus and SEM imagd®an in

Fig 2-25[59].

Figure 225 (a) A scheme of the rotating wire drum collector electrospinning equipment
(b) SEM image of aligned nyle@ electrospun fibers (c) Higher resolution SEM image of
aligned nylor6 electrospun fiberb9].
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2.7 Nanoindentdion

2.7.1 Nano tensile test

Atomic force microscope (AFM) cantilevers have baead for tensile tests of
electrospun polyethylene oxide (PEO) nanofibers. Aligned electrospun fibers were
deposited on two parallel electrodes. The nanofiber was stretghgleNd tip and the
force was measured via the deflection of the cantilever. A schematic of the tensile test

using AFM tip was shown in Fig-26 [60].

piezo-resistive

AFM cantilever tip // olass fiber superglue

stretched
PEO nanofiber

Microscope '

masking tape

microscope stage
lens

Figure 226. Schematic of the nano tensile test of PEO electrospun fiber using a piezo
resistive AFM tip[60].

Nano tensile test method also has been used to measure theinsghraperties
of CNT [61]. Both ends of CNT were attached to the AFM cantilevers using electron
beam A soft cantilever was used as the force transduceaatiff cantilever was used as
the rigid link from thenanotube to the actuatdrhis attachment technique cannot be used
for polymer fibers beamuse of the damage by the electron beam. The schematic and SEM
images of AFM cantilevers with CNT are shown in FHg72

The AFM cantilevemethoddor tensile tesareuseful to measuring the

34



mechanical properties of naftwérs ranging from tens of nanotess to several hundred
nanometers in diametddowever,this method iverytime consumingndit is difficult

to manipulatecontroland testhesinglenandiber.

@ (b)

direction
of stretch

stiff
cantilever

soft
cantilever

Figure 227 (a) The schematic of CNT attached AFM cantite\() SEM image of CNT
attached AFM cantileve($1].

2.7.2 Nanoscale thregoint bend test

The nanofiber is deposited on the substrate with holes or grdgiliesn and
silicon dioxide nanobeams have been fabricatdg AFM anodization to carry out
threepoint
bend test with both ends fix¢62]. This method is only limited to samples that can b
fabricated using AFManodizationAFM image of the sample and schematic of nanoscale
threepoint bend test were shown in Fieg28[63].

The modulus can be found from beam bending thggtly The modulus for the

beam with two ends fixed is given by

P |
- 1Sa2XV| (2.6)
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Where Raxis the maximum force applied, L is the suspended length, v is the deflection

of the beam and | is the second moment of area of the beam.

(b)

P
J Tip
< I P

Figure 228 (a) AFM contact mode image of a single nanofiber suspendedmetched
groove (b) Schematic of nanoscale thpeent bend tesit3].

2.7.3 Nanoindentation
Of all the nanomechanical characterization techniquastioned,
nanoindentation is perhaps the most conven@perform as the sample can be prepared
for testingby simply depositing the nanorods, nanowires and nanofiimeashard and
flat substrate, with sufficient adhesibatween the substrate and the nanomatdfals
The schematic of nanoinden{éb] and AFM image of indented samg66] were shown
in Fig 2-29.
The elastic modulus is obtained form the slope of the initial slope of unloading
curve (S). The relationship between the initial sISpend modulus of the sample was

first formulated by Oliver and Phg87]. Theunloading stiffness, S is given by

dP
S=— 2.7
T (2.7)
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where P is the load and h is the contact depth of the tip. The reduced elastic mggdulus, E

is expressed as

1_) @)
E E  E

(2.8)

where E, andE; are the elastic modulwd the sampl@andthe indenter tip respectively.
Vmandviist he Poi sdthesényple and the tip. The relationship betw&and

E:is represented by

S=2aE =2b\/§ E (2.9)

where b is a constant that depends on the geometry of the indenter tip, A is the projected

area of the indenteThe keyissues and problems of nanoindentation are summarized in

Table 26.
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Figure 229 (a) A schematic of nanoindentation method based on the atomic force

microscopy (AFM) using a heated cantile}@®] (b) AFM image of gold nanowire after

nanoindentatiof66].

Table 26. Key issues and problems of nanoindentation.

Key issues

Problems

Probl em solving

Effect of underlying substrate

Fiber surface roughness

Curvature of fiber surface

Non-perpendicular loading and
slippage of the sample

Adhesion force

The modulus can be overestimated due
to the hard substrate if the diameter of
the nanofiber is too small

The roughness of the sample surface
changes the contact pressrue
resulting in the change oflaod

Nanoindentiaon method assumes that
the sample surface is flat

Non-perpendicular loading of the tip
cuases slip and friction
between the tip and the sample

In a high humid condition, the adhesion
between the tip and the humidity-
sensitive sample increases

The indenting depth is set up as
10% of the sample thickness

Confirm the morphology of
sample surface before indentaion

Confirm that the fiber diameteris
much larger than tip diameter

Confirm that the sample is tightly
attached to the substrate

Maintain the indenter chamber dry

2.8 lcetemplated (IT) structure
Porous foam materials have attracted a great attention in both of the academy and
the industry due to a wide range of applications such as artificial boneaisaterug
delivery carriers, filter materials and the parts of a motor vehicle. They show a good
mechanical performance in spite of light weights and have a large porosity to store or
carry other materials. Porous foams show various properties accardiegrt

architecture. Therefore, it is very important to control of the architectural structure such
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as the size of pores, morphology of the porosity and the arrangement of porous space

The main processing methods are template replica mefhed®], sacrificial template

techniques[61-64] and direct foamin§68] [68-71].

Drying,
template 1T
Impregnation removal,
Repli — .
a. replica or infiltration sintering
Syntlhetic ':;r Ceramic suspension
MRS = mpiaia Qr ceramic precursor
Drying,
pyrolysis [
Addition of evnporatlon
b. Sacrificial o
sacrificial smtanng
template phase
Ceramic or
ceramic precursor O Sacrrr!mal
in solid or liquid form material
Setting,
. Gas drying,
c. Direct : g
foaming incorporation sintering

Ceramic suspension
or ceramic precursor

Figure 230. Schematic of 3 main processing methods to produce porous foam materials

[72].

2.8.1Replicatechniques
Thesyntheticreplica technique is the first methaded for the production of

porousceramic foams. In this approach, polymer foams such as a polyurethane sponge
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were widely used aemplatesThesponge replicanethod ighe most populaecmique

in industryto produceceramic foams such asramic filters First, pores of polymer
template are filled with ceramic materials. After drying, the polymer template is removed
through a pyrolysis (30C€ ~ 800C). And then remained ceramic materials sintered

at appropriate temperature (1200~ 1706C). A schematic of replica method is shown

in Fig 230 (a).

Figure 231 (a) SEM image of alumina based ojmetfi structure obtained using
polyurethane sponge templd#3] (b) SEM image of a highly oriented SiC porous
ceramic obtained by wood replica mettj@d].

The typical porosity o€eramic§oams prepared by a synthetic replica technique
ranges fromt0%to 95% Typically, they show opeaoell structuresndtheir pore sizes
between 2007m and 3 mn(Fig 2-32). If the pore size of polymer template is smaller
than200 sm, it is difficult to fill the pore with ceramic materiglg5]. A synthetic
replica method sometimes makes some cracks on foam materials during pyrolysis,
resulting in the decrease of a mechanical performance of ceramic[ft@gmBhe SEM
image of ceramic foams prepared by polyurethane sponge template is shown-81Fig 2
(a). Natural templates such as cof@lg] and woals[74] give a chance to make unique

and highly oriented structures whichdigficult to prepare using synthetic templates.
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Basic sequences to prepare natural template replica foams are same with a synthetic
replica method. The pore size of weplica foams ranges from 10 to 3@@m which is
the channesize of the microstructure of wood templates and their porosity is between

25% and 95% (Fig-32). The SEM image of wood template foams is shown in g 2
(b).
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Figure 232. Typical porosity and average pore size achieved by the replica, sacrificial
templating and direct foaming processing ro(ifey.

2.8.2 Sacrificial template techniques

In sacrificial template methods, a sacrificial phase is added to ceramic particles or
ceramic precursors. Various materials havenbesed as sacrificial template such as PVA,
PEO, PMMA, starch and so on. They are extracted from the mixture through pyrolysis

(200°C ~ 6006C) to produce micrgore foam materials. A sacrificial template method
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generates a negative replica as shown ireF@ (b) and their SEM images are shown in
Fig 2-33.

As opposed to the replica methods, it is feasible to control the pore size, pore
morphology and porosity of foaming materials prepared by sacrificial template
techniques. Through the appropriate chatthe sacrificial materials, the pore size

ranges from Trm to 700 /mm and the porosity changes from 20% to 90% as shown in

Fig 2-32. Sacrificial template foams are usually clesetl structures. Therefer they

show higher mechanical properties, compared with replica foams which haveadpen
structures. The relationship between relative density and relative compressive strength of
ceramic foam materials prepared by various methods is shown irR3igrbe

theoretical expectation of compressive strength for clasichnd opercell foams is

also indicated.

Figure 233 (a) SEM image of Tigfoam produced via emulsion sacrificial template
method[78] (b) SEM image of Si@foam obtained using polystyrene beads sacrificial
template m#od[79].

2.8.3Direct foaming methods

In direct foaming methods, air is directly incorporated into a ceramic suspension
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and porous foams are obtained simply by sintering process-@dd@). The porosity is
proportional to th@amount of incorporated air and the pore size is determined by the
stability of wet foam. Wet foams are thermodynamically unstable due to their high gas
liquid interfacial energy. They undergo drainage, coalescence and Ostwald ripening to
decrease the ovdréree energy72]. Usually surfactants are used to stabilize the air
bubbles in suspension. The pore size is betweemi3and 1.2 mm according to the
species of surfactants (Fig32). A direct foarmg method produces a negative replica as
shown in Fig 230 (c). The SEM image of foam materials prepared by the direct foaming

method is shown in Fig-25.
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Figure 234. The relationship between relative density and relative compressive strength
of celamic foam materials prepared by various methj@ds
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Figure 235. SEM images of microstructure of porous foams prepared by direct foaming
methods (a) closedell structurd80] (b) opencell structurg76].

2.8.4Ice-templated (IT) methods

In ice-templated methodshé unidirectional freezing of the aqueous suspension,
followed by the unidirectional growth of ice crystals, results in high ordered porous
foams with unidirectional channels. Ice crystals grow withgame direction of the
temperature gradient. During the growth of ice crystals, particles or polymers are
entrapped between ice crystals as shown in F3§.2After removing ice crystal templates
by sublimation, the porous structure which is the replicgaeoriginal icetemplate is
obtained. In icaemplated methods, the porosity of the foam is same with the volume
ratio of water in suspension. The porosity of IT foams ranges from 99% to 20%. If the
particle concentration is too high (>80wt%), the cheastic channel structure of IT

foams is los{81].
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Figure 236. Sctematic of growth of ice crystals and particle entraprt&hit

The chanel size of IT foams is able to be controlled and ranges from 1 to 130

mm. If the freezing rate of ice crystals increases, the width of ice templates decreases,
resulting in the decrease of average channel size of IT foams. tal@sthe average
thickness of lamellae wall decreases together. The relation between the ice crystal
freezing rate and the channel wavelength is simply described by the empirical power law,
/ v". N is dependent on the particlessim® 0.66 ~ 1)[82]. Various SEM images of

porous structures made by IT methods are shown in-Big 2
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Figure 237. Various SEM images of porous foam structureparedl by icdemplated
methods. Each sample was prepared from (a) Silica aqueous sus|p&Bis{bh
MWCNT aqueous suspensif#¥] (c) PVA aqueous suspensif8b] (d) PCL emulsion
in o-xylene[86].

2.8.5Physics of ice crystal growth in a suspension

In case that the ice front pushes and transports the particles, a liquid film of
sufficient thickness is needed between the igrtfand particles. When the velocity of
ice front increases, the thickness of the liquid film decreases. If the ice front velocity is

too high V.. «..>V.), the particles are embedded inside the ice crystals instead of being

entrapped beteen ice crystalf87]. The critical velocity,v, is given by

_DsD Y
V°_—3/7R ( D) (2.10)
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Where a, is an average intermolecular distance in the film, D is the overall thickhess,

is the solution viscosityR is the particles radius anzl is an exponent that can vary

from 1 to 5 depending on the specific model. For micron size particles, typical critical

velocity ranges from 1 to 1@ms* andfor nanometer size particles, the typical values is

0.1 ~ Ims* which is reversely proportional to the particle radgj.

Planar structure region

When a suspension is freezed unidirectionally, the ice crystals start to grow at the
bottom which is contacted to a freezing source. At that moment, the freezing velocity

usually is larger than_, therefore the ice front is planar and particles are encapsulated in

the ice front. Therefore, the morphology of the bottom of the porous foams is a dense

planar layer structure.

Columnar structure region

When the ice crystals grow further, a s#@ion from planar structure to columnar
structure happens. This transition phenomenon can be explained by two theories. First
one is MullinsSerkerka instablility89]. Because the crystal structure of ice has a very
low solubility, particles which are initially located at the nucleation center of ice crystals
are separated from ice crystals, resulting in a local inerefthe particle concentration.

A concentration gradient around the ice front leads to a local decrease of the freezing
point and the formation of a local supercooling zone. The instability of the supercooling
zone breaks the planar interface of initc@ crystals and generates the columnar

interface. The transition phenomenon is simply explained by the decrease of freezing
velocity [81]. Because this cooling process is unidirectional, a temperature gradient exists.
After a formation of planar ice crystals@t, ,,..>V. zone,V, decreaes gradually

s Vice- front
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below v, and particles starts to be separated frorfrimet, resulting in the transition

from the planar structure to the columnar structure.

A) a-axis B) a-axis
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Ice crystal > c-axis Ice crystal - eaas
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temp erature temp erature
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Figure 238 (a) Scheme of ice crystal growth at the columnar regipscfieme of ice
crystal growth at the lamellar region.

Lamellar structure region

Ice crystals grow anisotropically. The ice front velocity parallel to the temperature
gradient orientation, crystallographiais, is 16 ~ 10 times faster than that ofaxis
which is perpendicular to the temperature gradient. At the columnar ice crystal zone, the
ice front grows to @axis orientation (Fig-38 (a)). When the ice crystals keep growing

andv, decreases further, columnar to lamettansition happens. At this region, ice

ice- front
crystals grow to the-axis and baxis direction but the growth teaxis direction is still
very slow. Therefore, the thickness of ice crystals aleagi€is very small and ice
crystal grows as a flat plateletrm as shown in Fig-38 (b). At each of the scheme, ice

crystals are simplified as a cubic form.
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Figure 239 (a) Scheme of ice crystal growth at small temperature gradient and formation
of ice dendrite (b) and (c) SEM images of dendritic structundarellar surface (d) and
(e) SEM images of smooth lamellar surf§@g].

Lamellar and dendritic structure region

When the temperature gradient becomes small, the growth direction of ice crystals
is tilted to the preferred growth direction. Therefore, there is a few degree difference
between the ice crystal growth directiamahe temperature gradient direction. In this
case, small dendrites start to grow on one side of the ice crystals with the direction of the
temperature gradient. The other side of ice lamellar structure is flat without dendrites.
During freezing, partickeare entrapped between dendrites, resulting in the generation of
rough structure on one side of lamellar structure after removing ice template. The scheme
of a formation of ice dendrite and SEM image of particle dendrites are shown ¥88ig 2
As shownn Fig 239 (b), dendritic structures are observed on one side of lamellar

surface and the other surface is smooth (F39 Zc)).
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Bridge structures in iceemplated foams

For IT porous structures prepared from highly concentrated suspension, bridge
strucures are observed. The growth mechanism of a bridge structure is not clear yet. The
possible mechanism is ice crystal tip splitting and subsequent tip hgalingVvhen high
concentration suspension is freezed, particle agglomerates are sometimes repelled from
the icesuspension interface and engulfed in ice crystal tip (liieg). After that,
subsequent tip healing happens and makes the bridge structure. Bridge structures connect
two lamellar structures entirely or partially according to the extent of tip splitting and

healing process.

2.9 Wetting properties of patterned surfaces

2.9.1 Superhydrophobicity
Superhydrophobic surfaces display very high contact angles with water (greater
than 15@ and low contact angle hysteresis. The design of superhydrophobic surfaces

have been biologically inspired by tlwus leaf{90], legs of the water strid¢®1], eyes
of mosquito[92], beetle§93] and so on. Superhydrophobic surfaces have attracted great
interests because of the potential applications such as antibiofouling9bas,
antisticking antenng®6], antisticking window$97], slf-cleaning windshieldf98] and
stain resistant textilg99].
The contact angle of a liquid droplet arilat and smooth surface is given by

Youngds equation as

cosg=Jo~_ & (2.11)
9
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where g is the interfacial surface tension. Subscripts S, V, L refer to the soliol; sag

l' i quid phase, respectively. The contact

liquid droplet is at thermodynamic equilibrium of the free energy att¥ieLJhases.

Figure 240. SEM images of biological structures in naturett{@)otus leaf[90], (b)
legs of the water strid¢®1], (c) eyes of mosquit®2], (d) the shell of beetlg93]. Scale
bars represent 2@m, 20//m, 1 //m and 10mm, respectively.

Two models were developed to explain the wettability of the rough surface by
Wenzel[100] and Cassie and Baxtg01]. In Wenzel model, it is assumed that the liquid
contacts the rough surface directly and there is no air gap between a liquid phase and a
surface (Fig 241 (a)). Therefore, surface roughness increasesviitable surface area

and the contact angle is given by
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C0sg,, =I COSg (2.12)

whereg, is the apparent contact angle on the rough surtaads,the equilibrium contact

angle on a smooth flat surface of the same

roughness factor which is defined by the actual surface area divided by the projected
surface area (r > 1). In the Wenzel model, the relatipng, > g 90 andg, < g 90

are predicted. It suggests that both of the hydrophobicity and hydrophilicity are enhanced
at Wenzel regime.
CassieBaxter model focused on the air gap between liquid droplet and rough

surfa@ (Fig 241 (b)). The contact angle on rough surfaces is given by

cosg,=f, cosg, H4 cos g, (2.13)

whereg, is the apparent contact anglg. and fg are surface fraction of vapor phase
and solid phase which contact with liquid phage, and g5 . are equilibrium contact
angle of liquid droplet at vapor phase and solid phase, respectively. Fgy a#180 ,

therefore, CassiBaxter model is expressed as

cosg.= -1 f (1 cesg (2.14)

In CassieBaxter model, the fraction of solid phase surface should be as small as possible
to get the sperhydrophobic surface. Schematics of Wenzel model and Cassie model are
shown in Fig 241. As shown at both of the models, two key parameters are important to
the superhydrophobic surface, surface energy and roughness. However, both theories can

predict the contact angle of a rough surface only qualitatiyE02].
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A) B)

Figure 241. Schematics of Wenzel model and Cassie model.

For the rough surfaces which have a fractal geometry, a combined model of

Wenzel model and CassBaxter model wasuggested103].

cosg, =f, L, N, ¥ ? cosg -f, (2.15)

where (L, /If)Df'z is the surface roughness facttr, is the upper limit sdas of the
fractal structuresl; is the lower limit scalesD, is the fractal dimension. Calculated

contact angles of typical muisicale fractal geometry surfaces are fitted in F#&22
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Figure 242. The contact angles of mulicale fractal geometry surfadé€93].

Top-down approaches

The methods for superhydrophobic surface preparation can be categorized into
two directions, togdown and bottorup appoaches. Tojglown approaches refer to the
fabrication methods via carving, molding, machining and so on. So far, templation
methods, lithographic approaches, plasma treatment and micromachining have been used
for the fabrication of superhydrophobic surfafE)2].

Templation methods include several steps: preparation of a template, replication
by molding and removing a template. PDMS has been used as molding materials (Fig 2
43)[104]. Polystyrene substrates and aluminum oxide templates have dexbtou
prepare superhydrophobic surfag&85]. Templation is a versatile method which can be
applicable to many polymeric systems. However, there is a limitation of the feasible

geometry using templation approaches.
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Figure 243. (a) Schematic of PDMS teiapion method (b) SEM image of a natural lotus
leaf (c) SEM image of the positive PDMS repl[é@4].

Figure 244, SEM images of superhydrophobic surfaces \baam lithography and
Octadecyltrichlorosilane (OTS) treatmg¢h@6].

In photolithographic approaches, light (radiation or electrons) is applied to the
substrate through a mask. After developing and etching steps, patterned surface can be
obtained. To improve the superhydrophobicity, additional surface treatments with
chemicals is sometimes neededray and silicon wafer substrates were used to prepare
patterned surface. Subsequent sputtering of gold particles and hexadecanethiol treatment

have been applied to the prepared surfa0&]. Patterned surfaces prepared using e
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beam lithography was alseported (Fig 244)[106]. Octadecyltrichlorosilane (OTS) was
treated on the prepared surface.

Plasma etching is a dry etch technique using reactive atoms or ions such as
oxygen, chlorine and fluorine. Accelerated itretween plasma and substrates create
deep grooves and steep wll§2]. Superhydrophobic low density polyethylene (LDPE)
surfaces using oxygen and {ifasma have been reporfdd8].

Poly(tetrafluoroethylene) (PTFE) was treated usinggex and ammonia plasma to

obtain superhydrophobic surfaces (Fi¢2) [109].

Figure 245. SEM images of superhydrophobic Poly(tetrafluoroethylene) (PTFE)
surfaces usig oxygen and ammonia plasma. Plasma treatment time is (a) 120 sec (b) 5
min (c) 10 min, respectively.

Bottomrup approaches

Bottomrup approaches refer to the fabrication methods from smaller building
components to larger objects. Bottaup approaches fahe preparation of
superhydrophobic surfaces include chemical bath deposition (CBD), chemical vapor
deposition (CVD), electrochemical deposition, labgrayer (LbL) deposition, colloidal
assembly, sefel methods and electrospinning methdd?2].

Chemical deposition is crystalline inorganic materials preparation methods on
substrates. According to the materials and the reaction conditions, the morphology of

inorganic crystals can be controlled. After the deposition, chemical treatments a
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sometimes applied to get the superhydrophobic surfaces. Zinc oxide (ZnO) nanorods
superhydrophobic surfaces using CBD techniques have been rgid@¢diligned

carbon nanotubes (CNTs) and ZnO coated carbon nanotubes were preparédl on Fe
coated silicon substrate to get the superhydrophobiacas (Fig 246) [111].

Rough surfaces covered with a single layer of cjumeked particles also show
superhydrophobicity. Monodispersed clgmecked polystyrene (PS) beads were pegar
by spin coating112]. Plasma etching was treated to PS beads surfaces to obtain extra
roughness (Fig-27).

Polyallyamine hydrochloride (PAH)/poly(acryl acid) (PAA) multilayer thin film
were prepared via LbL deposition techniques. After acid treatmentgp&ites
deposition and a chemical vapor deposition of semifluorinated silane, (PAH/PAA) films
show honeycomb structures which show superhydrophobicity (FABR[113]. It was
also reported that (PAH/ PAA coated Zr@articles) LbL assemblies prepared on a
silicon substrate show superhydropholyi¢it14].

Electrospinning techniques are originally the preparation methods ofsii®o
fibers and their membranes. Recently, electrospinning has been applied for the
fabrication of superhydrophobic surfa¢&$5-116]. The effects of polymer beads during
electrospinning process have been investigated (8@ @))[117]. Sometimes, extra
treatments such as CVD or fluorination were applied to the electrospun fiber deposited
surfaces. Superhydrophobic poly(caprolectone) (PCL) electrospun fiber mat were
prepared after initiated chemical vapor deposition of polymerized perfluoroalkyl ethyl

methacrylate (PPFEMA) (Fig-29 (b) and (c)]117].
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Figure 246. SEM imagesfqa) aligned CNT template (b) ZnO coated CNTs. Scale bars
are 5,m[111].

Figure 247. SEM images and water contact angles of (a) 400 nm PS beads covered
sufface (b) 330nm PS beads covered surface. Scare bar§"&ledspectively112].

Figure 248. SEM images of (a) (PAH/PAA) LbL assembly after acid treatments (b)
(PAH/PAA) LbL assembly after acid treatments, Sparticles deposition and a chiesa
vapor deposition of semifluorinated silgid 3].
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Figure 249 (a) Contact angles of be&rde PCL electrospun fiber mats and beaded PCL
electrospun fiber mats (b) a SEM image of PCL electrospun fiber mats (c) a SEM image
of beaded PCL electrospun fiber mEit&7].

2.9.2 Anisdropic wetting properties of onedimensional patterned surfaces

Recently, interests on the anisotropic wetting properties have been increased. Due
to the fast development of the fabrication methods such as photolitho@td8hy
interferometric lithography119-120] and micrewrinkling technique$121],
experimental, theoreticfl22-124] and simulation studigd.25] about the anisotropic
wetting phenomenon have been reported. Understanding anisotropic wetting properties is
important in that it is possible to control the wettability of the target surface by
controlling the architecture of the surface. Potential applications includelsaiing
biosensing, laton-a chip systems, intelligent membranes, microfluid devices and
microreactor systenf420]. In spite of several theoretical studies, the quantitative

explanation of anisotropic wetting phenomenondsclear yet.
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Figure 250 (a) Top views and side views of anisotropic wetting phenomenon on the
smooth surface and micmerinkled surfac€b) Dependence dhe water contact angles in

two directions ,and . ) on sinusoidally patterned surfaces as a function of degree of
compressiore (e)[121].

Micro-wrinkled poly(dimethysiloxane) (PDMS) surfaces were fabricated by
mechanical compressi¢h21]. The shape of the water droplet on the mieiokled

surfaces is strongly influenced by geometrical anisotropy as shown 3eigVhen

PDMS surface is smooth, the corttangleis 7, = f $64.3 0.8. When the wetting

direction is perpendicular to the groove directithre, contact line of the droplet looks
straight and sticks to the peak of the sinusoidal groove. When the wetting direction is

parallel to the groee direction, the droplet is elongated. Maximémvalue with

e=40%is 92.4 ° 1.0 and minimum/ value with e=40% is 60.6 ° 1.0 [121].
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Figure 251 (a) Submicron groove surface A (b)on groove surface A (), on groove
surface A (d) Submicron groove surface B {ebn groove surface B (), on groove
surface B120].

Submicron groove surfaces were prepared usitegferometric lithographgand
plasma surface treatment (Figh2) [120]. Grove density of surface A is 800nm, the

width of the wall is 500nm and the width einpty channel is 300nnf, andf, values

on groove surface A ark26 and 52, respectivelyGrove density of surface B is also

800nm, however, the width dfi¢ wall is 160nm and the width of empty channel is

640nm.f., andf, valueson surface B ar&30 and 49 , respectively. The additional

surface treatments usil@HF;, CF and Q plasma were applied to groove surfaces. For

all of the cases, the anisotropic wetting properties are clearly observed.

61



References

1. Hon, D.N.S.CELLULOSE- A RANDOMWALK ALONG ITS HISTORICAL
PATH.Cellulose, 19941(1): p. 125.

2. Osullivan, A.C. Cellulose: the structure slowly unraveGellulose, 19974(3): p.
173-207.

3. DJ, J.,US Patent 3,447,93%@ssigned to Eastman Kodak.
4, McCorsely CC, V.J.US Patent 4,142,913assigned to Akzona Inc.

5. Fink, H.P., efal., Structure formation of regenerated cellulose materials from
NMMO-solutions.Progress in Polymer Science, 202&(9): p. 14731524.

6. Chanzy, H., M. Dube, and R.H. MarchessaORYSTALLIZATION OF
CELLULOSE WITH NMETHYLMORPHOLINE NOXIDE - NEW METHOD OF
TEXTURING CELLULOSEIournal of Polymer Science PaHRolymer Letters,
1979.17(4): p. 219226.

7. Dong, X.M., J.F. Revol, and D.G. Grdffect of microcrystallite preparation
conditions on the formation of colloid crystals of celluldSellulose, 1998.5(1):
p. 1932.

8. Lima, M.M.D. and R. BorsaliRodlike cellulose microcrystals: Structure,
properties, and applicationdlacromolecular Rapid Communications, 2004.
25(7): p. 771787.

9. Marchessault, R.H., F.F. Morehead, and N.M. WaltEpUID CRYSTAL
SYSTEMS FROM FIBRILLAR POLYSACCHARID¥Sure, 1959184(4686): p.
632-633.

10. Turbak AF, S.F., Sandberg KRijcrofibrillated cellulose, a new cellulose
product: properties, uses, and commercial potendigdppl Polym Sci, 1983.
37(815).

11. Nogi, M., et al.,Optically Transparent Nanofiber Papekdvanced Materials,
2009.21(16): p. 1595+.

12.  Henriksson, M., et alAn environmentally friendly method for enzyassisted
preparation of microfibrillated cellulose (MFC) nanofibeEuropean Polymer
Journal, 200743(8): p. 34343441.

13. Abe, K., S. Iwamoto, and H. Yan@btaining cellulose nanofibers with a uniform
width of 15 nm from woo@®iomacromolecules, 2003(10): p. 32763278.

62



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Wu, Q.J., et al A high strength nanocomposite based orroaigstalline
cellulose and polyurethanBiomacromolecules, 20083(12): p. 36873692.

Kim, Y., et al.,Transparent nanocomposites prepared by incorporating microbial
nanofibrils into poly(Llactic acid).Current Applied Physics, 2009. p. S69S71.

Svagan, A.J., M. Samir, and L.A. Bergluipmimetic foams of high mechanical
performance based on nanostructured cell walls reinforced by native cellulose
nanofibrils.Advanced Materials, 20020(7): p. 1263+.

Henriksson, M., et alCellulosenanopaper structures of high toughness.
Biomacromolecules, 2008(6): p. 15791585.

Fontana, J.D., et ahCETOBACTER CELLULOSE PELLICLE AS A
TEMPORARY SKIN SUBSTITUTApplied Biochemistry and Biotechnology,
1990.24-5: p. 253264.

Backdahl, H.gt al.,Mechanical properties of bacterial cellulose and interactions
with smooth muscle cellBiomaterials, 200627(9): p. 21412149.

Favier, V., H. Chanzy, and J.Y. CavallROLYMER NANOCOMPOSITES
REINFORCED BY CELLULOSE WHISKER&cromolecules]995.28(18): p.
63656367.

Angles, M.N. and A. Dufresn®Jasticized starch/tunicin whiskers
nanocomposites. 1. Structural analy$acromolecules, 200@3(22): p. 8344
8353.

Grunert, M. and W.T. Winteflanocomposites of cellulose acetate latty
reinforced with cellulose nanocrystallkournal of Polymers and the Environment,
2002.10(1-2): p. 2730.

Chazeau, L., et alViscoelastic properties of plasticized PVC reinforced with
cellulose whiskerslournal of Applied Polymer Science, 1999(11): p. 1797
1808.

Lu, J., T. Wang, and L.T. DrzdPreparation and properties of microfibrillated
cellulose polyvinyl alcohol composite materidlamposites Part-Applied
Science and Manufacturing, 20B3(5): p. 738746.

Bonini C, H.L.,French patent FR 99.07493.

Gousse, C., et alStable suspensions of partially silylated cellulose whiskers
dispersed in organic solvenBolymer, 200243(9): p. 26452651.

Grunert, M. and W.T. WinteCellulose nanocrystal reinforced cellulose t&te

butyrate nanocomposite&bstracts of Papers of the American Chemical Society,
2002.223 p. 246PMSE.

63



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Samir, M., et al.Crosslinked nanocomposite polymer electrolytes reinforced
with cellulose whiskerdlacromolecules, 20087(13): p. 48394844.

Sakurada, I., Y. Nukushina, and T. [&XPERIMENTAL DETERMINATION OF
ELASTIC MODULUS OF CRYSTALLINE REGIONS IN ORIENTED POLYMERS.
JOURNAL OF POLYMER SCIENCE, 19637(165): p. 651&.

Sturcova, A., G.R. Davies, and S.J. Eichh&lastic modulusnd stresgransfer
properties of tunicate cellulose whiskeBsomacromolecules, 2006(2): p.
10551061.

Eichhorn, S.J. and G.R. Davi@dpdelling the crystalline deformation of native
and regenerated cellulos€ellulose, 200613(3): p. 291307.

Cheng, Q.Z. and S.Q. Wangg,method for testing the elastic modulus of single
cellulose fibrils via atomic force microscofgyomposites Part-Applied Science
and Manufacturing, 20089(12): p. 18381843.

Czaja, W.K., et al.The future prospectsf microbial cellulose in biomedical
applications Biomacromolecules, 2008(1): p. :12.

Samir, M., F. Alloin, and A. Dufresn&®eview of recent research into cellulosic
whiskers, their properties and their application in nanocomposite field.
Biomaciomolecules, 200%(2): p. 612626.

Angles, M.N. and A. Dufresn®|lasticized starch/tunicin whiskers
nanocomposite materials. 2. Mechanical behauiéacromolecules, 200B4(9):
p. 29212931.

Dubief, D., E. Samain, and A. Dufresmiglysaccharidemicrocrystals reinforced
amorphous poly(bethydroxyoctanoate) nanocomposite materials.
Macromolecules, 19982(18): p. 57655771.

Eichhorn, S.J., et alReview: current international research into cellulose
nanofibres and nanocompositdsurnal ofMaterials Science, 20185(1): p. *
33.

Lee, J., Q.H. Sun, and Y.L. Denganocomposites from regenerated cellulose
and nanoclayJournal of Biobased Materials and Bioenergy, 2@Q03): p. 162
168.

Liu, L.Q., et al. Mechanical properties of futionalized singlevalled carbor
nanotube/poly(vinyl alcohol) nanocompositddvanced Functional Materials,
2005.15(6): p. 975980.

Cadek, M., et alMorphological and mechanical properties of carbmanotube

reinforced semicrystalline and amorphquaymer composite#\pplied Physics
Letters, 200281(27): p. 51235125.

64



4].

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Haijji, P., et al.,Tensile behavior of nanocomposites from latex and cellulose
whiskers Polymer Composites, 19967(4): p. 612619.

Dufresne, A., J.Y. Cavaille, and W. Hellb, Thermoplastic nanocomposites filled
with wheat straw cellulose whiskers .2. Effect of processing and modeling.
Polymer Composites, 199¥8(2): p. 198210.

Vaia, R.A., et al.Polymer/layered silicate nanocomposites as high performance
ablative méerials. Applied Clay Science, 19995(1-2): p. 6792.

Giannelis, E.P Polymerlayered silicate nanocomposites: Synthesis, properties
and applicationsApplied Organometallic Chemistry, 19982(10-11): p. 675
680.

Bourbigot, S., et alRPA-6 clay nanocomposite hybrid as char forming agent in
intumescent formulation&ire and Materials, 200@4(4): p. 201208.

Ray, S.S., et alRolylactidelayered silicate nanocomposite: A novel
biodegradable materiaNano Letters, 2002(10): p. 109310%.

Xu, R.J., et al.New biomedical poly(urethane ured)ayered silicate
nanocompositedacromolecules, 200B4(2): p. 337339.

Giannelis, E.P., R. Krishnamoorti, and E. ManRslymersilicate
nanocomposites: Model systems for confined palysued polymer brushes.
Polymers in Confined Environments, 19938 p. 107147.

Ray, S.S. and M. OkamotBplymer/layered silicate nanocomposites: a review
from preparation to processingrogress in Polymer Science, 2028(11): p.
15391641.

Huang, Z.M., et al A review on polymer nanofibers by electrospinning and their
applications in nanocompositgsomposites Science and Technology, 2003.
63(15): p. 22232253.

Taylor, G.,ELECTRICALLY DRIVEN JET8roceedings of the Royal Society of
London Series-#Mathematical and Physical Sciences, 134%R1515): p. 453&.

Fong, H., I. Chun, and D.H. RenekBeaded nanofibers formed during
electrospinningPolymer, 199940(16): p. 45854592.

Demir, M.M., et al. Electrospinning of polyuretine fibersPolymer, 2002.
43(11): p. 33033309.

Fong, H. and D.H. Renekédt]astomeric nanofibers of styreieitadienestyrene

triblock copolymerJournal of Polymer Science Par®lymer Physics, 1999.
37(24): p. 34883493.

65



55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Zussman, E., A.L. Yan, and D. WeihsA micro-aerodynamic decelerator based
on permeable surfaces of nanofiber m&tgperiments in Fluids, 20033(2): p.
315-320.

Matthews, J.A., et alElectrospinning of collagen nanofibers.
Biomacromolecules, 2003(2): p. 232238.

Theron, A., E. Zussman, and A.L. Yarklectrostatic fieldassisted alignment of
electrospun nanofibredlanotechnology, 2001.2(3): p. 384390.

Li, D., Y.L. Wang, and Y.N. XiaElectrospinning of polymeric and ceramic
nanofibers as uniaxially ajned arraysNano Letters, 2003(8): p. 11671171.

Katta, P., et al.Continuous electrospinning of aligned polymer nanofibers onto a
wire drum collectorNano Letters, 20044(11): p. 22152218.

Tan, E.P.S., et alT.ensile test of a single nafiber using an atomic force
microscope tipApplied Physics Letters, 20086(7).

Yu, M.F., et al. Strength and breaking mechanism of multiwalled carbon
nanotubes under tensile loa8cience, 200R875453): p. 637640.

Tan, E.P.S. and C.T. LinMechanical characterization of nanofibers review.
Composites Science and Technology, 2@®9): p. 11021111.

Tan, E.P.S., S.Y. Ng, and C.T. Liffensile testing of a single ultrafine polymeric
fiber. Biomaterials, 200526(13): p. 14531456.

AC, U., Stresses in beams, in mechanics of matefi&t&sraw-Hill, 1993: p. p.
1521 213.

Yang, F., et al.Nanoscale indent formation in shape memory polymers using a
heated probe tipNanotechnology, 2002.8(28).

Li, X.D., et al.,Direct nanomekanical machining of gold nanowires using a
nanoindenter and an atomic force microscajmirnal of Micromechanics and
Microengineering, 2008.5(3): p. 551556.

Oliver, W.C. and G.M. PharAN IMPROVED TECHNIQUE FOR
DETERMINING HARDNESS AND ELASTMODULUS USING LOAD AND
DISPLACEMENT SENSING INDENTATION EXPERIMENIO®rnal of
Materials Research, 19926): p. 15641583.

Bao, X., M.R. Nangrejo, and M.J. Edirisingl8ynthesis of silicon carbide foams

from polymeric precursors and their blendswrnal of Materials Science, 1999.
34(11): p. 24952505.

66



69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Colombo, P. and M. Modestsilicon oxycarbide ceramic foams from a
preceramic polymerJournal of the American Ceramic Society, 198&3): p.
573578.

Kim, Y.W., et al.,Fabrication of poros preceramic polymers using carbon
dioxide.Journal of Materials Science Letters, 200R21): p. 16671669.

Grader, G.S., G.E. Shter, and Y. de HaNwvel ceramic foams from crystals of
AICI3((Pr20)0-i) complexJournal of Materials Research, 1994(4): p. 1485
1494.

Studart, A.R., et alProcessing routes to macroporous ceramics: A review.
Journal of the American Ceramic Society, 208®6): p. 17711789.

Innocentini, M.D.M., et al.Permeability and structure of cellular ceramics: A
comparison between two preparation techniguJesirnal of the American
Ceramic Society, 19981(12): p. 33493352.

Vogli, E., H. Sieber, and P. GreBjomorphic SiGceramic prepared by Siapor
phase infiltration of woodlournal of the European Cer@nsociety, 200222(14-
15): p. 26632668.

Lange, F.F. and K.T. MillelQPENCELL, LOWDENSITY CERAMICS
FABRICATED FROM RETICULATED POLYMER SUBSTRARES8anced
Ceramic Materials, 1982(4): p. 827831.

Sepulveda, PGelcasting foams for poroug@amics. American Ceramic Society
Bulletin, 1997.76(10): p. 6165.

Roy, D.M. and S.K. Linnehat{YDROXYAPATITE FORMED FROM CORAL
SKELETAL CARBONATE BY HYDROTHERMAL EXCHANGEure, 1974.
247(5438): p. 226222,

Koch, D., et al.Evolution of porosy by freeze casting and sintering of-gel
derived ceramicslournal of SelGel Science and Technology, 20@8(1-3): p.
149152.

Hotta, Y., P.C.A. Alberius, and L. Bergstro@oated polystyrene particles as
templates for ordered macroporous slistructures with controlled wall
thicknessJournal of Materials Chemistry, 200133(3): p. 496501.

Colombo, P. and J.R. Hellmarmderamic foams from preceramic polymers.
Materials Research Innovations, 206&-6): p. 260272.

Deville, S., E. iz, and A.P. Tomsid¢e-templated porous alumina structures.
Acta Materialia, 200755(6): p. 19651974.

67



82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Zhang, H.F., et alAligned twe and threedimensional structures by directional
freezing of polymers and nanoparticl®ature Materials, 200%(10): p. 787793.

Nishihara, H., S. lwamura, and T. Kyota8ynthesis of silickased porous
monoliths with straight nanochannels using anrice nanoarray as a template.
Journal of Materials Chemistry, 2008(31): p. 36623670.

Gutierrez, MC., et al. Biocompatible MWCNT scaffolds for immobilization and
proliferation of E. coliJournal of Materials Chemistry, 20QI77(29): p. 2992
2995.

Zhang, H. and A.I. CoopeAligned porous structures by directional freezing.
Advanced Materials, 20019(11): p. 15291533.

Zhang, H., et al.Synthesis of porous microparticles with aligned porosity.
Advanced Functional Materials, 2008(2): p. 222228.

Korber, C., et alINTERACTION OF PARTICLES AND A MOVING ICE
LIQUID INTERFACE Journal ofCrystal Growth, 1985/2(3): p. 649662.

Asthana, R. and S.N. TewafiHE ENGULFMENT OF FOREIGN PARTICLES
BY A FREEZING INTERFACHournal of Materials Science, 1928(20): p.
54145425.

Mullins, W.W. and R.F. Sekerk&TABILITY OF PLANAR INTEREE
DURING SOLIDIFICATION OF DILUTE BINARY ALLOYournal of Applied
Physics, 196435(2): p. 444&.

Barthlott, W. and C. Neinhuigurity of the sacred lotus, or escape from
contamination in biological surfaceBlanta, 19972021): p. :8.

Gao,X.F. and L. JiangWaterrepellent legs of water striderblature, 2004.
4327013): p. 3636.

Gao, X.F., et al.The drystyle antifogging properties of mosquito compound eyes

and artificial analogues prepared by soft lithograpAylvanced Materials,@07.
19(17): p. 2213+,

Parker, A.R. and C.R. Lawrend®ater capture by a desert beethature, 2001.
414(6859): p. 3334.

Scardino, A., et alMicrotopography and antifouling properties of the shell
surface of the bivalve molluscs Mytilus gallovincialis and Pinctada imbricata.
Biofouling, 2003.19: p. 221230.

Schultz, M.P., C.J. Kavanagh, and G.W. Swhiydrodynamic forces on

barnacles: Implications on detachment from foulnetease surface®iofouling,
1999.13(4): p. 323335.

68



96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Sato, H., et al. A study on snow sticking weight to watepellent coatings.
Materials Science Research International, 139%). p. 216219.

Kako, T., et al. Adhesion and sliding of wet snow on a sdpgirophobic surface
with hydrophilic channelslournal of Materials Science, 20B%(2): p. 547555.

Quere, D.Nonsticking dropsReports on Progress in Physics, 208811): p.
24952532.

Zielecka, M. and E. Bujnowsk&jliconecontaining polymer matrices as
protective coatings Properties and applicationg?rogress in Organic Coatings,
2006.55(2): p. 160167.

Wenzel, R.N.Resistance of solid surfaces to wetting by waitetustrial and
Engineering Chemistry, 19388: p. 988994.

Cassie, A.B.D. and S. BaxtéNettability of prous surfaceslransactions of the
Faraday Society, 19440: p. 05460550.

Li, X.M., D. Reinhoudt, and M. CregBalamaWhat do we need for a
superhydrophobic surface? A review on the recent progress in the preparation of
superhydrophobic surfaceShemical Society Reviews, 20086(9): p. 1529

1529.

Feng, L., et al.Superhydrophobic surfaces: From natural to artificishdvanced
Materials, 200214(24): p. 18571860.

Sun, M.H., et al Artificial lotus leaf by nanocastind.angmuir, 200521(19): p.
89788981.

Lee, W., et al.Nanostructuring of a polymeric substrate with wadfined
nanometeiscale topography and tailored surface wettabilitgngmuir, 2004.
20(18): p. 76657669.

Martines, E., et alSuperhydrophobicity andiperhydrophilicity of regular
nanopatternsNano Letters, 200%(10): p. 20972103.

Furstner, R., et alWetting and sel€leaning properties of artificial
superhydrophobic surfacelsangmuir, 200521(3): p. 956961.

Fresnais, J., L. Benyahiand F. PonciEpaillard,Dynamic (de)wetting
properties of superhydrophobic plasttraated polyethylene surface&urface
and Interface Analysis, 20088(3): p. 144149.

Minko, S., et al.Two-level structured selhdaptive surfaces with reversibly

tunable propertiesJournal of the American Chemical Society, 2003513): p.
38963900.

69



110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Wu, X.D., L.J. Zheng, and D. Wé&abrication of superhydrophobic surfaces
from microstructured Zn@ased surfaces via a wethemical routeLangmuir,
2005.21(7): p. 26652667

Huang, L., et al.Stable superhydrophobic surface via carbon nanotubes coated
with a ZnO thin filmJournal of Physical Chemistry B, 200R916): p. 7746
7748.

Shiu, J.Y., et al.Fabrication of tunable superhydrophobic suradyy
nanosphere lithographyChemistry of Materials, 2004.6(4): p. 561564.

Zhai, L., et al. Stable superhydrophobic coatings from polyelectrolyte multilayers.
Nano Letters, 20044(7): p. 13491353.

Han, J.T., et alStable superhydrophobarganicinorganic hybrid films by
electrostatic setassemblyJournal of Physical Chemistry B, 200R944): p.
2077320778.

Jiang, L., Y. Zhao, and J. Zh&,lotusleaflike superhydrophobic surface: A
porous microsphere/nanofiber composite fidrepared by electrohydrodynamics.
Angewandte Chemitternational Edition, 20043(33): p. 43384341.

Acatay, K., et al.Tunable, superhydrophobically stable polymeric surfaces by
electrospinningAngewandte Chemitternational Edition, 20043(39): p.
52105213.

Ma, M.L., et al..Superhydrophobic fabrics produced by electrospinning and
chemical vapor depositiodMacromolecules, 20038(23): p. 97429748.

Sommers, A.D. and A.M. Jacol@reating micrescale surface topology to
achieve arsotropic wettability on an aluminum surfadeurnal of
Micromechanics and Microengineering, 2006(8): p. 15711578.

Zhao, Y., et al.Anisotropic wetting characteristics on submicrometeale
periodic grooved surfacé.angmuir, 200723(11): p. 12-6217.

Xia, D.Y., et al.,Tailoring Anisotropic Wetting Properties on Submicrometer
Scale Periodic Grooved Surfacésangmuir, 201026(4): p. 27062706.

Chung, J.Y., J.P. Youngblood, and C.M. Staff@gdisotropic wetting on tunable
micro-wrinkled surfacesSoft Matter, 20073(9): p. 11631169.

Bliznyuk, O., et al. Scaling of anisotropic droplet shapes on chemically stripe
patterned surface®hysical Review E, 20099(4).

Li, W., et al.,Anisotropic wetting behavior arising frosuperhydrophobic

surfaces: Parallel grooved structuréournal of Physical Chemistry B, 2008.
11224): p. 72347243.

70



124. Semprebon, C., et aAnisotropy of Water Droplets on Single Rectangular Posts.
Langmuir, 200925(10): p. 56195625.

125. Yong, X. and L.T. ZhangNanoscale Wetting on Groo¥atterned Surfaces.
Langmuir, 200925(9): p. 50455053.

71



CHAPTER 3

HIGHLY ALIGNED CELLULOSE NANOWHISKER REINFORCED
PVA NANOFIBER WEBS VIA ELECTROSPINNING METHODS

Abstract

Cellulose nanowhisker reinforcedlg(vinyl alcohol) (PVA) nanofiber webare
successfullyfabricated using@nelectrospinning techniqu&he morphology and
mechanical properties of aligned and isotragexctrospun fibewebs are investigated.
The relative alignment degree of electrosfibar webs is analyzed using a fast Fourier
transform (FFT) method'he standard deviation of aligned asdtropicelectrospun
webs is 31.3and 51.9, respectivelyCompared with those of isotropic electrospun fiber
webs, the modulus and tensile strengjtisotropic webs increase 35% and 45%,
respectively. Isotropic electrospun webs, loaded with 15.0wt% of cellulose nanowhiskers,
shows an 86% higher tensile strength and 105% higher modulus. For the aligned
electrospun webs with same loading ratio, a 9&tease of tensile strength and 117%
increase of modulus are observed. The load transfer mechanisms of aligned/isotropic

PVA electrospun webs are also investigated.

Keywords: BectrospinningFiber alignment, Mechanical properties, FFT image analysis
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3.1 Introduction

In recent years, natural fibers have been widely used as reinforcement materials in
polymeric nanocompa®s due to the environmental concefsllulose nanowhiskers
havealsoattracted much attention as environmentally friendly nanofiftarpolymer
composite enhancemetitwas reported that the modulus of the crystalline region of
cellulosewas137GPa measured by-rdy diffraction[1], 143GPa measured by Raman
spectroscopic techniqy2], and149GPa ~ 155GPa calculated by computational
simulation[3]. It is expected thahe modulus of cellulose nanowhiskerslightly lower
than that othecrystalline celluloseMoreover, ellulose nanowhiskers have a lew
densitythaninorganic filler materiks. Cellulose nanowhiskers aatsonaturally
abundant, renewable and ntmxic resourcesCellulose nanowhiskers are Hgpe
particles. They are considered as a string of cellulose crystals connected by cellulose
amorphous domairid]. The diameters of cellulose nanaskers range frordnm to 20
nm and their lengths are betweés0dm and400nm depending on the source of
cellulose nanowhiskers and their preparation condi{iohs

Cellulose nanowhiskers are stable in aqueous solutioaraadispersed well with
most of the hydrosoluble polymers. It was also reported that surface modified cellulose
nanowhiskers are mixed will with organic solvents. Due to the highly reactive hydroxyl
groups on cellulose nanowhiskers, their surfaces can be easily modified witaciasurf
[6], chemicalg7-8], and crossinking agenf9]. It was reported that cellulose
nanowhisker reinforced nanocomposites showed significantly improved mechanical
propertiedor both the natural and synthetic polymer ntassuch as starci.0],
cellulose acetate butyrafl], poly(vinyl chloride)[12], poly(oxyethylene)13], and
poly(vinyl alcohol)[14].

Electrospinning is a versatile and an effective method to produce nanoscale to
microscale fibers from solution. In electpasning, high charges are applied to the liquid

solution. As the intensity of the electric chargeghmliquid solution surface increase
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the surface elongates until the electrostatic force overcomes the surface tension and a
charged jet of the solutian ejected to the metal collector. During the flight of the jet, the
solvent evaporates quickly atttedried electrospun fibers are collected. Various types of
nanofibers from polymgi4-15], inorganic materialgl6] and hybrid (organic/inorganic)
materialg17] were fabricated usintie electrospinning techniqu&hese nanofibers can

be used for a wide variety of applications such as separation filters, wound dressing
materials, tissue scaffold, sensarsl so 0r§18-20]. Cellulose nanowhiskers have been
used as reinforcing materials for electrospun fibers such as polysfgidne
poly(vinylalcohol)[22], poly(lactic acid)23] and so on.

Many fabrication techniques to control the arrangement andhadighof
electrospun fibers have been investigated. These techniques iratiatitegcollector
methodg24], parallel electrodetechnique$25], and rotating wire drummethod [26]. It
was reported that alignment degrees of electrospun fibers can affect mechanical
properties of electrospun fiber well25-29] and cell proliferation ratesn electrospun
fiber template$28-32]. It was also studied that the linear velocity of the rotating
collectorcan affect the crystallinity, mechanical propertesd alignmentiegreeof
electrospun fiberf33].

In this study,the morphology and alignment degree of electrospun fibers was
studied andhe mechanical properties of cellulose nanowhisker reinforced PVA
electrospun fiberhave been measured. The alignment effects of electrospun fibers and
cellulose nanowhkgers on the bulk properties of electrospun webs have been studied. In
these experiment®VA was used athe matrix material for electrospinning. PVid a
semicrystalline hydrophilic polymer with good chemical and thermal stabitityas
reported that YA showspositivecompatibility with cellulose nanowhiskej$4], and it

is highly biocompatible and netoxic.
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3.2 Experimental details

3.2.1Materials

Poly(vinyl alcohol) (PVA) (Mw=127,000 g/mol, 99+% hydrobad) was
purchased from AldrichThe suspensions of cellulose nanowhiskers were prefrarad
Whatman No. 1 filter papday sulfuric acid hydrolysis. The concentration of sulfuric acid
was fixed at 64%. 20g of filter paper were dispersed in 1'8bsulfuric acid(the ratio of
the filter paper to sulfuric acid was fixed at 1:8.75 (g/nT})e acid hydrolysis conditions
were optimizedat45°C and 50min$34]. After hydrolysisthe suspensiowasdeionized
by mixing in 1g of mixeebed ion exchange resin. The suspension waswhashed with
DI water and centrifuge0mins,3000rpm,Beckman Coulter, G8). The suspension
wasfurther dispersed by an ultrasound sonicétdmins at full powerBranson 3510)
The lengthof obtained cellulose nanowhiskers ranges from 180nm to 220nm and the
width is between 5nm and 10nkWater was obtained from a Nanopure ultrapure water

systen wi th a resistivity of about 18 Mq c¢m.

3.2.2 Electrospinningmethods

High voltage power supplfKeltron co., H545A was used for the electrospinning.
ThePVA/cellulose nanowhisker solution was put inside a pipé&tie.end part of
insulation rubbers pretting electric cables was removed and a bare copper wire was
placed in the pipetté positive voltage Z0kV) was applied to PVAellulose
nanowhisker solution through a copper wvaseshown in Fig-3. Thedistance between
the tip of the pipette and agymded metal sheet was fixed 8té. To form isotropic
electrospun fiber wehthe PVA/cellulose nanowhisker solution was electrospun onto the
stationary aluminum foil. To fabricate oriented fiber webs, a rotating metal drum
(diameter=6cm) was used. Thaating rate of metal drum was fixatl1200 rpm

(corresponding talinear velocity of 3.77m/s)l'he schematic of the fabrication process
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for a) isotropic electrospun webs on a stationary flat metal collector and b) aligned

electrospun webs on a rotatingetal drum are shown in Fig13

A) |—

polymer solution

polymer jet

copper wire

High voltage
power supply

— <

B) |—

polymer solution

polymer jet

-_'_____...---""""-—-\
jj'
Rotating metal collector

copper wire .
W High voltage

power supply

Figure 31 (a) Schematic of the fabrication process for isotropic electrospun webs on a
stationary flat metal collector (b) Schematic of the fabrication process for aligned

electrospun webs on a rotating metal drum.
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After electrospinning, the fiber webs were carefully detached from the aluminum
foil and metal drum for imaging and mechanical testanaée it easy tped off the
electrospuriiber websfrom the substratea thin layer film of ply(propyleng was
attacted tothe aluminum foil andhe metal drum before electrospinning. Poly(propylene)
coating on the aluminum foil and metal drum dd@eaffectthe electrospinning process,

but it was found that PVA based electrospun fiber webs wetedgeff easily.

3.2.3 Image analysis

The relative alignment of electrospun fiber webs was analyzed using a fast
Fourier transform (FFT) methdd5]. For analysis, grayscalest8t TIF SEM micrograph
images were cropped to 2042048 pixels. FFT analysis was conducted using ImageJ
software (NIH http://rsb.info.nih.goAj) supporte by an oval profile plugn (created by
William O6Connell ).

For FFT analysis, an original data image is first converted to a grayscale data
image.The FFT function converts informationtine grayscaléata image from the real
space into the mathematigatlefined frequency spac€his frequency domain maps how
fast pixel intensities change in the spatial domain. For example, if the color of pixels
arranged to a given direction changes many times between black and white, this direction
is considered as agh frequency direction and a bright dot is marked in a frequency
space. If there is no change of pixel intensities to a certain direction, a black dot is
marked to this direction.

After getting the FFT output imagaradial summation of the pixel intetisis of
the FFT output images conducted to convert the FFT frequency distribution to the
angular intensityA circular projection is conducted on the FFT output image for the
radial summation. file conversion is dorfer each angle betweefi &d 9 (with 1°

incrementy usingan oval profile plugn program
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Finally, the angular intensity plot obtained by the radial summation of FFT output
image is converted to a normalized % angular distribution plot. The % angular

distribution at a certain degree isfthed as

the angular intensity at a given degree

. , - 3100 (3.1
the summation of angular intensity betweé®mand 359

The degree which has the highest intensity is set@@8@ 27@ to compare the

alignment degree of different samples.

A representative SEM image of the aligri®dA electrospun wed) a FFT oyput
image, a radial summation of the FFT output and its angular distributioarplatl
shown in Fig3-2. A square SEM image was selected and converted to a grayscale image
before using the FFT method (FigR3a)). As shown in the FFT output image (Big
(b)), white dots are found at the direction vertical to the fiber alignment direction. A
circular projection was conducted on the FFT output image for the regular radial

summation for each degree (Fi23c)). The highest angular intensity was fouhd4s

and 330. They are converted to 8@nd 27@ as shown in Fig-2 (d).

3.24 Characterization

Scanning electron microscopy (SEM) was carried out using a LEO 1530 at 10kV.
The samples were sputter coated whthusing EMS 350 sputter (20mA, 2minm)jor to
observationThe analysis of SEM images and a measurement of average diameters of
electrospun fibers were conducted using ImageTool 3.0 software, which is provided by
UTHSCSA. The diameters of electrospun fibers were measured across the imtge and
average value was determined by taking the average of 60 measurements that were
randomly chosen. Thensile strength and modulus were measured ussigpn 4400R

The aoss head speed was 10mm/min.
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Figure 32 (a)A representative SEM image ofetfaligned electrospun wéb) a fast
Fourier transformKFT) output imag€c) a radial summation of the FFT outpayt the
oval projection (dangular distribution plot
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3.3 Results and discussion

3.3.1 Morphology and alignmentof PVA electrospun fibers

The effect of the rotating speed of the metal collector on the morphology of PVA
electrospun fibers has been investigated. Various linear velocities ranging from 1.88 m/s
to 7.54 m/s have been chos@pplied voltage and PVA&oncentratiorwere fixed at
20KV and 80wt%, respectivelyThedistance between the tip of the pipette trel

grounded metal sheet was fixed ati2b

Table 31. The relation between the linear velocity of the rotating collector and fiber
alignment.

Sample no. di ameter Df(r,:?g;al collector rpr lineaznx;esl)ucity alignment of el ectrospun fibers
1 A& stahonary metal collector - - no dignment was ohserved
2 fi 600 188 no aignment was ohserved
3 f 1200 377 aligned
4 & 1800 754 no deposition of fhers
5 7 1200 4.40 aligned

fi 8 1200 502 aligned

When the rotating speed was fikat 600 rpmdorresponding ttinear velocity of
1.88 m/s), no alignment of electrospun fibers was observed. On the other hand, if the
rotating speed is set at 1800 rpeorfesponding ttnear velocity of 7.54 m/s), the a very
limited number of fibers we deposited on the collector after overnight electrospinning.
The results are summarized in Tabi#.3

The mechanism of electrospun fiber alignmentaiatating cylinder has notet

been very clear. A reasonable explanation is given as follMiien theend of fiber is
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attached on the cylinder surface and a linear speed of the rotating cylinder suitffigéce is
sameasthe flying speed athe polymer jet, the fibers arteghtly taken up on the rotating
surface of the cylinderesulting in the alignment @lectrospun fibers. Such a speed can
be called an alignment speed. If the surface speed of the cylinder is slower than the
alignment speed, randomly deposited fibers will be collected. On the otherahand,

rotating speedbo highwill break the fiber jetesulting in no fiber collectiofB86].
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Figure 33. SEM images of (a) sample no.1 (a stationary metal collector) (b) sample no.3
(linear velocity: 3.77 m/s) (c) sample no. 5 (lingalocity: 4.40 m/s) (d) sample no. 6
(linear velocity: 5.02 m/s) (scale barmh).

The SEM images of each sample are shown in FgThe aerage diameter of
sample 1 (a stationary metal collector) was 292nm. When the metalstiarts to rotate,
the average diameter of collecting fibers decreases dramatically. When the linear velocity

of the metal drum is 3.77 m/s, the diameter is 170 nm. In the case of sample 6 (linear
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velocity of 5.02 m/s), the average diameter is 141 nra.réhson for the decrease in
diameter is not very clear yet. A possible explanation is the extra stretching of fibers on
the rotating metal collector. It is expected that the strong shear force induced by the high
speed rotating drum makes the PVA eleqitosfibers thinner. The experimental results

are summarized in Fig-3.

3a0

300

230 ~

200 ~

150

Average diameter (nm)
H

100 -

a0

Stationary 377 mis 440 m/s 502 m/s

Linear welocity of rotating metal collector

Figure 34. Average diameter of PVA electrospun fibers collected with different rotating
speeds (0 ~ 5.02 m/s).

3.3.2 Image analysis

The degree of fiber alignment of electrospusgbs were analyzed using the FFT
method and the oval projection methédigned PVA electrospun fiber webwere
fabricated usingrotatingmetaldrumwith a rotating rate of 1200 rpm (linear velocity of

3.77 m/s), and isotropic electrospun webs were peejpan a stationary flat metal
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collector.Applied voltage and PVA&oncentratiorwere fixed at 20kV and.8wt%. 16

samples were used for the image analysis of the aligned and isotropic electrospun webs.
SEM imags of the aligned electrospun weliheir fasFourier transformKFT)

output imags, andangular distribution platof each case are all shown in F§.3n

these cases, most of theaXis values (angular distribution, %) were plotted between 0.0

and 1.0. As shown in FFT output images, the brigitteaks were found at 2(201°),

59 (239), 60 (240°) and 22 (202), respectively. This suggests that the number of

electrospun fibers aligned with those angles is the smallest for each case and the most

occupied angles by electrospun fibers are’113%°, 150 and 112, respectively. After

the oval projection, pixel intensities were converted to % distribution for 360 total

degrees using’interval, and then result plots were moved parallel to theisto get

the highest peak at 8and27® as show in Fig 35 (c). The standard deviation of 8

samples was calculated to compare the degree of alignment. The standard deviation of

aligned electrospun fiber webs ranges from 27.4 to 33.2, and the average value was 31.3.
The alignment of isotropic webs wawestigated in the same mann8EM

images of theisotropicelectrospun wed) their fast Fourier transforrfET) output

images, andangular distribution platof each case are all shown in F§.learly

shown in the FFT output images of aligned elesgitm webs, there is no bright peak at a

certain angle. Instead, bright dots were found at all of the angles. This suggests that most

of the fibers were distributed randomly. FFT results were converted to angular

distribution and their % angular distributicanges from 0.25 to 0.30 as shown in Figj 3

(c). A theoretical average value of % angular distribution is 0.278%.t&hdasd

deviation of 8 isotropic web samples was also calculated. The standard deviation of each

case ranges from 51.7 to 52.0, anel éherage value is 51.9.
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Figure 35 (a)SEM imags of the aligned electrospun wekb) fast Fourier transform
(FFT) output image (c)angular distribution platof aligned electrospun webs (angular
distribution scale: 0.0 ~ 1.0).
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Figure 36 (a) SEM imags of theisotropicelectrospun web(b) fast Fourier transform

(FFT) output imagse (c)angular distribution platof isotropic electrospun webs (angular

distribution scale: 0.20 ~ 0.40).
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Figure 37 (a)SEM imags of thealignedelectiospun web prepared using different
rotating rates (b) fast Fourier transforfF{) output image (c)angular distribution plat
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The effect of the linear velocity of the rotating collector on the alignment of
electrospun webs was investigated using Rfethod. The degree of alignment of
electrospun webs prepared by different linear velocities (3.77 m/s, 4.40 m/s and 5.02 m/s)
was compared. The FFT output images and their angular distribution plots are shown in
Fig 3-7. The standard deviation of aligneebs fabricated using 4.40 m/s ranges from
38.2 to 39.6, and the average value is 38.9. For aligned electrospun webs prepared using
5.02 m/s linear velocity, the standard deviation is between 40.9 and 44.2 with an average
of 42.5. As shown in Fig-3 (c),the standard deviation of electrospun webs using 3.77
m/s is 31.3. From % angular distribution plots and standard deviation results, it is clear
that among all the proposed experimental conditions, using a linear velocity of 3.77m/s

will best fabricate thenost highly aligned PVA electrospun webs.

A) B) Q)

PVA
electrospun fibers

ntron ——
tensile machine\-

—/_

clamp of
tengile machine

PVA electrospun fiber webs

Figure 38. Schematics of the mechanical property measurement of the (a) electrospun
fiber webs by Instron tensile machine @tropicPVA electrospun webg) aligned
electrospun webs.
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3.3.3 Mechanical properties of alignedisotropic PVA electrospun fiber webs

The effect of fiber connectivity on theathanical properties of alignesiitropic
electrospun fiber welisas been studie@he schematic of the electropinning apparatus
with a stationary flat metalodlector is shown in Fig-3 (a).Aligned PVA electrospun
fiber wels werefabricated using rotatingmetaldrum as shown in Fig-1 (b). The
rotating rate of the metal drum has been fixed at 1200 rpm to get the most oriented
electrospun web structure. THeection of a tensile measurement of aligned electrospun
fiber webs was along the fiber orientation. From the image analysis results, it was found
that he standard deviation of aligned and isotropic electrospun webs {sagil.31.9,
respectively

Thescheme of the mechanical property measurement by Instron tensile machine
is shown in Fig 8. The measurement direction of aligned electrospun webs is parallel to
the fiber alignment direction (Fig8 (c)). The tensile strength of aligned electrospun
weband isotropic electrospun webs is shown in Fi& Bhe tensile strength of pure PVA
isotropicelectrospun wedis 4.21MPa, andthetensilestrengthof aligned wehs
5.37MPa. For the aligned electrospun wal28% increase inensile strength has been
observed comparedo randonty collected electrospuwebs. To investigate the fiber
density of electrospun webs, the weights of electrospun web membranes were measured.
It was found that the density of aligned PVA electrospun fiber webs is 11.2 % higher than
the isotropic webs.

As shown in Fig 34, the average diameter of randomly deposited PVA fibers is
292 nm, and that of PVA electrospun fibers collected on a rotating drum (with a linear
velocity 3.77 m/s) is 170 nm. Based on the assumption that the defnsigctrospun
fibers is the same regardless of the diameter, it is concluded that 336% more number of
fibers exist in aligned fiber webs, compared with isotropic electrospun webs. IBFig 3
the experimental results were plotted based on both of #iendss (volume) basis and

the weight basis. The modulus of aligned electrospun web and isotropic electrospun webs
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is shown in Fig 3L0. Themodulusof pure PVAisotropicelectrospun wels 64.MPa,
andthatof aligned webis 87.4VIPa.Aligned electrospun &bs showed 85%increase

in modulus, in comparison to unoriented PVA electrospals.

Aligned Web

Isotropic Web

Tensile strength (MPa)
I

Thickness basis Weight basis

Figure 39. Tensile strength of Aligned electrospun web and isotropic electrospun web.
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Figure 310. Modulus of Aligned electrospun web and isotropic electrospin we
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A)

B)

(o7 il

Figure 311 (a) snapshot images of tensile tests of aligned PVA electrospun webs (b)
snapshot images of tensile tests of isotropic PVA electrospun webs (c) SEM image of a
fractured electrospun fibers end of aligned PVA electrospun webs (d) SEi¢ oha

fractured electrospun fibers end of isotropic PVA electrospun webs. Scale bars represent
20mm. Yellow arrows indicate the direction of tensile test.

To investigate the load transfer mechanisms of aligned/isotropic R¢&@spun
webs during the tensile test, snapshots were taken during the tests and SEM images of the

fractured sample were also taken. FigwEL3a) shows the snapshots of the tensile tests
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of aligned PVA electrospun webs. Each of the images was talegrOaéc, 3.0sec, 4.5sec,
7.2sec and after finishing the tensile test. The cross head speed was fixed at 210mm/min.
The aligned PVA electrospun fiber web sample starts to break at 3.0sec. And then, the
sample was totally separated into two pieces aftee@.2s this case, the width of the
aligned PVA electrospun fiber webs didnot
fractured end of the electrospun webs is irregular. Figure () gives the snapshots of
tensile tests of isotropic PVA electrospun wedbach of the images was taken after Osec,
37sec, 67sec, 85sec, and after finishing the tensile test. The isotropic PVA electrospun
fiber web sample starts to rupture at 67sec, and the sample was totally broken into two
pieces after 85sec. Before the rupiuhe electrospun web sample was elongated during
the test and the width of the sample became narrower. The fractured end of the webs was
relatively flat, compared to the aligned PVA electrospun webs. As shown inlHid&®

and (b), the shape change bfaed/isotropic PVA electrospun webs during the tensile

test and the final fractured ends of each case after the test are totally different. It seems
that the difference is due to the different load transfer mechanism of the aligned/isotropic
PVA electropun webs. For the aligned webs, two clamps of the tensile machine may
grab both ends of individual electrospun fibers as shown in-Bi¢c®. Therefore, the

stress by the tensile machine is exerted on each individual fiber during the test and then
weakerfibers start to break one by one. On the other hand, for the isotropic webs, the
clamp of the tensile machine may grab only one end of the fibers and these fibers are
connected with other fibers. Therefore, when the machine stretches the electron web
sampe, the stress is exerted on the fiber networks, rather than individual fibers. During
the test, it seems that rearrangement of the fiber networks occurs, resulting in the
elongation of electrospun fiber webs. As shown in FidL3d), electrospun fibers die
isotropic web sample are partially oriented along the measurement direction after the
tensile test. In conclusion, for the aligned PVA electrospun webs, individual fiber

strength is a more important parameter to the mechanical properties, compharibe wit
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isotropic webs. On the other hand, for the isotropic PVA electrospun webdijlfider

interaction force is a more critical parameter, compared with aligned webs.

3.3.4 Mechanical properties of cellulose nanowhisker/PVA electrospun fiber web
Thetensile strength dPVA electrospun fiber webs withifferentcellulose
nanowhisketoading ratiohave been measurethe gplied voltage and PVA
concentratiorwere fixed at 20kV and.8wt% for all of the caseslhe tensile strength of
isotropicPVA electospun fiber webwith 0, 5.0 and15.0wt% cellulose nanowhisker
loadingare 4.21MPa, 5.48MP and 7.84MPa, respectively. On the other hand, the tensile
strength of 05.0 and15.0wt% cellulose nanowhiskeeinforced oriente®VA
electrospun fiber webare 537MPa, 7.26MP and 10.5MPa, respectively. The results are

summarized in Table-3 and Fig 312.

14

12 1

Aligned web
10 A

Isotropic Web

Tensile strength (MPa)

2 T T T T
0 5 10 15

Cellulose nanowhiskers concentration (wt%)

Figure 312. Tensile strength of aligned and isotropic P&éctrospun fiber webs with
differentcellulose nanowhisketsading ratio(Owt% ~ 15.0wt%).
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Forboth theisotropicweb and aligned web, tensile strength increéisearly
with increasingcellulose nanowhiskdoading ratio up to 1Bwt%. In case ofsotropic
PVA wels with 15.0wt% cellulose hanowhiskean86% increase tensile strengthas
been okervedcompared with pure PVA electrospun web. The aligned PVA electrospun
web with 150wt% loading showed 95% increasén tensile strengthcompared with that

of aligned pure PVA electrospun websimwn in Fig3-12.

200 -
Aligned web

150 A

Modulus (MPa)

Isotropic Web
100 A

50

0 5 10 15
Cellulose nanowhiskers concentration (wWt%)

Figure 313. Modulus of aligne and isotropic PVAelectrospun fiber webs witthfferent
cellulose nanowhisketsading ratio(Owt% ~ 15.0wt%).

Themodulus ofPVA electrospun fiber webs wittifferentcellulose nanowhisker
loading ratiohave alsdeen measureérig 3-13 showsthe modius ofisotropicwebs and
aligned web with different loading ratio of cellulose nanowhiské/t% ~ 15.0wt%)

For both casg themodulus also increasénearly with increasingellulose nanowhisker
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loading ratioup to 150wt%. The modulus ofsotropicPVA electrospun web with
3.0wt% cellulose nanowhiskers 80.3MPaand inthecase of 1Dwt%, the moduluss
132.8MPa. For the aligned PVA web with 0Q\8t% and 150wt% loading, the results
are87.7MPa, 109.6MPa and 190.5MPaspectivelyGenerally spddng, oriented
electrospurwelbs always showd0%~ 45%higher tensile strength and modulus than
isotropic electrospuwebs, regardlessf the cellulose nanowhisker contents.

Experimental results are summarized in Tabke 3

Table 32. Mechanical propertseof isotropic webs and aligned webs.

Tensile strength Moduhs
Celhilose nanowhiskas Isotrupic Aligned Increase Extra Isuropic Aligned Increase Extra
Ioading ratio (+t%) webs wehs (MPa) Increase webs webs (MPa) Increase
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
0 4.21 537 116 _ 64.7 874 226 _
3 s5.02 6.55 153 037 803 109.6 203 6.7
5 5.48 7.26 1.78 0.62 872 123.7 365 13.9
10 6.58 8.62 2.04 038 100.7 158.7 490 26.4
15 7.84 1047 263 147 1328 1905 57.7 351

The load transfer mechanism of aligned/isotropic PVA electrospun webs also agrees
well with the experimental results shown in Tabl2. Ihe mechanical properties of
aligned webs are more sensitive to the changelailose nanowhisker contents. There
are extra increases of mechanical properties between aligned webs and isotropic webs,
and this extra increases become larger with increasing loading ratio of cellulose
nanowhiskers. It is expected that the loadingraliange of cellulose nanowhiskers
affects the individual fiber strength more than the fildeer bonding strength. As
discussed before, the contribution of the individual fiber strength is larger in the case of

aligned electrospun webs. Therefore, tamcluded that the increment of the cellulose
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nanowhisker loading ratio affects the mechanical properties of aligned electrospun webs

more than it does with isotropic electrospun webs.

A) B) O

PVA
electrospun fibers

Instron
tensile machine\. I

/ Cellulose nanowhiskers

Cellulose nanowhisker / PVA
electrospun fiber webs

Figure3-14 (a) Schematic of the tensile measurement of electropanwebs (b)
Schematic of unoriented cellulose nanowhiskers in isotropic electrospun webs (b)
Schematic of oriented cellulose nanowhiskers in aligned electrospun wetes. (
Average diameter of PVA electrospun fiber is 280nm and average diameteutnfseel|
nanowhiskers is 10nm).

It is also expected that the alignment of cellulose nanowhiskers in the PVA fiber
matrix affects the mechanical properties of aligned electrospun webs to a certaintextent.
is well known that nanoparticles are aligned iesfithe matrix materials during
electrospinning due to the high shear forcéhefpolymerjet [37-40]. It is also expected
that ellulose nanowhiskemsrealigned inside PVA fiberautomaticallyduring
electrospiming. Fig 3-14 shows the orientation of cellulose nanowhiskerisatropic and
aligned electrospun webs. Becatlseorientation of cellulose nanowhiskers follsthe

orientation of electrospun fibersellulose nanowhisksmare alsainorientedn isotropc
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PVA electrospun webd-ig 3-14 (b)) On the other handgellulose nanowhiskere
oriented in aligned electrospun webs as shown ir8fig (c). It was reported that CNT
aligned withthe same directioms thetensile test can improve the physical pmigs of
nanocompositethin film [41-42]. It is alsoexpecedthatcellulose nanowlsker
alignment caraffectthe physical propertied aligned welin a similar manner

It is very difficult to predict the mechanical properties of aligned/isotropic
electrospun webs quantitatively by mathematical models because there are too many
factors to consider such as individual fiber strength, ftibanectivity, fiber alignment
degree, and so on. In this study, a simple model to quantitatively predict the mechanical
properties is introduced. Mechanical properties (M) of PVA/cellulose nanowhisker
electrospun fiber webs can be simply expressed dsinlsgon of fiber strength related
parameters (& and the function of fibefiber bonding strength related parameters) (B
Fiber properties are affected by several factors such as cellulose nanowhisker loading
ratio (), crystallinity of PVA (s), averge diameter of electrospun fibersg)(and so on.
Fiberfiber bonding characters are also affected by fiber alignment degjeér
connectivity (B), bonding area between fiberg)(and so on. In this case, Mg &d B

are given by,

M=1(S B) (3.2)
S=1(s s 8) (3.3)
B, =f,(h,b,0..) (3.4)

If it is assumed that fiber strength related parameters anéfitieerbonding strength
related parameters do not affect each other, the mechanical properties of aligned PVA
electrospun webs (Myned and isotropic PVA lectrospun webs (Mhopid are simply

expressed as follows,
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Miea =S +D
ligned 'E % (35)
Ivli:;otropic =a SE +b & ( a :a and b g
where a, b, a6 and bdé are constants. Based
aligned/isotropic electrospun webs, ais largertttana nd bo6é i s | arger th

they are very simple equations, they are useful to predict the effect of a certain parameter.
If the crystallinity of PVA is increased and the crytallinity change affects the fiber
strength more than the fibéiber bondng strength, it is predicted that the increase of

MaiignediS larger than that of Mropio

3.4 Conclusions

Cellulose nanowhisker reinforced poly(vinyl alcohol) (PVA) nanofibersvedre
successfullyfabricated usingnelectrospinning techniqu&hemorphology and
mechanical properties etectrospun fibewebs are significantly affected by the linear
velocity of a rotating collector. The modulus and tensile strength of aligned webs
increased 35% and 45%, respectively, compared to those of isalegtiospun fiber
webs. 15.0wt% cellulose nanowhiskers loaded electrospun webs showed an 86% higher
tensile strength and 105% higher modulus. It is expected that the different mechanical
properties of aligned and isotropic PVA electrospun webs is due different load
transfer mechanisnThe mechanical properties of aligned webs are more sensitive to the
change of cellulose nanowhisker contetitss alsoexpecedthatcellulose nanowlisker

alignment carincreaseéhe mechanicaproperties of aligne®VA electrospurwebs.
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CHAPTER 4

NANOINDENTATION OF A CELLULOSE NANOWHISKER
REINFORCED PVA ELECTROSPUN FIBER

Abstract

The mechanical properties of cellulose nanowhisker reinfqrobdvinyl
alcohol) PVA) electrospun fibexrather than fiber webfiave been measured using
nanoindentation metho®ue to the small size of electrospun fibers (average diameter =
~250nm), measurement errors occur during the nanoindentation measurement. The
reasons for the measurement errors, solutions, and data analysis methods have all been
discussed. In this chaptéine modulus of PVA/cellulose nanowhisker electrospun fibers
increases linearly with increasing loading ratio of cellulose nanowhiskers up to 20.0wt%.
The modulus of a pure PVA electrospun fiber and a 20.0wt% cellulose nanowhisker
reinforced PVA electrospuiiber is 2.1GPa and 7.6GPa, respectively. Experimental
results were compared using a longitudinal Halfsai model. The nanoindentation
results are 20~30% smaller than the longitudinal model predictions. The reasons for the

difference between measuremeggults and model predictions have been discussed.

Keywords:ElectrospinningCellulose nanowhiskefianoindentation
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4.1. Introduction

In recent years, natural fibers have been widely used as reinforcement materials in
polymeric nanocompa®s due tdahe environmental concerns. Cellulose nanowhiskers
have also attracted much attention as environmentally friendly nanofillers for polymer
composite enhancement. It was reported that the modulus of the crystalline region of
cellulose was 137GPa measuredddyay diffraction[1], 143GPa measured by Raman
spectroscopic techniqy2], and 149GPa ~ 155GPa calculated by computational
simulation[3]. The modulus of cellose nanowhiskers has not yet been measured but it
is expected thahe modulus of cellulose nanowhiskerslightly lower than that ae
crystalline celluloseMoreover, ellulose nanowhiskers have a lower dengign
inorganic filler materialsCellulose nanowhiskers aedsonaturally abundant, renewable
and nortoxic resourcesCellulose nanowhiskers are Hgpe particle. They are
considered as a string of cellulose crystals connected by cellulose amorphous {#jmains
The diameters of cellulose nanowhiskersgeafrombnm to 20 nm and their lengths are
between B0nm and400nm,depending on the source of cellulose nanowhiskers and their
preparation condition]. It was reported that cellulose nanowhisker reinforced
nanocomposites showed significantly iroped mechanicgiropertiedor both the
natural and synthetic polymer matssuch as starcl®], cellulose acetate butyrdfd,
poly(vinyl chloride)[8], and poly(vinyl alcohol]9].

Electrospinning is a versiiand an effective method to produce nanoscale to
microscale fibers from solution. In electrospinning, high charges are applied to the liquid
solution. As the intensity of the electric chargeghmliquid solution surface increase
the surface elongatauntil the electrostatic force overcomes the surface tension and a
charged jet of the solution is ejected to the metal collector. During the flight of the jet, the
solvent evaporates quickly atitedried electrospun fibers are collected. Various types of
nanofibers from polymg®-10], inorganic materialgl1] and hybrid (organic/inorganic)

materialg12] were fabricated usintipe electrospinning techniqu&hese nanofibers can
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be used for a wide variety of applications such as separation filieusd dressing
materials, tissue scaffold, sensarsl so orj13-15].

An understanding of the mechanical properties of electrospun fibers is very
important for investigating the bulk properties of electrospun wétwwever, direct
measurement of the physical properties of electrospursibdifficult becauseésolating
and controlling the nanosize electrospun fiber is not éakgs beemeported that the
mechanical properties of electrospun fébewsuld bemeasired usinghe Atomic force
microscope (AFM) cantilevdd 6], nano tensile test meth@tl7], AFM threepoint bend
test method18] and nanoindentation meth@tl, 191 Among all of the nanomechasail
characterization techniques, nanoindentation is perhaps the most convenient[&®thod
Thesampls for nanoindentation can be simply prepared by depositing the electrospun
fibers on a hard and flat substratigh sufficientadhesion between the substrate and the
nanosize electrospun fibers.

In this study,PVA was used athe matrix material for electrospinning. PVid a
semicrystalline polymer andhowspositivecompatibility with cellulose nanowhiskers
[9]. The mechanical properties of cellulose nanowhisgiforced PVA electrospun
fibers have been measured usthg nanoindentation metho@he mechanical properties
of electrospun webs and individual fibers are quite different. For electrospun webs, both
the properties of individual fibers and the filfiirer bonding force along with the
connectivity between fibers affect the properties of electrospun webs. Therefore, the
isolation of the electrospun fiber and its property measurements are key factor in
understanding the reinforcement effects of cellulosmwaiskers on PVA electrospun
fibers.Experimental results were theoretically investigated using a longitudinal Halpin

Tsai model.
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4.2. Experimental

4.2.1.Materials

Poly(vinyl alcohol) (PVA) (Mw=127,000 g/mol, 99+% hydrolyzed) was
purchased from Aldrit. The suspensions of cellulose nanowhiskers were prefrarad
Whatman No. 1 filter papday sulfuric acid hydrolysis. The concentration of sulfuric acid
was fixed at 64%. 20g of filter paper were dispersed in 1'8bsulfuric acid(the ratio of
the filter paper to sulfuric acid was fixed at 1:8.75 (g/mI})e acid hydrolysis conditions
were optimizedat45°C and 50min$21]. After hydrolysisthe suspensiowasdeionized
by mixing in 1g of mixeebed ion exchange resin. The solution Ween washed with DI
water and centrifuge@Omins,3000rpm Beckman Coulter, G8). The suspension was
further dispersed by anttdsound sonicatqd5mins at full powerBranson 3510)The
lengthof obtained cellulose nanowhiskers ranges from 180nm to 220nm and the width is
between 5nm and 10nWater was obtained from a Nanopure ultrapure water system

with a resistivity of about8 Mq ¢ m.

4.2.2.Sample preparation

High voltage power supplfKeltron co., H545A was used for the electrospinning.
ThePVA/cellulose nanowhisker solution was put inside a pipé&tie.end part of
insulation rubbers protecting electric cables was remeaweda bare copper wire was
inserted to the pipetté positive voltage 10kV ~ 25%V) was applied tohe
PVA/cellulose nanowhisker solution through a copper as#shown in Fig4 (a) For
the morphology study, electrospun fibers were deposited on @nstiatiflat metal
collector (Fig 31 (a)) and electrospun fibers for nanoindentation measurements were
collected on a glass substrate having two parallel electrodes-({H)} Using a sputter

coater, Au was coated onto the glass substrate that hadiga(diameter = 0.5mm)
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attached onto its surface. After removing the string, the gold coating was separated by a

0.5mm distance gap, resulting in two parallel electrodes attached glass substrate.

A)
polymer solution ;5
.‘/I/
olymer jet I/
polymer J 1 \
~ copper wire
v
High voltage
power supply
Gold coated glass substra
B) gold coating glass substrate ©

[

S

-+

~0.5mm
parallel deposition

isotropic deposition of electrospun fibers
of electrospun fibers

Fig 4-1 (a) Schematic of the fabrication process foalba deposited electrospun fibers
(b) Schematic of electrospun fiber deposition on gold coated glass substrate (c)
Schematic of fibefiber bonding between the fibers on parallel deposition region and
fibers on isotropic deposition region.

10¢



A sample peparation for the nanoindentation measurement using a two parallel
electrode collector has two advantages. First, highly aligned electrospun fibers are
deposited between twalectrode$22], making it possible to deposit electrospun fibers
without the overlapping of fibers. Second, isotropically deposited electrospun fibers on
electrodes may function as anchors for the fibete/een electrodes. As shown in Fig 4
1 (b) and (c), fibefiber bonding exists between the fibers on parallel deposition region
and fibers on isotropic deposition region. It helps to prevent the slippage of fibers during
nanoindentation. Theistance betwaen the tip of the pipette anide groundedsubstrate
was fixed at 2cm. The SEM image of electrospun fibers deposited on two parallel

electrodess shown in Figl-2.

Figure4-2. SEM image of electrospun fibers deposited on two parallel elect(&ted
bar: 10/7m).



4.2.3. Nanoindentation

The moduluf the electrospun fibevas measured using MTS Nanoindenter XP
with acubecornerthreesided pyramidal diamond tig schematidllustrationof the
nanoindentation experimers shown in Figl-3. Among the electrospun fibers deposited
between two electrodes, an isolated fiber was selected carefully. At this time, electrospun
fibers overlapping with other fibers within a parallel deposition region were excluded.
Next, the exact and y coordinates where the nanoindenter tip should be loaded were
found using an optical microscope equippetinS Nanoindenter XRnd were inputted
into the machine. Using MTRanoindenter XP25 pairs of x and y coordinates can be
inputted at a timeEach indentation was carried out on the different fiber because
deformation of the electrospun fiber caused by a previous indentation can change the
mechanical properties of that fibéfter the indenter tip started to contact the fiber
surface, it was gpoaching into the fibeat aconstant strain rate (0.05)suntil it reached
a30nm depth. At maximum load, the load was held for 10 seconds and then the indenter
was withdrawnfomthe sample. The unloading rate was set to be santtedoading

rate. @nstant strain rate was employed to avoid strain hardening f28¢ts

I)

Nanoindenter tip

d/// Electrospun fiber
+
Gold coating / —

_1_\\‘_

g

Sample disk

Glass substrate

Figure4-3. Schematic of the nanoindentation test
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The elastic modulugE) is obtainedfom maximum loads on the tip{B) and
indentation depthhfay. The relgionshipamong elastic moduly&), maximum load on

the tip (Rmay and indentation deptiinga,) is given by,

P
S=-mx (K 4np? £ 4.1
h (K 4np” ) (4.1)

05

2 ss (4.2)

E _ap ¢
&, O
1-n*  cAA 2

whereKsis spring constant, m is mass of the indenter column, f is the frequency of the

AC signal,vist he Poi sdthetipandA¢ isitheipmjected area of the indenter

[24]. For MTS Nandndenter XP the spring constant ls2Nmni*, the frequency of the AC

signal is 45Hz. For the diamond cubernertip used in this measurementh e Poi ssono

ratiois 0.04 and therojected area is expressed a26€hma,’ [25].

4.2.4. Characterization
The modulus was measured using MTS NanoindentgiVKIFS Co., Nano
Instruments Innovation Center, TN, USAcanning electron microscopy (SEM) was
carried out using a LEO 1530 at 10kV. The samples were sputter eattekl using
EMS 350 sputter (20mA, 2minpyior to observatiorA measurement of average
diameters of electrospun fibers were conducted using ImageTool 3.0 software which is
provided by UTHSCSA. The diameters of electrospun fibers were measured heross t
image and the average value was determined by taking the average of 60 measurements

that were randomly chosen.



4.3 Results and discussion

4.3.1. Marphology of cellulosenanowhisker/PVA electrospun fiber
The dfect of applied voltage on the morphologf PVA electrospun fibers has
been investigatedDifferent voltages rangingrom 10kV to 25kV vereapplied tothe
PVA solution.Thedistance between the tip of the pipette and a grounded metal sheet was
fixed at 2&m, and 80wt% PVA solution was used this study.SEM photos of PVA

electrospun fiber applying different voltegggreshown in Figd-4.

)

» - {7

‘\\ NB) g7«

Figure4-4. SEM images of PVA electrospun fibers prepared using different applying
voltage a) 10kV, b) 15kV, c) 20kV and d) 25kScale bars representh.

The arerage diametsriof each case wva been measured basedtbe SEM
images. The arerage diameter of fibers using 10kV is 260Qnvhile the average diameter
of fibers using 25kV is around 310nm. The experimental results areamechat Fig 4

5. As shown inFig 4-5, it is observed thativerage diameter of PVélectrospun fibers
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increass with increasing applied voltage. For all of the casiessurface of thefibers

were very smooth.

350 4

300 +

250

Average diameter (nm)

200 4

150 T T T T
10kV 15kV 20kV 25kV

Applied voltage (kV)

Figure4-5. Average diameter of PVA elgospun fibergreparedising different
applying voltage (10kV~25kV)

The dfect of cellulose nanowhisker content on therphologyof cellulose
nanowhisker/PVA electrospun filsdnasalso been studiedhe gplied voltage and PVA
concentratiorwere fixed at 20kV and &wt%. SEM image of cellulose
nanowhiskePVA electrospun fibers with different loading ratiocefllulose
nanowhiskerareshown in Figd-6, and tle results are summarized in Higy. The
average diameter of pure PVA fiber is measured®@sid, with an 11nm deviatio@n
the other hand, the average diameter of PVA fibers wiiwi% cellulose nanowhiskers
loadingis 220nm and the deviation is 28nrin conclusion, iis observed that the fiber

diameterof cellulose nanowhisker/PVA electm fibersdecreaseandthedeviation
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increass with increasing cellulose nanowhiskers content. For all of the dhses,

surfaca of thefiberswerealsovery smooth
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Figure4-6. SEM images of PVA/cellulose nanowhiskers electrospun fibers with differe
loading ratio a) Owt%, b).Bwt%, c) 100wt% and d) 13wt%. Scale bars representitn.
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350

300 ~

250 +

200 ~

Average diameter (nm)

150

0wi% 5 wt% 10wt% 15wt%

Cellulose nanowhiskers contents (wt%)

Figure4-7. Average diameter of PVA/cellulose nanowhiskers electrospun fibers with
different loading ratio (Owt% ~ 16wt%).

4.3.2. Nanoindentation of the cellulose nanowhiskers / PVAelectrospun fiber

To analyethe reinforcement effect of cellulose nanowhiskers on PVA
electrospun fibers intensively, a modulus of the electrospun fiber has been measured
usinga nanoindenterCellulose nanwhisker/PVA electrospun fibewerefabricated on
a glass substrate as shown in Kt} Zhe PVA solution concentration was fixed as
8.0wt% andthecellulose nanowhisker loading ratrariedfrom Owt% to 200wt%. The
indenting depth (h) was set up as 18%5% of the average thickness of the sampss.
shown in Figg-7, theaverage diametsof electrospun fibers ranged fra@®0nmto

220nm and the indenting depth was fixedB@nhm.
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Nanoindentation of cellulose nanowhisker/PVA electrospun fiber

400

— Pwre PVA

— Cellulose nanowhisker 3wt% / PVA
Cellulose nanowhisker Swt% / PVA
Cellulose nanowhisker 10wt% / PVA

300 = Cellulose nanowhisker 15wt% / PVA

— Cellulose nanowhisker 20wt% / PVA

Load (uN)

200 +

100 +

0 10 20 30 40
Indenting depth (nm)

Figure4-8. Representative loadold-unloadplots of indentation orhe pure PVA
electrospun fiber and cellulose nanowhisker/PVA electrospun fiber with different loading
ratio (30wt% ~ 2Q0wt%).

Fig 4-8 showstherepresentative loadold-unloadplots ofnanandentation on the
pure PVA and cellulose nanowhisker/PVA elespun fibes with differentloading ratic
of cellulose nanowhiske(8.0wt% ~ 2Q0wt%) as a function of the indenting depth
When the indenter tip was loaded on the electrospunwiliiera constant strain rate (0.05
s%), the load measured by the tipiieased with increasing contact area between the tip
and the fiber sample. After the tip penetrated into the fiber until 30nm deptbatheas
held for 10 seconds and then the indetigewas withdrawnfomthe sample. The
unloading rate was setgjualto theloading rateThecurves shifted upwards with
increasing cellulose nanowhiskers concentrafldris suggests thdhe loademployedon

the tipincreased gradually with increasing cellulose nanowhisker content.
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The effective area P

Nanoindenter ti . .
anomdenter iy detected by the indenter tip

Electrospun fiber

Glass substrate
-, /
The hardness of the substrate affects the measurement

Figure 49. Schematic of nanoindetitan and the effective area detected by the indenter
tip (a) when the indenting depth is 15% of the electrospun fiber diameter (b) when the
indenting depth is 60% of the electrospun fiber diameter.

When a modulus of electrospun fibé&s measured usintpe nanoindenter, several
factors may cause erraasdshould be considered carefully. The filattoris the effect
of thesubstrateBecause the average diameter of the electrospun fibers is very small
(220nm ~ 290nm), the indenting depth should be ssdecdrefully. If thendenting tip
penetrates too close to the underlying hard substhetdip can detect the hardness of the
substrate in spite of there being no contact with the subdtratenclusion, measured
modulus values can be overestimg@d. To prevent this problem, the indenting depth
was fixed 830nm andheremaining distance between the penetrated tip and substrate
was larger thad80nm. The schematic of nanoindentation and the effective area detected
by the indenter tip are shown in Fig4 The effective area detected by the indenter tip is
marked wih a blue color. As shown in Fig2(b), the effective area is overlapped with
the substrate and the hardness of the substrate can affect the measér éiment.
surface morphologganalso affect the measurement results. A rough fiber surface
changes theontact pressure on the {#8] and it causes a larger deviatiornoéasured
values. In this experiment, the PVA solution concentration was fix@@wt% to

fabricate a smooth electrospun fiber without any beads. To cotife@rsmoothness of
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fiber surfaces, the surface morphology of each sample was also observed using SEM
before the nanoindentation measurement. The flasdibleproblem is the slippage of

the tip. If the nanoindenter tip is not perpendicular to the fibéaceyrit may cause the
slip andthenfriction between the tip and fiber surfd@9]. The slippage caused

untypical loaddisplacement curveand they were excluded befdhe data analysisvas
performed Finally, a fiber may move during indentation due to the pressuhetp.
Movement of the fiber alscausediuntypicalload-displacement curves aiits

corresponding data were deleted as well.

Table 41. The nanoindentation results of 20.0wt% cellulose nanowhiskers reinforced
PVA electrospun fibers and the measurement errors.

Modulus Modulus

Sample no. Note Sample no. Mote

GP (GPg)

1 7.56 26 7.96

2 7.32 27 0.45 deleted

3 7.90 28 725

4 8.27 29 B1TOr deleted

5 793 30 768

6 erIor deleted 31 0.66 deleted

7 8.06 32 821

g 0.85 deleted 33 8.16

9 7.96 34 831

10 783 35 732

11 2.04 36 error deleted

12 8.21 37 704

1 error deleted 38 732

14 7.59 39 769

15 831 40 0.23 deleted

16 BrIor deleted 41 g2.41

17 6.32 42 734

18 1.34 deleted 43 738

19 7.42 44 rror deleted

0 6.84 45 8.49

21 error deleted 46 822

22 7.56 47 EfTOf deleted

23 3.34 43 7.89

24 7.90 49 689

5 7.66 50 795
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Number of data

Modulus (GPa)

Figure4-10. The data distribution ofanoindentation measurement results of 20.0wt%
cellulose nanowhiskers reinforced PVA electrospun fibers.

During the nanoindentation, measurement errors are unavoidable due to the nano
size of cellulose nanowhisker/PVA electrospun fibers. To obtain ameaealata analysis,
nanoindentation measurements were repeated 50 times. The entire set of data points from
the nanoindentation measurements of 20.0wt% cellulose nanowhisker reinforced PVA
electrospun fibers are summarized in Table ¥Vhen the indenteiptslips on the
electrospun fiber or the fiber moves due to the pressure of the tip, the error messages are
shown on the nanoindentation instrument. If the tip is loaded on the edge of the fiber, the
measured modulus is much smaller than the normal Vline measured data is 50%
smaller than the average of other data points, the data was considered as a measurement
error. Fig 410 is the data distribution of nanoindentation measurement results of
20.0wt% cellulose nanowhiskers reinforced PVA electrodians. As shown in Fig4
10, it looks very reasonable that data ranged between 0.0GPa and 2.0GPa were

considered as measurement errors.



For pure PVA and cellulose nanowhisker (1.0wt% ~ 20.0wt%) / PVA electrospun
fibers, the nanoindentation was conddcs® times. Among 50 measurements, 10 ~ 15
data points were measurement errors, therefore 35datd(points were used to get the
average modulus value atite standard deviatiorkig 4-11 showsthe averaganodulus
and the standard deviationmire PVA &ad cellulose nanowhisker (1.0wt% ~ 20.0wt%) /
PVA electrospun fiberasa function ofcellulose nanowhisker ctant (wt%).The
modulus of electrospun fibenscreased linearly with increasingllulose nanowhisker
loading ratio up t@0.0nm%. In thecase 6 PVA electrospun fiberaith 5.0wt% cellulose
nanowhiskera 534 increase has been observed comptredre PVA electrospufiber.
The PVA electrospun fiber with 15.0wt% and 20.0wt% loading of cellulose

nanowhiskers showed an 180% and 261% increase ddilons) respectively.

10

Modulus (GPa)
[a2]
—e—

0 5 10 15 20

Cellulose nanowhiskers content (wt%)

Figure4-11. Averagemodulusof pure PVA and cellulose nanowhiskers (1.0wt% ~

20.0wt%) / PVA electrospun fibeesa function ofcellulose nanowhiskers ctamss
(Wt%).
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4.3.3. Model study

Halpin-Tsai equation is the most widely useddel for the analysis of
mechanical properties of nanocomposj&3. Halpin-Tsai model has been successfully
applied to predict the modulus of Bape filler reinforced nanocomposites. The
schematics of longitudinal, transverse and isotropic arrangementyfplesiillersare
shown in Fig 412. When fillers are aligned parallel to the tensile test direction, the
longitudinal HalpinTsai model can be used to predict the modulus of nanocomposites. If
the orientation of fillers is vertical to the test direction, the transvdedpinTsai model

can be applief31-32].

i N -
@{/@[

Bar-type fillers Polymer thin film matrix

la)

i B
. =

Figure 412. Schematics of the arrangement oftyae fillers in polymer thin film
nanocomposites (a) longitudinal arrangement (b) transverse arrangement (c)dsotropi
arrangement of betype fillers.

The longitudinal HalpiATsai model (E) is given by

ez

" 1-hV, S (4-3)
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where E, and E are the modulus of the matrix and {gpe fillers, respectively and; is

the volume fraction of fillers in the matrig. ( s ha p e | [faeddinedas, and (

po=E/E)-D (4.4)
(E/E)+z
zZ= 2% , (4.5)

where L and d is the average length and diameter of fillers. On the other hand, the

transverseédalpin-Tsai modelEy) is given by

1+2h.V,
E =" ""E, , (4.6)
1- AV,
wheree ( shape f#Hagtenredas,i s 2 an
E./E)-1
hT:—( /B (4.7)
(E,/E,)+2

The modulus of nanocomposites reinforced by isotropically oriented fillers can be
predicted by the isotropidalpin-Tsai modelE), which is expressed #se fractional

summation o, andEx.

(4.8)
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It was reported that the modulus of the crystalline region of cellulose was 137GPa
measured by ay diffraction[1], 143GPa measured by Raman spectroscopic technique
[2], and149GPa ~ 155GPa calculated by computational simu[&liofhe modulus of
an isolated cellulose microfibril was measudaectly using an atomic force microscope
(AFM) 3-point bend test and was evaluated to be 93G8alt is very difficult to
measure the mechanical properties of cellulose nanowhiskers directly. The diameter and
the length of cellulose nanowhiskers are nraize and much smaller than those of
cellulose microfibrils, terefore isolating, gripping and holding the isolated cellulose
nanowhisker is not technically feasible. Therefore, the modulus of a cellulose
nanowhisker should be based on the modulus of the crystalline cellulose and cellulose
microfibrils. It seems reasable for the modulus of cellulose nanowhiskers to be
between that of crystalline cellulose (137GPa ~ 155GPa) and that of cellulose
microfibrils (~93GPa) because the ratio of crystalline domain in cellulose nanowhiskers

is between that of crystalline cdlhgse and cellulose microfibrils.

—— Cellulose microfibrls
—— Cellulose nanowhiskers ,f\

WWJM,J/ .

Wmf \M

20

Intensity

Figure 413. Wideangle Xray diffraction (WXRD) results of cellulose microfibrils and
cellulose nanowhiskers.
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Fig 4-13 provides the Widangle Xray diffraction (WXRD) results of cellulose
microfibrils and cellulose nanvhiskers. Both of the plots sho2g peaks at

approximatelyl4.8°, 16.5° and 22.8%hich can be assigned to cellulose | crystal planes

(110), (110) and (200), respectivgB4]. However, the intensities of the peaks are quite
different. The2g peaks of cellulose nanowhiskers are narrower and shaper than those of
cellulose microfibilis. Crystallinity of cellulose microfibrils and cellulose nanowhiskers

are calculated according to Martin and Segal mefBbH It uss the height of (200) peak
and the minimum between (200) and (110) peaks, assuming that intensity of (200)
represents both crystalline and amorphous part while the minimum intensity between

(200) and (110) peaks indicates the amorphous part only.

Crl = (| (200)‘|am)/| (200) (49)

Where, Crl is the crystallinity indexpgdgi s t he i ntensi2§)amdthy, ( 200)
is the intensity at the minimum between (110) peak and (200) peak. Calculated
crytallinity of cellulose microfibrils and cellulose nanowhiskers are 84.7% and 91.6%,
respectively. From the WXRD results, it is confirmed that cellulose nanowhiskers have a
higher crystalline ratio than cellulose microfibrils.

In the model study, the modulus ofloéose nanowhiskers is assumed to be
110GPaThe average length and diameter of cellulose nanowhiskers are 200nm and

10nm, respectivelyThe density of cellulose nanowhiskers was reported as
1.5g/ cn?[36]. The modulus and the density of the PVA matrix 2feGPa and
1.25g/ cn?, respectivelyThe modulus of cellulose nanowhiskers/PVA electrospun

fibers predicted by the longitudinal Halpirsai model, the transverse Halpisai model,
and the isotropic Halpitsai model are shown in F§g14. The longitudinal HalpkTsai

model shows the highest modulus value and the modulus predicted by the transverse
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Halpin-Tsai model is the smallest among the three models. Hfypafillers arealigned
in thesame directioms theensile testthe plysical properties of nanocomposiken
filmsare improved due to the significant load transfer across therfirix interface

[37-38].

—&— Longitudinal H-T model
—@&— Transverse H-T model
—7— Izotropic H-T model
—w— Experimental results

Modulus (GPa)

O T T T T
0 5 10 15 20

Cellulose nanowhiskers content (Vol%)

Figure 414. The modulus of cellulose nanowhiskers/PVA electnogiiner predicted by
Halpin-Tsai models and the experimental results.

At Fig 4-14, experimental results are plotted together to compare with the model
prediction. Experimental results are larger than the predication by the isotropic and
transverse HalpiTsai model. It suggests that cellulose nanowhiskers are aligned in PVA
electrospun fibers. This agrees with the vkelbwn fact thahanoparticles are aligned
automaticallyinside of theelectrospun fibeduringthe electrospinningprocessiue to the
high shear force ofhe polymerjet [39-42]. However, the experimental results are

20~30% smaller than the longitudinal model predictions. For example, the calculated
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modulus of PVA electrospun fibers with 20.0wt% clelie nanowhisker loading {¥

16.3%) is 10.1GPa, whereas the actual modulus is 7.8GPa.

12

Longitudinal H-T model (modulus: 100GPa)
Longitudinal H-T model (modulus: 110GPa)
Longitudinal H-T model (modulus: 120GPa)
Longitudinal H-T model (modulus: 130GPa)
Experimental results

10 +

1114

Modulus (GPa)
(7]

0 T T T T T T T T T
0 2 4 6 8 10 12 14 16 18

Cellulose nanowhiskers content ( Vol% )

Figure 415. The modulus of cellulose nanowhiskers/PVA electrospun fiber predicted by
Halpin-Tsai models with various assumed modulus of cellulose nanowhiskersRaG0G
130GPa) and the experimental results.

There are several possildgplanations fothe difference between the
longitudinal modulus anthe experimental results. First, the actual modulus of cellulose
nanowhiskers could be different from the assunaddes(110GPa). Fig-45 shows the
longitudinal model prediction plots and experimental results when the assumed modulus
of cellulose nanowhiskers is 100GPa, 110GPa, 120GPa and 130GPa, respectively.
Second, there could be a deviation of the orientatioelaflose nanowhiskers in PVA
electrospun fibers. From the TEM images of referefi¢@<l2], it seems that the

orientation of batype fillers has a deviation (%p The deviation of cellulose
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nanowhisker orientatioim the PVA fiber matrix can decrease the experimental results. It
is difficult to take TEM images of cellulose nanowhiskers without staining the sinple
36, 43] therefore the actual alignment of cellulose namskers in PVA matrix could

not be confirmed by TEM images. The indenter tip used in the measureraenbis
cornerthreesided pyramidal diamond tig he centerline to face angle of the cudoener

tip is 35.3°[25] andthe actual angle between the tip and aligned cellulose nanowlsisker
54.7° not the 90.0 Therefore, it is expected that the measured modulus is between the
longitudinal model and the isotropic model prediction. The load transfer mechanism of
aligned bartype particles in a polymer matrix during the nanoindentation has not been
studied. In future studies, the load transfer mechanism and the effect of aligned cellulose
nanowhiskers in the PVA matrix on the nanoindentation measurement will be

investigated.

4.4. Conclusions

The mechanical properties of cellulose nanowhiskers reinfaaigdvinyl
alcohol) PVA) electrospun fiberhave been measured usiihg nanoindentation method.
Due to the small size of PVA electrospun fibers, ~ 18 measun@ent errors occurred
during the total of 50 measurements. The modulus of PVA/cellulose nanowhisker
electrospun fibers increases linearly with increasing loading ratio of cellulose
nanowhiskers up to 20.0wt%. The modulus of a pure PVA electrospun fibé0(SRa.
The modulus of 5.0wt%, 10.0wt% and 20.0wt% cellulose nanowhisker reinforced PVA
electrospun fibers were 3.26GPa, 4.26GPa and 7.80GPa, respectively. Cellulose
nanowhisker/PVA electrospun fibers with 20.0wt% loading shows a 260% increase of
modulus ompared to that of a pure PVA electrospun fiber. Experimental results were
compared with HalpiT sai models. The experimental results were larger than the

predicted values by the isotropic Halpisai model and the transverse Halppsai
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model, however, thexperimental results were 20~30% smaller than the longitudinal

Halpin-Tsai model predictions.
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CHAPTER 5

THE MORPHOLOGY AND MECHANICAL PROPERTIES
OF ICE-TEMPLATED
CELLULOSE MICROFIBRIL POROUS FOAMS

Abstract

Ice-templated (IT) cellulose microfibril porous foame @uccessfully fabricated
via unidirectional freezing methods. IT cellulose microfibril foam prepared from 1.0wt%
suspension shows a crdgsked network structure. Increasing the concentration of the
cellulose microfibril suspension up to 2.75wt% leada gyadual transition from a
crosslinked network structure to a lamellar channel structure. Increasing the
concentration of the suspension from 3.0wt% up to 8.0wt% will cause both the formation
of highly aligned channel structures that are parallel tdréf®zing direction and an
increase in the structureds wall thickness
partially aligned along the freezing direction. During IT methods, cellulose bridge
structures are fabricated, instead of dendrite structliteswavelength of IT channel
structures can be controlled from 28 to 11.2/7m by changing the temperature
gradient between the ice front and the cellulose microfibril suspension. It was found that
the canpressive stress of IT cellulose microfibril foams increases linearly from 30.7KPa
to 360.2KPa with increasing concentrations of cellulose microfibril suspension from

2.0wt% up to 8.0wt%.
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5.1. Introduction

Porous foam materials have attracted a great attention in both of academia and
industry due to a wide range of applications such as artificial bone materials, drug
delivery carriers, filter materials, atigde parts of a motor vehicle. Porous foam materials
demonstrate strong mechanical performance in spite of their light weights. They also
have a large porosity to store or carry other materials. Porous foams posses various
properties according to their &itecture. Therefore, it is very important to control their
architectural properties such as pore size, pore morphology, and porous space
arrangement. So far, the most common processing methods are template replica methods
[1-5], sacrificial templatéechnique$6-9], and direct foamingnethodq410-13].

Of the many techniquegported to prepare porous foams;templated (IT)
methodsare relatively nevj14]. IT techniques are very simple but can produce highly
ordered porous structures. The unidirectional freezing of the agueous suspension,
followed by the unidirectional growth of ice crystals andlisudition of ice crystal
templates result in highly ordered porous foams with unidirectional channels. Moreover,
IT methods can be applied to a wide variety of material systems such as inorganic
particleg[15], polymerg16], and inorganigpolymer hybrid417]. In conventional
foaming methods, the chemical interactions between component materials and templates
are critical. On the other hand, IT foaming process is simply dependent on the physical
entrapment of particles or polymerdween ice crystals. Therefore, the IT method is
more simple and versatile than other methods.

Recently,cellulosemicrofibrils have been widely used as reinforcement materials
in polymeric nanocompates due to the environmental concerns. Celluhoseofibrils
show environmentgl friendly charactastics and good mechanical propertiksvas
reported that the modulus of cellulose microfibrils was in the range of 78 ~ 114&Pa
19]. Cellulose microfibrils are high aspect ratio string particles. Their diameters range

from 10nm to 30nm ahthe length of cellulose microfibrils is betweermt and 30rm,
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depending on the preparation method and the source of cellulose micr{@@2%]. So
far, it wasreported that cellulosaicrofibrils were used aseinforcanent materials for
thenanocompositewith various maix materials suclas polyurethang2], poly(lactic
acid)[23], starch[24], cellulose acetate butyrd@5], poly(vinyl chloride)[26], and
poly(vinyl alcohol)[27].

Porous foams prepared from cellulose microfibrils and amylopectin were
reported28]. IT porous foams prepared from rigid gpé particles such as alumina
particles[29], rigid pallet type particlesuch as MMT[30], rigid belt type particles such
as SWNT[15], and polymers such as P{A6] have also been investigated. Cellulose
microfibrils are high aspect ratio stritige particles with much flexibilityln this report,
the growth mechanism afultichanneporous foams of pure cellulosg@crofibrils
prepared via IT methods was investigafEhe characteristic features of IT foams
prepared from flexible string particles were also shown.

The compressive stress of IT cellulose microfibril foams has been measured. To
compare the effects of characteristics of cellulose microfibrils on theamiech
properties of IT foams, the compressive stresses of IT foams prepared from MMT Na+
and cellulose nanowhiskers were also measured. Cellulose microfibrils show higher
particleparticle interactions than MMT Na+ due to the strong hydrogen bonds. ghihou
both the cellulose microfibrils and cellulose nhanowhiskers have hydroxyl groups on the
particle surfaces, cellulose microfibrils show higher aspect ratios than cellulose

nanowhiskers.

5.2. Experimental

5.2.1.Materials
Montmorillonite Na+ (MMT Na+) tays were supplied by the Southern Clay

ProductsCellulose microfibrils were prepared through acid hydrolysigtef paper
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with 50% sulfuric acid (VWR, USA). Briefly, 602 ml concentrated sulfuric acid was
added dropwise to a chilled mixture of 120\hatman No. 1 filter papend 598 ml
deionized water.This slurry was then placed into a 30°C hot water bath for 130 min and
stirred. The resulting material underwent centrifuging and dialysis with deionized water
to remove excess acidifter dialysis,the solution pH was raised to pH 6 using

Amberlite (VWR, USA) resin beadslhe cellulose suspension was sonicated in an ice
bath for 20 minutes, centrifuged for 5 min at 14,000 rpm, and the cloudy supernatant was
collected (this is the collected fibrilsYhis step was repeated until cloudy supernatant
was no longer formedThe collected cloudy supernatant (the fibrils) were concentrated
by placing into dialysis tubing in a PE@ater solutionA SEM image of prepared

cellulose microfibrils is shown in §b-1. The diameterof the microfibrils range from

10nm to 30nmand their length arebetween 1»m and 30rrm.

Figure 51. SEM image of cellulose microfibrils. Scale bars dremgth 200nm.

Cellulose nanowhiskers were prepared using the method described by Dong et al.
[31]. The suspesions of cellulose nanowhiskers were prepém@a Whatman No. 1
filter paperby sulfuric acid hydrolysis. The concentration of sulfuric acid was fixed at

64%. The acid hydrolysis conditions were optimia¢d5°C and 50mins. After
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hydrolysis,the suspensn wasdeionized by mixing in 1g of mixeded ion exchange
resin and filtered. And then the suspension washed with DI water and centrifuged
(40mins,3000rpm,Beckman Coulter, G8). The suspension wasrther dispersed by an
ultrasound sonicatqd5mins at full powerBranson 3510)The diametes of the

nanowhiskerange from 5nm to 10nm and their average length is ~ 200 nm

5.2.2. Ice-templated method

Cellulose microfibrils suspension was freezed using liquid$\shown in Fig&
(a). A suspensiosample was attached to a syringe pump and immersed into an insulated
liquid N2 bath. The immersing depth of the sample was maintained at 1mm during the

whole freezing process using a syringe pump.

A) B)

Syringe pump HDPE tube

TImmersing direction Polystyrene

__"'3"/-.\_ foam

Suspension

Aluminum sheet

Ethanol

Liquid I,
Liquid N,

insulated bath
insulated bath
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Figure5-2 (a) Scheme of a freezing apparatus (b) sclefraesample preparation (c)
scheme of an insulated liquid, Bath (d) Scheme of an insulated liquigd bdth with a
secondary freezing source (ethanol).

As shown in Fig 2 (b), a suspension was put inside a high density polyethylene
(HDPE) tube. The inmediameter of the HDPE tube was 10 mm. To prevent vertical heat
transfer as the temperature gradient orientation, the HDPE tube was insulated using
polystyrene foamAn aluminumsheet was attached to the bottom of the HDPE tube. For
the preparation of loreezing rate samples by a small temperature gradient, ethanol was
used as a secondary freezing source (R2g&)). The m.p. of ethanol and b.p. of &te-
1146C and-1960C, respectively. Freezed samples were immediately pufreeaedryer
to remove ¢e crystal templates by sublimation. After 48 hours, frekieel samples were
taken out from the freezdryer. After that, polystyrene foams, HDPE tubes, and
aluminum sheets were removed carefully. The image of prepared samples is shown in Fig

5-3. The dameter of the sample is 10 mm and the height is also 10 mm.

Figure 53. Cellulose microfibril porous foams (right side) and MMT Na+ porous foams
(left side) prepared by ieemplate method.



5.2.3. Characterization

Scanning electron microscopy (BlEwas carried out using a LEO 1530 at 10kV.
The samples were sputter coated whthusing EMS 350 sputter (20mA, 2mins)jor to
observationA measurement of the average channel size of cellulose microfibril IT foams
was conducted using ImageTool 3.0taafre, which is provided by UTHSCSA. The
compressivetrength and modulus were measured ukisggon5566 (Instron Co.,

Canton, MA, USA) The compressiohead speed was 1mm/min.

5.3. Results and discussion

5.3.1 A growth mechanism of IT cellulose miciofibril foams (1.0wt% ~ 2.75wt%)

In ice-templated methods, the particle concentration in suspension is an important
factor when deciding the morphology of the IT porous f¢29j. In this study, IT
cellulose microfibril porous foams were prepared from the various concentrations of
cellulose microfibrils suspensions to investegttie detailed morphology and growth
mechanism. IT foam samples were prepared as described if2Hig) &and (c). Freeze
dried samples were cut off parallel to the orientation of the freezing direction and the
center areas, which were fully developed dgrihe freezing process, were examined

using SEM (Fig 54).
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SEM observation

Cut off the sample l
parallel to the =— =
freezing direction - =
Freezing ] : E— " Fully developed area
direction Freezing
direction

Figure 54. Schematic of the prepared sample and SEM observation.

The SEM images of IT cellulose microfibril porous foams prepared from 1.0wt%
~ 2.75wt% cellulose microfibril suspensions sh®wn in Fig 55, and their high
resolution SEM images are shown in Fi§.5As shown in Fig % (a) and 5 (a),
cellulose microfibrils foams prepared from 1.0wt% suspension shows alicless
network structure. The characteristic channel structuf€ pérous foams can not be
observed. The unique morphology of the crosslinked network structure is due to the
distinctive characteristics of cellulose microfibrils. First, cellulose microfibrils are high
aspect ratio string particleshe diametesof cellulose microfibrils rangé&rom 10nm to
30nm and the lengthof cellulose microfibrils ranges from 1 micron and 30 micron. In
addition, cellulose microfibrils exhibit strong hydrogen bonding with adjacent cellulose
microfibril particles. Cellulose microfilis are also relatively flexible nanopatrticles,
compared to other inorganic nanoparticles. Due to the alternating arrangement of
crystalline and amorphous domains, cellulose microfibrils possesses enough flexibility to
bendas shown in Fig-1. In concluson, cellulose microfibrils bend and rotate to form
tight bonds with adjacent microfibrils during the freezing process, resulting in the unique
network structure of IT porous foams. As shown in F§ (&), some parts of the strings
constituting the networktructure show a larger diameter than that of cellulose
microfibrils. This suggests that several cellulose microfibrils are piled up together,

resulting in the formation of a framework of IT network foams.



A transition from a crosslinked network strueuo a lamellar channel structure
occurs gradually as the concentration of cellulose microfibril suspensions are increased
up to 2.75wt% (Fig % (b) ~ (f)). Contrary to the isotropic arrangement of cellulose
microfibrils shown in Fig 5 (a), IT cellulosanicrofibril foams prepared with 1.5wt%
and 2.0wt% suspension start to show the oriented porous structures(fay &nd (c)).
Cellulose microfibril walls parallel to the freezing direction start to emerge and the empty
space between cellulose microfibrbecome smaller. For IT cellulose microfibril foams
made with 2.25wt% and 2.5wt% suspension (Fig(8) and (e)), the wall structures are
observed clearly and the size of the pores on the cellulose microfibril walls decreases
with increasing concentian of microfibril suspension. For 2.75wt% cellulose
microfibril foams, the formation of individual wall structures and lamellar channel
structures are almost completed as shown in Fadfh Only a small number of defects
on the wall structure are obsed and their sizes are all less than 100nm. Detailed
structures, pores and defects on IT cellulose microfibril foams are shown in high

resolution SEM images (Fig®).
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Figure5-5. The SEM images of IT cellulose microfibril porousrfeamade with the

various cellulose microfibrils suspension. Scale bars are of lengtm1®@range color

arrows indicate the freezing direction. The suspension concentrations are (a) 1.0wt% (b)
1.5wt% (c) 2.0wt% (d) 2.25wt% (e) 2.8 (f) 2.75wt%, respectively.
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Figure5-6. The high resolution SEM images of IT cellulose microfibril porous foams
made with the various cellulose microfibrils suspension. Scale bars are of lermgth 3

Orange color arrows dicate the freezing direction. The suspension concentrations are
(a) 1.0wt% (b) 1.5wt% (c) 2.0wt% (d) 2.25wt% (e) 2.5wt% (f) 2.75wt%, respectively.
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In ice-templated methods, the unidirectional freezing ofcitlulose microfibrils
suspension, followedy the unidirectional growth of ice crystatguld result in highy
ordered porous foams with unidirectional chaniieig 5-5 (f) and Fig 56 (f)). During
the freezing process;e crystals grovin the same directioasthe temperature gradient
and celllose microfibrilsare entrapped between ice crystals as shown iB-Fighfter
removing ice crystal templates by sublimation, ldreellar channedtructure, which are

areplica of the original icéemplate areobtained.

Cellulose microfibrils
e . @
suspension
® I

@ i )
cellulose microfibril —9 @ @ e ® Ice crystals
‘:‘ growth direction

Entrapped
cellulose microfibrils

Freezing direction

Fig 57. A schematic of thgrowth of ice crystals and the cellulose microfibril
entrapment. Orange color spheres represents cellulose microfibrils. The wavelength of
the structure is defined Hy.

Contrary to polymer based IT foams, the minimum wall thédsnof IT cellulose

microfibril foams is confined to the diameter of cellulose microfibrils. If it is assumed
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that cellulose microfibrils in the individual walls are closely packed as a single layer, the

critical concentration to form a fully developeddfiannel structure can be calculated by

C=—o (5.1)

where/ is the wavelength of the structure,is the average diameter céllulose

microfibrils, and r is the density of cellulose microfibrils. For IT cellulose microfibril

foams, a typical value of is 3//m, d =20 nm andr = 1.5 g/ cn? [32]. In this case,

the theoretical critical arcentration is 1 wt%. However, the cellulose microfibril wall
obtained by IT methods is not an ideal single layer. Therefore, the experimental critical
concentration is higher than the calculated value. As shown in¥%igal 56, the

critical concentratn is ~ 2.75 wt%.

Ice crystal

temperature L Ice crystal
gradient »7 growth direction

Figure 58. A scheme of ice crystal growth at the lamellar region.

The morphology of the individual wall structure of lamellar channels is

significantly affected by the amount of entrapped cellulose microfibrils. If the suspension
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concentration is 2.75wt%, the amount of cellulose microfibrils is enough to form smooth
walls without defects, allowing fully developed channel structures to be obtained. If the
suspension concentration is lower than 2.75wt%, partially developed chanotirsts

are observed. In the case of a very low concentration of cellulose microfibrils suspension
(1.0wt%) crosslinked network structures are fabricated.

Ice crystals grow anisotropically. The ice front velocity parallel to the temperature
gradient oriersition, crystallographic-axis, is 18 ~ 10 times faster than that dfec-
axis which is perpendicular to the temperature grad@®i If the growth of ice crystals
is maturejce crystalswill grow to the aaxis and kaxis direction On the other handhe
ice crystalgrowth to eaxis direction isstill very slow. Therefa, the thickness of ice
crystals along-@xis is very small and ice crystal grows as a flat platelet,fshown in
Fig 5-8. The growth pattern of ice crystals affect the morphology of IT cellulose
microfibril foams directly. As shown in Fig5 (f), celluose microfibril walls are formed
along the aaxis and kaxis.

Another interesting feature in Figébis the shape of the pores on cellulose
microfibril walls. Most of the pores have an elliptical shape, rather than the circular form.
To observe the shapé pores more clearly, negative images of Fig &e shown in Fig
5-9. Ellipseshaped pores are especially prominent in the porous structure prepared from
2.0wt% ~ 2.5wt% cellulose microfibrils suspension (Fig &) ~ (e)). This suggests that
cellulosemicrofibrils constituting the outer boundary of ellipses are anisotropically
arranged. If cellulose microfibrils are randomly oriented without any preferred direction,
the pore shape should be a circle, not an ellipse. It is also interesting that thest of
major axes of elliptical pores (the white color shown in the images) are aligned parallel to
the orientation of freezing direction. This indicates that microfibrils are also partially
oriented to the direction of freezing. It is very difficult to meadihe direction of each
cellulose microfibrils in IT porous foams directly. Aligned elliptical pores are indirect

evidences of the microfibril alignment along the freezing direction.
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Figure5-9. The negative images of SEM photos of IT cellulose milmibporous foams
made with the various cellulose microfibrils suspension. Scale bars are of lemgth 3

Orange color arrows indicate the freezing direction. The concentrations of the cellulose
microfibril suspension are (a) 1.0%t(b) 1.5wt% (c) 2.0wt% (d) 2.25wt% (e) 2.5wt% (f)
2.75wt%, respectively.
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A possible explanation of cellulose microfibril alignment is the momentum
exerted by growing ice crystals. A scheme of the cellulose microfibril alignment is shown
in Fig 510. To simplify the system, a single microfibril and ice crystal model was
suggested. As shown in Figl® (a), one end of cellulose microfibril was entrapped
between two ice crystals and the other end has free movement at the unfreezed

suspension. The free paf a microfibril is located across the ABGpace (Fig 8.0 (b)).

A cellulose microfibril

Rotational

motion

>’ Free movement part

Momentum

by ice crystals

Entrapped part

a-axis

b-axis
Ice crystals
growth direction i

c-axis

B)

Rotational motion
Momentum ]I across the ABC space

by ice crystals
a-axis

¢-axis

b-axis

Figure 510 (a) A scheme of the cellulose microfibril alignment (b) A scheme of
rotational motion of cellulose microfibril.



When the ice crystal grows along thexas, momentum etted by the ice crystal
is applied to the cellulose microfibril along thess. Because one end of cellulose
microfibril is fixed, the other end of the fibril shows a rotational motion across the ABC
space, instead of a translational motion along theig Consequently, cellulose
microfibrils are aligned along theaxis, the freezing direction. The movement of
cellulose microfibrils in a real system is more complicated than the suggested model
because fibrifibril interactions are also important. Tieéore, all of the fibrils cannot be
aligned as in the suggested model. However, as shown in%ig Bboks very clear that

cellulose microfibrils are partially aligned along the freezing direction.

5.3.2 Morphology of IT cellulose microfibril foams @.0wt% ~ 8.0wt%)

To investigate the morphology of fully developed channel structures of IT
cellulose microfibril foams, various concentrations of cellulose microfibril suspension
(3.0wt% ~ 8.0wt%) were used to prepare the IT foams. As shown inFig&)~ (f), all
of the IT foams show the highly aligned channel structures parallel to the freezing
direction. No defects and pores are observed on the cellulose microfibril walls. As the
concentration of suspension increases up to 8.0wt%, the thicknessrafitidual walls
increases.

It is well known that ice crystals grow anisotropically and make ice dendrites on
one side of the ice crystdls7, 29] Therefore, small dendrite structures are observed
frequently on one side of the IT wall structures. In this case, the other side of the wall is
relatively smooth (Fig-82 (c) ~ (f)). On the other hand, bridge structures are found
within IT cdlulose microfibril foams, instead of the typical dendrite structures. It was
reported that a ceramic bridge was seldom observed only within IT foams prepared from
very high concentrated suspensi¢2@]. However, highly ordered bridge structures have

not been reported yet. As shown in Fid 5 (a), most of fibril bridges conneievo
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adjacent walls vertically. It is also found that some bridges stand vertically but cannot
reach the next wall. It seems that each bridge is composed of one or more cellulose
microfibril (Fig 512 (b)). To compare the dendrite structures and bridgetstes, IT

cellulose nanowhisker foams were prepared from the same concentration (3.0wt%). The
average diameter of cellulose nanowhiskers is ~ 10nm and their lengths range from 180
nm to 220 nm. Fig-8.2 (d) shows the dendrite structures of cellulos@waisker foams.

The blue arrow indicates the dendrite structure. F1@ %c) is the smooth side of the
cellul ose nanowhi sker wall, which doesnot
cellulose nanowhiskers are very similar, except for their dimeasithis suggests that

the difference of architecture between these two structures is attributed to the particle size.
IT PVA foams were also prepared from the same concentration (3.0wt%). The smooth
sides and dendrite sides of their walls are shown ib-Hig (e) and (f).

The formation mechanism of cellulose microfibril bridges is not yet clear. A
possiblemechanisnis based on the splitting and subsequent healing of the ice crystal tip
[29]. In the cas¢hat the ice front pushes and transports the particles, a liquid film of
sufficient thickness is needed between the ice faadthe particles.If the ice front
velocity is too higlor the movement speed of the particles is too slow, the liquid film
disappears and thmarticles are embedded inside the ice crygtgasplitting) instead of
being entrapped between ice crysfa3]. After that, subsequent tip healing occurs and
forms the bridge structure (Fig1). Cellulose microfibrils are larger and heavier than
cellulose nanowhiskers. Therefore, the movement speed of microfibrils during the
freezing process is slower than that of nanowhiskers, creating more possibilities to make
bridge structures. It is alsmnyet clear why bridge structures are vertical to the wall
structure. It is expected that it is more difficult to move or rotate cellulose microfibrils if

they are arranged vertically to the ice crystals.
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Figure5-11. The SEM images of IT cellulos&crofibril porous foams made with the
various cellulose microfibrils suspension. Red scale bars are of length a8d blue

scale bars are of lengthyv@n. Orange color arrows indicate the freezing directidme

suspension concentrations are (a) 3.0wt% (b) 3.0wt% (c) 4.0wt% (d) 4.0wt% (e) 8.0wt%
(f) 8.0wt%, respectively.

15C



Figure 512 (a) Bridge structures of IT cellulose microfibril foams (3.0wt%) (b) High
resolution SEM image of the bridge struct(@e) wt%) (c) Smooth surfaces of IT
cellulose nanowhisker foams (3.0wt%) (d) Dendrites structures of IT cellulose
nanowhisker foams (3.0wt%) (e) Smooth surfaces of IT PVA foams (3.0wt%) (f)
Dendrites structures of IT PVA foams (3.0wt%). Red arrow indécatieridge structure
and blue arrows indicate dendrite structures.
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Figure 513. A schematic of the formation mechanism of cellulose microfibril bridges.

5.3.3 Control of the structure of IT cellulose microfibril foams

The formation mechanism of IT ladose microfibril foams is very complicated,
therefore it is difficult to analyze the structures theoretically. Instead, a model equation
about cellular array growth of the metal alloy at a sttjdid interface during the
unidirectional freezing was ad to correlate the simplified IT structure and experimental
conditions[34]. The wavelength of the channel structdrean be expressed as a

function of DT by the following equatiof35],

o 05
_ 2m DDC 9
DT

/ (5.2)

g front

wherea, m , D,, DC, v, and DI are constant, the slope of the liquid line, diffusion

coefficient of solute, the concentration difference between the-lgplid interface and

the center of the two rods, the cell front velocity and the temperatteeedice between

152



the liquid phase and solid phase, respectively. Becausedd, and DC can be assumed

as a constant/ is given by

-0.5

! =K (Vyor ) (5.3)
Although the model equation is simplified, it is still difficult to apply it to IT porous foam
structures. It is not easy to measure the temperature of the ice front and the freezing
velocity exactly.Therefore, the model equation was simply used to find the tendency
between/ and the temperature gradient. IT cellulose microfibril foams were prepared
under different temperature gradient as described in-Rigch and (d). The

concentration of cellulose microfibril suspension was fixed at 3.0wt%. The experimental

results are summarized in Figl8. Blue triangle data points are IT foams prepared using

ethanol (m.p.=1140C) as the freezing source (Fie25c)). Black trianglesndicate the
experimental results of IT foams using liquid nitrogen (b-f365C) directly (Fig 52

(a)). Prepared IT foams were cut off parallel to the orientation of the freezing direction
and the center areas were examined as shown in&id ke morpology of IT foam
structures is sensitive to the growth length of the ice crystals. Therefore, SEM
examination areas should be selected carefully.

As shown in Fig 814, / of IT structure prepared using &0 cellulose
microfibril suspension and liquid nitrogen is 2. For IT foams prepared frond0
suspension under liquid nitrogen freezirgjs 8.7//m. In cases where ethanol was used,

/6s of | T s amploand20C sugpension deref 164n and Q1.2mm,

respectively. As the temperature gradient between the ice front and cellulose microfibril
suspension increases, the gtiowpeed along theaxis increases, while the growth speed

along the eaxis is still very slow (Fig ). The growth speed ratio is expressed as,
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aGa- axis O cﬁ' axis

? O>
C e axis T -axis

(D >TD (5.4)

- O: O

where G is the growth speed of ice crysthaisconclusion, as the temperature gradient
increases, the width {&xis direction) of ice crystals decreases and the wavelength of the

channel structure decreases. In this case, the total number of wall structures also increases.

Figure 514. Wavelegth of IT channel structures under various temperature gradients.

5.3.4 Mechanical properties of IT cellulose microfibril foams
The compressive stress of IT cellulose microfibril foams has been measurgd

Instron5566 with the compressidread speedet attmm/min.Samples were prepared as
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