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SUMMARY  

 

A new and environmental benign method for preparing regenerated cellulose and 

montmorillonite (MMT) biodegradable nanocomposites is developed using 4-methyl 

morpholine N-oxide (NMMO) as the solvent.  Results showed that the modulus of the 

nanocomposites increases linearly at the MMT loading range of 1ï10%. Using Wide 

Angle X-ray Diffraction (WXRD) analysis, scanning electron microscopy (SEM) 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 web was 

successfully fabricated using electrospinning technique. The morphology and mechanical 

properties of highly aligned electrospun fiber webs were investigated. The relative 

alignment degree 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. The relations of reinforcement 

effects, fiber alignment and cellulose nanowhiskers alignment have been investigated. 

The mechanical properties of cellulose nanowhiskers reinforced poly(vinyl 

alcohol) (PVA) electrospun fiber rather than fiber webs have been measured using 

nanoindentation method. The 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 Halpin-Tsai model. The 

nanoindentation results are 20~30% 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 cross-linked 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 suspensions from 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 cellulose 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 cellulose microfibril surface is 50 mm , the surface shows honey-comb like structures. 

When the height of IT surfaces is between 100mm  and 200 mm , a transition from honey-

comb like structures to multilayer structures happens. In these cases, ellipse-shape 

channels are observed. If the height of IT surfaces is larger than 300mm , fully developed 

multichannel surfaces are obtained. By controlling the temperature gradient between 

cellulose microfibril suspensions and secondary freezing mediums, various surface 

structures including honey-comb like structures, ellipse-shape channel structures, fully 

developed multichannel structures are obtained successfully. For the honey-comb like 

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 polymer. It is environmentally friendly, 

biocompatible and renewable. Due 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 belt-type particles show good 

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 nanocomposites with 

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 fabrication method 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 development of fabrication 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 relationships 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 regenerated cellulose 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 
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reinforced PVA electrospun fiber webs are 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 electrospun fibers 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 using Ice-templated (IT) 

method. The morphology, growth mechanism 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 patterned surfaces are studied. The relationship between 

surface structures and wetting properties are also investigated. 
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CHAPTER 2 

 

LITERATURE REVIEW  

 

2.1 Cellulose 

  

2.1.1 Structure and Polymorphism of Cellulose 

Cellulose is the most abundant natural polymer. It is the very commonly found in 

a wide variety of living species such as plants, animals, bacteria and some amoebas. It 

has been estimated that globally between 10
10 

and 10
11 

tons of cellulose are synthesized 

[1]. Cellulose whose formula is (C6H10O5) n   is the natural polymeric polysaccharide 

carbohydrate.  Cellulose is derived from (ɓ-glucose), which condense through ɓ(1Ÿ4)-

glycosidic bonds. Structure of cellulose is shown in Fig. 2-1. The cellulose monomers are 

linked together by condensation and the sugar rings are joined by glycosidic oxygen 

bridges. The average degree of polymerization in native cellulose is reported as around 

13,000. 

 

Figure 2-1. Structure of cellulose through ɓ(1Ÿ4) glycosidic bonds. 

 

 

Cellulose exists as six different polymorphs, cellulose I, II, III I, III II, IV I, and IVII 

[2]. The interconversion between the polymorphs of cellulose is summarized at Fig 2-2. 
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Cellulose I is found in nature. Cellulose II can be obtained from cellulose I by 

regeneration process. Interconversion between cellulose I and II is the irreversible 

reaction. Cellulose IIII and cellulose IIIII  are formed from cellulose I and II, respectively, 

by the amine treatment. Interconversion between cellulose I and IIII or cellulose II and 

III II is reversible. Cellulose IVI and IVII may be prepared by heating cellulose IIII and IIIII 

to 206ôC in glycerol, respectively.  

 

 

Figure 2-2. Interconversion of the polymorphs of cellulose [2]. 

 

 

It was also found that Cellulose I has two polymorphs, cellulose Ia and cellulose 

Ib. The fractions of cellulose Ia and cellulose Ib in native cellulose depend on the 

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

Ib form by annealing. 

 

2.1.2 Cellulose ultrastructure 
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The extended cellulose chain forms a flat ribbon-like 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 find 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 Angstrom
2
 and their average length is 300 Angstroms. 

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 microfibrils. It is 

approximately 2000 Angstroms in length. When viewed in cross-section, fibril structures 

are blocked within a matrix of hemicellulose and lignin as shown in Fig 2-3 [2].   

 

 

Figure 2-3. Schematic of cross-sectional view of the ultrastructural organization of the 

cell wall components in wood [2]. 
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Each microfibril can be considered as a string of cellulose crystals, linked along 

the microfibril by amorphous domains and having a modulus close to that of the perfect 

crystal of native cellulose (estimated to be around 150GPa) and a strength that should be 

in the order of 10GPa.  

 

2.1.3 Amorphous cellulose 

Cellulose that 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 cellulose source. 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 accessibility of chemicals to cellulose structure. The schematic of 

amorphous cellulose and crystalline cellulose is shown in Fig 2-4. Disordered red region 

represents amorphous cellulose and ordered blue region is crystalline cellulose. 

 

              

Figure 2-4. Schematic of amorphous cellulose and crystalline cellulose. 
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Compared to starch, cellulose is also much more crystalline. Whereas starch 

undergoes a crystalline to amorphous transition when heated beyond 60-70 °C in water 

(as in cooking), cellulose requires a temperature of 320 °C and pressure of 25 MPa to 

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 cellulose is not 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 technology. Viscose 

process is accompanied by serious environmental byproducts such as CS2, H2S and 

several heavy metals. After the first patent of N-methylmorpholine-N-oxide (NMMO) 

method at 1969 [3], lots of researches on N-methylmorpholine-N-oxide (NMMO) and 

cellulose system have been done [4-6]. Nowadays, NMMO process is popularly used to 

produce regenerated cellulose products such as Lyocell 

 

 

Figure 2-5. Formation and molecular structure of N-methylmorpholine-N-oxide [5]. 

 

http://en.wikipedia.org/wiki/Crystallinity
http://en.wikipedia.org/wiki/Amorphous_solid
http://en.wikipedia.org/wiki/Pascal_(unit)
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Figure 2-6. Scheme of Lyocell spinning process based on cellulose-NMMO method [5]. 

 

 

N-methylmorpholine-N-oxide (NMMO) has strong N-O dipoles which can 

substitute the hydrogen bonds between cellulose molecules during dissolving process. 

NMMO is produced by the oxidation of the ternary amine N-methylmorpholine with 

hydrogen peroxide. A molecular structure of NMMO is shown in Fig 2-5. The most 

outstanding advantage of NMMO as solvent is that it is environmentally friendly and 

100% recyclable in comparison to the hazardous viscose techniques. Fig 2-6 is the 

scheme of the Lyocell spinning process based on cellulose-NMMO method [5]. 
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Figure 2-7. Phase diagram of cellulose-NMMO-water system [5]. 

 

 

2.1.5 Cellulose and N-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 for cellulose. The solubility of cellulose in the 

binary NMMO/water system is shown in Fig 2-7. The phase diagram indicates that 

complete dissolving of cellulose happens only in the small region, highly concentrated 

NMMO. Dissolving process of cellulose in NMMO/water 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 for cellulose molecules which prefer 

water. Therefore, NMMO is removed entirely and homogeneous regenerated cellulose 

which contains small amount of water can be obtained. 
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2.2 Cellulose nanowhiskers 

 

2.2.1 Preparation of cellulose nanowhiskers 

Cellulose nanowhiskers can be obtained by a careful acid hydrolysis with sulfuric 

acid [7]. The amorphous regions are the weaker part in cellulose microfibrils so sulfuric 

acid breaks the amorphous parts first. As shown in Fig 2-4, crystalline cellulose 

structures are surrounded by the amorphous cellulose. Therefore, cellulose nanowhiskers 

consist of high contents of cellulose crystalline domain and small amount of amorphous 

domain. The exact ratio of cellulose crystals and amorphous parts depends on the 

hydrolysis condition and the source of cellulose. Transmission electron microscope 

photos of cellulose nanowhiskers from different cellulose sources such as cotton, sugar-

beet pulp and tunicin were shown in Fig 2-8. 

Cellulose nanowhiskers are generally stiff rod-like particles. Their average 

diameter of cellulose nanowhiskers is between 5nm and 20nm and their length ranges 

from 150nm to 400nm. Geometrical characteristics of cellulose whiskers depend on the 

origin of cellulose microfibrils and acid hydrolysis process conditions such as time, 

temperature, and purity of materials. The effects of hydrolysis condition on the 

characteristics of cellulose nanowhiskers are summarized at Table 2-1 [7]. 
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Figure 2-8. Transmission electron microscope photos of cellulose nanowhiskers from (a) 

cotton (b) sugar-beet pulp and (c) tunicin [8]. 

     

 

Table 2-1. Effect of hydrolysis time on the properties of cellulose nanowhiskers [7]. 

 

 

As the hydrolysis time increased from 10 to 240mins, the total sulfur content and 

the surface charge of the cellulose nanowhiskers generally increased. The particle size of 

cellulose microcrystallites decreased from 390nm to 177nm. The relationship between 

hydrolysis time and average length of cellulose nanowhiskers was shown in Fig 2-9 [7].  

 

Figure 2-9. The relationship between hydrolysis time and the average length of cellulose 

nanowhiskers [7]. 
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2.2.2. Orientation of cellulose nanowhiskers in 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 cellulose are 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 crystalline 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 strong birefringence [9]. Fig 2-10 (a) shows a 

nematic phase of cellulose nanowhiskers in aqueous suspension [8]. 

In a dilute regime, the average distance between cellulose nanowhiskers and 

interaction force are not enough, therefore cellulose nanowhiskers suspension forms 

isotropic phase. However, above the critical concentration (4.9wt%), cellulose 

nanowhiskers suspension starts to form anisotropic phase and show birefringence [8].  

Fig 2-11 shows the relationship between suspension concentration and the volume 

fraction of anisotropic phase. 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 condition [8]. Cellulose nanowhiskers thin film 

still maintains the chiral nematic order after evaporation of solvent such as water. Fig 2-

10 (b) shows the image of cellulose nanowhiskers thin film through cross-polarizers.   
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Figure 2-10. (a) A birefringence of cellulose nanowhiskers in aqueous suspension (b) an 

image of cellulose nanowhiskers thin film through a cross-polarizer [8]. 

 

 

 

 

Figure 2-11. A relationship between suspension concentration and the volume fraction of 

anisotropic phase [8]. 

 

 

2.3 Cellulose microfibrils 

Cellulose microfibrils are called as several different names such as cellulose 

nanofibrils, microfibrillated 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 using a mechanical processing [10-11], an enzyme treatment [12] and 

a grinder treatment [13]. The diameter and length of cellulose microfibrils are different 

according to the source materials. The diameter of microfibrils usually ranges from 10nm 

to 30nm and their length is between 1mm  and 30 mm  [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 a grinder treatment.  

 

 

Figure 2-12 (a) AFM image of cellulose microfibrils prepared using an enzyme treatment 

[12] (b) SEM image of cellulose microfibrils obtained by a grinder treatment [13]. 

 

 

Cellulose microfibrils have been widely used as reinforcement materials in 

polymeric nanocomposites and porous foams. Cellulose microfibrils show environmental 

friendly characters and good mechanical properties. So far it was reported that cellulose 

microfibrils were used as reinforcement materials for the nanocomposites with various 

matrix materials such as polyurethane [14] and poly(lactic acid) [15]. Porous foams were 

prepared from cellulose microfibrils and amylopectin [16]. Recently, optically 

transparent paper [11] and highly touch nanopapers [17] prepared from pure cellulose 

microfibrils were reported. Cellulose microfibrils are also widely used for biomedical 
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applications such as wound coverage materials [18] 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 after the first synthesis by Favier et al. [20]. It was reported 

that cellulose nanowhisker reinforced nanocomposites showed significantly improved 

mechanical properties for both of the natural and synthetic polymer matrix such as starch 

[21], cellulose acetate butyrate [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 highly reactive hydroxyl 

groups on cellulose nanowhiskers, their surfaces can be easily modified with a surfactant 

[25], chemicals [26-27] and cross-linking agent [28].   

 

2.4.1. Mechanical properties of cellulose nanowhiskers reinforced nanocomposites 

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 

nanowhiskers, 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 X-ray diffraction [29], 143GPa measured by Raman spectroscopic 

technique [30], 149GPa ~ 155GPa calculated by computational simulation [31]. The 

modulus of a single cellulose microfibril was measured directly using atomic force 

microscope (AFM) 3-point bend test and was evaluated to be 93GPa [32]. It 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 nano-size and much smaller than 

those of cellulose microfibrils, therefore 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 microfibrils. It 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 cellulose and cellulose microfibrils. The density of crystalline 

cellulose is relatively low compared with other inorganic materials. The modulus of 

engineering materials and cellulose crystalline is summarized at Table 2-2. 

 

Table 2-2. Modulus of engineering materials and crystalline cellulose [37]. 

 

 

It is well known that fillers with a high aspect ratio can enhance the mechanical 

properties of nanocomposites. The aspect ratio of cellulose nanowhiskers  is varied 

according to the source of cellulose and preparation conditions [33]. The average aspect 

ratios of cellulose nanowhiskers prepared from tunicin, bacterial and Avicel are 67, 60 

and 10, respectively [34]. Celluloses nanowhiskers 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 above the Tg 

[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 nanocomposites [38-40]. Model equation is given by,   
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Where E is modulus of composite, Em is modulus of matrix, Ef is modulus of filler, ɕ is 

shape factor and ū is volume fraction and ɖ is given by, 
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Shape factor ɕ is defined as the geometry of filler materials. Various geometries of fillers 

and their shape factors are summarized at Table 2-3.  
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Table 2-3. Various geometries of fillers and their shape factors. 

 

 

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 can be applied to 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 is expressed as the fractional summation of 

EL and ET. 

 

3 5

8 8
L TE E E= +                                                     (2.3) 

 

where EL is the longitudinal modulus and ET is the transverse modulus. 

 

Percolation model 

When the loading ratio of fillers 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 hydrogen bonds. Percolation theory considers various parameters 

such as particle-particle interactions, orientation of particles and aspect ratio. In 

percolation approach, the elastic modulus EC of the composites is given by 
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where subscripts S and R refer to the soft phase (polymeric matrix) and rigid phase 

(cellulose nanowhiskers). v  and E are the volume ratio and elastic modulus of given 

phases. j and  Rcv  defined as  

 

0

( )
1

0.7

/

R Rc

bR Rc
R R Rc

Rc

Rc

for v v

v v
v for v v

v

v
L d

j

j

= <

-
= >

-

=

                                      (2.5) 

 

where b = 0.4 for  a 3D network. Rcv  is the percolation threshold which  means the lowest 

volume ratio of cellulose nanowhiskers that can be considered as a percolating phase. It 

was found that percolation theory agrees well with experimental data above  50gT C+  

[41-42]. Fig 2-13 is the logarithm plot of the relative tensile modulus of various cellulose 

nanowhiskers nanocomposites measured at 50gT C+ . Black and white circles are 

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

Tsai model prediction [34].  
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Figure 2-13. Logarithm of the relative tensile modulus of various cellulose nanowhiskers 

nanocomposites measured at  50gT C+  [34].  

 

 

2.5 Polymer/layered silicate (PLS) nanocomposites 

At chapter 3, one of the layered silicates (montmorillonite) is used as filler 

materials for regenerated cellulose nanocomposites. Therefore, the background about 

layered silicates and polymer/layered silicate (PLS) nanocomposites is reviewed in this 

section.  

Nanocomposites refer to polymers mixture filled with small inorganic particles.   

Polymer/layered 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 silicate. The improvements of modulus  

[43], heat resistance [44], flammability [45], biodegradability [46] and decreased gas 

permeability [47] have been reported. The commonly used layered silicates for the PLS 

nanocomposites were made up of two tetrahedrally coordinated silicon atoms fused to an 

edge-shared octahedral sheet of either aluminum or magnesium hydroxide.  
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2.5.1 Structure and properties of layered silicates 

The commonly used layered silicates for the preparation of PLS nanocomposites 

is the groups of 2:1 layered or phyllosilicates. Their basic structure consists of two layers 

of tetrahedral structure coordinated with silicon atoms and octahedral sheet between them. 

Either aluminum or magnesium hydroxide is located inside the structure The layer 

thickness is around 1 nm, and the lateral dimensions of these layers may vary from 30 nm 

to several microns or larger, depending on the particular layered silicate. Typical particle 

length of commonly used layered silicate is 50~60nm (Saponite), 100~200nm 

(Montmorillonite) or 200~300nm (Hectorite). The structure of these layered silicates is 

shown in the Fig 2-14. 

 

 

 

Figure 2-14. General structure of layered silicate [48]. 

 



 22 

 

Between the layers, Exchangeable cations exist. The cation exchange capacity 

(CEC) is the unique and important characteristic of layered silicates. When ion exchange 

happens, the cations exchange their sites with another organic or inorganic cations. In the 

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 through ion-exchange 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 Table 2-4. 

 

Table 2-4. The chemical formula and characteristics of commonly used layered silicates 

[49]. 

  

 

2.5.2 Organically modified layered silicate (OMLS) 

To prevent the phase separation between pristine layered silicate 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 (Na
+
 or K

+
) were exchanged with cationic surfactants 

including primary, secondary, tertiary, and quaternary alkylammonium or 

alkylphosphonium cations by ion-exchange reactions. The size of cationic surfactants is 

larger than Na
+
 or K

+ 
ions, resulting in a larger interlayer spacing. Sometimes, several 

cationic surfactants have the functional groups which make or initiate the reactions with 

the polymer matrix.  
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Figure 2-15 (a) schematic of pristine layered silicate (b) schematic of OMLS and primary 

alkylammonium cationic surfactant at low temperature (c) schematic of OMLS and 

tertiary alkylammonium cationic surfactant at high temperature [48]. 

 

 

Table 2-5. Properties of commercial MMT products [38]. 

 

 

Usually, the characterization of interlayer distance change is done using wide angle 

X-ray diffraction (WXRD). The schematics of pristine layered silicate and organically 

modified layered silicate (OMLS) were shown in Fig 2-15. 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 



 24 

chain of 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.  Wide angle X-ray diffraction (WXRD) results (2q), 

interlayer distance (d-spacing), the species of organic modifiers and modifier 

concentration of commercial MMT products were summarized in Table 2-5.  

 

2.5.3 Structure of Polymer/layered silicate (PLS) nanocomposites 

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 of interfacial interactions between the polymer matrix and layered 

silicate and the change of the interlayer distance, three different types of PLS 

nanocomposites are obtained. When the insertion of a polymer matrix into the layered 

silicate structure occurs, it is called as intercalated structure. In this case, the interlayer 

distance changes but maintained regular after intercalation. The exfoliated 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. The clay content of an 

exfoliated nanocomposite is usually lower than that of an intercalated nanocomposite. If 

the insertion of polymer matrix doesnôt happen and layered silicates forms aggregates, it 

is called as phase separation. Schematic illustration and their TEM images are shown in 

Fig 2-16 and Fig 2-17. The structure change of layered silicate after forming 

nanocomposites can be confirmed using wide angle X-ray diffraction (WXRD). For 

intercalated nanocomposites, d-spacing peak shifts to smaller angle. On the other hand, d-

spacing peak in WXRD disappears after exfoliation. 
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Figure 2-16. Schematic illustration of three different types of PLS nanocomposites [48]. 

 

 

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

The preparation methods of PLS nanocomposites are classified into three main 

groups. The first method is intercalation of polymer or pre-polymer 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 into the layers 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 layers and then polymerization 

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 softening point 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 nanoclay in the polymer matrix is a common 

problem in melting method.  
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Figure 2-17. (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 polymers 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 fibers are also various. Application fields targeted by US patents on 

electrospun fibers were summarized at Fig 2-18 [50].  

 

 

Figure 2-18. The number of US patents related to electrospun nanofibers [50]. 
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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. Electrospun 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 fibers. They can be fabricated as porous membranes, 

blood vessels and cell culture scaffolds. Nano-sensor is the possible application of 

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

fibers were summarized at  Fig 2-19 [50]. 

 

 

Figure 2-19. Potential applications of electrospun fibers [50]. 

 

 

2.6.1 Process of electrospinning 

The schematic of a typical electrospinning apparatus is shown in Fig 2-20. 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 grounded. When High voltage is applied 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 (Fig 2-20 (b))[51]. Further increasing of the electric field makes 

repulsive electrostatic force of charged surface overcome the surface tension. Therefore, 

charged polymer jet is ejected from the end of the Taylor cone and flies to the metal 

collector. During the flight, the solvent evaporates and solidified electrospun fibers are 

collected. The discharged polymer jet undergoes high shear force, therefore the polymer 

jet and electrospun fiber become very long and thin.   

 

 

 

Figure 2-20. (a) The schematic of a typical electrospinning apparatus (b) Photograph of 

electrospun jet from Taylor cone [51]. 

 

 

2.6.2 Parameters in electrospinning 

Electrospinning is affected by several factors such as (a) the solution properties 

(viscosity, elasticity, conductivity, and surface tension), (b) apparatus parameters (applied 

(a)    (b)   
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voltage, the distance between the tip and the metal collector, and the size of the capillary 

tip), and (c) ambient parameters (solution temperature and humidity) 

The fiber diameter is affected by the viscosity of polymer solution. It was reported 

that a higher viscosity results in a larger fiber diameter [52]. 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 the morphology of electrospun fibers. In general, a higher voltage induces 

larger amount of polymer eject from Taylor cone resulting in the larger diameter of 

electrospun fibers [53]. 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 solution, lots of polymer 

beads are found as shown in Fig 2-21 [54]. It is also reported that salt added polymer 

solution results in bead-free electrospun fibers due to higher electric charge on polymer 

jet [55].    

 

 

Figure 2-21. 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 isotropic non-woven from. If 

it is possible to control the 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 complicated. 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 collector at a very high speed [56]. A schematic of the apparatus and 

SEM images are shown in Fig 2-22.  

 

 

 

Figure 2-22 (a) A scheme of the rotating cylinder collector and electrospinning apparatus 

(b) SEM image of aligned electrospun collagen fibers [56]. 

 

 

The mechanism of electrospun fiber alignment via rotating cylinder has not been 

(a)    (b)   
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very clear yet.  A reasonable explanation is given as follows. When the end of fiber is 

attached on the cylinder surface and a linear speed of the rotating cylinder surface is same 

with the flying speed of polymer jet, the fibers are taken up on the rotating surface of the 

cylinder tightly resulting in the alignment of electrospun fibers. Such a speed can be 

called as an alignment speed. If the surface speed of the cylinder is slower than the 

alignment speed, randomly deposited fibers will be collected. On the other hand, too high 

rotating speed will break the fiber jet resulting in no fiber collection [50]. Therefore, the 

rotating speed of metal cylinder should be selected very carefully.  

 

A thin wheel with sharp edge 

A highly aligned electrospun fiber has been obtained using a thin wheel collector 

with sharp edge as shown in Fig 2-23 [57].  

 

 

Figure 2-23 (a) A scheme of thin wheel electrospinning equipment (b) SEM image of 

aligned PEO electrospun fibers [57]. 

 

 

(a) 

(b) 
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Before reaching the electrically grounded target, electrospun fibers retain 

sufficient residual charges to repel each other. As a result, once a nanofiber is attached to 

the wheel tip, it will exert a repulsive force on the next fiber attracted to the tip. This 

repulsion from one another results in a separation between the deposited nanofibers [50]. 

This technique is very sensitive to the rotating speed. Therefore, it is not possible to 

retain high alignment of 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 

whose width could be varied from hundreds micrometers to several centimeters (Fig 2-

24) was introduced [58].  

 

 

 

Figure 2-24 (a) A scheme of parallel electrode electrospinning equipment (b) SEM image 

of aligned PVP electrospun fibers (c) Higher resolution SEM image of aligned carbon 

electrospun fibers [58]. 

 

(a) (b) 

(c) 
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Using this technique, highly aligned fibers are easily 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 few centimeters 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 similar with a rotating 

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 images are shown in 

Fig 2-25 [59]. 

 

Figure 2-25 (a) A scheme of the rotating wire drum collector electrospinning equipment 

(b) SEM image of aligned nylon-6 electrospun fibers (c) Higher resolution SEM image of 

aligned nylon-6 electrospun fibers [59]. 

 

(a) 
(b) 

(c) 
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2.7 Nanoindentation 

 

2.7.1 Nano tensile test 

Atomic force microscope (AFM) cantilevers have been used for tensile tests of 

electrospun polyethylene oxide (PEO) nanofibers. Aligned electrospun fibers were 

deposited on two parallel electrodes. The nanofiber was stretched by AFM 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 2-26 [60].  

 

 

 

Figure 2-26. 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 the mechanical properties 

of CNT [61]. Both ends of CNT were attached to the AFM cantilevers using electron 

beam. A soft cantilever was used as the force transducer and a stiff cantilever was used as 

the rigid link from the nanotube to the actuator. This attachment technique cannot be used 

for polymer fibers because of the damage by the electron beam. The schematic and SEM 

images of AFM cantilevers with CNT are shown in Fig 2-27. 

The AFM cantilever methods for tensile test are useful to measuring the 
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mechanical properties of nanofibers ranging from tens of nanometers to several hundred 

nanometers in diameter. However, this method is very time consuming and it is difficult 

to manipulate, control and test the single nanofiber. 

 

 

 

Figure 2-27 (a) The schematic of CNT attached AFM cantilevers (b) SEM image of CNT 

attached AFM cantilevers [61]. 

 

 

2.7.2 Nanoscale three-point bend test 

The nanofiber is deposited on the substrate with holes or grooves. Silicon and 

silicon dioxide nanobeams have been fabricated using AFM anodization to carry out 

three-point 

bend test with both ends fixed [62]. This method is only limited to samples that can be 

fabricated using AFM anodization. AFM image of the sample and schematic of nanoscale 

three-point bend test were shown in Fig 2-28 [63].  

The modulus can be found from beam bending theory [64]. The modulus for the 

beam with two ends fixed is given by 
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Where Pmax is the maximum force applied, L is the suspended length, v is the deflection 

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

 

 

Figure 2-28 (a) AFM contact mode image of a single nanofiber suspended over an etched 

groove (b) Schematic of nanoscale three-point bend test [63]. 

 

 

2.7.3 Nanoindentation 

Of all the nanomechanical characterization techniques mentioned, 

nanoindentation is perhaps the most convenient to perform as the sample can be prepared 

for testing by simply depositing the nanorods, nanowires and nanofibers on a hard and 

flat substrate, with sufficient adhesion between the substrate and the nanomaterials [62]. 

The schematic of nanoindenter [65] and AFM image of indented sample [66] 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 slope S and modulus of the sample was 

first formulated by Oliver and Pharr [67]. The unloading stiffness, S is given by  

 

dP
S

dh
=                                                               (2.7) 

 

(a) 
(b) 
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where P is the load and h is the contact depth of the tip. The reduced elastic modulus, Er, 

is expressed as 

 

2 2(1 ) (1 )1 m i

r m i

v v

E E E

- -
= +                                                (2.8) 

 

where Em and Ei are the elastic modulus of the sample and the indenter tip respectively. 

vm and vi is the Poissonôs ratio of the sample and the tip. The relationship between S and 

Er is represented by 

 

2 2r r

A
S aE Eb

p
= =                                                (2.9) 

 

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

area of the indenter. The key issues and problems of nanoindentation are summarized in 

Table 2-6. 

 

 

 

(a) (b) 
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Figure 2-29 (a) A schematic of nanoindentation method based on the atomic force 

microscopy (AFM) using a heated cantilever [65] (b) AFM image of gold nanowire after 

nanoindentation [66]. 

 

 

 

Table 2-6. Key issues and problems of nanoindentation. 

 

 

 

2.8 Ice-templated (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 bone materials, drug 

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 according to their 

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 methods [56-60], sacrificial template 

techniques  [61-64] and direct foaming [68] [68-71].  

 

 

 

Figure 2-30. Schematic of 3 main processing methods to produce porous foam materials 

[72]. 

 

 

2.8.1 Replica techniques 

The synthetic replica technique is the first method used for the production of 

porous ceramic foams. In this approach, polymer foams such as a polyurethane sponge 
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were widely used as templates. The sponge replica method is the most popular technique 

in industry to produce ceramic foams such as ceramic filters. First, pores of polymer 

template are filled with ceramic materials. After drying, the polymer template is removed 

through a pyrolysis (300
o
C ~ 800

o
C). And then remained ceramic materials are sintered 

at appropriate temperature (1100
o
C ~ 1700

o
C). A schematic of replica method is shown 

in Fig 2-30 (a). 

 

 

Figure 2-31 (a) SEM image of alumina based open-cell structure obtained using 

polyurethane sponge template [73] (b) SEM image of a highly oriented SiC porous 

ceramic obtained by wood replica method [74]. 

 

 

The typical porosity of ceramics foams prepared by a synthetic replica technique 

ranges from 40% to 95%. Typically, they show open-cell structures and their pore size is 

between 200 mm and 3 mm (Fig 2-32). If the pore size of polymer template is smaller 

than 200 mm , it is difficult to fill the pore with ceramic materials [75]. A synthetic 

replica method sometimes makes some cracks on foam materials during pyrolysis, 

resulting in the decrease of a mechanical performance of ceramic foams [76]. The SEM 

image of ceramic foams prepared by polyurethane sponge template is shown in Fig 2-31 

(a). Natural templates such as corals [77] and woods [74] give a chance to make unique 

and highly oriented structures which is difficult 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 wood-replica foams ranges from 10 to 300 mm which is 

the channel size of the microstructure of wood templates and their porosity is between 

25% and 95% (Fig 2-32). The SEM image of wood template foams is shown in Fig 2-31 

(b). 

 

 

 

 

Figure 2-32. Typical porosity and average pore size achieved by the replica, sacrificial 

templating and direct foaming processing routes [72]. 

   

 

2.8.2 Sacrificial template techniques 

In sacrificial template methods, a sacrificial phase is added to ceramic particles or 

ceramic precursors. Various materials have been used as sacrificial template such as PVA, 

PEO, PMMA, starch and so on. They are extracted from the mixture through pyrolysis 

(200
o
C ~ 600

o
C) to produce micro-pore foam materials. A sacrificial template method 
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generates a negative replica as shown in Fig 2-30 (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 choice of the sacrificial materials, the pore size 

ranges from 1mm to 700 mm and the porosity changes from 20% to 90% as shown in 

Fig 2-32. Sacrificial template foams are usually closed-cell structures. Therefore, they 

show higher mechanical properties, compared with replica foams which have open-cell 

structures. The relationship between relative density and relative compressive strength of 

ceramic foam materials prepared by various methods is shown in Fig 2-34. The 

theoretical expectation of compressive strength for closed-cell and open-cell foams is 

also indicated. 

 

 

Figure 2-33 (a) SEM image of TiO2 foam produced via emulsion sacrificial template 

method [78] (b) SEM image of SiO2 foam obtained using polystyrene beads sacrificial 

template method [79]. 

 

 

2.8.3 Direct 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 (Fig 2-30 (c)). The porosity is 

proportional to the 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 overall free energy [72]. Usually surfactants are used to stabilize the air 

bubbles in suspension. The pore size is between 35 mm and 1.2 mm according to the 

species of surfactants (Fig 2-32). A direct foaming method produces a negative replica as 

shown in Fig 2-30 (c). The SEM image of foam materials prepared by the direct foaming 

method is shown in Fig 2-35. 

 

 

 

Figure 2-34. The relationship between relative density and relative compressive strength 

of ceramic foam materials prepared by various methods [72]. 
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Figure 2-35. SEM images of microstructure of porous foams prepared by direct foaming 

methods (a) closed-cell structure [80] (b) open-cell structure [76]. 

 

 

 

2.8.4 Ice-templated (IT) methods 

In ice-templated methods, the 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 with the same direction of the 

temperature gradient. During the growth of ice crystals, particles or polymers are 

entrapped between ice crystals as shown in Fig 2-36. After removing ice crystal templates 

by sublimation, the porous structure which is the replica of the original ice-template is 

obtained. In ice-templated 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 characteristic channel structure of IT 

foams is lost [81]. 
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Figure 2-36. Schematic of growth of ice crystals and particle entrapment [81]. 

 

 

The channel 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. In this case, the 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,  

nvl - . N is dependent on the particle size (nº 0.66 ~ 1) [82]. Various SEM images of 

porous structures made by IT methods are shown in Fig 2-37. 
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Figure 2-37. Various SEM images of porous foam structures prepared by ice-templated 

methods. Each sample was prepared from (a) Silica aqueous suspension [83] (b) 

MWCNT aqueous suspension [84] (c) PVA aqueous suspension [85] (d) PCL emulsion 

in o-xylene [86]. 

 

 

2.8.5 Physics 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 ice front and particles. When the velocity of 

ice front increases, the thickness of the liquid film decreases. If the ice front velocity is 

too high ( ice front cv v- > ), the particles are embedded inside the ice crystals instead of being 

entrapped between ice crystals [87]. The critical velocity, cv is given by 

 

0( )
3

z

c
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v

R D

s

h

D
=                                                 (2.10) 
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Where 0a  is an average intermolecular distance in the film, D is the overall thickness, h 

is the solution viscosity, R is the particles radius and z  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 10 1m sm -  and for nanometer size particles, the typical values is 

0.1 ~ 1 1ms-  which is reversely proportional to the particle radius [88]. 

 

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 cv , 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 transition from planar structure to columnar 

structure happens. This transition phenomenon can be explained by two theories. First 

one is Mullins-Serkerka instablility [89]. 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 increase of the 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 initial ice 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 at ice front cv v- >  zone, ice frontv -  decreases gradually 
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below cv  and particles starts to be separated from ice-front, resulting in the transition 

from the planar structure to the columnar structure. 

 

 

 

Figure 2-38 (a) Scheme of ice crystal growth at the columnar region (b) scheme 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, crystallographic a-axis, is 10
2
 ~ 10

3
 times faster than that of c-axis 

which is perpendicular to the temperature gradient. At the columnar ice crystal zone, the 

ice front grows to a-axis orientation (Fig 2-38 (a)). When the ice crystals keep growing 

and ice frontv -  decreases further, columnar to lamellar transition happens. At this region, ice 

crystals grow to the a-axis and b-axis direction but the growth to c-axis direction is still 

very slow. Therefore, the thickness of ice crystals along c-axis is very small and ice 

crystal grows as a flat platelet form as shown in Fig 2-38 (b). At each of the scheme, ice 

crystals are simplified as a cubic form.  
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Figure 2-39 (a) Scheme of ice crystal growth at small temperature gradient and formation 

of ice dendrite (b) and (c) SEM images of dendritic structures on lamellar surface (d) and 

(e) SEM images of smooth lamellar surface [81]. 

 

 

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 direction and the 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, particles are 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 in Fig 2-39. 

As shown in Fig 2-39 (b), dendritic structures are observed on one side of lamellar 

surface and the other surface is smooth (Fig 2-39 (c)). 

 



 50 

Bridge structures in ice-templated foams 

For IT porous structures prepared from highly concentrated suspension, bridge 

structures are observed. The growth mechanism of a bridge structure is not clear yet. The 

possible mechanism is ice crystal tip splitting and subsequent tip healing [81]. When high 

concentration suspension is freezed, particle agglomerates are sometimes repelled from 

the ice-suspension interface and engulfed in ice crystal tip (tip splitting). 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 150ô and low contact angle hysteresis. The design of superhydrophobic surfaces 

have been biologically inspired by the lotus leaf [90], legs of the water strider [91], eyes 

of mosquito [92], beetles [93] and so on. Superhydrophobic surfaces have attracted great 

interests because of the potential applications such as antibiofouling boats [94-95], 

antisticking antennas [96], antisticking windows [97], self-cleaning windshields [98] and 

stain resistant textiles [99].  

The contact angle of a liquid droplet on a flat and smooth surface is given by 

Youngôs equation as 

 

cos SV SL

LV

g g
q

g

-
=                                                 (2.11) 
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where  g is the interfacial surface tension. Subscripts S, V, L refer to the solid, vapor and 

liquid phase, respectively. The contact angle in Youngôs equation is measured when the 

liquid droplet is at thermodynamic equilibrium of the free energy at the S-V-L phases. 

 

 

 

Figure 2-40. SEM images of biological structures in nature. (a) the lotus leaf [90], (b) 

legs of the water strider [91], (c) eyes of mosquito [92], (d) the shell of beetles [93]. Scale 

bars represent 20mm , 20 mm , 1 mm  and 10 mm , respectively.  

  

Two models were developed to explain the wettability of the rough surface by 

Wenzel [100] and Cassie and Baxter [101]. 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 2-41 (a)). Therefore, surface roughness increases the available surface area 

and the contact angle is given by 
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cos cosw erq q=                                                 (2.12) 

 

where wq  is the apparent contact angle on the rough surface,eq is the equilibrium contact 

angle on a smooth flat surface of the same material (Youngôs contact angle) and r is the 

roughness factor which is defined by the actual surface area divided by the projected 

surface area (r > 1). In the Wenzel model, the relationship 90w eq q> >  and 90w eq q< <  

are predicted. It suggests that both of the hydrophobicity and hydrophilicity are enhanced 

at Wenzel regime.  

Cassie-Baxter model focused on the air gap between liquid droplet and rough 

surface (Fig 2-41 (b)). The contact angle on rough surfaces is given by 

 

, ,cos cos cosc V V e S S ef fq q q= +                                    (2.13) 

 

where cq  is the apparent contact angle. Vf  and Sf  are surface fraction of vapor phase 

and solid phase which contact with liquid phase. ,V eq  and ,S eq  are equilibrium contact 

angle of liquid droplet at vapor phase and solid phase, respectively. For air, 
, 180V eq = , 

therefore, Cassie-Baxter model is expressed as 

 

cos 1 (1 cos )c s efq q=- + +                                           (2.14) 

 

In Cassie-Baxter model, the fraction of solid phase surface should be as small as possible 

to get the superhydrophobic surface. Schematics of Wenzel model and Cassie model are 

shown in Fig 2-41. 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 qualitatively [102]. 
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Figure 2-41. Schematics of Wenzel model and Cassie model. 

 

 

 

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

Wenzel model and Cassie-Baxter model was suggested [103].  

 

2
cos ( / ) cosfD

f S f f e Vf L l fq q
-

= -                                       (2.15) 

 

where  
2

( / ) fD

f fL l
-

 is the surface roughness factor, fL  is the upper limit scales of the 

fractal structures, fl  is the lower limit scales, fD  is the fractal dimension. Calculated 

contact angles of typical multi-scale fractal geometry surfaces are fitted in Fig 2-42.  
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Figure 2-42. The contact angles of multi-scale fractal geometry surfaces [103]. 

 

 

 

Top-down approaches 

The methods for superhydrophobic surface preparation can be categorized into 

two directions, top-down and bottom-up approaches. Top-down 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 surfaces [102].  

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 been used to 

prepare superhydrophobic surfaces [105]. 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 2-43. (a) Schematic of PDMS templation method (b) SEM image of a natural lotus 

leaf (c) SEM image of the positive PDMS replica [104]. 

 

 

 

Figure 2-44. SEM images of superhydrophobic surfaces via e-beam lithography and 

Octadecyltrichlorosilane (OTS) treatment [106]. 

 

 

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 needed. X-ray and silicon wafer substrates were used to prepare 

patterned surface. Subsequent sputtering of gold particles and hexadecanethiol treatment 

have been applied to the prepared surface [107]. Patterned surfaces prepared using e-
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beam lithography was also reported (Fig 2-44) [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 ions between plasma and substrates create 

deep grooves and steep walls [102]. Superhydrophobic low density polyethylene (LDPE) 

surfaces using oxygen and CF4 plasma have been reported [108]. 

Poly(tetrafluoroethylene) (PTFE) was treated using oxygen and ammonia plasma to 

obtain superhydrophobic surfaces (Fig 2-45) [109].  

 

 

Figure 2-45. SEM images of superhydrophobic Poly(tetrafluoroethylene) (PTFE) 

surfaces using oxygen and ammonia plasma. Plasma treatment time is (a) 120 sec (b) 5 

min (c) 10 min, respectively. 

 

 

Bottom-up approaches 

Bottom-up approaches refer to the fabrication methods from smaller building 

components to larger objects. Bottom-up approaches for the preparation of 

superhydrophobic surfaces include chemical bath deposition (CBD), chemical vapor 

deposition (CVD), electrochemical deposition, layer-by-layer (LbL) deposition, colloidal 

assembly, sol-gel methods and electrospinning methods [102]. 

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 are 
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sometimes applied to get the superhydrophobic surfaces. Zinc oxide (ZnO) nanorods 

superhydrophobic surfaces using CBD techniques have been reported [110]. Aligned 

carbon nanotubes (CNTs) and ZnO coated carbon nanotubes were prepared on Fe-N 

coated silicon substrate to get the superhydrophobic surfaces (Fig 2-46) [111].  

Rough surfaces covered with a single layer of close-packed particles also show 

superhydrophobicity. Monodispersed close-packed polystyrene (PS) beads were prepared 

by spin coating [112].  Plasma etching was treated to PS beads surfaces to obtain extra 

roughness (Fig 2-47).  

Polyallyamine hydrochloride (PAH)/poly(acryl acid) (PAA) multilayer thin film 

were prepared via LbL deposition techniques. After acid treatments, SiO2 particles 

deposition and a chemical vapor deposition of semifluorinated silane, (PAH/PAA) films 

show honey-comb structures which show superhydrophobicity (Fig 2-48) [113]. It was 

also reported that (PAH/ PAA coated ZrO2 particles) LbL assemblies prepared on a 

silicon substrate show superhydrophobicity [114].  

Electrospinning techniques are originally the preparation methods of nano-size 

fibers and their membranes. Recently, electrospinning has been applied for the 

fabrication of superhydrophobic surfaces [115-116]. The effects of polymer beads during 

electrospinning process have been investigated (Fig 2-49 (a)) [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 2-49 (b) and (c)) [117]. 
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Figure 2-46. SEM images of (a) aligned CNT template (b) ZnO coated CNTs. Scale bars 

are 5 mm  [111]. 

 

 

Figure 2-47. SEM images and water contact angles of (a) 400 nm PS beads covered 

surface (b) 330nm PS beads covered surface. Scare bars are 1mm , respectively [112]. 

 

 

Figure 2-48. SEM images of (a) (PAH/PAA) LbL assembly after acid treatments (b) 

(PAH/PAA) LbL assembly after acid treatments, SiO2 particles deposition and a chemical 

vapor deposition of semifluorinated silane [113].  
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Figure 2-49 (a) Contact angles of bead-free 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 mats [117]. 

 

 

2.9.2 Anisotropic wetting properties of one-dimensional patterned surfaces 

Recently, interests on the anisotropic wetting properties have been increased. Due 

to the fast development of the fabrication methods such as photolithography [118],  

interferometric lithography [119-120] and micro-wrinkling techniques [121], 

experimental, theoretical [122-124] and simulation studies [125] 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 include self-cleaning, 

biosensing, lab-on-a chip systems, intelligent membranes, microfluid devices and 

microreactor systems [120]. In spite of several theoretical studies, the quantitative 

explanation of anisotropic wetting phenomenon is not clear yet. 
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Figure 2-50 (a) Top views and side views of anisotropic wetting phenomenon on the 

smooth surface and micro-wrinkled surface (b) Dependence of the water contact angles in 

two directions (fand f̂ ) on sinusoidally patterned surfaces as a function of degree of 

compression e (e) [121].  

 

 

Micro-wrinkled poly(dimethysiloxane) (PDMS) surfaces were fabricated by 

mechanical compression [121]. The shape of the water droplet on the micro-winkled 

surfaces is strongly influenced by geometrical anisotropy as shown in Fig 2-50. When 

PDMS surface is smooth, the contact angle is 64.3 0.8f f̂= = ° . When the wetting 

direction is perpendicular to the groove direction, the contact line of the droplet looks 

straight and sticks to the peak of the sinusoidal groove.  When the wetting direction is 

parallel to the groove direction, the droplet is elongated. Maximum f̂  value with 

40%e=  is 92.4 1.0°  and minimum f value with 40%e=  is 60.6 1.0°  [121].  
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Figure 2-51 (a) Submicron groove surface A (b) f̂on groove surface A (c) f on groove 

surface A (d) Submicron groove surface B (e) f̂on groove surface B (f) f on groove 

surface B [120]. 

 

 

Submicron groove surfaces were prepared using interferometric lithography and 

plasma surface treatment (Fig 2-51) [120]. Grove density of surface A is 800nm, the 

width of the wall is 500nm and the width of empty channel is 300nm. f̂  and f values 

on groove surface A are 126  and 52 , respectively. Grove density of surface B is also 

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

640nm. f̂  and f values on surface B are 130  and 49 , respectively. The additional 

surface treatments using CHF3, CF4 and O2 plasma were applied to groove surfaces. For 

all of the cases, the anisotropic wetting properties are clearly observed. 
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CHAPTER 3 

 

HIGHLY ALIGNED CELLULOSE NANOWHISKER REINFORCED  

PVA NANOFIBER WEBS VIA ELECTROSPINNING METHODS  

 

 

Abstract 

 

Cellulose nanowhisker reinforced poly(vinyl alcohol) (PVA) nanofiber webs are 

successfully fabricated using an electrospinning technique. The morphology and 

mechanical properties of aligned and isotropic electrospun fiber webs are investigated. 

The relative alignment degree of electrospun fiber webs is analyzed using a fast Fourier 

transform (FFT) method. The standard deviation of aligned and isotropic electrospun 

webs is 31.3
o
 and 51.9

o
, respectively. Compared with those of isotropic electrospun fiber 

webs, the modulus and tensile strength of isotropic 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 95% increase of tensile strength and 117% 

increase of modulus are observed. The load transfer mechanisms of aligned/isotropic 

PVA electrospun webs are also investigated.  

 

Keywords: Electrospinning, Fiber 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 nanocomposites due to the 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 measured by X-ray diffraction [1], 143GPa measured by Raman 

spectroscopic technique [2], and 149GPa ~ 155GPa calculated by computational 

simulation [3]. It is expected that the modulus of cellulose nanowhiskers is slightly lower 

than that of the crystalline cellulose. Moreover, cellulose nanowhiskers have a lower 

density than inorganic filler materials. Cellulose nanowhiskers are also naturally 

abundant, renewable and non-toxic resources. Cellulose nanowhiskers are bar-type 

particles. They are considered as a string of cellulose crystals connected by cellulose 

amorphous domains [4]. The diameters of cellulose nanowhiskers range from 5nm to 20 

nm and their lengths are between 150nm and 400nm, depending on the source of 

cellulose nanowhiskers and their preparation conditions [5].  

Cellulose nanowhiskers are stable in aqueous solution and are dispersed 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 with a surfactant 

[6], chemicals [7-8], and cross-linking agent [9]. It was reported that cellulose 

nanowhisker reinforced nanocomposites showed significantly improved mechanical 

properties for both the natural and synthetic polymer matrices such as starch [10], 

cellulose acetate butyrate [11], 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 electrospinning, high charges are applied to the liquid 

solution. As the intensity of the electric charges on the liquid solution surface increases, 
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the surface elongates until 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 and the dried electrospun fibers are collected. Various types of 

nanofibers from polymer [14-15], inorganic materials [16] and hybrid (organic/inorganic) 

materials [17] were fabricated using the electrospinning technique. These nanofibers can 

be used for a wide variety of applications such as separation filters, wound dressing 

materials, tissue scaffold, sensors and so on [18-20]. Cellulose nanowhiskers have been 

used as reinforcing materials for electrospun fibers such as polystyrene [21], 

poly(vinylalcohol) [22], poly(lactic acid) [23] and so on. 

Many fabrication techniques to control the arrangement and alignment of 

electrospun fibers have been investigated. These techniques include rotating collector 

methods [24], parallel electrodes techniques [25], and rotating wire drum methods [26]. It 

was reported that alignment degrees of electrospun fibers can affect mechanical 

properties of electrospun fiber webs [27-29] and cell proliferation rates on electrospun 

fiber templates [28-32]. It was also studied that the linear velocity of the rotating 

collector can affect the crystallinity, mechanical properties, and alignment degree of 

electrospun fibers [33].      

In this study, the morphology and alignment degree of electrospun fibers was 

studied and the mechanical properties of cellulose nanowhisker reinforced PVA 

electrospun fibers have been measured. The alignment effects of electrospun fibers and 

cellulose nanowhiskers on the bulk properties of electrospun webs have been studied. In 

these experiments, PVA was used as the matrix material for electrospinning. PVA is a 

semi-crystalline hydrophilic polymer with good chemical and thermal stability. It was 

reported that PVA shows positive compatibility with cellulose nanowhiskers [14], and it 

is highly biocompatible and non-toxic.  

 



 75 

3.2 Experimental details 

 

3.2.1 Materials 

Poly(vinyl alcohol) (PVA) (Mw=127,000 g/mol, 99+% hydrolyzed) was 

purchased from Aldrich. The suspensions of cellulose nanowhiskers were prepared from 

Whatman No. 1 filter paper by sulfuric acid hydrolysis. The concentration of sulfuric acid 

was fixed at 64%. 20g of filter paper were dispersed in 175ml of sulfuric acid (the ratio of 

the filter paper to sulfuric acid was fixed at 1:8.75 (g/ml)). The acid hydrolysis conditions 

were optimized at 45°C and 50mins [34]. After hydrolysis, the suspension was deionized 

by mixing in 1g of mixed-bed ion exchange resin. The suspension was then washed with 

DI water and centrifuged (40mins, 3000rpm, Beckman Coulter, GS-6). The suspension 

was further dispersed by an ultrasound sonicator (15mins at full power, Branson 3510). 

The length of obtained cellulose nanowhiskers ranges from 180nm to 220nm and the 

width is between 5nm and 10nm. Water was obtained from a Nanopure ultrapure water 

system with a resistivity of about 18 Mɋ cm. 

 

3.2.2 Electrospinning methods 

High voltage power supply (Keltron co., H545A) was used for the electrospinning. 

The PVA/cellulose nanowhisker solution was put inside a pipette. The end part of 

insulation rubbers protecting electric cables was removed and a bare copper wire was 

placed in the pipette. A positive voltage (20kV) was applied to PVA/cellulose 

nanowhisker solution through a copper wire as shown in Fig 3-1. The distance between 

the tip of the pipette and a grounded metal sheet was fixed at 20cm. To form isotropic 

electrospun fiber webs, the PVA/cellulose nanowhisker solution was electrospun onto the 

stationary aluminum foil. To fabricate oriented fiber webs, a rotating metal drum 

(diameter=6cm) was used. The rotating rate of metal drum was fixed at 1200 rpm 

(corresponding to a linear velocity of 3.77m/s). The 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 rotating metal drum are shown in Fig 3-1. 

 

 

 

 

Figure 3-1 (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 tests. To make it easy to peel off the 

electrospun fiber webs from the substrates, a thin layer film of poly(propylene) was 

attached to the aluminum foil and the metal drum before electrospinning. Poly(propylene) 

coating on the aluminum foil and metal drum doesnôt affect the electrospinning process, 

but it was found that PVA based electrospun fiber webs were peeled off easily. 

 

3.2.3 Image analysis 

The relative alignment of electrospun fiber webs was analyzed using a fast 

Fourier transform (FFT) method [35]. For analysis, grayscale, 8-bit TIF SEM micrograph 

images were cropped to 2048 × 2048 pixels. FFT analysis was conducted using ImageJ 

software (NIH, http://rsb.info.nih.gov/ij ) supported by an oval profile plug-in (created by 

William OôConnell). 

For FFT analysis, an original data image is first converted to a grayscale data 

image. The FFT function converts information in the grayscale data image from the real 

space into the mathematically defined frequency space. This 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 a high 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 image, a radial summation of the pixel intensities of 

the FFT output image is conducted to convert the FFT frequency distribution to the 

angular intensity. A circular projection is conducted on the FFT output image for the 

radial summation. The conversion is done for each angle between 0
o
 and 359

o
 (with 1

o
 

increments) using an oval profile plug-in 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 is defined as 

 

o o

the angular intensity at a given degree 
100

the summation of angular intensity between 0 and 359
³            (3.1) 

 

The degree which has the highest intensity is set to 90ô and 270ô to compare the 

alignment degree of different samples.        

A representative SEM image of the aligned PVA electrospun webs, a FFT output 

image, a radial summation of the FFT output and its angular distribution plot are all 

shown in Fig 3-2. A square SEM image was selected and converted to a grayscale image 

before using the FFT method (Fig 3-2 (a)). As shown in the FFT output image (Fig 3-2 

(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 (Fig 3-2 (c)). The highest angular intensity was found at 143ô 

and 323ô. They are converted to 90ô and 270ô as shown in Fig 3-2 (d).    

 

3.2.4 Characterization 

Scanning electron microscopy (SEM) was carried out using a LEO 1530 at 10kV. 

The samples were sputter coated with Au using EMS 350 sputter (20mA, 2mins) prior to 

observation. The 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 image and the 

average value was determined by taking the average of 60 measurements that were 

randomly chosen. The tensile strength and modulus were measured using Instron 4400R. 

The cross head speed was 10mm/min.  
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Figure 3-2 (a) A representative SEM image of the aligned electrospun web (b) a fast 

Fourier transform (FFT) output image (c) a radial summation of the FFT output by the 

oval projection (d) angular distribution plot. 
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3.3 Results and discussion 

 

3.3.1 Morphology and alignment of 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 chosen. Applied voltage and PVA concentration were fixed at 

20kV and 8.0wt%, respectively. The distance between the tip of the pipette and the 

grounded metal sheet was fixed at 25cm.  

 

Table 3-1. The relation between the linear velocity of the rotating collector and fiber 

alignment. 

 

 

When the rotating speed was fixed at 600 rpm (corresponding to linear 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 rpm (corresponding to linear velocity of 7.54 m/s), the a very 

limited number of fibers were deposited on the collector after overnight electrospinning. 

The results are summarized in Table 3-1. 

The mechanism of electrospun fiber alignment via a rotating cylinder has not yet 

been very clear. A reasonable explanation is given as follows. When the end of fiber is 
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attached on the cylinder surface and a linear speed of the rotating cylinder surface is the 

same as the flying speed of the polymer jet, the fibers are tightly taken up on the rotating 

surface of the cylinder, resulting in the alignment of electrospun 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 other hand, a 

rotating speed too high will break the fiber jet resulting in no fiber collection [36].  

 

 

Figure 3-3. 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 (linear velocity: 4.40 m/s) (d) sample no. 6 

(linear velocity: 5.02 m/s) (scale bar: 4mm ). 

 

 

The SEM images of each sample are shown in Fig 3-3. The average diameter of 

sample 1 (a stationary metal collector) was 292nm. When the metal drum starts 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 nm. The reason 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 electrospun fibers thinner. The experimental results 

are summarized in Fig 3-4.  

 

 

Figure 3-4. 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 electrospun webs were analyzed using the FFT 

method and the oval projection method. Aligned PVA electrospun fiber webs were 

fabricated using a rotating metal drum with a rotating rate of 1200 rpm (linear velocity of 

3.77 m/s), and isotropic electrospun webs were prepared on a stationary flat metal 
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collector. Applied voltage and PVA concentration were fixed at 20kV and 8.0wt%. 16 

samples were used for the image analysis of the aligned and isotropic electrospun webs. 

SEM images of the aligned electrospun webs, their fast Fourier transform (FFT) 

output images, and angular distribution plots of each case are all shown in Fig 3-5. In 

these cases, most of the Y-axis values (angular distribution, %) were plotted between 0.0 

and 1.0. As shown in FFT output images, the brightest peaks were found at 21
o
 (201

o
), 

59
o
 (239

o
), 60

o
 (240

o
) and 22

o
 (202

o
), 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 111
o
, 139

o
, 150

o
 and 112

o
, respectively. After 

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

degrees using 1
o
 interval, and then result plots were moved parallel to the x-axis to get 

the highest peak at 90
o
 and 270

o 
as shown in Fig 3-5 (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 was investigated in the same manner. SEM 

images of the isotropic electrospun webs, their fast Fourier transform (FFT) output 

images, and angular distribution plots of each case are all shown in Fig 3-6. Clearly 

shown in the FFT output images of aligned electrospun 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 distribution ranges from 0.25 to 0.30 as shown in Fig 3-6 

(c). A theoretical average value of % angular distribution is 0.278%. The standard 

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

case ranges from 51.7 to 52.0, and the average value is 51.9.  
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Figure 3-5 (a) SEM images of the aligned electrospun webs (b) fast Fourier transform 

(FFT) output images (c) angular distribution plots of aligned electrospun webs (angular 

distribution scale: 0.0 ~ 1.0). 
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Figure 3-6 (a) SEM images of the isotropic electrospun webs (b) fast Fourier transform 

(FFT) output images (c) angular distribution plots of isotropic electrospun webs (angular 

distribution scale: 0.20 ~ 0.40). 
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Figure 3-7 (a) SEM images of the aligned electrospun webs prepared using different 

rotating rates (b) fast Fourier transform (FFT) output images (c) angular distribution plots. 
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The effect of the linear velocity of the rotating collector on the alignment of 

electrospun webs was investigated using FFT method. 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 aligned webs 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 3-7 (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 the most highly aligned PVA electrospun webs. 

 

 

Figure 3-8. Schematics of the mechanical property measurement of the (a) electrospun 

fiber webs by Instron tensile machine (b) isotropic PVA electrospun webs (c) aligned 

electrospun webs. 
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3.3.3 Mechanical properties of aligned/isotropic PVA electrospun fiber webs 

The effect of fiber connectivity on the mechanical properties of aligned/isotropic 

electrospun fiber webs has been studied. The schematic of the electropinning apparatus 

with a stationary flat metal collector is shown in Fig 3-1 (a). Aligned PVA electrospun 

fiber webs were fabricated using a rotating metal drum as shown in Fig 3-1 (b). The 

rotating rate of the metal drum has been fixed at 1200 rpm to get the most oriented 

electrospun web structure. The direction of a tensile measurement of aligned electrospun 

fiber webs was along the fiber orientation. From the image analysis results, it was found 

that the standard deviation of aligned and isotropic electrospun webs is 31.3
o
 and 51.9

o
, 

respectively. 

The scheme of the mechanical property measurement by Instron tensile machine 

is shown in Fig 3-8. The measurement direction of aligned electrospun webs is parallel to 

the fiber alignment direction (Fig 3-8 (c)). The tensile strength of aligned electrospun 

web and isotropic electrospun webs is shown in Fig 3-9. The tensile strength of pure PVA 

isotropic electrospun webs is 4.21MPa, and the tensile strength of aligned web is 

5.37MPa. For the aligned electrospun web, a 28% increase in tensile strength has been 

observed, compared to randomly collected electrospun webs. 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 3-4, 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 density of electrospun 

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. In Fig 3-9, 

the experimental results were plotted based on both of the thickness (volume) basis and 

the weight basis. The modulus of aligned electrospun web and isotropic electrospun webs 
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is shown in Fig 3-10. The modulus of pure PVA isotropic electrospun web is 64.7MPa, 

and that of aligned webs is 87.4MPa. Aligned electrospun webs showed a 35% increase 

in modulus, in comparison to unoriented PVA electrospun webs. 

 

Figure 3-9. Tensile strength of Aligned electrospun web and isotropic electrospun web. 

 

 

Figure 3-10. Modulus of Aligned electrospun web and isotropic electrospun web. 
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Figure 3-11 (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) SEM image of a 

fractured electrospun fibers end of isotropic PVA electrospun webs. Scale bars represent 

20 mm . Yellow arrows indicate the direction of tensile test.  

 

 

 To investigate the load transfer mechanisms of aligned/isotropic PVA electrospun 

webs during the tensile test, snapshots were taken during the tests and SEM images of the 

fractured sample were also taken. Figure 3-11 (a) shows the snapshots of the tensile tests 
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of aligned PVA electrospun webs. Each of the images was taken after 0sec, 3.0sec, 4.5sec, 

7.2sec and after finishing the tensile test. The cross head speed was fixed at 10mm/min. 

The aligned PVA electrospun fiber web sample starts to break at 3.0sec. And then, the 

sample was totally separated into two pieces after 7.2sec. In this case, the width of the 

aligned PVA electrospun fiber webs didnôt change during the tensile test and the 

fractured end of the electrospun webs is irregular. Figure 3-11 (b) gives the snapshots of 

tensile tests of isotropic PVA electrospun webs. Each of the images was taken after 0sec, 

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 rupture, the 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 in Fig 3-11 (a) 

and (b), the shape change of aligned/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 electrospun webs. For the aligned webs, two clamps of the tensile machine may 

grab both ends of individual electrospun fibers as shown in Fig 3-8 (c). Therefore, the 

stress by the tensile machine is exerted on each individual fiber during the test and then 

weaker fibers 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 

sample, 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 Fig 3-11 (d), electrospun fibers of the 

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, compared with the 
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isotropic webs. On the other hand, for the isotropic PVA electrospun webs, fiber-fiber 

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

 

3.3.4 Mechanical properties of cellulose nanowhisker/PVA electrospun fiber web 

The tensile strength of PVA electrospun fiber webs with different cellulose 

nanowhisker loading ratio have been measured. The applied voltage and PVA 

concentration were fixed at 20kV and 8.0wt% for all of the cases. The tensile strength of 

isotropic PVA electrospun fiber webs with 0, 5.0 and 15.0wt% cellulose nanowhisker 

loading are 4.21MPa, 5.48MP and 7.84MPa, respectively. On the other hand, the tensile 

strength of 0, 5.0 and 15.0wt% cellulose nanowhisker reinforced oriented PVA 

electrospun fiber webs are 5.37MPa, 7.26MP and 10.5MPa, respectively. The results are 

summarized in Table 3-2 and Fig 3-12.  

 

 

Figure 3-12. Tensile strength of aligned and isotropic PVA electrospun fiber webs with 

different cellulose nanowhiskers loading ratio (0wt% ~ 15.0wt%). 
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For both the isotropic web and aligned web, tensile strength increases linearly 

with increasing cellulose nanowhisker loading ratio up to 15.0wt%. In case of isotropic 

PVA webs with 15.0wt% cellulose nanowhisker, an 86% increase in tensile strength has 

been observed, compared with pure PVA electrospun web. The aligned PVA electrospun 

web with 15.0wt% loading showed a 95% increase in tensile strength, compared with that 

of aligned pure PVA electrospun web as shown in Fig 3-12.  

 

 

 

Figure 3-13. Modulus of aligned and isotropic PVA electrospun fiber webs with different 

cellulose nanowhiskers loading ratio (0wt% ~ 15.0wt%). 

 

 

The modulus of PVA electrospun fiber webs with different cellulose nanowhisker 

loading ratio have also been measured. Fig 3-13 shows the modulus of isotropic webs and 

aligned webs with different loading ratio of cellulose nanowhiskers (0wt% ~ 15.0wt%). 

For both cases, the modulus also increases linearly with increasing cellulose nanowhisker 
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loading ratio up to 15.0wt%. The modulus of isotropic PVA electrospun web with 

3.0wt% cellulose nanowhiskers is 80.3MPa, and in the case of 15.0wt%, the modulus is 

132.8MPa. For the aligned PVA web with 0, 3.0wt% and 15.0wt% loading, the results 

are 87.7MPa, 109.6MPa and 190.5MPa, respectively. Generally speaking, oriented 

electrospun webs always show 30% ~ 45% higher tensile strength and modulus than 

isotropic electrospun webs, regardless of the cellulose nanowhisker contents. 

Experimental results are summarized in Table 3-2. 

 

 

Table 3-2. Mechanical properties of isotropic webs and aligned webs. 

 

 

The load transfer mechanism of aligned/isotropic PVA electrospun webs also agrees 

well with the experimental results shown in Table 3-2. The mechanical properties of 

aligned webs are more sensitive to the change of cellulose 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 loading ratio change of cellulose nanowhiskers 

affects the individual fiber strength more than the fiber-fiber bonding strength. As 

discussed before, the contribution of the individual fiber strength is larger in the case of 

aligned electrospun webs. Therefore, it is concluded 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. 

 

 

Figure 3-14 (a) Schematic of the tensile measurement of electrospun fiber webs (b) 

Schematic of unoriented cellulose nanowhiskers in isotropic electrospun webs (b) 

Schematic of oriented cellulose nanowhiskers in aligned electrospun webs. (note: 

Average diameter of PVA electrospun fiber is 280nm and average diameter of cellulose 

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 certain extent. It 

is well known that nanoparticles are aligned inside of the matrix materials during 

electrospinning due to the high shear force of the polymer jet [37-40]. It is also expected 

that cellulose nanowhiskers are aligned inside PVA fibers automatically during 

electrospinning. Fig 3-14 shows the orientation of cellulose nanowhiskers in isotropic and 

aligned electrospun webs. Because the orientation of cellulose nanowhiskers follows the 

orientation of electrospun fibers, cellulose nanowhiskers are also unoriented in isotropic 
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PVA electrospun webs (Fig 3-14 (b)). On the other hand, cellulose nanowhiskers are 

oriented in aligned electrospun webs as shown in Fig 3-14 (c). It was reported that CNT 

aligned with the same direction as the tensile test can improve the physical properties of 

nanocomposites thin film [41-42]. It is also expected that cellulose nanowhisker 

alignment can affect the physical properties of aligned web in 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, fiber connectivity, 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 as the function of fiber strength related 

parameters (SE) and the function of fiber-fiber bonding strength related parameters (BE). 

Fiber properties are affected by several factors such as cellulose nanowhisker loading 

ratio (s1), crystallinity of PVA (s2), average diameter of electrospun fibers (s3) and so on. 

Fiber-fiber bonding characters are also affected by fiber alignment degree (b1), fiber 

connectivity (b2), bonding area between fibers (b3) and so on. In this case, M, SE and BE 

are given by, 

 

( , )E EM f S B=                                                    (3.2)                                                          

1 2 3( , , ...)E sS f s s s=                                                 (3.3) 

1 2 3( , , ...)E bB f b b b=                                                 (3.4) 

 

If it is assumed that fiber strength related parameters and fiber-fiber bonding strength 

related parameters do not affect each other, the mechanical properties of aligned PVA 

electrospun webs (Maligned) and isotropic PVA electrospun webs (Misotropic) are simply 

expressed as follows, 
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' ' ( ' ')

aligned E E

isotropic E E

M a S b B

M a S b B a a and b b

= +

= + > <
                          (3.5) 

 

where a, b, aô and bô are constants. Based on the load transfer mechanisms of 

aligned/isotropic electrospun webs, a is larger than aô and bô is larger than b. Although 

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 fiber-fiber bonding strength, it is predicted that the increase of 

Maligned is larger than that of Misotropic.  

 

 

3.4 Conclusions 

Cellulose nanowhisker reinforced poly(vinyl alcohol) (PVA) nanofiber webs were 

successfully fabricated using an electrospinning technique. The morphology and 

mechanical properties of electrospun fiber webs 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 isotropic electrospun 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 to the different load 

transfer mechanism. The mechanical properties of aligned webs are more sensitive to the 

change of cellulose nanowhisker contents. It is also expected that cellulose nanowhisker 

alignment can increase the mechanical properties of aligned PVA electrospun webs.  
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CHAPTER 4 

 

NANOINDENTATION  OF A CELLULOSE NANOWHISKER  

REINFORCED PVA ELECTROSPUN FIBER  

 

 

Abstract 

 

The mechanical properties of cellulose nanowhisker reinforced poly(vinyl 

alcohol) (PVA) electrospun fibers rather than fiber webs, have been measured using a 

nanoindentation method. Due 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 chapter, 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 fiber and a 20.0wt% cellulose nanowhisker 

reinforced PVA electrospun fiber is 2.1GPa and 7.6GPa, respectively. Experimental 

results were compared using a longitudinal Halpin-Tsai model. The nanoindentation 

results are 20~30% smaller than the longitudinal model predictions. The reasons for the 

difference between measurement results and model predictions have been discussed. 

 

Keywords: Electrospinning, Cellulose nanowhisker, Nanoindentation   



 103 

4.1. Introduction  

In recent years, natural fibers have been widely used as reinforcement materials in 

polymeric nanocomposites due to the 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 measured by X-ray diffraction [1], 143GPa measured by Raman 

spectroscopic technique [2], and 149GPa ~ 155GPa calculated by computational 

simulation [3]. The modulus of cellulose nanowhiskers has not yet been measured but it 

is expected that the modulus of cellulose nanowhiskers is slightly lower than that of the 

crystalline cellulose. Moreover, cellulose nanowhiskers have a lower density than 

inorganic filler materials. Cellulose nanowhiskers are also naturally abundant, renewable 

and non-toxic resources. Cellulose nanowhiskers are bar-type particles. They are 

considered as a string of cellulose crystals connected by cellulose amorphous domains [4]. 

The diameters of cellulose nanowhiskers range from 5nm to 20 nm and their lengths are 

between 150nm and 400nm, depending on the source of cellulose nanowhiskers and their 

preparation conditions [5]. It was reported that cellulose nanowhisker reinforced 

nanocomposites showed significantly improved mechanical properties for both the 

natural and synthetic polymer matrices such as starch [6], cellulose acetate butyrate [7], 

poly(vinyl chloride) [8], and poly(vinyl alcohol) [9].  

Electrospinning is a versatile and 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 charges on the liquid solution surface increases, 

the surface elongates until 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 and the dried electrospun fibers are collected. Various types of 

nanofibers from polymer [9-10], inorganic materials [11] and hybrid (organic/inorganic) 

materials [12] were fabricated using the electrospinning technique. These nanofibers can 
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be used for a wide variety of applications such as separation filters, wound dressing 

materials, tissue scaffold, sensors and so on [13-15].  

An understanding of the mechanical properties of electrospun fibers is very 

important for investigating the bulk properties of electrospun webs. However, direct 

measurement of the physical properties of electrospun fibers is difficult because isolating 

and controlling the nanosize electrospun fiber is not easy. It has been reported that the 

mechanical properties of electrospun fibers could be measured using the Atomic force 

microscope (AFM) cantilever [16], nano tensile test method [17],  AFM three-point bend 

test method [18] and nanoindentation method [11, 19]. Among all of the nanomechanical 

characterization techniques, nanoindentation is perhaps the most convenient method [20]. 

The samples for nanoindentation can be simply prepared by depositing the electrospun 

fibers on a hard and flat substrate with sufficient adhesion between the substrate and the 

nanosize electrospun fibers.  

In this study, PVA was used as the matrix material for electrospinning. PVA is a 

semi-crystalline polymer and shows positive compatibility with cellulose nanowhiskers 

[9]. The mechanical properties of cellulose nanowhisker reinforced PVA electrospun 

fibers have been measured using the nanoindentation method. The mechanical properties 

of electrospun webs and individual fibers are quite different. For electrospun webs, both 

the properties of individual fibers and the fiber-fiber 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 cellulose nanowhiskers 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 Aldrich. The suspensions of cellulose nanowhiskers were prepared from 

Whatman No. 1 filter paper by sulfuric acid hydrolysis. The concentration of sulfuric acid 

was fixed at 64%. 20g of filter paper were dispersed in 175ml of sulfuric acid (the ratio of 

the filter paper to sulfuric acid was fixed at 1:8.75 (g/ml)). The acid hydrolysis conditions 

were optimized at 45°C and 50mins [21]. After hydrolysis, the suspension was deionized 

by mixing in 1g of mixed-bed ion exchange resin. The solution was then washed with DI 

water and centrifuged (40mins, 3000rpm, Beckman Coulter, GS-6). The suspension was 

further dispersed by an ultrasound sonicator (15mins at full power, Branson 3510). The 

length of obtained cellulose nanowhiskers ranges from 180nm to 220nm and the width is 

between 5nm and 10nm. Water was obtained from a Nanopure ultrapure water system 

with a resistivity of about 18 Mɋ cm. 

 

4.2.2. Sample preparation 

High voltage power supply (Keltron co., H545A) was used for the electrospinning. 

The PVA/cellulose nanowhisker solution was put inside a pipette. The end part of 

insulation rubbers protecting electric cables was removed and a bare copper wire was 

inserted to the pipette. A positive voltage (10kV ~ 25kV) was applied to the 

PVA/cellulose nanowhisker solution through a copper wire as shown in Fig 4-1 (a). For 

the morphology study, electrospun fibers were deposited on a stationary flat metal 

collector (Fig 3-1 (a)) and electrospun fibers for nanoindentation measurements were 

collected on a glass substrate having two parallel electrodes (Fig 4-1 (b)). Using a sputter 

coater, Au was coated onto the glass substrate that had a string (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.  

 

 

 

Fig 4-1 (a) Schematic of the fabrication process for parallel deposited electrospun fibers 

(b) Schematic of electrospun fiber deposition on gold coated glass substrate (c) 

Schematic of fiber-fiber bonding between the fibers on parallel deposition region and 

fibers on isotropic deposition region.  
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A sample preparation for the nanoindentation measurement using a two parallel 

electrode collector has two advantages. First, highly aligned electrospun fibers are 

deposited between two electrodes [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 fibers between electrodes. As shown in Fig 4-

1 (b) and (c), fiber-fiber 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. The distance between the tip of the pipette and the grounded substrate 

was fixed at 20cm. The SEM image of electrospun fibers deposited on two parallel 

electrodes is shown in Fig 4-2. 

 

 

Figure 4-2. SEM image of electrospun fibers deposited on two parallel electrodes. (Scale 

bar: 10 mm ). 
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4.2.3. Nanoindentation 

The modulus of the electrospun fiber was measured using MTS Nanoindenter XP 

with a cube-corner three-sided pyramidal diamond tip. A schematic illustration of the 

nanoindentation experiment is shown in Fig 4-3. 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 x and y coordinates where the nanoindenter tip should be loaded were 

found using an optical microscope equipped in MTS Nanoindenter XP and were inputted 

into the machine. Using MTS Nanoindenter XP, 25 pairs of x and y coordinates can be 

inputted at a time. Each 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 fiber. After the indenter tip started to contact the fiber 

surface, it was approaching into the fiber at a constant strain rate (0.05 s
-1

) until it reached 

a 30nm depth. At maximum load, the load was held for 10 seconds and then the indenter 

was withdrawn from the sample. The unloading rate was set to be same as the loading 

rate. Constant strain rate was employed to avoid strain hardening effects [23].  

 

  

 

Figure 4-3. Schematic of the nanoindentation test. 
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The elastic modulus (E) is obtained from maximum loads on the tip (Pmax) and 

indentation depth (hmax). The relationship among elastic modulus (E), maximum load on 

the tip (Pmax) and indentation depth (hmax) is given by,  
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where Ks is spring constant, m is mass of the indenter column, f is the frequency of the 

AC signal, v is the Poissonôs ratio of the tip and AC is the projected area of the indenter 

[24]. For MTS Nanoindenter XP, the spring constant is 1.2Nm
-1

, the frequency of the AC 

signal is 45Hz. For the diamond cube-corner tip used in this measurement, the Poissonôs 

ratio is 0.04 and the projected area is expressed as A=2.60hmax
2 
[25].  

 

4.2.4. Characterization 

The modulus was measured using MTS Nanoindenter XP (MTS Co., Nano 

Instruments Innovation Center, TN, USA). Scanning electron microscopy (SEM) was 

carried out using a LEO 1530 at 10kV. The samples were sputter coated with Au using 

EMS 350 sputter (20mA, 2mins) prior to observation. 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 

image and the average value was determined by taking the average of 60 measurements 

that were randomly chosen. 
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4.3. Results and discussion 

 

4.3.1. Morphology of cellulose nanowhisker/PVA electrospun fiber 

The effect of applied voltage on the morphology of PVA electrospun fibers has 

been investigated. Different voltages ranging from 10kV to 25kV were applied to the 

PVA solution. The distance between the tip of the pipette and a grounded metal sheet was 

fixed at 25cm, and 8.0wt% PVA solution was used in this study. SEM photos of PVA 

electrospun fiber applying different voltages are shown in Fig 4-4. 

 

 

Figure 4-4. SEM images of PVA electrospun fibers prepared using different applying 

voltage a) 10kV, b) 15kV, c) 20kV and d) 25kV. Scale bars represent 2mm . 

 

The average diameters of each case have been measured based on the SEM 

images. The average diameter of fibers using 10kV is 260nm, while the average diameter 

of fibers using 25kV is around 310nm. The experimental results are summarized at Fig 4-

5. As shown in Fig 4-5, it is observed that average diameter of PVA electrospun fibers 
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increases with increasing applied voltage. For all of the cases, the surfaces of the fibers 

were very smooth. 

 

 

Figure 4-5. Average diameter of PVA electrospun fibers prepared using different 

applying voltage (10kV~25kV). 

 

 

The effect of cellulose nanowhisker content on the morphology of cellulose 

nanowhisker/PVA electrospun fibers has also been studied. The applied voltage and PVA 

concentration were fixed at 20kV and 8.0wt%. SEM images of cellulose 

nanowhisker/PVA electrospun fibers with different loading ratio of cellulose 

nanowhiskers are shown in Fig 4-6, and the results are summarized in Fig 4-7. The 

average diameter of pure PVA fiber is measured as 290nm, with an 11nm deviation. On 

the other hand, the average diameter of PVA fibers with 15.0wt% cellulose nanowhiskers 

loading is 220nm, and the deviation is 28nm. In conclusion, it is observed that the fiber 

diameter of cellulose nanowhisker/PVA electrospun fibers decreases and the deviation 
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increases with increasing cellulose nanowhiskers content. For all of the cases, the 

surfaces of the fibers were also very smooth. 

 

 

Figure 4-6. SEM images of PVA/cellulose nanowhiskers electrospun fibers with different 

loading ratio a) 0wt%, b) 5.0wt%, c) 10.0wt% and d) 15.0wt%. Scale bars represent 2mm . 
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Figure 4-7. Average diameter of PVA/cellulose nanowhiskers electrospun fibers with 

different loading ratio (0wt% ~ 15.0wt%). 

 

 

4.3.2. Nanoindentation of the cellulose nanowhiskers / PVA electrospun fiber 

To analyze the reinforcement effect of cellulose nanowhiskers on PVA 

electrospun fibers intensively, a modulus of the electrospun fiber has been measured 

using a nanoindenter. Cellulose nanowhisker/PVA electrospun fibers were fabricated on 

a glass substrate as shown in Fig 4-1. The PVA solution concentration was fixed as 

8.0wt% and the cellulose nanowhisker loading ratio varied from 0wt% to 20.0wt%. The 

indenting depth (h) was set up as 10% ~ 15% of the average thickness of the samples. As 

shown in Fig 4-7, the average diameters of electrospun fibers ranged from 290nm to 

220nm, and the indenting depth was fixed at 30nm.  
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Figure 4-8. Representative load-hold-unload plots of indentation on the pure PVA 

electrospun fiber and cellulose nanowhisker/PVA electrospun fiber with different loading 

ratio (3.0wt% ~ 20.0wt%). 

 

 

Fig 4-8 shows the representative load-hold-unload plots of nanoindentation on the 

pure PVA and cellulose nanowhisker/PVA electrospun fibers with different loading ratios 

of cellulose nanowhiskers (3.0wt% ~ 20.0wt%) as a function of the indenting depth. 

When the indenter tip was loaded on the electrospun fiber with a constant strain rate (0.05 

s
-1

), the load measured by the tip increased with increasing contact area between the tip 

and the fiber sample. After the tip penetrated into the fiber until 30nm depth, the load was 

held for 10 seconds and then the indenter tip was withdrawn from the sample. The 

unloading rate was set equal to the loading rate. The curves shifted upwards with 

increasing cellulose nanowhiskers concentration. This suggests that the load employed on 

the tip increased gradually with increasing cellulose nanowhisker content.  
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Figure 4-9. Schematic of nanoindentation 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 fibers is measured using the nanoindenter, several 

factors may cause errors and should be considered carefully. The first factor is the effect 

of the substrate. Because the average diameter of the electrospun fibers is very small 

(220nm ~ 290nm), the indenting depth should be selected carefully. If the indenting tip 

penetrates too close to the underlying hard substrate, the tip can detect the hardness of the 

substrate in spite of there being no contact with the substrate. In conclusion, measured 

modulus values can be overestimated [27]. To prevent this problem, the indenting depth 

was fixed at 30nm and the remaining distance between the penetrated tip and substrate 

was larger than 180nm. The schematic of nanoindentation and the effective area detected 

by the indenter tip are shown in Fig 4-9. The effective area detected by the indenter tip is 

marked with a blue color. As shown in Fig 4-9 (b), the effective area is overlapped with 

the substrate and the hardness of the substrate can affect the measurement. A fiber 

surface morphology can also affect the measurement results. A rough fiber surface 

changes the contact pressure on the tip [28] and it causes a larger deviation of measured 

values. In this experiment, the PVA solution concentration was fixed at 8.0wt% to 

fabricate a smooth electrospun fiber without any beads. To confirm the smoothness of 
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fiber surfaces, the surface morphology of each sample was also observed using SEM 

before the nanoindentation measurement. The third possible problem is the slippage of 

the tip. If the nanoindenter tip is not perpendicular to the fiber surface, it may cause the 

slip and then friction between the tip and fiber surface [29]. The slippage caused 

untypical load-displacement curves, and they were excluded before the data analysis was 

performed. Finally, a fiber may move during indentation due to the pressure of the tip. 

Movement of the fiber also caused untypical load-displacement curves and its 

corresponding data were deleted as well.   

 

Table 4-1. The nanoindentation results of 20.0wt% cellulose nanowhiskers reinforced 

PVA electrospun fibers and the measurement errors. 
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Figure 4-10. The data distribution of nanoindentation 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 an accurate data 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 4-1. When the indenter tip slips 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 value. If the measured data is 50% 

smaller than the average of other data points, the data was considered as a measurement 

error. Fig 4-10 is the data distribution of nanoindentation measurement results of 

20.0wt% cellulose nanowhiskers reinforced PVA electrospun fibers. As shown in Fig 4-

10, it looks very reasonable that data ranged between 0.0GPa and 2.0GPa were 

considered as measurement errors.   
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For pure PVA and cellulose nanowhisker (1.0wt% ~ 20.0wt%) / PVA electrospun 

fibers, the nanoindentation was conducted 50 times. Among 50 measurements, 10 ~ 15 

data points were measurement errors, therefore 35 ~ 40 data points were used to get the 

average modulus value and the standard deviation. Fig 4-11 shows the average modulus 

and the standard deviation of pure PVA and cellulose nanowhisker (1.0wt% ~ 20.0wt%) / 

PVA electrospun fibers as a function of cellulose nanowhisker content (wt%). The 

modulus of electrospun fibers increased linearly with increasing cellulose nanowhisker 

loading ratio up to 20.0wt%. In the case of PVA electrospun fibers with 5.0wt% cellulose 

nanowhisker, a 55% increase has been observed compared to pure PVA electrospun fiber. 

The PVA electrospun fiber with 15.0wt% and 20.0wt% loading of cellulose 

nanowhiskers showed an 180% and 261% increase of modulus, respectively. 

 

 

Figure 4-11. Average modulus of pure PVA and cellulose nanowhiskers (1.0wt% ~ 

20.0wt%) / PVA electrospun fibers as a function of cellulose nanowhiskers contents 

(wt%). 
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4.3.3. Model study 

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

mechanical properties of nanocomposites [30]. Halpin-Tsai model has been successfully 

applied to predict the modulus of bar-type filler reinforced nanocomposites. The 

schematics of longitudinal, transverse and isotropic arrangement of bar-type fillers are 

shown in Fig 4-12. When fillers are aligned parallel to the tensile test direction, the 

longitudinal Halpin-Tsai model can be used to predict the modulus of nanocomposites. If 

the orientation of fillers is vertical to the test direction, the transverse Halpin-Tsai model 

can be applied [31-32].  

 

 

Figure 4-12. Schematics of the arrangement of bar-type fillers in polymer thin film 

nanocomposites (a) longitudinal arrangement (b) transverse arrangement (c) isotropic 

arrangement of bar-type fillers. 

 

 

The longitudinal Halpin-Tsai model (EL) is given by 
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where Em and Ef are the modulus of the matrix and bar-type fillers, respectively and Vf is 

the volume fraction of fillers in the matrix. ɕ (shape factor) and ɖL are defined as, 
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where L and d is the average length and diameter of fillers. On the other hand, the 

transverse Halpin-Tsai model (ET) is given by  
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where ɕ (shape factor) is 2 and ɖT is defined as, 
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The modulus of nanocomposites reinforced by isotropically oriented fillers can be 

predicted by the isotropic Halpin-Tsai model (E), which is expressed as the fractional 

summation of EL and ET.  
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It was reported that the modulus of the crystalline region of cellulose was 137GPa 

measured by X-ray diffraction [1], 143GPa measured by Raman spectroscopic technique 

[2], and149GPa ~ 155GPa calculated by computational simulation [3]. The modulus of 

an isolated cellulose microfibril was measured directly using an atomic force microscope 

(AFM) 3-point bend test and was evaluated to be 93GPa [33]. It is very difficult to 

measure the mechanical properties of cellulose nanowhiskers directly. The diameter and 

the length of cellulose nanowhiskers are nano-size and much smaller than those of 

cellulose microfibrils, therefore 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 reasonable 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 cellulose and cellulose microfibrils. 

 

Figure 4-13. Wide-angle X-ray diffraction (WXRD) results of cellulose microfibrils and 

cellulose nanowhiskers. 
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Fig 4-13 provides the Wide-angle X-ray diffraction (WXRD) results of cellulose 

microfibrils and cellulose nanowhiskers. Both of the plots show 2q peaks at 

approximately 14.8°, 16.5° and 22.8°, which can be assigned to cellulose I crystal planes 

(1
_

10), (110) and (200), respectively [34]. However, the intensities of the peaks are quite 

different. The 2q peaks of cellulose nanowhiskers are narrower and shaper than those of 

cellulose microfibrils. Crystallinity of cellulose microfibrils and cellulose nanowhiskers 

are calculated according to Martin and Segal method [35]. It uses 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. 

 

CrI = (I(200)-Iam)/I(200)                                             (4.9) 

 

Where, CrI is the crystallinity index, I(200) is the intensity at (200) peak (2ɗ=22.8°) and Iam 

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 of cellulose nanowhiskers is assumed to be 

110GPa. The average length and diameter of cellulose nanowhiskers are 200nm and 

10nm, respectively. The density of cellulose nanowhiskers was reported as 

1.5
3/g cm [36]. The modulus and the density of the PVA matrix are 2.1GPa and 

1.25
3/g cm , respectively. The modulus of cellulose nanowhiskers/PVA electrospun 

fibers predicted by the longitudinal Halpin-Tsai model, the transverse Halpin-Tsai model, 

and the isotropic Halpin-Tsai model are shown in Fig 4-14. The longitudinal Halpin-Tsai 

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. If bar-type fillers are aligned 

in the same direction as the tensile test, the physical properties of nanocomposite thin 

films are improved due to the significant load transfer across the filler-matrix interface 

[37-38].  

 

 

Figure 4-14. The modulus of cellulose nanowhiskers/PVA electrospun fiber 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 Halpin-Tsai model. It suggests that cellulose nanowhiskers are aligned in PVA 

electrospun fibers. This agrees with the well-known fact that nanoparticles are aligned 

automatically inside of the electrospun fiber during the electrospinning process due to the 

high shear force of the polymer jet [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% cellulose nanowhisker loading (Vf = 

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

 

 

Figure 4-15. The modulus of cellulose nanowhiskers/PVA electrospun fiber predicted by 

Halpin-Tsai models with various assumed modulus of cellulose nanowhiskers (100GPa ~ 

130GPa) and the experimental results. 

 

 

There are several possible explanations for the difference between the 

longitudinal modulus and the experimental results. First, the actual modulus of cellulose 

nanowhiskers could be different from the assumed value (110GPa). Fig 4-15 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 orientation of cellulose nanowhiskers in PVA 

electrospun fibers. From the TEM images of references [39-42], it seems that the 

orientation of bar-type fillers has a deviation (~5°). The deviation of cellulose 
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nanowhisker orientation in the PVA fiber matrix can decrease the experimental results. It 

is difficult to take TEM images of cellulose nanowhiskers without staining the sample [4, 

36, 43], therefore the actual alignment of cellulose nanowhiskers in PVA matrix could 

not be confirmed by TEM images. The indenter tip used in the measurement is a cube-

corner three-sided pyramidal diamond tip. The centerline to face angle of the cube-corner 

tip is 35.3° [25] and the actual angle between the tip and aligned cellulose nanowhisker is 

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 bar-type 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 reinforced poly(vinyl 

alcohol) (PVA) electrospun fibers have been measured using the nanoindentation method. 

Due to the small size of PVA electrospun fibers, ~ 10 - 15 measurement 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 fiber is 2.10GPa. 

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 compared to that of a pure PVA electrospun fiber. Experimental results were 

compared with Halpin-Tsai models. The experimental results were larger than the 

predicted values by the isotropic Halpin-Tsai model and the transverse Halpin-Tsai 
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model, however, the experimental 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 foams are successfully fabricated 

via unidirectional freezing methods. IT cellulose microfibril foam prepared from 1.0wt% 

suspension shows a cross-linked network structure. Increasing the concentration of the 

cellulose microfibril suspension up to 2.75wt% leads to a gradual 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 to the freezing direction and an 

increase in the structureôs wall thickness. It was found that cellulose microfibrils are 

partially aligned along the freezing direction. During IT methods, cellulose bridge 

structures are fabricated, instead of dendrite structures. The wavelength of IT channel 

structures can be controlled from 2.8mm  to 11.2 mm  by changing the temperature 

gradient between the ice front and the cellulose microfibril suspension. It was found that 

the compressive 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, and the 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 architecture. 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 template techniques [6-9], and direct foaming methods [10-13].  

Of the many techniques reported to prepare porous foams, ice-templated (IT) 

methods are relatively new [14]. IT techniques are very simple but can produce highly 

ordered porous structures. The unidirectional freezing of the aqueous suspension, 

followed by the unidirectional growth of ice crystals and sublimation 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 

particles [15], polymers [16], and inorganic-polymer hybrids [17]. 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 polymers between ice crystals. Therefore, the IT method is 

more simple and versatile than other methods. 

Recently, cellulose microfibrils have been widely used as reinforcement materials 

in polymeric nanocomposites due to the environmental concerns. Cellulose microfibrils 

show environmentally friendly characteristics and good mechanical properties. It was 

reported that the modulus of cellulose microfibrils was in the range of 78 ~ 114GPa [18-

19]. Cellulose microfibrils are high aspect ratio string particles. Their diameters range 

from 10nm to 30nm and the length of cellulose microfibrils is between 1mm  and 30 mm , 
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depending on the preparation method and the source of cellulose microfibrils [20-21]. So 

far, it was reported that cellulose microfibrils were used as reinforcement materials for 

the nanocomposites with various matrix materials such as polyurethane [22], poly(lactic 

acid) [23], starch [24], cellulose acetate butyrate [25], poly(vinyl chloride) [26], and 

poly(vinyl alcohol) [27].  

Porous foams prepared from cellulose microfibrils and amylopectin were  

reported [28]. IT porous foams prepared from rigid sphere particles such as alumina 

particles [29], rigid pallet type particles such as MMT [30], rigid belt type particles such 

as SWNT [15], and polymers such as PVA [16] have also been investigated. Cellulose 

microfibrils are high aspect ratio string-like particles with much flexibility. In this report, 

the growth mechanism of multichannel porous foams of pure cellulose microfibrils 

prepared via IT methods was investigated. The 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 the mechanical 

properties of IT foams, the compressive stresses of IT foams prepared from MMT Na+ 

and cellulose nanowhiskers were also measured. Cellulose microfibrils show higher 

particle-particle interactions than MMT Na+ due to the strong hydrogen bonds. Although 

both the cellulose microfibrils and cellulose nanowhiskers 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+) clays were supplied by the Southern Clay 

Products. Cellulose microfibrils were prepared through acid hydrolysis of filter paper 
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with 50% sulfuric acid (VWR, USA). Briefly, 602 ml concentrated sulfuric acid was 

added drop-wise to a chilled mixture of 120 g Whatman No. 1 filter paper and 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 acid.  After dialysis, the solution pH was raised to pH 6 using 

Amberlite (VWR, USA) resin beads.  The 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 fibrils).  This step was repeated until cloudy supernatant 

was no longer formed.  The collected cloudy supernatant (the fibrils) were concentrated 

by placing into dialysis tubing in a PEG-water solution. A SEM image of prepared 

cellulose microfibrils is shown in Fig 5-1. The diameters of the microfibrils range from 

10nm to 30nm, and their lengths are between 1 mm  and 30 mm .  

 

 

Figure 5-1. SEM image of cellulose microfibrils. Scale bars are of length 200nm.  

 

Cellulose nanowhiskers were prepared using the method described by Dong et al. 

[31]. The suspensions of cellulose nanowhiskers were prepared from Whatman No. 1 

filter paper by sulfuric acid hydrolysis. The concentration of sulfuric acid was fixed at 

64%. The acid hydrolysis conditions were optimized at 45°C and 50mins. After 
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hydrolysis, the suspension was deionized by mixing in 1g of mixed-bed ion exchange 

resin and filtered. And then the suspension was washed with DI water and centrifuged 

(40mins, 3000rpm, Beckman Coulter, GS-6). The suspension was further dispersed by an 

ultrasound sonicator (15mins at full power, Branson 3510). The diameters of the 

nanowhisker range from 5nm to 10nm and their average length is ~ 200 nm. 

 

5.2.2. Ice-templated method 

Cellulose microfibrils suspension was freezed using liquid N2 as shown in Fig 5-2 

(a). A suspension sample 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. 
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Figure 5-2 (a) Scheme of a freezing apparatus (b) scheme of a sample preparation (c) 

scheme of an insulated liquid N2 bath (d) Scheme of an insulated liquid N2 bath with a 

secondary freezing source (ethanol). 

 

As shown in Fig 5-2 (b), a suspension was put inside a high density polyethylene 

(HDPE) tube. The inner diameter of the HDPE tube was 10 mm. To prevent vertical heat 

transfer as the temperature gradient orientation, the HDPE tube was insulated using 

polystyrene foam. An aluminum sheet was attached to the bottom of the HDPE tube. For 

the preparation of low freezing rate samples by a small temperature gradient, ethanol was 

used as a secondary freezing source (Fig 5-2 (d)). The m.p. of ethanol and b.p. of N2 are -

114ôC and -196ôC, respectively. Freezed samples were immediately put in a freeze-dryer 

to remove ice crystal templates by sublimation. After 48 hours, freeze-dried samples were 

taken out from the freeze-dryer. After that, polystyrene foams, HDPE tubes, and 

aluminum sheets were removed carefully. The image of prepared samples is shown in Fig 

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

 

 

 

 

Figure 5-3. Cellulose microfibril porous foams (right side) and MMT Na+ porous foams 

(left side) prepared by ice-template method. 
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5.2.3. Characterization 

Scanning electron microscopy (SEM) was carried out using a LEO 1530 at 10kV. 

The samples were sputter coated with Au using EMS 350 sputter (20mA, 2mins) prior to 

observation. A measurement of the average channel size of cellulose microfibril IT foams 

was conducted using ImageTool 3.0 software, which is provided by UTHSCSA. The 

compressive strength and modulus were measured using Instron 5566 (Instron Co., 

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

 

 

 

5.3. Results and discussion 

 

5.3.1 A growth mechanism of IT cellulose microfibril  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 foam [29]. In this study, IT 

cellulose microfibril porous foams were prepared from the various concentrations of 

cellulose microfibrils suspensions to investigate the detailed morphology and growth 

mechanism. IT foam samples were prepared as described in Fig 5-2 (b) and (c). Freeze-

dried samples were cut off parallel to the orientation of the freezing direction and the 

center areas, which were fully developed during the freezing process, were examined 

using SEM (Fig 5-4).   
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Figure 5-4. 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 are shown in Fig 5-5, and their high 

resolution SEM images are shown in Fig 5-6. As shown in Fig 5-5 (a) and 5-6 (a), 

cellulose microfibrils foams prepared from 1.0wt% suspension shows a cross-linked 

network structure. The characteristic channel structure of IT porous 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 particles. The diameters of cellulose microfibrils range from 10nm to 

30nm, and the lengths of cellulose microfibrils ranges from 1 micron and 30 micron. In 

addition, cellulose microfibrils exhibit strong hydrogen bonding with adjacent cellulose 

microfibril particles. Cellulose microfibrils are also relatively flexible nanoparticles, 

compared to other inorganic nanoparticles. Due to the alternating arrangement of 

crystalline and amorphous domains, cellulose microfibrils possesses enough flexibility to 

bend as shown in Fig 5-1. In conclusion, 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 Fig 5-6 (a), some parts of the strings 

constituting the network structure 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.  



 140 

A transition from a crosslinked network structure to a lamellar channel structure 

occurs gradually as the concentration of cellulose microfibril suspensions are increased 

up to 2.75wt% (Fig 5-5 (b) ~ (f)). Contrary to the isotropic arrangement of cellulose 

microfibrils shown in Fig 5-5 (a), IT cellulose microfibril foams prepared with 1.5wt% 

and 2.0wt% suspension start to show the oriented porous structures (Fig 5-5 (b) and (c)). 

Cellulose microfibril walls parallel to the freezing direction start to emerge and the empty 

space between cellulose microfibrils become smaller. For IT cellulose microfibril foams 

made with 2.25wt% and 2.5wt% suspension (Fig 5-5 (d) and (e)), the wall structures are 

observed clearly and the size of the pores on the cellulose microfibril walls decreases 

with increasing concentration 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 Fig 5-5 (f). Only a small number of defects 

on the wall structure are observed 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 5-6).      
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Figure 5-5. The SEM images of IT cellulose microfibril porous foams made with the 

various cellulose microfibrils suspension. Scale bars are of length 10mm . Orange color 

arrows indicate 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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Figure 5-6. The high resolution SEM images of IT cellulose microfibril porous foams 

made with the various cellulose microfibrils suspension. Scale bars are of length 3mm . 

Orange color arrows indicate 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 of the cellulose microfibrils 

suspension, followed by the unidirectional growth of ice crystals, could result in highly 

ordered porous foams with unidirectional channels (Fig 5-5 (f) and Fig 5-6 (f)). During 

the freezing process, ice crystals grow in the same direction as the temperature gradient 

and cellulose microfibrils are entrapped between ice crystals as shown in Fig 5-7. After 

removing ice crystal templates by sublimation, the lamellar channel structures, which are 

a replica of the original ice-template, are obtained.  

 

 

Fig 5-7. A schematic of the growth of ice crystals and the cellulose microfibril 

entrapment. Orange color spheres represents cellulose microfibrils. The wavelength of 

the structure is defined byl. 

 

 

Contrary to polymer based IT foams, the minimum wall thickness of IT cellulose 

microfibril foams is confined to the diameter of cellulose microfibrils. If it is assumed 



 144 

that cellulose microfibrils in the individual walls are closely packed as a single layer, the 

critical concentration to form a fully developed IT channel structure can be calculated by 

 

d
C

r

l
=                                                          (5.1) 

 

where l is the wavelength of the structure, d  is the average diameter of cellulose 

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

foams, a typical value of l is 3 mm , d = 20 nm and r= 1.5 3/g cm  [32]. In this case, 

the theoretical critical concentration 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 Fig 5-5 and 5-6, the 

critical concentration is ~ 2.75 wt%.  

 

Figure 5-8. 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 channel structures 

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 orientation, crystallographic a-axis, is 10
2
 ~ 10

3
 times faster than that of the c-

axis, which is perpendicular to the temperature gradient [29]. If the growth of ice crystals 

is mature, ice crystals will grow to the a-axis and b-axis direction. On the other hand, the 

ice crystal growth to c-axis direction is still very slow. Therefore, the thickness of ice 

crystals along c-axis is very small and ice crystal grows as a flat platelet form, shown in 

Fig 5-8. The growth pattern of ice crystals affect the morphology of IT cellulose 

microfibril foams directly. As shown in Fig 5-5 (f), cellulose microfibril walls are formed 

along the a-axis and b-axis.  

Another interesting feature in Fig 5-6 is 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 shape of pores more clearly, negative images of Fig 5-6 are shown in Fig 

5-9. Ellipse-shaped pores are especially prominent in the porous structure prepared from 

2.0wt% ~ 2.5wt% cellulose microfibrils suspension (Fig 5-9 (c) ~ (e)). This suggests that 

cellulose microfibrils 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 most of the 

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 measure the 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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Figure 5-9. The negative images of SEM photos of IT cellulose microfibril porous foams 

made with the various cellulose microfibrils suspension. Scale bars are of length 3mm . 

Orange color arrows indicate the freezing direction. The concentrations of the cellulose 

microfibril suspension are (a) 1.0wt% (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 5-10. To simplify the system, a single microfibril and ice crystal model was 

suggested. As shown in Fig 5-10 (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 part of a microfibril is located across the ABC - space (Fig 5-10 (b)). 

 

 

 

Figure 5-10 (a) A scheme of the cellulose microfibril alignment (b) A scheme of 

rotational motion of cellulose microfibril.  
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When the ice crystal grows along the a-axis, momentum exerted by the ice crystal 

is applied to the cellulose microfibril along the a-axis. 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 the a-axis. Consequently, cellulose 

microfibrils are aligned along the a-axis, the freezing direction. The movement of 

cellulose microfibrils in a real system is more complicated than the suggested model 

because fibril-fibril interactions are also important. Therefore, all of the fibrils cannot be 

aligned as in the suggested model. However, as shown in Fig 5-9, it looks very clear that 

cellulose microfibrils are partially aligned along the freezing direction.  

 

5.3.2 Morphology of IT cellulose microfibril  foams (3.0wt% ~ 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 in Fig 5-11 (a) ~ (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 thickness of the individual walls 

increases. 

It is well known that ice crystals grow anisotropically and make ice dendrites on 

one side of the ice crystals [17, 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 5-12 (c) ~ (f)). On the other hand, bridge structures are found 

within IT cellulose 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 suspensions [29]. However, highly ordered bridge structures have 

not been reported yet. As shown in Fig 5-12 (a), most of fibril bridges connect two 
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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 5-12 (b)). To compare the dendrite structures and bridge structures, 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 5-12 (d) shows the dendrite structures of cellulose nanowhisker foams. 

The blue arrow indicates the dendrite structure. Fig 5-12 (c) is the smooth side of the 

cellulose nanowhisker wall, which doesnôt have a dendrite. Cellulose microfibrils and 

cellulose nanowhiskers are very similar, except for their dimensions. This 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 in Fig 5-12 (e) and (f). 

The formation mechanism of cellulose microfibril bridges is not yet clear. A 

possible mechanism is based on the splitting and subsequent healing of the ice crystal tip 

[29]. In the case that the ice front pushes and transports the particles, a liquid film of 

sufficient thickness is needed between the ice front and the particles. If the ice front 

velocity is too high or the movement speed of the particles is too slow, the liquid film 

disappears and the particles are embedded inside the ice crystals (tip splitting) instead of 

being entrapped between ice crystals [33]. After that, subsequent tip healing occurs and 

forms the bridge structure (Fig 5-13). 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 also not yet 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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Figure 5-11. The SEM images of IT cellulose microfibril porous foams made with the 

various cellulose microfibrils suspension. Red scale bars are of length 20mm  and blue 

scale bars are of length 3mm . Orange color arrows indicate the freezing direction. The 

suspension concentrations are (a) 3.0wt% (b) 3.0wt% (c) 4.0wt% (d) 4.0wt% (e) 8.0wt% 

(f) 8.0wt%, respectively.  
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Figure 5-12 (a) Bridge structures of IT cellulose microfibril foams (3.0wt%) (b) High 

resolution SEM image of the bridge structure (3.0 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 indicates a bridge structure 

and blue arrows indicate dendrite structures. 
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Figure 5-13. 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 cellulose 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 solid-liquid interface during the 

unidirectional freezing was used to correlate the simplified IT structure and experimental 

conditions [34]. The wavelength of the channel structure l can be expressed as a 

function of TD by the following equation [35], 
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                                                 (5.2) 

 

where a, Lm , cD , CD , frontv  and TD  are constant, the slope of the liquid line, diffusion 

coefficient of solute, the concentration difference between the solid-liquid interface and 

the center of the two rods, the cell front velocity and the temperature difference between 



 153 

the liquid phase and solid phase, respectively. Because Lm , cD  and CD  can be assumed 

as a constant, l is given by 

 

( )
0.5

frontk v Tl
-

= D                                              (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 l and the temperature gradient. IT cellulose microfibril foams were prepared 

under different temperature gradient as described in Fig 5-2 (c) and (d). The 

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

results are summarized in Fig 5-14. Blue triangle data points are IT foams prepared using 

ethanol (m.p.= -114ôC) as the freezing source (Fig 5-2 (c)). Black triangles indicate the 

experimental results of IT foams using liquid nitrogen (b.p.= -196ôC) directly (Fig 5-2 

(a)). Prepared IT foams were cut off parallel to the orientation of the freezing direction 

and the center areas were examined as shown in Fig 5-4. The morphology 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 5-14, l of IT structure prepared using 60ôC cellulose 

microfibril suspension and liquid nitrogen is 2.8mm . For IT foams prepared from 0ôC 

suspension under liquid nitrogen freezing, l is 8.7 mm . In cases where ethanol was used, 

lôs of IT samples prepared from 0ôC and 20ôC suspension were 10.0mm  and 11.2 mm , 

respectively. As the temperature gradient between the ice front and cellulose microfibril 

suspension increases, the growth speed along the a-axis increases, while the growth speed 

along the c-axis is still very slow (Fig 5-8). The growth speed ratio is expressed as, 
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where G is the growth speed of ice crystals. In conclusion, as the temperature gradient 

increases, the width (c-axis 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 5-14. Wavelength 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 measured using 

Instron 5566 with the compression head speed set at 1mm/min. Samples were prepared as 




























































































































