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Epoxy resin is a thermosetting resin that is commonly used as composite 

matrix. Epoxy composite materials are well utilized in industries, such as 

aerospace, due to their good mechanical properties. Nano-scale filler 

reinforced polymer composite materials have been intensively researched in 

recent decades. Cellulose nanocrystals (CNXLs) are a type of natural material 

which are proven to have great reinforcing abilities. Their abundance and 

environmental friendliness encourages more researchers to devote their 

investigations in this field. However, the dispersion of nanofillers is an issue 

during composite processing due to their large surface area (2-4 orders of 

magnitude larger than conventional fillers) and their proneness to 



 

agglomeration. No exception are the CNXLs prepared and being studied in 

this study. In this study, tensile tests were performed on samples prepared with 

different dispersion methods. Using organic solvent substituting water as 

medium to disperse nanofibers in polymer matrix was shown unsuitable for 

CNXLs/epoxy system. Freeze dried CNXL powders and supercritical dried 

CNXL aerogels were investigated to avoid solvent medium effects. Freeze 

drying of CNXL showed improvement over organic solvent process but did 

help dispersion of CNXL into epoxy matrix. Samples made with supercritical 

dried CNXLs showed slightly superior tensile properties but improvement 

varied and depended highly on the handling of process. 
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Chapter 1: Introduction 

Ever since the era of the first appearance of bricks formed from straw 

and mud, scientists and engineers have been searching and developing 

composite materials for construction applications[1]. Composite materials, or 

simply composites, employ the high specific moduli and strength of 

reinforcing fibers to produce low density high performance structures. As 

early as in the 1960s, whisker-reinforced composites were drawing attention 

for space applications[2]. Because of their surface insensitivity to abrasion 

and hydrolysis effects, whiskers, unlike fibers, offer very promising potentials 

as reinforcing fillers for aerospace materials. Small-scale fibers and whisker 

reinforced thermoset composite materials are commonly considered as 

alternatives to traditional structural materials, such as steel, in a variety of 

high performance situations including aerospace and automotive industries 

due to their comparatively low weight and acceptable impact strength and 

yield stress. In fiber reinforced composites, where the dispersed phase is the 

continuous phase, the matrix binds the fibers together and acts as the medium 

by which an externally applied stress is transmitted and distributed to the 

fibers. The matrix also protects the individual fibers from mechanical abrasion 

and matrix plasticity acts as barrier for crack propagation. The purpose of 

reinforcements in polymer materials is to enhance mechanical properties such 

as strength and stiffness. When the matrix is combined with fibers, external 
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stress transfers from the matrix to fibers. Therefore, the elastic modulus of the 

fiber should be higher than that of the matrix. Continuous fiber reinforcements 

are used to increase long term strength characteristics by distributing the load 

and strains throughout the entire structure, as opposed to discontinuous 

reinforcements, such as chopped flakes and small particles, which only 

increase short term mechanical properties of the matrix. Popular matrices that 

are reported in the literature are epoxy, polyolefins, phenolics and 

polyhdroxybutyrate[3]. 

1.1 Epoxy resins and their composites 

    Epoxy resin, a term which is often applied to both the prepolymers and to 

the cured resins, is a type of polymer which contain reactive epoxy groups, 

, in its prepolymer[4]. Epoxy resins are thermosetting resins, which are 

often cured by an amine hardener at a temperature within 5 °C – 150 °C. 

These resins were first introduced to the market by P. Castan and S. Greenlee 

independently in 1940s. In order to convert epoxy resins to hard, infusible 

thermoset networks, crosslinking agents are necessarily used. The crosslinking 

process or the cure of epoxy resins involves the formation of a rigid 3-D 

network by reaction with hardeners, or curing agents, which provide more 

than two reactive functional groups. The cured epoxy resins, besides 

applications in, for instance, coatings, casings and structure adhesives, are 

proverbially used as composite matrices. 
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Epoxy composites are widely used in a variety of aspects from aerospace 

to automobiles to sports utensils which demand materials with good 

mechanical, thermal and electrical properties[5]. Their benefits consist of 

good mechanical properties, adhesive properties, stiffness and toughness, and 

resistance to chemical, heat, wear and environmental degradation, as well as 

low shrinkage during curing, and high electrical insulation. However, their 

applications are limited in high performance environments due to their nature 

of brittleness, delamination and lack of fracture toughness[6]. Thus, 

nano-scaled fillers were introduced to reinforce epoxy resin matrix to provide 

new possibilities towards critical requirements, thanks to their high axial 

Young’s modulus, high aspect ratio, and large surface area.  

1.2 Nanofiber reinforced polymer composites 

Glass fibers, clay, calcium carbonate, and mica are some of the inorganic 

fillers that have been extensively studied as fillers in nancomposites (filler 

size in at least one dimension less than 100 nm). However, these fillers have 

inherent disadvantages as they tend to require high cost and high energy 

consumption, and are difficult to process[7]. Specific strength and specific 

stiffness of nanocomposite materials are relatively higher as the nanoparticles 

can achieve the property enhancement with only 2-5% reinforcements 

compared to 15-40% glass fiber reinforcements. 

Carbon nanotubes were first observed by Iijima in 1991[8]. The 
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succedent carbon nanomaterials have been most commonly studied for the 

past two decades and have been commercialized. Carbon nanotube reinforced 

composites based on some resin systems have been reported in the literature 

since 1994[9]. The measured Young’s modulus and tensile strength of carbon 

nanotubes were reported to be 1.4 TPa and over 100 GPa, respectively[5]. 

This is until now the highest figures for known materials. Dispersion of 

carbon nanotubes is the key to achieve composite materials with carbon 

nanotube’s behaviors. The matrix binds with fibers in such a way that external 

applied stress is transmitted and distributed to the fibers. However, carbon 

nanotubes do not disperse in polymers easily due to the molecular forces 

between individual particles and they tend to aggregate. Many methods have 

been carried out to disperse carbon nanotubes in different polymer systems, of 

which more details are discussed in Chapter 3.  

1.3 Natural fiber reinforced polymer composites 

Natural fibers are recently drawing the attraction of contemporary 

researchers because of their abundance and biodegradable and nonabrasive 

nature compared to traditional synthetic filler materials so that they are more 

environmentally friendly. These fibers are extracted mainly from plant or 

animal tissues that are readily available, which yields low production cost. 

When compared to glass fibers, various natural fibers have obviously lower 

tensile strengths even though the moduli are of the same order[10]. However, 
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when density of the material is taken into account, the specific properties, 

such as specific modulus (modulus / specific gravity), are comparable or even 

better than those of glass fibers. Hence, these natural fibers with high specific 

properties are indeed suitable for composite applications in situations where 

lower material density is demanded. In aerospace and automotive industries, 

manufacturers are seeking lighter structural materials to reduce energy 

consumption[11]. This is from the exactly same perspective of introducing 

polymer composites. 

Cellulose is unarguably one of the most common natural fibers in 

existence. The advantages that cellulosic fibers offer over traditional 

reinforcing fibers consist of high surface area (250 m2/g[12]), low density (1.5 

g/cm3[12]), low cost, nonabrasion to processing equipment and ease of 

incineration. Excellent mechanical properties (tensile strength above 7.5 GPa, 

modulus up to 145 GPa[13]) make them competitive candidates for polymer 

matrix reinforcement. In addition, annually renewable nature of cellulose 

resources provides active benefits for environment by means of disposability 

and raw material use[12]. 

1.4 Structure of the thesis 

The aim of this study is to explore appropriate methods to disperse 

cellulose nanocrystals (CNXLs) into epoxy resin that, after curing, offer more 

desirable Young’s modulus and tensile strength and are highly repeatable. 
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The following chapter takes a brief look at cellulose, and the acid 

hydrolysis of CNXL. Chapter 3 examines the literature on reinforced polymer 

composite materials for aerospace applications. It looks at carbon epoxy 

composites, and points out the problems and limitations among those. It 

argues the need for biaxial filler for resin composites, and examines the 

importance of the quality of transferring cellulose nanocrystal dispersion into 

epoxy resin matrix. 

Based on the literature review, Chapter 4 describes preparing cellulose 

nanocrystal dispersions from scratch, and develops a series of approaches to 

incorporate a cellulose matrix in epoxy resin. It also indicates testing methods 

according to desired mechanical properties. Chapter 5 demonstrates test 

results corresponding to different approaches. Experimental data and methods 

are discussed and evaluated. Conclusions of this study are drawn in Chapter 6.  
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Chapter 2: A Background of Cellulose Nanocrystals 

Cellulose, as the main chemical component of natural fibers, is highly 

abundant throughout the world in plants, such as grasses, reeds, stalks, and 

woody vegetation[12]. Compared to traditional nanofiber filling materials, 

cellulose is low in cost and density and is biodegradable and renewable. Thus 

it provides positive environmental benefits because of its disposability and 

raw materials use. The modulus of the cellulose perfect crystal is estimated to 

150 GPa[14] and a decrease of cellulose whisker’s Young’s modulus is 

reported when their crystallinity decreases[15]. The experimental elastic 

modulus and is reported as high as 145 GPa and the strength estimated at 7500 

MPa[16].  

2.1 Cellulose 

Cellulose is a homopolysaccharide consisting of β-D-glucopyranose units 

linked by glucoside bond at their C1 and C4 hydroxyl groups (Figure 1). 

Figure 1 Chemical structure of cellulose backbone.[16] 

The pyranose rings assume a chair confirmation 4C1 with the hydroxyl groups 

in the equatorial position[17]. Three types of functional units appear in a 

cellulose backbone: a non-reducing end to the left, a reducing end to the right 

and an anhydroglucose unit (AGU) in the center.  
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Cellulose typically exists in two forms: cellulose I and cellulose II. 

Cellulose I is the stable form of the two. It exhibits polymorphs in native 

samples: cellulose Iα and cellulose Iβ[18]. Cellulose Iα is found to be 

predominant in cellulose obtained from primitive organisms, such as bacterial 

and algal cellulose, while those from higher plants are composed primarily 

cellulose Iβ, such as cotton and ramie. However, the ratio of cellulose Iα and Iβ 

varies depending on the source. 

2.2 Acid hydrolysis of cellulose 

CNXLs are crystalline portions of cellulose. Acid hydrolysis reported by 

Ranby[19] over 50 years ago is a widely acceptable method of preparing 

CNXLs. Due to the glycosidic linkage in the backbone, the acid-catalyzed 

hydrolysis shares the same mechanism with simple glycosides[17]. The acid 

hydrolysis breaks down the microfibrils obtained from cell walls of trees 

(Figure 2).  

Figure 2 CNXL formation by controlled acid hydrolysis. 

Crystalline portion Amorphous portion 

Amorphous polymer Nanocrystals 
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The acid hydrolysis of cellulose fibers is a heterogeneous acid diffusion 

process in which the acid penetrates the less ordered amorphous regions and 

causes the scission of glycosidic bonds. The penetration and the glycosidic 

bond breakage depend on the hydrolysis conditions, namely acid type, acid 

concentration, and hydrolysis temperature, which are to be controlled. The 

reaction proceeds until all the accessible glycosidic bonds are hydrolyzed and 

later slows down significantly as the acid attacks the reducing end and the 

surface of the residual crystalline regions. The hydrolysis conditions should be 

mild to an extent that complete hydrolysis of cellulose into glucose or even 

carbonization is avoided. Either hydrochloric acid or sulfuric acid is suitable 

for the hydrolysis procedure. Of these two, sulfuric acid is more commonly 

used to produce hydrolyzed cellulose because the hydrolysis requires less time 

and more stable suspensions can be achieved due to their surface charges 

(SO3-H)[20]. 

The average dimensions of crystallites produced from cotton are about 4 

nm in diameter and 300 nm in length[21]. The source that cellulose comes 

from largely determines the size and shape of resulting CNXLs, but the 

hydrolysis environment also plays a vital part in final size of the CNXLs. In 

addition, insufficient hydrolysis produces nonuniform crystallite size and 

lower surface charge which results in interaction between crystallites, such as 

agglomeration. Temperature of 45 oC and time of 60 min are optimum 
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hydrolysis conditions to obtain complete hydrolysis of the amorphous portions 

and a particle length in the order of 200 nm, according to Dong et al[22]. This 

is by far the most widely acceptable sulfuric acid hydrolysis method of CNXL 

suspension. 
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Chapter 3: Literature Review 

Epoxy resins are widely made into thermoset composites due to their 

excellent thermal, mechanical, and electrical properties[6]. However, their 

nature of limited brittleness, delamination and fracture toughness has 

restricted their appearance in many high-performance situations. Nanofibers 

have been used to reinforce polymer composites for decades because their 

high aspect ratio (L/d, up to 70) allows great stress transfer from the matrix to 

the fibers, therewith improves mechanical properties of a composite material. 

Nanofibers with only 2% - 5% addition can offer a composite material 

comparable properties to that reinforced by 15% - 20% of glass fiber, taking 

advantages of their high specific strength and specific stiffness[7]. 

The property of a composite material depends on the constituent 

materials and is given by rule of mixtures[23] 

mmff VEVEE +=                       (3.1) 

where E is the overall stiffness of the composite material, Ef and Em are 

stiffness of the fiber and that of the matrix, respectively, and Vf and Vm are 

volume fraction of the fiber and that of the matrix, respectively. 

    The strength of the polymer composite materials is realized by sufficient 

adhesion between the fiber and the polymer matrix. When a tensile load is 

applied to a composite material, there is a critical aspect ratio beyond which 

stress equivalent to the full strength of the fiber is transferred from the matrix 
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to the fibers. The aspect ratio of the fiber should be larger than the critical 

length for the fiber to be effective as a reinforcing agent[24]. As discussed 

earlier, for a fiber to effectively reinforce the matrix in a composite material, 

the stress transfer from the matrix to the fiber is critical. Hence, it is intuitively 

believable that the high interface area (due to a high surface area) of 

nanofibers, such as cellulose nanocrystals, could offer more efficient stress 

transfer due to better adhesion between the fiber and the matrix. 

3.1 Epoxy-based nanocomposites 

Epoxy resins are one of the favorite polymer matrices being investigated 

with nanofiber reinforcement[5]. Their advantages include good mechanical 

properties, chemical stability, high electrical insulation, good wear and heat 

resistance. Their mechanical properties can be varied from extremely flexible 

to highly tough and hard depending on their chemical compositions and 

curing processes. For aerospace applications, tensile toughness of a composite 

material is a key factor. The most successful methods in enhancing the 

toughness of epoxy resins are dispersing elastomeric and thermoplastic phases 

into the resin matrix and producing a multiphase polymer system[6]. However, 

these methods do not achieve sufficient improvements in toughness for highly 

cross-linked, high glass transition temperature (Tg) epoxies and their 

composites for aerospace applications.  

In recent two decades, polymer nanocomposites involving both organic 
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and inorganic nano-scale particles have been shown in great interest among 

researchers, due to the molecular size, which leads to tremendous specific 

surface areas of up to more than 1000 m2/g, and other unique properties[6]. 

However, nanoparticles do not voluntarily disperse in epoxy resins due to the 

strong attraction between individual nanoparticles[5]. They tend to aggregate 

and form bundles or ropes which are difficult to disrupt. In general, in all 

cases where nano-scaled fillers are involved, the development of epoxy-based 

composites requires homogeneous dispersion of the fillers in the resin matrix. 

3.1.1 Dispersion of fibers in the resin matrix 

Carbon nanotubes (CNTs) and carbon nanofibers (CNFs) dispersed in 

epoxy matrix are expected to show advanced mechanical properties because of 

their low density, high axial Young’s modulus, high aspect ratio, large surface 

area, as well as good thermal and electrical properties[6]. Unfortunately, CNT 

reinforced polymer composites present only moderate strength enhancement 

which is substantially lower than theoretically predicted values. There are two 

issues behind the scene: the dispersion of nanotubes in the polymer matrix, and 

the interfacial bonding between the nanotubes and the polymer matrix[5]. Kis 

et al.[25] suggest that a poor dispersion state by weakly interacted nanotube 

bundles and aggregation of nanotubes is responsible for the reduction in aspect 

ratio of the reinforcement. A variety of methods have been explored to solve 

this problem, such as dispersion using organic solvents[5], surfactant assisted 
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dispersion, high power sonication, in-situ polymerization, plasma 

polymerization, electric field or magnetic-induced alignment, and surface 

modification by inorganic coating, polymer wrapping, and protein 

functionalization[6]. 

A comparative experimental study between different methods of 

dispersion of carbon single-walled nanotubes (SWNT) in epoxy resin was 

carried out by Liao et al[26]. Their results indicate that a tip sonication using 

acetone as solvent improves the storage modulus of the composite material, 

while the use of surfactant does not have positive impact on SWNT/epoxy 

nanocomposite processing. This can be explained that acetone is a solvent for 

epoxy which dilutes the resin, hence improves the dispersion of nanotubes. 

Surfactant, on the other hand, reduces the glass transition temperature (Tg) of 

nanocomposites. Cui et al. observed similar phenomenon with multi-wall 

carbon nanotubes (MWNT)[27]. A study by Lau et al.[28] points out solvents 

with higher boiling points are more difficult to remove thoroughly from the 

composite, hence more effects are found to the product, namely,         

DMF > ethanol > acetone. As a result low hardness and flexural strength can be 

observed. In addition, FTIR tests showed that different amounts of functional 

groups are generated in the cured epoxy resin based on types of solvents used. 

This fact is considered to be an explanation for the variation in thermal and 

mechanical characters of nanocomposites. 
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With respect to the dispersion of carbon nanotubes, intensive mechanical 

stirring, high shear mixing through the calendaring process, and use of an 

amphiphilic molecule such as palmitic acid have been also reported[5]. 

3.1.2 Mechanical properties 

Vast investigations in epoxy-based nanocomposites have been reported, 

mostly CNT reinforced epoxy nanocomposites. Veedu et al.[29] reported 

considerable improvements in the interlaminar fracture toughness, hardness, 

delamination resistance, in-plane mechanical properties, and damping. Zhao et 

al.[30] studied unidirectional epoxy resin composites reinforced by CNT and 

continuous carbon fiber (T300) and discovered that the flexural strength and 

modulus of the nanocomposites firstly increased and then decreased with 

respect to increasing contents of CNT in epoxy matrix. Hsiao et al.[31] and 

Meguid and Sun[32] observed remarkable development in the interfacial shear 

strength for epoxy nanocomposites containing MWNT of between 1 wt% - 5 

wt% comparing to neat epoxy resin. Mahfuz et al.[33] investigated carbon 

nanoparticle/whiskers reinforced composite and achieved 15% - 17% 

improvement in the tensile strength and modulus. Later on, Iwahori et al.[34] 

reported improvement in stiffness and strength, such as compressive strength, 

in two-phase and three-phase epoxy nanocomposites reinforced using 

cup-stacked CNTs. Further, Hsiao et al.[31] explored the potential of CNT 

reinforcing adhesives in between two composite structures. Gou et al.[35] 
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presented a combination of computational and experimental study on the 

interfacial bonding between single-walled carbon nanotubes (SWNT) and 

epoxy resin. They used a three dimensional cross-linked model of cured epoxy 

to investigate the molecular dynamics. The interfacial shear strength was 

calculated to be up to 75 MPa which indicates an effective stress transfer from 

epoxy resin to nanotubes. However, this theoretical prediction conflicts with 

reports by Mamedov et al.[36], who found only a moderate strength 

enhancement in SWNT/polyelectrolyte multilayer composite system that is 

significantly lower. 

Massive research investigations have revealed that the mechanical 

properties of CNT reinforced epoxy nanocomposites are dominated by several 

factors[5]. Catalyst systems employed in the CNT production have remarkable 

influence on the mechanical properties of resulting epoxy nanocomposites. 

Breton et al.[37] compared mechanical properties of epoxy composites 

reinforced by CNTs synthesized by different catalysts and developed a theory 

that CNTs which have smaller specific surface area and mesoporous volume 

yield better results, since those have larger values encourage more 

entanglements between the nanotubes hence are more difficult to disperse in 

epoxy matrix. Types of CNTs and their functionalization are also critical 

factors. Surface area in combination with specific mechanical properties of the 

nanofillers and aspect ratio have dominate influences on mechanical properties 
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of the epoxy nanocomposites. Work done by Gojny et al.[38, 39] discovered 

that amino groups present on CNT surface react with epoxy and form covalent 

bonds which enhances interfacial adhesion. Thus, SWNTs offer better 

dispersion and strong interface bonding due to their high surface area, and 

hence improve mechanical properties of the composite. 

Studies by Liu and Wagner[40], and Ci and Bai[41] showed that 

properties of epoxy resin itself also have noticeable influence on mechanical 

properties of the nanocomposites. In addition, investigations by Villoria et 

al.[42] and Moniruzzaman et al.[43] demonstrated that curing cycle of the 

epoxy resin has as strong effects on mechanical properties of epoxy-based 

nanocomposites. 

3.2 Cellulose whiskers reinforced nanocomposites 

Cellulose is a most abundant natural fiber material that can be found in 

plant or animal tissues. The biodegradable and renewable nature of cellulose 

is praised as an environmental friendly filler material. Cellulose nanocrystals 

(CNXLs) have drawn much attention from researchers for their remarkable 

reinforcing abilities[12]. While the major competitor, carbon nanotubes, are 

produced by techniques such as laser ablation, thermal and plasma enhanced 

chemical vapor deposition (CVD)[5], CNXLs, as described in previous 

chapter, can be efficiently produced by basic chemical reactions at a very low 

cost level. Although, CNXLs have high specific strength and stiffness, they 
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are brittle if used by themselves. Fortunately, they can provide excellent 

properties when they are incorporated as reinforcing filler within a polymer 

matrix. 

Despite these attractive characteristics, the application of cellulose fibers 

is limited in composite materials industrial practice due to their inherent polar 

and hydrophilic nature since the filler-matrix interfacial adhesion and an 

impressive dispersion level are often difficult to achieve[12]. Moreover, the 

processing temperature of the composites is limited up to about 200 °C since 

cellulose starts to degrade near 230 °C. In addition, its hydrophilic character 

encourages moisture absorption and hence results in swelling and decreases 

mechanical properties of the composite material. 

3.2.1 Mechanical properties of cellulose nanocomposites 

Since the first report on the reinforcing effect of cellulose whiskers in 

1995[44], a great interest has been shown in the study of cellulose micro- and 

nanocrystals as a reinforcing phase in polymer matrix systems. Some 

investigations were conducted in the nonlinear range, i.e. classical tensile tests, 

while others in the linear range, namely dynamic mechanical analysis 

(DMA)[12]. Favier et al[44, 45] reported the first observation of the 

reinforcing effect of cellulose whiskers. The measurement in the shear mode 

showed a significant improvement in the storage modulus after adding tunicin 

whiskers into a poly(S-co-BuA) matrix. In the rubbery state of the 
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thermoplastic matrix, a loading level as low as 6 wt% improves the modulus 

of the composite more than 2 orders of magnitude than that of neat matrix. 

Later on, the reinforcing effect of tunicin whiskers was supported by studies 

using tensile tests[12]. The elastic modulus and tensile strength of a composite 

are shown to be improved by incorporating these cellulose whiskers.  

Many approaches have been explored to launch a theoretical model for 

nanofiber reinforced polymer composites (such as percolation[46]). In the 

case of cellulose whiskers, a popular model for the Young’s modulus of 

composites containing cellulose whiskers was developed using a modified  

Takayanagi model[47]. The Young’s modulus of the nanocomposites can be 

written as[48, 49] 
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where Xr is the volume fraction of the rigid (r, whisker) component, Es and Er 

are the Young’s moduli of the neat soft (s, polymer) and rigid constituents, and 

ψ is the volume fraction of whiskers. The value of ψ is approximated by 

equation (3.3) from Xr and the critical whisker perlocation volume fraction, 

f
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= , where f is the aspect ratio of the whiskers. 
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Based on this theoretical model, it is obviously asserted that the aspect 

ratio of CNXL is one key factor that affects mechanical properties of resulting 

nanocomposites, besides the modulus of CNXL. In the PhD dissertation study 

of Favier[45], the highest modulus improvement was achieved with tunicin 

whiskers (L/d ~ 67) in comparison with bacterial (L/d ~ 60) or Avicel whiskers 

(L/d ~ 10).  

Classical composite science usually considers filler/filler interactions to 

have great variation in their influence on mechanical performance of the 

resulting composite. According to the review of current work on 

cellulose/polymer composite systems by Samir et al.[12], in cellulose based 

nanocomposite materials, the filler/matrix interactions have been reported to 

be influential, that is, the higher the affinity between the cellulose fiber and 

the matrix is, the lower the mechanical properties are. Whereas, recent 

findings by Simonsen disagree with the above statement[16], which indicate 

that the affinity between cellulose whiskers and polymer matrix enhances 

mechanical properties of the composite system. 

3.2.2 Processing of cellulose nanocomposites 

With similarity to issues discussed in the section about CNT/epoxy 

system, final characteristics of cellulose whisker based polymer composites 

largely depend on the processing technique. Due to the hydrophilic nature of 

cellulose, the moisture effect should be carefully considered. Organic solvent 
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medium has been investigated as an alternative to dispersion of cellulose 

whiskers in aqueous phase[12]. This can be achieved by coating the whisker 

surface with a surfactant[50]. However, it requires high amount of surfactant 

to coat the surface to be effective because cellulose whiskers have such great 

surface area. Therefore, a method of chemical modification of the whisker 

surface was carried out, which generally involves reactive hydroxyl groups 

from the surface of the whiskers. Unfortunately, the mechanical performances 

of the nanocomposites were reported dramatically decreased after such 

chemical modification for chitin whiskers from crab shell[51]. But Samir et 

al.[52] demonstrated that tunicin whiskers could be dispersed in DMF without 

additives or surface modifications. This result opens a path for using 

hydrophobic polymers, such as epoxy resins, as matrices in addition to 

allowing chemical modifications which are incompatible with the presence of 

water. 

Ruiz et al.[53, 54] employed water-based emulsion method to produce 

cellulose/ epoxy nanocomposites, wherein the resin is diluted in aqueous 

emulsion and hence the viscosity of the resin is reduced for dispersion of 

cellulose whiskers under high-speed stirring. On the other hand, Ohnishi et 

al.[55] used freeze-drying technique in addition to ethanol organic solvent 

dispersion. Gawryla et al.[56] synthesized polymer-clay-cellulose aerogels with 

ultra low density via a freeze-drying process. 
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Chapter 4: Experimental 

    In this study, cellulose nanocrystals are introduced in epoxy resin matrix 

to produce a nanofiller reinforced polymer composite material. As has been 

discussed above, the dispersion of cellulose whiskers in resin is a key factor to 

achieve a homogeneous composite. 

4.1 Materials 

4.1.1 CNXL water suspension 

Cellulose used in this study was ground in our lab from Whatman #1 

filter paper (Clifton, NJ). The resulting cotton powder was then subjected to 

an acid hydrolysis process using 65% H2SO4 (v/v) with mild stirring in oil 

bath at temperature of 45 °C for 90 minutes. The ground paper to acid ratio 

was 1:10 g/mL. The white hydrolysate mixture was centrifuged 5 times with 

dust free DI water (filtered in our lab using department provided DI water) to 

remove the acid. The suspension was subjected to ultrasonic irradiation in a 

Branson Sonifier (Danbury, CT; power set to 4 with duty cycle of 40%) for 10 

minutes to disperse the CNXLs and break any agglomerates formed. The 

suspension was then ultrafiltered to remove salts until the conductivity was 

<10 µS/cm. The aqueous disperson of CNXL was measured for solids content 

and found to be about 1.5% solids and stored in refrigerator for following use. 

4.1.2 Matrix materials 

The epoxy resin used in this study is EPON Resin 863, provided by 
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Hexion Specialty Chemicals (Columbus, OH). It is a low viscosity (25 – 45 P 

at 25 °C), clear resin with weight per epoxide (WPE) of 165 – 174 g/eq and 

density (at 25 °C) of 9.9 lb/gal. EPIKURE Curing Agent W, which is an 

aromatic amine curing agent and is also offered by the same company, was 

used as curing agent. Neat cured resin features Tg of 150 °C, tensile strength 

of 11,800 psi, tensile elongation of 10.6%, and tensile modulus of 4200 ksi, 

according to the manufacturer’s technical data sheet. 

4.1.3 Organic solvents 

   There were organic solvents utilized in process of dispersion of CNXL. 

Ethylene glycol monomethyl ether (EGME, C3H8O2, ), 98%, 

was acquired from Mallinckrodt Chemicals (Phillipsburg, NJ), which has a 

boiling point at 123.8 °C – 124.8 °C. Acetone (CH3COCH3, ), 99.5%, 

was also by Mallinckrodt Chemicals. Isopropyl alcohol (C3H7OH, ), 

>99.99%, was provided by EMD (Gibbstown, NJ). 

4.2 Methods 

4.2.1 Sample preparation 

4.2.1.1 Dispersion using organic solvent 

    Because of the conflicts between cellulose whiskers’ hydrophilic nature 

and epoxy resin’s hydrophobic character, organic solvents, namely EGME and 

isopropyl alcohol, were introduced as a medium for dispersion of cellulose 

whiskers into the resin. CNXL water suspension and EGME were mixed so 
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that cellulose versus EGME contents were 2% plus 20% excess EGME. 

EPON 863 epoxy resin was weight matched to be containing 2 wt% cellulose. 

All materials were mixed well and rotary-evaporated with water bath set to 90 

°C using Büchi Rotavapor RE111 (Postfach, Switzerland) until the weight of 

the mixture stopped decreasing. Isopropyl alcohol was mixed with CNXL 

suspension, which also was calculated to offer 2 wt% cellulose in epoxy, and 

centrifuged taking advantage of its miscibility with water. The resultant 

organogel was placed in oven at a temperature of 60 °C overnight to evaporate 

isopropyl alcohol. Dried cellulose was then mixed by hand using glass rod 

with EPON 863 epoxy resin and CURE W hardener. The mixture was next 

sonicated in order to obtain a homogeneous system. 

4.2.1.2 Dispersion of freeze dried CNXLs 

Freeze drying works by reducing the surrounding pressure of frozen 

material and adding enough heat to force the frozen water in the material to 

sublime directly from solid phase to gas (Figure 3)[57]. Stock CNXL 

suspension was frozen in a house refrigerator (Whirlpool Co., Benton Harbor, 

MI). Frozen CNXL water suspension was transferred into a stainless steel 

canister, which was mounted on a Maxi-Dry vacuum freeze drying unit (FTS 

Systems, Stone Ridge, NY), for freeze drying process until no frozen water 

was observed. Freeze dried cellulose were white fluffy fine fibers. These 

fibers were mechanically mixed by hand using glass rod with EPON 863 
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epoxy resin. Mixed resin was next subjected to ultrasonic irradiation for 1 to 6 

hr with mild stirring, while resin was heated to around 50 °C to reduce its 

viscosity.  

 
Figure 3 A typical phase diagram showing dehydration process, 
including freeze drying (left arrow), air drying (middle arrow) and 
supercritical drying (right arrow).[58] 

4.2.1.3 Dispersion of supercritical dried CNXL aerogels 

CNXL aerogels were introduced in this study to investigate the 

connection between cellulose nanocrystalline matrix and epoxy matrix. 

However, in the case of ordinary liquid-to-gas drying, as the solvent 

volatilizes the volume of the liquid phase decreases, resulting surface tension 

at solid-liquid interface, which pulls against any structure that the liquid is 

attached to and eventually destructs delicate structures, such as CNXL 

aerogels[58]. Even freeze drying disrupts a CNXL matrix. Supercritical drying 

takes advantage of supercritical fluid, which, with temperature and pressure 

above the substance’s critical point, diffuses through solids like a gas and 

dissolves materials like a liquid, and pushes the drying process to the high 

temperature and high pressure region so that the liquid to gas route does not 
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cross any phase boundary (see right arrow shown in Figure 4.1), where the 

liquid phase and gas phase become inherently interchangeable, and preserves 

CNXL matrix. 

Acetone was carefully layered on top of aqueous CNXL suspension for 

one day to extract water from cellulose whiskers region. The upper liquid 

phase was replaced by fresh acetone and the process was repeated 3 times. 

CNXL organogels obtained were placed in the chamber of EMS 850 Critical 

Point Drier (Electron Microscopy Sciences, Hatfield, PA) precooled to 5 °C 

and flushed with liquid CO2 (critical point at 31.1 °C, 1070 psi) for 4 times. 

The supercritical drying was then performed by raising the temperature within 

the chamber to 35 °C, whereat the pressure was above 1200 psi, and then 

gradually releasing the pressure at a rate no greater than 100 psi/min until zero 

while temperature was maintained around 35 °C. CNXL aerogels, which were 

measured to have density less than 40 mg/cm3, were vacuumed for 1 hr and 

mixed resin and hardener, which were kept warm at around 60 °C to 

maintained relatively low viscosity, were then poured under vacuum and 

completely covered the cellulose. The composite was then cured using the 

standard cure cycle for the epoxy resin. 

4.2.2 CNXL characterization 

4.2.2.1 Fourier Transform Infrared Spectroscopy (FTIR) 

    FTIR analysis was performed, using a Nexus 470 FTIR spectrometer 
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(Thermo Nicolet, Madison, WI) in an absorbance range of 4000-500 cm-1, to 

characterize freeze dried and supercritical dried cellulose whiskers. In this 

technique, infrared light is collected through interferometer to form a 

interferogram, after passing through sample, thereafter, using mathematical 

Fourier transform, a infrared spectrum is plotted.[59] Trace amount of dried 

CNXL fractions were cut and mixed with KBr powder for FTIR observation. 

The charts obtained were automatically baseline corrected and brought to a 

common scale for presentation. 

4.3.2 Tensile testing 

4.3.2.1 Specimen preparation 

    EPIKURE Curing Agent W was mixed with cellulose whiskers 

containing epoxy resin by hand using glass rod at a ratio of 20.9% : 79.1% 

(Curing Agent W vs. pure 863 resin, w/w ). Mixed resin was placed in a round 

aluminum pan with 14 cm and 5 cm diameters, as respective to different part 

of study, and degassed in vacuum at around 60 °C prior to heat treatment in a 

convection oven (Blue M electric Co., Blue Island, IL) in the following curing 

cycle: 80 °C for 1 hr, 121 °C for 1 hr, and then 177 °C for 2 hr, as described in 

manufacturer’s specification sheet. Cured resin was then cooled down to room 

temperature and left overnight to release internal thermal stress caused by the 

heat treatment. Samples were then taken out of aluminum pans and machined 

into classic dogbone shape specimens for tensile testing. Control specimens 
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containing neat epoxy resin were also prepared for comparison. 

4.3.2.2 Tensile testing 

A universal testing machine Sintech 1/G (MTS, Cary, NC) was used for 

mechanical testing in tensile mode. Each test was replicated various times. 

The crosshead speed was maintained at 1 mm/min with an initial span of 20 

mm. Four properties were determined from the obtained stress vs. strain 

curves (Figure 4): (1) ultimate tensile strength, (2) tensile modulus, (3) work 

to failure (toughness), and (4) elongation at break. The tensile strength was the 

yield load divided by the initial cross sectional area of the specimen. The 

modulus was obtained as the slope of the initial linear portion of the curve, i.e.  

ε
σ

=E                              (4.1) 

Although the value for toughness is supposed to be the area under the stress vs. 

strain curve as well, this value was obtained as the area under the load vs. 

extension curve in this study given that compared test specimens were 

machined into as close in geometry as possible. The elongation at break was 

obtained as percentage elongation by dividing the extension by the initial span, 

or by presentation of strain at break. 
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Figure 4 A typical stress/strain curve acquired from actual tensile test result. 

4.2.3.3 Digital image correlation (DIC) 

    DIC technique was introduced to measure the strain during tensile testing 

on specimens prepared with CNXL aerogels, because specimens prepared 

were too small to be accurately measured dimension and deformation using 

traditional equipment. The experimental setup, as employed in this study, 

utilizes two digital cameras sitting at a small angle between each other to 

capture digital images periodically of test specimen by optical means during 

tensile testing. Computer program then identifies unique pixels within a subset 

of specimen plane of each digital image and calculates its deformation, thereas 

strain of specimen is obtained. Dogbone specimens were pre-tinted with fine 

black paint particles, for recognizability of computer program, until above 

40% of area of interest was covered. Prior to testing, calibrations were 

performed using a calibration target. Raw captured data as well as statistical 
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data processed by Vic3D program were exported and combined with tensile 

testing data obtained from Sintech instrument to calculate strain and 

elongation. 
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Chapter 5: Results and Discussion 

5.1 FTIR of dried CNXL 

Figure 5 shows FTIR absorption spectrum obtained from freeze dried 

cellulose whiskers. Strong peaks around 1100 cm-1 present both secondary 

alcohol ( ) and secondary ether ( ) functional groups. Medium peaks 

at 2899 cm-1 indicates methylene groups (CH2), and broad peaks around 3348 

cm-1 shows high concentration of alcohol groups (ROH). All these clean peaks 

strongly indicate the existence of cellulose backbone and its high purity. Weak 

peaks around 1654 cm-1 suggest C=C and C=O functional groups due to 

slightly incomplete acid hydrolysis of cellulose.  

Figure 5 FTIR spectrum of freeze dried CNXL. 

Figure 6 shows FTIR absorption spectrum obtained from supercritical 
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dried cellulose whiskers. With great similarity as the spectrum before, it 

demonstrates all cellulose backbone functional groups with strong peaks. 

Minor peaks around 1724 cm-1 again suggest the presence of the carboxylic 

acid functionality. Therefore, both freeze drying and supercritical drying are 

dependable methods of obtaining pure CNXLs from their water suspension. 

Thus, the resultant CNXLs are suitable for direct dispersion into epoxy resin 

in this study, which will be discussed later. 

Figure 6 FTIR spectrum of supercritical dried CNXL. 

5.2 Tensile properties 

5.2.1 CNXL dispersed using organic solvent 

5.2.1.1 Neat epoxy resin and organic solvents 

Substituting water with organic solvent as a medium to disperse 
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nanofibers into resin has been a common path as discussed in Chapter 3. In 

this study, EGME was investigated as a medium replacing water in CNXL 

suspension to transfer CNXLs into resin system. Firstly, EGME and epoxy 

resin were mixed thoroughly without adding cellulose to study the effects the 

solvent contributes to the resin system. After rotary evaporation of solvent, the 

EGME residual was measured to be 2.53 wt%.  

Figure 7 shows the comparison between tensile properties of interest, 

namely, ultimate tensile strength (UTS), tensile modulus, work to break, and 

elongation at break, of samples made using rotovaping with different organic 

solvents, combined with previous relative research by Simonsen, and control. 

All specimens had solvent residual, despite that percentages vary. All test 

results were in English units, except the ones of EMGE as solvent, which 

were in Metric units and were later converted into values in English units. 

Since various properties have different units, values of each property of 

control were set to 1, values of each property of experimental samples were 

relative values as compared to that of control, and the chart in Figure 7 shows 

the relations of each property as compared to control. 
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Figure 7 A comparison of tensile properties between samples and 
controls: UTS, tensile modulus, work to break, and elongation at break. 

    UTS of specimens containing residual solvents show no impressive 

improvement as compared to control, if not a lower value, while tensile 

moduli all dropped dramatically. However, organic solvent media contributed 

to a noticeable improvement in toughness and elongation compared to the 

control. Evidently, the solvent provides the material more elasticity. 

5.2.1.2 CNXL/epoxy dispersion via organic solvents 

CNXL suspension, epoxy resin and EGME mixture was rotovaped to 

form epoxy cellulose dispersion. However, several trials resulted in 

agglomeration of cellulose such that cellulose formed a gel within the mixture 

instead of being dispersed. We concluded that using organic solvents to extract 

water from CNXL suspensions was not feasible under the conditions of the 
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experiment. Also, the effect of this specific solvent can be taken into account. 

Dried cellulose from isopropyl alcohol centrifugation was sonicated in order 

to obtain a homogeneous system. Unfortunately, bulky dried cellulose did not 

disperse. 

Above behaviors suggest that this approach which showed moderate 

success with other systems is not suitable for cellulose whisker dispersions 

due to its extreme hydrophilicity and relatively high reactivity, as well as the 

reaction between organic solvent and epoxy. Hence, this study was re-directed 

to other methods which avoid contact with third-party medium. 

5.2.2 Epoxy dispersion of freeze dried CNXLs 

In order to eliminate solvent effects that have been proven negative to the 

system as in previous section, freeze dried cellulose whisker powders were 

dispersed by ultrasonic irradiation. Cellulose contents were measured in 

weight percentage. 0% cellulose content indicates control specimens. Figure 8 

shows relative values of each tensile property of interest of 2% cellulose 

epoxy composite specimens prepared by different sonication durations. 

Studied sonication durations were 1 hr, 4 hr and 6 hr. Test values of specimens 

sonicated for 1 hr were set to 1, and were compared with relative values of 

other specimens. As can be seen, there is no obvious indication of sonication 

duration contribution to tensile properties of dispersed system. Values vary but 

standard deviations (SD) of mixed specimens under different sonication 
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durations demonstrate no significant variation (see Figures 9 through 12). 
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Figure 8 A comparison of tensile properties of specimens under 1 hr, 
4 hr, and 6 hr of sonication duration. 
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Figure 9 UTS of epoxy composites with different cellulose contents. 
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Figure 10 Tensile modulus of epoxy composites with different 
cellulose contents. 
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Figure 11 Work to break of epoxy composites with different cellulose 

contents. 
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Figure 12 Elongation at break of epoxy composites with different 
cellulose contents 

Figures 9 through 12 demonstrate tensile properties of epoxy composite 

specimens made with different cellulose contents. UTS and toughness values 

show noticeable decreasing tendencies with increasing cellulose content, by 

25.5% and 23.5%, respectively. UTS were obtained with coefficients of 

variation (COV) from 8 – 16%. Those of work to break were from 31 – 43%. 

Tensile results in Figure 11 show improvement in modulus as more 

CNXL dispersed in the system. However, none of the cellulose contents show 

improvement when compared to neat epoxy. The modulus of specimen 

containing 1% CNXL dropped 28% from that of control. 2% of CNXL 

improves modulus but it is still 5.1% below that of control. COV are from 

6.65 – 11.34%. As known by all, polymer composites tend to show more 

elongation at break with lower filler loadings. The results in Figure 12 
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illustrate 23.7% decrease in elongation with 2% CNXL loading than that of 

control. Whereas, 1% CNXL loading offers almost the same percentage 

elongation as that of control. 

The unexpected degradation of tensile properties can be ascribed to the 

poor formation of freeze dried cellulose. Freeze dried cellulose from frozen 

water suspension appears to be white porous powder of apparently 

agglomerated CNXLs, which are very difficult to re-disperse. In addition, 

larger particles are less prone to disperse in epoxy resin, which has relatively 

high viscosity, to form homogeneous dispersion and results in poor 

performance. This can be verified by bare eyes looking at cured epoxy 

samples, which have ugly dark brown color and less transparency. Therefore, 

the freeze drying process cannot produce desirable pure and dispersable 

CNXLs for the purpose of this study. 

5.2.3 Epoxy composite using supercritical dried CNXL aerogels 

5.2.3.1 Tensile testing results 

Due to its feature in maintaining material’s morphology, supercritical 

drying technique was employed to produce CNXL aerogels. Since CNXL 

aerogel maintains the formation and particle size existing in the water-based 

suspension, the resulting epoxy composite material should have a uniform 

cellulose dispersion. Specimens were prepared, as described in Chapter 4, 

under two vacuum levels, lower vacuum level of 21.0 in Hg and higher 
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vacuum level of 26.4 in Hg, respectively. Specimens prepared under lower 

vacuum level suffer from vast porous vacancies inside due to incomplete 

degassing. The density of bubbles was higher closer to the center, and so was 

the bubble size. However, those prepared under higher vacuum level were 

almost bubble free. Control specimens were machined from the same sample 

disc under exactly same condition according to each loaded specimen. CNXL 

contents were measured by determining the density of the composite and of 

the cured epoxy alone using a pycnometer, then assuming the density of the 

CNXL was 1.6 g/cm3, the reported density of the cellulose crystal[60]. This 

gave cellulose contents of 10.9 wt% for the low vacuum sample and 21.0 wt% 

for the high vacuum sample, which were converted to volume fractions of 

8.1% and 16.0%, respectively. The equation can be expressed as 

VXVXW rsrr )1( −+= ρρ ,                 (5.1) 

where W is the weight of test specimen, ρr and ρs are densities of cellulose whiskers (rigid) 

and epoxy (soft), respectively, Xr is the volume fraction of cellulose whiskers, and V is 

the volume of test specimen. Strain data were acquired by statistical analysis 

using DIC technique. Figure 13 through 16 show tensile properties of epoxy 

composite specimens prepared with CNXL aerogels. 
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Figure 13 UTS comparison between specimens prepared with CNXL 
aerogels under different vacuum condition and control. 
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Figure 14 Tensile modulus comparison between specimens prepared 
with CNXL aerogels under different vacuum condition and control. 
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Figure 15 Work to break comparison between specimens prepared with 
CNXL aerogels under different vacuum condition and control. 
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Figure 16 Elongation comparison between specimens prepared with 
CNXL aerogels under different vacuum condition and control. 

As expected, test results of specimens with enormous bubbles inside 

offer extremely low values. When compared to control, UTS decreases by 

36.6%, modulus by 7.1%, work to break by 60.1%, and elongation by 56.3%. 
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Besides, COV of these values vary spectacularly, from 13 -90%. This shows 

that porous epoxy composites are dramatically weaker and less consistent than 

homogeneous bulk materials of the same composition. 

On the other hand, test results of specimens with bubble free CNXL 

aerogels were slightly superior to the control. UTS increases by 5.6%, with 

COV of 7%. Modulus of CNXL/epoxy composite is enhanced by 10.1%, with 

COV of 10%. Work needed to break climbs by 12.4%. Although it has a high 

COV of 20%, considering the small geometry of the test specimens, high 

COV is expected. Elongation at break was lower than that of the control with 

a decrease of 12.2%. However, the high COV of 48% suggests that precise 

handling is demanded with the epoxy curing process. Moreover, more 

frequent image exposures in the DIC process may increase the precision in 

recording strain. 

With typical aspect ratio of 20[12] for this kind of cellulose whiskers, the 

critical whisker percolation volume fraction Xc = 0.035. Hence, the theoretical 

Young’s modulus of the high vacuum sample, using the experimentally 

determined modulus values for the control as the matrix modulus, can be 

predicted using equation (3.2) and equation (3.3) and the value is calculated to 

be 13.0 GPa, which is 4.4 times larger than what was observed experimentally. 

The dramatic difference between the experimental value and the calculated 

value using the modified Takayanagi model suggests defects within the 
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samples, although no bubbles could be seen with the bare eye. In addition, the 

reaction between CNXL and epoxy may have a detrimental effect, reducing 

the matrix modulus. In addition, the assumed modulus of the CNXLs may be 

in error. Using equations 3.2 and 3.3 and substituting for the CNXL modulus 

to fit the experimental data gives a value of ~5 GPa for the CNXL modulus. 

Independent measurement of the modulus of the CNXLs used in this 

experiment was not conducted, but would help determine the source of the 

discrepancy. Finally, all the assumptions in the Takayanagi model have not 

been empirically verified. Thus, the model itself may not be completely 

appropriate for this situation. 

5.2.3.2 Statistical significance of results 

The Welch’s test, a modified unpaired two-sample t-test) was performed 

on data acquired from test specimens prepared with CNXL aerogels, since 

completed test sample sizes and variance of each sample groups prepared 

under different vacuum levels and control were unequal. The Welch’s test is 

derived as 
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where X  is mean values of each tensile property, s is standard deviation, n is 

sample size of each test group, and numbered subscripts indicate sample 

group. 
21 XXs −  is given by 
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21 n
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n
ss XX +=− .                  (5.4) 

Comparing to Student’s t-distribution chart, the t statistics calculated for each 

tensile property values of specimens prepared under different vacuum level, 

when compared to control, demonstrated that UTS, toughness and elongation 

of samples prepared under low vacuum level had significant decreases with 

over 95% confidence, while the moduli showed no significant differences. On 

the other hand, UTS and modulus of samples prepared under high vacuum 

level showed improvement with above 80% confidence, while no significant 

variance was observed in toughness and elongation. 

5.2.3.3 Estimation of errors 

Considering the noticeably large coefficients of variation in the data 

acquired, an estimation of errors was performed amongst all specimens tested. 

The sources of error in the experimental procedure likely include the 

following components: dimension measurement, stress and modulus 

measurement by tensile testing machine, strain measurement by DIC 

technique, as well as density and CNXL loading measurement.  

Dimension of test specimens were measured using a caliper, of which the 
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accuracy is ±0.01 mm. All measurement data were mean value of three 

measurements. The error was estimated to be 0.72%. Since modulus was 

calculated using linear regression by selecting a sequential portion of data 

points (see Figure 4), the error of modulus measurement was then estimated 

using R2 value of regression model in Microsoft Excel computing program, 

i.e. 

21 Re −= .                    (5.5) 

The value was calculated to be 0.29%. Error of strain was estimated by 

dividing standard deviation acquired from DIC computing program by total 

elongation, which produced a value of 0.17%. Additionally, error of density 

and CNXL loading was estimated to be 5.23%. 

    With mean COV of modulus of 10.30%, evidently the instrumental errors 

are a small part of the overall error since they sum to an error of 1.18% in total. 

However, the large error in the density measurement, more than half of total 

error, is again ascribed to the processing of the nanocomposite. Other error 

can be explained to be unrevealed interaction between CNXL and epoxy, 

although more study may discover cellulose whisker size and structure effects. 

    The arguable reinforcement provided by cellulose aerogels compared to 

freeze dried and solvent exchanged can be explained by the homogeneous 

dispersion between cellulose filler and epoxy matrix. Besides relatively high 

filler loading, the native matrix of dried cellulose aerogels can also be taken 
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into account. When taking a close look at individual specimens, one specimen 

was prepared using slightly higher warming temperature that was above 70 °C 

(much closer to the curing temperature at 80 °C), and offered an increase in 

UTS by 13.9% compared to the control. This suggests that utilizing a partially 

cured resin reduces the reaction between resin and cellulose matrix and 

improves properties. Hence, the formation of the epoxy matrix is protected 

and properties are improved. 
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Chapter 6: Conclusions 

6.1 Conclusions 

The commonly studied dispersion method of using an organic solvent to 

substitute for water as a dispersion medium was proved not suitable for the 

cellulose/epoxy composite system, due to reactions between the three 

components.  

Avoiding the solvent medium and dispersing freeze dried cellulose 

whiskers showed that the freeze drying process does not help the dispersion 

process since it destroys the fine size and filler continuity of the CNXLs. 

However, this method was an improvement over the solvent method. 

Moreover, the improvement in tensile properties by 10.1% on average 

using CNXL aerogels prepared by supercritical drying validated the enhancing 

ability of cellulose whiskers and illustrated the importance of obtaining a good 

dispersion of cellulose nanofiller in the epoxy matrix. A highly repeatable and 

consistent CNXL aerogel fabrication procedure was developed during this 

study so that continuous investigation has now become practical. 

6.2 Further research 

    Homogenous dispersion of CNXL is the key to achieving high 

performance in cellulose-epoxy composites. CNXL aerogel study has opened 

up a way to produce good results. Varying epoxy warming temperature, which 

affects its curing efficiency, and comparing the timing of mixing cellulose and 
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epoxy should be further investigated. At the same time, precise handling of the 

epoxy curing process can improve the consistency of the epoxy composite 

materials.  

The cellulose/epoxy reaction needs additional study, so that the effect of 

this reaction on final composite properties can be revealed and can guide 

processing of this composite system. Studies of sample morphology should be 

performed by analytical techniques, such as SEM and AFM, in order to 

capture the effect of composite structure on properties. 
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