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ABSTRACT 

OF THE THESIS OF 

 

Abraham Mohamad Zahran  for Master of Engineering 

      Major: Chemical Engineering  

 

 

Title: Micro-crystalline Cellulose and Nano-crystalline Cellulose for Enhancing the 

Mechanical Properties of Epoxy – The Effect of Moisture Content 

 

 

Epoxy polymers have very good mechanical properties and chemical resistance; thus, 

they are utilized extensively in several fields including composites, adhesives, and 

surface coatings. We added Nano- and Micro-crystalline cellulose (NCC and MCC) to 

the epoxy matrix to enhance their mechanical properties and fracture toughness.  NCC 

and MCC are extracted from renewable and biodegradable cellulosic sources (e.g., 

wood, cotton) and they have good mechanical properties, high surface area, and 

abundant active surface groups.  

The objectives of this study were to investigate the effects of (1) filler content, (2) 

particle size (NCC vs. MCC), and (3) filler moisture content (pristine vs. dried 

MCC/NCC) on the mechanical properties of epoxy composites. To assess the 

mechanical properties, a universal testing machine (UTM) was used to measure the 

tensile properties and calculate the fracture toughness. A scanning electron microscope 

(SEM) was used to examine the morphology of the crack in samples.  The tensile 

strength of epoxy composites as a function of dried filler content showed a maximum at 

around 0.5 wt.%. The maximum tensile strengths of the filler-based epoxy composites 

were 56.2 MPa (53% improvement) and 49.5 MPa (35% improvement) for NCC and 

MCC-based epoxy composites, respectively. By pre-drying the fillers, higher tensile 

strengths were achieved for epoxy composites at relatively lower concentrations. NCC 

with lower particle size distribution was more efficient in reinforcing the epoxy 

composites perhaps due to its morphological characteristics and better distribution in 

the epoxy matrix. The maximum fracture toughness improvements of the epoxy 

composites were 11.217% (1.052 MN.m0.5) and 1.977% (0.965 MN.m0.5) for 2 wt.% 

NCC and 1wt.% MCC, respectively.  The study showed the promising reinforcing 

properties of MCC and NCC in epoxy composites and the effect of their moisture 

content on the mechanical properties. 
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CHAPTER 1 

INTRODUCTION 
 

Composite materials are a combination of two or more constituent materials, 

often with distinct mechanical and chemical properties [1]. For starters, nature is a 

hotbed for composite material. For example, wood is essentially a fibrous composite, 

consisting of cellulose fibers in a lignin matrix. The discipline of composite material 

can be traced all the way back to the 1960s. Since then, there has been an increasing 

demand for materials stiffer and stronger yet lighter in fields ranging from aerospace 

and energy to civil construction. The demands made on materials for better overall 

performance are so great and diverse that no one material can satisfy them. This led to 

the popularization of the concept of combining different material in an integral-

composite to satisfy user requirements [2]. Polymer-based composites (PMC) are one 

such type of composite material. PMCs have either organic or inorganic polymers 

matrices and short or continuous fiber, particles of few millimeters to the nanometer 

range as reinforcing material. PMCs come in two matrix forms, thermosets and 

thermoplastics, with thermoset matrix based composites being generally more common 

[3]. Thermosets are ideal for high-heat applications like appliances. They 

contain polymers that join together in a complex three dimensional network during the 

curing process, which creates a secure, irreversible bond. This is important since it 

eliminates the risk of the product melting during the application of heat [4].  

One of the common thermoset-matrix based composites is epoxy-based 

composites. The epoxy group is known for its reactivity towards both nucelophilic and 

electrophilic species, and this makes it receptive to a broad range of curing agents. A 
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common type of curing agent is hardeners. Common examples of hardeners include 

aliphatic and aromatic amines, carboxylic anhydrides, and imides. At first, epoxy resins 

or epoxy pre-polymers are obtained through a step-growth polymerization reaction 

between two components, a reactive diol or polyol and a diepoxide or equivalent. 

Epichlorohydrin is a readily available and cheap epoxide while Bisphenol-A is a widely 

used polyol for its aromatic nature that enhances hydroxyl reactivity and provides 

additional strength to the resin formed. The degree of polymerization depends on the 

ratio of the two components and thus can go as high as 25. It is the combination of 

epoxy resin and curing agent that gives rise to a cured thermoset epoxy resin. The 

hardener reacts with epoxy resin through the epoxide group and influences the structure 

of the cured or neat resin. The combination of epoxy resin with curing agent is 

responsible for the cross-linked structure of neat thermosetting epoxy resin that is 

characterized with its spatial network structure. This reaction is an exothermic reaction, 

which means that heat is released, and the reaction rate varies greatly depending on the 

type of curing agent used. There are also several other parameter involved, including 

temperature, time, relative humidity, and epoxy resin to hardener weight ratio. Epoxy 

stiffness and strength development is dependent on curing temperature and duration. 

Stiffness and strength development occur faster with higher curing temperature. It is 

also essential to find the proper mixing ratio between the resin and the curing agent so 

that the amine molecule can co-react with epoxy molecule at a constant rate and provide 

a complete reaction. Both epoxy resin and curing agent must be blended 

stoichiometrically. Unreacted resin or curing agent remains in the matrix and affects the 

final properties post-curing [5-9]. 
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Epoxy resins are extensively used in fibre-strengthening composites due to their 

fine mechanical and thermal properties. Based on curing kinetics and chemical 

composition, it is possible to adjust their mechanical properties ranging from intense 

flexibility to high potency and hardness. On the other hand, extensive use of epoxy 

thermosets is restricted in various high-potential applications due to their delamination, 

brittleness, and fracture toughness limitations [10]. As such, fillers are an option to 

consider when discussing reinforcing agent used to enhance the epoxy composite’s 

mechanical and chemical properties. The use of filler will depend on multiple 

parameters, such as filler particle size, its dispersion state, its concentration, its 

compatibility with the polymer, particle-matrix interface interaction, and the processing 

technique implemented. However, one parameter that has been garnering more attention 

is the effect on moisture. In this case, NCC and MCC are both hygroscopic, meaning 

they can pull moisture in and affect the final epoxy composite’s properties. During the 

curing of epoxy, excess water can alter curing kinetics and may solubilize some 

components like the amine hardener thereby reducing the contact between the epoxy 

and hardener and slowing down the reaction and can create barriers that inhibit the 

epoxy molecules from making bonds. Moisture can also decrease the glass transition 

temperature as well as thermal stability. It can also reduce the tensile strength and 

stiffness via a plasticization phenomenon. In the case of fillers, absorbed water can also 

cause a reduction in the interfacial adhesion between the polymer matrix and fibers by 

forming intermolecular hydrogen bonding [11-15]. As such, the aim of this study is to 

investigate the capability of different concentrations of dried NCC and MCC to improve 

these mechanical properties in comparison to the performance of non-dried NCC and 
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MCC when they were used as fillers in the epoxy-based composites in an attempt to 

study the effect of moisture. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1. Polymer Matrix Composites 

A composite material is a material which is produced of two or more 

constituents. Due to increasing demands for stiffer, stronger, yet lighter material, it is 

also increasingly difficult for a single material to satisfy the needs of industries, like 

aerospace, civil construction, and energy. This led to the resurgence of the concept of 

integrating two or more material of usually dissimilar properties into a composite to 

satisfy user requirements. Polymer Matrix Composites (PMCs) have established 

themselves as engineering structural materials. This occurred not only due to the 

introduction of high performance fibers, such as carbon, boron, and aramid, but also due 

to some new and improved matrix materials [2]. Polymers have been use as a matrix 

material alongside metals and ceramics. Polymers can be classified into two categories: 

thermoplastics and thermosets. They differ in their behavior when heat is applied to 

them. The greatest difference is that thermoset strengthens when heat is applied to it. 

However, it cannot be reheated or remolded after initial forming [16]. Upon heating a 

second time, thermosets tend to crack or disintegrate. Thermosetting polymeric systems 

are popular as matrices for polymeric composite system. The highly cross-linked 

molecular chains give the materials excellent mechanical and chemical resistances. 

However, the brittleness of these materials is a major drawback for load-bearing 

applications [17]. On the other hand, thermoplastics are eligible for reheating, 

remolding, and cooling without causing any chemical changes [16]. However, they are 

prone to creep, which happens when the material stretches and weakens under the effect 
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of long term stress loads. They also have poor resistance to organic solvents, 

hydrocarbons, and highly polar solvents. They can also melt at relatively low melting 

points.  

In regards to applications, Thermoplastics are used in low-stress applications, 

such as plastic bags. Another example of their application is corrosion prevention by 

using thermoplastics like PVC as substitutes for steel pipes due to their high chemical 

resistance and ability to resist corrosive environments. More examples include the use 

of polyethylene tanks to transport natural gas for use in residential and commercial 

applications. Moreover, high-pressure polyethylene can be utilized to encapsulate rigid 

objects like electrical equipment while low-pressure polyethylene is useful for 

insulating electrical cables thanks to its suitable elastic nature [16]. Thermosets, on the 

other hands, are used in a wide variety of industries, such as the automotive, surface 

coating, appliance, electrical, lighting, and energy markets. This diversity in application 

is due to their excellent chemical and thermal stability along with their good strength 

[16]. Epoxy resins are thermosets commonly used in the industry due to their unique 

properties. Such properties include high chemical resistance, good adhesion unto many 

materials, and good physical properties, like high strength, hardness, and abrasion 

resistance. They are also easy to process. However, most epoxy resins are innately 

brittle, meaning they have poor resistance to crack initiation and propagation. This is 

due to their high cross-linked structure with aromatic rings in the backbone, which 

impedes the polymer chains’ ability to slide past each other [17].  

Polymers (whether thermosets or thermoplastics) have their own drawbacks, as 

discussed in the beginning of this section. Polymers’ properties can be enhanced by 

adding reinforcing agents. Reinforcing material usually provides more rigidity and 
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greatly disrupts crack propagation. They enforce the mechanical properties of the 

matrix, and are usually harder, stronger and stiffer than the matrix. Reinforcing material 

can be classified into the following: fibers, particulates, fillers, and flakes [17].  

 

2.2. Fillers 

Fillers are particles or powders that are added to enhance or modify the physical 

and mechanical properties of composites, which include the tensile strength, stiffness, 

and hardness. They can also be used to modify properties like thermal conductivity, 

electrical resistance, and wear resistance [17]. Fillers can be either solid, liquid, or gas. 

The properties fillers provide are conditional on their own physical and chemical 

characteristics [18]. Some common fillers include calcium carbonate, aluminum oxide, 

calcium oxide, zinc oxide, and hollow glass beads [17, 19]. The effect a filler may have 

on the polymer composite depend on the type of the filler, filler particle size, its 

dispersion state, its concentration, its compatibility with the polymer, particle-matrix 

interface adhesion and loading, and the processing technique used [19, 20].  

 

2.3. Cellulose 

Cellulose is one of the most ubiquitous biopolymers available in nature. It is one 

of the major components of the cell walls in most of the plants [21]. Cellulose is 

actually one of the world’s most abundant polymers, representing 1.5× 1012 tons of the 

planet’s total annual biomass production, as an almost inexhaustible source of raw 

material. Cellulose-based products are widely used in society. Cellulose and its 

derivatives are represented in various industries, such as paper, packaging, textiles, and 
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forest products [22]. Cell walls are known for their mechanical strength due to the 

presence of cellulose. Cellulose possesses unique structural properties that allow it to 

maintain a semi-crystalline state of aggregation even in aqueous environment, which is 

unusual for a polysaccharide. Cellulose’s abundance is due to the continuous 

photosynthetic cycles taking place in higher plants. It can also be found in several 

marine animals (e.g. tunicates) and to a lesser extent in algae, fungi, bacteria, and 

invertebrates [23]. The crystalline part (see Figure 1) of the semi-crystalline cellulose 

chains found in the plant cell walls represent the high potential cellulose has as a 

reinforcing agent for polymers [24]. Aside from being biodegradable and renewable, 

Cellulose offers an extraction source of a multitude of nanoparticles that can be used as 

a reinforcing agent. Cellulosic nanocrystals (CN) are renowned for their great physical 

and chemical properties, unique morphology, as well as their high crystallinity and 

capability to undergo surface modification to impart better properties [23, 25]. Cellulose 

is organized in parallel assemblies of elementary crystals, which organize into fibers via 

hydrogen bonding. The hydrogen bonding has a significant impact on properties. As 

such, the limited solubility in most solvents, the reactivity of hydroxyl groups, and the 

crystallinity of cellulose samples arise from strong hydrogen bonding systems. 

Cellulose also has hydrophobic areas (around C atoms) which can affect the overall 

properties, including solubility. The intermolecular hydrogen bonding is the reason for 

the strong interaction between cellulosic chains. Lower order or non-crystalline regions 

contain turns between neighboring chains, ordered crystallites pack cellulose chains 

folded in a longitudinal direction [26]. 
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Figure 1: Association of cellulose molecules in the plant cell wall [26]. 

 

2.3.1. Microcrystalline Cellulose 

Natural Cellulose can be transformed into micro or nano scale material by 

applying certain top-down approaches, leading to specific products, such as 

microcrystalline cellulose. Microcrystalline cellulose (MCC) is a fine, white, and 

odorless powder [26]. MCC is made up of a highly crystalline structure consisting of 

bundles of multi-sized cellulose microfibril aggregates that are strongly hydrogen 

bonded to each other as observed in Figure 2. MCC particle size ranges from 10 to 50 

μm in diameter [27]. Its crystallinity ranges from 5% to 80%. MCC is a cellulose 

derivative that is also known for its important properties, which include non-toxicity, 

biodegradability, biocompatibility, high mechanical strength, large surface area, and 

low density.  Due to these attractive properties, it has garnered greater attention over the 

decades and has been used in various industries, such as food, cosmetic, and medical 
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industries as a binder and filler in food and medical tablets. It has also been used as a 

reinforcing agent in polymer composites [28]. MCC is produced from several different 

cellulosic sources, wood and cotton being the main ones. There are several methods for 

the extraction and isolation of MCC from different natural sources, and it depends on 

the species and age of the plant. Such processes and methods include acid hydrolysis, 

alkali hydrolysis, steam explosion, and extrusion. However, acid hydrolysis is generally 

used, and it has been reported in several places within the literature [25-29]. For 

example, MCC can be derived by H2SO4 treatment of bleached kraft wood fibers, 

resulting in partial depolymerization of their amorphous regions, as observed in Figure 

4 [27]. In regards to the acid used, MCC produced from corn husk is not affected by the 

acid used, whether it is HCl, H2SO4, or HNO3. On the other hand, DP and thermal 

stability of MCC largely depend on type of acid used on parawood [30].  

 

Figure 2: SEM imaging of MCC [26] 

There are several steps involved in the process of acid hydrolysis (Figure 3) when trying 

to produce MCC from cellulosic sources. While acid hydrolysis is advantageous due to 

its shorter reaction period and mild reaction conditions, it is important to conduct pre-

processing steps for the biomass. Such steps involve alkali based delignification and 

bleaching before proceeding with acid hydrolysis [28, 30]. 
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Figure 4:  Partial depolymerization of cellulose fibers[25] 

Milled 
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Figure 3: MCC production process which follows the procedure of: grinding, extracting 

cellulose, chemical treatment, and recovering the powdered MCC. 
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2.3.2. Nanocrystalline Cellulose 

Nanocelullose can be extracted from plants in the form of nanocellulose fibers 

(NCF) and nanocellulose crystals (CNC/NCC) depending on the method used. NCC can 

be extracted from purified cellulose fibers after complete dissolution of the non-

crystalline portions by chemical hydrolysis. On the other hand, CNF is produced by 

high pressure coupled with shearing forces of mechanical fibrillation after pretreatment. 

Both have been extensively utilized as reinforcing agents in polymer composites. That 

being said, NCC is more favorable as load-bearing constituents due to their ability to 

enhance toughness, strength, and stiffness of the final composite through interfacial 

interactions between the NCC and the matrix. This is aided by the NCC’s highly 

crystalline nature (65%-90% crystallinity) which imparts high strength, rigidity, and 

higher modulus (138-150 GPa) than fibrils (70 GPa). CNFs also have higher aspect 

ratio due to being several micrometers long. The fibrils can be easily interconnected to 

form a rigid web-like network of fibrils that can lead to greater enhancement. However, 

the network structure and high aspect ratio can hinder the CNF’s dispersion in the 

matrix, leading to agglomeration.  Strong entanglement among the fibrils, due to strong 

hydrogen bonding, can also impede the well dispersion of the fillers [24]. Xu et al 

arrived at the same conclusion by comparing CNC and CNF performance as reinforcing 

agents in polyethlylene glycol (PEO). CNC showed better dispersion, owing to its 

smaller particle size and lack of agglomeration. Meanwhile, CNF exhibited noticeable 

entanglement and had a relatively poorer dispersion. This contributed to having a lower 

strain at failure for PEO/CNF composites despite displaying high strength [31]. 
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Figure 5: Acid Hydrolysis of NCC and SEM imaging of NCC (left to right) [32] 

 

Figure 6: Chemical and mechanical processes involved in production of NCC by acid 

hydrolysis [33] 

NCC can be extracted from woody biomass and other lignocellulosic sources 

using potent mineral acids, such as HCl or H3PO4. This is done through the process of 

acid hydrolysis (see Figure 5 and Figure 6) [34]. Pre-treatment is usually required also 

through delignification and bleaching using alkali treatments to remove the 

hemicelluloses and lignin from the main cellulosic components. This is followed up 

with acid hydrolysis to extract the nanocelluose. The amorphous region of the cellulose 

fibrils are hydrolyzed with the strong and suitable acids. Cellulosic fibers can also be 

mechanically isolated using methods, such as ultrasonication and ball milling. However, 
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such techniques necessitate high energy input [29]. Other methods also include bacterial 

and enzymatic extraction processes as well as oxidation reactions. The most well 

studied and widely used method to produce NCC is the use sulfuric acid to hydrolyze 

and esterify cellulose while also yielding highly crystalline nanocellulose with high 

colloidal stability [33]. NCC application is rooted in its ability undergo surface 

modification to enhance its compatibility with specific polymers. NCC, like other 

cellulosics (e.g. MCC), is rich in hydroxyl groups, making it highly polar and 

hydrophilic. Meanwhile, most polymers are hydrophobic. Chemical, physical, or 

physicochemical methods can be used to modify the NCC’s surface to overcome the 

hydrogen bonding interactions and enhance cellulosic dispersion in polymer matrices. 

Due to this and their alluring properties, NCC can be found in several applications, such 

as hydrogels used for drug delivery and tissue engineering. They can also be used as 

rheological modifiers in food, paint, and cosmetic, and they can surely be used as 

reinforcing agents in nanocomposites to reinforce polymers such as epoxies, leading to 

more toughened material while still maintaining high strength and stiffness [33, 34]. 

 

2.4. Reinforcing Polymers with NCC and MCC 

Due to MCC’s and NCC’s attractive properties (as discussed in previous 

sections), they have been used extensively as reinforcing agents for polymers in various 

industries. In this section, the vast literature is explored to provide examples of the 

impact of MCC and NCC on various polymer composites, and how these effects may 

vary with different parameters. All literature results will be summarized in Table 1). 
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2.4.1. Effects of Reinforcing with Different Concentrations 

In regards to thermoplastics, several studies investigated the impact of NCC or 

MCC as reinforcing agent at different concentrations. In Xu et al’s study [31], PEO 

samples with 0, 1, 4, 7, and 10 wt% NCC were prepared. The incorporation of NCC 

into PEO led to an enhancement in the composite’s mechanical properties but up to a 

certain limit. The composite that was reinforced with 7 wt% NCC had the best 

mechanical properties. The increase in tensile strength and modulus are attributed to 

NCC’s high mechanical properties and its strong interaction with the PEO matrix. The 

decrease in properties at higher concentrations of NCC (e.g. 10 wt%) is attributed to the 

nanocellulose agglomerations that could be observed. This would lead to degradation in 

the polymer’s mechanical properties. This means that it is essential to tune this 

parameter (i.e. the filler concentration) when using fillers for reinforce in polymer 

composites [31]. In another study, MCC was used as filler in nylon 6. MCC was 

instilled into nylon 6 using melt mixing to produce compounded pellets.  MCC-Nylon 6 

composites had varying concentrations of MCC incorporated in to them, ranging from 

2.5 wt% to 30 wt%. The results of the mechanical test showed that nylon with a 20% 

MCC load had the highest tensile strength (52.7 MPs, an 81% increase over pure nylon 

6) as well as the highest strain at failure (4.8%). MCC’s compatibility with Nylon is 

good as both are polar, and the presence of MCC allows for better stress transfer. 

Meanwhile, the young modulus kept increasing until it reached 1.86 GPa at 30 wt% 

MCC. Beyond the 20 wt% MCC concentration, tensile strength in the MCC-nylon 6 

composites decreased while still staying better than pure nylon 6. This is portrayed in 

Figure 7 and Figure 8 below. This shows deterioration in some of the polymer’s 
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properties at a higher concentration of 30% MCC in comparison to the 20% 

concentration used to reinforce the polymer [35].  

 

Figure 7: Tensile strength of MCC filled Nylon 6 composites [35] 

 

Figure 8: Elongation of MCC filled Nylon 6 composites [35] 

The reinforcing effect of MCC was also investigated in a study that used MCC 

(with particle size 10-15 μm) as filler in Polylactic acid (PLA). MCC was used in 

concentrations of 0, 10, 15, 20, and 25. Upon conducting the necessary mechanical 

tests, the PLA mechanical tensile strength of PLA actually degraded with the 

incorporation of MCC, reaching 36.2 MPa at MCC 25wt%. Meanwhile, pure PLA had a 

tensile strength of 49.6 MPa. This shows a decrease of 27% in tensile strength. 

Reinforcements are contingent on adhesion between the polymer (PLA) and filler 
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(MCC) and stress transfer efficiency of the interface. The decrease in strength is 

attributed to poor stress transfer across the interface, meaning there is almost no 

interfacial bonding between the filler and polymer. Poor adhesion leads to several voids 

 at the interface, and stress transfer becomes inefficient leading to low strength values. 

PLA is non-polar while MCC is polar and hydrophilic, which may explain the poor 

interfacial bonding. As such, it is important for polymers and chosen fillers to be 

compatible [36]. 

When it comes to thermosets, epoxy was used in a study with NCC incorporated 

as a reinforcing agent at different concentrations (0.125, 0.25, 0.5, and 1 wt%). From 

the results in Figure 9, it could be observed that the best mechanical tensile strength (46 

MPa) was achieved at NCC content of 0.25%, an increase of 15%. Meanwhile the 

modulus recorded an increase of 51.8%. NCC can help stop crack propagation and 

lengthen fracture pathway by deflecting those cracks. However, beyond this, NCC 

content of 0.5% and 1% showed degradation in the mechanical properties of the 

composite, albeit still slightly better than epoxy in its pure form [37].  



 

 26 

 

Figure 9: The tensile properties of cured NCC-Epoxy composites with different NCC 

concentrations [37] 

Based on images taken by the SEM in Figure 10, it was concluded that poorer 

dispersion and agglomeration of NCC at higher concentrations (0.5% and 1%) was the 

cause of this degradation [37]. 

 

Figure 10: SEM image for the fracture surface of NNC-Epoxy composite sample (1 

wt% NCC) [37] 

 

2.4.2. Chemical Modification of Filler or Polymer 

Cellulosic fibers can be incompatibles with non-polar polymers and can lead to 

degradation in their mechanical properties as previously highlighted. It was pointed in 
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previous sections that chemical modification is possible to functionalize and enhance 

dispersion in polymer matrices. For example, MCC was incorporated into modified 

polypropylene (PP), a thermoplastic. PP and MCC would have incompatibility and 

inhomogeneity problems, owing to the non-polar nature of the former and polar nature 

of latter. As such, maleic anhydride (MA) was used as a coupling agent for PP, forming 

PP-g-MA. This allows for formation of covalent bonds between PP and MCC, which 

improves their compatibility. In this case, the composite showed good mechanical 

properties upon incorporating MCC as filler. The improvement was small in the tensile 

strength, capping at 1.5% at 40 wt% of MCC. However, the tensile modulus increased 

to maximum of 660 MPa at MCC 40 wt% as opposed to PP’s 380 MPa. Meanwhile, 

PP/MCC composites showed poorer compared to MA-g-PP/MCC [38]. 

In another study, MCC derived from sisal were treated with hyper-branched aromatic 

polyamide (HBAP) to reinforce epoxy resin. This is done to achieve better adhesion 

between the matrix and filler. In this case, maximum tensile strength was achieved at 

2wt% of HBAP-MCC, reaching 80 MPa and corresponding to an increase of 34.7%. 

Meanwhile, the toughness and young modulus increased from 1.57 MJ/m3 and 556 

MPa (respectively) at 0 wt% to 4.37 MJ/m3 and 695 MPa at 2 wt%, corresponding to an 

increase of 178.3% and 25% respectively [39]. Another study examined the effect of 

esterified NCC as a reinforcing agent on epoxy resin and its properties. This was also 

compared with effect that non-modified native NCC had on epoxy’s properties. This is 

done to improve NCC’s dispersion in non-polar polymers, enhance its interaction with 

said polymers, and mitigate its moisture sensitivity while maintaining the integrity and 

alluring mechanical properties of NCC. Hence, hydrophobic esterification was used to 

reduce NCC’s hydrophilicity. As such, modified NCC portrayed a better dispersibility 
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into hydrophobic solvents, like toluene. Results showed that epoxy composites 

reinforced with modified NCC exhibited better reinforcement compared to epoxy 

composites reinforced with native NCC. The improvement exhibited by the modified 

NCC was illustrated in a 77% and 44% improvement in tensile strength and young 

modulus, respectively. This was attributed to enhanced NCC dispersion in the polymer 

matrix and intimate interaction between the polymer matrix and modified nanoparticles 

[40].  

Another study looked into highly modified NCC for reinforcement of epoxy-based 

composites. NCC was modified using acetic anhydride (Ac2O) in the presence of iodine 

(I2) catalyst. This method of modification attempts to introduce new functionality by 

esterifying NCC (Ac-NCC) while preserving the basic crystalline structure. Ac-NCC 

formed highly flexible transparent films with enhanced interlayer distance due to the 

bulky acetate esters. This reduced the intermolecular interactions due to the replacement 

of the hydroxyl groups. The interlayer distance allows for cavities that can entrap nano- 

and micro-particles. Upon incorporating Ac-NCC into epoxy-based composites at 

different loadings (0.01, 0.05, 0.1, 0.5, and 1 wt%), the tensile strength and modulus 

increased, reaching 45.22 MPa and 1674 MPa, respectively. This marked an increase in 

73% and 100.2% in both tensile strength and modulus respectively. However, beyond 

0.5 wt% loading, a decrease in the tensile strength was observed in comparison to the 

0.5 wt% loading due to dominance of filler-filler interactions. However, it was still 

better than neat epoxy. The enhancement was attributed to the good dispersion of Ac-

NCC in the composite, high capacity for stress transfer intimate interaction between the 

filler and polymer matrix, presumably through a proposed interaction mechanism 
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between the epoxy amino group and the carbonyl group of acetate esters in Ac-NCC 

[41]. 

Table 1: Literature results 

Polymer Matrix Filler Filler 

Concentrations 

Tensile 

Strength 

Improvement 

(%) 

Strain at 

Failure 

Improvement 

(%) 

Young’s 

Modulus 

Improvement 

(%) 

Reference 

PEO 

(thermoplastic) 

NCC 1 

4 

7 

10 

N/A 476 

486 

512 

384 

7.9 

17.8 

23.3 

-0.3 

[31] 

Nylon 6 

(thermoplastic) 

MCC 2.5 

10 

20 

30 

13.6 

68.6 

81 

72 

22.7 

113.6 

118.2 

63.6 

-0.7 

6.4 

20.6 

27.6 

[35] 

PLA 

(thermoplastic) 

MCC 10 

15 

20 

25 

-23 

-23.8 

-23.2 

-27 

-25 

-20.8 

-25 

-29.2 

-1.1 

7.1 

21.4 

29 

[36] 

PP 

 

PP-g-MA 

(thermoplastic) 

T-ZnOw-

MCC 

40 

 

40 

-49.3 

 

1.5 

-87.4 

 

-94.4 

-47.4 

 

73.7 

[38] 

Epoxy 

(thermoset) 

NCC 0.125 

0.25 

0.5 

1 

6 

15 

8.25 

1.25 

-7.5 

-9.4 

-9.4 

-9.4 

19.6 

51.8 

27.5 

18 

[37] 

Epoxy 

 

HBAP-

MCC 

0.5 

1 

1.5 

2 

17.8 

24.6 

33.8 

34.7 

N/A 

 

2.5 

11.5 

18.7 

25 

[39] 

Epoxy 

 

 

 

 

Native 

NCC 

 

Esterified 

NCC 

2.5 

5 

2.5 

5 

21 

39.5 

55.2 

77 

-12.5 

-15.6 

3.1 

1.3 

25 

30.8 

34.6 

44 

[40] 

Epoxy Ac-NCC 0.01 

0.05 

0.1 

0.5 

1 

10.8 

17.4 

28.4 

73 

35 

61.3 

46.63 

15.7 

-12.5 

-18.84 

9.7 

18.2 

42.2 

100.2 

75.5 

[41] 
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2.5. Other Filler 

Aside from MCC and NCC, other fillers have been used as reinforcing agents in 

polymer matrix-based composites. Fillers are usually classified into two types: 

Inorganics and organics. Common examples of organic fillers include carbon/graphite 

fibers and flakes and natural polymers (e.g. cellulose fibers, wood flour and fiber, and 

cotton). Inorganic fillers include mainly oxides, such as glass fibers and Zinc Oxide 

(ZnO). There are several factors that influence the choice filler, such as filler cost, 

hardness, morphology (surface area, particle size and shape), surface chemistry, and 

chemical composition. For example, some filler can have weak interactions with certain 

polymers, such as weak interaction between mineral fillers and non-polar polymers. 

That’s why things like surface chemistry and chemical surface modification are of 

utmost importance [42].  

Some studies have been made to compare reinforcing effect of different fillers. 

For instance, montmorillonite (MMT), an inorganic filler, and NCC, an organic filler, 

were incorporated into alginate biopolymer to examine their reinforcing effect in 

various loading contents (1, 3, and 5 %). Both fillers displayed similar improvement in 

tensile strength (approximately 8.2%) at 1 wt% loading. However, beyond 1 wt%, 

MMT showed degradation in tensile strength property at higher loading while NCC 

continued to show higher tensile strength improvement with higher loading, reaching a 

maximum tensile strength improvement of 24% at 5 wt% loading content. This is 

attributed to the similar polysaccharide structure and good interfacial interactions 

between NCC and alginate. The homogeneously dispersed NCC fillers in the 
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biopolymer matrix are able to adequately form interfacial hydrogen and ionic 

interactions with functional groups of alginate molecules, which include carboxyl and 

hydroxyl groups. On the other hand, MMT layers most likely interacted with each other 

and formed stacked clays through the polymer matrix, which decreased their reinforcing 

effect. This goes to show how competition between filler-filler and matrix-filler 

interaction was affected by choice and characteristics of used filler [43].  

Table 2 presents a collection of studies on filler used to reinforce epoxy polymer 

based composites. Results show us how reinforcement can vary by the choice of filler, 

type of filler, and method of filler modification that can affect matrix-filler interactions 

as well as filler dispersion. Even for same filler concentration, different outcomes of 

reinforcement can be observed as shown in table (2). In one of the studies, optimal 

improvement (14%) in the strength of epoxy composite was achieved by a 1 wt% 

reinforcement using carbon nano-fibers (CNF). Meanwhile, in another study, optimal 

strength improvement (32.14%) of epoxy was achieved at 2.5 wt% ZnO. Hence, the 

literature supports the uniqueness in which different fillers interact with a polymer 

based on multiple aforementioned factors in this section [44-47].  

Table 2: Reinforcing effect of different fillers of 1 wt.% content with Epoxy 

Filler Particle size System Tensile Strength 

Improvement 

(%) 

Reference 

CNF N/A A low-viscosity 

epoxy resin with  

a mixture of  

polyamines as a 

hardener  

14 [44] 

ZnO Less than 100 

nm 

Epoxy resin and 

cycloaliphatic 

polyamine 

hardener 

10 [45] 

g-C3N4 Less than 38 μm Epoxy resin and 

cycloaliphatic 

-37.7 [46] 
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polyamine 

hardener 

Nano-Diamond 30-300 nm Epoxy resin and 

anhydride curing 

agent  

85 [47] 
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CHAPTER 3 

AIM AND MOTIVATION 

The aim of this project is to enhance the mechanical properties of epoxy 

composites by NCC and MCC, renewable and biodegradable fillers. The objectives are: 

1- Investigate the size and concentration of fillers (NCC and MCC) on the 

mechanical properties of final composites. 

2- Study the effect of drying the fillers on the mechanical properties of the final 

composites. 

NCC and MCC are reported to have alluring mechanical and chemical properties that 

allow them to serve as filler in polymer-based composites. However, based on the work 

previously conducted in lab, epoxy reinforced by MCC and NCC provided only 

marginal improvements in tensile strength and fracture toughness. It was hypothesized 

that pre-drying the MCC and NCC powder prior its use as filler can lead to improved 

reinforcement of the epoxy composite. After all, cellulose powder is highly 

hygroscopic. MCC and NCC have a high tendency to absorb water, owing their 

hydrophilic nature and abundance of hydroxyl groups. As such, one of the drawbacks of 

cellulosic fillers is their moisture absorption which can reduce their potential of being 

used as reinforcing agents. Therefore, it is important to study the possibility of an 

improvement in final composites’ mechanical properties if moisture was removed from 

the equation. 

The presence of water can alter the kinetics of the curing reaction depending on 

the concentration. Excess water can solubilize some components like the amine 

hardener which hinders the latter’s reaction with epoxy.  In addition, the presence of 

excess water can have adverse effects on the composite’s mechanical properties and 
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thermal stability [11]. In the case of epoxy-filler interaction, the moisture can attack the 

matrix-filler interface and cause de-bonding at the interface [14]. Trinh et al [40] state 

that hydrogen bonding between the water molecules and cellulosic fibers would lead to 

poor interaction between the cellulosic fiber and the polymer matrix. This could also 

contribute to filler agglomeration as the presence of water can promote the intra- and 

inter- molecular hydrogen bonding in cellulosic particles. This results in poor interfacial 

adhesion between the filler and the polymer matrix, and soluble constituents begin to 

leak from the fibers [15]. As such, some studies have been undertaken to improve the 

interaction between epoxy and nanocellulose filler through filler or polymer 

modification for example [40, 48]. However, as far as we know, the pre-drying of 

MCC/NCC has not been explored extensively. It was hypothesized that drying the MCC 

and NCC powder may yield better results. 
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CHAPTER 4 

METHODOLOGY 

4.1. Material 

Epoxy resin “Araldite LY 564” (Figure 11) and the cycloaliphatic polyamine 

hardener “aradur 2954” (Figure 12) were purchased from “Huntsman Inc” and used 

during the preparation of the composite material. Their chemical structures can be 

observed in the figures below. Upon mixing these two chemical together, an exothermic 

reaction takes within the epoxy resin, leading to a completely cured and cross-linked 3D 

network of polymer chains [46]. 

 

Figure 11: Araldite LY 564 Epoxy resin chemical structure [46] 

 

 

Figure 12: Aradur 2954 hardener chemical structure [49] 

Pure NCC was purchased from CelluForce-Canada. Based on the data sheet, 

NCC is a re-dispersible powder of uniform acyclic nanometric crystals with a particle 
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size of less than 150 nm. Spray-dried MCC of 95.6% dry matter content was provided 

as a gift from Nordic Bio-products Group Oy. 

Based on previous testing conducted by colleague Patricia G. Semman [50], 

NCC filler particles displayed a crystallinity of  68.9% while MCC particles displayed a 

crystallinity of 73.5% based in X-ray Diffractometer (XRD) tests. This disparity was 

attributed to NCC’s higher amorphous surfaces due to its high aspect ratio.  

The particle size of both NCC and MCC were assessed through a combination 

of scanning electron microscope (SEM) imaging and dynamic light scattering (DLS) 

tests. SEM imaging showed that the particle sizes of NCC and MCC were 1.03 μm ± 

0.21 and 18.56 μm ± 2.08, respectively, based on 20 different length measurements of 

the particles. DLS results with different dispersing agents are displayed in the table 

below [50]:  

Table 3: DLS Particle Size Results [50] 

 

 

4.2. Composite Preparation 

First, MCC/NCC undergoes drying in an oven at 110 °C for approximately 24 

hours. The moisture removed usually makes up a 7.07% of the weight of the added 

NCC/MCC filler. Based on the established recipe in lab, NCC/MCC powder at different 
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concentrations were first added 38.5 g of hardener. The mixture was mechanically 

stirred from 10 min and sonicated for 30 min. Intermittent cooling during the 

ultrasonication process was done to prevent overheating the MCC/NCC-hardener 

mixture and ensure that early curing does not take place. This was done by the placing 

the mixture in the beaker on an ice pack for a few minutes. Upon the completion of the 

ultrasonication process, the NCC/MCC-hardener mixture was added to 110 g of epoxy, 

which ensured a 35:100 hardener-to-epoxy wt% ratio based on the manufacturer’s 

recommendation. The mixture was mechanically stirred for another 10 min and 

degassed in a vacuum oven for 2 hours at room temperature. After that, the mixture was 

poured in aluminum molds (Figure 13 and Figure 14). The molds holding the mixture 

were then placed in the vacuum oven to be degassed for 2.5 hours at room temperature. 

The next step was to pre-heat the sample molds in the oven for 1 hour at 80 °C. Once 

this was done, sample molds were left in the oven for 8 hours overnight at 140 °C to 

cure. After curing, each sample went through necessary grinding and polishing before 

conducting mechanical testing. 

 

4.3. Equipment and Instruments 

  4.3.1. Mechanical Tensile Testing 

A universal testing machine (UTM) was utilized to perform the mechanical 

tensile testing based on the standard test method ASTM D638. A laser extensometer 

was used to measure the strain with a 100 kN load cell and a loading rate of 1 mm/min. 

The aluminum molds samples for tensile testing have a gauge length of 50 mm with a 

cross-sectional area of 13 × 7 mm2 (see Figure 13) [46]. The tensile strength was 



 

 38 

measured as the stress at failure, the strain as the measure of the elongation divided by 

the gauge length, and the elastic modulus is the initial slope passing through the origin 

in the stress-strain curve. 

 

Figure 13: Dimensions of the aluminum molds used for preparing the dog-bone samples 

for the mechanical tensile test [51] 

 

4.3.2. Compact Tension Testing 

The UTM was used for testing the compact tension of the samples with a 100 

kN load cell and cross-head speed of 0.5 mm/min. Square samples of 40 mm squared, 

10 mm thickness, and 24 mm notch in the middle of the sample are prepared in an 

aluminum mold based on the ASTM standard D5045 (see Figure 14). Before going 

forward with the test, an approximately 1 mm crack was initiated at the tip of the notch 

by tapping a blade [46]. The result of the test was analyzed based on equation acquired 

from the ASTM D5045 to calculate the plan-strain fracture toughness (KI) in MPa.m0.5:  
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             𝐾𝐼 =
𝑃𝑄

𝐵√𝑊
×

(2+𝛼)

(1−𝛼)
3
2

× (0.866 + 4.64𝛼 − 13.32𝛼2 + 14.72𝛼3 − 5.6𝛼4)         (1) 

Where PQ is the maximum load (in MN), W is the sample’s width, B is the sample’s 

thickness, and α is the ratio of the crack length to the width of the sample. 

 

Figure 14: Dimensions of mold use to prepare samples for compact tension test [51] 

 

4.3.3. Scanning Electron Microscope (SEM) 

A scanning electron microscope (SEM) was used to study the morphology of the 

crack in the sample. In this case, Tescan MIRA3 FESEM (Czech Republic) was utilized 

to examine the fracture surface of the composites broken after tensile testing. The 

samples were coated with a 12 nm thick layer of platinum before testing to prevent 

charging. 
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  CHAPTER 5 

RESULTS AND DISCUSSION 

 

5.1. Mechanical Tensile Testing 

5.1.1. NCC-Epoxy Composites 

The mechanical properties of NCC-Epoxy composites with different 

concentrations were obtained. Samples of Epoxy reinforced with 0.25%, 0.5%, 1%, and 

2% NCC underwent mechanical tensile testing.  Generally, 6 samples (per 

concentration of filler) were tested in accordance with ASTM D638 standards that 

demand at least 3 samples of the same concentration to be tested. The results were 

compiled and compared to previous results obtained without drying NCC. 

Table 4: The average and improvement values of the tensile strength, strain, and 

modulus of dried NCC-Epoxy composites with different concentrations (a comparison 

with non-dried NCC). 

  Pure 

Epoxy 

0.25 

wt.% 

NCC 

0.5 

wt.% 

NCC 

1 wt.% 

NCC 
2 wt.% 

NCC 

Average values 

Strength 

(MPa) 
36.52 ± 

4.1 
49.51 ± 

2.82 

56.19 ± 

1.71 
55.09 ± 

1.53 
49.73 ± 

1.13 

Strain 

(mm/mm) 
0.06 ± 

0.01 

0.08 ± 

0.005 
0.1 ± 

0.006 
0.098 ± 

0.003 

0.088 ± 

0.004 

Modulus 

(MPa) 
1005.11 

± 40.70 
825.6 ± 

32.82 

820.4 ± 

23.57 
865 ± 

16.51 
804 ± 

9.18 

Dried NCC 

Improvement 

Strength 

(%) 
- 35.56 53.86 50.85 36.17 

Strain 

(%) 
- 33.33 66.67 63.33 46.67 

Modulus 

(%) 
- -17.86 -18.38 -13.94 -20.01 
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Non-dried NCC 

Improvement 

Strength 

(%) 
- - 0.90 8.26 25.19 

Strain 

(%) 
- - 13.72 18.53 35.08 

Modulus 

(%) 
- - -5.62 0.02 -8.70 

 

 

Figure 15: The tensile strength and elastic modulus of dried NCC/Epoxy composites (a 

comparison with non-dried NCC/Epoxy composites).  

Figure 15 and Table 4 above show the average values for the tensile strength, 

strain at failure, and elastic modulus. Table 4 provides the respective improvement in 

each area while also comparing the improvement to the work performed in previous 

results with non-dried NCC. The mechanical properties of pure epoxy previously 

established were listed again in Table 4 to compare them with the average values of the 

properties of NCC-epoxy composites prepared after drying NCC. The values of the 

tensile strength and strain at failure were recorded after conducting the mechanical 

tensile test. In addition, the values of the elastic modulus were calculated for each 
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sample. An average was taken for 3 mechanical properties. Outliers were detected and 

trimmed via a t-test. Results show an improvement in tensile strength for all 

concentrations of NCC (0.25 wt.%, 0.5 wt.%, 1 wt.%, and 2 wt.%) with peak being 

53.86% (56.19 MPa) at NCC 0.5 wt.%. Beyond this value, a decrease in the tensile was 

observed until it reached a value of 41.7 MPa at 2 wt.%. This was attributed to filler 

agglomeration which was shown in literature. The modulus exhibited a decrease 

compared to pure epoxy, with the lowest value being 804 MPa (a 20.4% decrease) at 

NCC 2 wt.% followed by 820.4 MPa (an 18.38% decrease) at NCC 0.5 wt.%. 

Compared to the previous results [50], both tensile strength curves exhibited similar 

behavior. An increase was observed upon the addition of NCC filler until an optimum 

was reached. Beyond this optimal value, a decrease in average tensile strength was 

observed, albeit still remaining higher than the average tensile strength of pure epoxy 

(36.52 MPa). However, it can be observed that the dried NCC-Epoxy composites 

exhibited higher values of tensile strengths and a different peak occurring at NCC 0.5 

wt.% (56.19 MPa) as opposed to the peak obtained at 2 wt.% (45.72 MPa) with non-

dried NCC. Figure 15 shows an upward-left shift between tensile strength curves of 

dried and non-dried NCC-Epoxy composites and a slight downward shift between the 

two elastic modulus curves. 

 

5.1.2. MCC-Epoxy Composites 

Similarly, the mechanical properties of MCC-Epoxy composites with different 

concentrations were obtained. Samples of Epoxy reinforced with 0.25%, 0.5%, 1%, and 
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2% MCC underwent mechanical tensile testing. The results were compiled and 

compared to previous results obtained without drying MCC. 

Table 5: The average and improvement values of the tensile strength, strain, and 

modulus of dried MCC-Epoxy composites with different concentrations (a comparison 

with non-dried MCC) 

  Pure 

Epoxy 

0.25 

wt.% 

MCC 

0.5 

wt.% 

MCC 

1 wt.% 

MCC 
2 wt.% 

MCC 

Average values 

Strength 

(MPa) 
36.52 ± 

4.1 
46.69 ± 

0.87 

49.49 ± 

3.62 
45 ± 

0.87 
41.7 ± 

2.42 

Strain 

(mm/mm) 
0.06 ± 

0.01 

0.083 ± 

0.003 
0.083 ± 

0.006 
0.068 ± 

0.001 

0.062 ± 

0.005 

Modulus 

(MPa) 
1005.11 

± 40.70 
823 ± 

12.96 

814.7 ± 

24.51 
820.7 ± 

8.9 
803.3 ± 

5.91 

Dried MCC 

Improvement 

Strength 

(%) 
- 28.75 35.51 23.22 14.18 

Strain 

(%) 
- 38.33 38.33 13.33 3.33 

Modulus 

(%) 
- -18.12 -18.94 -18.34 -20.08 

Non-dried MCC 

Improvement 

Strength 

(%) 
- - 0.64 2.99 8.78 

Strain 

(%) 
- - 6.37 -3.25 3.50 

Modulus 

(%) 
- - -17.48 -14.73 -16.92 
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Figure 16: The tensile strength and elastic modulus of dried MCC/Epoxy composites (a 

comparison with non-dried MCC/Epoxy composites).  

The average values for the tensile strength, strain at failure, and elastic modulus 

can be observed in Figure 16 and Table 5. Table 5 shows the respective improvement 

for every mechanical property while also comparing the improvement to the work 

performed in previous results with non-dried MCC. The values of the tensile strength 

and strain at failure were recorded after conducting the mechanical tensile test. In 

addition, the values of the elastic modulus were calculated for each sample. Finally, a t-

test was conducted to detect outliers before calculating the average values and 

compiling them. For all concentrations of MCC (0.25 wt.%, 0.5 wt.%, 1 wt.%, and 2 

wt.%), an improvement was observed in the tensile strength of MCC-Epoxy composites 

with the peak being 35.51% (49.49 MPa) at MCC 0.5 wt.%. Beyond this value, a 

decrease in the tensile was observed until it reached a value of 41.7 MPa at 2 wt.%. This 

was also attributed to filler agglomeration. Similar to the case of NCC, the modulus 
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exhibited a decrease compared to pure epoxy. The lowest value was 803.3 MPa (a 

20.08% decrease) at MCC 2 wt.% followed by 814.7 MPa (an 18.94% decrease) at 

MCC 0.5 wt.%. Compared to the previous results [50], both tensile strength curves 

exhibited similar behavior. An increase was observed upon the addition of NCC filler 

until an optimum was reached. Beyond this optimal value, a decrease in average tensile 

strength was observed, albeit still remaining higher than the average tensile strength of 

pure epoxy (36.52 MPa), especially in the case of dried MCC. However, the dried 

MCC-Epoxy composites exhibited higher values of tensile strengths and a different 

peak occurring at MCC 0.5 wt.% (49.49 MPa). Meanwhile, the highest tensile strength 

was obtained at MCC 4 wt.% (40.67 MPa) with non-dried MCC. Figure 16 also 

illustrates an upward-left shift between the tensile strength curves and a slight 

downward shift between the two elastic modulus curves after drying MCC filler. 

The results ultimately showed an improvement in tensile strengths for both cases 

where dried NCC and MCC in the epoxy composites compared to results where non-

dried NCC and MCC were used. The overall improvement in tensile strength comes 

from good and intimate adhesion and interaction between the polymer matrix and the 

filler which allows for better stress transfer and imparting better mechanical properties. 

The enhancement was made better by the removal of moisture. It is known that the 

presence of water has adverse effects on the composites’ mechanical properties. The 

moisture can destabilize the matrix-filler interface and cause de-bonding at the 

interface. Water also promotes inter- and intra- molecular hydrogen bonding between 

the water molecules and cellulosic fibers, leading to poor matrix-filler interaction. The 

drying may allow for the minimizing of the present competition with the matrix-filler 

interaction by removing the component (water) that undermines their interaction as the 
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literature had discussed in INTRODUCTION and Aim and Motivation. Thus, the 

change in trends of tensile strength could be attributed to the removal of water. 

Compared to NCC-Epoxy composites, MCC-Epoxy composites exhibited a lower 

enhancement in tensile strength. This is in agreement with previous findings where 

filler was not dried. Overall, this was attributed to the smaller-particle size of NCC 

which allows it to disperse and interact better and more easily with the epoxy polymer 

matrix compared to MCC [50]. 

The behavior of the tensile strength in the composites was similar to examples 

provided in the literature (Table 1) with a gradual increase in tensile strength being 

observed as NCC/MCC is added before an optimal value is reached. Beyond this value, 

a decrease in the tensile strength is also observed, indicating a deterioration in the 

composite’s mechanical properties. However, in comparison to the literature, peak 

tensile strengths were obtained at different concentrations of filler. After all, procedures 

and equipment manufacturers may differ from one study to another, and different 

epoxy-hardener systems were used. In addition, filler modification was implemented in 

some studies. As observed in the table below, the results vary considerably between one 

study and another, and peak tensile strengths were obtained at different filler 

concentrations. 

Table 6: Comparison between literature results and results obtained from this study 

Polymer Matrix Filler Filler 

Concentrations 

Tensile 

Strength 

Improvement 

(%) 

Young’s 

Modulus 

Improvement 

(%) 

Reference 

Epoxy  

(Results 

obtained in this 

study) 

NCC 0.25 

0.5 

1 

2 

35.56 

53.86 

50.85 

36.17 

-17.86 

-18.38 

-13.94 

-20.01 

- 

Epoxy 

 

NCC 0.125 

0.25 

0.5 

6 

15 

8.25 

19.6 

51.8 

27.5 

[37] 
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1 1.25 18 

Epoxy 

 

 

 

 

Native 

NCC 

 

Esterified 

NCC 

2.5 

5 

2.5 

5 

21 

39.5 

55.2 

77 

25 

30.8 

34.6 

44 

[40] 

Epoxy Ac-NCC 0.01 

0.05 

0.1 

0.5 

1 

10.8 

17.4 

28.4 

73 

35 

9.7 

18.2 

42.2 

100.2 

75.5 

[41] 

Waterborne 

Epoxy 

NCC 0.5 

2 

5 

10 

15 

Decrease 

Decrease 

Increase 

Increase 

50 

- 

- 

- 

- 

64 

[52] 

Epoxy  

(Results 

obtained in this 

study) 

MCC 0.25 

0.5 

1 

2 

28.75 

35.51 

23.22 

14.18 

-18.12 

-18.94 

-18.34 

-20.08 

 

- 

 

Epoxy 

 

HBAP-

MCC 

0.5 

1 

1.5 

2 

17.8 

24.6 

33.8 

34.7 

2.5 

11.5 

18.7 

25 

[39] 

Waterborne 

Epoxy 

MCC 2 (optimal) 33.2 65 [53] 

 

 

5.2. Compact Tension Testing 

In regards to the compact tension test, the average fracture toughness KI of the 

NCC-Epoxy composites and MCC-Epoxy composites was calculated for each 

concentration (0.25 wt.%, 0.5 wt.%, 1 wt.%, and 2 wt.% of NCC and MCC) after 

conducting the test. Generally, 6 samples (per concentration of filler) were tested in 

accordance with ASTM D5045 standards that demand at least 3 samples of the same 

concentration to be tested. 
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Table 7: The average and improvement values of the fracture toughness of MCC- and 

NCC-Epoxy composites with different concentrations after drying the filler. 

 
Fracture Toughness 

Average with Dried Filler, 

KI (MN.m^0.5) 

Improvement (%) 

Pure Epoxy 0.946 ± 0.032 -  

0.25wt.% 

MCC/Epoxy 

0.951 ± 0.032 0.476 

0.5wt.% MCC/Epoxy 0.918 ± 0.028 -2.984 

1wt.% MCC/Epoxy 0.965 ± 0.048 1.977 

2wt.% MCC/Epoxy 0.829 ± 0.039 -12.412 
      

0.25wt.% 

NCC/Epoxy 

0.929 ± 0.042 -1.77 

0.5wt.% NCC/Epoxy 0.844 ± 0.06 -10.825 

1wt.% NCC/Epoxy 1.001 ± 0.035 5.867 

2wt.% NCC/Epoxy 1.052 ± 0.001 11.217 

 

 

Figure 17:  Fracture toughness of NCC/Epoxy composites.  
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Figure 18: Fracture toughness of MCC/Epoxy composites.  

Table 7 displays the values of the average fracture toughness for dried NCC- 

and MCC-Epoxy composites for concentrations of 0.25 wt.%, 0.5 wt.%, 1 wt.%, and 2 

wt.% each. Figure 17 and Figure 18 serve to compare these results with cases where 

non-dried NCC and MCC were used. It can be observed that the values of the fracture 

toughness for both NCC- and MCC-Epoxy composites fluctuated around the original 

value of the fracture toughness of pristine epoxy (0.956 MN.m0.5). Drying the filler did 

not present a noticeable or significant change in fracture toughness of the composite 

material in both cases. Regardless, this can be attributed to the limited dispersibility of 

filler within matrix that can be achieved despite rigorous mixing attempts.  
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5.3. SEM 

SEM imaging of the fracture morphology of the dried NCC and MCC-based 

epoxy composites after the samples’ fracture from tensile testing was performed to 

relate to the results in the preceding sections. Just like in the previous testing where 

non-dried filler was used, pure epoxy’s fracture imaging showed typical brittle behavior 

where the crack propagated smoothly. With the addition of filler such as NCC and 

MCC, the crack’s surface became rougher compared to pure epoxy as observed in the 

Figure 19 and Figure 20. Some distortions can be observed in the surface cracks. 

Despite this, cracks still had noticeable orientations that can be traced at lower 

concentrations such as NCC 0.25 wt.%, NCC 0.5 wt%, and NCC 1 wt% as well as 

MCC 0.25% and 1 wt.%.  At higher concentrations such NCC and MCC 2 wt.%, 

significant deformation is observed and cracks trend lines become almost 

unrecognizable. However, agglomerates were observed during imaging as seen Figure 

21 and Figure 22. This is another factor that limits attempts to improve the materials’ 

properties along with the previously mentioned factor (limited dispersibility). 

     

a) b) c) 
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Figure 19: Fracture imaging of a) Pure Epoxy, and the different concentrations 

NCC/Epoxy composites b) 0.25 wt.%, c) 0.5 wt.%, d) 1 wt.%, e) 2 wt.% 

     

   

Figure 20: Fracture imaging of a) Pure Epoxy, and the different concentrations 

MCC/Epoxy composites b) 0.25 wt.%, c) 0.5 wt.%, d) 1 wt.%, e) 2 wt.% 

 

 

d) e) 

a) b) c) 

d) e) 
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                                           Higher Magnification 

 

                              

Figure 21: Sign of agglomeration at 2 wt.% dried NCC/Epoxy composite 

                                         Higher Magnification 

 

                               

Figure 22: Sign of agglomeration at 2 wt.% dried MCC/Epoxy composite 
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CHAPTER 6 

CONCLUSION 

The main goal of this project was to enhance the mechanical properties of epoxy 

composites by adding NCC and MCC fillers as a reinforcing agent. The study’s objectives 

included: 

1- Studying the size and concentration of fillers (MCC & NCC) on the mechanical 

properties of the epoxy composites. 

2- Studying the effect of drying of fillers on the mechanical properties of the final 

epoxy composites. 

A series of tests were performed to assess the mechanical properties and morphological 

characteristics of the final NCC- and MCC-Epoxy composite samples.  

The preparation method was slightly modified to include the drying of the NCC and MCC 

filler to remove the moisture within it as literature showed that moisture can have adverse 

effects on filler-matrix interaction. By comparing the mechanical properties of epoxy 

composites with dried filler and non-dried filler, it was observed that an improvement in 

mechanical tensile occurred for both NCC- and MCC-Epoxy composites compared to the 

case when non-dried NCC and MCC filler was used. Moreover, peak improvement was 

achieved at a lower concentration of 0.5 wt% for both NCC and MCC compared to 2 wt.% 

and 4 wt.% for NCC and MCC, respectively, when non-dried filler was used. This showed 

that the lack of moisture minimize competition of filler-matrix interaction and allowed for 

better interaction. Nevertheless, the fracture toughness did not exhibit significant change, 

showing only fluctuations around the original value of pristine epoxy. This was attributed to 

the high increase in tensile strength which limited the improvement in the fracture 
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toughness. Other limitations also occur such as the limited dispersibility that could be 

achieved. In addition, SEM images showed the beginning of filler agglomeration at higher 

concentrations of filler for NCC and MCC. 

It is recommended for future work to study the effect of chemical modification on filler-

matrix interaction and the degree of improvement in mechanical properties that chemical 

modification can instill. Previous literature work has shown that chemical modification of 

NCC and MCC has been garnering more interest. In addition, exploring other techniques, 

such as 3D Computed Tomography (CT) scanning technique, to visualize and evaluate filler 

dispersion might be an option to gain a better understanding and evaluation of NCC/MCC 

filler dispersion in epoxy and their interaction with the polymer matrix. It would have also 

been interesting to look into the composites’ thermal properties post-filler drying if time 

allowed for it. 
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APPENDIX 
 

Test Sample Calculations 

Compact Tension – Fracture Toughness 

Using excel and equation (1), the fracture toughness of the epoxy composites was 

calculated. A sample calculation from excel can be seen below: 

 

 

 

 

  



 

 56 

REFERENCES 
 

[1] S. Amir, M. Sultan, M. Jawaid, A. Ariffin, S. Mohd, and K. Anuar, "Non-

destructive Testing Method for Kevlar and Natural Fiber and thier Hybrid 

Composites," Woodhead Publishing Series in Composites Science and 

Engineering, pp. 367-388,, 2019, doi: 10.1016/B978-0-08-102290-0.00016-7. 

[2] K. K. Chawla, "Composite Materials," 2019, doi: https://doi.org/10.1007/978-3-

030-28983-6. 

[3] I. O. Oladele, T. F. Omotosho, and A. A. Adediran, "Polymer-Based 

Composites: An Indispensable Material for Present and Future Applications," (in 

English), Int J Polym Sci, vol. 2020, Oct 19 2020, doi: Artn 8834518 

10.1155/2020/8834518. 

[4] O. Industries, "The History of Thermosets," 2018. 

[5] P. S. L. Center, "Making Epoxy Monomers and Polymers." 

[6] K. Hodd, "Epoxy Resins," Comprehensive Polymer Science and Supplements, 

vol. 5, p. 667, 1989, doi: 10.1016/B978-0-08-096701-1.00178-6. 

[7] S. Ammar, I. A. Wonnie Ma, K. Ramesh, and S. Ramesh, "Epoxy-based 

Coatings," Polymers-based nanocomposite coatings, p. 9, 2019, doi: 

10.1016/B978-0-12-815884-5.00002-8. 

[8] C. Czaderski, E. Martinelli, J. Michels, and M. Motavalli, "Effect of curing 

conditions on strength development in an epoxy resin for structural 

strengthening," Composites: Part B, vol. 43, 2012, doi: 

10.1016/j.compositesb.2011.07.006. 

[9] R. F. Minty, L. Yang, and J. L. Thomason, "The influence of hardener-to-epoxy 

ratio on the interfacial strength in glass fibre reinforced epoxy composites," 

Composite Part A: Applied Science and Manufacturing, vol. 112, p. 64, 2018, 

doi: 10.1016/j.compositesa.2018.05.033. 

[10] I. Rafique, A. Kausar, and B. Muhammad, "Epoxy Resin Composite Reinforced 

with Carbon Fiber and Inorganic Filler: Overview on Preparation and 

Properties," (in English), Polym-Plast Technol, vol. 55, no. 15, pp. 1653-1672, 

2016, doi: 10.1080/03602559.2016.1163597. 

[11] W. Lixin, H. Suong, and T. Minh-Tan, "Effects of Water on the Curing and 

Properties of Epoxy Adhesive Used for Bonding FRP Composite Sheet to 

Concrete," J Appl Polym Sci, vol. 92, p. 2261, 2004, doi: 10.1002/app.20195. 

[12] N. Sharp, C. Li, A. Strachan, D. Adams, and R. Byron Pipes, "Effects of Water 

on Epoxy Cure Kinetics and Glass Transition Temperature Utilizing Molecular 

Dynamics Simulations," Journal of Polymer Science, 2017, doi: 

10.1002/polb.24357. 

[13] R. Cruz, L. Correia, S. Cabral-Fonseca, and J. Sena-Cruz, "Effects of the 

preparation, curing and hygrothermal conditions on the viscoelastic response of 

a structural epoxy adhesive," International Journal of Adhesion & Adhesives, 

vol. 110, 2021, doi: 10.1016/j.ijadhadh.2021.102961  



 

 57 

[14] Z. Ahmad, M. P. Ansell, and D. Smedley, "Effect of nano- and micro-particle 

additions on moisture absorption inthixotropic room temperature cure epoxy-

based adhesives for bonded-intimber connections," International Journal of 

Adhesion & Adhesives, vol. 30, 2010, doi: 10.1016/j.ijadhadh.2010.04.001. 

[15] H. M. Thabang and J. J. Maya, "Review on hygroscopic aging of cellulose fibres 

and their biocomposites," Carbohyd Polym, vol. 131, 2015, doi: 

10.1016/j.carbpol.2015.06.027. 

[16] "Comparison of Thermoset Versus Thermoplastic Materials," Thomas, 2017. 

[17] Q. Qin and J. Ye, "Toughening Mechanisms in Composite Materials," 2015. 

[18] "Fillers," SpecialChem, The Material Selection Platform. 

[19] K. M. D., G. H. K., J. T., and K. N., "Review-Effect of Fillers on Mechanical 

Properties of Polymer Matrix Composites," Materials Today: Proceedings, vol. 

5, 2018. 

[20] J. Z., K. N., and C. A., "Investigation into the effects of fillers in polymer 

processing," International Journal of Lightweight Materials and Manufacture, 

vol. 4, pp. 370-382, 2021, doi: https://doi.org/10.1016/j.ijlmm.2021.04.003. 

[21] G. P. et al., "An Update on Overview of Cellulose, Its Structure and 

Applications," May 13th, 2019 2019, doi: 10.5772/intechopen.84727. 

[22] R. J. Moon, G. T. Schueneman, and J. Simonsen, "Overview of Cellulose 

Nanomaterials, Their Capabilities and Applications," (in English), Jom-Us, vol. 

68, no. 9, pp. 2383-2394, Sep 2016, doi: 10.1007/s11837-016-2018-7. 

[23] Y. Habibi, L. A. Lucia, and O. J. Rojas, "Cellulose Nanocrystals: Chemistry, 

Self-Assembly, and Applications," (in English), Chem Rev, vol. 110, no. 6, pp. 

3479-3500, Jun 2010, doi: 10.1021/cr900339w. 

[24] H. M. Ng et al., "Extraction of cellulose nanocrystals from plant sources for 

application as reinforcing agent in polymers," (in English), Compos Part B-Eng, 

vol. 75, pp. 176-200, Jun 15 2015, doi: 10.1016/j.compositesb.2015.01.008. 

[25] D. Trache et al., "Microcrystalline cellulose: Isolation, characterization and bio-

composites application-A review," (in English), Int J Biol Macromol, vol. 93, 

pp. 789-804, Dec 2016, doi: 10.1016/j.ijbiomac.2016.09.056. 

[26] O. J. Rojas, "Cellulose Chemistry and Properties: Fibers, Nanocelluloses and 

Advanced Materials," Advances in Polymer Science, 2016, doi: 10.1007/978-3-

319-26015-0. 

[27] F. A. dos Santos, G. C. V. Iulianelli, and M. I. S. Tavares, "Effect of 

microcrystalline and nanocrystals cellulose fillers in materials based on PLA 

matrix," (in English), Polym Test, vol. 61, pp. 280-288, Aug 2017, doi: 

10.1016/j.polymertesting.2017.05.028. 

[28] M. Rasheed, M. Jawaid, Z. Karim, and L. C. Abdullah, "Morphological, 

Physiochemical and Thermal Properties of Microcrystalline Cellulose (MCC) 

Extracted from Bamboo Fiber," (in English), Molecules, vol. 25, no. 12, Jun 

2020, doi: ARTN 2824 

10.3390/molecules25122824. 



 

 58 

[29] A. Sharma, M. Thankur, M. Bhattacharya, M. T., and S. Goswami, "Commercial 

Application of Cellulose Nano-composites - A review," Biotechnology Reports, 

2019, doi: 10.1016/j.btre.2019.e00316. 

[30] D. Haldar and M. K. Purkait, "Micro and nanocrystalline cellulose derivatives of 

lignocellulosic biomass: A review on synthesis, applications and advancements," 

(in English), Carbohyd Polym, vol. 250, Dec 15 2020, doi: ARTN 116937 

10.1016/j.carbpol.2020.116937. 

[31] X. Z. Xu, F. Liu, L. Jiang, J. Y. Zhu, D. Haagenson, and D. P. Wiesenborn, 

"Cellulose Nanocrystals vs. Cellulose Nanofibrils: A Comparative Study on 

Their Microstructures and Effects as Polymer Reinforcing Agents," (in English), 

Acs Appl Mater Inter, vol. 5, no. 8, pp. 2999-3009, Apr 24 2013, doi: 

10.1021/am302624t. 

[32] J. H. Kim et al., "Review of Nanocellulose for Sustainable Future Materials," (in 

English), Int J Pr Eng Man-Gt, vol. 2, no. 2, pp. 197-213, Apr 2015, doi: 

10.1007/s40684-015-0024-9. 

[33] O. M. Vanderfleet and E. D. Cranston, "Production routes to tailor the 

performance of cellulose nanocrystals," (in English), Nat Rev Mater, vol. 6, no. 

2, pp. 124-144, Feb 2021, doi: 10.1038/s41578-020-00239-y. 

[34] W. Y. Hamad, "Cellulose Nanocrystals: Properties, Production, and 

Applications," Wiley: New York, 2017. 

[35] A. Kiziltas, D. J. Gardner, Y. Han, and H. S. Yang, "Mechanical Properties of 

Microcrystalline Cellulose (MCC) Filled Engineering Thermoplastic 

Composites," (in English), J Polym Environ, vol. 22, no. 3, pp. 365-372, Sep 

2014, doi: 10.1007/s10924-014-0676-5. 

[36] A. P. Mathew, K. Oksman, and M. Sain, "Mechanical properties of 

biodegradable composites from poly lactic acid (PLA) and microcrystalline 

cellulose (MCC)," (in English), J Appl Polym Sci, vol. 97, no. 5, pp. 2014-2025, 

Sep 5 2005, doi: 10.1002/app.21779. 

[37] H. Seok and D. S. Kim, "Preparation and mechanical properties of green epoxy 

nanocomposites with cellulose nanocrystals," (in English), Polym Eng Sci, vol. 

60, no. 3, pp. 439-445, Mar 2020, doi: 10.1002/pen.25210. 

[38] D. Cheng, X. C. Zhang, S. Y. Wang, and L. H. Liu, "Effect on Mechanical and 

Thermal Properties of Random Copolymer Polypropylene/Microcrystalline 

Cellulose Composites Using T-ZnOw as an Additive," (in English), Adv Polym 

Tech, 2019, doi: Artn 4862124 

10.1155/2019/4862124. 

[39] X. E. Xiao, S. R. Lu, B. Qi, C. Zeng, Z. K. Yuan, and J. H. Yu, "Enhancing the 

thermal and mechanical properties of epoxy resins by addition of a 

hyperbranched aromatic polyamide grown on microcrystalline cellulose fibers," 

(in English), Rsc Adv, vol. 4, no. 29, pp. 14928-14935, 2014, doi: 

10.1039/c3ra45732j. 



 

 59 

[40] B. M. Trinh and T. Mekonnen, "Hydrophobic esterification of cellulose 

nanocrystals for epoxy reinforcement," (in English), Polymer, vol. 155, pp. 64-

74, Oct 24 2018, doi: 10.1016/j.polymer.2018.08.076. 

[41] E. Abraham et al., "Highly Modified Cellulose Nanocrystals and Formation of 

EpoxyNanocrystalline Cellulose (CNC) Nanocomposites," Applied Materials 

and Interfaces, vol. 8, p. 28086, 2016, doi: 10.1021/acsami.6b09852. 

[42] P. A. and A. Dorigato, "Polymer Composites: Reinforcing Fillers," 

Encyclopedia of Polymer Science and Technology, 2019, doi: 

10.1002/0471440264.pst130.pub2. 

[43] M. Abdollahi, M. Alboofetileh, M. Rezaei, and R. Behrooz, "Comparing 

physico-mechanical and thermal properties of alginate nanocomposite films 

reinforced with organic and/or inorganic nanofillers," Food Hydrocolloids, vol. 

32, 2013, doi: 10.1016/j.foodhyd.2013.02.006. 

[44] M. Ahmadi, M. Masoomi, and S. Safi, "Mechanical property characterization of 

carbon nanofiber/epoxy nanocomposites reinforced by GMA-grafted UHMWPE 

fibers," Composites Part B: Engineering, vol. 83, 2015, doi: 

10.1016/j.compositesb.2015.08.006. 

[45] Y. N. Baghdadi et al., "The effects of modified zinc oxide nanoparticles on the 

mechanical/thermal properties of epoxy resin," Applied Polymer Science, 2020, 

doi: 10.1002/app.49330. 

[46] Y. N. Baghdadi et al., "The mechanical and thermal properties of graphitic 

carbon nitride (g-C3N4)-based epoxy composites," Applied Polymer Science, 

2021, doi: 10.1002/app.51324. 

[47] B. L. and M. Shevtsova, "Investigation of the improvement of the physical and 

mechanical properties of polymer composite materials with nano-sized 

powders," 2009, doi: 10.1002/mawe.200800451. 

[48] Y. Pan et al., "Characterization of Epoxy Composites Reinforced with Wax 

Encapsulated Microcrystalline Cellulose," Polymer, vol. 8, 2016, doi: 

10.3390/polym8120415. 

[49] M. Lopez et al., "Development of Cycloaliphatic Epoxy-POSS Nanocomposite 

Matrices with Enhanced Resistance to 10.1002/mawe.200800451Atomic 

Oxygen," Molecules, vol. 25, 2020, doi: 10.3390/molecules25071483. 

[50] P. Semaan, A. Tehrani, and S. Mustapha, "MICRO- AND NANO-

CRYSTALLINE CELLULOSE FOR ENHANCING THE MECHANICAL 

PROPERTIES OF EPOXY," 2021. 

[51] Y. N. Baghdadi et al., "Thermal and mechanical properties of epoxy resin 

reinforced with modified iron oxide nanoparticles," Applied Polymer Science, 

2021, doi: 10.1002/app.50533. 

[52] S. Xu, N. Girouard, G. T. Schueneman, M. L. Shofner, and J. Carson Meredith, 

"Mechanical and thermal properties of waterborne epoxy composites containing 

cellulose nanocrystals," Polymer, vol. 54, pp. 6589-6598, 2013, doi: 

10.1016/j.polymer.2013.10.011. 



 

 60 

[53] X. Chen, W. Wang, S. Chen, and Y. Dong, "Effect of microcrystalline cellulose 

on mechanical property and shape memory property of water-borne epoxy," 

Pigment & Resin Technology, vol. ahead-of-print, no. ahead-of-print, 2022, doi: 

10.1108/PRT-06-2021-0059. 

 

 

  

 

 

 

 

 

 

 

 

 

 




