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Abstract 

Today, throughout the engineering world, there is a large emphasis being placed on the environment 

which requires the development of new greener materials. This is no different in the realm of composite 

materials with natural fibers and new bio-based resins being investigated to replace their synthetic 

alternatives. However, a large obstacle has prevented a more wide spread use of green Natural Fiber 

Reinforced Polymer (NFRP) materials, and that is their poor elevated temperature (ET) and fire 

performance. One common method for increasing the fire performance of a material is the incorporation 

of fire retardant (FR) additives. 

The purpose of this research was to investigate, and try to maximize, the ET properties of new NFRP 

composites. Specifically, this included evaluating the mechanical properties of NFRP composites at room 

temperature (RT) and ET, as well as assessing the effect of FR additives on these properties. A secondary 

goal of this research included comparing a synthetic epoxy resin, Biresin, with a bio-based epoxy resin, 

Super Sap. 

This was accomplished using one type of natural fiber (flax), two resins (one synthetic, one bio-

based) and three FR additives. In all, four different testing methods were employed. The first was 

Differential Scanning Calorimetry (DSC) analysis of all composite materials. The second type of testing 

evaluated the resin plus additive combinations without any fibers. The final two types of testing evaluated 

the mechanical properties of the fabricated NFRP at RT and ET. 

Several important conclusions were reached with regards to this research. One of these noted the 

percentage loadings used in this research did not negatively affect the NFRP samples enough to be 

considered a major hindrance against their use in NFRP fabrication. It was also determined Super Sap 

composites could be used as an appropriate replacement for Biresin FRP composites in high temperature 

applications. Finally, two recommendations toward NFRP design, for RT and ET applications, are 

proposed. From this research, the gained knowledge will aid in the future design and construction of 

NFRP materials used in possible fire and ET situations. 
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Chapter 1 

Introduction 

1.1 Introduction 

Fiber Reinforced Polymers (FRPs) are a group of materials which began to see use in the 

1970’s in the military and aerospace industries. As a composite, FRPs are made primarily of two 

types of materials, a fiber reinforcement for strength, and a resin matrix for protection and to 

transfer stresses between fibers. Due to their high strength-to-weight ratio, ease of fabrication, 

and relatively low cost, many types of fibers and resins have been developed since the 1970’s. 

From these new fiber and resin developments, FRP materials are now finding increasing use in a 

wide variety of applications.  

Today, throughout the engineering world, there is a large emphasis being placed on the 

environment which requires the development of new greener materials. This is no different in the 

realm of composite materials with natural fibers and new bio-based resins being investigated to 

replace their synthetic alternatives. However, a large obstacle has prevented a more wide spread 

use of green FRP materials, and that is their poor elevated temperature (ET) and fire performance. 

Organic materials, especially plant materials, have a tendency to be highly flammable, which is 

not good for any material that risks being exposed to flame. One of the most common methods 

used to prevent a material from catching fire is the incorporation of fire retardant (FR) additives. 

There has been previous testing with FR additives and resins, mostly evaluating fire performance 

parameters such as Peak Heat Release Rate and Total Heat Release (Chapple and Anandjiwala, 

2010; Matko, et al. 2005; Rakotomalala, Wagner and Döring, 2010; Walter and Wajer, 2015). 

Research in this field using bio-based resins is lacking, as these resins have only been developed 

recently.  
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The goal of this research is to investigate the effects of some of these FR additives on the 

mechanical properties of, not only the pure resin, but also on the FRP itself. This was 

accomplished using one natural fiber type (flax), two resins (one synthetic, one bio-based) and 

three FR additives. Four types of testing were completed in this evaluation. The first was 

Differential Scanning Calorimetry (DSC) analysis of all materials. The second type of testing, 

tensile testing of epoxy dog-bone samples, evaluated the resin plus additive combinations without 

any fibers. The final two types of testing evaluated the mechanical properties of the fabricated 

natural fiber reinforced polymer (NFRP) at room temperature (RT) and ET. From this research, 

the gained knowledge will aid in the future design and construction of FRP materials used in 

possible fire and ET situations. 

There is currently limited research on how these additives affect the mechanical properties of 

these resins, and even less on how these additives affect mechanical properties at ET. Since these 

additives are added for the purpose of being useful during ET, a greater understanding of these 

situations is needed. 

1.2 Research Objectives 

The over-arching goal of this research was to gain a better understanding of how FR additives 

affect the resin and NFRP materials, at both RT and ET. A secondary goal was to evaluate the 

possibility of replacing a synthetic resin with a bio-resin of the same nature. More precise goals 

include: 

1) To determine how the additives and different resins affect the Glass Transition 

Temperature (Tg).  

2) To quantify the ultimate tensile strength, modulus and percent elongation of the resin 

and FRP samples. 

3) To compare and evaluate RT and ET mechanical properties. 

4) To determine the effect of FR additives on mechanical properties at RT and ET. 
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1.3 Thesis Outline 

Chapter 1 provides a brief outline of the research, including information on the purpose of the 

research, materials used, types of testing and research objectives. 

Chapter 2 presents a literature review on the basics of NFRP materials and additives used. It 

also includes previous related research and testing. 

Chapter 3 outlines and discusses the experimental, fabrication and testing processes.  

Chapter 4 focuses on the results. A discussion of the results including comparisons and 

evaluations is also included.  

Chapter 5 summarizes the key findings of the research. It also incorporates recommendations 

based on this research and possible future work. 
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Chapter 2 

Literature Review 

2.1 Introduction to Fiber Reinforced Polymers 

Since the days of ancient Egypt, composites have been used as construction materials. 

Although composites today differ greatly from the clay and straw used in 3000BC, they employ 

the same concept. A composite material is defined as a material which is comprised of at least 

two different components, clearly separated from one another yet uniformly filling its volume, to 

create a new material with its own unique properties (Kozlowski et al., 2008). A widely 

implemented type of composite material used today is fiber reinforced polymers (FRPs).  FRPs 

are created by adding fibers to a resin matrix. The theory behind FRPs is fibers provide the 

strength while the resin matrix acts as a glue to hold the material together and distribute loads 

evenly between the fibers (Ticoalu et al., 2010). A secondary function of the resin is to provide 

protection to the fibers from wear and heat. The primary benefit of using a composite is that 

specific design properties can be attained by altering the matrix and fiber materials. Other 

advantages of FRPs include being relatively cheap and easy to manufacture, with some even 

being fabricated from renewable resources. 

Currently, FRPs are being used in a wide variety of applications which require low weight 

and high tensile properties. Examples include strengthening concrete structures such as beams 

and columns, as well as floor slabs, paneling, automotive parts and household items (Brouwer, 

2000; Cramer et al., 1997; Hollaway, 2010).  

2.2 Natural Fiber Reinforced Polymers 

As environmental concerns and life-cycle engineering become more prominent in today’s 

engineering world, emphasis is being placed on finding ‘green’ and renewable materials. This is 

no different in the composite realm where increasing demand for cheaper and greener materials 
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has led to many new types of FRPs. FRPs that can be constructed from natural materials are 

generally referred to as eco-composites, bio-composites or natural fiber reinforced polymers 

(NFRPs). For some NFRPs, fibers originate from renewable resources such as animal hair and 

plant fibers, while resin materials are made from naturally occurring plant oils.  

Similar to synthetic FRPs, NFRPs can also be tailored to specific applications which give 

them the benefit of having malleable properties, along with bio-degradability. Although the 

combination of clay and straw was used in ancient Egypt, only within the last century have 

NFRPs been recognized as a suitable material for industrial use. Bledzki et al. (1999) reported 

that in 1908, one of the first instances of mass production of NFRP sheets used paper and cotton 

mixed with a phenol resin. However, due to the increasing availability of plastics, NFRPs were 

not widely used or studied until recently.  Some examples of modern fibers and matrix materials 

are given in Figure 2.1. 
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Figure 2.1: Natural Fiber Composite Materials (Kozlowski et al., 2008) 

2.3 Applications of Fiber Reinforced Polymers 

Currently, FRPs are being used in a wide variety of applications from aviation to everyday 

household items. Furthermore, as the industry demand for FRP rises, so does the study and 

testing of these materials. This has led to the potential for use in large civil applications such as 

multistory buildings and parking structures as well as industrial structures (Kodur et al., 2007). 

The low weight and density of composites is also useful for all mass transport applications where 

weight and cost of fuel come into effect (Hörold 1999). In the marine transport sector, 

unsaturated polyester composites find use in boat hulls, tanks and tubes (Hörold 1999). 

Specifically, FRPs have found applications in transportation (automotive and railway), military, 

packaging as well as building and construction industries (Kozlowski et al., 2008). 

However, there are some limitations on the use of FRPs in the building industry as the resin 

matrix softens upon heating past its glass transition temperature (Tg). Structures must meet strict 
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building code requirements and often these requirements include parameters for performance 

under fire due to the matrix material. When a building catches fire, it must retain enough 

structural integrity to permit the occupants time to leave the building. Besides maintaining 

strength, the fire code requirements also include smoke generation and flame spread. Due to their 

organic nature and service in building applications, the flammability characteristics of NFRP 

composites play an important role in their ability to be utilized. By reviewing the existing 

literature, it has been concluded that there is insufficient information on FRP performance during 

these conditions (Bisby et al., 2005; Cramer et al., 1997; Kodur et al., 2007; Kozlowski et al., 

2008; Hollaway, 2010; Manfredi et al., 2006). Despite these drawbacks, research efforts are 

ongoing to help FRPs attain satisfactory high temperature performance.  

2.4 Fibers 

The composition of the fiber material can be synthetic or natural, and can be formed into 

mats. Examples of fiber mats are found in a variety of uses such as rugs and clothing material. 

The fiber portion of the material is what gives the composite its mechanical strength. They 

withstand the majority of the stresses and thus, have a large impact on the properties of FRPs. 

2.4.1 Conventional Fibers 

There are two distinct types of fibers, synthetic and natural. Synthetic fibers are man-made 

and come from a variety of backgrounds. Since the 1970’s, the most common synthetic fibers 

used in civil engineering applications are carbon, glass and aramid fibers, each with their own 

unique traits and properties. Carbon fibers are by far the strongest, but also the most expensive. 

Due to their price, they are only used in applications where high loads are involved such as in 

strengthening concrete structures. Some applications where aramid fibers are used include 

protective clothing, helmets, body armour, ropes and cables. Compared to carbon fibers, glass 

fibers are also relatively strong, but much cheaper and are manufactured in large quantities for 

use in pipes, I-Beams and storage tanks. 
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2.4.2 Natural Fibers 

Unlike conventional fibers, natural fibers come from renewable resources. These fibers come 

from plant and animal sources and are abundantly available throughout the world. The large 

variety of these fibers can be grouped into five main categories: leaf, bast, fruit, seed and animal. 

As the name suggests, leaf fibers come from plant leaves and examples include pineapple, banana 

and sisal. Bast fibers, or skin fibers, come from the inner bark, or bast of the stem of plants. 

Examples include flax, hemp, kenaf and jute. Fruit fibers come from the fibers of the actual fruit. 

Fibers from the seeds or seed cases, such as cotton, are called seed fibers. These four types of 

plant fibers all have their own unique compositions and thus, differing properties. Finally animal 

fibers come from the hair, feathers or secretions of an animal, and include wool and silk. 

Although all these types of fibers can be used in composites, leaf and bast are the most common 

due to their superior characteristics (O'Donnell et al., 2004).  

Benefits of natural fibers include being grown from renewable resources, biodegradability, 

possessing low density and low cost compared to synthetic fibers. They also offer ease of 

processing which leads to less wear on tools and skin irritation (Chapple et al., 2010). However, 

natural fibers also have their drawbacks. The three main disadvantages of natural fiber 

composites are low compatibility with hydrophobic polymers, thermal sensitivity during high 

temperature processing, and flammability which limits their use in many applications (Shumao et 

al., 2010). In addition, natural fibers tend to have large variations in properties due to the nature 

of natural fibers. Table 2.1 provides a comparison between natural fibers, and the most widely 

used synthetic fiber, glass.  
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Table 2.1: Comparison between Natural and Glass Fibers (Wambua et al., 2003) 

  Natural Fibers Glass Fibers 

Density Low Twice that of natural fibers 

Cost Low Low, although higher than natural fibers 

Renewability Yes No 

Recyclability Yes No 

Energy Consumption Low High 

CO2 Neutral Yes No 

Abrasion to Machines No Yes 

Health Risks when Inhaled No Yes 

Disposal Biodegradable Not Biodegradable 

 

 Natural Fiber Composition 2.4.2.1

The composition of natural fibers varies between the different fiber materials which creates a 

variety of properties pertaining to each type of fiber. The compositions and structures of natural 

fibers are complex, but generally consist of three main components: cellulose, hemicellulose and 

lignin. Table 2.2 displays the chemical composition of some prominent natural fibers. Natural 

fibers consist of helically wound cellulose microfibrils in an amorphous matrix of lignin and 

hemicellulose (Williams et al., 2000). Figure 2.2 shows the structure and composition of a flax 

fiber stem. 
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Table 2.2: Chemical Compositions of Natural Fibers (Chapple et al., 2010; Kandachar, 

2001; Kozlowski et al., 2004; Kozlowski et al., 2008; Manfredi et al., 2006; Williams et al., 

2000) 

 

Cellulose (%) Hemicellulose (%) Lignin (%) Ash (%) 

Flax 65-78 10-20 2-3 2-5 

Hemp 69-77 15-23 4-10 1-3 

Jute 61-72 13-21 12-13 0.5-2 

Kenaf 48-61 21-23 12-19 2-5 

Sisal 67-78 12-24 8-11 0.6-1 

Coir 36-43 0.1-0.3 41-45 0.5-1 

Bamboo 26-43 15-26 21-31 1.7-5 

Cotton 85-90 1-3 7-16 0.8-2 

Soft Wood 40-44 25-29 25-31 0.2 

Hard Wood 43-47 25-35 16-24 0.4 

 

 

 

Figure 2.2: Physical Composition of a Flax Fiber Stem (Janarthanan et al.) 

 

 Flax Fibers 2.4.2.2

Flax, or Linseed, is a plant grown in the cooler regions of the world and in fact, Canada is the 

world’s largest producer of flax (Unknown, 2013). The flax fiber is a bast fiber and thus, is 

extracted from the bast, or skin, of the flax plant. Arising from the many benefits to flax fibers, 
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including superior thermal and mechanical properties as well as enjoying the lowest water 

absorption of any natural fiber, flax is widely regarded as one of the best natural fibers for NFRP 

composites.  

 Mechanical Properties of Natural Fibers 2.4.2.3

The mechanical properties of all natural fibers are determined by their chemical composition 

and microfibril angle. Desirable properties for a natural fiber in a composite include having high 

cellulose content and a low microfibril angle (Williams et al., 2000). Cellulose is a long, straight 

molecule which is more resistant to tensile strain than other coiled or bent molecules in natural 

fibers. Furthermore, the lower the microfibril angle of the fiber, the straighter the microfibril and 

the greater the ability to resist tensile strain.  

However, it is common for the properties of one type of fiber to vary significantly based on 

the growing conditions, extraction process and which part of the plant the fiber was harvested 

from (O'Donnell et al., 2004; Ticoalu et al., 2010). This can cause issues when trying to duplicate 

mechanical properties after repeat testing and has led to lower design values in building codes 

and standards (Wambua et al., 2003). 

When compared to synthetic fibers, natural fibers have a lower tensile strength; however they 

offer a lower density material and competitive tensile modulus (Ticoalu et al., 2010), as given in 

Table 2.3. 
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Table 2.3: Mechanical Properties of Fibers used in FRP Composites (Bledzki et al., 1996; 

Bledzki et al. 1999; Brouwer, 2000; Hollaway, 2010; Kozlowski et al., 2008; Mohanty et al., 

2000; Mohanty et al., 2002; Ticoalu et al., 2010; Wambua et al., 2003)  

  

Density 

(g/m
3
) 

Tensile Strength 

(MPa) 

Tensile Modulus 

(GPa) 

Elongation 

to Break (%) 

Moisture 

Absorption (%) 

Flax 1.4-1.5 500-1100 27.6-80 1.2-2.5 7 

Jute 1.3-1.46 460-773 10-30 1.2-3 12 

Sisal 1.33-1.45 468-700 9.4-35 2-7 11 

Hemp 1.48 550-800 25-70 1.6 8 

Cotton 1.5-1.6 300-800 5.5-12 3-10 8-25 

Coir 1.15-1.25 131-220 4-6 15-35 10 

E-Glass 1.5-2.55 2000-3500 70-85 2.5-3 N/A 

Aramid 1.4-1.45 2750-3150 63-100 2.2-3.7 N/A 

Carbon 1.7-1.8 4000-5200 230-400 1.4-1.9 N/A 

 

 

 Elevated Temperature Properties of Natural Fibers 2.4.2.4

The Limiting Oxygen Index (LOI) is a parameter used to measure the flammability of a 

material. It is the ratio of oxygen to other gases in the atmosphere needed to burn the test 

material. A high LOI value is indicative of a material which burns less easily in air, and a low 

LOI value represents a material which burns easily in air. Regular atmospheric conditions contain 

21 % Oxygen, an LOI value of 21. The LOI value is measured by a technique called cone 

calorimetry. 

In terms of fire performance, plant fibers are considered to be worse than animal fibers. For 

example, cotton has an LOI value of 19 whereas wool has an LOI value of 25 (Levchik et al., 

2004). Using cone calorimetry, it has been shown that compared to leaf fibers, bast fibers preform 

favourably and thus, are used for the majority of applications where NFRPs could be exposed to 

fire (Kozlowski et al., 2008). This is due to the chemical composition of the fibers. Since natural 

fibers are made primarily of three compounds, their performance depends on the performance of 

these compounds.  
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The major compound in most natural fibers is cellulose which decomposes between 260°C 

and 350°C, during which time the fiber gives off flammable volatiles, as well as non-combustible 

gases and the formation of char takes place (Chapple et al., 2010). Therefore the higher the 

cellulose content, the higher the flammability of the fiber. The second most prominent compound 

in natural fibers, hemicellulose, decomposes between 200° and 260°C but only forms non-

combustible volatiles (Chapple et al., 2010). Lastly lignin, the compound which has the most 

bearing on flammability, starts decomposing at 160°C and goes up to 400°C (Chapple et al., 

2010). During the lower temperature decomposition, weak bonds are broken, and as the 

temperature increases, the bonds of the aromatic rings are broken (Chapple et al., 2010; Manfredi 

et al., 2006). 

The importance of lignin in NFRPs is due to its decomposition at these comparatively low 

temperatures. Therefore, a fiber with lower lignin content generally correlates well with a high 

heat resistance. As can be observed from Table 2.2, of the natural fibers, flax has the lowest 

lignin content. 

It was reported by Manfredi et al. (2006) that flax, due to its long Time to Ignition (TTI) and 

higher peak decomposition temperature, was the best fiber to be used in high temperature 

applications. It was concluded the lower lignin content in flax contributed to the higher 

decomposition temperature. Kozlowski et al. (2008) also determined that flax and hemp had 

lower Heat Release Rates (HRR) due to their lower lignin content. 

2.5 Resins 

A resin is a polymer liquid that solidifies and forms the matrix portion of an FRP composite. 

The resin holds the fibers together and uniformly distributes loads. Without the resin, if a load is 

applied to the fibers, the shortest and weakest fibers would break first. Therefore, the resin plays a 

crucial role in the FRP. There are a wide variety of resins used today, and some are natural based 
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while others are petroleum based. Resins can also be used without fibers for applications such as 

varnishes and adhesives. 

2.5.1 Thermosets versus Thermoplastics 

There are two types of polymer resins, thermosets and thermoplastics. The difference 

between these two comes from their reaction to heat after they have been initially solidified. Once 

a thermoset resin is has solidified and heat is applied, thermosets cannot be re-melted but instead 

will undergo thermal decomposition while remaining solid. A thermoplastic on the other hand, 

once solidified, can be re-melted with additional heat but the polymer will not undergo further 

change to its chemical structure. 

 Thermosets 2.5.1.1

Thermoset resins are a group of resins used in the fabrication of FRPs. Once they solidify and 

set, they become rigid three dimensionally cross-linked plastic and can no longer be re-melted 

with additional heat (Hörold 1999). The main types of thermosets are epoxy, unsaturated 

polyester (UP), vinyl ester (VE), phenolic, amino and polyurethane resins (Kozlowski et al., 

2008; Ku et al., 2011; Williams et al., 2000). Due to their inability of being re-melted, thermoset 

resins are popular for FRP structures and are the chosen resin type for infrastructure. 

Epoxy resins possess acceptable mechanical properties as well as relatively high weathering, 

chemical and thermal resistance and are often used in FRP fabrication (Hörold 1999). To form an 

epoxy resin, an epoxy and a curing agent need to be combined in order to cure. They can also be 

effectively fire retarded by adding conventional fire retardant (FR) additives. Specifically, 

phosphorus-containing FR additives work well since they have an affinity toward the abundance 

of hydroxide groups in the epoxy.  
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2.5.2 Petroleum-Based Resins 

Petroleum based resins are man-made resins based on petro-chemicals such as crude oil, and 

once refined cannot be biodegraded. This harms the environment by releasing pollutants into the 

air and water and as such, there has been a call in the research community to try to limit the use of 

these products. Petroleum is also a non-renewable resource which has furthered the desire for 

more environmentally friendly alternatives. Some examples of petroleum based resins include 

epoxy, Polyethylene, Polypropylene (PP) and Polystyrene. These materials find uses as adhesives 

and coatings among other things. 

2.5.3 Bio-Based Resins 

The recent emphasis on sustainability, eco-efficiency and green chemistry has led scientists and 

engineers on a search for more environmentally responsible alternatives to petroleum based 

products. Unlike petroleum based resins, bio-based resins are made from natural oils extracted 

from plants. These natural oils are considered to be a renewable resource and have a much lighter 

impact on the environment. Cashew nutshell oil, linseed oil and soybean oil are three examples of 

these green resins. Just like their petroleum based counterparts, they are used in a wide range of 

applications and can create both thermosetting and thermoplastic polymer matrices.  

2.5.4 Mechanical Properties of Resins 

Without the resin’s ability to hold the FRP together and distribute load between fibers, the 

fibers’ strength, along with their resistance to all types of wear and degradation, would be greatly 

reduced. Therefore, when selecting a NFRP for a specific application, it is vital to take into 

account the mechanical properties of the matrix material. Selected properties for different resins 

are provided in Table 2.4. 
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Table 2.4: Mechanical Properties of Polymer Resins (Hollaway, 2010; Ku et al., 2011) 

 

Density 

(g/cm
3
) 

Tensile 

Strength 

(MPa) 

Tensile 

Modulus 

(GPa) 

Elongation 

to Break 

(%) 

Water 

Absorption 

(%) 

Epoxy Resin 1.1-1.4 40-110 0.3-6 1-6 0.1-0.4 

Polyester Resin 1.2-1.5 40-90 2-4.5 2 0.1-0.3 

Vinyl Ester Resin 1.2-1.4 69-90 3.1-4 4-7 0.1 

 

2.5.5 Elevated Temperature Properties of Resins 

The largest barrier to greater widespread use of FRPs in construction is their low elevated 

temperature properties and fire resistance. As heat is applied to a resin, the resin becomes softer 

and more malleable close to, and at, its glass transition temperature. 

The Tg is defined as the temperature below which the physical properties of an amorphous 

crystalline polymer vary in a manner similar to that of a solid phase, and above which behave in a 

manner similar to a liquid or rubbery solid (Hollaway 2010). This decreases the resin’s ability to 

hold the FRP together and distribute load between fibers, resulting in severe reduction in strength, 

stiffness and elasticity, as evidenced by previous research (Kodur et al., 2007; Cao et al., 2009). 

Therefore, a resin that can keep its rigidity at higher temperatures will have better ET 

characteristics.  

A secondary effect which happens when heat is applied to a resin is thermal-oxidative 

decomposition. This begins when a polymer is exposed to heat which leads to the formation of 

volatiles and smoke. Often, these bi-products are toxic to humans and render these FRPs 

detrimental in situations where immediate evacuation is not possible. In particular, phenolic 

epoxy resins, a subgroup of thermoset resins, have a greater tendency to char than most other 

popular resins (Hörold 1999). This reduces the amount of volatiles and smoke released as they 

end up remaining on the polymer as char.  
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One further factor that contributes to the deficiency of suitable polymers for high temperature 

applications is the lack of previous research. Thermal stability and fire retardancy of FRPs have 

hardly been studied in literature (Matko et al., 2005).  

2.6 Mechanical Properties of Fiber Reinforced Polymers 

FRPs are composite materials with properties that can be changed based on the application 

and materials used for fabrication. As such, the mechanical properties, and the variables that 

affect these properties need to be understood. It has been discussed that fibers bear the majority of 

the load, and therefore having a strong fiber material is one of the most important aspects of an 

FRP.  

The second part of the FRP, the resin, binds the fibers together. Just as different fibers and 

resins have different properties, different resin-fiber combinations will also have differing 

characteristics. Without a strong fiber-matrix interface, fibers will slip and break and the FRP will 

not function properly. The strength of the fiber-matrix interface is highly dependent on the level 

of adhesion between hydrophobic fibers and hydrophilic resins. If the resin and fiber have similar 

hydrophobicity, they will likely have better adhesion and mechanical properties than resin-fiber 

combinations with large differences in hydrophobicity. Failure to enhance this adhesion, through 

manufacturing or treatment of the fibers, is a common issue with NFRPs today.  

These two materials, along with how they interact, dictate how well an FRP will perform in a 

given situation. A rough guideline for predicting how a resin and fiber combination will perform 

is the Rule of Mixtures, an equation which produces a general idea of the value of properties such 

as Elastic Modulus. The Equation is as follows:  

 

𝑬𝑴 = 𝑬𝒇𝑽𝒇 + 𝑬𝒓𝑽𝒓    Equation 2.1 
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Where 𝐸𝑀 is the Elastic Modulus of the FRP in the direction of the fibers, 𝐸𝑓 is the Elastic 

Modulus of the fibers, 𝑉𝑓 is the volume fraction of the fibers, 𝐸𝑟 is the elastic modulus of the 

resin material, and 𝑉𝑟 is the volume fraction of the resin. Variance during the fabrication process 

will also affect the modulus of the FRP. Since the fiber’s modulus is almost always much larger 

than the resin’s, the higher the fiber volume fraction, the higher the modulus of the material. This 

rule of thumb has been shown to hold in a number of research papers on NFRP composite 

materials (Cao et al., 2009; El-sabbagh et al., 2013; Foster et al., 2008; Hollaway, 2010; 

O'Donnell et al., 2004; Wambua et al., 2003). Along with elastic modulus, impact strength and 

ultimate tensile strength (UTS) has been shown to increase with increasing fiber volume fraction 

(O'Donnell et al., 2004; Wambua et al., 2003).  

Nonetheless, it has been found that FRP sometimes deviate from this rule, due to fiber length 

and orientation, hydrophobicity and quality control (El-sabbagh et al., 2013; Hollaway, 2010). As 

well, natural fibers tend to have a wide range of values for the same type of fiber, due to the 

imperfect nature of plants, which also will affect the NFRP’s modulus with regards to the Rule of 

Mixtures’ predicted modulus. Conversely, the mechanical properties of NFRPs can be enhanced 

with chemical treatments and the addition of property enhancing additives to the resin. When 

compared with glass fiber reinforced polymers (GFRPs), NFRPs’ moduli have been found to 

compare favourably (Wambua et al., 2003). As for natural fiber composites, a tensile strength in 

the 30 MPa range has been found for a composite containing 30 weight percent (wt. %) flax 

fibers. With 40 wt. % flax, a tensile modulus has been found to be in the range of 4.7 GPa 

(Williams et al., 2000). 

2.7 Elevated Temperature Properties of Fiber Reinforced Polymers 

High temperature properties remain the major obstacle in the widespread use of FRP, 

especially in the construction and transportation sectors (Hollaway 2010). Compounding this fact, 

experimental testing and research on the ET properties of FRP composites has not grown as fast 
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as it has with regards to room temperature  mechanical properties (Hollaway 2010). In order to 

understand how FRP materials preform at high temperatures and with respect to fire, the burning 

process should first be introduced.  

This process takes place over five stages, heating, decomposition, ignition, combustion and 

propagation (Sain et al., 2004). It is at any of these five stages that the burning process can be 

obstructed. This process affects the properties of the FRP in a number of ways. As heat is applied 

to an FRP, the resin softens which reduces the strength and stiffness of the composite. Previous 

research has shown that as an FRP sample is heated, its lower mechanical properties can also be 

related to the deterioration of the fiber-resin bond (Kodur et al., 2007). However, it has been 

shown by Foster et al. (2005) that once the Tg is reached for a FRP, the strength of the FRP 

plateaus until the fibers begin to undergo degradation themselves (Cao et al., 2009). Most 

ambient-temperature cured thermosetting resins have a Tg around 60°C to 85°C (Kodur et al., 

2007). 

The toxic volatiles produced are another issue at ET. In fact, more than 50 % of people who 

die from fire related incidents actually die from inhaled smoke instead of direct fire or burns 

(Whichman 2003). Hence, along with attempting to retain mechanical properties at high 

temperatures, the prevention of the spread of flames and smoke suppression is also crucial. The 

good news is that research has shown the fire resistance of composites can be improved (Chapple 

et al., 2010). Further, Matko et al. (2005) concluded that bio-based polymers’ fire resistance can 

be improved by simple and cost-effective ways. The main method of achieving improved fire 

resistance is by adding FR additives to the matrix material. 

While fire remains a huge issue for FRPs, research in this area is limited, as reported by a 

number of authors (Chapple et al., 2010; Hapuarachchi et al., 2007; Kozlowski et al., 2008; 

Matko et al., 2005; Schartel et al., 2003; Shumao et al., 2010; Suardana et al., 2011; Turku et al., 

2014; Woo et al., 2013). The results that have been gathered are also restricted to very specific 
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circumstances. Factors such as FR, fiber and polymer types, along with their respective 

combinations, all influence the mechanical and high temperature properties differently (Shumao, 

et al., 2010).  As such, the results of each study are strictly applicable to the systems discussed 

within the research (Foster et al., 2008). This is all worsened by the fact that it is common for the 

strength of a FRP to have considerable scatter with increasing temperature (Foster et al., 2008). 

These compounding factors demonstrate the limited knowledge and difficulty of quantifying 

NFRP properties at ET. 

2.7.1 Fire Retarding Additives 

The most common and traditional method of achieving improved fire retardancy with any 

polymer system is the use of FR additives (Turku et al., 2014). A FR additive is a chemical 

compound, usually in powdered form, which is added to a polymer during mixing, and interferes 

with the combustion process (Sain et al., 2004). The aim of using these additives is to terminate 

the combustion process before ignition can occur. A secondary goal of FR additives is to decrease 

smoke emission and volatile formation. As with fibers and resins, FR additives have unique 

characteristics, which can be utilized for particular conditions. They are widely used due to being 

the simplest, fastest, easiest and cheap way to improve flame retardancy of polymer systems. 

The most common types of flame retardants are halogenated, inorganic, phosphorus and 

metal hydroxide compounds (Chapple et al., 2010; Sain et al., 2004; Stark et al., 2010; Woo et al., 

2013; Zhang et al., 2003). Halogenated compounds have proven to be effective FR additives, but 

there are serious environmental concerns with their disposal (Levchik et al., 2004; Stark et al., 

2010). Similarly, inorganic FR additives give off acids which act as irritants and are corrosive; 

neither of these qualities are particularly favourable for flammable materials (Shumao et al., 

2010). Thus, growing demand to avoid these types of FR additive has led to more 

environmentally sound and safe FRs including phosphorus and metal hydroxide based 

compounds. 
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However, even these relatively new FR additives do have drawbacks, mainly their negative 

effect on the polymer’s mechanical properties. Previous data from literature suggests a 15 to 17 % 

drop in strength in polymer systems that use these FR additives (El-sabbagh et al., 2013). This 

was hypothesized to be due to a reduced load-bearing cross-sectional area to resist stress, as well 

as decreased FR-matrix interfacial strength. The challenge in finding an improved fire-resistant 

NFRP while maintaining its mechanical performance has been mentioned by multiple authors 

(Cramer et al., 1997; Shumao et al., 2010). 

 Ammonium Polyphosphate 2.7.1.1

Ammonium Polyphosphate (NH4PO3), (APP), is a very commonly used phosphorus FR 

compound which has been around for many years (Chapple et al., 2010). In fact, it is the most 

commonly used FR in Wood-Plastic Composite (WPC) research (Stark et al., 2010). Like other 

phosphorus FR compounds, APP acts mainly in the condensed phase as char former (Chapple et 

al., 2010; Hörold, 1999; Walter et al., 2015).  

Specifically, APP begins to decompose around 165°C, forming phosphoric acid and 

phosphorus oxides, along with water and ammonia. The phosphoric acid solidifies on the polymer 

as char, acting as a barrier between the heat and the underlying matrix and halting the release of 

volatiles from inside the material (Garcia et al., 2009). Phosphorus radicals released in the 

gaseous phase react with the hydrogen and hydroxide radicals in the flame, impeding the 

combustion process by diluting the fuel concentration (Chapple et al., 2010; Shumao et al., 2010). 

As a result of these mechanisms, literature has shown APP to lower smoke production and 

smoldering, resist flame migration and reduce the Peak Heat Release Rate (PHRR) 

(Hapuarachchi et al., 2009; Shumao et al., 2010; Stark et al., 2010; Walter et al., 2015). Another 

advantage is APP’s efficiency; requiring low concentrations, being relatively cheap and less 

likely to affect mechanical properties of the polymer or FRP (Hörold 1999). APP is particularly 

effective in materials with high oxygen content like polyethylenes, epoxies and cellulose (Hörold, 



 

22 

 

1999; Walter et al., 2015). Finally, phosphorus compounds also do not affect the curing reactions 

of resins and can be used in RT or ET cure applications (Hörold 1999). 

Matko et al. (2005) investigated using different weight percentage loadings of APP, as a 

polymer additive, in a variety of NFRP composites. They reported that although the 20 % APP 

containing samples performed slightly better, due to cost/performance ratio, 10 % loading was 

more attractive for industrial use. 

In an effort to compare several FR additives, Stark et al. (2010) used wood polymer 

composites (WPCs) with decabromodiphenyl oxide, antimony trioxide, magnesium hydroxide 

(MgOH), zinc borate, melamine phosphate and APP additives. In the end it was determined that 

APP and MgOH improved the fire performance the most, with APP being the most effective fire 

retardant. In addition, APP had the best oxygen index, the lowest mass loss rate and had the 

greatest decrease in PHRR. As for optimal loading percentage, Zhang et al. (2003) reported LOI 

values as high as 25 – 27 at loadings of 10 – 15 % APP.  

In addition to its effectiveness displayed in previous research, APP has also shown 

particularly high efficiency in thermoset epoxy resins (Hörold, 1999; Levchik et al., 2004). This 

is because the phosphoric compounds formed during heating, which react with H and OH 

radicals, involve the epoxy resin structure in the charring. 

There is conflicting research on the effects of APP on NFRP mechanical properties. In the 

research by Garcia et al. (2009), it was noted that possible negative effects to mechanical 

properties may occur with the use of APP. However, Shumao et al. (2009) actually reported the 

opposite; that small loadings of APP do not adversely affect the mechanical performance, but act 

instead as a reinforcing filler in the composites studied. Specifically, at loadings of 4.5 wt. % 

APP, the modulus of the NFRP was increased from 92 MPa to 97.4 MPa, and the tensile strength 

increased slightly as well.  
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 Metal Hydroxides 2.7.1.2

Metal hydroxides are chemical compounds made up of hydroxide ions and a metal ion, the 

most common being sodium hydroxide, or salt. Some metal hydroxide compounds have been 

found to be effective FR additives for polymers, the two most commonly used being aluminum 

trihydrate (ATH), and MgOH (Sain, et al., 2004; Turku et al., 2014). 

Metal hydroxides work by undergoing endothermic chemical decomposition when heat is 

applied. Water, H2O, is a product of this decomposition. Therefore, the advantages of using metal 

hydroxides as FR additives include absorbing heat from the combustion zone, as well as releasing 

water which dilutes the fuel and reduces the heat of the material. They also react with carbon 

materials during burning to produce char which helps insulate the material from heat and leads to 

lower smoke generation (Sain et al., 2004; Stark et al., 2010). These reactions mostly take place 

during the pyrolysis stage of the combustion cycle. 

Along with being suitable flame retardants, metal hydroxides have also shown to be 

inexpensive, non-toxic, and have no issues with the environment during processing or burning 

(Hapuarachchi et al., 2009; Kandola et al., 2010; Turku et al., 2014). It has been concluded in 

research that due these benefits, metal hydroxides have become more attractive than halogenated 

flame retardants (Walter et al., 2015). 

The drawback of using metal hydroxides as FR additives is that previous research has shown 

to require high percentage loadings in order to reach acceptable levels of flame retardancy (Woo 

et al., 2013; Zhang et al., 2003). These high loadings have also been found to have varying 

negative effects on mechanical properties of the polymer composites (Sain et al., 2004; Zhang et 

al., 2003). 
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2.7.1.2.1 Aluminum Trihydrate 

ATH is a metal hydroxide compound that is the most commonly used aluminum-based FR 

additive in polymers (Woo et al., 2013). It decomposes endothermically and the decomposition 

chemical equation is shown in Equation 2.2 (Sain et al., 2004): 

 

𝟐𝐀𝐥(𝐎𝐇)𝟑  →  𝐀𝐥𝟐𝐎𝟑 + 𝟑𝐇𝟐𝐎     Equation 2.2 

 

This decomposition begins around 200°C and continues to around 340°C, with a main peak 

around 320°C (Hapuarachchi et al., 2009; Turku et al., 2014). The aluminum oxide forms a 

protective layer on the polymer surface. This oxide layer has also been proven by Rakotomalala 

et al. (2010) to lower the amount of pyrolysis products formed and prevent toxic gas release. It 

was determined that the water vapour that is formed dilutes flammable gases as well as cooling 

down and restricting oxygen access to the substrate. This reaction also takes about 1 kJ/g of heat 

from the system (Turku et al., 2014). One final reason that ATH has become popular is that is 

considered a ‘greener’ FR additive with no negative effects on the environment during processing 

or burning. 

As for research on ATH as a FR additive, Bourbigot et al. (1999) showed ATH to reduce the 

HRR and smoke emissions for polyethylene-co-vinyl acetate (EVA) polymer. More recently, 

Garcia et al. (2009) demonstrated that ATH could reduce the burning speed of WPCs and 

increase the LOI as well as the TTI of NFRP composites.  

At the same time, Kandola et al. (2009) added ATH to a thermoset vinyl ester (VE) resin at 

25 wt. % loading and found enhanced thermal stability by decreasing mass loss. ATH was also 

found to have decreased the burning rate, PHRR, total heat release (THR), smoke production and 

increased the TTI, by 49 %, 45 %, 27 %, 63 % and 64 %, respectively, of the VE +ATH samples 

compared to the neat VE samples.  
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Finally, Hapuarachchi et al. (2009) preformed cone calorimetry tests on an unsaturated 

thermoset polyester resin with ATH and APP additives. It was found that ATH delayed the TTI 

and lowered the carbon monoxide yield as well as the PHRR. One interesting observation the 

authors noticed was that no synergistic behavior between APP and ATH was seen, indicated that 

only one should be used in a single sample.  

Consistent with other metal hydroxides, relatively high loadings are commonly used. These 

high loadings can have a detrimental effect on the mechanical properties of a polymer or FRP (El-

sabbagh et al., 2013; Yin et al., 2005), however other research disputes this (Hapuarachchi et al., 

2009). For example, Woo et al. (2013) found that at 10 wt. % loading of ATH, polylactic acid and 

kenaf fiber NFRP showed an increase in fire retardancy, tensile modulus and tensile strength of 

66 %, 59 % and 16 %, respectively. The researchers also noticed a general decrease in elongation 

to break and increase in tensile modulus up to 50 wt. % loading of ATH. 

2.7.1.2.2 Magnesium Hydroxide 

MgOH, like ATH, is a metal hydroxide compound that is commonly used as a FR additive. It 

also undergoes endothermic decomposition, of which the products are water and magnesium 

oxide. The chemical equation for the decomposition is shown in Equation 2.4 (Sain et al., 2004): 

 

𝐌𝐠(𝐎𝐇)𝟐  →  𝐌𝐠𝐎 + 𝐇𝟐𝐎         Equation 2.3 

 

During decomposition, heat is absorbed from the polymer leading to a slower burning time 

and a cooler substrate. At around 330°C, water vapour is formed along with magnesium oxide 

(Walter et al., 2015). The water vapour helps dilute the concentration of radicals as well as 

flammable gases and the magnesium oxide forms on the polymer as char. MgOH also possesses 

low toxicity and is acid and halogen free (Walter et al., 2015). 
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There have been many research studies showing the effectiveness of MgOH as a FR additive. 

Sain et al. (2004) studied the use of MgOH, boric acid and zinc borate as FR additives in natural 

fiber polypropylene composites. The researchers showed that 25 wt. % MgOH effectively 

reduced the flammability of the NFRP by half and was determined to have performed the best. 

Stark et al. (2010) determined that MgOH improved the TTI, HRR and PHRR the most of all the 

additives tested and was determined to be the most effective FR additive. 

In terms of how MgOH affects the mechanical properties, El-sabbagh et al. (2013) conducted 

burning and tensile tests using randomly oriented flax fibers and polyethylene matrix with MgOH 

additive. They conducted an extensive analysis of the mechanical properties of these samples. 50 

wt. % flax fiber samples were replaced with 0 wt. % MgOH, (50/0), 20 wt. % MgOH, (50/20), 

and 30 wt. % MgOH, (50/30). They found an improved stiffness of 16 % and 88 % in the 50/20 

and 50/30 samples, respectively. This decrease in elongation with increased MgOH loading is in 

accordance with the results of Yin et al., (2005). However, El-sabbagh et al. (2013) also found a 

strength decrease of 20 % and 31 % in the 50/20 and 50/30 samples, respectively.  

The authors noted that these results compared with others’ in literature, which generally 

found a 15 to 17 % drop in strength with 25 % FR additive. The research suggested the decrease 

in strength of the NFRP was due to the reduced effective load bearing cross-section of the 

polymer, as well as a lower interfacial adhesion between the MgOH and PP matrix. Finally, they 

concluded that with 20 to 30 % FR additive, a NFRP composite could achieve improved flame 

resistance as well as possessing an acceptable decrease in strength. 

The differences between ATH and MgOH are detailed in Table 2.5.   
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Table 2.5: Comparison between ATH and MgOH (Walter et al., 2015) 

  

Specific 

Gravity 

Initial Decomposition 

Temperature (⁰C) 

Enthalpy of 

Decomposition (cal/g) 

ATH 2.42 230 280 

MgOH  2.36 330 328 

 

2.8 Manufacturing 

Two commonly used manufacturing techniques for the fabrication of FRP composites are the 

hand or wet lay-up technique and vacuum bagging technique.  

As the name suggests, the hand lay-up technique consists of applying the resin to the fibers 

by hand. This is usually done on site since it requires no bulky equipment and usually the pieces 

of composite are very large. The resin is mixed and applied to the fibers via a plastic spreader or 

roller. During this process, the goal is to ensure all fibers are fully wetted while removing as 

many bubbles, imperfections and extra resin as possible. The wet FRP composite is then air dried 

until the resin has fully cured. The process is simple, cheap and allows fibers to match the contour 

of the object’s surface in situations like wrapping concrete columns or bridge decks.  

However this technique has been proven, by various researchers, to have increased void 

percentage, lower fiber volume fraction and generally lower mechanical properties when 

compared to the vacuum bagging technique (O'Donnell et al., 2004; Wambua et al., 2003; 

Yuhazri et al., 2010). Hand lay-up is also less exact, with regards to amount and distribution of 

the resin, compared to vacuum bagging, which is unfavorable for research.  

The vacuum bagging technique consists of wetting fibers in a similar manner as the hand lay-

up technique, but then uses a sealed bag with a vacuum attachment to remove excess resin and 

bubbles. Once the resin has been applied to the fiber mat, the mat is then placed in a sealed bag 

between two release films and breather sheets. The release films have tiny holes to allow for 

excess resin to be removed. The breather sheets, generally made of cotton, absorb the extra resin. 

A small hose, attached to the vacuum pump, is placed within the sealed bag and, once sealed, the 
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suction causes the bag to form around the FRP sheet like shrink wrap. The pressure also removes 

excess resin, bubbles and imperfections from the FRP. This technique allows for fibers mats to be 

made with similar fiber volume fractions and even resin distributions, which bodes well for 

repeatability in the results for research purposes. 

2.9 Research Goals 

By performing this literature review, it is clear that little research has been done on the 

mechanical properties of NFRP composites at ET, and the effects of FR additives on these 

properties. The goal of this research is to study the effects temperature has on the mechanical 

properties of NFRP composites. The role of FR additives on the mechanical and thermal 

properties of NFRP composites will also be examined. One expected outcome of this research is 

to produce recommendations on the use of bio-based epoxy, compared to synthetic epoxy, and FR 

additives, in composite fabrication. 

These areas of interest will be evaluated using thermal analysis (Differential Scanning 

Calorimetry) as well as mechanical testing for the resin (tensile dog-bone testing) and NFRP 

composites (tensile testing at RT and ET). 
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Chapter 3 

Methods 

3.1 Methods Introduction 

Natural fiber reinforced polymer composites are fabricated from two or more materials; the 

core is made from a natural fiber and a resin matrix. NFRP composites have many benefits 

including being environmentally friendly and light weight.  

However, one of the biggest restrictions to widespread use is their poor resistance to fire and 

elevated temperature properties, as seen in their low respective building design code values 

(Kodur et al., 2007). Therefore, the main purpose of this research was to fabricate and evaluate 

NFRP composites at room temperature versus elevated temperature. In addition, the research 

evaluated the differences between bio-resin versus synthetic resin NFRP composites and the 

effect of FR additives on their mechanical and thermal properties.  

In order to examine and achieve these goals, a number of different tests were performed. 

These tests included tensile testing of resins without fibers or additives, NFRP samples at RT and 

ET, tensile testing of resin plus additive samples and Differential Scanning Calorimetry (DSC) 

evaluation. 

3.2 Materials 

3.2.1 Fibers 

The fiber reinforcement in a composite resists stress along the fiber direction. All tests 

involving the use of flax fibers used Biotex Flax 275 g/m² Unidirectional mat from Composites 

Evolution Ltd., Chesterfield, UK. A sample is shown in Figure 3.1. According to the 

manufacturer, this particular sheet is generally used as a high performance alternate fabric to 

glass fibers for automotive, sporting goods and decorative applications. 
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Flax was chosen due to its superior mechanical and thermal properties when compared to 

other natural fibers, as discussed previously in Chapter 2. This particular fiber also has reduced 

weight, improved environmental impact and similar stiffness when compared to glass fibers. 

Composites Evolution reported, for a fiber volume fraction of 27 %, a density, ultimate tensile 

strength (UTS), tensile modulus and percent elongation (PE) before break of 1.28 g/cm³, 174 

MPa, 18.8 GPa and 1.5 % respectively (Biotex Flax, n.d.). 

 

 

Figure 3.1: Digital Image of Biotex Flax 275 g/m² Unidirectional Fiber Mat Used for 

Fabrication 

 

3.2.2 Resins 

The resin matrix holds the fibers together, distributes stresses evenly between the fibers and 

provides protection for the fibers. Two resin types were evaluated: one was a bio-based epoxy 

resin and the other was a synthetic epoxy resin.  

The bio-based epoxy was the Super Sap CPM/CPL resin system from Entropy Resins Inc., 

San Antonio, USA, and was a USDA BioPreferred 
SM

 certified two-part epoxy system. It was 

specifically designed for compression molding fabrication of FRP composites. According to the 

supplier, some uses include press molded composites, wood laminates, skis, snowboards and 
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skateboards. With a mix ratio of 5:2 by weight, epoxy to hardener, Entropy Resins reports a 

weight percentage replacement with bio-based content, tensile strength, tensile modulus, 

elongation and Tg of 31 %, 62.1 MPa, 3 GPa, 6 % and 66 ⁰C respectively (Super Sap CPM/CPL, 

2012). Due to its superior mechanical properties and relatively high bio-based content, this resin 

system was selected for these tests.  

The synthetic resin used was Biresin CR122/CH122-3, a high performance epoxy resin from 

Sika Deutschland GmbH, Stuttgart, Germany. This was also a two part epoxy resin system, 

specifically designed for high temperature resistance with an optimized viscosity for good 

impregnation properties. According to the supplier when using a mix ratio of 10:3 by weight, 

epoxy to hardener, the resin has a tensile strength, tensile modulus, elongation and Tg of 70 MPa, 

3.3 GPa, 4.9 % and 75 °C, respectively (Biresin® CR122 Product Data Sheet ,2013). This resin 

was chosen due to its high temperature qualities as well as it being an epoxy resin system similar 

to the Super Sap CPM/CPL system. 

3.2.3 Additives 

Fire retardant additives are generally added in powdered form, in order to help reduce 

flammability of the material. There are a wide variety of FR additives and each works in its own 

unique way. However, along with benefits of FR additives, they occasionally come with 

disadvantages, such as reducing the mechanical properties of the material to which they are 

added.  

The additives used in this research were added for two reasons: to reduce the flammability of 

the NFRP composites and to examine their effect on the mechanical properties of these NFRP 

composites at both RT and ET. 

 Ammonium Polyphosphate 3.2.3.1

Ammonium polyphosphate (NH4PO3)n, (APP), is a common FR additive used in a variety of 

applications. The product used was Phos-Chek® P/30 Fine from ICL Performance Product LP., 
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St. Louis, USA. It was obtained as a white powder with 70 to 72 % phosphorus content. APP can 

be added to paints, coatings or resins, particularly with acrylated rubber or epoxies. APP was 

selected due to its affinity for epoxy resins, as well as its low cost, low toxicity and low 

environmental impact. It was added at 10 weight percent replacement of the Super Sap epoxy 

since it does not require as high loadings as some other FR additives, as discussed in Chapter 2. 

 Aluminum Trihydrate 3.2.3.2

Aluminum Trihydrate (Al(OH)3), (ATH), is a halogen-free metal hydroxide FR additive that 

can help with smoke suppression. It was supplied by J.M. Huber Corp., Atlanta, USA, and is 

formulated for use in FRP fabrication, specifically for use in resin infusion molding and vacuum 

bag molding, the latter of which is used in this test set-up. The disadvantage of using metal 

hydroxides compared to other FR additives is the higher effective loading weight percentage. 

Therefore, ATH was added in 20 weight percent (wt. %). 

 Magnesium Hydroxide 3.2.3.3

Magnesium Hydroxide (Mg(OH)2), (MgOH), is a non-halogen metal hydroxide flame 

retardant. For this research, MagShield® S was obtained from Martin Marietta Magnesia 

Specialties LLC, Manistee, USA. The main differences between MgOH and ATH are MgOH 

absorbs more heat upon decomposition and decomposes at a higher temperature than ATH. 

MgOH and ATH are the two most commonly used metal hydroxide FR additives. 

3.3 Fabrication 

In order to fabricate these samples a number of processes were required. The following 

discusses how all the test samples were manufactured. 

3.3.1 Epoxy and Additive Mixing 

The preparation method, common to all resin based samples, required either mixing the resins 

and/or mixing of additives into the resin. For the Biresin samples, two parts were added at a ratio 
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of 10:3, epoxy to hardener by weight, while the Super Sap samples were added with a ratio of 

10:4, epoxy to hardener by weight, as per the manufacturers’ guidelines. The mixing was done 

with a cordless drill and mixing attachment. When samples required the addition of an FR 

additive, the additives were measured out and added at the beginning of mixing and blended to 

ensure sufficient dispersion of the additives. Ten minutes was chosen as the mixing time as 

double the time it took for the mixtures to achieve uniform colour. 

3.3.2 Dog-Bone Epoxy Samples and Silicone Mold 

To produce epoxy resin tensile samples, a silicon mold was first made using five aluminum 

dog-bone sample replicates as shown in Figure 3.2 -A. The metal dog-bones’ dimensions were 

designed according to the ASTM D638-14 standard and were machined at the Mechanical and 

Materials Engineering Department Machine Shop at Queen’s University.  

The silicone mold material was Mold Max® 10 T, from Smooth-On Inc., Macungie, USA. It 

was a two-part water white translucent tin cured silicone rubber compound and mixed 100A:10B 

by weight. It is specifically designed to make molds used for casting plaster and wax but was 

found to work well with epoxy resins. 

To create tensile dog-bone samples, a series of steps was followed with the first being the 

construction of a 30.5 cm” x 30.5 cm x 5 cm Polyvinyl Chloride (PVC) box mold. Second, the 

five aluminum dog-bone samples were placed at the bottom of the PVC box. Third, the Mold 

Max® 10 T silicone was poured into the box to a depth of 2.5 cm. Fourth, the box was placed on 

a flat surface to allow the silicone to settle and cure overnight. Lastly, the silicone mold was 

removed from the box and the dog-bone impressions were inspected for defects. The final 

silicone mold consisted of five dog-bone shaped depressions as shown in Figure 3.2-B. This 

process was repeated twice in order to fabricate ten resin samples at once.  

Tensile epoxy dog-bones specimens were produced by first, mixing the 

epoxy/hardener/additive mixtures and second, carefully pouring the mixture into the silicone 
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molds to minimize air bubble formation. After 24 hours of RT curing, the solid epoxy dog-bone 

samples were removed from the mold, shown in Figure 3.2-C. Tape was placed at two pre-

determined locations with a separation of 115 mm as shown in Figure 3.2-D to prevent slippage 

of the extensometer during testing. The process was repeated for all tensile epoxy dog-bone 

samples. 

 

 

Figure 3.2: Digital Images of the Silicon Mold and Epoxy Dog-Bone Manufacturing Process 

- A: PVC box and silicon mold with wet samples curing, B: Removal of solid silicon mold 

from PVC box, C: Dog-bone epoxy samples after removal from the mold, D: Dog-bone 

epoxy sample after tape is applied. 

 

 

 

Silicon mold 

Aluminum dog-bone samples 

Dog-bone shaped depressions 

A) B) 

C) D) 
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3.3.3 Natural Fiber Reinforced Polymer Samples 

During the fabrication of the NFRP sheets, the hand lay-up method produced a higher void 

percentage and lower fiber volume fraction and therefore, the vacuum-bagging method was 

elected as the superior alternative.  

To manufacture the flax/epoxy NFRP composite sheets, the flax fiber mats were first cut and 

the ends were taped to ensure they did not fray as shown in Figure 3.3-A. The resin mixture was 

then poured over a single flax fiber sheet and a plastic spreader was used to wet and impregnate 

the resin well into the fibers as shown in Figure 3.3-B. After the epoxy was applied, a second 

sheet was placed on top of the first, as illustrated in Figure 3.3-C, and the resin spreading process 

was repeated again with excess gently being removed, shown in Figure 3.3-D.  Once a double-

layered flax mat with wet resin was fabricated, the vacuum-bagging process began. 

The vacuum-bagging technique also required a number of materials. Once the composite was 

impregnated with the resin matrix, it was covered with three sheets in total: the protective sheet, 

the breather sheet and the cotton absorbent sheet. The protective film used to protect the vacuum-

bag from resin was Release Film 5200R which is a high elongation release fabric with universal 

non-stick properties. The breather sheet was perforated Release Bag RBG-125, a RT release film. 

The final sheet was Airweave N4, a bleeder sheet used to absorb excess resin but designed to not 

contain any binder which would close off air-flow. All three sheets were ordered from 

Composites Canada, Mississauga, Canada. 

The sealant selected was Vacuum Bagging Sealant AT-200Y, a compound used for providing 

a tight seal and clean release from vacuum bag, purchased from Composites Canada. The pump 

was a Heavy Duty Vacuum Pump E102, from CST Composites Store Inc., Tehachapi, USA, and 

provided a constant maximum pressure of 25 in-Hg. 

From these sheets, a sandwich-like, seven layer pile, as shown in Figure 3.3-E was formed 

and placed in the center of the vacuum bag, displayed in Figure 3.3-F. A small plastic tube 

located between the bleeder layers was attached from the vacuum bag to the vacuum pump, 
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shown in Figure 3.3-G. Once the bag was sealed on all four edges with the vacuum bag sealant, 

the pump was turned on and the vacuum pressure in the bag was checked to be 25 in-Hg, in 

Figure 3.3-H. The sample was left in the vacuum bag for 24 hours to cure, removed the next day, 

and placed on a flat surface for further curing. Once the NFRP mat was cured for 28 days, it was 

cut using a band saw into 700 mm x 25.4 mm strips according to ASTM D3039 testing standard, 

with 50 mm x 25.4 mm tabs of the same material attached at both ends, and on both sides. The 

samples were then splattered with small dots of white, temperature resistant paint so that Particle 

Image Velocimetry (PIV) could detect movement. PIV is a measurement system which takes 

pictures of the sample at specific intervals during testing. After processing the images, PIV gives 

the strain experienced by the sample at the time of the taken pictures. 

 

 

A) 
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B) 
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Figure 3.3: Digital Images of the Steps within the Fabrication Process for the NFRP 

Samples – A: Cut and taped flax fiber mat, B: Epoxy being spread on flax fiber mat, C: 

Second flax fiber mat is added on top of the first, D: Resin is again applied and excess 

removed from the second sheet, E: The sandwich of sheets is formed, F: The sheet sandwich 

is placed in the vacuum bag, G: A hose from the pump is placed within the vacuum bag and 

the sides of the bag are sealed, H: The pump is turned on and the vacuum bag begins to 

contract. 

 

3.3.4 DSC Samples 

Ten DSC samples, one fiber sample, 4 epoxy plus additive samples and 5 NFRP samples, 

were used to evaluate the glass transition temperature of these samples. Two samples of each 

sample type were tested to insure repeatability. 

H) 
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The fiber DSC sample, which weighed 6 mg, was cut from the flax sheets. The four DSC 

epoxy dog-bone samples were cut from extra dog-bone specimens, weighing 5 to 11 mg. As for 

the five NFRP samples, after RT testing was completed, small pieces were cut and collected, 

away from the break area. Each of these DSC samples were placed in a Ziploc bag and labelled. 

3.4 Experimental Procedures 

The general aims of conducting the following tests was to: observe the differences between 

the RT versus ET properties of the NFRP samples, to compare bio-based versus synthetic epoxy 

resins, and to observe the effects of additives on the NFRP samples’ mechanical properties as 

well as their Tg.  

3.4.1 DSC Testing 

The Tg is the temperature at which a polymer changes from being strong and rigid to a more 

soft and ductile material. Above this temperature, FRP composites experience a significant 

reduction in mechanical properties. DSC was used to investigate the Tg of the samples, along with 

the decomposition of additives.  

A DSC machine uses two pans, one empty and one with a small 5 mg – 12 mg sample inside 

to evaluate thermal properties. Both pans are heated at a pre-determined heating rate, with pre-

determined starting and finishing temperatures. The DSC then measures the heat flow to both 

pans and the change in the sample’s heat capacity is tracked. By analyzing the changes in heat 

capacity of a material, information such as the Tg, phase changes, and decomposition patterns can 

be found. 

The DSC used in this research was DSC Q100 with Autosampler. The DSC output curves 

were given by TA Instruments Universal Analysis 2000, Version 4.3A, Build 4.3.0.6. There were 

a total of 10 samples that were investigated: one fiber sample, four epoxy plus additive samples 

and five NFRP samples. The program for DSC testing is given below in Table 3.1. Once the 

testing was completed, the data was labelled and saved. 
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Table 3.1: Testing Regime for DSC Testing 

Sample  

(Number of Samples) 

Starting Temperature 

(⁰C) 

Final Temperature 

(⁰C) 

Heating Rate 

(⁰C/min) 

Fiber (1) 0 350 20 

Epoxy (4) 20 200 10 

NFRP (5) 0 350 20 

 

3.4.2 Tensile Testing of Epoxy Dog-Bone Samples – Zwick Machine 

The epoxy dog-bone samples were tested according to ASTM D 638-14. A Zwick-Rowell 

Z020 Universal Testing Machine with a 20 kN load cell was used and 10 samples of each sample 

type were tested.  

Initially the machine was calibrated by a technician to ensure correct testing results. A dog-

bone sample was placed within the grips of the machine and the grips were tightened. The 

extensometer was then placed on the sample at two pre-determined and taped locations 115 mm 

apart. The speed was set to 5 mm/min for every test and loaded until failure. The process was 

repeated for every dog-bone sample. The dog-bone composition samples are given below in 

Table 3.2. 

 

Table 3.2: Epoxy Dog-Bone Sample Compositions 

  
Number of 

Samples 
Epoxy 

APP 

(wt. %) 

ATH 

(wt. %) 

MgOH 

(wt. %) 

SS-NA 10 Super Sap 0 0 0 

SS-APP 10 Super Sap 10 0 0 

SS-ATH 10 Super Sap 0 20 0 

SS-MgOH 10 Super Sap 0 0 20 
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Figure 3.4: Test Set-Up for Epoxy Dog-Bone Tensile Testing 

 

3.4.3 Tensile Testing of Natural Fiber Reinforced Polymer Samples – Instron Machine 

Strain gages tend to de-bond at ET, therefore the non-contact PIV method was used. PIV uses 

pictures, taken every five seconds during testing, to evaluate displacement. These pictures are 

then run through a MATLab program where subsets of the image, and their relation to other 

subsets on the sample are selected by the program and followed over the course of the test. When 

this compilation of subset movements were matched up with the time stamps from the Instron 

over the course of the test, strain data, and subsequently stress-strain plots can be produced. The 

MATLab program used for this was geoPIV created by Dr. Andy Take, a Professor at Queen’s 

University. 

The tensile samples were tested in accordance with standard ASTM D3039 using a 600LX 

Instron Tensile Testing Machine with furnace capability and a 150 kN load cell. Data was 
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collected using the Instron, a camera, as well as an extensometer at RT. At both RT and ET, 5 

samples of each sample type were tested, for a total of 50 NFRP tensile tests.  

In order to set-up for PIV, a camera on a table and tripod was placed five feet from the 

middle-front of the sample. The camera was then focused and set to take one picture every five 

seconds, as preliminary testing showed this produced suitable results. The compositions of the 

tensile coupon samples are given below in Table 3.3. 

 

Table 3.3: NFRP Sample Compositions for All Tensile Tests - Both Temperatures Included 

  

Total 

Number of 

Samples 

Epoxy 
APP 

(wt. %) 

ATH 

(wt. %) 

MgOH 

(wt. %) 

BR 10 Biresin 0 0 0 

SS-NA 10 Super Sap 0 0 0 

SS-APP 10 Super Sap 10 0 0 

SS-ATH 10 Super Sap 0 20 0 

SS-MgOH 10 Super Sap 0 0 20 

 

 Room Temperature Testing 3.4.3.1

At RT (22 ⁰C), the samples were aligned in the Instron and the grips were tightened 

sufficiently to ensure slippage did not occur. Next, a 1-inch extensometer was attached with 

elastic bands 2/3 down the sample so as to not interfere with the pictures for PIV. Once attached, 

the extensometer pin was carefully pulled from the extensometer and the sample was ready for 

testing. This test set-up can be seen in Figure 3.5. 

To initiate RT testing, a series of steps was followed so that during analysis, data from the 

three sources could be meshed easily. First, the camera was activated, which was set to take a 

digital image every five seconds, and the camera took the first picture. Secondly, on the second 

camera shot, five seconds after the camera was activated, the extensometer was activated. On the 

third shot, ten seconds after the camera was activated, the test was commenced using the Instron, 
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and the sample began to experience increasing force. These set of steps allowed for ease in 

synchronizing the data from all three sources by knowing the time offsets from one another.  

The test used a constant speed of 2 mm/min and the test was automatically terminated once 

the sample had reached 50 % of its UTS or failed. 50 % of the UTS was chosen because some of 

the samples never failed due occurrences such as slippage. Once this point was reached, the 

Instron stopped and the extensometer and camera were halted. The data was then labelled and 

saved. Finally, the grips were loosened and the fractured sample was replaced with a new one. 

This process was repeated for all 25 samples tested at RT. 

 

 

Figure 3.5: Test Set-Up for NFRP RT Tensile Testing 

 

 

 

 

 

Extensometer 
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 Elevated Temperature Testing 3.4.3.2

The process for testing at ET (150 ⁰C) was similar to the one for RT testing, but with some 

differences.  

The samples were placed through the oven, and tightened in the wedge grips. Insulation was 

then placed around the top hole of the oven to reduce the amount of heat escaping. The test set-up 

can be seen in Figure 3.6. The camera took pictures of the samples through a window in the oven. 

As well, due to the presence of high temperatures, the extensometer was not used and only 

Instron and PIV data was recorded. During this test, steady-state ET testing was used. This 

required first heating of the sample to a pre-determined temperature of 150 ºC using a heating rate 

of 10 ⁰C per minute. Once this temperature was reached, the sample was held at this temperature 

for 5 minutes and then pulled to failure or until the sample reached 50 % of its UTS, at a speed of 

2 mm/min. After the test was finished, the samples were cooled to RT, the grips were loosened 

and lastly, the samples were labelled and stored. The process was repeated for all samples. 
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Figure 3.6: Test Set-Up for NFRP ET Tensile Testing 
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Chapter 4 

Results and Discussion 

4.1 DSC Testing 

Differential Scanning Calorimetry was undertaken to determine the glass transition 

temperature (Tg) of the polymer samples as well as observe decomposition patterns. At the Tg, a 

polymer transforms from a hard, brittle state to a more soft, amorphous and ductile state. This 

change in physical property is strongly correlated to the strength of a polymer and its ability to 

resist stresses. 

In addition, DSC was used to evaluate the Tg of synthetic resin versus the Tg of the bio-resin, 

and to observe the effect of the fire retardant additives on the Tg. Of the 10 samples tested, one 

sample was flax fiber, four were epoxy with and without additives and five were natural fiber 

reinforced polymer samples.  

4.1.1 Fiber Sample 

Flax fiber is a compound material and therefore does not have a clear Tg in the same sense as 

a pure single polymer material, and so the decomposition of the fibers was analyzed. 

As shown in Figure 4.1, there was a gradual increase in heat flow into the sample at 150 ⁰C. 

This represents the initial stages of the decomposition of lignin, the third most common 

compound in natural fibers. Lignin generally starts to decompose at around 150 ⁰C and continues 

to about 400 ⁰C. Flax fiber has the lowest lignin content of any natural fiber and less than half 

that of sisal, kenaf and jute, among other prominent natural fibers (Chapple et al., 2010). This low 

percentage assists flax in its elevated temperature decomposition resistance since it does not 

begin its major decomposition until higher temperatures are reached.  

The largest increase in heat flow was observed to be around 250 ⁰C. This is the 

decomposition of hemi-cellulose in the sample, which is the second most abundant compound 
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found in flax fibers. Hemi-cellulose tends to decompose around 250 ⁰C to 300 ⁰C. Between 270 

⁰C and 350 ⁰C, there was a gradual increase in heat flow. This represents the decomposition of 

cellulose, the most common compound in all natural fibers and which has a decomposition range 

of 260 ⁰C to 350 ⁰C. Around 365 ⁰C, a final dip was observed which represents the final 

decomposition of stronger bonds of lignin. 

From Figure 4.1 it can be determined that the observed decomposition temperatures of the 

different compounds do correlate with widely accepted decomposition temperatures for flax 

fibers (Chapple et al., 2010; Manfredi et al., 2006).  

 

 

Figure 4.1: DSC Output of the Flax Fiber Sample 
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4.1.2 Epoxy Samples 

The goal of analyzing the epoxy samples with DSC was to determine the Tg of the samples, 

using pure Super Sap as a baseline, and observing what affect the type of resin and additive had 

on the Tg. Table 4.1 gives the Tg values of the epoxy samples. 

 

Table 4.1: Tg Values of Epoxy Dog-Bone Samples 

 
Weight Percent 

Additive (wt. %) 
Tg (⁰C) 

Super Sap 0 64.4 

APP 10 66.0 

ATH 20 64.7 

MgOH 20 66.2 

 

As can be seen from the Tg values of the pure epoxy samples, the additives had little to no 

effect on the Tg of the Super Sap, when heated from 40 °C to 120 °C. Since Tg values often vary 

by a couple degrees, the differences between these values were not enough to indicate the 

additives had any significant effect on the Tg of Super Sap (Mazurin et al., 2007). This is further 

proven by the manufacturer’s Tg value of 65.6 ⁰C. None of the Tg values found using DSC differ 

from the manufacturer’s value by more than 1.2 ⁰C. 

One reason for the lack of change in Tg is the low loading percentage of the additives. None 

of the additives replaced more than 20 percent, by weight, of the epoxy. Another supporting 

reason is that the additives did not decompose until at least 165 ⁰C, and the Tg values for these 

tests are all approximately 100 ⁰C lower than these decomposition temperatures. 

Finally, as can be seen by Figure 4.2, each epoxy sample followed a very similar 

decomposition pattern. 
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Figure 4.2: DSC Outputs of the Epoxy Dog-Bone Samples, With and Without FR Additives 

– A: Super Sap, B: APP, C: ATH, D: MgOH 

 

4.1.3 Natural Fiber Reinforced Polymer Samples 

The fiber and epoxy resin samples were analyzed separately. However, fibers and additives in 

different quantities and combinations, can affect the Tg differently. Therefore, in order to gain a 

more complete understanding of the changes in Tg and the samples’ decompositions, DSC 

analysis was performed on NFRP samples. The Tg values for these samples can be seen in Table 

4.2. 

 

  

 

C) D) 

B) A) 
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Table 4.2: Tg Values of the NFRP Samples 

 
Weight Percent 

Additive (wt. %) 
Tg (⁰C) 

Biresin 0 75.0 

Super Sap 0 72.2 

APP 10 72.5 

ATH 20 73.0 

MgOH 20 71.2 

 

 Biresin 4.1.3.1

The Biresin NFRP sample’s Tg was 75 ⁰C, a few degrees higher than the other samples. The 

DSC output for the Biresin NFRP sample is given in Figure 4.3. The manufacturer reports a Tg 

for neat Biresin of 75 ⁰C, which is identical to the value that was found, and 9 ⁰C higher than the 

Tg for neat Super Sap. This was likely due to the Biresin being a synthetic resin specifically 

developed for high temperature applications and therefore, it is reasonable the Tg is higher than 

the Super Sap samples. However, it should be noted that fibers were included in the Biresin 

sample during DSC testing. 

It is interesting to note that the flax fibers seem to have had no effect on the Tg of the Biresin 

NFRP sample, according to the manufacturer’s Tg. Yet, the Super Sap NFRP samples Tg’s 

increased compared to the neat Super Sap sample’s Tg. Neat Biresin was not analyzed with DSC, 

and the manufacturer’s value may have been slightly higher than would be found using this test 

method. The result of this would be that the fibers did increase the Tg of the Biresin NFRP sample 

in the same manner as the other NFRP samples.   

Overall, the Biresin NFRP sample had a slightly higher Tg than Super Sap samples although 

this small difference would not likely hinder Super Sap from being used as a bio-resin 

replacement option in high temperature applications. 
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Figure 4.3: DSC Output of the Biresin NFRP Sample 

 

 Super Sap 4.1.3.2

The Super Sap NFRP sample was found to have a Tg value of 72.2 ⁰C, and its DSC output is 

given in Figure 4.4. This is about 8 ⁰C higher than was found using neat Super Sap. The increase 

in Tg can be attributed to the addition of fibers. The neat resin was only tested up to a temperature 

of 120 ⁰C.  

This increase in Tg, which was seen for all Super Sap NFRP samples, was due to the presence 

of fibers. The fibers absorbed heat, but did not decompose at temperatures around the Tg of the 

resin. More time is required for the entire resin to reach its Tg since the fibers would also be 

absorbing heat from the resin. This way the fibers help increase the Tg of the composite. 
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Extending this reasoning, it is possible that up to a certain threshold, the higher the fiber content 

of the composite, the higher the Tg of the composite.  

The Tg of the Super Sap NFRP sample was only slightly lower than that of the Biresin NFRP 

sample.  Due to these similar Tg’s, Super Sap composites could be used as an appropriate 

replacement for synthetic epoxy resin FRP composites in high temperature applications.  

 

 

Figure 4.4: DSC Output of the Super Sap NFRP Sample 

 

 Super Sap + APP 4.1.3.3

The Tg for the Super Sap NFRP sample containing 10 weight percent (wt. %) ammonium 

polyphosphate (APP) additive was 72.5 ⁰C, very close to that of the pure Super Sap sample. The 
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difference was attributed to a 10 percent, by weight, reduction of resin and addition of APP that 

began to degrade around 165 ⁰C, much higher than the Tg. Therefore it is reasonable that the two 

Tg values would be very close.  

Comparing the Super Sap NFRP sample’s DSC chart, Figure 4.4, to the Super Sap + APP 

NFRP sample’s DSC chart, Figure 4.5, there was a noticeable dip in heat flow beginning around 

150 ⁰C on the APP sample. This low endothermic dip continues up until about 260 ⁰C which is 

due to the known endothermic decomposition of APP. At 260 ⁰C another increase in heat flow 

occurred, likely due to the decomposition of cellulose, the most common compound in flax fibers. 

 

 

Figure 4.5: DSC Output of the SS-APP NFRP Sample 
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 Super Sap + ATH 4.1.3.4

The Super Sap plus aluminum trihydrate (ATH) NFRP sample had a Tg of 73 ⁰C.  As 

expected, this temperature was very similar to the Tg of the Super Sap NFRP sample. ATH does 

not start to decompose until 230 ⁰C, therefore the degradation would not affect the Tg of the 

sample. ATH, along with magnesium hydroxide (MgOH) was added at 20 wt. % replacement of 

the Super Sap, which was a relatively small amount considering metal hydroxides as FR additives 

are usually added at higher weight percentages of 40 to 50 %.  

More evidence of the lack of effect of the additive on the Tg of the sample can be seen by 

comparing the Super Sap plus ATH NFRP sample’s DSC chart, Figure 4.6, and the neat Super 

Sap NFRP sample’s DSC chart, Figure 4.4. The ATH NFRP’s DSC chart looks very similar to 

the Super Sap sample’s without additive, up until about 250 ⁰C. Since it is known that ATH 

begins to decompose at 230 ⁰C and continues its decomposition up until 340 ⁰C, this dip 

represents the decomposition of ATH. It is also known that the decomposition for ATH is 

endothermic and absorbs 280 cal/g, and therefore this increase in heat flow to the sample was 

accounted for. 
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Figure 4.6: DSC Output of the SS-ATH NFRP Sample 

 

 Super Sap + MgOH 4.1.3.5

The Super Sap plus MgOH additive NFRP sample was found to have a Tg of 71.2 ⁰C. MgOH 

is a metal hydroxide, like ATH, and was used at the same weight percentage which resulted in a 

similar effect to that of ATH. No appreciable difference was seen in the Tg value with the MgOH 

additive compared to Super Sap NFRP sample.  

Comparing DSC outputs, the MgOH NFRP, Figure 4.7, had a similar output as the Super Sap 

NFRP sample, Figure 4.4, up to approximately 330 ⁰C. At 330 ⁰C, MgOH begins to decompose 

and a dip in heat flow on the peak is visible but not on the Super Sap NFRP sample. When 

MgOH decomposes, it absorbs 330 cal/g and this dip in heat flow is representative of that 

decomposition.  
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Comparing the ATH NFRP sample’s DSC output, Figure 4.6, and the MgOH sample’s DSC 

output, Figure 4.7, they are very similar except for the endothermic reaction, represented by a dip 

in heat flow, which is offset by about 100 ⁰C. 

 

 

Figure 4.7: DSC Output of the SS-MgOH NFRP Sample 

 

4.1.4 DSC Summary 

With the exception of the fiber sample, which had no single Tg, the Tg was found for all 

samples. The Super Sap epoxy samples, and the Biresin NFRP samples also had the same Tg 

value as given by the manufacturer, which supports the validity of the results.  
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The main DSC pattern that emerged was that the Super Sap NFRP samples had 

approximately a 9 ⁰C increase in Tg when compared to the Super Sap plus additive samples. This 

was thought to be due to the fibers absorbing heat from the resin.  

The additives were not observed to affect the Tg values substantially for both resin and NFRP 

samples. This is thought to be due to the low loading percentages of the additives, as well as the 

much higher decomposition temperatures of the additives when compared to the resins’ Tg’s. 

This however, does not discount the use of FR additives for the purposes of reducing the 

flammability of these composites. 

Finally, it was noticed that Biresin had a higher Tg than Super Sap, but only by 3 degrees. 

Biresin is a synthetic epoxy resin specifically formulated for high temperature applications. The 

magnitude of this variation, in most ET applications, would not be a significant enough difference 

to warrant using the Biresin instead of Super Sap.  

Based on these results, it was concluded that Super Sap can be a suitable and more 

environmentally friendly replacement for synthetic epoxies like Biresin for ET applications. 

4.2 Epoxy Dog-Bone Samples 

Dog-bone samples of Super Sap, with and without additives, were tested in tension according 

to Standard ASTM D 638-14. The modulus, ultimate tensile strength (UTS) and percent 

elongation (PE) of the Super Sap resin samples were obtained. This test was performed without 

fibers to strictly evaluate the additives’ effects on only the resin. Ten tests were performed for 

each sample type. The samples with no additives were labelled as N/A.  

The averaged stress-percent elongation curves for all four epoxy dog-bone sample types are 

given in Figure 4.8. These curves were calculated by averaging the stresses, of all samples of one 

sample type, at one particular strain. This was done for all strain data points. The result was then 

plotted. It should also be noted these averaged curves were only plotted up until failing samples 

caused the curves to no longer be linear. Therefore, these averaged curves are not a basis for UTS 
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values. Figure 4.9 shows a stress-percent elongation curve of an individual epoxy dog-bone 

sample. 

 

 

Figure 4.8: Averaged Stress-Percent Elongation Curves for All Epoxy Dog-Bone Samples 

 

 

Figure 4.9: Stress-Percent Elongation Curve for an Individual Epoxy Dog-Bone Sample 
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4.2.1 Ultimate Tensile Strength 

The mechanical properties are given in Table 4.3. The resulting UTSs of the samples were as 

expected. The Super Sap sample, without any additives, had the highest UTS of 58 MPa. The 

next highest UTS was the APP samples at 50 MPa and the two metal oxide additive samples, 

ATH and MgOH at 44 MPa and 41 MPa, were third and fourth, respectively. 

One possible reason for these results was that the additives reduced the possible cross-

sectional area of the samples by replacing part of the area with additive particles. These particles 

were thought to have not bonded well with the resin and therefore created tiny weak points in the 

material. Since Super Sap had no additives, its entire cross-section was pure resin and was able to 

resist stresses. With APP at 10 wt. % loading, it had a reduced cross-sectional area, and ATH and 

MgOH at 20 wt. % loading had the highest percent loading of additives which further reduced the 

useable cross-sectional area to resist the same stresses.  

However, MgOH had a 7 % reduction in UTS compared to ATH, and a 30 % decrease 

compared to the neat Super Sap. This greater decrease, when compared to ATH with the same 

percent loading, may have been due ATH possessing an increased interfacial adhesion strength.  

This theory is supported by Yin et al. (2005) who found that FR additives and polymer resins 

tended not to have good interfacial adhesion strength. If ATH had better interfacial adhesion 

strength than MgOH, this would also explain the lowered UTS (El-sabbagh et al., 2013; Yin et 

al., 2005). 

The Super Sap without additive samples had a similar strength to the manufacturer’s reported 

UTS of 62 MPa. The similarity helped to justify the validity of these results.  

From these results, it can be concluded that the additives did have a negative effect on the 

UTS of the samples. The magnitude of the decrease in UTS was negatively correlated to the 

weight percentage loading of the additives within the samples, which was expected. 
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Table 4.3: Obtained Mechanical Properties of the Epoxy Dog-Bone Samples, and Associated 

Standard Deviations 

 

Ultimate 

Tensile 

Strength 

(MPa) 

Standard 

Deviation 

(MPa) 

Tensile 

Modulus 

(GPa) 

Standard 

Deviation 

(GPa) 

Elongation 

(%) 

Standard 

Deviation 

(%) 

Super Sap 58 6 3.0 0.2 2.45 0.34 

APP 50 1 3.0 0.3 2.51 0.17 

ATH 44 2 3.7 0.2 1.72 0.21 

MgOH 41 3 3.3 0.2 1.69 0.19 

 

4.2.2 Tensile Modulus 

The modulus results for the dog-bone samples were the most interesting of the three 

mechanical properties examined. Initially the additives were thought to negatively affect the 

modulus of the samples. However, the exact opposite occurred.  

The two sample types which had 20 weight percent additives, ATH and MgOH, had the two 

highest moduli of 3.7 GPa and 3.3 GPa, respectively. The APP samples had the next highest at 

3.0 GPa. The neat Super Sap samples with no additives had the lowest modulus of 3.0 GPa.  

The 3.0 GPa modulus of the neat resin was the same as the given manufacturer’s modulus of 

3.0 GPa. The similarity between these two values helps support the validity of the data of the 

modulus samples, and the entire testing regime as a whole. 

Surprisingly, the additives ended up having a positive effect on the stiffness. One possible 

reason the FR particles made the samples stiffer is thought to be due to the additive particles 

reducing cross-sectional area of the resin and while also preventing the polymer chains within the 

resin from stretching linearly. One final intriguing result was that the ATH had a much larger 

modulus than the MgOH samples, even though both were added at 20 wt. % loading. As 

discussed previously in section 4.2.1, ATH also had a higher UTS compared to MgOH and these 

results must be linked. If the MgOH particles had an affinity for themselves, or the ATH particles 

bonded well with the Super Sap, then this phenomenon would be explained. It is presumed that 
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ATH had a better affinity for Super Sap because of the increased UTS as well as the higher 

modulus. If MgOH had an affinity for itself and therefore had larger clumps of particles, that 

would not explain ATH having the larger modulus. Therefore it was deduced that ATH must have 

a greater affinity for the Super Sap resin than MgOH. 

4.2.3 Percent Elongation 

The results of the PE for the dog-bone samples follow a similar pattern to the UTS results. 

The Super Sap sample without additives, and the APP sample, had the two highest PE’s of 2.45 

% and 2.51 %, respectively.  

An interesting note is that the APP sample had a higher PE than the Super Sap without 

additives. It would be expected that the 10 wt. % loading of APP would affect the PE of the 

samples, but it did not appear to be significant. Like the UTS results, ATH had the third highest 

PE and MgOH had the lowest PE of 1.72 % and 1.69 %, respectively.  

The additives reduced the useable cross-sectional area of the samples, which led to weaker 

material, as supported by Yin et al. (2005). The additive particles also created stress 

concentrations around themselves and these eventually led to lower UTS, PE and failure. These 

results bolster the theory of low interfacial adhesion strength between the FR additives and resin, 

as outlined by El-Sabbagh et al. (2013).  

One observation that was not foreseen was the low elongation values. Even with samples 

without additives, the elongation values fell well short of the manufacturer’s given value of 6 %. 

As the UTS of the samples without additives remained similar to the manufacturer’s value, this 

would indicate that fabrication was not at fault for this difference. Other possibilities that may 

explain this is some kind of curing regimen or curing time undertaken by the manufacturer, or a 

different type of test set-up or testing machine which yielded, on average, higher PE results. 
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Overall, these results show a possible negative correlation between UTS, PE and the 

percentage loading of the additives. However, there was a positive correlation between modulus 

and percentage loading. 

4.2.4 Epoxy Dog-Bone Testing Summary 

The results of tensile testing of dog-bone samples, with and without additives, thoroughly 

showed the effect of the FR additives on the mechanical properties of the Super Sap resin.  

An overall trend was observed which showed that higher loadings of FR additive negatively 

affects the UTS and PE, but positively affects the modulus of the resin. ATH and MgOH had the 

highest percent loading at 20 wt. %, and the lowest UTS and PE, but also the highest moduli. The 

samples without additives also had the highest UTS, with an increase of 15 %, compared to the 

second strongest sample, APP. However, APP had a marginally higher PE than the samples 

without additives, but with the relatively large standard deviations. This might be due to outliers 

in the data more than as a result of the APP particle material. In summary, it was found that 

higher percent loadings of additives produced inferior UTS and PE results, but superior modulus 

results.  

This could be explained by the lack of adhesion between the Super Sap and the FR additives, 

also observed by Yin et al. (2005). This would produce a reduced useable cross-sectional area in 

the samples to resist stresses as well as creating stress concentrations around the particles which 

is in accordance with the findings of El-Sabbagh et al. (2013).  

It was also interesting to note the difference in properties between the ATH and MgOH 

samples. ATH had superior UTS, modulus and PE. It was thought that this was due to the ATH 

particles having a higher interfacial bond strength with the Super Sap resin, when compared to the 

MgOH particles. 

The negative correlation between percent additive and UTS was quite obvious for the resin-

only samples, but the use of fibers may lessen these effects. 
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4.3 Natural Fiber Reinforced Polymer Samples 

Fibers, resins, additives and temperature can all have unique effects on the mechanical 

properties of NFRP composites. Therefore, testing with these combined parameters will provide a 

more complete understanding of their effect on mechanical and thermal properties.  

The first goal was to compare bio-resin with synthetic resin using the same flax fibers, and to 

verify if the bio-resin could be a suitable replacement for synthetic resins. The second reason was 

to evaluate the effect of FR additives on NFRP samples. The final objective was to evaluate the 

properties of these NFRP samples at different temperatures, room temperature (22 ⁰C) and 

elevated temperature (150 ⁰C). The testing was completed using five samples types (BR, SS-NA, 

SS-APP, SS-ATH and SS-MgOH) and testing at two different temperatures. The results are given 

in Table 4.4 and Table 4.5. An example stress-percent elongation curve for an RT NFRP sample 

is given in Figure 4.10. 
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Figure 4.10: Stress-Percent Elongation Curve for an Individual NFRP Sample, at RT 

 

Table 4.4: Obtained Mechanical Properties of the NFRP Samples at RT (22 ⁰C) 

 

Tensile 

Modulus 

(GPa) 

Standard 

Deviation 

(GPa) 

Ultimate Tensile 

Strength 

(MPa) 

Standard 

Deviation 

(MPa) 

Percent 

Elongation 

(%) 

Standard 

Deviation 

(%) 

BR 10.9 0.5 113 15 1.04 0.14 

SS-NA 11.5 0.6 120 17 1.13 0.17 

SS-APP 11.8 0.5 115 11 1.00 0.10 

SS-ATH 10.9 0.6 112 12 1.01 0.11 

SS-MgOH 11.3 0.9 100 13 0.98 0.07 
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Table 4.5: Obtained Mechanical Properties of NFRP Samples at ET (150 ⁰C) 

 

Tensile 

Modulus 

(GPa) 

Standard 

Deviation 

(GPa) 

Ultimate Tensile 

Strength 

(MPa) 

Standard 

Deviation 

(MPa) 

Percent 

Elongation 

(%) 

Standard 

Deviation 

(%) 

BR 5.3 0.4 40 4 0.92 0.08 

SS-NA 4.6 0.5 37 4 0.92 0.10 

SS-APP 4.8 0.4 37 3 0.95 0.02 

SS-ATH 4.9 0.6 40 4 0.97 0.07 

SS-MgOH 4.5 0.6 38 4 0.92 0.12 

 

4.3.1 Tensile Strength 

By observing the RT UTS of the NFRP samples as given in Figure 4.11, a few trends were 

clear. 

 

 

Figure 4.11: UTS of NFRP Samples at RT and ET 
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Firstly, SS-NA had the highest RT UTS of 120 MPa. The samples with additives all had 

lower UTS values compared to the SS-NA, with APP, ATH and MgOH experiencing reductions 

of 4.2 %, 6.7 % and 16.7 % at RT, respectively. This was predictable since the additives were 

expected to negatively affect the mechanical properties of the NFRP samples, as was observed 

from the resin-additive testing. The additives did not adhere well with the resin or the fibers and 

further, the additive particles partially replaced the resin. Since a lower overall cross-sectional 

area was available to resist stress, the lowered UTS for the additive samples were expected.  

From these results, it appears as though the UTS of the additive samples were correlated to 

the percentage loading of the resin, although single factor Analysis of Variance (ANOVA) 

showed that the null hypothesis could not be rejected, as detailed in Section 0. This possible 

correlation was shown by the lower UTS of SS-ATH and SS-MgOH, compared to SS-APP. The 

results suggest a lower additive replacement in SS-APP, of 10 wt. %, had better strengths than the 

20 wt. % FR additive samples in SS-ATH and SS-MgOH. It is interesting to note that SS-ATH 

had a higher UTS at RT than SS-MgOH considering ATH and MgOH were both added with the 

same percentage loading. SS-ATH also had the highest ET UTS. As with the dog-bone samples, 

this possible difference was attributed to ATH particles having a better interfacial adhesion 

strength. 

In the case of the BR samples at RT, they have an overall UTS of 113 MPa, 5.8 % lower than 

the SS-NA samples and within 2 MPa of the SS-APP and SS-ATH samples. However at ET, BR 

had the highest UTS of 40 MPa. This was likely due to the fact that the Biresin is designed for 

high temperature applications and may have an increased cross-linking density. As the ET BR 

samples were heated to a temperature of 150 ⁰C, the Biresin may have undergone a form of post-

curing which would lead to a higher strength at ET. 

At ET, BR, SS-NA, SS-APP, SS-ATH, and SS-MgOH samples reduced by 65 %, 69 %, 68 

%, 64 % and 62 %, respectively, with an overall average reduction in strength of 65 %. Super 
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Sap, the specimen without additives, actually had the lowest UTS of 37 MPa at ET, although that 

is only 1 MPa lower than SS-MgOH and is the same as the SS-APP UTS. However, this overall 

trend of decreased mechanical properties was likely due to the reduced crystallinity and resin 

softening of the matrix above its Tg, as well as degradation of the fibers. As the resin is heated, its 

ability to distribute the stresses evenly between all fibers is reduced. This results in some fibers 

experiencing higher stresses and reaching their breaking point before others. It has been 

mentioned by Cao et al. (2009), that once a resin has reached its Tg, the FRP’s strength will 

plateau until the fibers begin to degrade. Furthermore, Robert et al. (2010) noted that UTS 

reductions of FRP at ET are mostly due to polymer degradation. Therefore, it makes sense that all 

samples would have much lower UTS at ET.  

By analyzing the results at both temperatures, the negative effect of additives on the 

mechanical properties at RT can be observed, whereas at ET, this negative effect was non-

existent. All additive samples had relatively similar strengths at ET, within 3 MPa. Considering 

the standard deviations for these additive samples were between 3 MPa to 4 MPa, this is not a 

significant difference. It appears that past the Tg, the resin degradation has more of an effect on 

the UTS of the NFRP sample than the partial replacement of resin by additives. However, this 

does not indicate anything with regards to the usefulness of FR additives to reduce the 

flammability of these composites. 

4.3.2 Tensile Modulus 

The tensile modulus for the NFRP samples at RT and ET are shown in Figure 4.12. 
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Figure 4.12: Tensile Modulus of NFRP Samples at RT and ET 
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difference between the UTS of the same two samples was 18.4 %. This contrast was likely due to 

the fact that the modulus is generally determined by the fibers, whereas the tensile strength is 

more influenced by the resin, as reported by Robert et al. (2010). 

Another interesting observation was that the SS-NA samples had the second highest modulus 

of 11.5 MPa, whereas BR was tied for the lowest. This was a similar outcome to the UTS results 

at RT. 

At RT, a general trend in the results was not apparent in terms of the additive effects. SS-

MgOH had a 20 wt. % loading of FR additive and had the same modulus as SS-NA which had no 

additive. Further to the point of FR additives having no general effect on modulus is that SS-APP 

had the highest modulus and SS-ATH was tied for the lowest. Therefore, it must be concluded 

that these differences in modulus between SS samples with and without FR additives were due to 

outside circumstances such as manufacturing differences.  

As also reported by Robert et al. (2010), since the modulus of FRP samples at ET was mostly 

due to the resin degradation, it was expected that these values would be relatively similar. The 

samples with additives were all relatively similar, especially with the magnitude of the standard 

deviations. Therefore it does not seem like the additives had an overarching effect on the modulus 

at ET. 

Although the additive samples did not have a collective effect on the modulus at either RT or 

ET, it is interesting to note that SS-MgOH had the lowest ET modulus. Of the Super Sap samples, 

SS-MgOH also had the second lowest modulus at RT. These values, when examined together, 

point toward MgOH being the least suitable of the three FR additives in NFRP construction. This 

was likely due to poor adhesion with the Super Sap resin. In conclusion, if an NFRP sample was 

to be designed for ET applications, MgOH may not be the best FR additive to use. 

When the modulus and UTS were examined together, BR had the lowest RT values, but 

highest ET values. This was concluded to be due to the fact that the synthetic resin was 
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specifically designed for ET applications and that further cross-linking may have occurred during 

the heating phase of testing. The SS-NA samples had the highest UTS and second highest 

modulus at RT and therefore Super Sap was regarded to be a very good RT resin. However, the 

plain SS-NA samples also had the second lowest modulus and lowest UTS, at ET. Since the SS-

NA samples preformed worse than the additive samples at ET, it is suggested that the additives 

had a small positive effect at ET. Past the Tg, the polymer resin becomes increasingly soft and 

amorphous. At ET, the additive particles may have hindered and restricted movement of the resin 

leading to a less amorphous resin at ET and therefore, slightly increased the samples’ mechanical 

properties. At RT, beneath the Tg of Super Sap, the resin does not stretch or move very much and 

consequently, these obstacles were only a disadvantage. 

4.3.3 Percent Elongation 

The PE for NFRP samples tested at RT and ET are shown in Figure 4.13. 
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Figure 4.13: PE of NFRP Samples at RT and ET 
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resin, created voids and weak points, and with an overall reduction in cross-sectional area 

available, the resin would then fail. These additives at RT, lowered the PE of the Super Sap 

samples below that of the BR samples, showing a large overarching effect. Lowered PE with 

increasing percentage loading of additive was also observed with the resin-additive dog-bone 

samples. 

At ET, the opposite effect of additives may have been observed. The samples with additives 

had a higher PE than both the SS-NA and BR samples, which did not include additives. 

Comparing RT to ET PE results, the BR, SS-NA, SS-APP, SS-ATH and SS-MgOH had a 

decrease of 12.2 %, 20.5 %, 5.1 %, 4.0 % and 6.3 %, respectively. This depicts the samples with 

additives having a much lower decrease in PE than the samples without FR additives.  

However, these differences in PE at ET were relatively small, and after ANOVA analysis was 

performed on the results, it was determined that the differences were not statistically significant. 

Therefore, this increase in PE at ET with increased percentage loading may not be a true 

conclusion. This is supported by observing the effect of the additives on the modulus of the dog-

bone sample. With the modulus of the dog-bone samples, the additives appeared to prevent the 

resin from stretching, and in this situation, it seems as though the opposite occurred.   

The FR additives theory, at RT, holds true experimentally. It was noted that SS-MgOH had 

the lowest PE at RT. As was conferred in the modulus discussion of section 4.3.2, it appears 

MgOH additive did not react well with the Super Sap resin. The deduction, which was collected 

from the consistently low mechanical properties of SS-MgOH samples at both RT and ET, was 

that MgOH is the least suitable of FR additives studied, in NFRP fabrication.  

Thus far, the fact that the PE for the RT samples was consistently larger than the ET samples 

has not been discussed. It would seem that at ET, the resin passes its Tg point and should be able 

to elongate further. However, the samples tested at ET were found to have an average of 65 % 

reduction in strength. In the case of PE, the ET samples only experienced a 10 % loss in PE. 
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Consequently, the ET samples had a larger increase in length per unit of stress, but these samples 

failed at a much lower stress and thus had almost comparable PEs at RT as with ET. This was due 

to the resin softening above its Tg. 

4.4 Statistical Analysis 

Single factor Analysis of Variance (ANOVA) was performed on the UTS, modulus and PE 

data for both RT and ET data sets. This was done to determine if the differences between sample 

types were statistically relevant. The F-test with a level of significance of α = 0.05, representing a 

95% confidence level, was used for this analysis. This test determines if significant differences 

between sample types, or groups, occurred. Finally, the type of additive was the only variable that 

was changed throughout the test program at RT and ET.The ANOVA testing results showed that 

F-test < F-crit. Therefore the NFRP sample types did not have statistically significant differences 

in any of the properties tested, at either temperature. These results are shown in Table 4.6 and 

Table 4.7. The abbreviations in these tables are as follows: Between Groups (BG), Within Groups 

(WG), Degree of Freedom (Df), Sum of Squares (SS), Mean Square (MS), Test Statistic (F-Test) 

and Critical Value (F-crit). These results represent the similarity between the property values of 

the differing sample types. Although these results suggests that some, or all, of the theories as to 

why certain additives had better or worse properties when compared to others, it also suggests the 

Biresin is not statistically different from the Super Sap samples. In summary, the theories 

presented as to why certain additives compare to others may be null and void, but more tests are 

needed to confirm this. Rephrased, the null hypothesis is not rejected. 
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Table 4.6: ANOVA Results for UTS, Modulus and PE, at RT, based on Additive Type 

Groups 

RT Test Source SS Df MS F-test F-crit 

UTS BG 1097.9 4.0 274.5 1.1 2.9 

 

WG 4867.5 20.0 243.4 - - 

Modulus BG 2.8 4.0 0.7 1.9 2.9 

 

WG 7.2 20.0 0.4 - - 

PE BG 0.1 4.0 0.0 0.9 2.9 

 

WG 0.4 20.0 0.0 - - 

 

Table 4.7: ANOVA Results for UTS, Modulus and PE, at RT, based on Additive Type 

Groups 

ET Test Source SS df MS F-test F-crit 

UTS BG 47.3 4.0 11.8 0.7 2.9 

  WG 328.4 20.0 16.4 

 

  

Modulus BG 1.8 4.0 0.4 1.6 2.9 

  WG 5.6 20.0 0.3     

PE BG 0.0 4.0 0.0 0.3 2.9 

  WG 0.2 20.0 0.0     

 

4.5 Comparison between two Data Acquisition Methods – PIV versus Extensometer 

During the course of RT Instron tensile tests, two different data acquisition methods were 

applied. These included PIV and an extensometer, and the results calculated from these methods 

are shown in Table 4.8 and Table 4.9. For the modulus, the results between the two acquisition 

systems varied by 0.44 % to 3.87 %. Likewise, for the PE, the results between the two systems 

varied by 0.77 % to 3.91 %. This was determined to be an acceptable difference. Furthermore, the 

PIV did not consistently under or over predict value given by the extensometer for either the 

modulus or PE. Therefore, the similar values acquired between systems validated the use of PIV 

for data analysis.  
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Table 4.8: Comparison of Modulus Values Acquired by PIV and Extensometer Data – The 

Percent Difference is the Extensometer Values with Respect to the PIV Values 

  

PIV 

(GPa) 

Extensometer 

(GPa) 

Percent 

Difference (%) 

BR 10.53 11.33 3.87 

SS-NA 11.66 11.73 0.61 

SS-APP 11.84 12.26 3.55 

SS-ATH 11.13 10.72 3.77 

SS-MgOH 11.37 11.42 0.44 

 

Table 4.9: Comparison of Percent Elongation Values Acquired by PIV and Extensometer 

Data – The Percent Difference is the Extensometer Values with Respect to the PIV Values 

  

PIV 

(mm) 

Extensometer 

(mm) 

Percent 

Difference (%) 

BR 1.11 1.21 0.77 

SS-NA 1.15 1.11 3.91 

SS-APP 1.01 0.99 2.12 

SS-ATH 0.99 1.03 2.99 

SS-MgOH 0.98 0.98 0.84 

 

4.6 Super Sap versus Biresin 

One of the main purposes of this study was to analyze the differences between the synthetic 

epoxy, Biresin, and the bio-based epoxy, Super Sap.  

At RT, the SS-NA samples had higher moduli and UTS compared to the BR samples, by an 

increase of 5.4 % and 6.4 %, respectively. From this data, it can be stated that not only is Super 

Sap a generally suitable replacement, but Super Sap actually performs better than Biresin at RT. 

At ET, the BR samples had the highest modulus and second highest UTS of the samples 

tested. Compared to the SS-NA samples, the BR samples had a higher modulus and UTS of 14.1 

% and 8.1 %, respectively. It was concluded that this was due to Biresin being specifically 

designed for ET applications and that further cross-linking likely occurred during the heating 

phase of testing, at least in comparison to Super Sap. However, with the addition of FR additives, 

the Super Sap samples can come close to, and in certain cases exceed, the properties of the BR 
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samples at ET. The SS-APP and SS-ATH samples had a 9.9 % and 7.8 % reduction in modulus 

compared to BR at ET. Furthermore, the SS-ATH samples actually had a larger UTS at ET than 

the BR samples. Therefore, with the help of FR additives, Super Sap NFRP can compete with 

Biresin NFRP at ET. 

In conclusion Super Sap actually outperformed Biresin at RT, and at ET, with the addition of 

certain FR additives, can be a suitable replacement for the synthetic epoxy resin. More additives 

should be tested to evaluate which ones work best. 

4.7 Epoxy Dog-Bone Results versus Natural Fiber Reinforced Polymer Results 

4.7.1 Ultimate Tensile Strength 

Figure 4.14 shows the trend between the UTS of NFRP samples and dog-bone samples.  
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Figure 4.14: UTS of NFRP and Epoxy Dog-Bone Samples at RT 

 

The SS-NA samples had the highest UTS and the strength decreased according to percent 

loading of additive for all samples, with and without fibers.  

However, both SS-MgOH sample types had lower strengths than the SS-ATH sample types, 

although both used 20 wt. % loading of additive. This provides more evidence for the theory that 

ATH has a higher affinity for Super Sap than MgOH. 
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Another clear trend was that the NFRP samples had 231 % larger UTS compared to the 

epoxy samples, which was expected. The main function of a fiber material in a composite is to 

increase strength and that is exactly what happened.  

It is usually the resin which governs the UTS of a composite material, and that effect is 

observed here. Since the additives affected the resin samples, it makes sense that the NFRP 

samples would also be affected.  

Overall, it was concluded that increasing the percentage loading of additives results in lower 

UTS, for both dog-bone and NFRP samples.  

4.7.2 Tensile Modulus 

A comparison of the NFRP to dog-bone samples’ moduli is given in Figure 4.15. 
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Figure 4.15: Tensile Modulus of NFRP and Epoxy Dog-Bone Samples at RT 

 

The first observation made was that the NFRP samples have a 347 % higher modulus 

compared to the dog-bone samples. This was expected as the addition of fibers have a large effect 

on the modulus of composite materials. This is also supported by the relatively low variation in 

modulus values in either the NFRP or dog-bone composite samples. 

It is interesting to see that for the dog-bone samples, the addition of additives tended to 

increase the modulus, whereas with the NFRP samples, the addition of additives had no overall 
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net effect. This lack of influence on the modulus of the NFRP samples was likely due to the 

presence of fibers negating any slight affect the additives would have had. 

4.7.3 Percent Elongation 

Figure 4.16 illustrates the results of PE for NFRP and dog-bone samples.  

 

 

Figure 4.16: PE of NFRP and Epoxy Dog-Bone Samples at RT 

 

It was observed that the NFRP had a lower PE than the dog-bone samples. Initially, the fibers 

helped restrain movement of the resin but eventually the fibers failed prior to the resin, resulting 
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in a lack of resistance from the resin. This also is in line with how the fibers affected the modulus. 

For example, the higher modulus fiber samples created a stiffer specimen and a lower PE. 

In both specimen types, the SS-NA samples had the highest PE, however with NFRP, the 

difference was not very high due to the fibers’ governing elongation.  

In conclusion, the fibers played a large role in the PE of the samples.  

4.7.4 Epoxy Dog-Bone Results versus Natural Fiber Reinforced Polymer Results Summary 

Once the results were analyzed together, the properties affected by fibers and additives could 

be clearly seen.  

With the UTS, the fibers strengthened the samples a significant amount, but the effect of the 

additives can still be seen in both types of samples. This was not the case with the modulus or PE 

where the fibers created a stiffer sample, but the effect of the additives, which was observed in 

the dog-bone samples, was not distinguishable in the NFRP samples.  

In summary, the fibers helped strengthen the samples and played a significant role in all the 

mechanical properties of the NFRP samples, whereas the additives only played a significant role 

in the UTS of the NFRP samples. 

4.8 Results and Discussion Summary 

Several lessons were learned from the analysis of the NFRP samples at both RT and ET.  

In terms of UTS, the RT samples had a 65 % higher UTS on average as compared to the ET 

samples. It was determined that this was largely due to the degradation of the resin, since the 

resin usually plays a large role in the UTS of composite materials. The additives had an overall 

negative effect on the UTS at RT, which was correlated to percent loading. That effect was 

minimized once ET was reached. Yet, the SS-NA samples’ UTS could be increased by up to 8.2 

% with the addition of 20 wt. % ATH. This observance gives an impression that higher percent 

loadings of FR additives may further increase the UTS at ET.  
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For the modulus, the additives seemed to have little effect at RT with some additive samples 

having higher and lower moduli than the SS-NA samples. At ET, it appears the additives 

provided a slight improvement in modulus. Conversely, the differences between moduli were not 

very significant. This was due to the fibers having a large influence on the modulus of the 

samples. Since the same type and amount of fiber was used for all NFRP tests, this naturally led 

to all the samples having similar moduli. 

The PE results also followed a similar pattern to the modulus results. At first glance there did 

not appear to be a large difference in the RT and ET PEs, other than SS-NA having a higher PE at 

RT than the others samples. What is sometimes forgotten is that the ET samples were only pulled 

to roughly 35 % of the force as with the RT samples. This relative increase in PE at ET was 

expected since when the resin passes its Tg, it softens and stretches easier. 

By observing the available data in combination with other scientific research on FR additives 

as flammability reducers, it appears the use of FR additives in FRP design is an acceptable 

method of achieving improved fire retardancy without negatively affecting the mechanical 

properties. 

When comparing the bio-based epoxy, SS-NA samples, with the synthetic resin, BR samples, 

without additives, it was observed that the bio-resin samples had a higher UTS and modulus at 

RT. The PE at RT for these two resins was identical. This data suggested the Super Sap preforms 

better than Biresin at RT and therefore, is a more than suitable replacement.  

If a NFRP sample consisting of flax fiber and an epoxy resin was needed for a RT 

application, from these results, it is recommended that the composite be formed with Super Sap 

resin and no FR additives. 

By comparing the two resins at ET, plain Super Sap has a lower UTS and modulus at ET. 

From this data, it can be perceived that the SS-NA preforms slightly worse at ET which could be 

due to the molecular structure of the polymers. However, with certain FR additive combinations 
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and loadings, the Super Sap samples compete well with and, in some cases, exceed the ET 

mechanical properties of the BR samples. Therefore, if a NFRP composite with flax fiber is 

required for ET applications, Super Sap resin with 20 wt. % ATH FR additive is recommended in 

order to produce the highest mechanical properties. 

In conclusion, the strengths and moduli at RT, and at ET with additives, support the argument 

of replacing synthetic epoxy resins with bio-based epoxy resins. 
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Chapter 5 

Conclusions 

5.1 Summary 

Arising from the recent global concern over environmental sustainability, the engineering 

world is moving away from older, petroleum-based products and toward newer, greener materials 

as replacements. With this direction in mind, the goal of this research was to aid in the design of 

more environmentally friendly fiber reinforced polymer composites.  

The main drawback of these natural FRP (NFRP) composites is their poor high temperature 

and fire performance and as such, an expected emphasis was placed on the elevated temperature 

properties of these composites. 

Testing was done in four stages: the first being Differential Scanning Calorimetry (DSC) 

analysis, the second being tensile testing of the resin materials, the third being tensile testing of 

NFRP composites at RT, and the fourth being tensile testing of NFRP composites at ET. 

From DSC analysis, the Super Sap samples were all found to possess a Tg within ± 1 ⁰C of 

65.3 ⁰C. The NFRP samples made using Biresin had a Tg of 75 ⁰C, whereas the NFRP samples 

made using Super Sap all had Tg values within ± 1 ⁰C of 72.2 ⁰C. Fire retardant (FR) additives at 

this percentage loading did not affect the Tg of the samples. However, with the addition of fibers, 

the Tg of the samples was increased by an average of 8 ⁰C. 

During testing of the dog-bone samples, it was found that Super Sap had the highest ultimate 

tensile strength (UTS) at 58 ± 6 MPa, whereas Magnesium Hydroxide (MgOH) had the lowest 

UTS at 41 ± 3 MPa. The aluminum trihydrate (ATH) Super Sap modulus had the highest value at 

3.7 ± 0.2 GPa, and Super Sap had the lowest at 3.0 ± 0.2 GPa. The percent elongation (PE) of the 

ammonium polyphosphate (APP) and Super Sap had similarly higher values of 2.51 ± 0.17 % and 

2.45 ± 0.34 %, respectively. The two metal hydroxides, ATH and MgOH, had lower PE at 1.72 ± 
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0.21 % and 1.69 ± 0.19 %, respectively. For the dog-bone samples, the UTS and PE were 

inversely proportional to the percentage loading of the FR additives, whereas the modulus was 

proportional to the percentage loading. The ATH dog-bone samples had a higher UTS, modulus 

and PE when compared to the MgOH samples, even though both samples had the same 

percentage loading. This led to the realization that ATH is a better FR additive for NFRP 

construction than MgOH, at these loading levels. 

As for RT testing of the NFRP composite samples, SS-NA had the highest UTS at 120 ± 17 

MPa and SS-MgOH had the lowest UTS at 100 ± 13 MPa. The SS-APP samples had the highest 

modulus of 11.8 ± 0.5 GPa, and both BR and SS-ATH had the lowest RT modulus with values of 

10.9 ± 0.5 GPa and 10.9 ± 0.6 GPa, respectively. In terms of PE, SS-NA had the highest at 1.13 ± 

0.17 % and SS-MgOH had the lowest PE of 0.98 ± 0.07 %. When comparing dog-bone samples 

to NFRP samples at RT, the addition of fibers doubled the UTS and increased the modulus by 3.5 

times, on average. The magnitude of effect of the additives on the UTS, for the dog-bone 

samples, was also observed with the NFRP samples. Conversely, the additive effects on the 

modulus of the dog-bone samples were not observed with the NFRP samples. 

ET tensile testing of the NFRP composites was conducted at 150 ⁰C. This study found the 

SS-ATH had the highest UTS of 40 ± 4 MPa, and SS-NA had the lowest UTS of 37 ± 4 MPa. As 

for modulus, BR had the highest value of 5.3 ± 0.4 GPa, and SS-MgOH had the lowest value of 

4.5 ± 0.6 GPa. Finally, in terms of PE, SS-ATH had the highest at 0.97 ± 0.07%, and three 

sample types, BR, SS-NA and SS-MgOH tied for the lowest at 0.92 ± 0.08 %, 0.92 ± 0.10 % and 

0.92 ± 0.12 %, respectively. At ET, the NFRP samples were found to have an average decrease in 

UTS of 58 %, and a decrease in modulus of 65 %, compared to RT results. There was also a 

slight positive effect on the mechanical properties of the NFRP samples at ET, due to the addition 

of FR additives. The UTS, modulus and PE were, on average, increased by 2.86 %, 4.01 % and 

2.86 % with the addition of additives, compared to the SS-NA samples at ET. 
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5.2 Conclusions 

From this data, several conclusions were able to be drawn: 

1) The additives’ effect on the mechanical properties of the NFRP samples at RT were as 

follows: At RT, the UTS and PE are inversely proportional to the percent loading, with 

ATH being only slightly worse than APP, even with a difference of 10 weight percent 

loading. At ET, the additives had a slight positive effect on all properties, although the 

percent loading had less of a direct correlation. 

2) When comparing the Super Sap to Biresin as matrix material for NFRP construction, two 

situations would need to be considered. At RT, SS-NA had better mechanical properties 

than BR. At ET, BR possessed better properties compared to SS-NA, due to Biresin 

being specifically developed for ET applications. However, with the addition of 

additives, the Super Sap NFRP samples could exhibit comparable and even superior 

mechanical properties to the BR samples, at ET. 

3) At ET, resin degradation had a larger effect on all mechanical properties compared to 

percentage loading, at these percentages. 

4) Over the course of testing, it was observed that fibers had a significant effect on modulus 

and the resin played a large role in the sample’s UTS and PE. 

5) It was decided that the percentage loadings used in this research did not negatively affect 

the NFRP samples enough to be considered a major hindrance against their use as FR 

additives. 

5.3 Recommendations 

Based on the evaluated fiber, resin and additive combinations results, two specific 

recommendations on the design of NFRP composites were formulated.  
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1) If a NFRP composite is required for an RT application, to attain the highest possible 

mechanical properties it is recommended that, of the materials tested, flax fiber, Super 

Sap epoxy resin and no additives be used for fabrication. 

2) If a NFRP composite is required for an ET (150 ⁰C) application, to attain the highest 

possible mechanical properties it is recommended that, of the materials tested, flax fiber, 

Super Sap epoxy resin and 20 weight percent ATH additives be used for fabrication. 

5.4 Future Work 

It is the wish of the author that this research will assist in environmentally friendly NFRP 

composite design. In order to further this goal, there is additional research which would be 

beneficial. This future work would include:  

1) Testing with other resins and additives, combinations of the two materials, and other 

curing regimes, with the goal of increasing the mechanical and thermal properties.  

2) Fabrication and testing of NFRP composites with FR coatings, instead of mixing FR 

additives directly into the resin. This would be done for the purposes of negating the 

reduced mechanical properties of using FR additives in the matrix material, while still 

producing a fire retardant NFRP composite. 

3) Testing at different temperature levels, including values close to the Tg of the NFRP 

samples to further evaluate the effect of Tg on mechanical properties.  

4) Using different testing regimes such as transient testing as well as 3-point bending tests. 

5) Evaluating heat properties, such as PHRR, THR and TTI, of these new samples. 
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