
ABSTRACT 

 

DJUNAEDI, KORNELIUS. Development of a Sliver Polymer Matrix Composite (SPMC) using Flax 
Fibers and Epoxy / Acrylated Epoxidized Soybean Oil Resin. (Under the direction of Professor Nancy 
B. Powell and Dr. Pamela Banks-Lee). 

 

Steel is widely used in fabricating automotive seat frames. Unfortunately, these materials are 

not renewable and take a somewhat longer time to degrade in a landfill than natural based 

biodegradable materials. Unprecedented growth of bio-based textile composites has drawn interest 

from various industries, such as automotive and transportation. Bio-based composite materials offer 

products that are biodegradable, easily recycled and can exceed the physical performance of metallic 

materials that are commercially available. Additional performance characteristics that composite 

materials can offer include weight reduction and strength improvement. 

The purpose of this research is to investigate the physical and mechanical properties of bio-

based composite materials incorporating different linear densities of the flax sliver and blend ratios of 

Epoxy-soybean oil resin. Sliver is defined as a “continuous bundle of loosely untwisted fibers” [46]. 

The proposed fabrication concept is the impregnation of soybean-Epoxy resin into flax sliver. After 

resin impregnation of the flax sliver and curing it with the curing agent, the flax sliver – resin 

mixtures become rigid and support an increase in fiber loading. The resin consolidation method with 

sliver form is also called Sliver Polymer Matrix Composite (SPMC). One of the potential applications 

for the particular bio-based composite is automotive seat frames. The properties provided by SPMC, 

strength, weight reduction and biodegradability, are important to this final product. 

Three different linear densities of flax sliver were used, namely 8, 9 and 10 ply flax sliver. 

Each of the flax slivers has linear density of 250 grains/yard. Moreover, three blend ratios of Epoxy 

and Acrylated Epoxidized Soybean Oil (AESO) are also taken into consideration as another variable, 

namely 100% Epoxy resin, 30% AESO / 70% Epoxy resin, and 50% AESO / 50% Epoxy resin. This 

research analyzes the mechanical and physical properties of the rigid bio-based composite materials 



employing flax fibers. Physical testing was performed to determine the flexural rigidity (three-point 

bend), impact strength and biodegradability at varying sliver linear densities and Epoxy-soybean resin 

blend ratios. Flexural rigidity test utilized 9” x 1” (Length x diameter) samples, impact strength test 

utilized 3” x 1” (Length x diameter). 

The highest impact test value was achieved with samples of 10 ply flax sliver and 50% Epoxy 

/ 50% AESO resin mixture. The impact test value for this particular sample was 57 ft-lb. The highest 

flexural rigidity test value was also achieved with samples of 10 ply of flax sliver with 50% / 50% 

Epoxy-AESO resin mixtures. The average flexural rigidity of this sample was 610 lbs. (280 kg).  
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I. INTRODUCTION 

 

 Textile composites have been successfully employed in many different areas of applications, 

such as transportation, aerospace and marine fields. Even though there has been a tremendous amount 

of research conducted in these fields, there are still many potentially viable opportunities for 

composite materials. To date, composite materials are usually made from high performance fibers, 

such as carbon, aramid, and glass fibers. In general, polymer matrix materials, such as polyester and 

Epoxy resin are consolidated with the high performance fibers to produce high strength and light 

weight composite materials. Furthermore, fatigue and corrosion resistant properties of the materials 

are also superior compared to metallic materials [43]. These advantages of composite materials have 

helped them become viable alternatives to metal parts in the automotive, aerospace and marine fields. 

Advantages of composite materials will be covered in a separate section of this study. Though there 

are advantages to using composite materials compared to metals, the most noted disadvantage is the 

current high cost of manufacturing composite materials. This high cost of composite making comes 

from the labor intensive processes and low production rates [20] [23].  Research efforts have been 

conducted to discover innovative methods of manufacturing lower cost composite materials [44]. 

The textile and automotive industries shows tremendous interest in developing new effective 

materials, such as composite materials. With fast-pace production techniques available to the 

automotive industry and growing demand, unsurprisingly there are 53 million new cars produced 

globally per annum [10] [39]. Furthermore, Automotive Industry Statistics (2006) also stated that 

there are 800 million cars operated globally and 11.8 million cars manufactured in the US alone [10]. 

Utilizing natural fiber based composites gives the potential to greatly reduce cost as 

compared to current material (i.e. steel tubes) used for automotive seat back frames. Hence, sliver 

polymer matrix composite (SPMC) is an ideal alternative material to produce composite materials for 

automotive application. Not only can it be engineered to have high strength-to-weight ratio, it also has 

low production costs compared to conventional materials [2]. More importantly, based on the 
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advantageous properties of SPMC materials, there should be more and more need for this type of 

materials for numerous applications.  

 This study will concentrate on the production of parts for automotive seat back frames 

utilizing bio-based composites. Currently, steel is mass produced to fabricate seat frames because 

steel is considerably inexpensive and rigid. However, there are a few other materials used to fabricate 

automotive seats. These materials include carbon fiber, Kevlar® and other high performance 

materials. Unfortunately, due to the high production cost to fabricate carbon fiber and Kevlar®, the 

applications for the materials are still limited. Hence, natural fiber based composites may become an 

alternative method for fabricating composite materials. 

 

I.1. Statement of the Problem 

 

 The purpose of this study is to investigate the physical and mechanical properties of Flax 

sliver/Epoxy-soybean composite materials. More specifically, this research studies the feasibility of 

producing a steel replacement by imbedding a flax fiber sliver in an Epoxy/soybean resin, thus 

generating a material with high strength and rigidity. 

 Major properties considered in this research include: flexural rigidity, impact strength and 

biodegradability. 

 

I.2. Significance of the Study 

 

 This study is significant in that it seeks to develop new materials which are strong, 

lightweight, biodegradable and have low production cost. One potential application is automotive use 

for seat back frame structures. Some other possible uses for this type of material are seat frames in 

industrial and commercial use; steel tubing replacement in light to medium duty structural and/or 

non-structural applications. By utilizing Sliver Polymer Matrix Composite, the weight of automotive 



 3

seat back frames can be cut approximately in half. This is proven by comparing the weight of 

composite samples to the hollow steel taken from a car seat back structure. Typical weights of seat 

frames will also be given later in the study. Based on the proposed application of this composite 

material, flexural rigidity is critical in order to determine material rigidity during and after loading. 

Safety in the event of an automotive crash will be determined highly by the impact strength of 

material. Therefore, impact strength is a critical evaluation for this study. However, due to the 

limitation of the study, impact strength test of the composite material would be conducted to simulate 

the impact strength during crash. For the biodegradability evaluation, an anaerobic biodegradability 

test was done to determine whether flax fiber – Epoxy/AESO resin composite would degrade in a 

landfill. As mentioned earlier, the amount of solid waste (refuse) in the landfill keeps increasing 

proportionally with the amount of materials used in industry and in everyday life. In order to measure 

the biodegradability of a material, Biochemical Methane Potential (BMP) assay was chosen to test 

biodegradability of Sliver Polymer Matrix Composite (SPMC). In the study by Wang (1994) it was 

explained that municipal solid waste is composed of 40-50% cellulose, 12% hemicellulose and 10-

15% lignin on a dry basis weight. With the addition of the cellulose plus hemicellulose fraction makes 

up over 90% of its methane potential [75]. Since flax fibers consist mainly of cellulose, lignin and 

hemicellulose (shown in Table 4), the BMP assay is a suitable, straightforward and economical 

procedure to determine anaerobic biodegradation potential and toxicity of a refuse material [12]. 

I.3. Specific Objectives 

1. Analyze the relationship between fiber content and the strength of material. 

2. Analyze the relationship between fiber–resin mixtures and the physical and mechanical 

properties of material. 

3. Analyze the relationship between soybean resin mixtures and the biodegradability properties of 

material. 

 



 4

II. LITERATURE REVIEW 

 

II.1. Automotive Paradigm 

 

  In today’s world more and more automotive applications are being discovered for technical 

textiles because of the significant increase in production of automobiles around the globe [16]. In the 

North American region alone, the number of cars manufactured is projected to increase 20% during 

2002 – 2008 [30]. Textile products have been widely utilized in many different automobile 

components. According to Fung and Hardcastle (2000), there were 44 lbs. (20 kg) of technical textile 

products in typical passenger car, which include interior, trim, tires, seat belts, and composites [30]. A 

more recent study showed that there was close to 50 lbs. (23 kg) of nonwoven textile structures 

contained in an automobile in 2004 not included in other types of textile structures [57]. Nonwoven is 

defined as a sheet or web structures bonded together by entangling fiber or filaments (and by 

perforating films) mechanically, thermally or chemically (INDA). Fung and Hardcastle (2000) gave 

further examples of textile products used in the automotive industry, such as carpet, trunk liner, 

headliner, and filtration, which are made from nonwovens fabric with different functionalities [30].  

The automotive industry has been particularly interested in integrating composite materials 

into automobile components. The reason composite materials are becoming the automotive industry’s 

main focus is because of the beneficial properties of composite materials. Some of the properties that 

composite materials can offer are lighter weight and higher strength-to-weight ratio [20]. Fung and 

Hardcastle (2000) described composites, usually called fiber reinforced materials, as “high strength 

and durable materials in the textile industry, which are also used extensively in automotive industry” 

[30]. Based on the amount of textile products already contained in a car and the growth percentage of 

new materials applied in automobiles, composite materials will increase the growth of textile 

application in the automotive industry. 

In a previous study, Furuholmen (2002) said, “the quality of a car tends to be associated with 
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its weight and safety in traffic” [31]. Furuholmen (2002) further explained that the correlation 

between the quality of a car and the weight and safety of a vehicle primarily originates from the 

customer demand for vehicle safety in traffic: 

 

Increasing customer demands in terms of safety and performance leads to fully 

equipped cars in all classes getting more luxurious and comfortable. More attention 

to occupant safety calls for stronger, more rigid bodies, which in turn requires 

stronger engine and power train to keep the performance of the car. A stronger 

engine requires a heavier chassis which leads to a larger fuel tank and ends up in a 

car body with higher rigidity (page 3) 

 

Composite materials may enable the automotive industry to reverse the direction of the chain reaction 

[31] implied by Furuholmen. In other words, by using composite materials while maintaining the 

chassis rigidity, safety and performance, the weight of a car would be reduced. Figure 1 shows the 

correlation between customer demands leading to a heavier car. The lighter weight materials allow 

better fuel consumption by the car. Composite materials allow the automotive industry to build a car 

that is light and yet safe [20].  
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Figure 1 – Influence of higher customer demands 

Source: Furuholmen, Marcus (2002) 

 

However, there is a debate about whether the production of a lighter car would offer the same 

safety performance for the passenger. Denner and Light (2001) stated, “Henry Ford’s first fleet of 

cars was made of heavy steel and the auto industry has been building them the same way ever since” 

[20]. Similarly, some believe the heavier the car, the safer it is in a traffic accident. However, Denner 

and Jason (2001) explained several advantages of making the car lighter. The production of lighter 

cars reduces energy consumption needed to accelerate, steer and brake, which makes the car more 

responsive to drive, handle and brake.  

A crash test rating done by the American Insurance Institute for Highway Safety (IIHS) 

between a 2002 Mini Cooper and a 2003 Ford F-150 showed that the 2002 Mini Cooper had a better 

crash rating than the 2003 Ford F-150 at only 40 mph (64.4 km/h) [35]. The 2002 Mini Cooper 

weighed only 2,500 lbs. (1,100 kg), while the 2003 Ford F-150 weighed 4,500 lbs. (2,000 kg). 
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Related to the size and type of vehicle, Ross and Wenzel (2003) statistically showed that the fatality 

during an accident is not primarily based on the type of vehicle [59]. Ross and Wenzel showed that in 

vehicle sold in 1997-2001, the Chevrolet S-10 had much higher risk to the driver compared to 

Chevrolet Cavalier and Saturn SC [59]. Based on the information from Ross and Wenzel, opportunity 

identification of a new product is related to the design of the product itself [59]. It has been concluded 

that the assumption that heavier cars would be safer in a traffic accident is not viable anymore [20].  

Figure 2 below shows the crash test rating of the 2002 Mini Cooper (left) and the 2003 Ford 

F-150 (right). It shows how the passenger compartment in a 2002 Mini Cooper is still safe, while the 

one in a 2003 Ford F-150 is crushed badly. It also shows that a passenger in a lighter car passenger 

would not necessarily have a lower survival rate than a passenger in a heavier car when involved in a 

traffic accident [35].  

 

    

Figure 2. Crash Test at 40 mph.  (Left) 2002 Mini Cooper (Right) 2003 Ford F-150  

Source: IIHS (2006) 

 

Based on the background information above, there is a need for developing new material that 

can be used to replace conventional seat back frames material. In this regard, there are four main 

issues that are driving product development in the automotive industry. The first two issues are the 
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development and use of lighter weight material which correlates with the second issue of fuel 

efficiency. Two other issues driving the automotive industry to seek new materials are cost 

effectiveness, and the biodegradability of automotive material.  

 

II.1.1. Lighter weight  

 

Research, by Kamath (2005), at the Department of Materials Science and Engineering at the 

University of Tennessee explained that the increase cost of fossil fuel and fuel consumption drive the 

automotive industry to seek alternative materials for the heavy metal parts of automobiles [39]. 

According to this study, Kamath (2005) mentioned that 250 million barrels of crude oil can be saved 

by only a 25% weight reduction of a car. This factor influences the automotive industry to produce 

lighter cars in order to reduce the waste of crude oil and lower emissions produced by cars [39] [78]. 

Furthermore, several other sources such as Allison (1993) and Turbak, Albin (1987) also confirmed 

that fuel consumption can be decreased by reducing the weight of a car [2] [71]. Lighter vehicles not 

only reduce the consumption of crude oil, but also reduce carbon-dioxide emissions. Due to 

legislation concerning the limitation of carbon-dioxide emissions in automobiles, automakers are 

making adjustments by reducing the weight of the vehicle itself [31]. According to 2005 statistics 

done by Energy Information Administration, showed in Figure 3, American households increased 

their driving behavior from 1.67 trillion miles in the year 1998 to almost 1.85 trillion miles in 2005. 

From the data above, it can be seen that there is a significant increase in driving needs in American 

households. The need and desire to drive keeps increasing every year and has led to the 16.5 million 

cars and light trucks sold in the United States in 2005. In addition, there were 11.8 million cars 

produced in 2006 in the United States alone [10]. 

This increase in automotive production coupled with the need to reduce oil consumption 

drives researches to develop lighter weight materials for use in automotive applications. In Kim’s 

investigations (2004), it was found that automotive manufacturers have been seeking many different 
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ways to improve the cost and weight aspects in making seat frame structures without ignoring safety 

and comfort of the seat itself. Taking into consideration that lighter weight materials closely correlate 

to the fuel efficiency of a car, various attempts at creating lighter weight seat frame structures have 

become a challenge to the automotive industry [42]. In comparing the commercial products available 

with the concept ideas for car seat frames, Table 1 shows the weight of an SUV and sport-type 

vehicles along with the pricing range. In this study, the front passenger car seat from a 2000 Toyota 

Camry was chosen as the standard of comparison for typical frame weights. 

 

Table 1. Vehicle seat weight comparison of an SUV, truck and sport-type. 

Vehicle Type Year Model (Vehicle Gross Weight) Seat frame % Seat weight

SUV 2005 TAHOE (6,500 lbs.) 116 lbs. 1.8% 

 2007 YUKON (7,100 lbs.) 116 lbs. 1.7% 

Truck 2005 DURANGO (5,034 lbs.) 150 lbs. 3% 

Sport 2007 GT (3,900 lbs) 36 lbs. .9% 

Sedan 2000 Camry (3,000 lbs.) 40 lbs. 1.4% 

Source: www.cerullo.com (2006). Date Retrieved: December 15th, 2006 

 

With the technological breakthrough in the composite area associated with PMC, the 

automotive industry has endeavored to develop new materials to substitute for traditional materials in 

many different applications. Composite materials have given manufacturers, such as the textile 

industry, the opportunity to engineer innovative materials which help the industry to advance. Flynn 

and Belzowski stated, “Lighter-weight materials are an important element of the strategy to achieve 

enhanced fuel efficiency without sacrificing consumer preferences for size and performance” [27] 

[31]. By utilizing PMC technique, fuel efficiency can be improved without ignoring customer 

demands.  

According to the prediction by Geoff Fisher (2006), the weight of a car will be reduced by 
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550 lbs. (250 kg) or 17% by 2010. As projected, the weight reduction of a car will be achieved by 

utilizing composite materials composed of fibers, such as natural, carbon, and glass fibers [26]. 

 

II.1.2. Fuel Efficiency  

 

Plunkett Research (2006) stated that fuel efficiency is believed to be one of the major factors 

affecting the automotive industry because fuel efficiency has become a key selling element in vehicle 

development [46]. In one of the fuel efficiency analyses done by Dale Wickell (2005), government’s 

new regulation requires all automakers to produce a better fuel efficiency on light trucks (i.e. pickup 

trucks, Sport-Utility-Vehicle (SUV) and minivans) by 2011 [77]. As mentioned before, global fuel 

consumption becomes an initiating factor for new product development using bio-based composite 

products. By utilizing lighter weight materials, fuel efficiency can be improved.  

Bhagwat (2004) concluded that the phenomenal growth of the automotive industry in the last 

couple of decades was driven by two main forces, fuel economy and ecological improvement for 

recyclable materials in cars [11]. These aspects drive the global automotive industry to develop new 

materials in order to improve the fuel efficiency of a car. [3]. Figure 3 shows the increase of driving 

behavior of American residential vehicles during 1999-2005. It also shows that improving fuel 

efficiency is one of the major needs in automotive industry. In addition, Figure 4 shows the inter-

relationship between the weight reduction of a vehicle and fuel economy interpreted in the increase of 

driving distance. It shows that by reducing the weight of a car by approximately 660 lbs. (300 

kilograms), the consumption of fuel can be reduced by approximately 790 gallons (3000 liters) in 

110,000 miles (155,000 kilometers).  
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Figure 3. Driving behavior of American residential vehicles in the years 1999-2005 in trillion 

miles cumulatively. 

Source: Federal Highway Administration. Highway Statistics Publications (1999 – 2005). 

   

 

Figure 4. Fuel economy vs. driving distance chart.  

Source: Padure (2003) [53] 
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II.1.3. Cost Effectiveness 

 

 In every industry, but especially in the automotive industry, cost plays a key role in 

maintaining a successful business. Das (2001) elaborated that one main reason the automotive 

industry is struggling in utilizing composite materials in their production is because of the high 

manufacturing cost. Regardless of the superiority of composite materials compared to steel, high cost 

and low production rate are considered to be the barriers to implementing the materials into the 

automotive industry [19]. Furthermore, the lack of knowledge about cost predictions has driven the 

automotive industry to stay away from utilizing composite materials for mass production. The process 

to move composite materials into large scale production has been a complex process because there are 

limitations on composite materials that the automotive industry cannot seem to overcome [19].  

Figure 5 shows that the main cost associated with producing a product comes from the material itself. 

One example is using carbon fiber material, which has significantly superior properties compared to 

steel. Unfortunately, one downside of carbon fiber material is the high cost factor.  This factor also 

limits industry, particularly the automotive industry from extensive use of composite materials.  

           

Figure 5. Cost Structure Comparisons of Body-In-White Designs 

Source: Sujit Das (2001) 
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II.1.4. Biodegradability 

 

One last key initiating factor of this study is the environmental concern similarly mentioned 

by Flynn and Belzowski in their research report. Flynn and Belzowski conducted an interview-based 

investigation with 27 executives and engineers to analyze barriers and obstacles in the automotive 

industry. Based on the analysis, Flynn and Belzowski found evidence that the concerns about 

recycling and disposal are becoming more significant since the metals from the recycling and 

disposing process continue to leave traces in the environment [29]. According to the study, there were 

approximately 420 billion lbs. (196 million tons) of solid waste (refuse)  produced in the United 

States in the 1990’s, of which 65% of the materials were left in the landfill [76]. In addition to the 

total solid waste land filled, Environmental Protection Agency (EPA) estimated 560 billion lbs. (254 

million tons) solid waste produced in 2003. Based on the solid waste percentage, 10.6 millions tons 

(4% of total waste) are textile waste and 6.6 billion lbs. (3 million tons) are steel waste [24]. Along 

with the increasing global demand for the automotive industry to produce compostable materials, 

biodegradable products for many different applications are becoming more and more feasible [39] 

[47]. Based on the demand and the increasing amount of refuse, biodegradable materials are preferred 

in landfills. Vazquez-Rodriques et al (2006) explained that biodegradability is a key aspect in 

forecasting the ecological behavior of the environment [73]. Garthe (1994) mentioned that even 

though most materials will degrade given enough time, there is still a significant amount of refuse 

stored in landfills annually. The increasing amount of refuse makes the government very concerned 

with finding alternative products that are environmentally safer, especially as the community becomes 

more aware of waste management issues [32]. 

The challenge regarding biodegradable products according to Garthe (1994) was that plastic 

degradation is based on the toughness of material. Toughness of a material is based on size of the 

polymer chain [32]. In other words, the longer the polymer chains in a material, the tougher the 

material will be. However, long polymer chains will make the material harder to degrade in a landfill. 
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One way to overcome this problem is to reduce the size of the polymer chain so that the material will 

degrade easier. In this study, toughness of a material is as crucial as the ability for the material to 

degrade in a landfill. Hence, this study seeks both toughness and strength of a material as well as 

biodegradability [32].  

One of the ways to produce biodegradable materials is to use natural fibers. In nature, natural 

fibers are renewable resources and readily biodegradable. Therefore, the use of natural fibers is 

regaining ground in the automotive industry [48] [63]. To date, automotive seat frames are mainly 

made out of metal and plastic material. By replacing heavy metallic materials with natural based 

material, Sliver Polymer Matrix Composite (SPMC) would be a way to create high strength materials 

for automotive seat frame parts. Because of environmental concerns, the ability of materials to 

degrade in an environment becomes critical. Numerous methods have been attempted to degrade solid 

waste (refuse) in order to have better environment quality. Based on material properties and facilities 

capability in the Sliver Polymer Matrix Composite (SPMC) study, Biochemical Methane Potential 

(BMP) assay was chosen to test biodegradability. BMP is mainly used to predict methane (CH4) 

production from refuse in a landfill from cellulose and hemicellulose refuses [73]. The higher the 

methane productions from BMP assay, the higher the biodegradability. Owen (1978) explained that 

CH4 content is determined whenever gas is removed.  

Owen (1978) reported that BMP is considered to be one of the bioassay techniques used to 

measure biodegradability of a material [52]. Continuous and batch techniques are two possible ways 

to do BMP assay. Continuous BMP technique simulates closely with full-scale anaerobic operation. 

However, Owen further pointed out that continuous bioassay technique is expensive compared to the 

batch technique in terms of facility, equipment, time and personnel [52]. Even though the batch 

technique does not simulate closely with a real anaerobic system, it is still considered to be an 

effective technique to measure methane production in a landfill [52]. With the utilization of natural 

fibers and bio-based matrix composite, government and environmental agencies can have better 

control of environmental concerns. 
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II.2. Automotive Regulations 

 

 The National Highway Traffic Safety Administration (NHTSA) is a national organization 

dedicated to providing important information and setting laws and regulations for highway safety. 

The Federal Motor Vehicle Safety Standard (FMVSS) is one of the laws and regulations that NHTSA 

formed in order to set the safety standards for the automotive industry. The automotive industry has 

strict regulations and requirements for car seat design. This is purposely done to minimize the 

possibility of malfunction as a consequence of vehicle impact. Federal motor Vehicle Safety Standard 

(FMVSS) [28] No. 207, “Seating Systems” describes thoroughly the seat design requirements. 

Several main design requirements for a car seat set by FMVSS are: 

1. Seat design has to withstand static load exerted at a minimum of 20 times the weight of the 

seat applied forward and rearward [28]. For instance, an empty seat of 10 lbs weight has to be 

able to withstand a 200 lbs static load.  

2. Seat design has to have a minimum of 3,300 inch-lbs moment in its rearmost position when 

force applied to the upper seat back in a rearward direction for forward-facing seats and in a 

forward direction for rearward-facing seats [28].  

3. Seat design must not result any sharp edges in a vehicle crash with which the occupant may 

have come into contact [65]. 

 

Furthermore, Severson and Tyrell stated that within the numerous testing conducted for seat 

performance, safety of the passenger is the main goal. In addition, related to the proposed study of 

fabricating seat back frames, Severson and Tyrell explained the seat design concepts needed to meet 

requirements are: seat orientation, seat to car attachment, seat back/seat pan deformation, energy 

absorbing protective surfaces on the seat back and increase of the seat back height [65]. 
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Another legislation that also plays an important part in improving car quality is Corporate 

Average Fuel Economy (CAFE). The Secretary of Transportation has entrusted authority to establish 

CAFE standards to the Administrator of the NHTSA. Therefore, NHTSA is involved in improving 

car fuel efficiency. CAFE requires passenger cars or light trucks (i.e. pickup trucks, SUV and 

minivans) to have a specific average fuel economy. Fuel economy is defined as the average mileage 

traveled by a car per gallon of fuel consumed as calculated based on the testing set by the 

Environmental Protection Agency (EPA) [13]. In order to improve the fuel economy of a car, CAFE 

set an increasing standard each year for the automaker so that cars manufactured for sell in the United 

States meet those standards [13]. Figure 6 and 7 below show the increase standard of fuel economy 

set fourth by CAFE for passenger cars and light trucks. 

One evidence that shows how government is closely involve in improving car fuel efficiency 

is Bush’s administration for proposing the increase of CAFE standard fuel economy [13]. Bush’s 

administration on April 26th, 2006 proposed CAFÉ to increase the standards of fuel economy for light 

trucks to be 21.6 mpg for light trucks for 2006 models and 22.2 mpg in 2007 [13]. This shows how 

government also pushes to increase the fuel economy because of the environmental concern. Figure 6 

and 7 show how CAFE improved the standard of fuel economy in passenger cars and light trucks 

from 1999-2004. 

 

 

 

 

 

 

Figure 6. New passenger car fleet average characteristics 

Source: CAFE. (2006). Data retrieved on March 1st, 2007 from 

http://www.nhtsa.dot.gov/cars/rules/cafe/NewPassengerCarFleet.htm  
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Figure 7. Light truck fleet average characteristics 

Source: CAFE. (2006) 

Data retrieved on March 1st, 2007 from http://www.nhtsa.dot.gov/cars/rules/cafe/LightTruckFleet.htm  

 

II.3. Composites 

 

By definition, composite materials refer to two or more elements of materials that are 

combined together as a single component. The purpose of forming a composite material is to enhance 

physical and mechanical properties of both materials [54]. Hence, the resulting material is intended to 

have greater mechanical properties with better physical properties as compared to conventional single 

component material. As a result, a composite material very often has physical properties that are very 

different from the properties of the composite elements [18]. The textile industry, in particular, uses 

composite techniques to enhance the end product properties (i.e. in yarn and fabric). While composite 

materials in the textile industry can mean combining two or more types of fibers together, it can also 

be done by introducing a polymeric material into the fibers to enhance the properties of the final 

product. The technique of introducing polymeric material into the fibers is also called fiber reinforced 

composite. Fung & Hardcastle (2001) described fiber reinforced composite as a “high-strength and 

durable materials in the textile industry, which are also used extensively in the automotive industry” 
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[32]. The extensive use of fiber reinforced composite material in the automotive industry will be 

discussed in the next section. 

There are two major techniques for fabricating composite material, stratified and matrix 

composite techniques. Stratified composites refer to the spreading or assembling of the surfaces, 

while matrix composite materials involve bonded fibers joined with a binding agent, usually using 

polymer resins to bind the fibers together to produce hard, rigid or flexible materials [18]. Depending 

on the application, some composite materials are intended to be hard and rigid, while other 

applications require more flexibility of the composite products. In this study, hard and rigid 

composite materials would be one of the properties pursued. In order to meet strict regulation for car 

seat back frames, hard and rigid composite materials are needed. 

One rapidly growing sector in the composite industry is the use of Polymer Matrix Composite 

(PMC). PMC method is intended to produce lighter and stronger materials which can be used in high 

temperatures, corrosive conditions and under high levels of stress. Unfortunately, there are limitations 

on the use of PMC. The first, limitation of PMC is the unpredictable long-term properties of these 

materials [37]. In other words, there has not been enough data collected on how PMC materials 

behave over a long term period. There are two major types of PMC materials, thermosets and 

thermoplastics. Thermosets by definition refer to the thermosetting polymers, such as epoxies and 

acrylics which have high modulus and tensile properties. However, aside from the strength of the 

thermosets materials, these types of polymeric material are considered to be brittle. Therefore, fibers 

are introduced during the fabrication process to remove the fragility properties of thermosets material. 

These advantages of composite materials have caused them to become main alternatives to metal 

parts in the automotive, aerospace and marine fields. To date, the cost of manufacturing composite 

materials is still high. The high cost of the composite making process originated from the labor 

intensive and low production processing [19]. Therefore, this is why there are many research efforts 

which have been conducted to develop a lower cost composite material [44]. 
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As mentioned, degassing of the composite material is one crucial step as it reduces the 

presence of voids in the composite materials. Based on the literature study, voids can act as a defect 

in a composite material [34]. Thus, by removing air bubbles and pockets from the impregnated flax 

fibers with Epoxy/AESO resin, the final composite product proposes to have improved mechanical 

properties such as impact strength. Therefore, Vacuum Assisted Pultrusion (VAP) process is 

considered the best way to manufacture composite material. The main purpose of utilizing a vacuum 

in the pultrusion process is to reduce the presence of voids in the final composite product. Any voids 

in the material caused by the composite manufacturing process are considered to be defects [34]. 

Therefore, voids should be minimized as much as possible in order to achieve maximum mechanical 

properties in the composite material, especially in SPMC study.  Furthermore, Patel & Lee (1995) 

explained that void formation is largely caused by two main factors: (1) The presence of water vapor 

in the preimpregnated reinforcement composites and, (2) air entrapment during resin flow [55]. Thus, 

one of the techniques to reduce voids in the consolidation process is by degassing.  The degassing 

technique is done by placing the composite into a vacuum chamber so that air entrapment can be 

released before the composite material is cured. This degassing process is required to improve the 

mechanical properties of final composite products. With the VAP process, composite products will 

have minimum voids and also offer higher volume production. 

 

II.3.1. Composite in Auto application 

 

Composite materials are vastly used for automotive structures because they offer many 

benefits, such as high strength, low weight and also excellent energy absorption capacity [23]. From 

the automotive engineering field, William C. Smith (2004), principal of Industrial Textile Associates, 

described the increased use of Polymer Matrix Composites (PMC) in the automotive industry over the 

past decade [78]. Polymer Matrix Composite can be defined as a composite material which uses a 

polymeric material, such as polyester, phenolic and Epoxy resin. Each type of polymeric resin has 
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distinct characteristics when it is made into a composite product. For example, Epoxy resin has high 

strength and has the capability to create a smooth surface, while a polyester polymer matrix (PMC) is 

inexpensive, and easy to process [61]. Further discussion about PMC will be explored later in this 

study. PMC has been of interest to the automotive industries because it offers more advantages than 

conventional materials for cars, mainly because it is lighter in weight than steel. Furthermore, Smith 

(2004) describes how rigid composites can be used for body parts, such as fenders, hoods, and trunk 

lids [78].  

In the Automotive Composite Consortium (ACC) and Office for the Study of Automotive 

Transportation (OSAT) study, Flynn and Belzowski (1994) pointed out that structural and semi-

structural composites cover a broad range of applications which requires high stress capability 

materials. These applications would include body components, front-end structures, cross-members, 

floor pans, seat back/frame parts and instrument panels [27]. Similarly, Netravali (2003) mentioned 

that fiber-reinforced composites have been greatly utilized to produce various applications, such as 

automotive parts [50]. Considering the growth of composite applications in the automotive industry, 

there is a significant opportunity for composite material. Fisher (2006) pointed out that there has been 

over a 30% growth of composite material in the automotive industry over the past five years. Table 2 

describes the growth of composite materials used during the past two decades [26]. As seen in Table 

2, the use of composite materials has grown tremendously compared to woven/knitted fabrics and 

nonwovens in term of growth percentage.  
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Table 2. Global Production of automotive textiles by manufacturing technology, 1985 – 2005 

(‘000 tons) 1985 1990 1995 2000 2005 

Woven/Knitted fabrics 953 1,125 1,170 1,221 1,214 

Nonwovens 95 109 107 111 114 

Composites 284 443 521 736 976 

Others 76 97 119 152 179 

Total 1,408 1,774 1,917 2,220 2,483 

Source: Fisher, Geoff (2006) 

 

Furthermore, Flynn and Belzowski mentioned that one of the restrictions for a material 

specialist in choosing a suitable composite process is an understanding of the composite itself. This 

factor can be an obstacle in achieving appropriate composites designed for specific applications [27]. 

As mentioned in the previous section, one of the identified barriers is the relatively high material and 

production cost. High material and production cost is primarily caused by low production rates and 

labor intensity [23]. Once again, cost, recyclability, life expectancy, and actual experience data are 

defined as barriers to the automotive sector integrating composite materials into the industry [27]. 

Attempts have been made to utilize many alternative materials in the composite making 

process in order to reduce the cost. Soy-based composite is used as an alternative way to produce 

lower cost products. In addition, Liang explained in his study of soy-based composites that the high 

material cost of a composite making process limits the application of composites. Hence, with lower 

cost of fiber-reinforced composites, the cost factor can be reduced significantly [44]. One example 

from the implementation of composite structural material is the fuel tank support strut used by 

Chrysler in their Minivan [29]. Furthermore, another downside of composite materials is the issue of 

recycling and biodegradability. Usually main components of composite material are thermosets 

polymer and synthetic fibers which are not biodegradable. By utilizing natural fibers and soybean oil 
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resin, this biodegradability issue could be avoided [15]. The methodology of fabricating processes 

will be further covered in section III of this study (see page 36).  

 

II.4. Raw Material 

 

The awareness of environmental sustainability drives the automotive industry to utilize 

natural fibers. Since natural fibers are a readily available resource with a relatively low price, 

therefore, natural fibers play an important role in seeking renewable materials for automotive 

applications [62]. Raw materials from natural to man-made fibers are eligible to be used in matrix 

composites. However, natural fibers, such as flax, hemp, jute and cotton, show an advantageous 

property for composite reinforcement because they have lower density than glass and carbon fibers, 

thus yielding a relatively lighter weight composite. For instance, Joshi (2004) explained that natural 

fiber components can significantly reduce the weight of a composite material. One of the examples 

presented by Joshi was the production of an automotive side panel which is conventionally produced 

by Acrylonitrile Butadiene Styrene (ABS) material. The automotive side panel material weighs 2480 

lbs. (1,125 kg) with ABS material. In contrast, natural fiber composite material, such as hemp-Epoxy 

can offer a weight reduction of 27% [38].  

 

Table 3. Weight Reduction with natural fiber reinforced (NFR) composites 

Component Auto side panel Auto insulation Transport pallet 

Conventional composite materials ABS Glass fiber – PP Glass fiber – PP 

Weight of reference component 1,124 3,500 15,000 

NFR materials Hemp-Epoxy Hemp – PP China reed – PP 

Weight (g) of NFR component 820 2,600 11,770 

Weight reduction (%) 27 26 22 

Source: Joshi (2004) 
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Some of the other advantages of natural fibers are cost efficiency, availability, and nontoxic 

nature [22]. Moreover, Dweib stated the availability of natural fibers is considered to be advantageous 

because “it reduces dependency on foreign and domestic petroleum oil” [22]. Flax fiber is one of the 

oldest fibers used in textiles. Flax fibers were used mainly by the textile industry in the past because 

of its relatively low price. To date, flax fibers are cultivated exclusively for industrial use. The term 

flax fiber may also refer to the term linen. The only difference between the word flax and linen is that 

flax is associated with the plant, whereas linen is used for products that are processed further down 

the production line. Hence, linen refers to the lighter weight fabrics and products used as home 

furnishings, apparel and other commercial products [29]. 

Based on the historic growth of flax, Egypt was one of the first countries that extensively 

used flax fibers for clothing and sails in the 5th century [29]. Fifteen centuries later, the world total 

production of flax fibers reached up to 110 billion lbs. (50 million tons) per annum. Flax plants grow 

more efficiently where there are adequate amounts of precipitation falling during the growing period, 

such as in north central states of America, such as in Wisconsin and Minnesota. Adequate moisture 

and relatively cool temperatures lead to high oil content and oil quality in flax fibers, which are 

advantageous for flax fiber processing [25]. 

In comparison with synthetic fibers, flax fibers have a higher price and lower production due 

to processing costs. In 2002, flax was priced at US$1,340 - $2,560/ ton, while polyester was priced at 

US$800/ton [29]. The relatively high cost of flax fibers is due to two main reasons. These reasons are 

the labor cost and lower spinning efficiency. However, flax fibers are suitable for the composite 

manufacturing process because they have less density which enables composite manufacturers to 

produce lighter weight composites with good mechanical properties [22] [29]. This is one of the 

reasons why flax fibers have significant market growth compared to other bast fibers. Furthermore, 

other types of natural bast fibers commonly used are jute, bamboo, cotton, coir, ramie and wood. 

Based on the nature of these natural fibers, research continues to be aimed at producing natural fiber 
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based composites. In regards to its complex structure, natural fibers such as flax contain helical 

configuration cellulose micro fibrils in an amorphous surrounding substance of lignin and 

hemicellulose. This characteristic of natural fibers makes them a suitable material for reinforcement 

in SPMC because lignin and hemicellulose will help the composite materials to biodegrade [79]. 

Table 4 shows that flax has higher value of cellulose, hemicellulose and lignin compared to other bast 

fibers. Thus, based on the content of flax fibers, it is suitable for fiber reinforcement polymer 

composite application. In manufacturing fiber reinforced composite for structural use, such as in 

transportation, aerospace and marine fields, several main factors have to be considered; fiber volume 

fraction, type and the orientation of reinforcement fibers [42]. 

 

Table 4. Chemical composition of natural fibers. 

Fibrous Material Cellulose Hemicellulose Lignin Extractives Ash 

Flax 78.5 9.2 8.5 2.3 1.5 

Hemp 68.1 15.1 10.6 3.6 2.6 

Kenaf 60.8 20.3 11 3.2 4.7 

Soft Wood 40-44 25-29 25-31 5 0.2 

Hard Wood 43-47 25-35 16-24 2-8 0.4 

Source: Williams, George I. and Wool, Richard P. (2000) 

 

In addition, as seen in Table 5, flax fibers also have a higher Young’s modulus compared to other 

natural fibers. Higher modulus of a material is important in this study because it represents the 

stiffness of a material. 
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Table 5. Comparison of the Young’s modulus of several bast and synthetic fibers 

Fiber Type Young’s modulus (GPa) 

Flax 100 

Hemp 69 

Jute 64 

 

Bast fibers 

Ramie 59 

Rayon carbon fiber 34-55 

Glass fiber 70-85 

Aramid fiber, Kevlar 60-200 

Silicon carbide 190 

 

Synthetic fibers 

Polyacrylonitrile carbon fiber 230-490 

Source: “Bast and other plant fibres” by Franck, R. (2000) 

Flax and other bast fibers, such as hemp, jute, ramie and kenaf are the most commonly used 

in composite application because of their properties. The most important of their properties as it 

relates to composite is their excellent tensile strength, high durability and low density [79]. As seen in 

Table 6, flax fibers have the highest tensile strength compared to other natural fibers. Even though the 

tensile strength of flax fibers is not as high as E-glass fibers, the density of flax fibers is relatively low 

compared to E-glass, which makes flax fibers lighter. In contrast, for car seat frames, steel has a 

density of 7.85 g/cm3, which is over five times higher than flax at 1.4 g/cm3. 
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Table 6. Properties of glass and natural fibers 

Fiber Type Properties 

Flax Hemp Jute Ramie E-glass 

Density (g/cm3) 1.4 1.48 1.46 1.5 2.55 

Tensile Strength (N/m2) 800 – 1500 500 – 900 400 – 800 500 2400 

Elastic modulus (GPa) 60 – 80 70 10 – 30 44 73 

Specific modulus 26 – 46 47 7 – 21 29 29 

Elongation at failure (%) 1.2 – 1.6 1.6 1.8 2 3 

Moisture Absorption (%) 7 8 12 12 - 17 - 

Table taken from: “Bast and other plant fibres”. R.R. Franck. (2000) 

Courtesy: Food and Agriculture Organization of the United Nations and R. Brouwer.  

Article retrieved on November 20th, 2006. 

 

Table 7 compares mechanical properties of flax with other high performance fibers (i.e. 

Kevlar® and carbon fiber). It shows that the flexibility modulus, specific tensile strength and specific 

flexibility modulus of flax fibers are considered low compared to Kevlar® and carbon fibers. 

However, considering these fibers (i.e. Kevlar® and carbon fibers) are more expensive and not 

readily available, flax fibers become a potential candidate for alternative materials to be fiber 

reinforced composite.  

 

Table 7. Mechanical Characteristics of certain fibers. 

Fiber Properties 

Flax Jute Kevlar Carbon Steel 

Flexibility Modulus (GPa) 85 2.5 - 13 131 235 - 

Specific Tensile Strength (GPa m3/kg) .6 .26 - .32 2.71 1.71 - 

Specific Flexibility Modulus (GPa) m3/kg) 71 9 91 134 - 213 25.5 

Source: Franck, Robert page 9 (2000) 
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In conclusion, advantages of natural fibers over glass and other man-made fibers are that they 

are less expensive, abundantly available and have high specific strength [79]. Flax fibers have had 

significant global consumption growth. One example is the increase consumption rate in Europe by 

the German automotive industry.  Table 8 shows that flax fibers have had an average increase in 

consumption by the German automotive industry of 20% from 1996 to 2003. Total consumption of 

flax fibers was 2,000 tons in 1996 and it increased to 9,400 tons in 2003 and continues to increase. In 

addition, other bast fibers, such as hemp, kenaf, coir and abaca fibers had a combined consumption of 

2,000 tons in 1996 and of 8,600 tons in 2003 [29]. 

 

Table 8. The use of natural fibers by the German automotive industry 1996 – 2003 

Fiber consumption in tons  

Fiber type 1996 1999 2000 2001 2002 2003 

Flax 2,000 7,000 9,000 8,500 9,000 9,400 

Hemp 0 300 1,200 1,600 2,200 2,300 

Exotic fibers 2,000 2,300 2,000 5,000 6,000 6,300 

Total 4,000 9,600 12,200 15,100 17,200 18,000 

Source: Kaup et al. (2003) 

 

Furthermore, flax fibers have been widely used in automotive applications. “In 2003, 39 

million lbs. (18,000 tons) of these natural fibers were used to produce composite materials for the 

automotive industry in Germany and Austria”. [29] For instance, one of the applications was the use 

of flax/sisal fibers embedded in an Epoxy resin matrix to replace wood fiber materials for door 

panels. This technique was used by Mercedes-Benz E-class to replace plastic parts on the door panel. 

As a result, the weight of the door panel was reduced by 20%. Not only did the door panels become 

lighter, but the mechanical properties, such as strength, rigidity, and noise absorption, of the door 

panels were also improved [63]. 
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However, fibers such as flax have several major drawbacks, which include variations in fiber 

quality and processing limitations [63]. Fiber length, diameter, and linear density vary depending on 

many different parameters. Some of the parameters which create variance in fiber properties are the 

time of harvest, the type of fiber processing and production, and the type of soil in which the plant is 

cultivated [63]. Furthermore, processing limitations of natural fibers include the temperature at which 

natural fibers can be processed. Synthetic fibers can be processed at a much higher temperature, while 

natural fibers can only be processed at a maximum of several hundred degrees centigrade [63]. Figure 

8 shows some of the major techniques in which natural fibers are used for composite applications. In 

addition, Figure 8 shows that one of the main techniques for natural fiber used in composite was 

injection molding in year 

2005.

11%
19%

8%

32%

19%
11%

Natural fibers + bio-plastics

Fabrics for advanced
applications

Natural fibers for injection
moldings

Natural fibers for press
moldings

Others

Modified fibers for advanced
applications

Figure 8. Composite application techniques in 2005 which uses natural fibers  

Source: Kaup et al. (2003) 

 

There has been significant research conducted using random short fibers. However, studies 

indicate a random short fiber composite does not provide adequate mechanical properties to be 

fabricated into structural applications [50], which initiates an idea of implementing sliver form 

composite, as the individual fibers on the sliver are more oriented in one direction. The hypothesis is, 

by utilizing fiber in its sliver form it would yield higher mechanical properties in the composite. 
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Moreover, Netravali (2003) supports the argument of the unidirectional continuous fiber composite 

which would have high tensile properties closer to those of steel [50]. 

 

II.5. Steel Material 

 

 As mentioned, steel has been widely utilized in many applications especially in the 

automotive industry. Automotive seat frames have been constructed from steel material for more than 

a couple of decades. One of the reasons steel has been used widely is because of the desired 

mechanical properties. However, not only is steel not a renewable material and it takes a somewhat 

longer time to degrade in a landfill, but steel also has a much higher density than natural material 

which adds weight to cars [52]. Hence, alternative materials, such as natural based composite have 

become of interest in some applications as material to be used to replace steel [2]. Even though there 

have been various types of steels developed to improve the characteristics of steel material, the 

mentioned natural characteristics of steel cannot be easily altered [41]. Steel has density of 7.8 g / cm3 

[41] while flax fiber has density of 1.4 g/ cm3 [29]. More detailed steel requirements for structural 

uses are described thoroughly in ASTM standard A36/ A36M - Standard Specification for Structural 

Steel. 

 

II.6. Soy-based Resin 

 

 As stated in the previous section, biodegradable composite materials have caught material 

scientists’ attention because of environmental concerns. The environmental concerns arise from the 

enormous amount of solid waste filling up the landfill annually. Therefore, increased demand of 

environmental-friendly materials forced the development of bio-based composites [22]. One of the 

main materials used for bio-based composites is unsaturated triglyceride, which includes soybean oil. 

Unsaturated triglyceride, is projected to capture interest in the composite manufacturing process 
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because of its low cost and the environmentally friendly effect of the product [44]. In nature, soybean 

oil contains 85% unsaturated oleic, linoleic and linolenic fatty acids. The high amount of unsaturated 

triglyceride in soybean oil makes it a potential material to be transformed into other useful products 

[1]. Soy-based materials were developed to replace non biodegradable materials (i.e. carbon, glass, 

aramid and other petroleum based materials) so product wastes do not fill up the landfills. Wool 

(2005) stated that by using Nuclear Magnetic Spectroscopy (NMS) and Fourier Transform Infrared 

(FTIR), triglyceride monomers present in soybean oil shows properties comparable to conventional 

polymers and composites. Acrylated Epoxidized Soybean Oil (AESO) is one of the novel soy based 

Epoxy resins. AESO is a modification product from the transesterfication and epoxidation of soybean 

oil to produce resin for composite applications [67] [80]. Figure 9 shows the chemical structure of 

AESO. 

               

Figure 9. Chemical Structure of Acrylated Epoxidized Soybean Oil (AESO) 

Source: Wool, Richard (2005) 

 

When AESO is mixed with polymeric resin, such as Epoxy resin, it produces a long flexible 

chain. Therefore, Epoxy / AESO resin mixtures have good damping properties and high reactivity [1] 

[44] [80]. Based on a study from Wool, soybean oil resin products are considered to have good 

damping properties [15]. The damping property of soybean oil resin is advantageous for fiber 
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reinforced composites because it allows the material to absorb the energy exerted into the material. 

The high reactive property of AESO contributes to the shorter time required for the resin to cure. The 

high reactivity of the resin enables a faster cross-linking process; therefore a faster curing time [43].  

In addition, Wool (2005) explained that AESO has the ability to produce high glass transition 

(Tg) and high modulus product [80]. Hence, AESO was studied and considered for structural 

applications [22].  Dweib et al. (2004) clarified that a natural fiber reinforcement composite using 

AESO would increase the flexural modulus by 2 – 6 GPa [22]. Some of the main applications of soy-

based resin are transportation, carpet, noise and vibration damping application, appliances (i.e.: 

household appliances and water heater), coating (i.e.: packaging films and construction), and binders 

(i.e.: wood and rubber products) [67] [72]. 

The use of soybean oil has increased over the past decade. According to the United Soybean 

Board (2005), the application of fiber reinforced composite using soy-based composite reached 3 

billion pounds at the year-end of 2003 [3]. Soy based composites are also projected to reach a half 

billion pounds in 2007. From the data above, it is clear that soy based products keep increasing due to 

a range of applications in different markets. Some of the biggest markets using soy-based composite 

are transportation, marine and construction, which represent more than 60% of the total market [72]. 

 

II.5.1. Soybean in Auto application 

 

In 1938 Mr. Ford attempted to make a soy-based composite product for auto parts (i.e. 

soybean proteins with fiberglass reinforcement) shown in Figure 10 [80]. Unfortunately, global wars 

and the rise of the petroleum-based industry suspended the concept of using environmentally friendly 

composite materials in cars. Global war at that time was World War II which suspended all 

automotive productions and plastic experiments, especially in the automotive industry [56].  
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Figure 10. Ford’s soybean based automobile 

(Left) Soybean car assembly on plastic panels’ production 

(Right)Henry Ford hitting a 1941 Ford car made from soybean plastic 

Source: Popular research topic: soybean car (2007) 

 

However, with the advancement of agricultural biotechnology, genetic engineering and crop 

production, the use of soy-based resin in the automotive industry has once more increased 

significantly. In addition, according to the United Soybean Board (USB), there is a significant 

substitution of steel parts in various industries, such as agriculture equipments and automotive, by 

soy-bean based products, approximately twice as much compared to thirty years ago. Table 9 shows 

the significant growth of soy-based resin used in the automotive industry. It is projected that the use 

of soy-based resin will be approximately 35 pounds (15.9 kg) per car within 18.5 million cars 

produced by 2010 [3].  

 

Table 9. Soy-Based Resin Use in Autos, 2010 

Light Vehicle Production Soy-Based Resin per vehicle Total Soy-Based Resin 

18.5 million 35 lb 650 million lb 

Source: Anonymous; Industrial Bioprocessing. (2005) 
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Furthermore, USB (2005) stated that major agricultural equipment (i.e. tractors, harvester, 

and material handler) contains approximately 370 lbs. (168 kg) of soy resin parts [3]. In terms of 

environmental sustainability, soy-based products, such as door panels, corn based roof, soy resin 

tailgate and so forth, consist of bio-based resin which is an environmentally friendly material [48] 

[66]. In the automotive industry, soy-based resin, as described in the article from Industrial 

Bioprocessing (2005), has advantages beyond what it can offer in terms of low cost and 

environmental sustainability. Other advantages include high strength and flexibility, easy painting and 

light weight [3]. 

Soybean oil resin is known to improve the flexibility of a composite material. Based on the 

literary study of soybean oil resin, Acrylated Epoxidized Soybean Oil (AESO) resin is used to 

improve damping properties of the composite material. By improving the damping property, the final 

composite product proposes to have better flexural rigidity [67]. In conclusion, soybean oil resin, such 

as Acrylated Epoxidized Soybean Oil (AESO) has promising potential for fiber reinforced composite. 

One application utilizing AESO proposed in this study is seat back frame application in the 

automotive industry. 

 

II.6. Carding Processing 

 

Venkatasubramani (1984) explained carding is one of the oldest techniques in the textile 

industry which produces a fibrous web by working two closely separated wire brushes. The purpose 

of the carding process is to remove any impurities from the fibers and randomly distribute fibers in a 

filmy web [74]. Prior to the carding process, fibers go through several processes to produce a good 

quality web, which are: (1) cleaning; (2) opening; (3) and/or blending. In processing natural fibers, 

cleaning and opening are crucial because of the impurities contained in natural fibers.  

 Subsequent to the carding process, the web is delivered to a take-up coil to form sliver. As 

mentioned at the beginning of the study, sliver is defined as “continuous bundle of loosely untwisted 
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fibers” [47]. Based on the nature of sliver, fibers are aligned without any strong integration to one 

other. Therefore, fiber-to-fiber cohesion is the only factor that holds the fibers together [70]. Flax 

fibers in this case have good fiber-to-fiber cohesion, hence they were chosen for this study.  

  

II.7. Consolidation Method 

 

In this section of the study, consolidating techniques of resin mixtures will be discussed. The 

consolidating technique refers to the process of impregnating and fabricating fibers with resin 

mixtures to manufacture composite materials. Subsequent to the sliver forming step through the 

carding process, sliver is consolidated with an Epoxy / AESO resin mixture. This consolidation 

method of applying resin to fiber structures is usually known as the Liquid Composite Molding 

(LCM) technique [54]. LCM is purposely done to produce high-strength Polymer Matrix Composites 

(PMC). There are several benefits of the LCM technique, such as cost efficiency, low maintenance, 

and simple procedures (54). Hence, the LCM technique is starting to attract the attention of many 

industries, mainly the automotive and aerospace companies that seek cost efficient techniques in 

producing high-quality parts. Based on experimentations and studies, LCM was proven to have the 

ability to produce large scale production with improved performance materials [54]. 

As mentioned earlier, the high cost and low production rate of the composite making process 

limits the application of composite materials. Consequently, low cost fiber reinforced composites, 

such as flax fibers and soybean oil resin from renewable materials are attracting many areas in 

different industries. One of the ways LCM can assist the composite manufacturing process to achieve 

lower production cost is through the pultrusion process. Pultrusion is the process of producing 

continuous lengths of polymer composite structural shapes. In this study, the process engages pulling 

flax fibers and Epoxy/AESO resin mixtures through a heated oven chamber. Due to this continual 

process, pultrusion manufacturing methods offer one of the most cost-effective processes to produce 
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polymer composites [14] [44]. For reference purposes, an illustration of pultrusion process is shown 

in Figure 11. 

 

Figure 11. Pultrusion Process illustration. 

Source: www.strongwell.com/pultrusion (2006) 

 

The pultrusion method can be relatively cost efficient because of the high volume production 

compared to other structural manufacturing processes. For comparison, Table 10 shows a cost 

comparison of structural material for a two inch square tube with an eighth inch wall thickness. 

 

Table 10. Cost Comparison of different composite processing 

Material Cost/foot 

Pultruded fiberglass/polyester $1.61 

1018 Hot Roll Steel $1.31 

Aluminum Extrusion $2.89 

Galvanized Steel $2.86 

Stainless Steel $10.13 

Source: Parnas (2000) 
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Compared to the pultrusion process, one of the main disadvantages of a conventional Resin 

Transfer Molding (RTM) process is the low volume production which is labor intensive and not a 

continuous process [54]. To date, continuous composite manufacturing processes have been 

developed to significantly improve production. However, due to short curing time in the pultrusion 

process, it is critical to properly set up process parameters in order to achieve a high quality pultruded 

product [44]. Due to the availability of the pultrusion process line, this study tries to simulate the 

pultrusion process line by utilizing tubular shape mold in fabricating the composite materials. 
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III. METHODOLOGY AND PROCEDURES 

 

III.1. Methodology 

III.1.1. Testing Standards 

 

Table 11 gives a list of the type of test and the associated testing standard used in this 

research. 

 

Table 11. Test Standards table used for Sliver Polymer Matrix Composite 

# Test Type Standards 

1 Fiber ASTM D3822 – Standard Test method for Tensile Properties of Single 

Textile Fibers) 

2 Flexural rigidity ASTM D790 - Standard Test Method for Flexural Properties of 

Unreinforced and Reinforced Plastics and Electrical Insulating Materials 

ASTM E23 - Standard Test Methods for Notched Bar Impact Testing of 

Metallic Materials  

3 Impact 

D6110 - Standard Test Method for Determining the Charpy Impact 

Resistance of Notched Specimens of Plastics 

4 Biodegradability ♦ ASTM E1196 – Standard Test Method for Determining the Anaerobic 

Biodegradation Potential of Organic Chemicals. 

♦ Biochemical Methane Potential Assay  

ASTM E766 - Standard Practice for Calibrating the Magnification of a 

Scanning Electron Microscope  

5 Fracture Analysis 

ASTM E986 - Standard Practice for Scanning Electron Microscope Beam 

Size Characterization Sliver Testing 
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To measure the linear density of the sliver, it was taken to the sliver reel in 10 yard samples and 

weighed for linear density. The linear density of the sliver was 250 grains/yard.  

 

III.1.2. Testing Instruments 

 

 All testing was done at N.C. State University using the following equipments: 

1. Flexural Rigidity Test – Instron® universal Testing Machine – NCSU Engineering Building I 

2. Impact Test – Satec® Systems Impact Tester – NCSU Engineering Building I 

3. Vibromat® ME – Dame M. Hamby Physical Testing Laboratory, College of Textiles, NCSU 

4. Instron® - MTS Sintech Universal Testing Machine – Dame M. Hamby Physical Testing 

Laboratory, College of Textiles, NCSU 

5. Biodegradability Test - Biochemical Methane Potential (BMP) assay – Dr. Morton Barlaz, 

Department of Civil Engineering, NCSU 

 

III.1.4. Materials 

 

In this study the following materials are used to fabricate a composite for use in automotive 

seating frames.  
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Table 13. Material and Source table for Sliver Polymer Matrix Composite 

# Material Source 

1 Flax fiber (100% flax sliver PT/2-S)  

Linear density: 250 grains / yard sliver 

Kraemer Textiles, Nazareth, PA 

2 Epoxy resin Epon© 826 / and curing agent Hexion Chemicals, Columbus, Ohio 

3 Acrylate Epoxidized Soybean Oil (AESO) 

Inhibited with 8500 MEHQ 

Part#: 412333; Batch # 15110KD 

Sigma-Aldrich. 

4 Mold Release Agent Polymer Composites, Inc. Winona, Minnesota 

5 1” inner diameter Virgin Teflon® pipe Applied Plastics Technology, Inc, Bristol, RI 

 

Figure 12 below shows two different lengths (3” and 9”) of flax sliver bundle prior to resin 

impregnation. The 3” sample was used in the impact strength test and the 9” sample was used in the 

flexural rigidity (three-point bending) test. Linear density of each sliver was determined to be 250 

grains/yard. For instance, 8 ply sliver sample means 8 x 250 grains/yard, which is 2,027 grains/yard. 

 

Figure 12. 3” and 9” sliver bundle specimen prior to resin impregnation 
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III.1.3. Design of Experiment 

 

Sample thickness: 1” diameter 

Fiber: 100% flax sliver PT/2-S 

Mold pipes: 1” inner diameter 

Curing Temperature: 120ºC for 2 hours 

 

Table 11 below shows the design of experiment layout. Four different samples (control, 8 ply, 9 ply 

and 10 ply) were constructed and 5 specimens of each sample were tested. Thus, 120 specimens were 

fabricated. 

 

Table 12. Design of Experiment 

Resin 

mixture 

100% Epoxy  

/ 0% AESO 

70% Epoxy  

/ 30% AESO 

50% Epoxy  

/ 50% AESO 

Sample 

Type 

Flexural 

9” sample 

Impact 

3” sample 

Flexural 

9” sample 

Impact 

3” sample 

Flexural 

9” sample 

Impact 

3” sample 

Control                               

8 ply                               

9 ply                               

10 ply                               

* Each small rectangle represents one sample 
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III.1.5. Car Seat Preparation 

 

 A front passenger seat from a 2000 Toyota Camry was weighed to determine its gross weight, 

which was 40 lbs (18 kg). Then, the seat cover, foam padding and other plastic components were 

removed. The seat frame was weighed and determined to be 35 lbs. (15 kilograms). The seat back of 

the seat frame structure was found to weigh 5.6 lbs. (2.6 kilograms). The seat back frame was then cut 

into 3” and 9” samples to use in the comparisons with the composite parts. It was calculated that 3” 

steel tube weighed 0.15 lbs. (67 grams) and 9” steel tube weighed 0.5 lbs. (201.5 grams) 

Figure 13 shows the car seat frames before being dismantled and after the cover, foam padding and 

plastic parts were taken apart. In this study the composite material would not be replacing the seat 

bottom, which is a metal plate. Therefore, the seat bottom frame structure was not measured.  

 

   

Figure 13.  Seat Structure of 2000 front seat Toyota Camry 

(Left to right) Gross weight car seat, Car seat frame, Side view of car seat frame 
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III.1.6. Resin Preparation 

 

 Prior to any fabrication process, a spot test was done by mixing Epoxy / AESO with different 

ratios. 100% / 0%, 50% / 50% and 0% / 100% of resin / AESO mixtures were evaluated in this 

research to discover which resin / AESO mixtures produced better fiber wetting. Hence, the optimum 

ratio will increase resin penetration to the fibers. 

 Also, prior to fabrication a preliminary resin mixture experiment was completed. At this 

stage, no fibers were integrated into the resin mixtures. In order to achieve a maximum cross linking 

process, a curing time of 120ºC for 2 hours was recommended by Hexion chemical for Epon© 826 / 

curing agent Epi-cure© 9951. Degassing the resin mixtures with a vacuum oven before and during 

the curing period was also tested before any fabrication process. It was observed that the degassed 

composite had less voids and air pockets. At this point, three different mixtures of Epoxy / AESO 

were selected for use, 100% / 0%, 70% / 30% and 50% / 50%.  

 

III.1.7. Mold Preparation 

 

 Another pre-fabrication step is mold preparation. During the experimentation, careful 

consideration is required in selecting an appropriate technique for fabrication of the mold. Since the 

final product is going to be a tubular shape of one inch diameter, piping was chosen as the mold for 

the fabrication process. 

Choosing the proper mold and mold release agent was critical since some of the samples 

needed to be 9” and 3” in length. According to ASTM D790 - Standard Test Method for Flexural 

Properties of Unreinforced and Reinforced Plastics and Electrical Insulating, sample dimensions 

should be 5” x 0.5” x 1/8”. In this study, since the cross section of the samples are circular and the 

diameter is twice as big as the recommended samples size. Therefore, the sample length fabricated is 

9” to allow 2” on each side  to grip the sample. Moreover, according to ASTM E23 - Standard Test 
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Methods for Notched Bar Impact Testing of Metallic Materials and ASTM D6110 - Standard Test 

Method for Determining the Charpy Impact Resistance of Notched Specimens of Plastics, the 

recommended sample size is 3” x 0.5”. Since the mounting bracket of the samples cannot hold any 

samples longer than 3”. Therefore, 3” samples were chosen for impact strength test. 

A 1” inner diameter of PVC pipe was chosen as the mold. However, the temperature strength 

of PVC piping did not meet the temperature requirement of curing temperature of resin. Hence, PVC 

piping did not meet the requirements for the fabrication. Thus, a 1” inner diameter copper pipe ($7/ft) 

was chosen as the mold material because it met both requirements of high temperature strength with 

ease of section cutting. However, approximately 10% of the end products were not considered 

acceptable or successful in the trial stage. These failures were due to difficulty in the release process 

which required additional force to remove the composite product from the mold.   

The next trial covered the inner tube of the pipe mold with a Teflon® sheet. This attempt was 

unsuccessful because within the process the Teflon® sheet was torn after a few samples. As a result, a 

virgin Teflon® pipe with 1” inner diameter was used as the mold. Not only would the virgin Teflon® 

pipe mold the composite easily, but it could also be cut into pieces and withstand the required 

temperatures during resin curing. In spite of the high cost ($50/ft) of virgin Teflon®, the performance 

and durability of virgin Teflon® are considered to be better suited for fabricating composite material 

in this experiment. Table 13 shows different piping materials used in this experimentation. 
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Table 14. Piping materials used during the study  

Material Shown 

 

 

 

9” copper pipe with 1” inner diameter 

 

 

 

1” inner diameter copper pipe covered with 

PTFE .005” sheet 

 

 

 

 

1” inner diameter virgin Teflon® pipe  
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III.1.8. Fabrication process 

 

 A total of 120 samples were fabricated, 30 control samples with resin only and 90 samples of 

resin with flax fibers. Control samples were fabricated 1” diameter with 3” length (for impact strength 

test) and 9” length (for flexural rigidity test). Control samples were fabricated with resin mixtures 

only and without incorporating flax fiber in order to compare the mechanical performance of the 

composite. Three different composites with fiber / resin mixtures 100% Epoxy / 0% AESO, 70% 

Epoxy / 30% AESO and 50% Epoxy / 50% AESO were fabricated. All four of the resin mixture sets 

were tested for flexural rigidity and impact strength. During the fabrication step, flax fibers were 

introduced into the mold exempting the control samples. The desired number (i.e. 8, 9 and 10 ply) of 

bundled flax fiber slivers with length 3” or 9” were impregnated by resin mixtures before they were 

placed into the mold. Then, the bundle was slowly pushed through the virgin Teflon® pipe. After the 

sliver was inside the pipe, it was placed in the vacuum chamber for degassing purposes for 

approximately 10 minutes. Degassing refers to the process of removing the air bubbles contained in 

the resin – fiber mixtures [66]. Upon completion, the virgin Teflon® pipe was placed in an oven 

chamber for 2 hours at 120º C for curing. Precision Scientific Model # 548 Vacuum Oven Chamber 

was used for the vacuum-oven chamber during the experimentation. The degassing and curing steps 

were done with this vacuum-oven chamber. Figure 15 shows the final 9” composite samples using 

sliver flax fibers and Epoxy/AESO resin mixtures. 

 

III.1.8.1. Fabrication Steps 

 

Step 1: Sliver preparation 

 Bundled sliver in desired number of plies (8 ply, 9 ply and 10 ply) 

 Cut sliver into desired length (3” for impact test & 9” for flexural rigidity test) 
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 Weighed each sliver bundle for initial weight 

 

Step 2: Resin preparation 

 Prepared 70% resin mixtures and 30% curing agent ratio by weight 

 Make sure resin mixtures were well stirred 

 

Step 3: Impregnation 

 Sliver bundles were laid down on flat surface 

 Poured resin mixture onto the sliver 

 Pressed impregnated sliver by hand until every single fiber wetted out in order to optimize 

resin penetration. 

 Impregnated sliver was then pushed through the virgin Teflon® pipe 

 

Step 4: Degassing and Curing 

 Placed samples into vacuum chamber for degassing for 10 minutes 

 Moved samples into oven chamber for 2 hours at 120° C for curing step 

 

Step 5: Mold Release 

 At the end of the second hour, samples were pushed back out from the mold (i.e. virgin 

Teflon® pipe 

 Weighed samples for final weight. 
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Figure 15. Final composite material in 9 inch sections.  

 

III.2. Testing Procedures 

 

III.2.1. Fiber Testing (ASTM D3822 – Standard Test method for Tensile Properties of Single 

Textile Fibers) 

 

 This test method discusses the measurement of tensile properties of natural and man-made 

textile fibers. It also presents the breaking force and elongation at the break of a single textile fiber. 

Flax fibers were tested using Vibromat® ME to determine the denier of the fibers, and using an 

Instron® machine to determine the other mechanical properties of the fibers. Tensile properties of 

fiber were tested using “FiberTensNoSlackCp_3822-5lb_c.msm” method by Textechno H. Stein. 

The specimen was conditioned at standard laboratory conditions for 24 hours prior to testing. 

Then each fiber specimen was tested individually to obtain single fiber data. In other words, a single 

fiber that had been tested for linear density was taken directly to the Instron® Universal Testing 

Instrument. Separate individual fiber testing was done due to the inconsistency of linear density and 
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fiber length. Fiber Testing was done in the Physical Testing Laboratory at North Carolina State 

University, College of Textiles under the supervision of Dr. Jan Pegram. Table 15 below shows some 

of the parameters used in Vibromat® ME for fiber properties. 

 

Table 15. Fiber testing parameters 

Grip pressure 60 psi 

Gage length 2.54cm 

Break Sensitivity 75% 

Crosshead Speed 15mm/min 

Initial Speed 15mm/min 

Load Limit HI 5.0 lbf 

 

 

III.2.2. Flexural rigidity and Modulus (ASTM D790) 

 

The testing procedure for this experiment was to measure the flexural rigidity and modulus of 

the specimen. This method is usually called the three-point bending test (Figure 15). According to 

International Standard Test Method 178, the recommended specimen size is: 3.26” x .4” x .16” (8 cm 

x .98 cm x .4 cm) (Length x Width x Height) with testing temperature: 23 +/- 2° c and 50 +/- 5% 

relative humidity. In addition, crosshead speed was calibrated to be 0.285 in/min (7mm/min). 

A test specimen was held on a supported beam with force applied on the center of the 

specimen until it reaches a point of failure or breaks. Then, the amount of pressure (lbs) was 

calculated to analyze the flexural rigidity and stress/strain curve. Flexural test was done at 

Engineering Laboratory I, at North Carolina State University, College of Engineering under the 

supervision Mr. Dan Leonard. 
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Figure 15. (Left) Flexural Rigidity Instron® Set-up (Right) Sample mounted on Flexural 

Rigidity Test. 

 

 

III.2.3. Impact Test ASTM E23, D6110 

 

This test method is designed to analyze the impact strength of a specimen during impact. 

There are two designs of the impact test, pendulum impact test and tower impact test. While the 

design of both tests are different, the purpose is similar, which is to analyze impact strength. For this 

particular test, specimen size was 3” x 1” (7 cm x 2.5 cm) (Length x Diameter). Specimen 

temperature and relative humidity were 23 +/- 2°c and 50 +/- 5% respectively. The pendulum impact 

tester from Satec® Systems was used with maximum load of 200 lbs. Impact test was done in 

Engineering Laboratory I at North Carolina State University, College of Engineering under the 

supervision Mr. Dan Leonard.  

                           

5 inch 
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Figure 16. (Left) Pendulum impact test instrument (Right) Specimen column 

Manufacturer:  

 

  

Figure 17. 3” and 9” metal pipe cut directly from the seat back frame 

(Left) steel pipe before tested (Right) steel pipe after tested 

 

Figure 17 above shows metal pipe cut directly from a car seat frame. It is a 0.6” (.24 cm) 

thick metal tube. The 9” and 3” pipe sections were cut and weighed to determine the mass of the 

hollow steel pipe for comparison with the composite material produced in this study. The figure on 

the right shows 9” and 3” steel pipe after tested on the Instron® and impact tester machine. As seen in 

the picture, the steel pipe was dented, but it did not break with 200 lbs of force. In addition, it was 

Where specimen was mounted 

Pipe cutter saw 
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calculated that 3” steel tube weighed 0.15 lbs. (67 grams) while composite materials weigh 35 grams 

and 9” steel tube weighed 0.5 lbs. (201.5 grams) while composite materials weight 98 grams.  

 

III.2.4. Anaerobic Biodegradability Test 

 

To determine biodegradability, a BMP assay technique was used to measure methane 

production. Sufficient refuse used was 50 ml based on the complete cellulose and hemicellulose 

conversion to methane. First of all, samples were dried at 70 °C, ground to a particle size of 1mm, re-

dried at 65 °C and stored in mason jars at 4°C prior to testing [74]. Then, water and aqueous nutrient 

media was also used to lower the variability rates relative to the controls [12]. According to Owen 

(1978), BMP assay essentially can be divided into four main parts, namely assay bottle preparation, 

defined media, anaerobic transfer and gas measurement. A 250 ml reagent bottle sealed with black 

butyl rubber stoppers and aluminum crimps is needed for assay bottle preparation. Bottle is gassed at 

a flow rate of 0.5 1 min-1 for 15 minutes with a combination of 30% CO2 and 70% N2, then stopped 

and equilibrated at an incubation temperature prior to introducing samples, defined media and 

inocula. The second part is defined media which consists of nutrients and vitamins for mixed 

anaerobic cultures. Lastly is the anaerobic transfer of BMP assay. During this part, inoculation is 

achieved anaerobically by introducing a gas flushing needle into the media flask while adding 200 ml 

of seed organisms to 1,800 ml of defined media. Figure 18 below shows a schematic diagram of the 

procedure for anaerobic transfer of BMP assay. The product produced from this step is the serum 

bottle wherein the sample will be placed.  
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Figure 18. Schematic diagram of procedure for the anaerobic transfer of defined media into 

serum bottles. 

Source: Owen et al (1978) 

 

Observation is initiated once the sample is anaerobically introduced into the serum bottle. 

Thirty days of incubation time is recommended to evaluate methane production in the refuse [51]. 

However, some materials may require a longer incubation period to allow methane production 

assessment. During incubation and sampling, some methane is removed in order to prevent gas 

leakage due to excessive pressure. However, at the end of the test, the removed methane is added 

again to the amount of CH4 within the assay volume in order to calculate BMP. During BMP assay, 

three different type of resin mixture samples were tested, which are 10 ply of 100% Epoxy / 0% 

AESO, 10 ply of 70% Epoxy / 30% AESO and 10 ply of 50% Epoxy / 0% AESO. Table 19 shows the 

BMP values of all three types of resin mixtures which were done by Dr. Morton Barlaz, Civil 

Engineering - North Carolina State University (see page 79). 
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III.2.5. Scanning Electron Microscope Fracture Analysis Testing (ASTM E766, ASTM E986) 

 

 There has been significant growth of surface characterization done by a Scanning Electron 

Microscope (SEM). SEM offers a greater depth of magnification and a higher resolution of images 

compared to conventional optical microscopes. The advantages of SEM become a vital tool for many 

aspects of research and development, such as the surface and fracture analysis of material [57]. The 

SEM function is based on scanning and detecting the surface of a material using electron beams 

which then modulate to the cathode ray tube (CRT) screen.  

The purpose of this procedure is to analyze the cross section fracture of composite materials 

after the impact test. Studying fracture surface of a composite material has become easier with the use 

of SEM because of its high resolution images. Based on the lowest and highest mechanical properties 

of the samples from different resin mixtures and sliver linear densities, four samples were tested for 

fracture analysis. The SEM test was done in the Analytical Instrumentation Laboratory at North 

Carolina State University under the supervision of Mr. Chuck Mooney. 
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IV. RESULTS AND DISCUSSIONS 

 

IV.1. Fiber testing result 

 

 Eighteen specimens of flax fibers were tested for their physical and mechanical properties. 

Fiber testing results are shown in Table 16. Inconsistency of the length of flax fibers varied from 

70mm to 225mm with mean of 141mm and a standard deviation of 4.5 mm. The average linear 

density obtained was 29 denier with a standard deviation of 11 denier. The average tenacity of flax 

fiber is 6.6 gf/denier with standard deviation of 3.2 gf/denier. 

As seen from fiber testing result on Table 16, out of 18 specimens tested, flax fiber has a 

fairly high standard deviation on linear density, yield load and fiber modulus. This indicates the 

variation on each of the specimen. Moreover, the strain at break and fiber tenacity shows low 

variation having coefficient of variation of 37 and 48.21, respectively. However, as expected for this 

research, natural fibers have a high inconsistency in fiber linear density. Thus, mechanical properties 

of natural fibers have high variance. 

 

Table 16.Fiber testing Result 

Specimen 

# 

Linear 

Density 

Strain at 

Break 

Yield 

Load 

Strain 

at Yield 

Fiber 

modulus 

Fiber 

Tenacity 

Unit (Denier) (%) (gf) (%) (gf/denier) (gf/denier) 

1 13 4 55 4.1 210 4.1 

2 15 2.6 83 2.6 380 5.5 

3 16 5.2 32 1.0 380 14.6 

4 16 2.8 83 2.8 770 5.2 

5 17 3.4 59 3.4 780 3.5 

6 20 3.6 75 3.6 900 3.7 
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Table 16 continued 
 

7 27 4 250 4.0 200 9.3 

8 27 5.1 210 4.9 320 8.4 

9 27 4.3 150 4.3 510 5.6 

10 27 3.7 51 3.7 130 1.9 

11 30 3.6 140 3.6 230 4.7 

12 34 2.5 190 2.5 530 5.7 

13 38 8 280 7.2 180 7.7 

14 37 5 320 4.5 400 8.5 

15 37 2 110 2.4 400 2.9 

16 38 6 390 6.4 270 10. 

17 49 6 350 6.1 230 7.1 

18 51 7 500 7.0 140 9.9 

Mean 29 4 190 4.1 390 6.6 

CV 40 37 73.8 40.95 59.64 48.21 

 

IV.4. Flexural rigidity result 

 

 Based on results (Table 17) obtained from the flexural rigidity test (3-point bending test) 

using ASTM D790, it was observed that the addition of Acrylated Epoxidized Soybean Oil (AESO) 

increased the flexural rigidity of composite materials. As seen in Figure 19, flexural rigidity of the 

composite materials increased as the number of plies increased. The flexural rigidity in the 10 ply was 

higher than 9 ply sliver. Similarly, the flexural rigidity of 9 ply slivers was higher than 8 ply sliver 

and control samples. 
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Table 17. Flexural rigidity test result summary 

Sample 9" Average flexural rigidity results (lbs) 

Linear 

density 

Average Sliver 

Weight (gram) 

100% Epoxy / 0% 

AESO 

70% Epoxy /  30% 

AESO 

50% Epoxy / 50% 

AESO 

Control N/A 460 430 470 

Std Dev N/A 9.9 4 3.4 

8 ply 40 510 450 570 

Std Dev 4 15 24 11 

9 ply 42 550 490 590 

Std Dev 1.8 16 32 11 

10 ply 42 570 540 610 

Std Dev 4.1 34 46 17 

0
100
200
300
400
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600
700

Force (lbs)

100% Epoxy / 0%
AESO

70% Epoxy / 30%
AESO

50% Epoxy / 50%
AESO

Control
8 ply
9 ply
10 ply

 

Figure 19. Flexural rigidity test result graph summary 

 

 Based on the flexural rigidity test, the 50% Epoxy / 50% AESO resin mixture shows a higher 

flexural rigidity compared to the other two resin mixtures. In addition, the result also shows that 70% 

Epoxy / 30% AESO had the lowest flexural rigidity compared to the other two resin mixtures (i.e. 

100% Epoxy / 0% AESO and 50% Epoxy / 50% AESO). 
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Another observation from the 3-point bending test is the difference in flexural rigidity as the 

sliver linear densities is increased. The order of flexural rigidity increase is related to the number of 

sliver linear density. Flexural rigidity of the control samples, 8 ply, 9 ply and 10 ply of flax sliver 

increased consecutively. This behavior applies to all the various Epoxy / AESO resin mixtures. In 

conclusion, the increase of linear density and AESO percentage in the composite materials improve 

the flexural rigidity. 

One observation made during the flexural rigidity test was the 70% Epoxy / 30% AESO resin 

mixture had the lowest value compared to the other two resin mixtures (100% Epoxy / 0% AESO and 

50% Epoxy / 50% AESO). During the flexural rigidity testing, control samples failed severely as 

there were no fibers supporting the composite materials. Therefore, the adding flax sliver into the 

composite materials reduces severe failure in the composite materials. For further detail and result 

values, see APPENDIX B and C. There were two expectations from adding fiber bundles and the 

percent of AESO into the resin mixtures, which are the increase of flexural rigidity property as the 

fiber bundle and percent ratio of AESO increases. The increase amount of flax fiber volume fraction 

would improve the flexural rigidity of the composite material. However, 70% Epoxy / 30% AESO did 

not perform as expected. This behavior possibly caused the viscosity of the resin mixtures which 

caused the composite materials have lowest flexural rigidity value among the other two resin 

mixtures. 

 

IV.5. Impact test result 

 

 Impact test results are given in Table 20. The impact test value of 10 ply flax sliver with 50% 

Epoxy / 50% AESO resin mixture had the highest result, which was 57 ft-lb, while the lowest value 

was obtained from 8 ply flax sliver and 70% Epoxy / 30% AESO resin mixture. The impact test value 

of 8 ply flax sliver with 30% AESO resin mixture was 24 ft-lb. Literature study shows that the seat 
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design is required to withstand 200 lbs static load. For this research, composite material had a much 

lower value of impact test than the required specification for automotive seat frame. 

Further observation taken from the impact strength test reveals that 70% Epoxy/ 30% AESO 

resin mixture had the lowest impact strength than 100% Epoxy / 0% AESO. Impact strength of 100% 

Epoxy / 0% AESO had lower value than 50% Epoxy / 50% AESO resin mixture. Figure 20 shows the 

comparison between these resin mixtures in terms of impact strength of composite materials. It also 

concludes that impact strength increases as fiber content increases in the composite materials. 

Similarly to the flexural rigidity test value above, 70% Epoxy / 30% AESO resin mixture had the 

lowest impact strength value compared to the other two resin mixtures (100% Epoxy / 0% AESO and 

50% Epoxy /  50% AESO).  For further detail test value, see APPENDIX D and E. Once again, 70% 

Epoxy / 30% AESO had the lowest impact test value, meaning similar behavior also applies to impact 

test value like flexural rigidity test.  

 

Table 18. Impact strength testing result summary 

Sample 3" Average impact strength results (ft-lbs) 

Linear 

density 

Average Sliver 

Weight (gram) 

100% Epoxy / 0% 

AESO 

70% Epoxy /  30% 

AESO 

50% Epoxy / 50% 

AESO 

Control N/A 26 15 34 

Std Dev N/A 1.6 1.7 2.4 

8 ply 11 31 24 36 

Std Dev 0.70 2.4 2.9 7.6 

9 ply 14 46 40 53 

Std Dev 1 2.3 4.3 1.6 

10 ply 13 52 44 60 

Std Dev 0.85 3.8 6.4 4.7 
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Figure 20. Impact strength test result graph summary 

 

IV.6. Anaerobic biodegradability testing result 

 

 Based on 60 days of continuous observation, 3 (three) samples were evaluated for methane 

(CH4) production (Table 19). The three samples were taken from each of the resin mixtures. It was 

observed that the 100% Epoxy / 0% AESO sample had the highest average of methane production 

(CH4 /gram); higher methane gas production indicates samples with higher degradability. The second 

highest average methane production by the Epoxy / AESO resin mixture is 50% Epoxy / 50% AESO. 

While the lowest average value of methane production was 70% Epoxy / 30% AESO. According to 

these values, 100% Epoxy / 0% AESO was the highest biodegradable material compared to the other 

two resin mixtures (i.e. 70% Epoxy / 30% AESO and 50% Epoxy / 30% AESO) 

 However, the standard deviation on 100% Epoxy / 0% AESO was also high. On the other 

hand, 50% Epoxy / 50% AESO sample had lower standard deviation. The BMP value of 70% Epoxy 

/ 30% AESO showed that it has the lowest methane production with the highest standard deviation. 

The values of 70% Epoxy / 30% AESO show that the resin mixtures had the lowest biodegradability. 

In conclusion, 50% Epoxy / 50% AESO resin mixture had the most accurate prediction of 

biodegradability of a composite material.  
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Table 19. Bioassay Methane (CH4) Production Observation Summary 

 

 Similarly to flexural rigidity and impact strength test, 70% Epoxy / 30% AESO resulted in 

the lowest value on BMP assay. The methane gas production of 70% Epoxy / 30% AESO was 93.45 

CH4/gram. The result of BMP assay, 100% Epoxy / 0% AESO resulted in the highest value of 

methane gas production, 136.82 CH4/gram compared to 50% Epoxy / 50% AESO. However, the 

standard deviation of 50% Epoxy / 50% AESO was lower than the one from 100% Epoxy / 0% 

AESO. As a reference, pure cellulose produces methane gas of 410 CH4/gram. According to Dr. 

Morton Barlaz, the three composite materials tested are considered to be biodegradable. 

 However, the values of 100% Epoxy / 30% AESO and 50% Epoxy / 50% AESO show no 

significant difference. As expected before the experimentation, the value of 50% Epoxy / 50% AESO 

would have the highest biodegradability and 70% Epoxy / 30% AESO would have second highest 

value on biodegradability. Since 30% Epoxy / 70% AESO samples were not made in this research, 

the research still cannot conclude the particular biodegradability behavior. 

 

IV.7. Scanning Electron Microscope (SEM) Fracture Analysis 

 

 Figure 21 below shows a SEM fracture analysis taken from the sample of 10 ply flax sliver 

with 50% Epoxy / 50% AESO. The impact test results of this particular sample had the highest 
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impact value of 69 ft-lb. of the 15 samples tested; the 10 ply flax sliver samples had an average 

impact value of 57 ft-lb.  

Figure (a) shows the interface between flax fibers and resins that were uniformly distributed 

along the fibers. Figure (b) shows a higher depth of the fracture of fibers. The different lengths of the 

fibers show the fracture location. Figure (c) shows the fiber fractures along the plane. It also shows 

some fiber bundles which acted together when the fracture happened. 

 

Figure 21. SEM fracture analysis image from 10 ply of 50% Epoxy / 50% AESO 

 

Another sample taken for fracture analysis was 10 ply / 30% AESO. This particular sample 

had 42.4 ft-lb of impact capability. Hence, it had lower impact value than the previous sample 

analyzed. It was observed from Figure 22 (a) & (b) that the resin fractured clean as there were no 

 a 

 c 

 b 
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fibers contained within the plane of the fracture. This causes lower impact capability of the 

composite. Figure 22 (c) shows the sample observed at a higher magnification, which indicates that 

no resin adhered to the fiber surface which means it did not penetrate sufficiently throughout the 

sliver. Moreover, Figure 22 (c) shows a combination of the resin fracture and separated clean fibers 

that were observed in Figures 22 (a) – (c). 

 

 

Figure 22. SEM fracture analysis image from 10 ply of 70% Epoxy / 30% AESO 

 

Figure 23 shows additional fracture analysis for 10 ply on 70% Epoxy / 30% AESO. Figure 

23 (a) and 23 (b) shows that resin uniformly penetrated through the fiber bundles, which strengthened 

the overall impact strength of composite material. However, due to several areas where composite 

 a 
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material consists of resin only, this particular sample does not convey the highest value of impact 

strength. 

 

 

Figure 23. SEM fracture analysis image from 10 ply of 70% Epoxy / 30% AESO 

 

Figure 24 below was taken from 10 ply flax sliver with 70% Epoxy / 30% AESO resin 

mixture. This sample had an impact test value of 42.4 ft-lb. Figure 24 (a) shows the locations of the 

fiber pull-outs. It was observed that some locations have fiber bundle pull-outs which were caused by 

poor interface between the fibers and the resin.  Figure 24 (b) show voids contained in the sample. 

Since voids act as a defect, they caused the impact test value to be relatively low. Another possibility 

of the fiber bundles existence is indicated by a better fiber-to-fiber adhesion during impregnation. 
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However, fiber bundles can also act as a defect, since the fiber bundle fractured at the same fiber 

length. Figure 24 (c) – (d) 

 

 

Figure 24. SEM fracture analysis image from 10 ply of 70% Epoxy / 30% AESO 

 

 Figure 25 below shows the fracture analysis of a sample on 8 ply flax sliver with 70% Epoxy 

/ 30% AESO resin mixture. Based on the impact test value, this particular sample had the lowest 

overall impact test value of 23.6 ft-lb. There were several factors causing the impact strength value to 

be the lowest. Figure 25 (a) shows that the flax fibers were separately distributed throughout the 

plane, which prevented the composite product from being reinforced by the fibers. As we can see 

from Figure 25 (a), the resin mixture fractured without any presence of flax fibers. Figure 25 (b) 
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shows better distribution of flax fibers throughout the plane. However, analysis of some of the fiber 

bundles fractured at the same length means the fibers did not support the load during impact. 

 Figure 25 (c) shows a major void present in the composite plane. Voids acted as a defect in 

the mechanical properties of the composite product, the void caused poor impact test behavior. Figure 

25 (d) shows a clear image of a fiber bundle that clumps together in the sample. In the image analysis, 

there is little resin present within the fiber bundle which causes the fiber bundle to act together during 

impact. Figure 25 (f) shows a lower magnification from Figure 25 (d). In addition, Figure 25 (f) also 

shows several fiber pull-outs during impact to the sample. Figure 25 (e) shows a void present in the 

sample where there was no resin and fiber. This indicates the defects in the sample. 
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Figure 25. SEM fracture analysis image from 8 ply of 70% Epoxy / 30% AESO 
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V. CONCLUSIONS 

 

Steel material is widely used in producing a variety of industrial products. However, steel-

based material products take longer to degrade in a landfill than natural based material, which makes 

natural based material has caught industries attention. Textile composite utilizing natural based 

materials become an alternative source for producing numerous products, for instance automotive seat 

back frames. Numerous other factors drive the automotive industry to utilize more environmentally 

friendly materials. Indicators show that natural-based products are lighter weight, fuel and cost 

efficient and biodegradable. 

Increased cost of fossil fuel and consumption drive the automotive industry to seek new 

alternate materials for the heavy metal parts. The weight of a material in the automotive industry is 

critical because this factor yields to the second factor, which is fuel efficiency. Lighter weight 

material will produce higher fuel efficiency in the automobile. In spite of the old belief that a lighter 

car would not have the same safety characteristics, it has been proven that the safety of a car is not 

determined by the weight of a car. Hence, the automotive industry has been trying to reduce the 

weight of its materials used in cars. The next factor that drives the automotive industry to seek natural 

based products is cost efficiency. Based on the availability, natural occurring materials cost less than 

man-made materials. Therefore, natural based materials have the feasibility of becoming alternative 

materials for the automotive industry. Even though the composite manufacturing process is not 

acceptable in cost efficiency, many studies have been done to reduce the cost of the composite 

manufacturing process. Hence, there is still opportunity to reduce the cost efficiently and effectively. 

The last factor that drives the automotive industry to seek environmental friendly material is the 

environmental concern itself. Government regulations proposed that the car makers produce cars that 

are either recyclable or degradable. The original equipment manufacturers’ (OEM’s) are looking 

seriously into materials that biodegrade. 
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Flax fibers in sliver form and Epoxy / Acrylated Epoxidized Soybean Oil (AESO) resin 

mixtures are being used to develop alternative composite materials to attempt to replace automotive 

seat back frame. Flexural rigidity, impact strength and biodegradability are three main testing 

procedures chosen to analyze the mechanical and physical properties of composite material. There 

were two main variables existed in this study, sliver linear densities and resin mixture ratios. Three 

different linear densities of flax sliver were used in this study, namely 8, 9 and 10 ply flax sliver. 

Three resin mixture ratios were also used to determine which one of the resin mixtures perform the 

best, namely 100% Epoxy / 0% AESO, 70% Epoxy / 30% AESO and 50% Epoxy /  50% AESO. 

The first test conducted was flexural rigidity of composite material. The flexural rigidity test 

was done through a three-point bending test using an Instron® machine with 5” support span length. 

Sample length for this test was 9”. Based on the result, 50% Epoxy / 50% AESO had the best average 

value from the entire test. One of the observations from the flexural rigidity of flax-Epoxy/AESO 

composite material is that the flexural rigidity of 70% Epoxy / 30% AESO resin mixtures resulted in 

the lowest value of flexural rigidity. The highest value of flexural rigidity was obtained from 50% 

Epoxy / 50% AESO resin mixture. Another observation is that the higher the fiber volume percentage 

in the composite material, the higher the value of flexural rigidity. Hence, 10 ply flax sliver in the 

composite material resulted in the highest value of flexural rigidity. 

Based on the flexural rigidity test, control samples failed severely. Since there is no fiber 

reinforcement in the composite materials, the matrix was not able to hold the force and had 

propagated failure. In conclusion, by adding fiber into the matrix composite, it supported the load 

significantly. 

Another test conducted was impact strength of the composite material. Not only is the impact 

strength test critical in fabricating composite material for the automotive seat back frame, but it also 

determined how well flax fiber and Epoxy / AESO are bonded together. Furthermore, Scanning 

Electron Microscope (SEM) analyses show that there were still some areas where fibers clumped 

together at the fracture region. SEM analyses also showed that some areas were only resin. Fracture 
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behaviors could have resulted from a couple of reasons, such as: (1) poor adhesion between fiber and 

resin (2) and the poor fiber distribution into the resin mixture, which also causes poor resin 

penetration into the fiber bundle. There are a couple of alternatives directing at improving the 

adhesion between fiber and resin. One alternative is adding a coupling agent into the resin mixtures 

and fibers. Coupling agent is intended to reduce the surface tension of the materials, so that resin 

mixture can penetrate better into the fiber bundles. Another alternative is to reduce the viscosity of the 

resin mixtures, so that fiber has better wetting before resin mixture is cured. However, the use of a 

coupling agent is considered not to be cost efficient. Based on the mechanical properties observed 

during this study, there are still several aspects that can be improved in the composite materials. 

These aspects include the reduction of air pockets and improvement in fiber distribution. Utilization 

of pultrusion process line can improve the mechanical properties of composite materials. 

The final test conducted was the biodegradability test. The anaerobic biodegradability test 

called Biochemical Methane Potential (BMP) assay is intended to measure the methane production of 

a solid waste in a landfill. Production of methane gas is measured so that degradability of a solid 

waste can be predicted. From the BMP assay conducted, 50% Epoxy / 50% AESO resin mixture had 

the second highest methane production after 100% Epoxy / 0% AESO. Also, 50% Epoxy / 50% 

AESO had the lowest standard deviation value. Therefore, 50% Epoxy / 50% AESO resin mixture 

had the least variance.   
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VI. FUTURE RESEARCH 

 

The body of knowledge encompassing pultrusion method in composite making process is 

growing. Research continues to focus on optimizing production rate to create natural-based composite 

material at lower cost.  This study was focused on fabrication of sliver based polymer matrix 

composite by changing sliver linear densities and Epoxy / Acrylated Epoxidized Soybean Oil (AESO) 

resin mixtures. Based on the results of this study, the following recommendations are suggested for 

further understanding of the fabrication of sliver-based polymer matrix composite materials: 

1. Further observation is needed on 30% Epoxy / 70% AESO resin mixture to better determine 

mechanical properties. 

2. Placing fiber bundles into the vacuum chamber prior to resin impregnation to obtain better 

mechanical properties of composite material. 

3. Further study is suggested to better understand the relationship of resin mixtures blend ratio 

to determine the maximum mechanical properties of the composite material. The resin 

mixtures’ blend ratio should be studied by creating resin mixtures blend ratio different from 

the ones in this study.  

4. Fabrication of a complete seat structure should be done to better understand the mechanical 

performance during a crash event. By fabricating the entire seat structure and running a 

simulation impact test, the frontal impact and rear impact test values can be better 

determined. 

5. Flax fiber that was used in this study did not go through the drawing process. The placement 

of flax sliver through the drawing process to the desired linear density should give better 

sliver uniformity thus better composite mechanical properties. 

6. Flax fibers were considered to be appropriate in this study. However, the use of different 

types of fibers, such as ramie and jute can be studied to pursue better mechanical 

performance of composite material. 
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APPENDIX A-1 

 

Top 20 most risky vehicles for their drivers [59] 
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APPENDIX B-1 

 

Flexural rigidity Test (3-point Bend Test) 

Flexural Rigidity Result (lbs.) Sample 9" 

Control 
Sliver Weight (gr) 

% Epoxy 

Average Each Sample Average 

100% N/A 460.53 

 N/A 457.9 

 N/A 479.23 

 N/A 449.95 

 N/A N/A 464.5 462.4 

70% N/A 434 

 N/A 430.9 

 N/A 426.83 

 N/A 438.1 

 N/A N/A 432.1 432.4 

50% N/A 470.46 

 N/A 475.9 

 N/A 469.8 

 N/A 473.3 

 N/A N/A 465.9 471.1 
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APPENDIX B-2 

 

Flexural Rigidity Result (lbs) 
Sample 9" 8 Ply Sliver Weight (gr) 

% Epoxy 

Average Each Sample Average 

100% 35.63 520.6 

 38.25 530.4 

 34.97 512.23 

 36.23 490.6 

 41.21 37.26 497.5 510.266 

70% 37.8 456 

 36.62 401.1 

 37.78 470.5 

 35.45 459.1 

 37.47 38.10 459.1 449.16 

50% 47.88 569.2 

 44.18 556.2 

 44.5 570.6 

 43 560.2 

 44.7 42.51 587 568.64 
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APPENDIX B-3 

 

Flexural Rigidity Result (lbs.) 
Sample 9" 9 Ply Sliver Weight (gr) 

% Epoxy 

Average Each Sample Average 

100% 44.8 526.5 

 43.29 548.3 

 46.15 573.5 

 42.64 540.8 

 41.34 43.8 540.5 545.92 

70% 39.77 469.8 

 39.19 531.7 

 43.93 480.5 

 43.32 529.2 

 41.02 43.40 452.3 492.7 

50% 43.15 600 

 43.05 570.4 

 42.3 579.8 

 43.7 592.9 

 40.1 44.30 591 586.82 
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APPENDIX B-4 

 

Flexural Rigidity Result (lbs.) 
Sample 9" 10 Ply Sliver Weight (gr) 

% Epoxy 

Average Each Sample Average 

100% 42.82 570.5 

 39.61 539 

 47 540.4 

 42.4 592 

 40.15 42.40 630.9 574.56 

70% 44.28 580.3 

 48.32 499.7 

 46.65 511.1 

 46.27 607.3 

 45.56 46.33 498.9 539.46 

50% 36.08 619.9 

 36.15 610 

 36 604 

 37.41 589 

 38.27 38.60 640.8 612.74 
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APPENDIX C-1 

 

Comparison of flexural rigidity based on different Epoxy / AESO resin mixture (10 ply flax sliver). 

10 Ply of Flax sliver with different Epoxy / AESO resin mixtures
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APPENDIX C-2 

 

Comparison of flexural rigidity based on different Epoxy / AESO resin mixture (9 ply flax sliver). 

9 Ply of flax sliver with different Epoxy / AESO resin mixtures
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APPENDIX C-3 

 

Comparison graph of increase of flexural rigidity as fiber content increases for 100% Epoxy / 0% 

AESO resin mixture. 

 

100% Epoxy / 0% AESO

457.9
479.23

449.95
464.5

520.6 512.23
490.6

526.5
548.3

573.5 570.5

539

592

630.9

540.4
540.5

540.8

497.5

530.4

460.53

400

450

500

550

600

650

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Samples

lb
s

 

Control Sample 

8 ply sliver 

9 ply sliver 

10 ply sliver 

Legend for figure 24-26, 30-32 



 88

APPENDIX C-4 

 

Comparison graph of increase of flexural rigidity as fiber content increases for 70% Epoxy/ 30% 

AESO resin mixture. 
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APPENDIX C-5 

 

Comparison graph of increase of flexural rigidity as fiber content increases for 50% Epoxy / 50% 

AESO resin mixture. 
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APPENDIX D-1 

 

Impact Test Result 

Sample 3" 

Control Sliver Weight (gr)

% Epoxy 

Average 

Impact Test 

Result (ft-lb) 

 

Average 

100% N/A 27 

 N/A 24 

 N/A 26 

 N/A 27.5 

 N/A N/A 23 25.5 

70% N/A 15 

 N/A 18 

 N/A 13 

 N/A 16 

 N/A N/A 14 15.2 

50% N/A 37 

 N/A 32 

 N/A 36 

 N/A 36 

 N/A N/A 31 34.4 
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APPENDIX D-2 

 

Sample 3" 8 Ply Sliver Weight (gr)

% Epoxy 

Average 

Impact Test 

Result (ft-lb) 

 

Average 

100% 11.5 33 

 10.9 31 

 11.4 33 

 11.8 27 

 10.8 34.25 N/A 31 

70% 10.99 22 

 10.6 22 

 10.02 20 

 11.5 28 

 11.59 33.93 26 23.6 

50% 10.91 25 

 11.6 30 

 11.8 47 

 12.1 36 

 12.3 32.70 40 35.6 
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APPENDIX D-3 

 

Sample 3" 9 Ply Sliver Weight (gr)

% Epoxy 

Average 

Impact Test 

Result (ft-lb) 

 

Average 

100% 12.77 45 

 12.77 43 

 12 46 

 11.33 49 

 12.41 36.74 49 46.4 

70% 14.7 34 

 14.1 37 

 15.2 40 

 14.5 47 

 13.87 40.60 40 39.6 

50% 13.77 50 

 13.8 53 

 14.19 55 

 13.92 53 

 13.74 37.01 52 52.6 
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APPENDIX D-4 

 

Sample 3" 10 Ply Sliver Weight (gr)
% Epoxy 

Average 

Impact Test 

Result (ft-lb) 

 

Average 

100% 14.52 50 

 14.29 49 

 13.55 48 

 13.15 58 

 13.95 38.30 55 52 

70% 13.66 36 

 13.83 38 

 13.53 45 

 13.65 54 

 13.76 40.30 46 43.8 

50% 13.3 65 

 11.69 54 

 12.19 55 

 11.5 65 

 12.22 36.05 59 59.6 
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APPENDIX D-5 

 

Impact strength comparison between different Epoxy/AESO resin mixtures. 

Impact Resistance for 8 ply of flax sliver
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APPENDIX D-6 

 

Impact strength comparison between different Epoxy/AESO resin mixtures for 9 ply of flax sliver. 

Impact Resistance for 9 ply of flax sliver
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APPENDIX D-7 

 

Impact strength comparison between different Epoxy/AESO resin mixtures for 10 ply of flax sliver. 

Impact Resistance for 10 ply of flax sliver
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APPENDIX D-8 

 

Impact strength comparison of 8, 9 and 10 flax sliver for 100% Epoxy/ 0% AESO resin mixtures. 
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APPENDIX D-9 

 

Impact strength comparison of 8, 9 and 10 ply flax sliver for 70% Epoxy / 30% AESO resin mixtures. 
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APPENDIX D-10 

 

Impact strength comparisons of 8, 9 and 10 ply flax sliver for 50% Epoxy / 50% AESO resin 

mixtures. 
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APPENDIX E-1 

 

Miles traveled per state 

STATE 1,999 2,000 2,001 2,002 2,003 2,004 2,005 

Alabama 23,177 23,120 23,263 23,386 23,536 24,480 24,957 

Alaska 2,175 2,199 2,257 2,341 2,361 2,382 2,356 

Arizona 19,598 20,875 21,609 22,222 23,042 24,947 26,092 

Arkansas 12,681 12,726 12,900 13,015 13,170 13,837 13,895 

California 134,388 140,508 143,920 148,645 154,371 159,086 158,661 

Colorado 20,468 20,902 21,608 21,733 21,812 23,049 24,211 

Connecticut 15,310 15,790 15,920 16,168 16,113 16,241 16,344 

Delaware 3,569 3,525 3,668 3,768 3,942 4,103 4,288 

District of 

Columbia 
1,390 1,420 1,605 1,428 1,456 1,462 1,422 

Florida 51,247 53,040 54,129 55,673 57,773 60,287 62,353 

Georgia 40,158 41,667 42,698 42,895 44,066 44,456 43,860 

Hawaii 3,546 3,760 3,819 3,860 3,916 4,031 4,021 

Idaho 5,505 5,563 5,668 5,872 5,902 5,973 6,065 

Illinois 48,079 48,301 48,155 49,801 50,323 52,015 51,016 

Indiana 24,150 23,694 25,232 24,151 24,390 24,457 24,733 

Iowa 11,658 11,770 12,153 12,822 13,051 13,307 13,184 

Kansas 11,919 12,197 12,220 12,464 12,615 12,859 12,827 

Kentucky 20,907 20,887 20,676 21,268 21,358 21,802 21,757 

Louisiana 18,323 18,145 19,182 19,527 19,952 20,195 20,394 

Maine 5,608 5,619 5,717 5,827 5,892 5,913 5,837 

Maryland 24,411 25,416 26,551 27,626 28,048 28,301 28,523 

Massachuset 27,371 28,214 28,596 28,712 28,589 29,500 29,888 

 



 101

APPENDIX E-1 continued 

 

Michigan 42,109 43,355 43,994 45,044 45,614 46,131 45,356 

Minnesota 22,537 23,385 24,216 23,915 24,335 24,826 25,041 

Mississippi 13,067 13,424 13,740 13,955 14,207 15,026 15,022 

Missouri 30,984 32,785 32,222 32,567 32,567 33,568 33,103 

Montana 4,807 4,873 4,985 5,365 5,470 5,619 5,589 

Nebraska 8,026 8,161 8,183 8,535 8,654 8,687 8,689 

Nevada 7,105 7,432 7,648 8,003 8,188 8,210 8,703 

New 

Hampshire 
5,492 5,576 5,660 5,880 6,201 6,217 6,251 

New Jersey 35,663 36,243 37,157 38,201 38,996 39,507 40,518 

New Mexico 10,207 10,319 10,355 10,498 10,673 11,197 11,423 

New York 51,932 52,978 53,722 53,957 55,257 57,333 57,178 

North 30,662 31,918 32,840 33,418 33,569 34,767 36,075 

North 3,114 3,113 3,114 3,214 3,285 3,372 3,368 

Ohio 45,118 45,832 46,421 46,949 47,135 48,922 48,517 

Oklahoma 15,580 16,115 16,231 17,633 17,336 17,455 17,383 

Oregon 16,239 16,462 16,491 16,762 17,017 16,997 17,093 

Pennsylvani 44,025 44,595 45,449 46,613 47,798 48,772 49,048 

Rhode 3,613 3,675 3,850 3,920 4,030 4,090 3,981 

South 19,642 20,230 20,371 20,816 21,297 21,956 22,112 

South 3,971 4,089 4,128 4,192 4,242 4,293 4,234 

Tennessee 28,490 29,265 29,596 30,108 30,481 31,295 31,483 

Texas 104,950 109,271 111,956 115,527 117,582 119,403 124,281 

Utah 11,422 11,624 12,360 13,035 12,800 12,980 13,186 

Vermont 2,625 2,620 2,667 2,736 2,724 2,743 2,714 

Virginia 36,906 37,870 38,436 40,218 40,352 41,638 42,313 
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APPENDIX E-1 continued 

 

Washington 25,064 25,533 25,986 26,633 26,933 26,516 26,506 

West 8,596 8,787 9,118 9,247 9,425 9,710 9,913 

Wisconsin 23,759 24,689 24,421 24,544 25,024 25,516 25,133 

Wyoming 4,178 4,327 4,567 4,683 4,889 4,686 4,661 

U.S. Total 1,185,52 1,217,88 1,241,43 1,269,37 1,291,75 1,324,11 1,335,55

Puerto Rico 6,531 6,720 6,796 7,000 7,305 7,581 7,572 

Grand 1,192,05 1,224,60 1,248,22 1,276,37 1,299,06 1,331,69 1,343,13

Data are based on State highway agency estimates reported for the various functional systems and 

are subject to revision pending further FHWA review 
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APPENDIX F-1 

 

Fiber Testing Result 

9/19/2006     

Textechno H. Stein 41066 M Nchengladbach  

Vibromat® ME     

     

9/20/2006     

Grip pressure 60 psi  Break Sensitivity 75% 

Lab condition 70F, 65%RH Crosshead Speed 15mm/min 

Sample Info Flax  Initial Speed 15mm/min 

Type of Test Straight  Load Limit HI 5.0 lbf 

Gage length 2.54cm    

Method: FiberTensNoSlackCp_3822_-5lb_c.msm  
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Fiber Testing Result continued 
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APPENDIX G-1 
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APPENDIX G-2 
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APPENDIX G-3 
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APPENDIX G-4 
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APPENDIX G-5 

 

   



 110

 

APPENDIX G-6 
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APPENDIX G-7 
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