
ABSTRACT 

TAYLOR, DALIA. An Evaluation of 3D Woven Orthogonal Compositesô Potential in the 

Automotive Supply Chain. (Under the direction of Nancy Powell and Abdel-Fattah Seyam). 

 

The automotive supply chain and its management can be a very complex process and 

comprises a long dynamic and complex network that consists of four primary segments: 

original equipment manufacturers (OEMs), first tier suppliers, sub tiers suppliers, and 

infrastructure suppliers. During the analysis of the current automotive industry it was 

identified that textile industry importance is considerable increasing as a part of the global 

automotive supply chain, because textile products are used for interior, exterior and even 

suspension parts and components.  

Automotive industry has an increasing demand for higher quality exterior panels with better 

functional properties and reduced weight. One of the main potentials for this demand is based 

on the three-dimensional woven composites technology innovations which can replace an 

existing technology. The new role of the textile industry could make important changes in the 

automotive supply chain industry, such as: changes in the size of the supply chain, the time to 

the market and the position of textile industry in the automotive supply chain structure.  

3D composite materials from high performance fibers, such as glass and carbon, have been 

used for automotive applications in a limited way due to the low production rate and the lack 

of research and development. This research will contribute to the understanding of textile 

composites in transportation and the textile parameters that affect the performance 

characteristics of these materials.  The research examines the performance characteristics of 

lighter and stronger 3D woven fabric composites made from fiberglass with the aim to 



improve fuel efficiency by reducing the total vehicle weight while maintaining safety 

standards. The performance characteristics of the 3D woven fabric composite can be 

designed by changing different construction parameters, such as picks density, pick roving 

linear density, arrangements of warp and z-yarns, and the number of warp and picks layers. 

The purpose of this research was to evaluate and predict composite panelsô performance 

attributes based on these structural parameters. The tested properties include: tensile and 

flexural properties, impact performance, and fiber volume fraction.  

The testing results were compared with required performance characteristics for metal auto 

body parts. The properties of composite materials designed and developed in this research are 

comparable to the properties of materials currently used for auto body parts, e.g. BH 240 

steels and 6000 series aluminum. It is evident that there is an opportunity to substitute some 

metal parts with lighter composite materials and to decrease automobile weight. Safety 

during an automotive crash can be influenced by the impact strength of the newly designed 

and produced material, so impact properties evaluation is the critical purpose of this study.  

Reducing the weight of the vehicle is not only popular because of its positive impact on fuel 

consumption, but also may provide additional benefits, such as CO2 emissions reductions, 

significantly reduced noise and vibration, increased performance, corrosion resistance, and 

handling characteristics of the vehicle.  
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INTRODUCTION  

The automotive industry is considered to be one of the fastest growing industries in the world 

and the most global of all industries, because of product distribution. This very competitive 

industry is dominated only by few manufacturing companies who market and assemble, but 

are connected by a huge complex value chain of thousands of suppliers. According to Libby 

(2013), 2013 U.S. light vehicle registrations will reach 15.3 million units, which is 7 % more 

than in 2012.  Global light vehicle sales are expected to increase from 77 million units in 

2011 to 103 million units in 2015. By 2020, global sales are projected to total 125 million 

units (Marketing Charts, 2012). The automotive industry growth is especially important in 

emerging market economies not only as low cost locations for manufacturing, but also as 

unlimited business growth opportunities.  

In automotive industry there is an increasing demand for higher quality exterior panels with 

better functional properties and reduced weight (Deolgaonkar & Nandedkar, 2007). Reducing 

the weight of the vehicle is not a new concept. This concept has existed since the inception of 

automobile (Center for Automotive Research, 2011). Reducing the weight of the vehicle is 

not only popular because of its positive impact on fuel consumption, but also of many 

additional benefits, such as CO2 emissions reductions, significantly reduced noise, vibration 

and handling characteristics of the vehicle. Reduced weight also creates the ability to 

introduce new content into vehicle, such as batteries and to allow shift toward vehicleôs 

electrification as it is preferred by consumer (Center for Automotive Research, 2011). 
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This industry drives raw materials development, financial systems, advanced materials and 

manufacturing improvements, safety, energy, and environmental innovations (Americaôs 

Auto Industry, 2006). As a typical vehicle consists of a large number of components 

(approximately 15,000 parts and accessories) which must function together as an integrated 

system, the design and production of the vehicle require interactions between many functions 

and participants in this complex supply chain (Tassey et al, 1999). A vehicle has several 

major systems, such as axels, brakes, powertrain, electrical systems, electronic systems, 

engine exterior, interior, suspension, transmission and others. Each of these systems contains 

many subsystems, components and interfacing parts. This complex structure builds a lot of 

weight to the vehicle, while the industry has an increasing demand for lightweight vehicles, 

which potentially will improve fuel efficiency, decreased emission and processing time. 

Weight of the automobile is directly related to fuel efficiency and emissions. Due to highly 

increased fuel prices and the new government regulations for car emissions that came in 

force in many countries across the world, weight reduction is one of the main problems of 

new vehicle design (Deolgaonkar & Nandedkar, 2007; Mohamed et al, 2003).  

The demand for weight reduction has led to a change from metal to lighter composite body 

parts of automobile. Textile composites are widely used in many different areas of 

transportation applications, such as aircraft, marine and automotive, and are available in 

various structures. Composites are penetrating in various markets, but according to 

Kazmierski (2012), ñlargest markets, including transportation, have the lowest penetrationò, 

which creates a niche for new material development. Three-dimensional (3D) composite 
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materials from high performance fibers, such as glass and carbon, have been used for 

automotive applications in a limited way due to the low production rate and the lack of 

research and development. The process of manufacturing thick 3D orthogonal woven 

composites is capable of weaving thick (up to 3 inch) preforms from practically any fiber. 

The 3D woven preforms are conformable and can be easily molded to complex shapes and 

made into high performance composite materials. This capability opens numerous 

commercial opportunities for this specialized branch of the textile industry for automotive, 

marine, defense, industrial, aerospace, wind energy generator, recreational applications and 

other markets (Mohamed et al, 2001; Mohamed et al, 2003).  

Three main approaches or their combinations can be used to achieve a reduced vehicle 

weight: material substitution, vehicle redesign, and vehicle downsizing (Cheah, 2010). The 

objective of this research is to evaluate the replacement of heavy metal auto parts, 

specifically vehicle body panels, with lightweight 3D orthogonal woven composites made 

from fiberglass. In particular, the research examines the performance characteristics of 

lighter and stronger composites that will lead to improved fuel efficiency by reducing the 

total vehicle weight while maintaining safety standards. This research will contribute to the 

understanding of textile composites in transportation and the textile parameters that affect the 

performance characteristics of these materials.  The performance characteristics of the 3D 

woven fabric composite are related to different construction parameters, such as picks 

density, pick roving linear density, arrangements of warp and z-yarns, and the number of 

warp and picks layers. The purpose of this research is to evaluate and predict composite 
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panelsô performance attributes based on these structural parameters. The recognized benefits 

of this research include reduced weight of automotive parts which potentially provide 

improved fuel efficiency, reduced cost, decreased emissions, and decreased processing time, 

improved performance and corrosion resistance. 
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CHAPTER 1: Litera ture Review 

1.1. An Evaluation of 3D Woven Orthogonal Compositesô Potential in the Automotive 

Supply Chain 

1.1.1. Automotive Industry 

Global governmental actions related to clean air requirements and energy policy acts and 

increased costs of oil/petroleum products have resulted in increased importance on the 

generation of more fuel efficient and more environmental friendly vehicles. It was reported 

that 75 % of the vehicleôs energy consumption is directly related to vehicle weight, so the 

need to produce safe and cost-effective lightweight vehicles has been identified as critical 

(Automotive Plastics, 2011). However, in 2010, average vehicle weight increased to 4,039 

pounds (3.8 % or 147 pounds). This increase can be explained by the growing popularity of 

SUVs as a contributing factor in raising vehicle weight during 1990s and most of the last 

decade. Higher gasoline prices in 2008 influenced weight reduction trend, and the 2009 

average weight of a light vehicle was at its lowest level since 1999. The 2010 economic 

recovery and renewed popularity of larger size vehicles increased the average weight vehicle 

(Automotive Plastics, 2011). The review of the technical literature and trends related to 

automobile mass-reduction technology, prepared by N. Lutsey (2010) indicates that a 20 % 

reduction in automobile mass would result in 12-16 % reduction in CO2 emissions and this 

could be achieved in the 2015-2020 time frame with minimal manufacturing costs and 

maintaining the same vehicle size and performance. 
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Light vehicles (passenger cars and light trucks) represent an important market for plastic 

resins and composites. Structural composites were first used in a mass-produced vehicle on 

the closure panels of 1953 Corvette and the use has grown significantly during last decades 

(Cirincione, 2008, p. 17). Details on material usage change are presented in Table 1.1. The 

average light vehicle contains 378 pounds of plastics and composites (9.4 % of total vehicle 

weight) (Automotive Plastics, 2011). Lightweight fiber reinforced composites based 

primarily on polypropylene and fiberglass are in the growth stages in the automotive marked 

based on their performance properties, and their lightweight and cost savings characteristics.  

Figure 1.1 shows the applications for automotive composites. The trend in 

plastics/compositesô use is shown in Figure 1.2. Typically, composites are up to 40 % lighter 

than steel parts of equal strength. The average U.S. automobile material consumption by 

mass is demonstrated in Figure 1.3.  This figure illustrates that materials usage (on as mass 

basis) in automotive industry has not had significant changes since 1975. Although 

aluminum content has made small gains each year at the expense of iron and composite use 

has also increased, a typical passenger car is still basically made from iron and steel 

(Cirincione, 2008, p.15). This can mean that there are a lot of opportunities to decrease 

vehicle weight by substituting metal parts by lighter composite materials. Lutsey (2010) 

divides vehicle mass by system and components (Table 1.2). The body of the vehicle makes 

up to 28 % of the vehicle mass and gives the biggest opportunity to reduce the weight by 

replacing some parts materials by lightweight composites. In addition to lighter weight, 

composites increase automotive parts flexibility, allow exceptional aerodynamic modeling, 



7 

 

 

 

 

and enhance safety due to improved impact resistance properties (Automotive Plastics, 

2011).  Water and salt spray on the roads affects the surface corrosion of metals and 

electrochemical corrosion through the formation of electrical cells between metals with 

different physical properties. The fender of the vehicle body has critical issues, because it is 

easily damaged and exposed to corrosion. Auto body parts made from composites do not face 

corrosion issues. In addition, tooling for composites parts can be as much as 80 % lower than 

comparable steel parts (Automotive Plastics, 2011). Properties of materials used for auto 

body parts are provided in Table 1.3. High strength steel and aluminum are very cost 

competitive materials which explain their domination in overall utilization in auto body.  

Magnesium is expected to grow in closures, such as doors, hoods, deck lid and, hatches, 

where consolidation of parts and reduction of weight are critical. Composite materials are 

already a major part of vehicle design, but as vehicle designers must work within cost 

constraints, composite materials are forecasted to see slower growth (Center for Automotive 

Research, 2011). However, according to Kazmierski (2012), by 2017 composite materials 

industry is forecasted to reach $29.9 billion while global automotive composite material 

market is expected to grow about 7 %. 
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Figure 1.1. Composite industry targets in automotive production (Eller, 2004, p.14) 

 

 

 

Figure 1.2. Long-term trend in light vehicle plastics/composites use (Automotive Plastics, 

2011) 
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Figure 1.3. Material composition of the average U.S. automobile by mass (Center of 

Automotive Research, 2011) 

 

Previous studies (Mohamed, 1990; Carlson, 1995) compared 3D woven carbon / epoxy 

composite and aluminum properties. 3TEX, Inc. in the past designed and developed 3D 

woven materials for Delphi to produce an automotive Class 8 composite bumper, which has 

resulted in 30 % weight savings and assembly time from 1 day to 1 hour (Mohamed et al, 

2003). The results of these studies showed that 3D woven composites had higher strength 

and elasticity modulus values. This proves that 3D composites can be successfully integrated 

into the automotive industry for vehicle body parts applications.  
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Table 1.1. Average materials content of North American vehicles (% of total vehicle weight) 

 
(Automotive Plastics, 2011) 

Table 1.2. Vehicle mass breakdown by system and components 

Approximate vehicle 

mass breakdown 

System Major components in system 

 

 

 

 

Body-in-white 

Passenger compartment frame, cross and 

side beams, roof structure, front-end 

structure, underbody floor structure, 

panels 

Powertrain 
Engine, transmission, exhaust system, 

fuel tank 

Chassis 
Chassis, suspension, tires, wheels, 

steering, brakes 

Interior 
Seats, instrument panel, insulation, trim, 

airbags 

Closures Front and rear doors, hood, lift gate 

Miscellaneous 

Electrical, lighting, thermal, windows, 

glazing 

(Lutsey, 2010, p.6) 
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Table 1.3. Comparison of lightweight automotive materials 

Materia

l 

Benefits Constraints Use Cost, $/ 

lb 
High-

Strength 

Steel  

Å Infrastructure is well 

established  

Å Good working relationship 

with automotive OEMs 

Å Material properties are 

well known  

 

Å Lower strength to 

weight ratio than other 

alternatives  

Å Reducing thickness 

reduces material stiffness  

Å More expensive at 

higher volume scale  

Å 500 lbs/vehicle 

Å structural 

components: 

pillars, rails, rail 

reinforcement  

 

0.35 ï 0.40  

Aluminu

m  

Å Recyclable  

Å Casting technology is well 

established  

Å Consolidation of parts  

 

Å Corrosion  

Å Difficult to form  

Å Bonding is more 

challenging than steel  

Å High cost  

Å Vulnerable to scratches  

Å Harder to spot weld, 

uses more labor intensive 

adhesive bonding 

Å 300 lbs/vehicle 

Å cast parts: engine 

block, wheels  

 

0.90 ï 1.00  

Magnesiu

m  

Å Low density  

Å Consolidation of parts, less 

assembly required 

Å Highly recyclable  

Å Good strength to weight 

ration  

 

Å Limited production of 

stock material for 

manufacturing (produces 

in sheet and extruded 

forms) 

Å High cost  

Å Limited familiarity 

within the industry  

Å 10 lbs/vehicle 

Å thin walled cast 

parts: instrument 

panels, cross car 

beams, knee 

bolsters, seat 

frames, valve 

covers 

1.70 ï 2.00  

Glass 

Fiber-

Reinforce

d Plastic  

Å Consolidation of part, less 

assembly required 

Å Handles harsh chemical 

environments  

Å Excellent damping 

capabilities  

Å Accommodates complex 

designs  

Å Slow cycle times and 

more expensive at higher 

volume scale 

Å Not recyclable  

Å Limited strength  

Å Limited familiarity 

within the industry  

 

Å rear hatches, 

roofs, door inner 

structures, door 

surrounds 

 

0.50 - 5.00  

Carbon 

Fiber-

Reinforce

d Plastic  

Å Highest strength to weight 

ratio of all materials  

Å Greatest potential for 

weight reduction  

 

Å Slow cycle times and 

more expensive at higher 

volume scale 

Å Not recyclable  

Å Limited familiarity 

within the industry  

Å High cost (Expensive 

fiber) 

Å drive shaft 

 

6.00 - 

10.00  

(Center for Automotive Research, 2011; Cheah, 2010, p.35). 
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1.1.2. Automotive Supply Chain 

A major shift towards globalization has been witnessed over the last fifty years in business. 

The penetration of the Internet and other communication technologies in all industries, the 

growing activities of outsourcing components and services outside of core competences, and 

the emergence of Asia and Eastern Europe as major manufacturing centers are the main 

drivers for this change in business. As every industry and its products have become 

participants in an evolving global market, the importance of effective supply chain 

management has increased (Wolff & Geiger, 2000). The automotive industry drives raw 

materials development, financial systems, advanced materials and manufacturing 

improvements, safety, energy, and environmental innovations (Americaôs Auto Industry, 

2006). The most important trends in the current automotive industry are based on two related 

main developments: competition and globalization. The light weight, higher flexibility and 

better impact resistance characteristics in comparison with metal parts make plastics and 

composites very competitive in automotive industry (Automotive Plastics, 2011).   

According to Humphrey & Memedovic, (2003), the automotive industry is considered to be 

one of the most global of all industries, because products of this industry are distributed 

around the world, but it is dominated by only a small number of worldwide recognized 

companies. Due to increased domestic competition, the automotive manufacturers seek other 

opportunities outside their regions to penetrate foreign markets (Handfield et al, 2004). As a 

typical vehicle consists of a large number of components (approximately 15,000 parts and 

accessories) which must function together as an integrated system, the design and production 
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of the vehicle require interactions between many functions and participants in this complex 

supply chain (Tassey et al, 1999). During the analysis of the current automotive industry it is 

important to consider that the role of the textile industry is significantly increasing in the 

global automotive supply chain, as new textile composite technologies are penetrating this 

market. Textile products are used for vehicleôs interior, exterior and even suspension parts. 

According to Mohamed et al, there are three basic types of composites used in the 

automotive industry: 

¶ Generation I materials ï composites consist of short fiber reinforced 

injection molded or extruded type thermoplastics and are used primarily 

in interior structures for styling capabilities, weight savings and process 

economics; 

¶ Generation II materials ï composites contain much higher fiber content 

and thermoset matrix and are used for vehicles exteriors. These randomly 

orientated material do possess higher physical properties, but normally 

require reinforcing backbone architectures, because they are not 

inherently structural; 

¶ Generation III materials ï structural composites with long or continuous 

fibers reinforcing a thermoset or thermoplastic matrix in a highly oriented 

manner. These materials have high costs, but at the same time have very 

high performance characteristics and can be used for important vehicle 
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exterior or even chassis parts. The 3D woven composites belong to this 

type of composites (2003, p. 6). 

The automotive supply chain is not easy to characterize or define, and effective management 

is a very complex process. As the area of automotive supply chain management research is 

very broad, it is important to narrow the scope of this research and to describe the main 

issues which represent automotive supply chain management, especially as it relates to 

current and future textile products.  

Steel and aluminum are widely used in fabricating vehicle body parts. The traditional 

production system in a car assembly plant usually consists of the four main stages: pressing 

of steel or aluminum sheets; welding the body-in-white from molded sheets in the body shop; 

painting and final assembly (Meyr, 2004). However, composite technology is penetrating the 

automotive industry, exchanging metal parts (especially body sheets) with textile composites, 

and some of the supply chain steps listed above (such as manufacturing, pressing and 

molding body sheets from textile composites and joining some parts together) could be done 

in textile plants. Three dimensional fiber reinforced polymer composites made by textile 

processes, such as weaving, braiding, stitching and knitting can not only substitute metal 

parts of the vehicle, but also improve performance characteristics and reduce the costs of 

manufacturing. These materials consist of high performance fibers such as carbon, glass and 

aramid, which are bound together within a matrix of polymer material such as epoxy, 

polyester or vinyl ester. A liquid molding process may be used to impregnate the preform 

with resin to produce the final composite component of complex shapes. Lightweight textile 
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material parts have an advantage over metal parts in exceeding strength, stiffness, fatigue and 

corrosion resistance performances (Banisster, 2004). Currently, in the automotive industry, 

textile products are used not only for interior, but also for exterior and even suspension parts 

and components.  It is evident, that textile industryôs importance is increasing considerably in 

the automotive supply chain.  

In order to differentiate their products in increasingly sophisticated markets, automotive 

manufacturers use more technology intensive designs for the vehicle and its component 

systems (Handfield et al, 2004). Developing a ñworld carò (a vehicle designed to be built 

with standard parts manufactured in different countries and sold throughout the world) not 

only creates local jobs and reduces the effect on the balance of payments of imports of 

vehicle components, but also stimulates different countriesô technological capability 

(Humphrey & Memedovic, 2003, p.19). 

Meyr (2004) characterizes the structure of an automotive supply chain as a ñconvergent flow 

of material upstream of the assembly plants of the car manufacturer and divergent flow of 

finished cars downstreamò (p. 451). The automotive industry generates thousands of jobs in 

the actual assembly of vehicles and in the parts, equipment, materials and service industries 

that are linked to it (Fine et al, 1995). According to the Center for Automotive Researchôs 

2007 report (Hill et al, 2007, p ii), ñdirect motor vehicle supplier related employment of over 

780,000, and estimated 4.5 million private sector jobs are generated by the supplierôs total 

U.S. operations, including new product development and productionò. In the beginning of 

2000, domestic suppliers to the light vehicle manufacturers invested $6.6 billion in research 
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and product development, representing 36 % of total automotive related R&D spending.  

According to 2012 Global R&D Funding Forecast (2011), in 2012 global R&D spending will 

reach $1.4 trillion, with 9.4 % spent in automotive industry R&D. In 2012 the U.S. Energy 

Department has announced $8 million in funding R&D projects related to lighter and 

stronger materials for U.S. vehicles (Automotive Fleet, 2012). The automotive industry has 

historically demanded very large supply chains, and relationships between supply chain 

parties are the most complex of any industry. Even during the industryôs earliest days 

original equipment manufacturers (OEMs) purchased the bulk of the parts and materials used 

in production vehicles from suppliers, rather than making them in-house (Morell & Swiecki, 

2001). Analysis and coordination of the global automotive supply chain is very difficult 

because of the complexity of the product, the capacity of the industry, the complexity of the 

relationships between customers and suppliers, and the continuous changes in these 

relationships. The automotive supply chain comprises a long dynamic and complex network 

that consists of four primary elements: OEMs, first tier suppliers, sub tier suppliers, and 

infrastructure suppliers (Figure 1.4). OEMs design, produce and assemble only some of the 

parts and accessories that make up automobiles and procure others from first-tier suppliers. 

According the last few years sales, Toyota, General Motors and Volkswagen are current ñBig 

Threeò OEMs (Car Pro, 2013). The first tier suppliers can in turn outsource to sub tier 

suppliers. A companyôs position in the supply chain may differ depending on the part and 

customer. Production infrastructure, such as hardware, tooling, robots, and software, is also 

an important part of the supply chain (Tassey et al, 1999; Veloso, 2000; Meyr, 2004). Market 

http://www.automotive-fleet.com/fileviewer/1529.aspx
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analysis specialists propose two competing characterizations of the supply chain. The first 

identifies a companyôs position in the supply chain based on its customers. If a company 

directly supplies the OEMs, it is a first tier supplier. A sub tier company supplies the first 

tier, and so on. Because a companyôs position in the supply chain may vary, a different 

characterization was proposed. This characterization identifies a companyôs position in the 

supply chain based on its products and its role in production. The first tier suppliers are 

responsible for integrating systems, and the next sub tier contributes components and basic 

materials. Usually the first characterization, based on companyôs customers, is used more 

widely (Tassey et al, 1999).  

 

 

Figure 1.4. Automotive supply chain structure (adapted from Tassey et al, 1999, p. ES-3). 

 

In the automotive industry the OEM market is highly concentrated. A few large firms 

dominate the market and the number of firms is forecasted to decrease in the future. The 

first-tier market is more competitive. There are hundreds of first tier global suppliers, some 
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of which are very large with sales of billions of dollars. Each supplier, depending on its size 

and diversity, can produce anything as minor as a part or material for a major system or as 

integral as the entire axle assembly. A first tier would manufacture and supply components 

directly to the automaker. Many suppliers are increasing their input into designing and 

manufacturing complete modules or systems rather than just building simple component 

parts based on OEM specifications. Sharing data throughout the product life cycle has 

become an important feature of a first-tier supplierôs operations. OEMs are becoming less 

vertically integrated, while many first tiers suppliers are purchasing sub tier suppliers to 

become more vertically integrated. For example, tier one Lear Corporation purchased 

headliner and body cloth supplier, Guilford (Lear, 2012). The related components and 

materials can be combined into single product and would provide increased value to the 

OEM. First tier suppliers often supply to multiple OEMs (Tassey et al, 1999; Veloso, 2000; 

Powell, 2004). 

The sub tier (or second, third, fourth tiers) market is even more competitive and consists of 

thousands of smaller companies in addition to a few large companies. A second tier supplier 

produces simpler individual parts than those produced by the first tier. Second tier parts are 

included in a components manufactured by the first tier. Third and fourth tiers usually supply 

raw material. Some first tier suppliers also operate on the sub tier level by either vertically 

integrating or by supplying parts to their rivals on the first tier. The sub tiers usually work 

with OEMs indirectly via other suppliers (Tassey et al, 1999; Veloso, 2000). 
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Infrastructure suppliers often supply technology or equipment such as software, hardware, 

tooling, and robots to all levels of the supply chain. Infrastructure is a major element of 

automobile design and development in terms of both of cost and lead time. The tooling that is 

used to manufacture parts and assemble them must be designed in combination with the 

vehicle and its components parts (Tassey et al, 1999). 

As tooling suppliers increase their exchange of product data with OEMs and parts suppliers, 

the need for improved interoperability (ability to exchange information and to use it) 

becomes more critical. Imperfect interoperability between the auto OEMs, parts suppliers, 

and their tooling shops causes increased costs and delays as imperfect interoperability in 

other parts of the automotive supply chain (Tassey et al, 1999). According to Handfield 

(2004), it is important to mention that textile suppliers do not have much power in the 

automotive industry supply chain. Usually OEMs set the requirements for textile products 

with certain specifications, and there is very little possibility that a single textile supplier 

could exert any major control in to the automotive supply chain due to the number of existing 

and potential textile suppliers. In recent years the main OEMs demanded considerable cost 

reduction from their parts and components (including textile products) suppliers. This was 

the main reason for suppliers to increase productivity and efficiency and also caused 

significant bankruptcies and the demise of supplier companies such as Collins and Aikman in 

the U.S. (Handfield et al, 2004). 

Textile suppliers to the automotive industry are not considered direct suppliers (sub tiers) to 

the OEM as the products may be delivered to a laminator, a cut and sew operation, molder or 
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a seat manufacture who is a first tier supplier of interior compartments. However, textile 

suppliers must collaborate with OEM research and development departments in order to 

develop products which are profitable and meet OEM requirements (Powell, 2004). In the 

last few decades, globalization has had a major impact on the automotive, textile and other 

industries. Companies have shifted away from a hierarchical, one-dimensional supply chain 

entity to a fragmented network in favor of strategic partnerships with external entities.   

In the current economy, the usual market boundaries between countries are disappearing. The 

demand for vehicles has changed the automotive industryôs international structure. The major 

mature markets like North America, Europe and Japan (often called the Triad) have stagnant 

demand and inflexible price competition. The demand for new cars in the Triad has been 

growing on average less than 1 % per year during the last few years, and this trend is 

forecasted to continue. The new demand and market growth is expected from emerging 

markets such as South America, India and China, and also partly from countries which are 

located next to the large existing market areas ï Eastern Europe and Mexico. Outside of the 

Triad, the sales of new cars during the past 15 years increased about 25 % and are expected 

to grow (Camuffo, 2001; Veloso, 2000; Lee et al, 2004; Bitran et al, 2006).      

1.1.3. Major Drivers of the Automotive Industry 

The automotive industry is affected by a complex set of factors. Government trade, safety 

measures, and environmental regulations determine incentives and requirements for 

modernization and changes in design and/or production. Competitive rivalries and corporate 
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strategies provide equally important influences for research, design innovations, and changes 

in the manufacturing process. The current styles, reliability, and performance standards of 

vehicles are determined according to consumer preferences. All automakers are constantly 

under pressure to identify consumer preferences and demand, national bias, and new market 

segments where they can sell vehicles and gain market share. Consumer values are critical 

information for designers in making choices about the type of products the end consumer will 

prefer. An automakersô future in the industry is determined by their ability to be flexible 

enough to respond at the right time to all those pressures. The importance of these factors is 

massive and is distributed along the supply chain of the automakers (Veloso, 2000; Fine et al, 

1995; Powell, 2004).  

According to Veloso (2000), global consumersô expectations are the main factor driving the 

automotive industry. However, government regulation is playing an important role also. It 

can be separated into two important areas which are controlled by the government: safety and 

environmental damage. Standards for the safety of the vehicle have been established and 

such devices as seat belts, airbags, automatic braking system (ABS) have become mandatory 

in the U.S. Laws to regulate emissions and fuel economy have become active in the U.S., 

Europe, and Asia; and every year become more strict (Veloso, 2000). Using materials that 

reduce weight which increases fuel efficiency and more environmentally friendly vehicles is 

a desirable practice and can very easily be achieved by textile suppliers by developing and 

producing new materials. 75 % of a vehicleôs energy consumption is directly related to 

vehicle weight, and the use of three dimensional fiber reinforced polymer lightweight 
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composites made by textile processes can improve this issues. The need to produce safe and 

cost effective lightweight vehicles has been identified as critical (Banisster, 2004; Mohamed 

& Schartow, 2003). 

Another very important factor which drives the automotive industry is development and 

changes in technology. This is also very closely related to consumer demand for higher 

performance in a vehicle and its components, safety, and reliability at the lower cost. Cars 

have become more reliant on electronics and less reliant on mechanical systems, especially in 

communications between vehicles, between external sources of data and information, and 

internal sensors/computers in the vehicle. Inter-vehicle communications provide safe, 

comfortable and reliable operations of the automobile. New technologies also affect methods 

of automotive industry supply chain management, such as planning, collaboration between 

manufacturers, information flow and control. All these factors have different influences on 

the automotive industry depending on the geographical location of the country   (Veloso, 

2000; Camargo et al, 2003; Javadi et al, 2013). 

1.1.4. Automotive Design and Development Process 

Automotive design and development have changed significantly over the last few decades. It 

became a very complex process with the intention to shorten vehicle development timelines 

and to improve quality simultaneously. The vehicle development process includes three 

phases: concept design, product design, and process or factory design. The development 
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process is no longer linear, and concurrent design and engineering require multiple iterations 

between phases and among activities within each phase (Tassey et al, 1999). 

According to Tassey (1999), before initiating the design of a new product, automakers 

research the marketôs needs. If an opportunity in the market product offering is identified, the 

automaker would consider if a suitable design at a competitive price, that would meet the 

demands of the target market, should be generated. If the concept is viable, a prototype 

model will be developed by preparing computer simulations or clay models (Tassey et al, 

1999). ñEngineers analyze space claim and conduct interference checking in a simultaneous 

process called packaging to ensure that all passengers and components fit inside the vehicleôs 

exteriorò (Tassey et al, 1999, p. 2-10). 

In the product design phase, engineers build and test a full scale prototype automobile. 

Detailed part and component specifications for the vehicleôs body and its power train must be 

developed. About twenty exterior panels (doors, fenders, hood, roof and etc) and 300 ï 400 

interior panels (dashboard, doors, steering column, seat base, center console and etc.) of 

various sizes are usually designed in a typical vehicle. Simultaneously power train engineers 

select or design the power train and determine how to arrange its components under the hood. 

Packaging checks are conducted to ensure that there are no rival space claims and that 

everything fits as intended. Engineers test crash the prototype vehicle in order to ensure safe 

design standards and also evaluate its noise-vibration-harshness characteristics (Tassey et al, 

1999). 
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In the phase of process or factory design, the automaker proceeds with production 

procurement and design decisions for the body and power train parts. The degree of design 

activity conducted by suppliers varies along a continuum. At one extreme, suppliers simply 

manufacture parts based on the specifications and designs provided by automaker. At another 

extreme, the supplier is responsible for the component or system design, responding only to 

high level specifications from the Original Equipment Manufacturer (OEM). At the same 

time, a manufacturing process is designed for the parts that will be produced in house. Power 

train, body shop, and final assembly are the basic steps of the automotive manufacturing 

process (Tassey et al, 1999, p.2-12). Fabricating composite structural composites for auto 

body parts are discussed in the next chapters. 
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1.2. Three Dimensional Orthogonal Woven Composites 

A composite is a material produced by synthetic integration of two or more different 

materials with different properties to obtain specific properties and characteristics, such as 

lightweight, strength and easier processing. Fung and Hardcastle (2001) state that composites 

are integrating textile and plastic industries together and describe a composite material as ña 

microscopic combination of two or more materials to produce special properties, which are 

not present in the separate componentò, (p. 282). Composites are designed to achieve unique 

thermo-mechanical characteristics and superior performance characteristics, which are not 

possible to achieve with traditional materials (Naik et al, 2006). Glass, carbon, aramid, and 

other fibers provide strength and stiffness while the polymer resin of polyester, polyurethane, 

epoxy, polypropylene, nylon, or another resin protects and transfers loads between fibers 

(Automotive Plastics, 2011). 

The 3D woven composite preforms can offer new fiber architecture and shapes for composite 

design. Textile composite preforms could be produced from such reinforcement as woven, 

braided, stitch bonded materials and, also, reinforcements of chopped random fiber or 

unidirectional prepreg tape. From a textile processing viewpoint 3D fabric structures are 

readily available, cheap and not labor intensive materials and used as structural elements in 

medical, airspace, automotive and other industries (Bilisik, 2012). Textile preforms have 

high performance and low cost, achieved by using continuous and automated machines to 

place the fibers in the desired directions (Shishoo, 2008). The 3D woven technology offers 

the ability to produce many different desired cross-sectional shapes and weave patterns. It is 
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possible to design the mechanical properties by changing weaving parameters like the 

number of warp and pick yarns, yarn tension, warp and pick yarn types and tow sizes, woven 

structures; and thereby tailoring the fiber volume fraction in different directions (Stig & 

Hallström, 2008). Current 3D weaving machines are capable to weave fabrics such thick as 3 

inches and 72 inches width (3tex Incorporated, 2009).   

1.2.1. Fiberglass Reinforcement 

Fiber and matrix are the two main elements of textile composites. 3D woven fabrics are 

designed for fabricating composite structural components for the applications and their basic 

parameters are fiber and matrix properties, volume fraction, preform types, preform 

geometry, and yarn orientation in the preform (Bilisik, 2012). It is important to know the 

mechanical properties of each element in order to model and analyze the mechanical 

properties of the composite. As most matrixes are considered to be isotropic materials, the 

fibers are strongly anisotropic, because of the highly oriented chain molecules or crystals 

along the fiber axis (Gu, 1994). Reinforcement material is very important for the compositeôs 

properties. There are several types of materials which can be used for the compositeô 

reinforcement including particles, metals and fibers. Fiber reinforcement became dominant in 

many engineering applications due to the possibilities of designing various properties of 

composite materials by changing the arrangements of different fibers. Fibers can be divided 

into three classes, according to their weight: whiskers, staple and continuous fibers (Carlson, 

1995). There are three configurations of continuous fiber reinforcement: unidirectional 
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reinforcement, 2D fabrics, and 3D fabrics (Baucom & Zikry, 2003). According to Carlson 

(1995), not all types of fibers can be used as reinforcement of textile composites. Fibers to be 

utilized in composites should have specific properties, such as high modulus of elasticity, 

high ultimate strength, uniform cross section, low variation of properties between individual 

fibers, and the ability to withstand fabrication without significant property loss. The main 

three fibers used in textile composites are: glass, aramid and carbon. These fibers are usually 

used to weave 3D orthogonal woven compositesô preforms. In addition to these main fibers 

other fibers, such as ceramic, boron, metallic, quartz and silicon carbide, are already 

produced for textile composites reinforcement. Each fiber has its own advantages and 

disadvantages. Fiber can be in the form of chopped fiber, short, long or continues filament or 

in any fabric construction (non-woven, knitted or woven). Fiber length and orientation 

influence properties. Longer fibers produce stronger composites, so obviously the stronger 

composites are created from continuous filaments and fabric preforms (Fung & Hardcastle, 

2001, p. 102).  

Carbon fiber is stiff, but brittle and expensive, so must be used in combination with other 

materials. This fiber has many advantages, including high strength and modulus, resistance to 

corrosion, high heat resistance, high strength at elevated temperatures and low density. There 

are numerous varieties of carbon fiber types, and their properties significantly depend on the 

conditions of manufacture. The stages of manufacturing carbon fiber are spinning, 

stabilization, carbonization and graphitization (Fung & Hardcastle, 2001, p. 104). 
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Aramid fibers are stiff, not brittle and highly anisotropic. This fiber has very high strength 

with excellent temperature resistance with 60 % strength and modulus retention at 260ºC. 

Carbon fiber does not melt, but chars to a black, crust like material, which acts as a barrier at 

about 317ºC without giving off toxic fumes. For example, aramid fiber Kevlar® is weight-

for-weight five times stronger than steel, has a modulus twice that of glass with density of 

only 1.45 g/m
3
, while glass density is 2.5 g/m

3
 and steel density is 7.8 g/m

3
. Aramid fiber is 

resistant to many solvents and has low water absorbency, but sensitive to UV light and not 

easy to dye (Fung & Hardcastle, 2001).   

Glass is predominately noncrystaline product of inorganic materials and primarily composed 

from silicon dioxide (SiO2), with addition of calcium, boron, sodium, iron and aluminum 

oxides. Fiberglass is not as stiff as carbon or aramid. Glass is usually amorphous, but some 

crystallization may occur after long heating at high temperatures, that would lead to 

decreased strength. Different fiberglass compositions (A-glass, C-glass, E-glass, S-glass and 

others) and their variants have been formulated to create and produce specific properties of 

this material. The original A-glass was used for windows, but is not used for fibers. The most 

commonly used E-glass has special electrical properties and now is produced on the largest 

scale followed by C-glass. C-glass was developed for its chemical resistance and corrosion 

resistance. D-glass is improved form of E-glass, but has higher strength, Youngôs modulus 

and temperature resistance. S-glass is more expensive than E-glass, but has higher strength, 

Youngôs modulus and temperature resistance (Fung & Hardcastle, 2001; Hull & Clyne, 
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1993). Compositions and properties of typical fiberglass types for composites (E-glass, C-

glass, S-glass) are presented in the Table 1.4.  

SiO2 based glass consists primarily of covalently bounded tetrahedral with silicon at the 

center and oxygen at the corners. The oxygen atoms are shared between tetrahedral, leading 

to a rigid 3D network. The elements with lower valence, such as Ca, Na, K, tends to break 

this network and form ionic bonds with oxygen atoms, which do not bond the tetrahedral 

together anymore. These elements lower the stiffness and strength, but improve the 

formability of the glass. The axial and transverse Youngôs moduli of glass are the same, so 

properties of fiberglass are considered isotropic (Hull & Clyne, 1993).  

Newly produced E-glass fibers have strength of 3.5 GPa. Humid air or mineral acids lower 

the strength of the fiber. Also, damage, which occurs during processing operations, when 

fibers rub against each other, can decrease the strength of the fiber. To minimize the damage, 

fiberglass fibers usually are coated with size (sprayed with water containing an emulsified 

polymer) in the early manufacturing stage. The size usually consists of film forming polymer 

(polyvinyl acetate) to protect the surface of the fibers from damage and to bind them together 

for easy processing; a lubricant to reduce abrasion during manufacturing operations; and a 

coupling agent to provide a chemical link between the glass surface and a matrix to increase 

the interface bond strength (organosilane) (Hull & Clyne, 1993). 
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Table 1.4. Compositions and properties of fiberglass 

 

 E-glass C-glass S-glass 

Composition, % 

SiO2 

Al2O3+Fe2O3 

CaO 
MgO 

Na2O+K2O 

B2O3 

BaO 

 

52.4 

14.4 

17.2 
4.6 

0.8 

10.6 

- 

 

64.4 

4.1 

13.4 
3.3 

9.6 

4.7 

0.9 

 

64.4 

25.0 

- 
10.3 

0.3 

- 

- 

Properties 

Density, mg/m
3
  

Tensile strength, MPa 

Elongation at break, % 

Youngôs modulus, GPa 

Poissons ratio 

Shear modulus, GPa 

Thermal conductivity (K), W/mK 

Thermal expansion coefficient (Ŭ), 10
-6

/K 

Melting point (t), ºC 

 

2.54-2.60 

3448 

4.8 

72.4 

0.200 

30.0 

13 

4.9 

1725 

 

2.52-2.56 

3310 

4.8 

68.9 

0.276 

27.0 

13 

7.2 

 

 

2.48-2.49 

4585 

5.4 

85.5-86.9 

0.220 

35.0 

13 

5.6 

1725 

( Hull & Clyne, 1993, p.15; Material Property Data, 2008) 

1.2.2. Composite Resin 

Besides the fiber, resin is another structural component which defines properties of the final 

textile composite. Usually the fiber reinforcements are not effective until they are bound 

together by continuous medium, e.g. the resin matrix. The purpose of composite resin matrix 

is to bind fibers together, to transfer applied loads, to retard crack propagation, to protect 

fibers during handling and from environmental conditions. Resin material should be 

chemically and thermally compatible with fiberôs material (Carlson, 1995). Three types of 

materials can be used for a composites resin matrix: polymeric, metallic or ceramic. All 
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polymer resin matrices used for composites can be divided into two main groups: thermosets 

and thermoplastics. Although it is possible to develop many combinations of fiber and 

plastic, most textile composites are made from three main fibers ï glass, carbon and aramid ï 

in unsaturated polyester, epoxy or vinyl ester resin. All of those resins are thermosetting and 

have about 1.2 g/m
3 

density, which is considerably lower than even aluminum. If physical 

properties of textile composites are determined mainly by the fiber component, the chemical 

and thermal properties are determined by the polymer resin (Fung & Hardcastle, 2001; Hull 

& Clyne, 1993). 

The most commonly thermosetting resins are epoxy, unsaturated polyester and vinyl ester. In 

thermosetting polymers the liquid resin is converted into the solid by chemical cross linkage, 

which leads to the formation of a tightly bound 3D network. This network is formed during 

the production of the composite. Mechanical properties depend on the molecular unit which 

is making the network and on the length and density of the cross links. Chemicals added into 

the resin before forming the composite determine the cross linkage control during the curing 

process. Curing can be achieved at room temperature, but very often a cure schedule is used. 

Cure schedule involves the heating at a certain temperature for certain periods of time which 

helps to achieve optimal cross linking and desired properties. Sometimes very high cure 

temperature is given to minimize the further cure and change in properties during 

exploitation of the material (Hull & Clyne, 1993). Properties of thermoset resins are provided 

in the Table 1.5. 
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Table 1.5. Properties of thermoset resins 

Properties Epoxy resins Polyester resins 

Density, mg/m
3
  

Tensile strength, GPa 

Youngôs modulus, GPa 

Poisson ratio  

Thermal conductivity (K), W/mK 

Thermal expansion coefficient (Ŭ), 10
-6

/K 

Shrinkage on curing, % 

Chemical resistance 

1.1-1.4 

0.035-0.1 

3.0-6.0 

0.38-0.40 

0.1 

60 

1-2 

Good, attacked by 

strong chemicals 

1.2-1.5 

0.04-0.09 

2.0-4.5 

0.37-0.39 

0.2 

100-200 

4-8 

Attacked by strong 

acids and alkalis 

(Hull & Clyne, 1993, p. 31) 

1.2.3. Structure of 3D Orthogonal Woven Composites Preforms 

In 3D orthogonal woven composites, fibers are orientated in an organized fashion in a 3D 

space (x, y and z-directions), and because of this fiber orientation have the greatest potential 

for improving mechanical performance. The preforms for these composites are woven by 

interlacing multiple layers of yarns in three directions: warp (x-direction), double pick (y-

direction) and vertical (z-direction). The z direction component can be orthogonal or at the 

variable angles to the layers of warp and pick yarns, and is the aspect which makes 3D 

woven fabric structures different from traditional 2D woven fabrics (Carlson, 1995; Bilisik, 

2012). Fundamental concept of 3D orthogonal weaving is that more than one pick yarns are 

simultaneously inserted from one or both selvedge sides, thus building an increment of 3D 

fabric length with every weaving cycle of the machine; while 2D woven fabric is formatted 
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by interlacing only two sets of yarns ï one warp and one picks set. To weave 2D fabric, the 

warp ends are raised by heddles which are attached to harnesses. Raised heddles form the 

shed for pick insertion. In the 3D orthogonal fabric formation process, a third set of yarns, 

called z-yarns (see Figure 1.5), binds all sets of yarns into the fabric to provide structural 

integrity (Bilisik, 2012). The three sets of yarns have no crimp, i.e. they stay straight in the 

fabric. It is important to mention, that the number of picks layers is always higher by one unit 

comparing with number of warp layers. Z-yarns take a path essentially perpendicular to the 

planes containing warp and pick yarns. In other words the z-yarns are arranged in the 

thickness direction of the preform. In this process, warp yarns are stationary and arranged to 

form sheds for multi-picks insertions (Mohamed & Cadogan, 2002; Mohamed et al, 2001; 

Gu, 1994). Z-yarns, which are fed into the machine parallel to the warp, transfer through 

harnesses that control the weaving of the 3D woven structure. Only z-yarns pass through 

heddles.   

Fiber properties, matrix (resin) properties and woven fabric architecture can predict the 

mechanical properties of 3D woven fabric reinforced composites. To form a basis for the 

mechanical analysis the geometrical parameters (such as fiber orientation, fiber volume 

fraction, unit cell type and dimensions) have to be determined. Figure 1.5 shows the unit cell 

of 3D woven orthogonal composite preform (x-yarn ï warp, y-yarn ï pick). 
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Figure 1.5. Model of the 3D woven fabric: 1 ï warp, 2 ï pick, 3 ï z-yarn (Mohamed et al, 

2001) 

 

 

 

Figure 1.6. Unit cell of 3D orthogonal woven preform (Xu, 2000) 
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According to Gu (1994), fiber volume fraction (FVF) and thickness of the composite panel 

are main properties of 3D woven composites determining structural and mechanical 

properties of the material. Fiber volume fraction can be calculated using Formula 1.1 

(Baucom & Zikry, 2003): 

 

 (1.1) 

where ADf  is the areal weight of the fabric reinforcement,  

           ɟf  - fiber density,  

           t nom ï nominal thickness of the fibers. 

 

With reference to the Figure 1.6, fiber volume fraction can be calculated as follows: 

                       

        

                                  

                                                                                                   (1.2) 

where Sw, SF, Sz are cross sectional areas of warp, pick and z-yarn respectively, 

          Wx, Fy, Zz are warp, pick and z-yarn spacing respectively, 

          CW, CF, CZ are volume fractions of fiber in warp, pick and z-directions 

respectively. 
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It is important to mention, that the number of the picks layers is one more than warp layers 

(as seen in Figure 1.6), i.e., if there are n layers of warp, it will be n + 1 layers of picks. 

According to that the thickness of 3D orthogonal woven fabric could be calculated: 

 

                                                                                            (1.3) 

where Zz is the height of the internal unit cell, 

          Fz is the height of the pick fiber bundle, 

            h is the thickness of z-yarn segments which pass over the top and bottom 

surfaces of the preform. 

 

Because observations of cross sectional micrographs show that the thickness of z-yarn 

segments which pass over both surfaces are very thin, h can be considered as 0 (Gu, 1994). 

According to this statement, the total fiber volume fraction for 3D orthogonal woven fabric 

can be calculated as follows: 

 

                                 (1.4) 

 

1.2.4. Resin Infusion 

The composites for automotive applications are usually produced by various molding 

techniques. The molding process is faster than hand fabrication used for large components 

such as boats, but the cost of tools and molds can be very expensive as can be their technical 

support. Resin Transfer Molding (RTM) and Vacuum Assisted Resin Transfer Molding 
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(VARTM) are two widely used classes of liquid composite molding processes for fiber 

reinforced composites manufacturing (Acheson et al, 2004). 

During the RTM process the fiber preforms are enclosed in a rigid mold. Resin is injected 

through the openings (gates) to saturate the regions between fibers in the mold (Acheson et 

al, 2004). There are six main stages of the RTM process: mold preparation, preform 

preparation, mold closure, resin infusion, resin cure, and part demolding (Figure 1.7). 

VARTM is one of the versions of the traditional resin transfer molding (RTM). The 

reinforcement preforms in the VARTM process are laid on the rigid tool surface and the 

mold is sealed using a formable vacuum bag material. The resin is injected through single or 

multiple inlet ports (depending upon the part size and shape of the reinforcement panel) in 

the one side of the mold through fiber preforms by vacuum pressure, and it ensures that the 

flexible bed seals properly around the preforms. The vacuum port allows the fiber preform to 

be evacuated prior to injection and provides the mechanism for transfer of the resin into the 

part (Acheson et al, 2004, Grimsley et al, 2001). Usually there are six main stages of the 

VARTM process: tool preparation, fiber preform preparation and lay-up, mold setup, resin 

infusion, resin cure, demolding (Figure 1.8). It is important to consider the capillary flow 

effects in woven preform also. This process has advantages over traditional RTM by 

eliminating the cost related with matched metal tooling, reducing volatiles organic compound 

(VOC) emission (closed process), possibility to prepare large scale parts ( for example boats) 

and allowing lower injection pressure during room temperature processing. Secondary 

benefits of VARTM include the fact that the weight of the final composite is reduced because 
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less resin is used as the fiber mats are compressed during the process, and higher quality 

products are produced since air is expelled by a vacuum (Grimsley et al, 2001, Mathur et al, 

2001, Han et al, 2001). 

 

 

Figure 1.7. Resin transfer molding process (Acheson et al, 2004, p.160) 

 

 

Figure 1.8. Vacuum assisted resin transfer molding process (Acheson et al, 2004, p.160) 
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Complete filling of the mold with adequate wetting of the fibrous preform is the main 

objective of RTM and VARTM processes. Gutowski et al (1987) state that the process of the 

consolidation of continuous fiber composites includes two important processes: resin flow 

through porous media and elastic fiber deformation. The preform infiltration time is a 

function of the resin viscosity, the preform permeability and the applied pressure gradient. 

The resin fills the grooves or channels first by vacuum pressure and then the resin infuses 

into the fiber preform. RTM and VARTM manufacturing processes have the common 

purpose: to flow resin through a porous fiber bed and to impregnate the preform, creating the 

final composite. However, these processes have a major difference. In RTM, resin is injected 

under pressure into rigid mold filled with preforms. The mold is stiff to withstand the 

pressures of the resin and preform, so this prevents the preformôs expansion or compression 

which keeps the preforms dimensions stable. The permeability and fiber volume fraction of 

the preform are constant during molding process, because preform behavior is not related to 

flow behavior (Acheson et al, 2004; Han et al, 2001; Trocu et al, 1993). 

In VARTM, the vacuum is drawing resin through a flexible mold which does not restrain the 

preform expansion created when the resin enters the mold and reduces the pressure borne by 

the fabrics. Also preform compaction (ratio of fully compacted fiber volume fraction over the 

unloaded fiber volume fraction) across the thickness will change as the resin fills the mold, 

and it will change the mass balance and permeability during the flow.  During the infusion 

the pressure distribution between the preform and resin dynamically changes because the 
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total pressure must be equal to the compacting air pressure during resin flow (Acheson et al, 

2004, Grimsley et al, 2001). 

 

 

Figure 1.9. Percentage thickness variation for VARTM process (Acheson et al, 2004). 

 

Acheson et al (2004) tested the thickness of the 2D woven preformsô variation during the 

VARTM process. Figure 1.9 shows how the thickness of each 2D woven preform has large 

variations along the length after resin cure (x/filled length is the ratio of the location of the 

front flow within the system and the final filled length of the whole preform). 

According to Acheson et al (2004), there are four main aspects that influence the properties 

of the compositeôs fabrication during VARTM:  

¶ Influence of resin pressure on the preform compaction (reduced 

compaction affects fiber volume fraction); 
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¶ Influence of volume fraction change on preform permeability 

(permeability is a function of the fiber volume fraction); 

¶ Influence of compaction change on fluid movement and preform; 

¶ Influence of fiber preforms that behave as dual scale porous media 

(Acheson et al, 2004, p.160). 

Incomplete impregnation of the fiber preform leads to the production of defective parts with 

dry spots.  

1.2.5. Simulation of Resin Flow through Preform 

The simulation of a resin flow through the preform is an important step in modeling the 

manufacturing process. Flow of resin through porous media, such as fiber preforms and resin 

distribution media, can be modeled using Darcyôs law. Initially derived to model water flow 

through porous soil, Darcyôs Law is used in liquid composite molding processes to model 

resin flow through fiber beds (Grimsley et al, 2001, Acheson et al, 2004, Young, 1995). This 

law expresses the relationship between local averaged fluid (Darcyôs) velocity (Ȋ) and fluid 

pressure gradient  in a porous medium: 

 

                                                           

where Ȋ is the Darcyôs velocity, which is defined as the total flow rate per total cross-

sectional area, 
           K is permeability tensor describing the resistance of the fiber preform to flow, 

          µ is the resin viscosity. 



42 

 

 

 

 

It is obvious that permeability is influenced by preform architecture/structure and FVF. It is 

established that the degree of non-uniformity of the pore space and geometry of the preform 

has a significant effect on its permeability and that this effect increases in the nonlinearity of 

the fluid (Stavrov et al, 1997; Robitaille et al, 2002). There are other models that describe the 

relationship between the permeability and fiber volume fraction. One of the simplest models 

is Kozeny-Carman model (Acheson et al, 2004): 

 

                                                                                                 (1.6) 

where vf is the fiber volume fraction, 

           kxx is the Kozeny constant which is empirical constant and depend on the 

preform architecture. 

 

In VARTM, fiber volume fraction can change dynamically because of applied pressure and 

compaction which is re-distributed between the resin and the preform. The most commonly 

used compaction model for woven preforms was developed by Gutowski et al (1987). This 

model assumes that the fibers make up a deformable, nonlinear elastic network: 

 

(1.7) 

where ůzz is the preform stress,  

           As is the empirical spring constant,  

            vf is the fiber volume fraction,  

            va is the maximum possible fiber volume fraction, 

            v0 is the unloaded fiber volume fraction (no stress is applied). 
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The following equation is used to determine the stress on the preform in VARTM: 

 

                                                               (1.8) 

 where Patm is the atmospheric pressure, 

            P is the resin pressure. 

 

According to equation 1.8, before resin infusion the preform stress is the same as the 

atmospheric pressure. When pressure is applied to a flat fiber preform, it must be shared by 

both the resin and the fiber structure. Initially, the applied pressure is carried solely by the 

resin (zero deformation). When the resin is infused into preform, the pressure on the fiber 

preform reduces (eq. 1.7), at the same time reduces fiber volume fraction and increases 

permeability (eq. 1.6). This change influences the pressure distribution (eq. 1.5), so preform 

compaction and fluid pressure are coupled (Acheson et al, 2004, Grimsley et al, 2001, 

Gutowski et al, 1987).  

The time to fill the mold and the shape of the flow front (the edge profile of the transferred 

resin), which plays a key role in dry spot formation, are critical for the optimal manufacture 

of large composite parts. Mathur et al (2001) states that resin flow times and flow front 

shapes are the function of the properties of the preform, distribution media and resin. Flow 

front profile reaches a parabolic steady shape and the length of the region saturated by resin 

is proportional to the square root of the time elapsed. 
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The model by Acheson et al (2004), proposes that when the change in the compaction due to 

the applied load is small, the influence of thickness change is small. The more compliant is 

the preform, the larger the thickness change. Figure 1.10 shows the non-linear nature of the 

coupling. v0 is the unloaded volume fraction, vi is the initial fiber volume fraction after the 

pressure is applied, vi/v0 is the compaction, x is the location of the front flow within the 

system, L is the final filled length of the whole preform, hi is the initial thickness after the 

pressure is applied, and h is the thickness after the resin is injected. Most of the change in the 

thickness occurs close to the injection port, especially for the preforms where the change in 

compaction is high. 

 

 

Figure 1.10. The influence of compaction levels on thickness change in the VARTM process 

(Acheson et al, 2004, p.167) 

 

 



45 

 

 

 

 

The infiltration time can be greatly reduced by utilizing a distribution medium with a higher 

permeability than the preform. Consequently, the resin flows in the distribution medium first 

and then the infiltration process continues through the preform thickness. Figure 1.11 shows 

the cross section of the distribution layer (the high permeability material) and the structural 

layer (the preform material). It is noticeable that the resin flow can be divided into two 

regimes: a saturated region with no through thickness flow (D) and a flow front region where 

the resin is infiltrating into the preform from the distribution medium (d). The flow in the 

distribution (the top) layer is considered uniform (i.e. no gradients in the thickness direction) 

as the permeability is isotropic. Flow is driven by the constant pressure difference, between 

the pressure at the inlet (atmospheric pressure) and the vacuum pressure at the flow front. 

Darcyôs velocities are different (u1 and u2) in distribution and structural layers in the 

saturated region (D). The flow front region (d) is assumed to maintain its shape given by hf 

(x) and advances with uniform horizontal velocity (uf), which is observed velocity of the 

resin (not Darcyôs velocity). The transverse velocity of resin infiltration from distribution 

layer to the structural layer is u12y. The horizontal velocity in the flow front region in the 

distribution layer is u1x at the distance x = D + d = ū1 uf (ū1 ï porosity of the distribution 

layer) (Mathur et al, 2001, Han et al, 2001).  

Mathur et al (2001, p. 487) states that in a VARTM process the flow of the resin has an 

initial transition region near the injection location and a steady flow front shape thereafter. 

The length of the flow front and the lag between resin arrivals at the top and bottom layers 

shows the increase with the increase in number of layers and at the same time with the 
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thickness of the preform. This has an important consequence for the manufacture of large 

parts by VARTM where few injection lines are used to fill sections of the same part. 

  

 

 

Figure 1.11. Scheme of the VARTM process (Mathur et al, 2001) 

1.2.6. Properties and Advantages of 3D Woven Composites 

In the automotive industry various kinds of composites have many advantages in comparison 

with heavy metal materials. The actual material cost of a composite is higher than metal cost, 

but the life time analysis shows that savings in fuel over the life time of the vehicle 



47 

 

 

 

 

significantly exceed the extra cost of manufacturing (Fung & Hardcastle, 2001; Cheah, 

2010). There are several significant benefits from compositesô use in automotive industry. 

The main benefits are: less bulk (this creates more useful space), anti-corrosion, dent 

resistance, high rigidity and strength. Composites also allow more molding freedom what is 

very important in creating aerodynamic shapes and in the integration of many different 

components (a single composite can replace several individual metal parts which have to be 

joined together). To perform effectively in case of a car crash, vehicle components have to 

have high energy absorption properties. While energy absorption in metal structures is 

achieved by plastic deformation, in composite it relies on material diffuse fracture. For that 

reason composites have a better capacity to absorb kinetic energy compared to metal parts 

(Obradovic et al, 2012). 

Different fiber reinforcement composites have different physical and mechanical properties. 

Carbon fiber composites provide the highest stiffness and strength, but have disadvantages of 

being brittle and having low energy absorption properties. Aramid composites strength 

properties are lower, but they can absorb energy without fracture. Fiberglass compositesô 

strength is slightly lower than aramid, but they have energy absorption properties and are less 

expensive (Fung & Hardcastle, 2001). 

3D woven composites have many advantages in comparison with different composites 

technologies. First of all, the thickness of 3D woven preform eliminates multiple plies of 2D 

woven preforms and at the same time dramatically reduces labor time and decreases costs 

associated to build-up the desired thickness for constructing a given part. One or a handful of 
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3D woven thick fabric plies replace dozens or hundreds of 2D woven fabric plies needed to 

achieve the required thickness of the material, and eliminate every layers resin pre-

impregnation process and lamination process. This reduces cutting complexity and eliminates 

intermediate use of stitching to stabilize the preform before resin infusion. Compared with 

2D woven laminated composites, 3D woven composites demonstrate higher through-

thickness and interlaminar properties because of their integrated structure in the presence of 

orthogonal constituents. Unlike very thick laminates from multiple 2D woven fabric 

reinforcements, 3D woven composites can be easily machined into components in the same 

fashion as aluminum or steel.  A thick composite, based on a single ply fabric preform will 

not delaminate and will provide exceptional mechanical performance (Chiu & Cheng, 2003, 

Mohamed et at, 2001).  

Another advantage is the possibility to integrally blend different type fibers, which would not 

adhere readily to the same resin in the composite and ability to weave opened or closed 3D 

woven shapes directly into fabric, leaving pocket or flaps in the warp or picks or to produce 

various cross sectional shape (ñIò, ñTò, ñʇò). The shapes created in the weaving process can 

be formed to more complex shapes or joints into composite (Mohamed et al, 2001).  

The unique reinforcement geometry of 3D orthogonally woven fabric-reinforced composites 

(z-yarns act as capillary channels to transfer resin into preform interior from outer surfaces) 

creates the significantly improved various resin infusion and resin transfer molding methods 

with a much higher resin penetration speed during the composite processing. They wet out 

faster in both open and closed molding, improving quality, reducing molding times and 

http://findarticles.com/p/search?tb=art&qa=Chiu%2C+Chang-Hsuan
http://findarticles.com/p/search?tb=art&qa=Cheng%2C+Chao-Chuan
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facilitating migration to vacuum resin infusion. (Mohamed et al, 2003; 3tex Incorporated, 

2009).  

2D woven fabrics have an inherent crimp in the interlaced yarns that is undesirable for 

maximum composite properties. The absence of interlacing between warp and pick yarns 

allows 3D orthogonal woven panels to bend and internally shear easily without jamming and 

buckling within in-plain reinforcement that allows an easier molding process for different 

shaped parts and also leads to stronger and lighter structures (Mohamed et al, 2003; 3tex 

Incorporated, 2009). One of the most important fabric deformation mechanisms is intraply 

(intralayer) shear, which is responsible for the formability of the desired part. This 

mechanism provides information about the manufacturability of the product and the final 

fiber orientation distribution of the woven layers. The behavior of the composite structures is 

strongly related with the fiber orientation of the reinforcement of the composite. Small 

deviations on fiber orientation and thickness distribution after molding can produce 

significant changes in material properties such as modulus, strength and thermal expansion 

(Nino et al, 2007). 

Even 2D woven fabric composites are characterized by superior impact resistance and 

damage tolerance characteristics and high fracture toughness (Naik et al, 2000). However, 

3D orthogonal woven composites have an advantage in impact tolerance compare with 2D 

woven laminates. Z-yarns, connecting different layers of warps and picks, create higher inter-

laminar shear strength, and in this way dramatically improve impact damage tolerance. 

Connected layers totally eliminate the risk of composite delamination as a failure mode, so 

http://www.3tex.com/
http://www.3tex.com/
http://www.3tex.com/
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more effective load transfer can be achieved (Mohamed & Cadogan, 2002; Baucom et al, 

2006; 3tex Incorporated, 2009;  Stig & Hallstrom, 2008). It has been shown that increasing z-

yarns reinforcement through thickness by 1-2 % can suppress the intralaminar delamination 

and increase both intralaminar and interlaminar fracture toughness by a factor of 5-10. The 

high intralaminar fracture toughness allows delamination damage to occur only between 

integral 3D reinforced plies in a composite laminate (Gama et al, 2004). Mohamed (1990) 

conducted a study to compare mechanical performance characteristics of 3D woven carbon 

reinforced composites with advanced carbon laminated composites. The results showed that 

3D woven composites had three times higher shear strength, twice higher tensile strength, 

and 65 % higher flexural strength than laminated composites. Baucom et al (2006) tested and 

compared two dimensional fabricsô laminates and three dimensional orthogonal woven 

fiberglass composites of comparable areal weight, fiber volume fraction and total thickness. 

Damage progression, perforation resistance and failure mechanism were examined during 

repeated impact. The researchers measured impact force and energy dissipation. During the 

impact, 3D composites have significantly higher resistance to force penetration and 

dissipated more total energy over larger radial area than the 2D laminate system. The reason 

for this damage tolerance is the energy absorption mechanisms created by z-yarns. It was 

stated that modification of the properties of z-yarn, such as modulus, ductility, lubricity and 

tensile strength, should significantly influence the perforation resistance and overall behavior 

of 3D woven composite systems (Baucom et al, 2006).  
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As every technology, 3D non-crimp orthogonal weaving method has some inherent 

disadvantages. This method requires considerable spaces for insertion of the z-yarns in the 

trough thickness direction during the weaving process. Z-yarns not only have their 

advantages to reduce lamination of the layers and serve as channels for resin infusion, but 

also have disadvantages, because their presence reduces the in-plane fiber volume fraction 

and respective properties of the final composite (Mohamed & Bogdanovich, 2009). 

Increased z-yarns size or density can negatively affect 3D woven fabricôs tensile strength. An 

increase in thickness reinforcement leads to a substantial rise in the Youngôs modulus E3 and 

a slight increase in the shear modulus G13, while Youngôs modulus E1 and shear modulus G12 

fall considerably (Gu, 1994). Gu (1994) stated that 2.8 % is an optimum percentage for fiber 

volume fraction in the Z direction. A higher percentage than 2.8 % decreases tensile strength 

of the composite, but does not further improve impact resistance, compressive strength or 

other mechanical performance characteristics.  

Gama et al (2004) state that between many advantages offered by 3D woven composites, 

there is one disadvantage, that the highest achievable fiber volume fraction is lower than 

corresponding 2D plain weave fabric composites. This feature occurs, because 3D orthogonal 

woven preforms provides straightness of in-plane fiber tows and interstitial empty spaces 

(about 15-20 % of the total composite volume) which are filled up by resin during the 

infusion process (Gama et al, 2004). The statement is questionable, because crimp in 2D 

woven fabrics create more and bigger empty spaces than in 3D woven orthogonal fabrics, so 
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fiber volume fraction of 2D woven laminates would occur lower than corresponding 3D 

woven fabrics. 

Even composite fabrication equipment and most tools that shape composite parts are 

generally much less expensive than metal forming equipment, the durability of composite 

fabrication equipments is much lower (Fuchs, et al, 2008). Besides fabrication, there are 2 

other primary tasks required to produce painted car or truck body part: body assembly and 

paint (Cirincione, 2008, p.17). After vehicle component parts are formed, they are assembled 

into subsystems by various joining methods. Metal components are usually assembled with 

some mix of welding, rivets, adhesives, or hemming processes, while composite subsystems 

are usually assembled by some type of adhesive bonding process (Cirincione, 2008, p.22-23). 

Compositeôs ability to form complex shapes reduces the need for the supporting components 

found in metal subsystems and can significantly reduce the number of parts and at the same 

time to reduce assembly time. A full composite body-in white could be designed in 25 parts 

compared with 150-200 for a metal body and could reduce assembly cost by 60 % at low 

volumes (~50,000 bodies per year) and 30 % at high volumes (>200,000 bodies per year) 

(Fuchs at el, 2008; Cirincione, 2008). However, no fully integrated composite vehicle bodies 

have been commercially produced yet and such concept is still ña tall orderò (Rucks, 2012). 

Because of the dangerous and expensive step of the process, automotive painting requires 

costly man power or extremely complex and expensive robotic equipment under tight 

environmental controls. An activated paint is used for auto painting processes and it attaches 

easily to the steel surface. Aluminum parts require a special surface treatment in order to pass 
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through the same painting process, while composite parts require at least the special surface 

treatment and in many cases the need of offline painting process which can cause color 

match problems and additional costs (Cirinsione, 2008, p. 22). 

One of important issues related to vehicle weight reduction is vehicle safety. Increasing the 

structural stiffness of the vehicle at critical points can help to design a light vehicle with a 

similar crashworthiness to heavier vehicles (Cheah, 2010). According to Cheach (2010) 

safety can be improved if the heaviest vehicles were removed from the roads or made lighter. 

If the tendency to reduce vehicle weight will be growing, the safety of lighter automobiles 

will not be considered as an issue. 

The recycling is a big issue that thermoset composites industry is facing. Thermoset 

composites can be recycled by two methods: mechanical and chemical (Pickering S. 2006; 

Cheah, 2001; Automotive Research, 2011). None of those methods are currently very 

effective and this area can be explored for future research. 

The reasons described above clearly explain why 3D woven composite have high potential 

for use in the auto and marine industries, sports and recreation equipment, industrial machine 

manufacturing and body armor systems applications, where high strength, lightweight, and 

damage tolerance are important design parameters. Additionally, this type of composites can 

be machined into components that offer non corrosive performance and aesthetic benefits 

(Baucom et al, 2006). In the automotive industry composite manufacturing technology is not 

a traditional technology and has a more intense labor process and long cycle time. However, 
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composites offer better parts consolidation opportunities, primary and secondary weight 

savings, low investments costs and increased design flexibility compared with steel (Clark, 

1998).               

1.2.7. Testing 

The accurate understanding of the textile reinforcement architecture in the composite is 

critical, because it determines many performance and processing characteristics. To measure 

and to obtain the geometrical characteristics of 3D woven fabrics is difficult and time 

consuming. Furthermore, it has been determined by researchers that 3D structure of a woven 

fiberglass reinforced composite is quite irregular due to the nesting of preform layers 

(Desplentere et al, 2003). Desplentere et al (2003) state that this non-uniformity in the 

structure can lead to large scatter in material properties performance, such as ultimate 

strength. Additionally, distributions in fabric structure can lead to broad distributions in 

permeability and anisotropy, which have an important effect on processing. For these 

reasons, testing should be used not only for determining mechanical properties of the 

composites, but also for 3D woven orthogonal preformsô areal weight, fabric thickness and 

fiber volume fraction. In this research, the assessed mechanical properties of the composite 

will be these: tensile strength, flexural strength, and impact properties.  
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CHAPTER 2: Research Objectives 

The additional opportunities to reduce vehicle weight using composites are possible. These 

include: 1) reducing the weight of existing plastic and composite parts with the use of low 

density additives, nanoparticles and alternate fibers; 2) converting more metal parts to plastic 

and composites. The light vehicle market presents major opportunities for further 

implementation of plastics and composites in the future (Automotive Plastics, 2011). 

This research will introduce to the development and testing of 3D orthogonal fiberglass 

woven composites for automotive applications. In this work the influence of different 3D 

woven fabricôs architecture characteristics on production and performance characteristics 

will be tested. One of the important production characteristics ï the time of resin infusion 

through different woven preform structures ï will be determined during solidification of 

preforms. After solidification of preforms and producing the final composite material, 

performance characteristics of composite panels of the newly designed and produced 

material will be assessed. The tested performance characteristics include: tensile strength, 

elongation, flexural strength, impact performance, and fiber volume fraction. The testing 

results will be compared with required performance characteristics for metal auto body parts. 

Safety during the automotive crash can be influenced by the impact strength of the newly 

designed and produced material, so impact properties evaluation is considered in this study.  

As it was mentioned in the previous chapters, in the automotive supply chain the traditional 

textile industry status is limited to use for interior and utilities fabrics. However, the newly 
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developed 3D woven composites would increase textile use even for body sheets and chassis 

production. Instead of one concept design level, the textile industry would be used for all 

levels of automotive development process: concept design, product design and 

process/factory design.  

The new role of the textile industry could make important changes in the automotive supply 

chain industry. It is very difficult to predict those changes before evaluating and considering 

the total system of whole production (not only compositeôs). However, some tentative 

predictions about changes in supply size and structure as well as about the time to the market 

can be made. 

The size of the supply chain is one of the most significant issues. It is predicted, that reducing 

the size of the automotive supply chain would improve the functionality of the entire chain if 

any of the parties could be eliminated. The OEMs value supplier companies that can deliver 

modules (combination of attached parts) and systems (a functional combination of modules). 

This is one of very effective ways to cut costs (Handfield et al, 2004). Expanding the role of 

textiles in automotive supply chain industry could decrease the size of supply chain 

considerably. 

The use of 3D fiber reinforced polymer material could possibly decrease the time to the 

market. Some of the supply chain steps such as pressing and molding body sheet from textile 

composites and joining some parts together could be done in textile plants. Three 

dimensional fiber reinforced polymer composites made by textile processes can substitute 
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metal parts of the vehicle and also improve performance characteristics and, maybe, reduce 

the costs of whole manufacturing process. However, as it was stated above, cost can be 

compared only when the whole process is finalized. 

The position of textile industry also may change in the automotive supply chain structure.  

Currently textiles are known as sub tiers in automotive supply chain.  In the future, if auto 

body production processes will be performed in textile plants, the textiles could move to the 

first tier supplier or even OEMs could produce textile material, depending on the complexity 

of the process, costs and lead time. 

All those above described changes in automotive supply chain are tentative, because the 3D 

woven composites are still in the design stage. Supply chain structureôs alteration could be 

evaluated and calculated only after designing and researching the new material and its 

influence to whole manufacturing process.  

The objective of the research is to design and produce lightweight 3D woven orthogonal 

fiberglass composites for heavy metal auto parts replacement, and consider improvements in 

the supply chain management of automotive components. Also to examine the performance 

characteristics of the designed composites and to recommend the best combination of 

preformôs construction parameters in order to improve fuel efficiency by reducing the total 

vehicle weight while maintaining safety standards. 3D woven composites are widely used as 

structural components for their multidirectional loads bearing and impact properties, due to 

their unique transverse properties, such as stiffness and strength to weight ratio, fracture 
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toughness and damage resistance and also corrosion resistance and dimensional stability. 

This outstanding performance depends not only on the reinforcement fiber material, but also 

on its architecture in the composite structure (Ansar et al, 2011, p. 1947-1948). The design of 

experiment of this research will be focused on different woven structuresô impact on the 

compositeôs properties.  
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CHAPTER 3: Methodology 

In order to achieve the objective of the research, data must be gathered from newly designed 

and produced compositesô testing results, which include tensile strength, flexural strength, 

impact properties, and fiber content. Fifty woven composite samples were produced for use 

in this research (Appendix A). Samples varied in number of warp and picks layers 

(structure), arrangement of x-yarn (warp) and z-yarn (weave) and y-yarn (picks) density 

(picks/in) and linear density of the yarn (tex). 3D woven structures were infused with the 

resin to fabricate the final composite. This chapter covers details related to materials and 

technology used to produce samples, designs of experiment and testing procedures 

considered for this study. 

3.1. Materials 

Hybon® 2022 Roving material made from E-glass fiber was used to form 3D woven 

preforms for automotive application composites. E-glass fiber was selected for this research, 

because this fiber has high strength, high Youngôs modulus, temperature resistance and at the 

same time is cost effective (Fung & Hardcastle, 2001; Hull & Clyne, 1993). The specific 

Hybon® 2022 Roving material provides strand hardness without sacrificing rapid and 

complete wet-out, and has low resin demand during processing (PPG Industries, 2008). 

Hybon® 2022 Roving is suitable for polyester, epoxy and vinyl ester resins. Two different 

roving linear densities ï 1102 tex (450 yd/lb) and 735 tex (675 yd/lb) ï were used as picks 

(y-yarns). The warp (x-yarns) and the z-yarns linear densities were 2275 tex (218 yd/lb) and 



60 

 

 

 

 

276 tex (1800 yd/lb) respectively. The use of Hybon® 2022 Roving material in the 3D 

woven preform is shown in Table 3.1. 

 

Table 3.1. The use of Hybon® 2022 Roving material in the 3D woven preform 

Usage  Warp Picks (I) Picks (II) Z-yarn 

Roving yields, nominal 

±7 % (yd/lb)  
218 450 675 1800 

TEX, nominal ±7 % 

(g/km)  
2275 1102 735 276 

Number of filaments 

 
3920 1960 1960 378 

Fiber diameter, nominal, 

µm  
17 17 13 13 

 

Vacuum-assisted resin (DERAKANE® 8084 Epoxy Vinyl Ester) transfer molding 

technology was used to solidify the 3D composites. DERAKANE® resins offer superior 

mechanical and chemical resistance and curing properties, because of their unique molecular 

structure. DERAKANE® 8084 resin is an elastomeric modified epoxy vinyl ester resin and is 

designed to create increased adhesive strength, higher resistance to abrasion and severe 

mechanical stress; at the same time creating higher toughness and elongation of the 

composite.  High elongation and toughness of the resin could produce fiberglass reinforced 

composites with better impact resistance and less cracking due to cycling temperature, 

http://us.mc508.mail.yahoo.com/mc/showletter;_ylc=X3oDMTUyOXVxZGtkBEFjdGlvbgNWaWV3IG1lc3NhZ2UESW50bAN1cwRMbmtUeXADUmVndWxhcgRQYXJ0VHlwZQNZYWhvbyEEUmVzUG9zQQMxBFJlc1Bvc1IDMQRTcmNoQ3VycgNtZXNzYWdlBFNyY2hEZXN0A21lc3NhZ2V2aWV3BF9RdWVyeUlkAzEwOTk2NTIxODU0ODUxYzViYzkwOTcyBF9TAzE1MDUwMDYxMg--?mid=1_429_1_21597_0_AG4mvs4AANUnSEbLpg4zUDPfH6c&fid=%2540S%2540Search&prevMid=1_22_2_8456_0_AGsnvs4AAGj0SE1SHAblkxmf9qE&nextMid=1_1266_1_23399_0_AG4mvs4AAIeISEVZtAAT8Fp69eU&search=1&extraargs=%26.rand%3D797628926
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pressure fluctuations and mechanical shocks providing a safety factor during an automotive 

crash. DERAKANE® 8084 is a primer resin used to prepare a substrate surface (steel or 

concrete) for a corrosion resistance lining (Quinn, 1999; Ashland, 2008). DERAKANE® 

epoxy vinyl ester resins are polymerized by the use of free-radical initiators.  The catalyst 

system must be adjusted for each specific application, because many variables affect the cure 

of the resin (Ashland, 2008). Figure 3.1 shows the effect of ambient temperature on the 

typical DERAKANE® resinôs gel times. The desired gelling time also depends on the 

parameters of the preform part that should be molded (because of the different structure of 

the preform and the pilot loom specifics, the sample preforms differ in size). Bigger parts 

require longer gelling time. The range of the ambient temperature in the VARTM facility 

(Custom International Fiberglass, Henderson, NC) was uncontrolled and between 79°F-87°F 

during the molding process, so the contents of the resin mixture were chosen 1.25 % MEKP 

(methyl ethyl ketone peroxide) and 0.3 % CoNap (cobalt naphthenate). This chemical 

mixture has about 30 minutes gelling time (this is a maximum time what takes resin to flow 

through preform which is 17 inch (43.2 cm wide). Gelling time was tested at 28°C (83°F) 

temperature. 

http://www.derakane.com/
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Figure 3.1.  Typical gel time vs. ambient temperature for DERAKANE resins (Ashland, 

2008). 
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3.2. Samples Fabrication 

3.2.1. Formation of 3D Orthogonal Woven Preforms 

All 3D woven preforms were woven using a machine donated by 3TEX, Inc (Figure 3.2). 

The process was developed by Mohamed et al (Mohamed & Gu, 1992; Mohamed & Zhang, 

1992) at the College of Textiles at North Carolina State University. Figure 3.3 shows the 

main parts of the 3D weaving machine which are incorporated in fabric formation process. 

The major feature of this machine is the multiple picks insertions. Multiple picks insertion 

takes place for every weaving cycle, and pick yarns are selectively inserted into different 

parts of the fabric cross sectional profile defined by the warp yarn layers (Figure 3.4) (Gu, P., 

1994). 

 

 

Figure 3.2. Overall view of the 3D weaving machine 
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Figure 3.3. The main parts of the 3D weaving machine incorporated in the fabric formation: 

1- harness, 2 ï reed, 4 ï rapiers, 7 ï edge holder, 9 ï fabric take up mechanism.  Fabric 

formation elements: 3 ï z-yarns, 5 ï picks, 6 ï warp layers, 8 ï formed 3D fabric 

 

 

Figure 3.4. Multiple picks insertion 
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3.2.2. Resin Infusion 

The VARTM was used for this research, because of its low tooling cost and reduced VOC 

emission. During the VARTM process, a highly permeable distribution medium was 

incorporated into the preform as a surface layer. The resin was infused under vacuum (28 

inches of mercury pressure or 94.8 KPa) into the mold. During infusion, the vacuum was 

applied on the opposite end of the preform from the resin feed, so the resin would flow 

preferentially across the surface and simultaneously through the thickness of the anisotropic 

porous media (i.e. preform), giving rise to a three dimensional flow front (Mathur et al, 

2001). The composite panel infusion table setting scheme is shown in Figure 3.5 and the 

process of resin infusion ï in Figure 3.6 (flow direction is indicated by dotted line arrow). 

 

 

Figure 3.5. Composite panel infusion table scheme (prepared by B. Schartow, 3TEX, Inc.) 
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a                                                                                         b   

 

                                           c                                                                                         d 

Figure 3.6. Resin infusion process: a ï overall view of the resin infusion table; b ï resin 

feed; c ï resin flow; d ï overall view of resin flow.  
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3.3. Design of Experiments 

Fifty samples were designed and produced for the use of testing in this research. The 

performance characteristics of the 3D orthogonal woven fabric composites are related to 

different construction parameters, such as roving density, thread densities (warp and picks), 

weave structure and arrangement/ratio of warp and z-yarn.  

Hybon® 2022 Roving material made from electrical (E) fiberglass was used to form 3D 

woven preforms for automotive application composites. Two different roving linear densities 

ï 1102 tex (450 yd/lb) and 735 tex (675 yd/lb) - were used as picks. The warp and the z-

yarns linear densities were 2275 tex (218 yd/lb) and 276 tex (1800 yd/lb) respectively. The 

picks were woven in 4 different linear densities (density of the yarns per one layer): 4 

pick/inch (1.6 picks/cm), 5 picks/inch (2 picks/cm), 6 picks/inch (2.4 picks/cm) and 7 

picks/inch (2.8 picks/cm), while the warp linear density was fixed - 5 ends/inch (2 ends/cm). 

It is important to note that pick insertions were double, so actual densities of 1102 tex and 

735 tex picks were 8 pick/inch, 10 pick/inch, 12 pick/inch and 14 pick/inch. However, in this 

research an insertion density will be considered as a pick density. Three different weave 

structures (different number of warp and picks layers) ï 4 warps/5 picks (4.5 layer fabric), 3 

warps/4 picks (3.5 layer fabric) and 2 warps/3 picks (2.5 layer fabric) - were woven and 

analyzed for their thickness and areal weight. Figure 3.7 shows three different arrangements 

of warp and z-yarns in the reed for the samples woven with four layers warp. In Figures 3.7a 

and 3.7b structures have the same ratio (1 warp/1 z-yarn), but different weaves ï plain and 

basket weave; and Figure 3.7c structure has lower z-yarn ratio - 1 z-yarn/2 warps. It was 
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expected that the different structures of the preforms (different fiber volume fraction and 

thickness of the composite) will influence different production times and different 

performance characteristics of the auto body parts.  

Two full factorial designs of experiment will be used for this research. Fixed parameters and 

design variables (factors) of Design of Experiment 1 are presented in Table 3.2 and Table 

3.3, while Design of Experiment 2 is shown in Tables 3.4 and 3.5.  

 

        
                          a                                            b                                             c 

Figure 3.7. Different arrangements of warp and Z-yarns of 4-layer warp, a ï 1z/1w (plain 

weave), b ï 1z/1w (basket weave), c ï 1z/2w (plain weave) 

 

Table 3.2. Fixed parameters of Design of Experiment 1 

Fixed parameter Value 

Finishing (resin type) 
DERAKANE 8084 epoxy vinyl 

ester 

Warp linear density , ends/inch 5 

Warp roving linear density, tex 2275 

Z-yarn roving linear density, tex 276 
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Table 3.3. Design variables (factors) of Design of Experiment 1 

Factor 
Number 

of levels 
Values 

Picks linear density, picks/inch  4 4 (x2) 5 (x2) 6 (x2) 7 (x2) 

Pick roving linear density, tex  2 1102  735  

Arrangements of warp and     

z-yarns  
2 

1Z/1W (plain 

weave) 

2Z/2W (basket 

weave) 

Number of warp and picks 

layers (structure)  
3 4.5 3.5 2.5 

Total runs 4 x 2 x 2 x 3 = 48 

 

Table 3.4. Fixed parameters of Design of Experiment 2 

Fixed parameter Value 

Finishing (resin type) DERAKANE 8084 epoxy vinyl 

ester 

Warp linear density , ends/inch  5  

Warp roving linear density, tex  2275  

Z-yarn roving linear density, tex  276 

Pick roving linear density, tex  1102  

Number of warp and picks layers 

(structure) 
4.5 
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Table 3.5. Design variables (factors) of Design of Experiment 2 

Factor 
Number of 

levels 
Values 

Picks linear density, picks/inch  2 4 (x2) 7 (x2) 

Arrangements of warp and          

z-yarns  
3 

1z/1w 

(plain 

weave) 

2z/2w 

(basket 

weave) 

1z/2w 

(plain 

weave) 

Total runs 2 x 3 = 6 

 

The fiber volume fraction, thickness and time of infusion of woven composite preforms were 

determined. The tested final compositeôs properties include: tensile strength, elongation, 

flexural strength, impact performance, and volume fraction (which are affected by areal 

weight, fiber density, thickness, etc.). The testing results are compared with required 

performance characteristics for metal auto body parts. 
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3.4. Hypotheses 

The following 9 hypotheses were checked for validation in order to reach the objectives of 

this research. 

Design of Experiment 1 Hypotheses: 

Hypothesis 1: Impact (Izod, Charpy and Dynatup) properties of the final composite are 

influenced by these separate construction parameters: picks density, pick linear density, 

arrangements of warp and z-yarns, number of warp and picks layers. 

Hypothesis 2: Tensile properties (strength and modulus) of the final composite are 

influenced by these separate construction parameters: picks density, pick linear density, 

arrangements of warp and z-yarns, number of warp and picks layers. 

Hypothesis 3: Flexural properties (strength and modulus) of the final composite are 

influenced by these separate construction parameters: picks density, pick linear density, 

arrangements of warp and z-yarns, number of warp and picks layers. 

Design of Experiment 2 Hypotheses: 

Hypothesis 4: Impact (Izod, Charpy and Dynatup) properties of the final composite are 

influenced by these separate construction parameters: picks density and arrangements of 

warp and z-yarns. 
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Hypothesis 5: Tensile properties (strength and modulus) of the final composite are 

influenced by these separate construction parameters: picks density and arrangements of 

warp and z-yarns. 

Hypothesis 6: Flexural properties (strength and modulus) of the final composite are 

influenced by these separate construction parameters: picks density and arrangements of 

warp and z-yarns. 

Other Hypotheses: 

Hypothesis 7: Different construction parameters (picks linear density, pick roving linear 

density, arrangements of warp and z-yarns, number of warp and picks layers) influence 

woven 3D woven orthogonal preform thickness, areal weight, and fiber volume fraction.  

Hypothesis 8: Resin infusion time through the preform of the composite is influenced by 

each separate construction parameter: picks linear density, pick roving linear density, 

arrangements of warp and z-yarns, number of warp and picks layers. 

Hypothesis 9: The potential of lightweight and high performance 3D woven orthogonal 

composites could lead to their use as an alternative use of steel and aluminum auto body and 

chassis parts, and could provide improvements in the supply chain management of 

automotive components.  
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3.5. Three Dimensional Woven Composites Characterization 

Table 3.6 provides the list of the type of tests and associated testing standards as well as the 

number and dimensions of tested samples for automotive applications composites. All testing 

was performed at PPG Industries (Shelby, NC) laboratories. 

Woven Preform Thickness. Woven preforms were produced with different thickness by 

changing yarnôs density, number of layers and y-yarns density/layer. Thickness 

measurements were performed in accordance with ASTM D 1777 ï 96, which is the standard 

test for measurement of the thickness for textile materials.  The compressometer was used to 

read the measurements of woven preforms. The thickness of the woven preform in this 

research varied from 0.229 inches to 0.542 inches. 

Woven Preform Areal Weight. Woven preforms for fiber glass 3D woven composites can 

be manufactured with different areal weight. Different areal weights can be obtained by 

changing yarnôs density, number of layers and y-yarns density/layer. Areal weight parameter 

has a direct influence on the cost and performance characteristics of the product. All 

measurements and calculations were performed in accordance with ASTM D 3776/D 3776M 

ï 09a, which is the standard test for the measurement of fabric mass per unit area (weight) 

and is applicable to most fabrics. The areal weight of woven preforms produced for this 

research varied from 1838.476 g/m
2
 to 5587.331 g/m

2
. 

Woven Preform Fiber Volume Fraction. The preformôs thickness and areal weight defines 

fiber volume fraction of the composite, a unitless characteristic formulated by dividing a 
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preformôs areal weight by preformôs thickness and volumetric density of the fiber (1.1 

Formula). Volumetric density of E-glass fiber (of which Hybon® 2022 Roving material is 

made) is 2.6 mg/m
3
. Theoretically fiber volume has influence on performance characteristics 

of the final product. This fiber volume parameter could be affected by changing the woven 

preformôs structural parameters. Fiber volume fraction of woven preform samples produced 

for this research varied from 0.3671 to 0.4983. 

Resin Infusion Time. The resin infusion methodology is explained in Chapter 3.2.2. Resin 

infusion flow was registered (marked on the special peel-ply sheet) every minute of the 

infusion process (Figure 3.6). The marks were measured in the 3 different places and the 

average of the flow distance was measured. Considering that woven sample panels were not 

the exactly the same width, the time after resin flows 40.0 cm distance was registered for this 

research, because each sample had Ò 40.0 cm width.  

Tensile Strength. Different variables (parameters) of woven preforms can influence tensile 

strength of the final composite. Tensile strength of the final product was measured in 

accordance with ISO 527: 1997, which is the standard test for determination of tensile 

properties of fiber-reinforced plastic composites. Tensile strength was tested in the warp and 

pick directions, using an Instron 4484 Tensile Strength Tester. The average tensile strength 

of the produced samples varied from 321.2 MPa to 474.58 MPa, and tensile modulus ranged 

from 15610 MPa to 31459 MPa in the warp direction. In the pick direction the average 

tensile strength varied from 198.7 MPa to 541.2 MPa, and tensile modulus from 15860 MPa 

to 32630 MPa.  
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Flexural Strength. Flexural strength of the produced samples was measured in accordance 

with ISO 14125: 1998, the standard test for determination of flexural properties of fiber 

reinforced plastic composites. As well as tensile strength, flexural strength was tested in warp 

and pick directions. The average flexural strength of the composite samples varied from 

331.56 MPa to 629 MPa, and flexural modulus from 7056 MPa to 16402 MPa in the warp 

direction. In the pick direction the average flexural strength varied from 253.16 MPa to 646.2 

MPa, and flexural modulus from 10754 MPa to 25226 MPa.  

Impact Properties. Impact tests are designed to evaluate the resistance to failure of a 

material to a suddenly applied impact force from a swinging pendulum. Impact is defined as 

the kinetic energy needed to initiate fracture and continue this fracture until the specimen is 

broken. The most common methods of measuring impact energy are the Charpy test and Izod 

test. The Izod impact test differs from the Charpy impact test in that the sample specimen is 

held in a cantilevered beam configuration, while the Charpy test specimen is held in a three 

point bending configuration (Fig. 3.8). 

A different impact test is used to measure the energy required to puncture a material by 

impact with a falling dart under specified test conditions. This test is called the high speed 

puncture impact test (Dynatup impact) and is used to determine toughness, load deflection 

curves and total energy absorption of impact events. This test is also used to evaluate the 

effect of secondary finishing operations or other environmental factors on plastic impact 

properties 
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            a                b 

Figure 3.8. Holding configuration of a specimen: a ï Izod impact tester, b ï Charpy impact 

tester (Engineering Polymers, 2010) 

   

Charpy Impact Properties. Charpy notched impact was measured in accordance with ISO 

179: 1997, the standard test for determination of Charpy impact properties of plastic 

materials. Notched specimens for this test were cut in warp and pick directions and Tinius 

Olsen Model 892 Impact Tester (specimen installed horizontally) was used to determine 

impact energy. The average Charpy notched impact of composite samples varied from 125.8 

KJ/m
2
 to 265 KJ/m

2
 for specimens cut in the warp direction and from 106.9 KJ/m

2
 to 325 

KJ/m
2
 for specimens cut in the pick direction. 

Izod Impact Properties. The Izod notched impact was measured in accordance with ISO 

180: 2000, the standard test for determination of Izod impact strength of plastic materials. 

Notched specimens for this test were cut in warp and pick directions, and the same Tinius 

Olsen Model 892 Impact Tester was used to determine impact energy, but the specimens 



77 

 

 

 

 

were installed vertically. The average Izod notched impact of produced samples varied from 

117.52 KJ/m
2
 to 248 KJ/m

2 
for specimens cut in the warp direction and from 101 KJ/m

2
 to 

300 KJ/m
2
 for specimens cut in the pick direction. 

Puncture (Dynatup) Impact Properties. Puncture impact properties were measured in 

accordance with ISO 6603: 200, the standard test for determination of puncture impact 

behavior of rigid plastics. Dynatup GRC 730-I instrumented impact test data system was 

used to determine energy absorbed during impact. The average energy to peak load of 

puncture impacted samples varied from 11.76 J to 79.68 J, while the average total energy 

varies from 26.31 J to 106.88 J. 

Fiber Content. Fiber content was determined in accordance with ISO 1172: 1996, the 

standard test for determination of the textile-glass and mineral-filler content (calcinations 

method in muffle furnace). Average glass content varied from 56.22 % to 75.17 %. 
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Table 3.6. Testing standards used for automotive applications composites 

 Test Type Standard 
Number of 

specimens 

Length of 

specimen, 

mm 

Width of 

specimen, 

mm 

1 
Preform 

thickness 

ASTM D1777-96 ï Standard test method 

for thickness of textile materials 
10 50 50 

2 Areal weight 
ASTM D3776-96 ï Standard test method 

for mass per unit area (weight) of fabric 
5 15.2 15.2 

3 
Tensile 

strength 

ISO 527 ï Plastics ï Determination of 

tensile properties 

5 in each 

direction 
250 25 

4 
Flexural 

strength 

ISO 14125 ï Fiber-reinforced plastic 

composites ï Determination of flexural 

properties 

5 in each 

direction 
60 40 

5 
Impact 

properties 

ISO 179 ï Plastics ï Determination of 

Charpy impact properties 

10 in each 

direction 
80 10 

ISO 180 - Plastics ï Determination of Izod 

impact strength 

10 in each 

direction 
80 10 

ISO 6603 ï Plastics ïDetermination of 

puncture impact behavior of rigid plastics 
5 60 60 

6 
Fiber 

content 

ISO 1172 Textile-glass-reinforced plastics 

ï Prepregs, molding compounds and 

laminates ï Determination of the textile-

glass and mineral-filler content ï 

Calcination methods 

2 25 25 
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CHAPTER 4: Results and Discussion 

This chapter is devoted for presenting and discussing the results of the influence of 

independent parameters on properties related to the performance of automotive parts. The 

chapter also includes statistical analysis to assess the effect of 3D woven preform parameters 

on different properties of the final composite, such as impact resistance (Izod, Charpy, 

Dynatup), tensile strength, and flexural strength. Resin transfer time and fiber volume 

fraction were also evaluated. To reject a false null hypothesis a 5 % significance level was 

chosen. If the test of significance gave a p-value lower than the significance level, the null 

hypothesis was rejected. 

4.1. Experiment 1 

4.1.1. Impact Resistance 

Izod Impact 

The kinetic energy needed to initiate fracture and continue this fracture until the specimen is 

broken was measured in warp and pick directions. The x-yarn (warp) direction test and 

analysis indicates that as the sampleôs longer dimension is cut along x-yarn direction, x-yarns 

are exposed to the impact power and torn during the impact test. The y-yarn (pick) analysis 

indicates the samples are cut along y-yarn direction and y-yarns are torn during the testing. 

The initial data plots can be found in Table D.1 (Appendix D). The initial whole fit model of 

Izod impact in the warp direction indicates that arrangements of warp and z-yarns (p = 
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0.7417) and picks linear density (p = 0.2648) are not significant and are unnecessary factors 

in this model. The arrangement of warp and Z-yarns is a qualitative factor so in this and 

following fit models 1Z/1W is noted ñAò while 2Z/2W is noted ñBò. Insignificant factors 

were removed to reduce the noise and another, adjusted model was plotted (see Table D.2 in 

Appendix D). This fit has a high R
2 

(0.87831) and adjusted R
2 

(0.871905), and low p-value 

(< 0.0001). The null hypothesis was rejected. The alternative hypothesis was proven: the 

number of warp and pick layers and pick density affect the kinetic energy which is necessary 

to break a specimen during Izod impact testing.  

Figure 4.1 shows the influence of the number of layers and pick density in woven preform on 

Izod impact energy in the warp direction. The charts show that the highest kinetic energy is 

necessary to break the specimen of the composite (specimens cut in warp direction) when the 

structure of the woven preform is 4.5 layers and the density of picks is 7 picks/inch. Same 

charts reflect the results of the analysis of how Izod impact energy is influenced by the 

number of layers of the woven preform. A higher number of layers causes higher impact 

energy, because multiple layers are strengthening the structure of the preform. The 

occurrence of the z-yarn loops on the two sides of the woven preform also affects the impact 

energy, as it contributes to lower fiber volume fraction at and near the two surfaces, so it 

reduces the overall fiber volume fraction (see Table B.5 in Appendix B) of the composite 

samples with fewer number of layers compared to higher number of layers samples (Seyam 

at al, 2009). 
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The initial whole fit model of Izod impact in the pick direction indicates that all four factors 

listed above are significant (p < 0.05) in this model (Table D.3 in Appendix D). This fit has a 

high R
2 

(0.901482) and adjusted R
2 

(0.890535), and low p-value (< 0.0001). The null 

hypothesis was rejected and the alternative hypothesis was proven. All four factors, listed in 

the design of experiments, affect the kinetic energy which is necessary to break a specimen 

during Izod impact testing.  
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             c        d  

Figure 4.1. Influence of number of layers and pick density on sample Izod impact energy in 

warp direction (a - weave: 1Z/1W, y-yarn: 735 tex; b - weave: 1Z/1W, y-yarn: 1100 tex; c - 
weave: 2Z/2W, y-yarn: 735 tex; d - weave: 2Z/2W, y-yarn: 1100 tex) 
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Figure 4.2 and Figure 4.3 (1Z/1W and 2Z/2W weaves respectively) show the influence of the 

pick yarn linear density and pick density in the woven preform on Izod impact energy in the 

warp direction. The increase in pick linear density has a more pronounced effect on the 

increase of Izod impact energy in the pick direction than in the warp direction since more 

fibers of pick yarns exist per a given layer in the structure with pick linear density increase 

(Seyam et al, 2009).  

Figure 4.4. shows the influence of weave and pick density on sample Izod impact energy in 

pick direction. Although the charts do not show a significant effect of the weave, the 

statistical analysis proves that the weave (or warp and z-yarn arrangement) are a significant 

factor (p = 0.0153) for Izod impact energy in the pick direction as it can be seen from 

prediction profiler in Appendix D (Table D.3). 

 Similar tendency, compared with warp direction testing, is noticed in analyzing the influence 

of the number of layers in y-yarn direction impact energy testing: higher number of layers 

causes higher impact energy (Figure 4.5), because multiple layers are strengthening the 

structure of preform. Higher number of layers results in a higher fiber volume fraction since 

the same number of z-yarns exists in the structure with higher amount of x and y-yarns. Z-

yarns decrease FVF, which means that resin content would increase and that weakens the 

composite structure. But if the same number of Z-yarns will be used in the structure with 

higher number of layers, the FVF will increase (see Table B.5 in Appendix B) as well as the 

toughness of the composite. 
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Figure 4.2. Influence of pick tex and density on weave 1Z/1W sample Izod impact energy in 
pick direction (a - layers: 4-x/5-y; b - layers: 3-x/4-y; c - layers: 2-x/3-y) 
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Figure 4.3. Influence of pick tex and density on weave 2Z/2W sample Izod impact energy in 

pick direction (a - layers: 4-x/5-y; b - layers: 3-x/4-y; c - layers: 2-x/3-y) 
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Figure 4.4. Influence of weave and pick density on sample Izod impact energy in pick 
direction (a - layers: 4-x/5-y, y-yarn: 1100 tex; b - layers: 4-x/5-y, y-yarn: 735 tex; c - layers: 

3-x/4-y, y-yarn: 1100 tex; d - layers: 3-x/4-y, y-yarn: 735 tex; e - layers: 2-x/3-y, y-yarn: 

1100 tex; f - layers: 2-x/3-y, y-yarn: 735 tex) 
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Figure 4.5. Influence of number of layers and pick density on sample Izod impact energy in 

pick direction (a - weave: 1Z/1W, y-yarn: 735 tex; b - weave: 1Z/1W, y-yarn: 1100 tex; c - 
weave: 2Z/2W, y-yarn: 735 tex; d - weave: 2Z/2W, y-yarn: 1100 tex) 

 

The charts (Figures 4.2 ï 4.5) and the prediction profiler (Table D.3 in Appendix D) indicate 

that the highest kinetic energy is necessary to break the specimen of the composite 

(specimens cut in pick direction) when the structure of the woven preform is 4.5 layers and 

the density of picks is 7 picks/inch, the arrangement of warp and Z-yarns is 1Z/1W and pick 

linear density is 1102 tex. 
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Daneshmehr et al (2012) indentified five main fiber reinforced composites failure 

mechanisms: the splitting matrix cracking, fiber/matrix interface debonding, fiber pull-out, 

fiber breakage and delamination.  In this chapter the failure mechanisms for the samples of 

each destructive test will be briefly described. Matrix cracking is the most dominant failure 

mechanism in 3D woven composite samples tested for Izod impact energy (warp and pick 

direction). However, fiber/matrix interface debonding is also noticeable around the breakage 

area (Figure 4.6) as well as some fiber breakage. Delamination is not a common failure 

mechanism in 3Dorthogonal woven composites because of the presence of the trough the 

thickness z-yarnsô components and it was not noticed in Izod impact tested samples. 

 

 

Figure 4.6. 3D woven composite failure mechanism in samples tested for Izod impact energy 
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Charpy Notched Impact 

The same as in Izod impact testing, the kinetic energy needed to initiate fracture and to break 

the specimen was measured in x-yarn and y-yarn directions. The x-yarn direction test and 

analysis indicates that the sampleôs longer dimension is cut along the x-yarn direction, the 

notch is cut across x-yarns, and x-yarns are exposed to the impact power and torn during the 

impact test. The y-yarn analysis indicates the samples are cut along the y-yarn direction, 

notch is cut across y-yarns, and y-yarns torn during the testing. 

The initial whole fit model of Charpy impact resistance in warp direction (Table D.4 in 

Appendix D) indicate that arrangements of warp and Z-yarns (p = 0.2202), picks linear 

density (p = 0.1217) are not significant (p > 0.05) and unnecessary factors in this model.  The 

pick density has p = 0.0624, which is very close to 0.05, so was still considered a significant 

factor. The adjusted model was plotted after removing the insignificant factors (see Table 

D.5 in Appendix D). The fit with two significant factor (number of layers and pick density) 

has a high R
2 

(0.885418) and adjusted R
2 

(0.879388), and low p-value (< 0.0001). The null 

hypothesis was rejected and the alternative hypothesis was proven. The number of warp and 

pick layers and pick density affect the kinetic energy which is necessary to break a specimen 

during Charpy Notched impact (when specimens are cut in the warp direction) testing. The 

charts (Figure 4.7) indicate that the increased number of layers causes higher impact energy, 

because it is obvious that multiple layers make the structure of preform stronger due to the 

fact that there are more materials that contribute to the resistance to the impact energy, which 

means higher FVF (Table B.5 in Appendix B). As was explained in previous section, the z-
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yarn loops on the both sides of the woven preform can affect the impact energy. Figure 4.7 

confirms that y-yarn density in the woven preform does not have a high significance on 

Charpy Notched impact energy, but still can affect this property.  The same figure shows that 

the highest kinetic energy is necessary to break the specimen of the composite when the 

structure of woven preform is 4.5 layers and the density of picks is 7 picks/inch. 
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Figure 4.7. Influence of number of layers and y-yarn density on sample Charpy Notched 

impact energy in warp direction (a - weave: 1Z/1W, y-yarn: 735 tex; b - weave: 1Z/1W, y-

yarn: 1100 tex; c - weave: 2Z/2W, y-yarn: 735 tex; d - weave: 2Z/2W, y-yarn: 1100 tex) 
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The initial whole fit model of Charpy Notched impact in pick direction (Table D.6 in 

Appendix D) indicate that arrangement of warp and Z-yarns factor has p = 0.0630 which is 

only slightly higher than 0.05, so will be considered as a significant factor in this model. The 

other three factors are clearly significant (p < 0.05). This model has a high R
2 
(0.905535) and 

adjusted R
2 
(0.895039), and low p-value (< 0.0001). The null hypothesis was rejected and the 

alternative hypothesis was proven. The number of layers, pick linear density, pick density, 

and the arrangement of warp and Z-yarns in the woven preform affect the kinetic energy 

which is necessary to break a specimen cut in the pick direction during Charpy Notched 

impact testing.  

The charts in Figure 4.8 and Figure 4.9 (1Z/1W and 2Z/2W weaves respectively) show that 

the increase in y-yarn tex has a more distinct effect on the increase of Charpy Notched 

impact energy in the y-direction than in the x-direction, because more fibers of x-yarns exist 

per a given layer in the structure with y-yarns tex increase. Figure 4.10 shows that higher 

number of layers, and at the same time higher FVF (see Table B.5 in Appendix B), causes 

higher impact energy. Figure 4.11 confirms an arrangement of warp and Z-yarns in the 

woven preform does not have a high significance on Charpy Notched impact energy, but still 

can affect this property.  Y-yarn density in the woven preform has more significant influence 

on y-yarn direction Charpy Notched impact energy (Figures 4.8, 4.9, 4.10 and 4.11), than 

testing in the x-yarn direction. Since more yarns are absorbing the impact energy, higher 

energy is necessary to break those yarns.  
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The testing data analysis shows that Izod and Charpy Notched impact testing results have a 

similar trend: when testing samples in the x-yarn direction increasing y-yarn density would 

not significantly affect Izod or Charpy Notched impact energy. Changing linear density of y-

yarns (tex) or weave structure of the woven preform would not have considerable changes in 

impact energy in x-direction either. Only an increased number of layers causes higher Izod 

and Charpy Notched impact energy results. 

A different tendency is noticed in the y-yarn direction testing data. In contrast to the results 

of the x-yarn direction testing, y-yarn density has a more significant influence on y-yarn 

direction Izod and Charpy Notched impact energy. An increase in y-yarn tex has a more 

pronounced effect on the increase of both types of impact energy. Similar to the results of the 

x-yarn direction testing, weave structure does not affect impact energy, but the number of 

layers has a significant influence on Izod and Charpy Notched impact energy tested in the y-

yarn direction. 
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Figure 4.8. Influence of y-yarn tex and y-yarn density on weave 1Z/1W sample Charpy 
Notched impact energy in pick direction (a - layers: 4-x/5-y; b - layers: 3-x/4-y; c - layers: 2-

x/3-y) 
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Figure 4.9. Influence of y-yarn tex and y-yarn density on weave 2Z/2W sample Charpy 

Notched impact energy in pick direction (a - layers: 4-x/5-y; b - layers: 3-x/4-y; c - layers: 2-

x/3-y) 
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Figure 4.10. Influence of number of layers and y-yarn density on sample Charpy Notched 

impact energy in pick direction (a - weave: 1Z/1W, y-yarn: 735 tex; b - weave: 1Z/1W, y-

yarn: 1100 tex; c - weave: 2Z/2W, y-yarn: 735 tex; d - weave: 2Z/2W, y-yarn: 1100 tex) 
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Figure 4.11. Influence of weave and y-yarn density on sample Charpy Notched impact 

energy in pick direction (a - layers: 4-x/5-y, y-yarn: 1100 tex; b - layers: 4-x/5-y, y-yarn: 735 

tex; c - layers: 3-x/4-y, y-yarn: 1100 tex; d - layers: 3-x/4-y, y-yarn: 735 tex; e - layers: 2-x/3-

y, y-yarn: 1100 tex; f - layers: 2-x/3-y, y-yarn: 735 tex) 
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All Charpy Notched impact energy in y-direction charts indicate that the highest kinetic 

energy is necessary to break the composite specimen cut in the pick direction when the 

structure of the woven preform is 4.5 layers, the weave is 1W/1Z, density of picks is 7 

picks/inch, and pick linear density is 1102 tex. 

The failure mechanisms is 3D orthogonal woven composite samples tested for Charpy 

Notched impact energy (in warp and pick direction) are the same as mechanism of Izod 

impact test samples: matrix cracking, noticeable fiber/matrix interface debonding the 

breakage area, and some fiber breakage (Figure 4.12) 

 

 

 

Figure 4.12. 3D woven composite failure mechanism in samples tested for Charpy Notched 

impact energy 
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Dynatup Puncture Impact 

Dynatup test measures maximum load at impact (peak impact load) kinetic energy to 

maximal load (peak energy corresponding to peak load) and total energy required to puncture 

a material by impact with a falling dart under specified test conditions. The initial data plots 

of Dynatup impact energy to maximum load model are presented in Table D.7 (Appendix D). 

The leverage plots arrangement of warp and z-yarns is insignificant and an unnecessary 

factor in this model (p = 0.2737). The new model was plotted only with significant factors (p 

< 0.05): number of layers, picks linear density and picks density in the woven preform (Table 

D.8 in Appendix D). The fit has enough high R
2 
(0.688623) and adjusted R

2 
(0.664041), and 

low p-value (< 0.0001). The null hypothesis was rejected and the alternative hypothesis was 

proven: the number of warp and pick layers, picks linear density and picks density affect 

Dynatup impact energy to maximum load.   

Figure 4.13 and Figure 4.14 (1Z/1W and 2Z/2W weaves respectively) show that the higher y-

yarn tex increases Dynatup impact energy at maximum load. Figure 4.15 shows that higher 

number of layers causes higher peak impact energy. Increased y-yarn density in the woven 

preform increases Dynatup peak impact energy. The highest energy to maximum load is 

reached when the woven preform of the composite is 4.5 layers, linear density of the picks is 

1102 tex and density of picks is 7 picks/inch. 

The initial plot of Dynatup impact total energy model is very similar impact energy to 

maximum load model plot (Table D.9 in Appendix D). The arrangement of warp and Z-yarns 
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is insignificant (p = 0.7193) and has to be removed from the model in order to reduce the 

noise. All three factors (number of layers, picks linear density and picks density) of the new 

model (Table D.10 in Appendix D) are significant (p < 0.0001), R
2 

(0.914075) and adjusted 

R
2
 (0.907291) are high, p-value is very low (< 0.0001), so the null hypothesis was rejected 

and the alternative hypothesis was proven: the number of warp and pick layers, picks linear 

density and picks density affect Dynatup impact total energy for breakage. 
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Figure 4.13. Influence of y-yarn tex and y-yarn density on weave 1Z/1W sample Dynatup 

impact max load energy (a - layers: 4-x/5-y; b - layers: 3-x/4-y; c - layers: 2-x/3-y) 
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Figure 4.16 and Figure 4.17 (1Z/1W and 2Z/2W weaves respectively) show the influence of 

the pick yarn tex and pick density in the woven preform on Dynatup impact total energy. The 

charts reflect that increased pick tex and pick density increase the areal density and at the 

same time Impact energy is increased also. 
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     c 

Figure 4.14. Influence of y-yarn tex and y-yarn density on weave 2Z/2W sample Dynatup 

impact max load energy (a - layers: 4-x/5-y; b - layers: 3-x/4-y; c - layers: 2-x/3-y) 
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Figure 4.15. Influence of number of layers and y-yarn density on sample Dynatup impact 
max load energy (a - weave: 1Z/1W, y-yarn: 735 tex; b - weave: 1Z/1W, y-yarn: 1100 tex; c 

- weave: 2Z/2W, y-yarn: 735 tex; d - weave: 2Z/2W, y-yarn: 1100 tex)   

 

Similar effect is noticed in the influence of the number of layers: higher number of layers 

causes higher impact energy (Figure 4.18), because higher number of layers increases the 

strength of perform due to presence of more material that are integrated against the impact 

energy. The highest total energy to break a specimen is necessary when the woven preform 

of the composite is 4.5 layers, linear density of the picks is 1102 tex and density of picks is 7 

picks/inch.  
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    c 

Figure 4.16. Influence of y-yarn tex and y-yarn density on weave 1Z/1W sample Dynatup 

impact total energy (a - layers: 4-x/5-y; b - layers: 3-x/4-y; c - layers: 2-x/3-y) 
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    c 

Figure 4.17. Influence of y-yarn tex and y-yarn density on weave 2Z/2W sample Dynatup 

impact total energy (a - layers: 4-x/5-y; b - layers: 3-x/4-y; c - layers: 2-x/3-y) 
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Figure 4.18. Influence of number of layers and y-yarn density on sample Dynatup impact 

total energy (a - weave: 1Z/1W, y-yarn: 735 tex; b - weave: 1Z/1W, y-yarn: 1100 tex; c - 

weave: 2Z/2W, y-yarn: 735 tex; d - weave: 2Z/2W, y-yarn: 1100 tex) 

 

Dynatup impact test results were normalized: the energy was divided by final compositeôs 

thickness. The analysis of this data (J/mm) is presented in this chapter. The initial data plots 

of normalized Dynatup impact energy to maximum load model are presented in Table D.11 

(Appendix D). Only number of layers is a significant factor in this model (p < 0.0001). All 

other factors are insignificant and unnecessary factors in this model (p > 0.05). The new 

model was plotted only with number of layers (Table D.12 in Appendix D). This fit with 
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removed insignificant factors still has low R
2 

(0.361145) and adjusted R
2 

(0.345174). 

However, the effect of number of layers on normalized energy to maximum load is 

significant (p < 0.0001). The null hypothesis was rejected and the alternative hypothesis was 

proven: the number of warp and pick layers affect normalized Dynatup impact energy to 

maximum load.   

Figure 4.19 shows that higher number of layers slightly influence higher impact energy. The 

highest energy to maximum load is reached when the woven preform of the composite is 4.5 

layers. 

The initial plot of normalized Dynatup impact total energy model is presented in Table D.13 

(Appendix D). The arrangement of warp and Z-yarns (p = 0.9748) and picks linear density (p 

= 0.5428) are insignificant and have to be removed from the model in order to reduce the 

noise. Other two factors (number of layers and picks density) of the new fit model (Table 

D.14 in Appendix D) are significant (p < 0.05), R
2 

and adjusted R
2
 are 0.581085 and 

0.559602 respectively, p-value very low (< 0.0001), so the null hypothesis was rejected and 

the alternative hypothesis was proven: the number of warp and pick layers and picks density 

affect normalized Dynatup Impact total energy for breakage. 

Figure 4.20 shows the influence of the number of layers and pick density in the woven 

preform on normalized Dynatup impact total energy. The data reflect that the higher number 

of layers causes higher impact energy, because higher number of layers is increasing the 

strength of preform. It also confirms that y-yarn density in the woven preform has some 
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significance on normalized Dynatup impact total energy. The highest total energy to break a 

specimen is necessary when the woven preform of the composite is 4.5 layers and density of 

picks is 7 picks/inch.  
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Figure 4.19. Influence of number of layers and y-yarn density on sampleôs normalized 

Dynatup impact max load energy (a - weave: 1Z/1W, y-yarn: 735 tex; b - weave: 1Z/1W, y-

yarn: 1100 tex; c - weave: 2Z/2W, y-yarn: 735 tex; d - weave: 2Z/2W, y-yarn: 1100 tex) 

 

It is important to note that in normalized fit model the most significant factor to affect 

Dynatup impact energy to maximum load or total energy is the number of layers. As in the 
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previous chapters higher toughness of the composite can be explained by increased fiber 

volume fraction, which is achieved by multiple layers of the woven preform. 
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Figure 4.20. Influence of number of layers and y-yarn density on sampleôs normalized 

Dynatup impact total energy (a - weave: 1Z/1W, y-yarn: 735 tex; b - weave: 1Z/1W, y-yarn: 

1100 tex; c - weave: 2Z/2W, y-yarn: 735 tex; d - weave: 2Z/2W, y-yarn: 1100 tex) 

 

Fiber breakage and fiber/matrix interface debonding as well as matrix cracking are the 

dominant failure mechanisms in 3D woven composite samples tested for Dynatup impact 

energy (Figure 4.21). Delamination and fiber pull-out are not typical in Dynatup impact 
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tested samples. Figure 4.21 also shows that the center of impact location varies in the tested 

samples and this causes the variability in Dynatup impact data. 

 

 

Figure 4.21. 3D woven composite failure mechanism in samples tested for Dynatup impact 
energy (sample A: front side; sample B: back side) 

 

The fitted models for impact properties are: 

Izod Impact Resistance in Warp Direction: 

y = -8.6 + 41.32x1 + 5.89x3, 

Izod Impact Resistance in Pick Direction:  

for samples with 1Z/1W arrangement:  

y = -198.55 + 27.59x1 + 0.18x2 + 21.92x3,  

for samples with 2Z/2W arrangement: 

y = -205.04 + 27.59x1 + 0.18x2 + 21.92x3,  
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Charpy Notched Impact Resistance in Warp Direction: 

y = 15.4 + 42.55x1+3.34x3, 

Charpy Notched Impact Resistance in Pick Direction:  

for samples with 1Z/1W arrangement: 

y = -229.02 + 27.72x1 + 0.21x2 + 25.32x3, 

for samples with 2Z/2W arrangement: 

y = -234.4 + 27.72x1 + 0.21x2 + 25.32x3, 

Dynatup Impact Energy to Maximum Load: 

y = -49.75 + 12.75x1 + 0.02x2 + 2.63x3, 

Normalized Dynatup Impact Energy to Maximum Load: 

             y = 1.74 + 2.02 x1, 

Dynatup Impact Total Energy: 

y = -91.31 + 22.97x1 + 0.04x2 + 5.60x3, 

Normalized Dynatup Impact Total Energy: 

y = 1.28 + 3.29x1 + 0.94x3, 

where x1 is number of warp and picks layers, 

           x2 is picks roving linear density, 

           x3 is picks density. 

           

4.1.2. Tensile Strength and Modulus 

Tensile strength (the force required to break the specimen) and modulus may have different 

values depending on the direction of applied force on the materials structure. As the 3D 
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woven structure is not a homogenous material, the samples were tested in both directions 

(pick and warp).  

According to initial fit model of tensile strength in the warp direction (Table D.15 in 

Appendix D), the arrangement of warp and Z-yarns and pick density are insignificant factors 

in this model (p = 0.1907 and p = 0.4232 respectively). The model with removed 

insignificant factors (adjusted model in Table D.16, Appendix D) still has low R
2 
(0.432342) 

and low adjusted R
2
 (0.403231), but the effect of layer numbers and linear density factors on 

tensile strength properties exists and is still significant (p < 0.0001). The null hypothesis was 

rejected and the alternative hypothesis proven.  

Figure 4.22 (1Z/1W weave) and Figure 4.23 (2Z/2W weave) present how using the different 

y-yarn tex and density in woven preforms would affect the tensile strength testing in x-

direction results data.  The results show that the difference in tensile strength between 

samples woven with 735 tex and 1100 tex is not significant, but still significant when tested 

in x-direction, and in many cases samples woven using 735 picks had higher tensile strength 

in warp direction vs. samples woven with 1100 tex picks. 

The influence of number of layers on tensile strength tested in the x-direction is shown in 

Figure 4.24. The results show that higher number of layers slightly influence the tensile 

strength tested in the x-direction. 
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Charts in this section (Figures 4.22, 4.23, and 4.24) confirm that y-yarn density in the woven 

preform does not have a significant effect on tensile strength when it is tested in the x- 

direction.  

The highest tensile strength in the warp direction can be reached when this woven preform is 

4.5 layers, but picks are of a lower density - 735 tex.  

All factors in the fit model of tensile modulus in warp direction (Table D.17 in Appendix D) 

are insignificant (p > 0.05). Besides that, R
2
 (0.155654) and adjusted R

2 
(0.064373) are very 

low and p is higher than 0.05 (0.1698). The null hypothesis is not rejected, and this model 

cannot be used in designing tensile modulus in the warp direction. 

The initial fit model of tensile strength in the pick direction (Table D.18 in Appendix D) 

shows that that number of layers is an insignificant factor in designing this property of the 

composite. The adjusted model with removed noise factor (number of layers) is presented in 

Table D.19 (Appendix D). The modelôs R
2 
(0.938869) and R

2
 (0.934043) are high, p < 0.001, 

so the model is significant and can be used to predict the tensile properties of the final 

composite (in pick direction only).  

Figure 4.25 and Figure 4.26 (1Z/1W and 2Z/2W weaves respectively) show the influence of 

the y-yarn tex and y-yarn density in the woven preform on tensile strength in the y-yarn 

direction. The results of the woven preformôs different linear density y-yarnsô (735 tex and 

1100 tex) influence on the compositeôs tensile strength analysis reveal that y-yarns linear 

density has a significant influence on composites tensile strength in y-direction and are 
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opposite to tensile strength tested in x-direction results: increased y-yarn density also 

noticeably increases tensile strength. Higher y-yarn linear density, as well as y-yarns density 

per layer, increases tensile strength of the composite.  
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    c 

Figure 4.22. Influence of y-yarn tex and y-yarn density on weave 1Z/1W sample tensile 

strength in warp direction (a - layers: 4-x/5-y; b - layers: 3-x/4-y; c - layers: 2-x/3-y) 
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Figure 4.23. Influence of y-yarn tex and y-yarn density on weave 2Z/2W sample tensile 
strength in warp direction (a - layers: 4-x/5-y; b - layers: 3-x/4-y; c - layers: 2-x/3-y) 

 

 

 

 

 

 



113 

 

 

 

 

300

350

400

450

500

3 5 7 9

T
e

n
s
ile

 S
tr

e
n

g
th

, M
P

a

y-yarn Density/Layer, 1/in

4-x/5-y
3-x/4-y
2-x/3-y

        

300

350

400

450

500

3 5 7 9

T
e

n
s
ile

 S
tr

e
n

g
th

, M
P

a

y-yarn Density/Layer, 1/in

4-x/5-y
3-x/4-y
2-x/3-y

   
    a            b   

300

350

400

450

500

3 5 7 9

T
e

n
s
ile

 S
tr

e
n

g
th

, M
P

a

y-yarn Density/Layer, 1/in

4-x/5-y
3-x/4-y
2-x/3-y

       

300

350

400

450

500

3 5 7 9

T
e

n
s
ile

 S
tr

e
n

g
th

, M
P

a

y-yarn Density/Layer, 1/in

4-x/5-y
3-x/4-y
2-x/3-y

  
      c            d  

Figure 4.24.  Influence of number of layers and y-yarn density on tensile strength in warp 

direction (a - weave: 1Z/1W, y-yarn: 735 tex; b - weave: 1Z/1W, y-yarn: 1100 tex; c - 

weave: 2Z/2W, y-yarn: 735 tex; d - weave: 2Z/2W, y-yarn: 1100 tex) 

 

The weave structure influence on tensile strength in y-yarn direction is shown in Figure 4.27. 

This structural parameter doesnôt have strong effect on tensile strength when the force is 

applied in y-direction, but this effect is still statistically significant. 1Z/1W structure has a 

slightly higher tensile strength compared to 2Z/2W when tested in y-direction. 
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Charts in this section (Figures 4.25, 4.26, and 4.27) confirm that y-yarn density in the woven 

preform has a significant effect on tensile strength when it is tested in the y-direction 

(opposite from results, when tensile strength was tested in x-direction).  

The charts show that the highest tensile strength in the pick direction can be reached when 

the preform is woven from 1102 tex filling yearns, in 7 picks/in density and the arrangement 

of warp and Z-yarn is 1Z/1W.  
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Figure 4.25. Influence of y-yarn tex and y-yarn density on weave 1Z/1W sample tensile 

strength in pick direction (a - layers: 4-x/5-y; b - layers: 3-x/4-y; c - layers: 2-x/3-y) 
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Figure 4.26. Influence of y-yarn tex and y-yarn density on weave 2Z/2W sample tensile 

strength in pick direction (a - layers: 4-x/5-y; b - layers: 3-x/4-y; c - layers: 2-x/3-y) 
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Figure 4.27. Influence of weave and y-yarn density on sample tensile strength in pick 

direction (a - layers: 4-x/5-y, y-yarn: 1100 tex; b - layers: 4-x/5-y, y-yarn: 735 tex; c - layers: 
3-x/4-y, y-yarn: 1100 tex; d - layers: 3-x/4-y, y-yarn: 735 tex; e - layers: 2-x/3-y, y-yarn: 

1100 tex; f - layers: 2-x/3-y, y-yarn: 735 tex) 
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The arrangement of warp and Z-yarn and the number of layers were removed as insignificant 

factors (p = 0.7631 and p = 0.1696 respectively) in the tensile modulus in the pick direction 

model (Table D.20 in Appendix D). After removing the noise factors, the adjusted model 

becomes significant (Table D.21 in Appendix D) and has high R
2 
(0.635399) and adjusted R

2
 

(0.616702) and low p (< 0.0001).The null hypothesis was rejected. 

Testing composite samples for tensile strength and modulus in y-direction (pick), the 

obtained results have a different trend compared with samples tested in x (warp) direction 

results. Figures 4.28 and 4.29 show that higher y-yarn tex would increase the compositeôs 

tensile modulus measured in the y-direction. Also, the figures presented in this section reflect 

that y-yarn density per layer affects tensile modulus tested in the y-direction significantly. 

The highest tensile modulus would be reached when the preform is woven using 1102 tex 

picks in 7 picks/in density. 
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Figure 4.28. Influence of y-yarn tex and y-yarn density on weave 1Z/1W sample tensile 

modulus in pick direction (a - layers: 4-x/5-y; b - layers: 3-x/4-y; c - layers: 2-x/3-y) 
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Figure 4.29. Influence of y-yarn tex and y-yarn density on weave 2Z/2W sample tensile 
modulus in pick direction (a - layers: 4-x/5-y; b - layers: 3-x/4-y; c - layers: 2-x/3-y) 

 

Fiber pull-out, fiber breakage, fiber/matrix interface debonding as well as matrix cracking are 

the dominant failure mechanisms in 3D woven composite samples tested for tensile strength 

and modulus (Figure 4.30). The mechanism of delamination is not typical in tensile strength 

and modulus tested samples. 
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Figure 4.30. 3D woven composite failure mechanism in samples tested for tensile strength 

and modulus 

 

The fitted models for tensile properties are: 

Tensile Strength in Warp Direction:  

y = 442.23 + 17.06x1 ï 0.12x2, 

Tensile Strength in Pick Direction:  

for samples with 1Z/1W arrangement: 

y = -291.03 + 0.36x2 + 57.77x3, 

for samples with 2Z/2W arrangement: 

y = -298.79 + 0.36x2 + 57.77x3,  

Tensile Modulus in Pick Direction:  

y = -3681.81 + 15.02x2 + 2287.68x3,  

where x1 is number of warp and picks layers, 

           x2 is picks roving linear density, 

           x3 is picks density. 
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4.1.3 Flexural Strength and Modulus 

Flexural strength is materialôs ability to resist deformation under the bending load. Epoxy 

resin composites are brittle and would break under a certain load. Flexural strength (the force 

required to bend a beam under 3-point bending conditions) and modulus (used as an indicator 

of materialôs stiffness when it is flexed), the same as tensile strength and modulus, may have 

different values depending on the direction of applied force, and depending on the materials 

structure. Because a 3D woven structure is not a homogenous material, the samples were 

tested in both directions (pick and warp). The same as in the initial model of tensile strength 

in the warp direction, the  initial model of flexural strength in the warp direction (Table D.22 

in Appendix D) shows that the arrangement of warp and Z-yarns and pick density are 

insignificant factors in this modulus (p = 0.7247 and p = 0.6477 respectively). The adjusted 

model with removed insignificant factors (Table 23 in Appendix D) has enough high R
2 

(0.657375) and adjusted R
2
 (0.640139), and the effect of the number of layers and linear 

density factors is significant (p < 0.0001).  

Figure 4.31 (1Z/1W weave) and Figure 4.32 (2Z/2W weave) show how using the different y-

yarn tex and density in woven preforms would affect the flexural strength testing in the x-

direction results.  The woven preformôs different linear density y-yarnsô (735 tex and 1100 

tex) influence on the compositeôs tensile strength analysis reveals that lower y-yarns linear 

density (tex) increases composites flexural strength.  
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The influence of the number of layers on flexural strength tested in the x-direction is shown 

in Figure 4.33. The results show that the number of layers has an effect on flexural strength 

tested in the x-direction: a higher number of layers creates higher flexural strength in the 

composite. 

Charts in this section (Figures 4.31, 4.32, and 4.33) confirm that y-yarn density in the woven 

preform does not have a significant effect on flexural strength when it is tested in the x- 

direction. The highest flexural strength in the warp direction can be reached when the woven 

preform is 4.5 layers and lower y-yarn linear density (735 tex). 
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Figure 4.31. Influence of y-yarn tex and y-yarn density on weave 1Z/1W sample flexural 

strength in warp direction (a - layers: 4-x/5-y; b - layers: 3-x/4-y; c - layers: 2-x/3-y) 
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Figure 4.32. Influence of y-yarn tex and y-yarn density on weave 2Z/2W sample flexural 

strength in warp direction (a - layers: 4-x/5-y; b - layers: 3-x/4-y; c - layers: 2-x/3-y) 
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      c                                                                            d  

Figure 4.33. Influence of number of layers and y-yarn density on flexural strength in warp 
direction (a - weave: 1Z/1W, y-yarn: 735 tex; b - weave: 1Z/1W, y-yarn: 1100 tex; c - 

weave: 2Z/2W, y-yarn: 735 tex; d - weave: 2Z/2W, y-yarn: 1100 tex) 

 

Only the number of layers is a significant factor (p = 0.0002) in the initial model of flexural 

modulus in the warp direction (Table D.24 in Appendix D). To reduce the noise in the model, 

insignificant factors were removed (Table D.25 in Appendix D). The fit with only one 

significant factor (number of layers) still has low R
2 

(0.319816) and low adjusted R
2
 

(0.302812), but the effect of layer numbers on flexural properties modulus in the warp 

direction is still significant (p < 0.0001) and exists.  
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Figure 4.34 reflects the number of layers influence on flexural modulus while testing samples 

in the x-direction. The increased number of layers would increase flexural modulus. 

However, the results show that y-yarn density in the woven preform does not have a 

significant influence on flexural modulus tested in the x-direction. The charts show that the 

highest flexural modulus can be reached when the structure of the woven preform is 4.5 

layers. 
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      c             d  

Figure 4.34. Influence of number of layers and y-yarn density on sample flexural modulus in 

warp direction (a - weave: 1Z/1W, y-yarn: 735 tex; b - weave: 1Z/1W, y-yarn: 1100 tex; c - 

weave: 2Z/2W, y-yarn: 735 tex; d - weave: 2Z/2W, y-yarn: 1100 tex) 
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As the initial fit model of flexural strength in the pick direction (Table D.26 in Appendix D) 

indicates, all factors are significant (p < 0.05) in the design of experiment No 1. This fit 

model has high R
2 

(0.630675) and adjusted R
2 

(0.590748), and low p-value (< 0.0001). The 

null hypothesis was rejected and the alternative hypothesis was proven. All four factors, 

listed in design of experiment No. 1, affect the flexural strength (in the pick direction) of the 

newly developed composite material. 

Figure 4.35 and Figure 4.36 (1Z/1W and 2Z/2W weaves respectively) show the influence of 

the y-yarn tex and y-yarn density on the woven preformôs flexural strength in the y-yarn 

direction. The y-yarn linear densityôs affect on tensile strength tested in the y-direction is 

opposite to the flexural strength tested in the x-direction results: higher linear density of y-

yarns would increase tensile strength of the composite. The difference in flexural strength 

between samples woven with 735 tex and 1100 tex are more significant when tested in the y-

direction compared with results when samples were tested in the x-direction (similar trend 

was noticed while testing tensile strength and modulus). Increased y-yarn density also 

increases flexural strength. 

The weave structure and number of layersô influence on flexural strength in the y-yarn 

direction are shown in Figure 4.37 and Figure 4.38 respectively. Flexural strength in the y-

yarn direction is influenced by weave structure. 1Z/1W structures have slightly higher 

flexural strength than 2X/2Z structures. The analysis of the number of layersô influence on 

flexural strength, while the force is applied in the y-direction, does not show a major 

influence, but is still statistically significant. All figures in this section reflect that by 
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increasing the y-yarn density from 4 to 7 yarns per inch, the flexural strength in the y-

direction will be increased (opposite from results, when flexural strength was tested in x-

direction). The highest flexural strength can be reached when the structure of the woven 

preform is 4.5 layers, the density of picks is 7 picks/inch, the arrangement of warp and Z-

yarns is 1Z/1W and pick linear density is 1102 tex. 
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Figure 4.35. Influence of y-yarn tex and y-yarn density on weave 1Z/1W sample flexural 

strength in pick direction (a - layers: 4-x/5-y; b - layers: 3-x/4-y; c - layers: 2-x/3-y) 

 
 



129 

 

 

 

 

250

300

350

400

450

500

550

600

650

3 4 5 6 7 8

F
le

x
u

ra
l S

tr
e

n
g

th
, M

p
a

y-yarn Density/Layer, 1/in

y-yarn:735 tex

y-yarn: 1100 tex

     

250

300

350

400

450

500

550

600

650

3 4 5 6 7 8

F
le

x
u

ra
l S

tr
e

n
g

th
, M

p
a

y-yarn Density/Layer, 1/in

y-yarn:735 tex

y-yarn: 1100 tex

  
    a                                    b 

250

300

350

400

450

500

550

600

650

3 4 5 6 7 8

F
le

x
u

ra
l S

tr
e

n
g

th
, M

p
a

y-yarn Density/Layer, 1/in

y-yarn:735 tex

y-yarn: 1100 tex

  
                c 

Figure 4.36. Influence of y-yarn tex and y-yarn density on weave 2Z/2W sample flexural 

strength in pick direction (a - layers: 4-x/5-y; b - layers: 3-x/4-y; c - layers: 2-x/3-y) 
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Figure 4.37. Influence of weave and y-yarn density on sample flexural strength in pick 

direction (a - layers: 4-x/5-y, y-yarn: 1100 tex; b - layers: 4-x/5-y, y-yarn: 735 tex; c - layers: 

3-x/4-y, y-yarn: 1100 tex; d - layers: 3-x/4-y, y-yarn: 735 tex; e - layers: 2-x/3-y, y-yarn: 

1100 tex; f - layers: 2-x/3-y, y-yarn: 735 tex) 
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Figure 4.38. Influence of number of layers and y-yarn density on sample flexural strength 

energy in pick direction (a - weave: 1Z/1W, y-yarn: 735 tex; b - weave: 1Z/1W, y-yarn: 1100 

tex; c - weave: 2Z/2W, y-yarn: 735 tex; d - weave: 2Z/2W, y-yarn: 1100 tex) 

 

The same as in the flexural strength in the pick direction model,  the initial fit model of the 

flexural modulus in the pick direction (Table D.27 in Appendix B) shows that all factors are 

significant (p < 0.05) in the design of experiment No 1. This fit model has a high R
2 

(0.811174), high adjusted R
2 
(0.79076), and low p-value (< 0.0001). The null hypothesis was 

rejected and the alternative hypothesis was proven. All four factors, listed in design of 

experiment No. 1, affect the flexural modulus in the pick direction.  



132 

 

 

 

 

The analysis of flexural modulus in the y-yarn direction testing is presented in this sectionôs 

charts. Figures 4.39 and 4.40 show that higher y-yarn tex would produce a composite with a 

higher flexural modulus when measured in the y-direction. Figures 4.41 and 4.42 confirm 

that weave structure and number of layers do not have a major affect on flexural modulus, 

but are still statistically significant factors. However, all figures presented in this section 

reflect, that y-yarn density per layer affects flexural modulus tested in y-direction, and higher 

y-yarn density produces a composite with higher flexural modulus. The highest flexural 

strength can be reached when the structure of the woven preform is 4.5 layers, the density of 

picks is 7 picks/inch, the arrangement of warp and Z-yarns is 1Z/1W and pick linear density 

is 1102 tex. 
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                                          c 

Figure 4.39. Influence of y-yarn tex and y-yarn density on weave 1Z/1W sample flexural 

modulus in pick direction (a - layers: 4-x/5-y; b - layers: 3-x/4-y; c - layers: 2-x/3-y) 
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Figure 4.40. Influence of y-yarn tex and y-yarn density on weave 2Z/2W sample flexural 

modulus in pick direction (a - layers: 4-x/5-y; b - layers: 3-x/4-y; c - layers: 2-x/3-y) 
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Figure 4.41. Influence of weave and y-yarn density on sample flexural modulus in pick 

direction (a - layers: 4-x/5-y, y-yarn: 1100 tex; b - layers: 4-x/5-y, y-yarn: 735 tex; c - layers: 

3-x/4-y, y-yarn: 1100 tex; d - layers: 3-x/4-y, y-yarn: 735 tex; e - layers: 2-x/3-y, y-yarn: 

1100 tex; f - layers: 2-x/3-y, y-yarn: 735 tex) 
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Figure 4.42. Influence of number of layers and thread density on sample flexural modulus in 

pick direction (a - weave: 1Z/1W, y-yarn: 735 tex; b - weave: 1Z/1W, y-yarn: 1100 tex; c - 

weave: 2Z/2W, y-yarn: 735 tex; d - weave: 2Z/2W, y-yarn: 1100 tex) 

 

 

Fiber/matrix interface debonding is the dominant failure mechanism in 3D woven composite 

samples tested for flexural strength and modulus (Figure 4.43). All other failure mechanisms, 

such as fiber pull-out, fiber breakage, matrix cracking, and delamination are not typical in 

flexural strength and modulus tested samples. 
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Figure 4.43. 3D woven composite failure mechanism in samples tested for flexural strength 

and modulus 

 

The fitted models for flexural properties are: 

Flexural Strength in Warp Direction:  

y = 290.98 + 84.23x1 ï 0.12x2, 

Flexural Modulus in Warp Direction:  

y = 4424.47 + 2189.05x1, 

Flexural Strength in Pick Direction:  

for samples with 1Z/1W arrangement: 

y = -98.76 + 29.37x1 + 0.29x2 + 34.19x3, 

for samples with 2Z/2W arrangement: 

y = -136.91 + 29.37x1 + 0.29x2 + 34.19x3,  
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Flexural Modulus in Pick Direction:  

for samples with 1Z/1W arrangement: 

y = -9001.42 + 1701.96x1 + 10.60x2 + 1877.27x3,  

for samples with 2Z/2W arrangement: 

y = -9640.55 + 1701.96x1 + 10.60x2 + 1877.27x3,  

where x1 is number of warp and picks layers, 

           x2 is picks roving linear density, 
           x3 is picks density. 

 

The statistical analysis shows that only 4 properties (Izod impact resistance in the pick 

direction, Charpy Notched impact resistance in pick direction, flexural strength and modulus 

in pick direction) are affected by all four factors listed in the design of experiment No 1. 

Charpy Notched impact resistance in the warp direction and flexural modulus in the warp 

direction are affected only by the number of the woven preformôs layers. Tensile modulus in 

the warp direction is not affected by any factor listed in the design of experiment. Overall, 

the woven preformôs number of layers is the main factor for all analyzed properties in this 

design of experiment. The higher the number of layers used to weave the preform, the better 

properties of impact and strength in the final composite. The least significant factor for the 

properties of the final composite is the arrangement of z-yarns and warps, and this factor 

affects properties in the pick direction: Izod impact resistance, tensile strength and flexural 

strength and modulus. The arrangement 1Z/1W creates better strength properties for the 

composites, and it can be explained by the more even distribution of the z-yarns on the 
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surface of the final composite. The factors, selected to design the experiments, are mostly 

related to the pick specifications and their number: this is the reason why those factors are the 

most significant in designing the properties of the final composite in the pick direction. Using 

higher density and higher linear density of the picks as well as a higher number of layers (and 

the higher number of picks at the same time) would create higher strength in the final 

composite, especially when tested in the pick direction. 
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4.2. Experiment 2 

4.2.1. Impact Resistance 

 The fit models of all impact types (Izod, Charpy Notched and Dynatup) and both factors 

(picks density and the arrangement of warp and Z-yarn) show that these factors are not 

significant for any impact fit model (Tables E.1 ï E.8 in Appendix E). The p-value of the 

picks density factor varies from 0.0974 to 0.9365 (> 0.05). The p-value of arrangement of 

warp and Z-yarn is distributed between 0.2159 and 0.8263. (The arrangement of warp and Z-

yarn is qualitative factor and in Experiment 2 will be noted as following: 1Z/1W = A, 2Z/2W 

= B and 1Z/2W = C). The significance (p-value) of different impact models varies between 

0.1565 and 0.6767. This analysis of variance shows that the null hypothesis cannot be 

rejected, so the above described impact properties cannot be described by factors used in the 

design of experiment number 2 and fit models are deemed unnecessary. 

4.2.2. Tensile Strength and Modulus 

According to the plots of tensile strength properties in Tables E.9 ï E.13 (Appendix E), the 

models can be plotted only for tensile properties in the pick direction, because p-value of 

both factors (pick density and warp and Z-yarn arrangement) in initially plotted models for 

tensile properties in warp direction are higher than 0.05.   This means that none of the factors 

defined in the design of experiment 2 influence the final compositeôs tensile properties in the 

warp direction. The significance (p-value) of tensile properties in warp direction models are 

0.7677 (tensile strength in warp direction) and 0.1960 (tensile modulus in warp direction) 



141 

 

 

 

 

which shows that the null hypothesis for these models cannot be rejected, and confirms that 

pick density and the arrangement of warp and Z-yarn are not affecting tensile properties in 

the warp direction. 

The significance (p-value) of tensile strength in the pick direction in the initial model plot is 

0.0585 (Table E.10 in Appendix E).  The leverage plot of the arrangement of warp and Z-

yarn shows that this factor is not significant in the model (p = 0.1883). After removing this 

yarn arrangement factor from the model, the adjusted model was plotted (Table E.11 in 

Appendix E). The p-value decreased to 0.0177 and R
2
 and adjusted R

2 
are high (0.790636 and 

0.738295 respectively). The tensile strength in y-yarn direction chart (Figure 4.44) shows 

that the highest tensile strength in pick direction can be reached when pick density is 7 

picks/inch. 
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Figure 4.44. Influence of weave and y-yarn density on sample tensile strength in pick 

direction 
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The significance level (p-value) of tensile modulus in the initial model plot (Table E.13 in 

Appendix E) is 0.0317. R
2
 and adjusted R

2 
are very high (0.978763 and 0.946908 

respectively). Even though the arrangement of warp and Z-yarns factor is not highly 

significant (p = 0.0626), the fit model can be used to design tensile modulus in pick direction 

and the highest modulus could be reached when woven preforms pick density is 7 and the 

arrangement of warp and Z-yarns is 1Z/1W (arrangement A) (Figure 4.45). 
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Figure 4.45. Influence of weave and y-yarn density on sample tensile modulus in pick 

direction 

 

The fitted models for tensile properties are: 

Tensile Strength in Pick Direction: 

y = 197.27 + 45.53x3, 
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Tensile Modulus in Pick Direction:  

for samples with 1Z/1W arrangement: 

y =17057 .77 + 1862.22x3, 

for samples with 2Z/2W arrangement: 

y = 12347.78 + 1862.22x3,  

for samples with 1Z/2W arrangement: 

y = 14871.11 + 1862.22x3, 

where x3 is picks density. 

4.2.3. Flexural Strength and Modulus 

According to the plots of flexural strength properties in plotted whole models (Table E.14 ï 

E.17 in Appendix E), the null hypothesis cannot be rejected for flexural strength nor modulus 

in warp direction, as well as for flexural strength in fill direction (p-values for leverage plots 

varies between 0.0724 and 0.8781, when p-value of the whole model varies between 0.0845 

and 0.9193). The models plotted from the data of this experiment are not valuable and cannot 

be used to develop composites with flexural properties listed above.  

However, the significance (p-value) of the flexural modulus in the pick direction model is 

0.0181 (Table E.17 in Appendix E). The leverage plot of the arrangement of warp and Z-yarn 

has a p-value of 0.0356 while the pick density leverage plot p-value is 0.0091, which means 

that both factors are significant in this model. 
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R
2
 and adjusted R

2 
are very high (0.987879 and 0.969699 respectively). This fit model can be 

used to design flexural modulus in pick direction, and the highest modulus could be reached 

when woven preforms pick density is 7 and the arrangement of warp and Z-yarns is 1Z/2W 

(C arrangement) (Figure 4.46). 

The fitted models for flexural properties are: 

Flexural Modulus in Pick Direction:  

for samples with 1Z/1W arrangement: 

y =10207 + 1942x3, 

for samples with 2Z/2W arrangement: 

y = 7192.5 + 1942x3, 

for samples with 1Z/2W arrangement: 

y = 9863 + 1942x3, 

where x3 is picks density. 

Only a few models can be plotted from the design of experiment 2. The impact properties 

cannot be plotted, nor can the tensile and flexural properties in the warp direction. Only 

tensile and flexural properties models and only in pick direction could be plotted. However, 

the arrangement of warp and Z-yarns has low significance (but still significant enough to 

affect the property) in those models. 
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Figure 4.46. Influence of weave and y-yarn density on sample flexural modulus in pick 

direction 
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4.3. Physical Properties 

4.3.1. Preform Thickness, Areal Weight and Fiber Volume Fraction 

The purpose of this chapter is to determine the effect of construction parameters (picks linear 

density, pick roving linear density, arrangements of warp and z-yarns, number of warp and 

picks layers) on woven 3D woven orthogonal preform thickness, areal weight, and fiber 

volume fraction.  

Woven Preform Thickness 

The initial data plots can be found in Table F.1 (Appendix F). The plots of the factors in the 

initial whole fit model of woven preform thickness indicate that all construction parameters 

are significant in this model (p < 0.05). This fit has a very high R
2 

(0.961734) and adjusted 

R
2 

(0.958174), and low p-value (< 0.0001). The null hypothesis was rejected and the 

alternative hypothesis was proven: all construction parameters  (picks linear density, pick 

roving linear density, arrangements of warp and z-yarns, number of warp and picks layers) of 

the woven preform affect the thickness of this preform.  

 

Figure 4.47 and Figure 4.48 (1Z/1W and 2Z/2W weaves respectively) show influence of the 

y-yarn roving linear density (tex) and y-yarn density/layer on the woven preformôs thickness. 

The preform thicknessôs dependence on the different weaves and the number of layers is 

shown in Figure 4.49 and Figure 4.50 respectively.  
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The analysis of the different linear density y-yarns (735 tex and 1100 tex) and y-yarn 

density/layer (4 yarns/in; 5 yarns/in, 6 yarns/in and 7 yarns/in) on the woven preform 

thickness shows that: higher linear density yarns always form thicker preform; and increasing 

y-yarns density/layer slightly increases preformôs thickness (Figure 4.47 and Figure 4.48). 

The analysis of weave influence on the preform thickness is shown in Figure 4.49. The charts 

reveal that the order of z and x-yarns (weaves 1Z/1W and 2Z/2W) do not have a strong 

influence on the thickness of the preform, but is still statistically significant.  However, two 

samples with the different ratio of z and x-yarns (weave 1z/2w) are slightly thicker than 

1Z/1W and 2Z/2W samples (Figure 4.49, a). It can be presumed that lower number of z-yarns 

applies lower pressure on x and y-yarns in this way creating a slightly thicker preform. As 

only two weave 1Z/2W samples were woven, more data is necessary to obtain valuable 

conclusions. 

Figure 4.50 reveals the influence of the number of layers on the preform thickness, which is 

obvious and predictable: higher number of layers produces thicker preform.  
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Figure 4.47. Influence of y-yarn tex and y-yarn density on weave 1Z/1W preform sample 

thickness (a - layers: 4-x/5-y; b - layers: 3-x/4-y; c - layers: 2-x/3-y) 
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Figure 4.48. Influence of y-yarn tex and y-yarn density on weave 2Z/2W preform sample 

thickness (a - layers: 4-x/5-y; b - layers: 3-x/4-y; c - layers: 2-x/3-y) 
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    e         f 

Figure 4.49. Influence of weave and y-yarn density on preform sample thickness (a - layers: 

4-x/5-y, y-yarn: 1100 tex; b - layers: 4-x/5-y, y-yarn: 735 tex; c - layers: 3-x/4-y, y-yarn: 

1100 tex; d - layers: 3-x/4-y, y-yarn: 735 tex; e - layers: 2-x/3-y, y-yarn: 1100 tex; f - layers: 

2-x/3-y, y-yarn: 735 tex) 
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Figure 4.50. Influence of number of layers and y-yarn density on preform sample thickness 

(a - weave: 1Z/1W, y-yarn: 735 tex; b - weave: 1Z/1W, y-yarn: 1100 tex; c - weave: 2Z/2W, 

y-yarn: 735 tex; d - weave: 2Z/2W, y-yarn: 1100 tex) 

 

The charts show that to increase the thickness of the woven preform the number of layers 

should be increased as well as the pick density and picksô linear density. 2Z/2W arrangement 

also produces slightly higher thickness of preform than 1Z/1W arrangement.  

The Fitted Model for Woven Preform Thickness: 

for samples with 1Z/1W arrangement: 

y = -0.22 + 0.10x1 + 0.0002x2 + 0.01x3,  
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for samples with 2Z/2W arrangement: 

y = -0.21 + 0.10x1 + 0.0002x2 + 0.01x3, 

where x1 is number of warp and picks layers, 

           x2 is picks roving linear density, 

           x3 is picks density. 

Woven Preform Areal Density 

Areal weight is the mass of the preform per unit area (g/m²). The plots of the factors in the 

initial whole fit model of preform areal density (Table F.2 in Appendix F) indicate that the 

arrangement of warp and Z-yarns (p = 0.4522), is not significant (p > 0.05) and an 

unnecessary factor in this model. The adjusted model was plotted after removing 

insignificant factors (see Table F.3 in Appendix F). This fit has a very high R
2 

(0.981352) 

and adjusted R
2 

(0.980081), and low p-value (< 0.0001), so the null hypothesis was rejected 

and the alternative hypothesis was proven. Picks linear density, pick roving linear density, 

and number of warp and picks layers affect preformôs areal density.  

This chapter represents the influence of different parameters of the woven preform on the 

preformôs areal weight. Figure 4.51 and Figure 4.52 (1Z/1W and 2Z/2W weaves 

respectively) show influence of the y-yarn linear density and y-yarn density/layer on the 

woven preformôs areal weight. The preformôs areal weightôs dependence on the number of 

layers is shown in Figure 4.53.   
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Figure 4.51. Influence of y-yarn tex and y-yarn density on weave 1Z/1W sample preform 
areal weight (a - layers: 4-x/5-y; b - layers: 3-x/4-y; c - layers: 2-x/3-y) 
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Figure 4.52. Influence of y-yarn tex and y-yarn density on weave 2Z/2W sample preform 
areal weight (a - layers: 4-x/5-y; b - layers: 3-x/4-y; c - layers: 2-x/3-y) 
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       c             d  

Figure 4.53. Influence of number of layers and y-yarn density on sample preform areal 

weight (a - weave: 1Z/1W, y-yarn: 735 tex; b - weave: 1Z/1W, y-yarn: 1100 tex; c - weave: 

2Z/2W, y-yarn: 735 tex; d - weave: 2Z/2W, y-yarn: 1100 tex) 

 

The results of this analysis are very obvious as density/layer of the yarns, yarns linear density 

and the number of layers influence the areal weight of the preform directly (Figure 4.51, 

Figure 4.52 and Figure 4.53). To increase the thickness of the woven preform the number of 

layers should be increased as well as the pick density and picksô linear density. 
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The fitted model for woven preform areal density is: 

y = -3489.38 + 981.87x1 + 1.93x2  + 300.03x3, 

where x1 is number of warp and picks layers, 

           x2 is picks roving linear density, 

           x3 is picks density. 

Fiber Volume Fraction of Composite 

Fiber volume fraction (FVF) is a unitless characteristic of a woven preform formulated 

dividing fabric areal density (areal weight) by fabric thickness and volumetric density of the 

fiber. Different construction parameters (picks linear density, pick roving linear density, 

arrangements of warp and z-yarns, number of warp and picks layers) influence woven 3D 

woven orthogonal preform thickness, areal weight, and fiber volume fraction. FVF is one of 

the main properties of 3D woven composites determining structural and mechanical 

properties of the material. Hypothetically, different woven construction parameters (y-yarn 

density, y-yarn roving linear density, arrangements of x-yarn and z-yarns (weave), number of 

x-yarn and y-yarns layers) influence woven 3D woven orthogonal preformôs thickness, areal 

weight, and at the same time influence FVF. Areal density and thickness of the preform were 

measured during lab analysis, while FVF were calculated using the Formula 1.1, where ɟf 

(volumetric fiberglass density) is 2.6 mg/m
3
.  

The plots of the factors in the initial whole fit model of fiber volume fraction (Table F.4 in 

Appendix F) indicate that arrangement of warp and Z-yarns (p = 0.6459) and pick linear 

density (p = 0.7047) are not significant (p > 0.05) and unnecessary factors in this model. The 
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adjusted model was plotted after removing insignificant factors (Table F.5 in Appendix F). 

The new fit has a high R
2 

(0.750649) and adjusted R
2 

(0.712288), and low p-value (< 

0.0001). The null hypothesis was rejected and the alternative hypothesis was proven. The 

number of warp and pick layers and pick density affect the fiber volume fraction of the final 

composite. 

The effect of number of layers and y-yarn density on the woven preformôs fiber volume 

fraction can be seen in Figure 4.54.  Y-yarn density/layer correlates with FVF directly: a 

higher density/layer creates higher fiber volume fraction woven preform. The charts show 

that to increase the fiber volume fraction of the final composite, the number of layers should 

be increased as well as the pick density. 

The Fitted Model for Fiber Volume Fraction: 

y = 0.19 + 0.04x1 + 0.02x3, 

where x1 is number of warp and picks layers, 

                      x3 is picks density. 
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Figure 4.54. Influence of number of layers and y-yarn density on sample fiber volume 
fraction (a - weave: 1Z/1W, y-yarn: 735 tex; b - weave: 1Z/1W, y-yarn: 1100 tex; c - weave: 

2Z/2W, y-yarn: 735 tex; d - weave: 2Z/2W, y-yarn: 1100 tex) 

 

4.3.2 Resin Infusion Time 

Resin infusion time for the compositeôs preform is influenced by fiber volume fraction and 

by each separate construction parameter: picks linear density, pick roving linear density, 

arrangements of warp and z-yarns, number of warp and picks layers. Considering that the 

sample panels are not the exactly the same width and assuming that the resin flows through 

the 3D platform gradually, the time, after the resin flows a 40.0 cm distance, will be analyzed 
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and compared. Resin infusion time charts for every woven preform sample are shown in 

Appendix C. In this chapter the influence of different parameters of the woven preform on 

the resin infusion time was analyzed. The plots of the factors in initial whole fit model of 

resin transfer time (Table F.6 in Appendix F) indicate that number of layers (p = 0.9637) and 

picks linear density (p = 0.2476) are not significant and unnecessary factors in this model. 

Insignificant factors were removed to reduce the noise and an adjusted model was plotted 

(see Table F.7 in Appendix F). The model with removed insignificant factors (adjusted 

model) has low R
2 

(0.344947) and low adjusted R
2
 (0.31448), but the effect of the 

arrangement of warp and z-yarn  and picks density factors on resin transfer time is still 

significant (p < 0.0001) and exists.  The null hypothesis can be rejected. The alternative 

hypothesis was proven: the arrangement of warp and z-yarn and picks density affect resin 

infusion time through the preform during consolidation process.  

The charts in Figure 4.55 show that the lowest resin infusion time (in order to increase 

productivity) could be reached when woven preforms pick density is 4 and the arrangement 

of warp and z-yarns is 1Z/1W (A arrangement). In analyzing the influence of x-yarn density 

on the resin infusion time it is noticeable that increasing y-yarn density from 4 to 5 yarns per 

inch, the resin infusion time slightly decreases; but continuously increasing yarns density, the 

infusion time starts to increase also (Figure 4.56). This tendency could be explained by the 

same Darcyôs Law (Formula 1.5) as a relationship between local averaged fluid velocities in 

a porous medium. After increasing y-yarn density from 4 to 5 yarns/inch the structureôs cross 

sectional area for the flow would slightly decrease, and in this way would increase the fluid 
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pressure gradient in a porous medium that would increase resinôs velocity and would 

decrease infusion time. Increasing density even more, more decreased cross sectional area 

could decrease fluid pressure which would increase resin flow time across the woven sample 

preform. 

The Fitted Model for Resin Transfer Time: 

for samples with 1Z/1W arrangement: 

y = -2.4 + 1.7x3,  

for samples with 2Z/2W arrangement: 

y = 0.98 + 1.7x3,  

where x3 is picks density. 
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Figure 4.55. Influence of weave and y-yarn density on sample resin infusion time (a - layers: 

4-x/5-y, y-yarn: 1100 tex; b - layers: 4-x/5-y, y-yarn: 735 tex; c - layers: 3-x/4-y, y-yarn: 

1100 tex; d - layers: 3-x/4-y, y-yarn: 735 tex; e - layers: 2-x/3-y, y-yarn: 1100 tex; f - layers: 
2-x/3-y, y-yarn: 735 tex) 
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Figure 4.56. Pick density influence on resin infusion time 

 

The same 1Z/1W 4-x/5-y sample was consolidated in different ambient temperatures: 72°F 

and 81°F. Figure 4.57 shows that resin infusion time increased in higher ambient 

temperature. It can be explained that resin infusion flow is inversely proportional to resin gel 

time.  Thermoset resinsô gel time is decreasing at a higher temperature (gelling starts sooner), 

so resin time to flow across the sample would increase. The ambient temperature in resin 

consolidation facility was not controlled, so the resin infusion time analysis should be 

considered approximate. 
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Figure 4.57. Influence of ambient temperature on sample resin infusion time (weave: 

1Z/1W, y-yarn: 1100 tex; layers:4-x/5-y; y-yarn density/layer: 5) 

 

4.3.3. Auto Body Sheet and 3D Woven Composites Properties Comparison 

There are two main metal groups that are commonly used in auto industry for body parts. 

They are: bake hardenable steels (BHS) and 6000 series aluminum.  

Bake hardening is an advenced processing technique to produce low carbon steels with high 

strength for car bodies. BHS takes advantage of the low solute carbon to produce controlled 

carbon strain aging to increase the yield strength of formed automotive panels, as a result 

improving dent resistance and permitting some thickness reduction. The strain comes from 

press forming and the aging is accelerated by the paint baking treatment. BHS contains 

enough supersaturated solutecarbon so that the aging reaction typically adds about 27-55 

MPa to the yield strength (Key to Metals, 2012). These steels at United States Steel 
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Corporation are made in these grades: BH180, BH210, and BH240. BH240 is used mostly 

for auto body parts. Table 4.1 shows the mechanical properties of grade BH240 steel. Bake-

hardenable steels have a good resistance fatigue (high yield strength), are capable of reducing 

the amount of dents on todayôs cars and have good formability required to produce most 

exterior applications (doors, deck lids, quarter panels, fenders, hoods and roofs) (United 

States Steel Corporation, 2012). 

Steel is often used to absorb energy in car impacts because it is tough and strong (Fig. 4.58). 

High steel strength varies between ~900 ï 5000 MPa while toughness varies between ~ 0.5 ï 

10 kJ/m
2
. 

 

 

Figure 4.58. Strength-toughness chart (Materials Group, 2011) 
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For many decades steel has been the primary metal in auto construction, but itôs weight 

became a liability. Another typical group of metals used for auto body parts are 6000 series 

aluminum. Aluminum has a unique combination of attractive properties and its low weight 

enables auto makers to build a lighter, more fuel-efficient cars. This material has excellent 

formability , high strength and controlled energy absorbtion (Novelis, 2012; The Power of 

Aluminum, 2012). Physical and mechanical properties for 6061-T6; 6061-T651 series 

aluminum alloy are presented in Table 4.2 (all 6000 series aluminum properties are similar). 

It is important to note, that lower yield strength enables better shaping of auto body part, but 

worse impact resistance properties. Aluminum strength varies between ~ 90 and 500 MPa 

while toughness between ~ 5 ï 11 kJ/m
2
 (Figure 4.58). 

 

Table 4.1: Typical properties for BH 240 MPa  

Density, g/cc 7.4 

Yield Strength, MPa 256 

Tensile Strength, MPa 378 

Elongation,% 34.7 

Youngôs Modulus, GPa 210 

n-value 0.19 

(United States Steel Corporation, 2012) 
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The properties of newly developed composite materials properties and properties of BH 240 

steel and 6000 series aluminum are compared next. 

 

Table 4.2. Physical and mechanical properties for Aluminum 6061-T6; 6061-T651  

Density, g/cc 2.7 

Yield Strength, MPa 276 

Tensile Strength, MPa 310 

Elongation,% 12-17 

Youngôs Modulus, GPa 70 

( ASM Aerospace Specification Metals, 2012) 

 

Tensile Properties 

Tensile strength of the final composite is influenced by fiber volume fraction and by each 

separate construction parameter: picks linear density, pick roving linear density, 

arrangements of warp and z-yarns, number of warp and picks layers. This chapter analyzes 

and presents tensile strength and modulus (also known as Youngôs modulus) testing results. 

Tensile strength and modulus may have different values depending on the direction of 

applied force on the materials structure. As 3D woven structure is not a homogenous 

material, the samples were tested in both directions (pick and warp).  Experiment 1 leverage 
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plots for tensile strength are presented in Figure 4.59 and Figure 4.60, in pick direction and 

warp direction accordingly. According to leverage plots, to fabricate the composite that 

would have a tensile strength same as 6000 series aluminum (310 MPa), or higher, the 

following parameters should be chosen: pick linear density should be higher than 850 tex, 

pick density equal or higher than 5 picks/in (per one layer of the composite). Number of 

layers can be as low as 2.5 layers, while any arrangement of warp and Z-yarns could be used 

to design the composite which would have tensile strength properties comparable to 6000 

aluminum and BH 240 steels. 

Leverage plots for tensile modulus in pick direction are presented in Figure 4.61. The charts 

show that the samples developed during this research project have a lower Youngôs modulus 

than metals used for auto body parts in automotive industry. The tensile modulus in warp 

direction fit model was insignificant; since force is applied in x-yarn direction and 

construction parameters, such as picks linear density, pick roving linear density, 

arrangements of warp and z-yarns, number of warp and picks layers, and FVF are not 

affecting this mechanical property.  The tensile modulus in warp direction will not be 

presented in this chapter. 
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   c 

Figure 4.59. Tensile strength in pick direction leverage plots (a - Z/W; b - pick linear 
density, c ï pick density) 
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                                         a                        b 

Figure 4.60. Tensile strength in warp direction leverage plots (a - number of layers; b -  pick 

linear density) 

 

       

                                        a                 b 

Figure 4.61. Tensile modulus in pick direction leverage plots (a - pick linear density, b ï 
pick density) 
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Impact Resistance Properties 

As it was mentioned above, the toughness of steel and aluminum used for auto body parts 

varies between 0.5 and 10 kj/m
2
. While comparing toughness of auto body metal sheet and 

newly developed composite sample, it is important to note that the thickness differs 

considerably and that could affect tested material toughness properties.  While the thickness 

of auto body sheets is not standardized, the typical measurements vary from 0.8 to 1.4 mm 

for the steel sheets and from 1.1 to 1.6 mm for aluminum (Shulkin, 2012). The thickness of 

the newly developed composite samples varies from 2.1 to 4.7 mm, so hypothetically their 

toughness properties should be considerably higher. The properties of Izod impact energy 

testing results are presented in Figure 4.62 (machine direction) and Figure 4.63 (cross 

direction). The machine direction test and analysis indicates that the sampleôs longer 

dimension is cut along x-yarn (warp) direction; x-yarns are exposed to the impact power and 

torn during the impact test. The y-direction analysis indicates that the samples were cut along 

y-yarn (pick) direction and y-yarns were torn during the testing. 

The results presented in Figure 4.62 and figure 4.63 show that no matter which weaving 

parameters were selected for the woven preform, the Izod impact resistance of the newly 

developed composite samples is always higher than auto body metal sheet toughness. 

Theoretically, if the thickness of the composite material would be reduced to match current 

auto body metal sheets (reduced 2-4 times), the impact resistance of the composite material 

still would be higher than the metal sheet toughness. 
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   a      b 

Figure 4.62. Izod impact resistance in warp direction leverage plots (a ï number of layers; b 

- pick density) 

 

The same as in Izod Impact testing, the Charpy impact in x-yarn (warp) direction test and 

analysis indicates that the sampleôs longer dimension is cut along the x-yarn direction, the 

notch is cut across x-yarns, and x-yarns are exposed to the impact power and torn during the 

impact test. The y-yarn (pick) analysis indicates the samples are cut along the y-yarn 

direction, notch cut across y-yarns, and y-yarns torn during the testing. Figure 4.64 and 

Figure 4.65 are showing the properties of Charpy impact in warp and pick directions 

accordingly. The results prove that composite samples developed during this research study 

have higher toughness than auto body metal sheets (> 100 kJ/m
2
).  The thickness of the 

material was not taken into consideration. 
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   a      b 

      

c       d 

Figure 4.63. Izod impact resistance in pick direction leverage plots (a - Z/W; b ï number of 

layers; c - pick linear density, d ï pick density) 
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Figure 4.64. Charpy Notched impact resistance in warp direction and number of layers 

leverage plots  

 

The density of newly developed composite samples varies between 1.48 to 1.65 g/cm
3
. 

Comparing with BH 240 steel and 6000 series aluminum, itôs evident that the composite 

material is much lighter than metal: about 40 % lighter than aluminum and about 80 % 

lighter than steel. 

Properties of newly developed composite materials are the same or better than properties of 

materials used for auto body parts (except Youngôs modulus), so there is an opportunity to 

exchange some metal parts with the parts made from composite material. In this way the 

automobile can become lighter and it would decrease emissions and would increase fuel 

efficiently. The comparison of metal auto body part and newly developed 3D woven 

composites properties are presented in Table 4.3.  
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   a      b 

 

   c 

 Figure 4.65. Charpy Notched impact resistance in pick direction leverage plots (a ï number 

of layers; b - pick linear density, c ï pick density) 
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Table 4.3. The comparison of auto body part and 3D woven composite properties 

Material 

properties 

Metal auto parts Developed 3D woven orthogonal composites 

BH240 

steel 

6000 

series 

alum 

2.5 layers 

structures 

3.5 layers 

structures 

4.5 layers 

structures 

Density, g/cm
3 7.4 2.7 1.48-1.65 

Tensile 

strength, MPa 
378 310 

Warp direction: 
321.2-430.6 

Pick direction:  

248.0-530.4 

Warp 
direction: 

332.2-454.2 

Pick direction: 

198.7-519.5 

Warp 
direction:  

343.2-474.6 

Pick direction: 

214.7-541.2 

Youngôs 

modulus, GPa  
210 70 

Warp direction:  
16.3-25.8 

Pick direction: 

15.9-27.7 

Warp 
direction:  

15.6-31.5 

Pick direction: 

16.6-32.6 

Warp 
direction:  

16.9-28.7 

Pick direction: 

16.9-30.8 

Toughness, 

kJ/m
2 0.5-10 5-11 

Izod Impact 

resistance: 

Warp direction:  

117.5-141 

Pick direction: 

101.0-212.0 

Izod Impact 

resistance: 

Warp 

direction:  

149.7-196.2 

Pick direction: 

109.4-271.0 

Izod Impact 

resistance: 

Warp 

direction:  

178.8-248.0 

Pick direction: 

135.7-300.0 

Charpy  

Notched 

Impact 

resistance: 

Warp direction: 

125.8-154.6 

Pick direction: 

129.0-260.0 

Charpy  

Notched 

Impact 

resistance: 

Warp 

direction: 

163.7-202.0 

Pick direction: 
106.9-279.0 

Charpy 

Notched 

Impact 

resistance: 

Warp 

direction:  

192.5-265.0 

Pick direction: 
157.7-325.0 

Thickness, mm 0.8-1.4 1.1-1.6 2.03-2.61 2.48-3.53 2.97-4.71 

 

Table 4.3 and data analysis in the previous chapters show that to obtain the same tensile 

properties as the metal material, the thickness of 3D woven composite has to be higher than 

the metal auto part thickness. If composites need to be bulkier to reach the same 
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strength/protection/reliability as metal components, it may be necessary to compromise on 

ñspace claimò in order to get advantages of lighter materials. 

Figure 4.66 shows the possible changes in automotive design and development process after 

incorporation of 3D woven composites. Before the 3D woven composites incorporation in 

automotive design and development process, the textile industry was involved only in the 

concept design level, which includes market needs and price target research, styling design 

and styling decision making. The textile fabrics (woven, knitted and nonwovens) are limited 

to use for seats bodycloth, carpet, headliner and lately interior panels as well as utilities 

fabrics ï hoses, tires and other functional fabrics. The newly developed 3D woven 

composites would increase woven textile use even for body sheets and chassis production. 

Red marked blocks in Figure 4.66 scheme shows how the woven textile industry would be 

involved after the 3D woven composites would penetrate automotive industry supply chain. 

Instead of one level, the textile industry would be engaged in all levels of automotive 

development process: concept design, product design and process/factory design. One extra 

operation ï composite molding process (marked green in the scheme) ï would appear in the 

proposed supply chain. 
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Figure 4.66. Changes in automotive design and development process after incorporation of 

3D woven composites (adapted from Tassey et al, 1999, p. 2-11) 
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CHAPTER 5: Comparison between Measured and Calculated Tensile Stress and 

Modulus Using Law of Mixture s 

The purpose of this chapter is to compare measured tensile properties (strength and modulus) 

of the newly developed and fabricated samples with calculated idealized properties of the 3D 

woven orthogonal composite.  

Propertiesô behaviors in aligned continuous fiber composites can be expressed in the Law of 

Mixtures terms (Hull & Clyne, 1993). While calculating 3D woven orthogonal compositeôs 

properties in a certain direction (warp or weft), the fibers laying in the perpendicular 

direction should be excluded from calculations since the yarns in such structures are not 

interlaced and lay straight. To explain the tensile propertiesô calculations of various 

orthogonal woven composite structures, the calculation of sample No. 1 is shown below. The 

structural parameters of this sample are following: 

¶ 4.5 layers (4 layers of warp and 5 layers of doubled weft), 1w/1z structure; 

¶ warp: 2275 tex; 5 warp/in (1.97 warp/cm) density; 

¶ z-yarn: 276 tex; 5 yarns/in (1.97 warp/cm) density; 

¶ pick: 735 tex; 5 doubled wefts/in (1.97 warp/cm) density; 

¶ 0.3194 cm thickness of the composite. 

Tensile properties were calculated in warp and pick directions separately. To calculate fiber 

volume fraction in each direction of the composite structure, the fiber area fraction in the 
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compositeôs cross section was calculated. Formula 5.1 was used to calculate the cross section 

area (Ay) of three different yarns in the woven preform: 

 

                                                                     ,                                                   (5.1)                                                       

where tex  is the linear density of the yarn, 
            ɟf  is fiber density. 

 

The calculated cross sections of E-glass fiber (ɟf = 2.6 g/cm
3
) warp, pick and z-yarn of 

sample No. 1 woven preform are: 

 

 ; 

; 

. 

 

The width of tensile test specimen is 2.5 cm (see Table 3.6), so the cross section of the 

specimen is: 

 

                                       ,                           (5.2) 

where ws is the width of specimen, 

           tc  is the thickness of composite. 
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Formula 5.3 was used to calculate the total cross section area of fibers (Af) in the warp 

direction, and Formula 5.4 ï to calculate the total cross section area of fibers in the pick 

direction. Z-yarns were included into the warp FVF calculations, because they lay parallel to 

warps in the preform and are affecting properties of the composite in the warp direction. 

 

                        ,              (5.3) 

   , 

                                                                                      (5.4) 

                    , 

where dw is the density of warps, 

          Nw is the number of warp layers, 

          dz is the density of z-yarns, 

          dp is the density of picks, 

          Np is the number of pick layers. 

 

When the 3D woven orthogonal compositeôs properties in a specific direction are calculated, 

only the fiber laying parallel of that direction should be considered. The rest of the fibers 

should be excluded from the calculations.  In this case, the fiber cross section area fraction in 

a certain direction is equal to the FVF of warp system laying in that direction: 

 

                                                                   ,                                                      (5.5) 
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As it was mentioned above, to calculate the tensile properties in the certain direction of the 

composite, the Law of Mixtures could be used. Youngôs modulus of the composite can be 

calculated using the formula (Hull & Clyne, 1993): 

 

                                                 ,                                  (5.6) 

where Em is Youngôs modulus of matrix (resin), 

          Ef is Youngôs modulus of fiber. 

           

Youngôs modulus of DERAKANEÈ 8084 epoxy vinyl ester resin is 2900 MPa (Ashland, 

2008), while E-glass fiberôs Youngôs modulus is 73870 MPa (data measured at TATM 

Department Advanced Testing and Evaluation Laboratory, NC State University). The 

calculated Youngôs modulus of the 3D woven orthogonal composite in the warp and pick 

directions is: 

 

 

 

 

In this research case, according to data measured at TATM Department Advanced Testing 

and Evaluation Laboratory, NC State University, the fiber has almost four times lower failure 
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strain (2.367 %) than resin strain (10 %), which means that the fiber breaks before the resin; 

even the tensile strength of E-glass fiber is much higher than DERAKANE® 8084 epoxy 

vinyl ester resinôs strength ï 2000 MPa and 76 MPa respectively. In Figure 5.1, the idealized 

schematic strain-stress plot for the case where the matrix has the higher strain to failure is 

shown. For strains up to Ůfu (ultimate strain of fiber), the composite stress is given by the 

simple law of mixtures (Hull & Clyne, 1993): 

 

                                                                                    (5.7)  

   where ům is the stress of matrix (resin), 

             ůf is the stress of fiber. 

 

 

 

                                     a              b 

Figure 5.1. Schematic strain-stress plot for idealized long fiber composites when the matrix 

has the higher strain to failure (adapted from Hull & Clyne, 1993, p. 160) 
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At Ůfu the fiber breaks, and to calculate the strength of the composite it is necessary to 

evaluate the resinôs stress contribution exactly at this point (ůmfu) (Hull & Clyne, 1993): 

 

                                                                                (5.8)  

   where ůmfu is the stress of matrix at the fiber breaking point. 

 

The ultimate stress ůmu of DERAKANE® 8084 epoxy vinyl ester resin is 76 MPa (Ashland, 

2008), so the stress of the matrix at the fiber breaking point ůmfu was calculated from Figure 

5.1, b: 

 

 
 
 

 

The ultimate stress ůmu of E-glass fiber is 2000 MPa (PPG Industries, 2008), so the 

calculated ultimate stress of the 3D woven orthogonal composite in the warp and pick 

directions is: 

 

 

 

 

The results of all calculations and comparisons with the measured tensile properties of 3D 

woven orthogonal composite samples are presented in Table 5.1, where æE and æů were 

calculated using Formula 5.9 and Formula 5.10 respectively:  
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                                                        ,                                                  (5.9) 

                                                         ,                                                (5.10) 

where Ec and ůc are the calculated properties, 

           Em and ům are the measured properties. 

 

The results show that measured Youngôs modulus in both (warp and pick) directions is 

always higher than the calculated Youngôs modulus (æE < 0) and æ varies between 4.0 % and 

54.4 % in the warp direction and 4.8 % and 42.8 % in the pick direction. The average of 

absolute æE is 30.7 % in the warp direction and 24.3 % in the pick direction. The tensile 

strength æ in the warp direction varies from -22.4 % to 43.4 %, which means that in some 

cases the measured strength is higher than calculated strength, and in some cases ï the 

calculated strength is higher than measured. However, only sample No. 13 has a high æů in 

the warp direction (47.4 %). The average of absolute æů in the warp direction is < 6.4 %. æů 

in the pick direction varies from -20.1 to 50.5 % and the measured data (except 4 samples) is 

lower than calculated data (æů > 0). In this case a few samples have a high (~ 40 %) æů, and 

the average of absolute æů in pick direction is 17.9 %.  

Every calculation model has a limited predictive power. The æ between measured and 

calculated data can be explained due to multiple reasons and they are described below.  

As it was mentioned above, the measured tensile strength varies above and below the 

calculated results. One of the reasons why the measured strength is lower than the calculated 

strength is the different gauge length while testing the composite and the single fiber tensile 
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properties (50 mm and 25.4 mm respectively). The tensile strength obtained at the shorter 

gauge length is higher than the tensile strength of the same material obtained at the longer 

gauge. So if the single fiber tensile strength was measured at 25.4 mm gauge the strength 

used for the calculations (73870 MPa) is higher than the fiber strength in the composite while 

tested at 50 mm gauge. The gauge length of the tester used for resin tensile properties 

evaluation is not known. Besides direct correlation to the measured strength, longer gauge 

length can increase probability for the fiber defect, which could be a reason of the fiber 

breakage at the lower stress. In addition, in many cases fibers do not have a constant strength, 

but a range of strengths and the tensile strength can vary from specimen to specimen. 

Also, important to mention that in reality, during the test, fibers still carry some stress even 

after they have broken into short lengths (Hull & Clyne, 1993, p.163). This means that 

measured tensile strength can be higher than calculated strength.  

Another reason of æů variation is variation of the number of fibers in the cut composite 

specimen, which is due to the fiber variation in the woven preform as well as to the random 

specimen edge cut. If the number of fibers in the width of the specimen that was cut for the 

testing is higher than the calculated number of fibers, the measured strength will be higher 

and vice versa when the actual number of the fibers in the composite is lower than the 

calculated number of fibers. Besides that, the calculated number of fibers in the cut 

composite specimen was a decimal number, which was also calculated based on the yarn 

density in the woven preform.  This means, that depending on the random specimen edge cut, 
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some of the yarns in the specimen are split and this also will be a reason for the lower 

strength of the tested composite specimen. 

The adhesion between the fiber and the resin also plays a role in the tested strength variation. 

Due to the fiber pull out of resin the measured strength can be lower than calculated strength 

for the theoretical ideal composite. The fiber pull out was one of the failure mechanisms 

which was noticed in some samples (Figure 4.30) and could be a reason for tensile strength 

variation.  The fiber laying in the perpendicular direction to the direction in which properties 

were calculated also can increase the adhesion and have an effect on measured tensile 

properties. 

Resin amount in the composite can also be overestimated. There are a couple of reasons for 

resin amount overestimation. One of them was uncontrolled resin infusion process which 

created a high variation in the composite thickness due to the resin amount variation across 

and along the composite sample. Another reason is the topography of the top side (during 

infusion) of the composite which means a variation of the resin amount as well. If the 

thickness of the composite and at the same time resin amount was overestimated the FVF 

was underestimated and the calculated results will be lower than measured results, because 

the strength of the resin is much lower than the strength of the fiber. The opposite results will 

be obtained if the resin amount is underestimated.  

As it was mention in this chapter already, the measured Youngôs modulus in the warp and 

weft directions was always higher than the calculated compositeôs modulus. The resin 
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amount overestimation is the reason for calculated compositeôs modulus to be lower than the 

measured Youngôs modulus. The number of the fibers in the test sample affects the modulus 

in the same way: if the actual number of the fibers is higher than calculated due to the yarn 

density variation, the actual FVF is higher and the measured Youngôs modulus will be higher 

as well. 

As it was mention above the fibers laying in the perpendicular direction of tested direction 

can increase the adhesion and at the same time the Youngôs modulus. In the theoretical 

calculations the perpendicular fibers were not considered in the calculations. 

The comparison of the measured and calculated tensile properties of the 3D woven 

orthogonal composite shows the rule of mixture as not a very accurate calculation model for 

the compositesô properties. On the other hand the uncontrolled process of the resin infusion 

increased variation of the resin amount in the composite that affected the thickness of the 

composite which was used for composite cross section area calculations. However, the 

models of compositeôs properties prediction are valid for designing new composite 

properties, but still represent a significant simplification. 
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Table 5.1. Measured and calculated tensile properties comparison 

Samp 

No 

Measured Calculated æ 

Warp  Weft Warp  Weft Warp  Weft 

E, 

MPa 

ů, 

MPa 

E, 

MPa 

ů, 

MPa 

E, 

MPa 

ů, 

MPa 

E, 

MPa 

ů, 

MPa 

æE, 

% 

æů, 

% 

æE, 

% 

æů, 

% 

1 22850 444 17720 277 18673 458 15265 363 -18.3 3.2 -13.9 31.1 

2 25626 475 16920 215 19834 491 13520 315 -22.6 3.4 -20.1 46.5 

3 25090 413 20370 315 17796 434 16913 409 -29.1 5.2 -17.0 29.9 

4 25060 436 25130 391 17136 416 18523 454 -31.6 -4.6 -26.3 16.2 

5 24050 377 23820 350 15600 373 14820 351 -35.1 -1.1 -37.8 0.2 

6 28400 421 29540 419 15182 361 17309 420 -46.5 -14.3 -41.4 0.3 

7 27440 412 28970 461 14270 336 18907 465 -48.0 -18.6 -34.7 0.9 

8 28690 396 30780 526 13592 317 20461 508 -52.6 -20.1 -33.5 -3.4 

9 18840 391 19990 349 15635 374 14853 352 -17.0 -4.4 -25.7 0.9 

10 18450 403 25330 381 14641 346 16674 403 -20.6 -14.2 -34.2 5.8 

11 16860 390 21700 445 14019 329 18554 455 -16.9 -15.9 -14.5 2.3 

12 18830 375 25190 481 14458 341 21883 548 -23.2 -9.2 -13.1 14.1 

13 26570 343 16980 216 19880 492 13549 315 -25.2 43.4 -20.2 45.7 

14 24400 452 17930 255 17952 438 14700 348 -26.4 -3.0 -18.0 36.3 

15 24200 425 22722 322 17925 438 17034 413 -25.9 3.1 -25.0 28.4 

16 25870 426 23570 354 17718 432 19162 472 -31.5 1.4 -18.7 33.5 

17 24260 332 25340 313 14597 345 14496 342 -39.8 3.7 -42.8 9.4 

18 19490 373 23420 407 14655 346 17467 425 -24.8 -7.3 -25.4 4.3 

19 15610 362 26770 435 14276 336 19818 490 -8.5 -7.3 -26.0 12.9 

20 16908 363 26150 489 14232 334 22561 567 -15.8 -8.0 -13.7 15.9 

21 22830 449 16630 199 18095 442 12966 299 -20.7 -1.4 -22.0 50.5 

22 21750 426 20410 255 17074 414 14637 346 -21.5 -2.9 -28.3 35.6 

23 23190 454 23110 267 16153 388 16069 386 -30.3 -14.6 -30.5 44.4 

24 28420 411 30370 340 16153 388 18264 447 -43.2 -5.6 -39.9 31.6 

25     18279 447 13088 303     

26 23230 440 16550 277 17347 421 14863 352 -25.3 -4.2 -10.2 27.2 

27 19490 404 18970 332 16416 395 16330 393 -15.8 -2.2 -13.9 18.6 

28 23550 428 19450 360 15940 382 18017 440 -32.3 -10.8 -7.4 22.2 

29 29130 343 24790 273 14379 339 14280 336 -50.6 -1.2 -42.4 22.8 

30 24780 350 23630 354 13706 320 16291 392 -44.7 -8.5 -31.1 10.6 

31 31450 369 32630 459 14341 338 19914 493 -54.4 -8.5 -39.0 7.4 

32 26390 366 31320 520 14139 332 22399 563 -46.4 -9.3 -28.5 8.3 

33 22980 411 16250 286 14389 339 15470 369 -37.4 -17.5 -4.8 29.1 

34 18290 382 24250 459 13624 317 17566 428 -25.5 -16.8 -27.6 -6.8 

35     13629 318 20507 510     

36 16930 324 26530 530 12828 295 21908 549 -24.2 -8.9 -17.4 3.5 

37     15605 373 12188 277     

38 16310 394 15860 248 15661 374 14561 344 -4.0 -4.9 -8.2 38.6 

39 20770 429 21300 329 15543 371 16764 405 -25.2 -13.5 -21.3 23.0 

40 22350 354 22130 378 15225 362 18667 458 -31.9 2.4 -15.6 21.1 

41     15649 374 12220 278     

42 21430 351 20070 256 15132 360 14077 330 -29.4 2.6 -29.9 29.0 
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Table 5.1. Continued 

Samp 

No 

Measured Calculated æ 

Warp  Weft Warp  Weft Warp  Weft 

E, 

MPa 

ů, 

MPa 

E, 

MPa 

ů, 

MPa 

E, 

MPa 

ů, 

MPa 

E, 

MPa 

ů, 

MPa 

æE, 

% 

æů, 

% 

æE, 

% 

æů, 

% 

43 23180 373 20530 285 14283 336 15383 367 -38.4 -10.0 -25.1 28.5 

44 19460 431 22250 358 14224 334 17387 423 -26.9 -22.4 -21.9 18.2 

45 25790 403 19200 322 13598 317 14604 345 -47.3 -21.5 -23.9 7.0 

46     13327 309 17160 416     

47     13097 303 19635 485     

48 23690 321 27660 504 12959 299 22159 556 -45.3 -6.9 -19.9 10.3 

49 23300 461 23150 440 15429 368 14835 351 -33.8 -20.1 -35.9 -20.1 

50 22230 357 27750 541 13843 324 21143 527 -37.7 -9.3 -23.8 -2.5 
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CHAPTER 6: Conclusions 

6.1. Key Findings 

The objective of this thesis was to investigate the current automotive market and supply 

chain and to develop 3D orthogonal fiberglass woven composites for auto body parts in order 

to reduce the weight of automobile and at the same time the emissions and fuel consumption. 

The following key findings were generated from this research: 

¶ The automotive industry is one of the fastest growing industries in the world and 

especially in emerging markets. At the same time it is the most global and very 

competitive industry, which is connected by a huge and complex supply chain. The 

current automotive industry drives raw materials development, financial systems, 

advanced materials and manufacturing improvements, safety, energy, and 

environmental innovations (Americaôs Auto Industry, 2006) 

¶ There are many factors that are affecting the current automotive industry. 

Government trade, competitive rivalries, safety requirements, and environmental 

regulations influence the research, design innovations and changes in manufacturing 

processes. The style, reliability and performance requirements at the lower cost are 

driven by consumer requirements and preferences. Changes in technology are also 

very important drives in the automotive industry. 

¶ The demand of the lighter vehicle leads to replacing metal body parts of 

automobile by lighter composite materials. The body of the vehicle makes up to 28 
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% of total mass and gives the biggest opportunity to reduce the weight by substituting 

current materials with lighter weight composites 

¶ Replacing carôs metal body parts by lighter composites will  lead to improved 

fuel efficiently, reduced emissions, and decreased processing time, increased 

performance and corrosion resistance. The properly selected fiber, resin and the 

architecture of the composite would not only reduce automobiles weight, but also 

would maintain safety standards as their performance characteristics, such as impact 

resistance and flexural characteristics, would stay the same or even would be 

improved. In addition, tooling for composites parts can be 80 % lower than 

comparable steel parts (Automotive Plastics, 2011) 

¶ Automotive design and development process is a very complex process with very 

tight development timelines and the main goal to improve the quality of the final 

product. This process has three main phases: concept design, product design, and 

process design 

¶ The role of textile industry is significantly increasing in the global automotive 

supply chain, as new textile composites are aggressively penetrating this market. 

Textile products nowadays can be used not only for interior, exterior, but even for 

suspension parts of automobile. Incorporation of 3D woven composites is changing 

automotive design and development process: instead of one level, the textile industry 

would be engaged in all levels of automotive development process. 
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¶ The performance characteristics of 3D woven orthogonal composite can be 

designed by changing different construction parameters of 3D woven preform, 

such as picks linear density, pick roving linear density, arrangements of warp and z-

yarns, and the number of warp and picks layers. 

¶ This research proved other researchersô statement that distributions in 3D woven 

fiberglass preform lead to distributions in permeability and anisotropy, so it has an 

effect on the resin infusion process. Accordingly, reinforced composite structure is 

quite irregular due to the nesting of preform layers and this irregularity leads to 

larger scatter in material properties. As 3D woven structure is not a homogenous 

material, the samples have to be tested in both directions (pick and warp).   

¶ The average Izod notched impact of produced samples varies from 117.52 KJ/m
2
 

to 248 KJ/m
2 
for specimens cut in the warp direction and from 101 KJ/m

2
 to 300 

KJ/m
2
 for specimens cut in the pick direction. Izod notched impact resistance in 

warp direction is influenced by the number of layers and picksô density, while 

resistance in pick direction is impacted by all four factors: picks density, pick linear 

density, arrangements of warp and z-yarns, number of warp and picks layers. 

¶ The average Charpy notched impact of composite samples varies from 125.8 

KJ/m
2
 to 265 KJ/m

2
 for specimens cut in the warp direction and from 106.9 

KJ/m
2
 to 325 KJ/m

2
 for specimens cut in the pick direction. The number of warp 

and pick layers impacts the Charpy Notched impact in the warp direction. Charpy 
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Notched impact in the pick direction is affected by the number of layers, pick linear 

density and pick density.  

¶ The average energy to peak load of Dynatup impacted samples varies from 11.76 J 

to 79.68 J, while the average total energy varies from 26.31 J to 106.88 J. The 

number of warp and pick layers, picks linear density and picks density affect Dynatup 

Impact energy to maximum load as well total energy for breakage. The variability in 

Dynatup impact data is due to change in impact location on the sample. 

¶ Impact resistance of the newly developed composites is higher than auto body 

metal toughness no matter which weaving parameters were selected for the woven 

preform. The results prove that composite samples developed during this research 

study have higher toughness than auto body metal sheets (>100 kJ/m
2
). Theoretically, 

if the thickness of the composite material would be reduced to match current auto 

body metal sheets (2-4 times), the impact resistance of the composite material still 

would be higher than the metal sheet toughness.  

¶ The average flexural strength of the composite samples varies from 331.56 MPa 

to 629 MPa, and flexural modulus from 7056 MPa to 16402 MPa in the warp 

direction. In the pick direction the average flexural strength varies from 253.16 

MPa to 646.2 MPa, and flexural modulus from 10754 MPa to 25226 MPa. The 

flexural strength in warp direction is affected by layer numbers and picksô linear 

density, while number of layers is only the one factor affecting flexural modulus in 

the warp direction. All four factors: number of layers, density of picks, linear density 
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of picks, and the arrangement of warp and Z-yarns are affecting flexural strength and 

modulus in the pick direction.  

¶ The average tensile strength of the produced samples varies from 321.2 MPa to 

474.58 MPa, and tensile modulus ranged from 15610 MPa to 31459 MPa in the 

warp direction. In the pick direction the average tensile strength varies from 

198.7 MPa to 541.2 MPa, and tensile modulus from 15860 MPa to 32630 MPa. 

The tensile strength in warp direction is affected by number of layers and picksô 

linear density, while all factors in the fit model of tensile modulus in the warp 

direction are insignificant. The tensile strength in the pick direction is impacted by 

pickôs linear density, picks density and the arrangement of warp and Z-yarn is 

1Z/1W. The tensile modulus is impacted only by picksô linear density, picksô density 

in the composite.   

¶ The density of newly developed composite samples varies between 1.48 to 1.65 

g/cm
3
, which makes fiberglass 3D woven orthogonal composite material much 

lighter than metal: about 40 % lighter than aluminum and about 80 % lighter 

than steel. 

¶ Properties of composite materials designed and developed in this research are 

comparable to the properties of materials currently used for auto body parts, e.g. BH 

240 steels and 6000 series aluminum. It is evident that there is an opportunity to 

substitute some metal parts with lighter composite materials and to decrease 

automobileôs weight. Currently 3D composite materials from high performance 
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fibers were used for automotive applications in a limited way due to the low 

production rates and lack of research and new product development methods. This 

research work could be a step forward to expand implementation of this technology in 

automotive supply chain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



196 

 

 

 

 

6.2. Further Research 

This research work on 3D woven orthogonal composites incorporation into automotive 

supply chain could be followed by several further research opportunities. As every research 

study this work had its own limitations which could be improved in the following studies or 

to become objectives of the new studies. 

While fabricating composites in resin consolidation facility (International Fiberglass), the 

ambient temperature was not controlled and was varying between 79°F and 87°F. The 

limited analysis in this study showed that resin infusion time increased in higher ambient 

temperature, because thermoset resinôs gel time is decreasing in higher temperatures, so resin 

time to flow during composite consolidation process would increase. Resin infusion time 

analysis should be repeated in the environment control laboratory. 

The mechanical properties modeling formulas in this research were developed based on 3D 

woven structures fabricated from fiberglass. The analysis should be expanded for different 

materialsô analysis, such as carbon, high modulus polyethylene, and aramid fiber. However, 

the analysis and comparison of different fiberôs properties are beyond the scope of this 

research work. 

The decreased mass of automobile sometimes brings a safety concern. This concerned was 

addressed in this research work, but this subject could become an objective to a very 

important study where the correlation between impact resistance tested in lab and 
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automobileôs crashworthiness in the field would be determined. This would help to predict 

safety issues in the material development stage and to address them while designing the car. 

The scope of this research was lighter material development for automotive applications. 

However, it is very important to expand the further research in repair and replacement of 

damaged parts of the automobile. In addition, the coloration of the automotive parts 

fabricated from the textile composites could be the issue. The methods how to post process 

material to achieve a perfect surface for painting process or coloring the composite itself 

have to be investigated. 

One of the main issues of limited thermoset composites use in the different industries is 

recycling issue. The development of new technologies that would help to recycle those type 

of materials would expand the use of the composite materials developed in this research 

work, especially in automotive industry. 

Changes in cost and potential increase in fuel efficiency could be an objective of the next 

study related to 3D woven orthogonal fiberglass composites. This investigation was also 

beyond the scope of this dissertation.  
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Table A.1. Sample notation list 

Sample 

No 

Z-yarn/ 

Warp 

Ratio 

(Z/W) 

Number of warp 

layers/Number of pick layers  

(total number of layers) 

Pick linear 

density, yd/lb 

(tex) 

Pick density, 

picks/inch 

1 1Z/1W 4w/5p (4.5) 675 (735) 5 

2 1Z/1W 4w/5p (4.5) 675 (735) 4 

3 1Z/1W 4w/5p (4.5) 675 (735) 6 

4 1Z/1W 4w/5p (4.5) 675 (735) 7 

5 1Z/1W 4w/5p (4.5) 450 (1100) 4 

6 1Z/1W 4w/5p (4.5) 450 (1100) 5 

7 1Z/1W 4w/5p (4.5) 450 (1100) 6 

8 1Z/1W 4w/5p (4.5) 450 (1100) 7 

9 2Z/2W 4w/5p (4.5) 450 (1100) 4 

10 2Z/2W 4w/5p (4.5) 450 (1100) 5 

11 2Z/2W 4w/5p (4.5) 450 (1100) 6 

12 2Z/2W 4w/5p (4.5) 450 (1100) 7 

13 2Z/2W 4w/5p (4.5) 675 (735) 4 

14 2Z/2W 4w/5p (4.5) 675 (735) 5 

15 2Z/2W 4w/5p (4.5) 675 (735) 6 

16 2Z/2W 4w/5p (4.5) 675 (735) 7 

17 2Z/2W 3w/4p (3.5) 450 (1100) 4 

18 2Z/2W 3w/4p (3.5) 450 (1100) 5 

19 2Z/2W 3w/4p (3.5) 450 (1100) 6 

20 2Z/2W 3w/4p (3.5) 450 (1100) 7 

21 2Z/2W 3w/4p (3.5) 675 (735) 4 

22 2Z/2W 3w/4p (3.5) 675 (735) 5 

23 2Z/2W 3w/4p (3.5) 675 (735) 6 

24 2Z/2W 3w/4p (3.5) 675 (735) 7 

25 1Z/1W 3w/4p (3.5) 675 (735) 4 

26 1Z/1W 3w/4p (3.5) 675 (735) 5 

27 1Z/1W 3w/4p (3.5) 675 (735) 6 

28 1Z/1W 3w/4p (3.5) 675 (735) 7 

29 1Z/1W 3w/4p (3.5) 450 (1100) 4 

30 1Z/1W 3w/4p (3.5) 450 (1100) 5 

31 1Z/1W 3w/4p (3.5) 450 (1100) 6 

32 1Z/1W 3w/4p (3.5) 450 (1100) 7 

33 1Z/1W 2w/3p (2.5) 450 (1100) 4 

34 1Z/1W 2w/3p (2.5) 450 (1100) 5 

35 1Z/1W 2w/3p (2.5) 450 (1100) 6 

36 1Z/1W 2w/3p (2.5) 450 (1100) 7 
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Table A.1. Continued 

Sample 

No 

Z-yarn/ 

Warp 

Ratio 

(Z/W) 

Number of warp 

layers/Number of pick layers  

(total number of layers) 

Pick linear 

density, yd/lb 

(tex) 

Pick density, 

picks/inch 

37 1Z/1W 2w/3p (2.5) 675 (735) 4 

38 1Z/1W 2w/3p (2.5) 675 (735) 5 

39 1Z/1W 2w/3p (2.5) 675 (735) 6 

40 1Z/1W 2w/3p (2.5) 675 (735) 7 

41 2Z/2W 2w/3p (2.5) 675 (735) 4 

42 2Z/2W 2w/3p (2.5) 675 (735) 5 

43 2Z/2W 2w/3p (2.5) 675 (735) 6 

44 2Z/2W 2w/3p (2.5) 675 (735) 7 

45 2Z/2W 2w/3p (2.5) 450 (1100) 4 

46 2Z/2W 2w/3p (2.5) 450 (1100) 5 

47 2Z/2W 2w/3p (2.5) 450 (1100) 6 

48 2Z/2W 2w/3p (2.5) 450 (1100) 7 

49 1Z/2W 4w/5p (4.5) 450 (1100) 4 

50 1Z/2W 4w/5p (4.5) 450 (1100) 7 
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Appendix B: Samples Testing and Measuring Data 
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Table B.1. Flexural properties data 

Sam

ple 

No 

Flexural Strength, MPA Flexural Modulus, MPA 

MD CD MD CD 

AVG COV, 

% 

AVG COV, 

% 

AVG COV, 

% 

AVG COV, 

% 

1 629.00 11.47 358.20 5.37 14826 9.09 13527 12.92 

2 548.38 6.31 389.17 3.51 13806 2.32 16843 11.96 

3 573.91 5.02 438.46 3.64 14496 5.85 17515 8.35 

4 583.93 3.95 477.53 12.92 15888 6.86 19402 8.56 

5 599.04 5.64 477.88 5.36 15713 2.96 17669 4.80 

6 501.86 8.97 551.49 3.76 13753 6.53 19716 7.30 

7 494.65 6.63 474.81 17.17 14254 4.32 20442 21.53 

8 493.84 5.07 553.63 5.76 15374 5.65 24107 4.04 

9 479.24 5.27 436.14 1.60 10912 11.48 14709 3.98 

10 495.51 6.17 482.33 4.04 14210 8.01 18932 1.52 

11 545.67 8.12 560.27 4.10 15468 3.59 20779 5.78 

12 529.14 5.58 535.32 2.78 16402 11.81 21038 6.45 

13 615.01 10.11 332.02 8.90 15783 8.99 12767 10.99 

14 575.48 9.56 369.85 6.51 14770 4.67 13497 4.94 

15 544.23 4.27 357.99 2.58 15974 6.90 16193 3.33 

16 604.86 7.40 517.78 5.89 15557 10.91 20706 7.93 

17 445.17 20.08 336.06 21.57 13942 11.45 15183 10.61 

18 407.27 9.75 314.92 11.06 13944 5.98 18062 11.32 

19 479.95 16.75 356.62 2.69 13309 7.05 19287 4.39 

20 452.83 13.47 410.62 7.05 13527 9.34 20896 4.45 

21 441.24 10.27 284.04 8.11 13819 12.97 11630 4.95 

22 459.64 11.53 333.11 7.95 13199 15.04 13252 15.65 

23 529.18 9.15 330.66 4.31 13375 19.25 14401 2.86 

24 516.99 9.57 342.22 5.83 12620 17.77 14045 9.98 

25          

26 539.55 6.50 447.90 3.19 13431 7.96 17431 1.54 

27 569.25 7.61 407.91 5.31 12726 13.82 16711 8.59 

28 543.08 10.78 374.76 12.71 12590 12.63 17070 9.69 

29 465.34 15.11 512.22 4.48 12436 10.09 16460 3.04 

30 422.35 3.97 318.34 4.05 10511 6.55 12065 1.86 

31 496.14 6.89 617.01 4.43 13133 4.35 22749 7.54 

32 449.71 8.35 646.20 6.82 12396 8.63 23260 8.37 

33 331.56 11.46 471.68 10.97 7891 13.73 14432 9.65 

34 349.38 6.35 543.57 2.80 8468 12.23 17490 8.16 

35          

36 324.60 4.35 578.43 4.99 8013 8.49 19236 4.12 
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Table B.1. Continued 

Sam

ple 

No 

Flexural Strength, MPA Flexural Modulus, MPA 

MD CD MD CD 

AVG COV, 

% 

AVG COV, 

% 

AVG COV, 

% 

AVG COV, 

% 

37          

38 339.64 2.80 354.54 3.71 7056 7.98 11683 4.25 

39 401.90 6.94 359.85 14.84 9090 11.21 13337 11.38 

40 386.54 9.55 459.29 14.71 8362 5.28 15380 5.29 

41          

42 375.64 4.50 253.16 10.17 9832 5.63 10754 7.79 

43 369.80 10.31 259.23 3.45 10847 6.46 11324 7.31 

44 401.58 7.29 322.97 10.07 10792 6.16 15496 11.73 

45 381.94 12.98 365.16 7.71 11124 10.72 14529 8.21 

46          

47          

48 381.12 11.64 455.80 2.74 10560 13.46 18465 3.53 

49  555.96 11.92 616.55 6.67 14386 13.93 20515 12.99 

50  537.95 5.46 635.49 3.10 16071 10.15 25226 8.96 
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Table B.2. Tensile properties data  

Sam

ple 

No 

Tensile Strength, MPA Tensile Modulus, MPA 

MD CD MD CD 

AVG COV, 

% 

AVG COV, 

% 

AVG COV, 

% 

AVG COV, 

% 

1 474.58 4.20 214.70 14.55 25626 5.47 16920 7.92 

2 444.26 10.81 277.10 8.41 22850 9.99 17720 4.08 

3 412.50 11.31 315.00 12.05 25090 10.33 20370 6.52 

4 435.70 9.17 391.10 5.19 25060 6.65 25130 17.01 

5 376.90 10.70 350.20 16.50 24050 18.90 23820 11.50 

6 421.20 4.14 419.20 4.34 28400 16.80 29540 13.70 

7 412.40 6.52 460.80 2.94 27440 31.30 28970 12.40 

8 396.30 8.38 526.20 5.38 28690 19.80 30780 8.33 

9 391.00 8.29 348.50 11.30 18840 6.05 19990 17.48 

10 403.20 10.65 380.50 5.01 18450 22.90 25330 18.30 

11 390.40 6.80 445.10 10.30 16860 36.60 21700 20.50 

12 375.20 14.60 480.60 6.98 18830 9.89 25190 18.90 

13 343.20 20.10 216.40 16.13 26570 6.94 16980 19.41 

14 451.92 5.18 254.90 5.11 24400 3.78 17930 6.87 

15 424.60 9.45 321.50 7.01 24200 12.64 22722 29.98 

16 426.00 16.64 353.60 8.61 25870 13.78 23570 7.01 

17 332.20 13.30 312.60 15.60 24260 13.80 25340 4.81 

18 373.40 9.58 407.30 3.49 19490 10.50 23420 13.50 

19 362.30 20.50 434.50 9.06 15610 25.70 26770 22.70 

20 363.36 13.52 489.20 4.75 16908 14.37 26150 10.06 

21 448.70 12.01 198.70 19.95 22830 15.65 16630 14.24 

22 426.40 15.78 254.90 4.67 21750 14.20 20410 31.18 

23 454.20 11.58 267.20 4.04 23190 12.87 23110 19.69 

24 411.20 14.80 339.60 8.36 28420 21.69 30370 8.26 

25         

26 440.10 7.33 276.90 5.62 23230 27.10 16550 13.20 

27 404.30 7.55 331.50 12.73 19490 23.49 18970 17.88 

28 428.20 5.36 360.20 4.87 23550 31.80 19450 7.42 

29 342.60 8.90 273.40 25.40 29130 10.66 24790 13.78 

30 349.60 6.83 354.30 3.88 24780 12.47 23630 18.93 

31 369.00 8.06 459.30 8.74 31450 8.32 32630 11.78 

32 365.90 6.99 519.50 4.38 26390 7.83 31320 16.14 

33 410.50 7.36 285.90 26.48 22980 11.21 16250 18.32 

34 381.50 8.57 458.60 8.17 18290 17.87 24250 7.47 

35         

36 324.20 10.50 530.40 7.07 16930 18.73 26530 5.06 
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Table B.2. Continued  

Sam

ple 

No 

Tensile Strength, MPA Tensile Modulus, MPA 

MD CD MD CD 

AVG COV, 

% 

AVG COV, 

% 

AVG COV, 

% 

AVG COV, 

% 

37         

38 393.80 12.84 248.00 13.58 16310 20.32 15860 4.29 

39 428.90 7.95 329.30 11.01 20770 13.50 21300 14.42 

40 353.60 25.15 378.40 4.22 22350 33.88 22130 4.96 

41         

42 350.50 12.48 255.90 9.36 21430 12.38 20070 32.82 

43 373.40 13.25 285.30 8.69 23180 27.67 20530 12.90 

44 430.60 7.73 357.60 5.68 19460 31.71 22250 5.47 

45 403.40 8.91 322.40 16.45 25790 27.23 19200 9.81 

46         

47         

48 321.20 7.63 504.00  23690 18.04 27660 5.23 

49  460.70 9.11 439.50 10.72 23300 16.88 23150 9.93 

50  356.80 9.66 541.20 2.90 22230 13.73 27750 8.42 
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Table B.3. Izod and Charpy Notched impact resistance data 

Sampl

e No 

Izod Impact, kJ/m² Charpy Notched Impact, kJ/m² 

MD CD MD CD 

AVG COV, 

% 

AVG COV, 

% 

AVG COV, 

% 

AVG COV, 

% 

1 187.80 17.40 135.70 17.90 192.50 19.16 165.50 28.65 

2 178.80 16.80 169.00 14.70 200.00 15.97 165.00 26.76 

3 210.50 18.00 201.00 14.40 221.00 17.42 201.00 18.53 

4 203.00 12.70 197.40 13.10 223.00 13.10 225.00 14.95 

5 180.10 10.70 194.60 25.60 232.00 23.30 215.00 17.50 

6 237.00 15.80 252.00 11.40 265.00 9.74 282.00 14.40 

7 224.00 9.59 273.00 13.50 232.00 11.10 289.00 12.70 

8 248.00 16.10 270.00 17.80 241.00 16.10 277.00 12.90 

9           

10 220.00 22.20 235.00 11.70 219.00 18.20 282.00 15.60 

11 211.00 22.30 228.00 9.84 227.00 16.80 260.00 17.60 

12 210.00 22.40 286.00 11.70 227.00 22.00 325.00 11.70 

13 207.00 22.20 135.70 22.00 221.00 18.75 167.90 26.01 

14 204.00 12.90 160.10 21.60 231.00 16.49 157.70 22.02 

15 209.00 22.30 163.50 21.60 207.00 16.16 185.00 15.03 

16 219.00 18.20 180.20 11.70 240.00 20.05 187.80 17.80 

17 159.90 17.20 168.90 12.10 193.30 26.40 187.10 24.40 

18 167.70 16.80 198.70 13.70 180.60 21.40 213.00 16.30 

19 176.00 21.50 196.30 13.40 179.70 11.20 264.00 11.50 

20 171.50 25.10 261.00 10.80 202.00 22.80 279.00 17.10 

21 155.40 17.40 109.40 29.70 171.70 22.42 106.90 21.74 

22 168.20 15.50 146.00 28.50 193.50 12.22 146.10 19.42 

23 187.90 19.20 144.50 19.40 190.50 13.50 158.00 17.55 

24 196.20 29.40 160.80 18.40 190.40 21.04 186.10 17.59 

25           

26 161.00 13.90 136.50 18.60 176.50 30.10 165.70 16.90 

27 158.60 14.70 158.80 23.60 177.20 16.50 186.40 19.70 

28 183.10 19.70 181.90 13.90 183.00 12.10 206.00 23.20 

29 149.70 11.90 175.90 21.30 172.00 9.42 168.70 17.39 

30 167.00 16.10 218.00 15.00 163.70 14.09 219.00 19.55 

31 172.20 13.50 252.00 9.37 183.20 21.03 275.00 19.59 

32 172.50 14.70 271.00 14.40 196.80 11.97 277.00 17.04 

33 121.00 25.70 159.40 25.00 136.40 27.58 160.40 17.98 

34 124.60 25.17 163.30 13.97 125.80 18.31 224.00 11.77 

35           

36 140.50 26.32 212.00 21.70 143.10 20.49 260.00 16.46 
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Table B.3. Continued 

Sampl

e No 

Izod Impact, kJ/m² Charpy Notched Impact, kJ/m² 

MD CD MD CD 

AVG COV, 

% 

AVG COV, 

% 

AVG COV, 

% 

AVG COV, 

% 

37           

38 129.70 26.89 107.40 14.45 148.20 10.49 129.70 22.69 

39 141.00 25.00 146.70 17.50 129.80 21.53 156.70 14.40 

40 119.60 35.40 141.50 25.13 137.50 17.57 171.10 17.36 

41           

42 134.70 29.97 101.00 22.26 154.60 19.23 133.20 20.90 

43 119.00 22.90 169.00 22.14 145.00 16.23 129.00 7.84 

44 127.30 24.84 142.20 24.32 145.60 19.26 153.30 20.84 

45 132.10 16.86 138.40 21.38 140.60 22.54 145.70 19.21 

46           

47           

48 117.52 20.49 177.00 9.35 138.40 20.34 225.00 25.55 

49  195.00 19.51 197.10 18.09 222.00 9.40 210.00 14.85 

50  206.00 22.05 300.00 11.77 211.00 15.05 297.00 12.98 
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Table B.4. Dynatup impact resistance data 

Sample 

No 

Dynatup impact, J 

Normalized 

Dynatup impact, 

J/mm 

Max load energy Total energy 

Max 

load 

energy 

Total 

energy 

AVG 
COV, 

% 
AVG 

COV, 

% 
AVG AVG 

1 41.79 35.07 76.03 13.65 14.05 25.56 

2 31.52 24.56 70.57 5.81 9.87 22.09 

3 33.83 36.28 70.91 14.40 10.00 20.97 

4 37.76 37.23 78.37 13.53 10.67 22.14 

5 28.29 18.37 62.75 2.88 7.13 15.82 

6 35.11 42.74 78.4 5.24 8.56 19.11 

7 37.84 34.88 85.03 7.41 8.54 19.19 

8 58.89 18.50 102.66 6.17 12.50 21.79 

9 62.08 39.44 93.38 17.01 15.69 23.60 

10 28.69 19.37 71.4 4.11 6.69 16.64 

11 52.65 35.48 89.85 12.46 11.62 19.83 

12 63.92 21.26 100.94 8.34 14.66 23.16 

13 31.55 13.93 59.25 10.65 10.63 19.97 

14 39.05 17.94 70.61 14.47 11.67 21.10 

15 35.08 22.93 76.46 10.47 10.46 22.80 

16 28.89 19.05 74.32 10.14 8.50 21.86 

17 25.93 18.39 62.47 25.80 7.95 19.15 

18 25.86 24.42 56.77 10.36 7.97 17.49 

19 30.77 30.70 65.72 10.63 9.17 19.59 

20 43.10 22.08 79.05 9.09 12.80 23.48 

21 25.06 41.82 43.19 24.78 9.98 17.20 

22 34.31 39.87 52.62 26.16 12.75 19.55 

23 22.42 21.18 45.27 4.14 7.79 15.72 

24 23.27 28.99 52.48 12.20 8.08 18.23 

25       

26 29.28 20.17 51.61 17.89 11.09 19.54 

27 24.70 21.15 50.22 9.35 8.75 17.79 

28 21.42 23.76 51.37 5.05 7.32 17.56 

29 22.91 16.95 48.77 3.51 6.89 14.67 

30 22.87 15.16 57.54 10.17 6.48 16.30 

31 24.62 16.42 66.3 8.69 7.38 19.88 

32 42.40 43.06 82.69 12.44 12.49 24.36 
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Table B.4. Continued 

Sample 

No 

Dynatup impact, J 

Normalized 

Dynatup impact, 

J/mm 

Max load energy Total energy 

Max 

load 

energy 

Total 

energy 

AVG 
COV, 

% 
AVG 

COV, 

% 
AVG AVG 

33 11.76 13.03 30.11 8.79 5.21 13.34 

34 14.71 22.23 34.64 14.04 6.08 14.33 

35       

36 26.25 43.86 47.9 12.24 10.05 18.34 

37       

38 14.09 12.02 29.19 1.97 6.93 14.37 

39 12.55 18.06 28.58 7.49 6.12 13.93 

40 12.22 7.80 31.22 5.47 5.81 14.84 

41       

42 13.76 21.08 27.05 10.60 6.49 12.76 

43 12.82 18.79 26.31 9.66 5.63 11.55 

44 15.02 32.32 31.85 13.69 6.56 13.91 

45 12.57 9.99 27.63 7.01 5.19 11.40 

46       

47       

48 21.77 55.27 52.56 20.27 8.44 20.39 

49 53.71 43.23 86.42 18.02 13.56 21.81 

50 79.68 10.28 106.88 0.56 17.57 23.56 
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Table B.5. Physical properties data 

Sample 

No 

Glass 

content, % 

Preform 

FVF 

Preform 

AD, g/m² 

Preform 

Thickness, 

mm 

Composite 

thickness, 

mm 

AVG AVG AVG AVG AVG 

1 67.20 0.337 3435.41 3.92 2.98 

2 62.96 0.374 3766.94 3.87 3.19 

3 66.72 0.365 4003.85 4.22 3.38 

4 69.66 0.378 4329.25 4.40 3.54 

5 67.93 0.324 4080.38 4.84 3.97 

6 68.94 0.364 4552.27 4.81 4.10 

7 71.08 0.383 5127.07 5.15 4.43 

8 72.79 0.396 5587.33 5.42 4.71 

9 59.68 0.328 4130.33 4.85 3.96 

10 69.12 0.334 4481.45 5.16 4.29 

11 70.76 0.366 4902.85 5.15 4.53 

12 72.82 0.386 5287.66 5.27 4.36 

13 66.58 0.328 3466.84 4.07 2.97 

14 66.61 0.341 3780.29 4.27 3.35 

15 67.71 0.355 4090.72 4.43 3.35 

16 70.25 0.368 4405.02 4.60 3.40 

17 67.76 0.321 3152.10 3.78 3.26 

18 69.55 0.339 3558.12 4.04 3.25 

19 69.35 0.352 3976.62 4.35 3.35 

20 70.89 0.379 4290.93 4.35 3.37 

21 65.42 0.333 2656.96 3.07 2.51 

22 62.80 0.339 2916.59 3.31 2.69 

23 66.32 0.356 3145.65 3.40 2.88 

24 65.26 0.340 3346.28 3.79 2.88 

25  0.320 2665.14 3.20  

26 65.95 0.336 2942.85 3.37 2.64 

27 66.05 0.361 3115.94 3.32 2.82 

28 67.26 0.382 3393.65 3.42 2.93 

29 62.02 0.323 3172.34 3.78 3.32 

30 62.53 0.346 3589.12 3.99 3.53 

31 68.07 0.365 3918.49 4.13 3.34 

32 70.83 0.372 4284.47 4.43 3.40 

33 63.94 0.332 2251.38 2.61 2.26 

34 64.79 0.339 2546.31 2.89 2.42 

35  0.381 2810.24 2.84  

36 67.69 0.389 3026.38 2.99 2.61 
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Table B.5. Continued 

Sample 

No 

Glass 

content, % 

Preform 

FVF 

Preform 

AD, g/m² 

Preform 

Thickness, 

mm 

Composite 

thickness, 

mm 

AVG AVG AVG AVG AVG 

37  0.306 1840.20 2.31  

38 56.22 0.338 2055.91 2.34 2.03 

39 65.19 0.358 2159.67 2.32 2.05 

40 65.60 0.376 2396.05 2.45 2.10 

41  0.309 1838.48 2.29  

42 63.93 0.323 2007.25 2.39 2.12 

43 66.29 0.322 2182.06 2.61 2.28 

44 68.12 0.346 2359.88 2.62 2.29 

45 65.51 0.305 2237.60 2.82 2.42 

46  0.331 2474.84 2.88  

47  0.351 2780.96 3.05  

48 71.08 0.380 3040.59 3.08 2.58 

49  69.42 0.290 3990.29 5.30 3.96 

50  75.17 0.358 5525.33 5.94 4.54 
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Appendix C: Resin Infusion Time 
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Table C.1. Resin flow distance through the preform panel width at certain infusion time 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

1 40.3 80 9.0 15.5 20.5 24.5 28.0 31.0 34.0 36.5 38.5 40.3

2 40.5 82 9.2 15.8 20.3 24.6 27.8 30.6 33.5 35.9 38.5 40.5

3 40.5 82 8.5 17.3 22.8 27.8 31.7 35.9 40.5

4 40.5 81 6.4 13.4 19.0 23.0 26.5 30.0 33.0 35.8 38.3 40.5

5 40.9 81 9.0 18.2 25.0 29.5 34.3 38.6 40.9

6 40.6 72 14.8 23.5 29.5 35.0 38.6 40.6

6 40.5 81 10.3 17.1 25.1 29.6 34.6 38.1 40.5

7 40.6 70 6.0 17.0 23.2 29.0 32.2 36.6 38.8 40.6

8 41.0 82 8.3 15.7 20.7 24.7 28.5 32.0 35.0 37.8 41.0

9 40.4 70 8.2 14.1 19.6 22.9 26.3 29.6 32.1 36.0 37.4 40.4

10 41.1 83 12.0 19.7 26.8 32.3 36.8 41.1

11 41.8 83 8.1 14.4 19.7 24.4 28.1 31.5 34.9 37.5 41.8

12 40.5 87 4.4 6.6 9.5 11.2 12.7 14.7 16.9 17.9 19.9 21.1 22.8 24.1 25.0 26.5 27.5 28.4 29.4 30.3 31.3 32.3 33.4 34.4 35.0 35.9 36.6 37.6 38.1 38.7 39.0 39.7 40.5

13 40.8 87 6.0 12.7 16.4 20.0 23.2 26.7 29.2 31.4 33.4 35.4 37.0 38.6 40.8

14 40.3 80 8.2 13.7 17.7 21.2 24.6 27.4 29.9 32.2 34.4 36.2 37.6 40.3

15 40.1 86 7.2 12.7 17.9 22.3 26.8 29.6 32.4 34.2 36.4 38.6 40.1

16 41.3 86 4.3 8.8 12.8 15.8 19.2 22.2 24.2 26.4 28.5 30.3 32.4 34.0 35.1 36.2 37.4 38.5 39.6 41.3

17 40.1 82 10.0 18.5 24.2 28.4 33.4 36.7 39.7 40.1

18 40.5 82 12.2 20.7 26.5 32.5 36.3 40.5

19 41.3 82 14.0 19.8 25.9 30.2 33.8 37.4 39.5 41.3

20 40.1 80 5.2 9.0 11.4 15.1 16.6 18.5 20.0 21.6 23.1 25.0 26.2 27.8 28.9 30.4 31.4 32.1 33.1 34.0 34.4 35.4 36.3 36.7 37.5 38.3 38.8 40.1

21 40.1 80 7.5 11.6 18.0 21.2 23.9 26.1 28.0 30.4 32.6 35.2 36.9 38.5 40.1

22 40.8 82 8.2 14.5 19.0 22.2 26.0 29.5 32.6 35.0 37.5 40.0 40.8

23 40.7 82 8.5 14.0 18.7 22.2 25.8 28.8 31.4 34.5 36.8 38.7 40.7

24 36.5 85 4.5 9.5 12.8 15.5 18.0 20.5 22.5 24.9 26.4 28.8 30.6 31.4 31.6 32.9 33.9 35.3 36.3 36.5

25 41.5 85 10.0 16.4 21.6 25.6 28.5 31.5 33.8 36.4 38.4 40.6 41.5

26 40.9 82 9.6 18.6 24.3 31.1 34.1 37.0 40.9

27 40.6 82 10.3 19.2 26.1 31.7 36.3 40.6

28 40.8 80 9.8 17.6 23.9 28.9 33.5 36.8 40.8

29 40.1 79 11.0 19.3 26.3 30.6 35.6 40.1

30 40.1 79 12.8 22.5 28.9 34.4 40.1

31 40.0 80 12.0 21.5 28.5 34.0 40.0

32 40.1 80 12.8 19.8 25.3 29.1 32.8 36.0 40.1

33 40.6 80 12.9 21.5 29.6 34.1 40.6

34 41.8 80 16.0 27.5 35.5 41.8

35 40.9 80 17.6 28.3 37.7 40.9

36 40.5 80 18.2 28.0 36.2 40.5

37 40.5 72 8.1 14.4 17.5 21.0 24.5 26.8 29.8 31.6 33.6 35.2 36.0 36.8 38.1 40.5

37 37.3 83 9.3 14.6 18.1 21.6 24.8 27.3 29.8 31.3 32.8 34.3 35.5 35.9 36.1 36.3 36.5 36.7 36.9 37.1 37.3

38 40.3 72 10.6 22.3 26.9 32.3 33.8 36.8 38.3 40.3

38 40.9 83 12.0 19.3 24.6 29.1 32.6 36.1 39.5 40.9

39 40.1 82 14.8 22.0 31.0 34.6 39.2 40.1

40 40.2 80 13.0 22.3 29.3 34.7 39.2 40.2

41 34.2 80 5.9 10.2 13.5 16.2 18.0 21.7 23.6 24.6 26.5 28.2 30.0 31.0 32.5 33.4 34.2

42 40.8 80 8.2 12.4 16.5 20.0 22.9 26.2 29.3 31.0 33.0 34.5 36.2 37.0 37.8 39.5 40.5 35.5 36.2 39.4 40.8

43 40.8 70 5.5 10.0 12.3 15.8 17.6 20.5 22.7 25.0 26.7 28.4 29.3 31.0 33.2 34.2 36.0 37.4 38.7 40.8

44 40.6 70 4.4 7.0 9.5 11.1 12.8 14.5 16.8 18.7 20.3 22.4 23.9 25.4 23.9 25.4 26.8 27.8 29.5 30.5 31.2 32.6 33.7 34.5 35.7 36.5 37.3 38.0 38.8 39.6 40.6

45 40.8 70 8.7 14.9 20.6 23.8 28.2 30.7 34.3 37.2 40.8

46 40.6 70 7.0 14.9 20.3 24.7 29.0 33.0 36.5 39.2 40.6

47 40.8 70 6.4 13.2 18.4 22.0 25.4 29.4 31.7 35.0 36.9 39.3 40.8

48 40.1 72 5.0 7.9 10.2 12.0 13.3 15.0 16.5 17.6 18.8 20.3 21.5 22.5 25.0 26.3 27.2 28.0 29.4 30.3 31.5 32.8 33.4 34.2 34.9 35.6 36.5 37.2 38.1 40.1

49 40.0 72 13.2 19.3 24.3 29.0 32.6 36.1 40.0

50 40.6 70 4.4 7.5 10.0 12.2 13.8 15.0 16.7 17.4 18.1 19.2 20.4 21.6 22.2 23.5 25.3 26.1 28.2 29.1 29.8 30.5 31.5 33.0 33.7 34.2 35.0 36.4 37.0 37.5 38.2 39.3 39.8 40.6

Resin infusion time, minAmb 

t, °F

Sample 

No

Width, 

cm
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Appendix D: Design of Experiment 1 Statistical Analysis 
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Table D.1. Izod impact resistance in warp direction 

Summary of Fit 
    

RSquare 0.882625 

RSquare Adj 0.869583 

Root Mean Square Error 12.8814 

Mean of Response 173.2468 

Observations (or Sum Wgts) 41 

  
 

Analysis of Variance 

 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 4 44918.972 11229.7 67.6774 

Error 36 5973.501 165.9 Prob > F 

C. Total 40 50892.472  <.0001* 
     

 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 
Intercept  -20.91074 17.92557 -1.17 0.2511 

Z/W[A]   -0.676084 2.035755 -0.33 0.7417 

No. of layers  41.375322 2.552743 16.21 <.0001* 

Pick linear density(yd/lb)  0.0125419 0.011073 1.13 0.2648 

Pick density  6.0039721 1.841236 3.26 0.0024* 
 

 

Prediction Profiler  
 

 



224 

 

 

 

 

Table D.2. Adjusted Izod impact resistance in warp direction 

Summary of Fit 

  

RSquare 0.87831 

RSquare Adj 0.871905 

Root Mean Square Error 12.76622 
Mean of Response 173.2468 

Observations (or Sum Wgts) 41 

  
 

Analysis of Variance 

 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 2 44699.372 22349.7 137.1345 

Error 38 6193.101 163.0 Prob > F 

C. Total 40 50892.472  <.0001* 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  -8.606939 14.11372 -0.61 0.5456 

No. of layers  41.321986 2.525017 16.37 <.0001* 

Pick density  5.8918252 1.815979 3.24 0.0025* 

      
 

 

Prediction Profiler  
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Table D.3. Izod impact resistance in pick direction 

Summary of Fit 

 

RSquare 0.901482 

RSquare Adj 0.890535 

Root Mean Square Error 16.13732 
Mean of Response 183.3854 

Observations (or Sum Wgts) 41 

  
 

Analysis of Variance 

 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 4 85783.936 21446.0 82.3537 

Error 36 9374.875 260.4 Prob > F 

C. Total 40 95158.811  <.0001* 
     

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 
Intercept  -205.0425 22.45646 -9.13 <.0001* 

Z/W[A]   6.4918434 2.550314 2.55 0.0153* 

No. of layers  27.589816 3.197977 8.63 <.0001* 

Pick linear density(yd/lb)  0.1814541 0.013872 13.08 <.0001* 

Pick density  21.915761 2.306629 9.50 <.0001* 

      
 

 

Prediction Profiler  
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Table D.4. Charpy notched impact resistance in warp direction 

Summary of Fit 
 

   

RSquare 0.895987 

RSquare Adj 0.88443 

Root Mean Square Error 12.3145 

187.2585 

41 

Mean of Response 

Observations (or Sum Wgts) 

  

Analysis of Variance 

 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 4 47027.150 11756.8 77.5274 

Error 36 5459.289 151.6 Prob > F 

C. Total 40 52486.440  <.0001* 

     

Parameter Estimates 

 
 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  -0.959504 17.13668 -0.06 0.9557 
Z/W[A]   -2.428459 1.946162 -1.25 0.2202 

No. of layers  42.736127 2.440398 17.51 <.0001* 

Pick linear density(yd/lb)  0.0167799 0.010586 1.59 0.1217 

Pick density  3.3857463 1.760205 1.92 0.0624 

      

 

Prediction Profiler  
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Table D.5. Adjusted Charpy notched impact resistance in warp direction 

Summary of Fit 

   

RSquare 0.885418 

RSquare Adj 0.879388 

Root Mean Square Error 12.58026 
Mean of Response 187.2585 

Observations (or Sum Wgts) 41 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 2 46472.447 23236.2 146.8203 

Error 38 6013.993 158.3 Prob > F 

C. Total 40 52486.440  <.0001* 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  15.403568 13.90813 1.11 0.2750 

Pick density  3.3356131 1.789527 1.86 0.0701 

No. of layers  42.545946 2.488236 17.10 <.0001* 

      
 

 

Prediction Profiler  
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Table D.6. Charpy notched impact resistance in pick direction 

Summary of Fit 

   

RSquare 0.905535 

RSquare Adj 0.895039 

Root Mean Square Error 17.73245 
Mean of Response 202.7073 

Observations (or Sum Wgts) 41 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 4 108510.99 27127.7 86.2732 

Error 36 11319.84 314.4 Prob > F 

C. Total 40 119830.83  <.0001* 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  -234.4022 24.67622 -9.50 <.0001* 

Z/W[A]   5.3764569 2.802406 1.92 0.0630 

No. of layers  27.715117 3.514089 7.89 <.0001* 

Pick linear density(yd/lb)  0.2132278 0.015243 13.99 <.0001* 

Pick density  25.316783 2.534634 9.99 <.0001* 
      

 

 

Prediction Profiler  
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Table D.7. Dynatup impact energy to max load 

Summary of Fit 

   

RSquare 0.698678 

RSquare Adj 0.666102 

Root Mean Square Error 7.698252 
Mean of Response 29.36619 

Observations (or Sum Wgts) 42 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 4 5084.3059 1271.08 21.4480 

Error 37 2192.7339 59.26 Prob > F 

C. Total 41 7277.0398  <.0001* 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  -50.44668 10.70604 -4.71 <.0001* 

Z/W[A]   -1.32868 1.195782 -1.11 0.2737 

No. of layers  12.808662 1.504122 8.52 <.0001* 

Pick linear density(yd/lb)  0.020515 0.006539 3.14 0.0033* 

Pick density  2.6006716 1.076083 2.42 0.0207* 
      

 

 

Prediction Profiler  
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Table D.8. Adjusted Dynatup impact energy to max load 

Summary of Fit 

   

RSquare 0.688623 

RSquare Adj 0.664041 

Root Mean Square Error 7.721981 
Mean of Response 29.36619 

Observations (or Sum Wgts) 42 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 3 5011.1380 1670.38 28.0129 

Error 38 2265.9018 59.63 Prob > F 

C. Total 41 7277.0398  <.0001* 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  -49.75473 10.72086 -4.64 <.0001* 

No. of layers  12.7545 1.507966 8.46 <.0001* 

Pick linear density(yd/lb)  0.0198528 0.006532 3.04 0.0043* 

Pick density  2.6320518 1.079028 2.44 0.0195* 

      
 

 

Prediction Profiler  
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Table D.9. Dynatup impact total energy 

Summary of Fit 

   

RSquare 0.914378 

RSquare Adj 0.905122 

Root Mean Square Error 6.545836 
Mean of Response 59.3819 

Observations (or Sum Wgts) 42 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 4 16930.619 4232.65 98.7831 

Error 37 1585.375 42.85 Prob > F 

C. Total 41 18515.994  <.0001* 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  -91.50489 9.103367 -10.05 <.0001* 

Z/W[A]   -0.368174 1.016776 -0.36 0.7193 

No. of layers  22.980866 1.278958 17.97 <.0001* 

Pick linear density(yd/lb)  0.0396434 0.00556 7.13 <.0001* 

Pick density  5.5918975 0.914995 6.11 <.0001* 
      

 

 

Prediction Profiler  
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Table D.10. Adjusted Dynatup impact total energy 

Summary of Fit 

   

RSquare 0.914075 

RSquare Adj 0.907291 

Root Mean Square Error 6.470567 
Mean of Response 59.3819 

Observations (or Sum Wgts) 42 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 3 16925.001 5641.67 134.7481 

Error 38 1590.993 41.87 Prob > F 

C. Total 41 18515.994  <.0001* 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  -91.31316 8.983453 -10.16 <.0001* 

No. of layers  22.965858 1.263587 18.18 <.0001* 

Pick linear density(yd/lb)  0.0394599 0.005474 7.21 <.0001* 

Pick density  5.6005929 0.904162 6.19 <.0001* 

      
 

 

Prediction Profiler  
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Table D.11. Normalized Dynatup impact energy to max load 

Summary of Fit 

   

RSquare 0.394672 

RSquare Adj 0.329231 

Root Mean Square Error 2.212491 
Mean of Response 9.062857 

Observations (or Sum Wgts) 42 

    
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 4 118.08907 29.5223 6.0310 

Error 37 181.11939 4.8951 Prob > F 

C. Total 41 299.20846  0.0008* 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  -0.758373 3.076936 -0.25 0.8067 

Z/W[A]   -0.299282 0.34367 -0.87 0.3895 

No. of layers  2.0729068 0.432287 4.80 <.0001* 

Pick linear density(yd/lb)  0.0004132 0.001879 0.22 0.8272 

Pick density  0.3441262 0.309268 1.11 0.2730 
      

 

 

Prediction Profiler  
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Table D.12. Adjusted Normalized Dynatup impact energy to max load 

Summary of Fit 

   

RSquare 0.361145 

RSquare Adj 0.345174 

Root Mean Square Error 2.186039 
Mean of Response 9.062857 

Observations (or Sum Wgts) 42 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 1 108.05773 108.058 22.6120 

Error 40 191.15073 4.779 Prob > F 

C. Total 41 299.20846  <.0001* 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  1.7416772 1.576129 1.11 0.2757 

No. of layers  2.0229576 0.425419 4.76 <.0001* 

      
 

 

Prediction Profiler  
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Table D.13. Normalized Dynatup impact total energy 

Summary of Fit 

   

RSquare 0.5854 

RSquare Adj 0.540578 

Root Mean Square Error 2.460881 
Mean of Response 18.45952 

Observations (or Sum Wgts) 42 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 4 316.37791 79.0945 13.0606 

Error 37 224.06968 6.0559 Prob > F 

C. Total 41 540.44759  <.0001* 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  0.0015379 3.422375 0.00 0.9996 

Z/W[A]   0.0121358 0.382253 0.03 0.9748 

No. of layers  3.2867446 0.480819 6.84 <.0001* 

Pick linear density(yd/lb)  0.0012841 0.00209 0.61 0.5428 

Pick density  0.9622962 0.343989 2.80 0.0081* 
      

 

 

Prediction Profiler  

 



236 

 

 

 

 

Table D.14. Adjusted Normalized Dynatup impact total energy 

Summary of Fit 

   

RSquare 0.581085 

RSquare Adj 0.559602 

Root Mean Square Error 2.409392 
Mean of Response 18.45952 

Observations (or Sum Wgts) 42 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 2 314.04598 157.023 27.0488 

Error 39 226.40161 5.805 Prob > F 

C. Total 41 540.44759  <.0001* 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  1.2818555 2.656643 0.48 0.6321 

No. of layers  3.2936865 0.470401 7.00 <.0001* 

Pick density  0.9396669 0.33482 2.81 0.0078* 

      
 

 

Prediction Profiler  
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Table D.15. Tensile strength in warp direction 

Summary of Fit 

   

RSquare 0.46815 

RSquare Adj 0.410653 

Root Mean Square Error 29.72605 
Mean of Response 395.7719 

Observations (or Sum Wgts) 42 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 4 28778.749 7194.69 8.1421 

Error 37 32694.616 883.64 Prob > F 

C. Total 41 61473.365  <.0001* 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  468.49972 41.34035 11.33 <.0001* 

Z/W[A]   6.1551882 4.617398 1.33 0.1907 

No. of layers  16.430958 5.808022 2.83 0.0075* 

Pick linear density(yd/lb)  -0.123106 0.025251 -4.88 <.0001* 

Pick density  -3.364748 4.155191 -0.81 0.4232 
      

 

 

Prediction Profiler  
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Table D.16. Adjusted tensile strength in warp direction 

Summary of Fit 

   

RSquare 0.432342 

RSquare Adj 0.403231 

Root Mean Square Error 29.91263 
Mean of Response 395.7719 

Observations (or Sum Wgts) 42 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 2 26577.513 13288.8 14.8517 

Error 39 34895.852 894.8 Prob > F 

C. Total 41 61473.365  <.0001* 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  442.23216 31.15313 14.20 <.0001* 

No. of layers  17.062022 5.823839 2.93 0.0056* 

Pick linear density(yd/lb)  -0.11781 0.025165 -4.68 <.0001* 

      
 

 

Prediction Profiler  
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Table D.17. Tensile modulus in warp direction 

Summary of Fit 

   

RSquare 0.155654 

RSquare Adj 0.064373 

Root Mean Square Error 3763.12 
Mean of Response 22925.81 

Observations (or Sum Wgts) 42 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 4 96591291 24147823 1.7052 

Error 37 523959772 14161075 Prob > F 

C. Total 41 620551062  0.1696 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  21121.514 5233.413 4.04 0.0003* 

Z/W[A]   1036.9931 584.5319 1.77 0.0843 

No. of layers  1284.9957 735.2569 1.75 0.0888 

Pick linear density(yd/lb)  -1.911425 3.196646 -0.60 0.5535 

Pick density  -186.0762 526.0195 -0.35 0.7255 
      

 

 

Prediction Profiler  
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Table D.18. Tensile strength in pick direction 

Summary of Fit 

   

RSquare 0.94022 

RSquare Adj 0.933757 

Root Mean Square Error 23.69513 
Mean of Response 356.9119 

Observations (or Sum Wgts) 42 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 4 326730.73 81682.7 145.4829 

Error 37 20773.99 561.5 Prob > F 

C. Total 41 347504.72  <.0001* 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  -315.0996 32.95308 -9.56 <.0001* 

Z/W[A]   7.6541325 3.680605 2.08 0.0445* 

No. of layers  4.2332744 4.629671 0.91 0.3664 

Pick linear density(yd/lb)  0.3619938 0.020128 17.98 <.0001* 

Pick density  58.00722 3.312171 17.51 <.0001* 
      

 

 

Prediction Profiler  
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Table D.19. Adjusted tensile strength in pick direction 

Summary of Fit 

   

RSquare 0.938869 

RSquare Adj 0.934043 

Root Mean Square Error 23.64397 
Mean of Response 356.9119 

Observations (or Sum Wgts) 42 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 3 326261.30 108754 194.5376 

Error 38 21243.42 559 Prob > F 

C. Total 41 347504.72  <.0001* 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  -298.7906 27.64899 -10.81 <.0001* 

Z/W[A]   7.7631976 3.670729 2.11 0.0411* 

Pick linear density(yd/lb)  0.362336 0.020081 18.04 <.0001* 

Pick density  57.775295 3.295315 17.53 <.0001* 

      
 

 

Prediction Profiler  
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Table D.20. Tensile modulus in pick directions 

Summary of Fit 

   

RSquare 0.654841 

RSquare Adj 0.617527 

Root Mean Square Error 2785.797 
Mean of Response 22910.29 

Observations (or Sum Wgts) 42 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 4 544775741 136193935 17.5493 

Error 37 287144599 7760664.9 Prob > F 

C. Total 41 831920341  <.0001* 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  -6564.195 3874.239 -1.69 0.0986 

Z/W[A]   131.39839 432.7226 0.30 0.7631 

No. of layers  762.44797 544.3027 1.40 0.1696 

Pick linear density(yd/lb)  14.878263 2.366442 6.29 <.0001* 

Pick density  2333.3623 389.4065 5.99 <.0001* 
      

 

 

Prediction Profiler  
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Table D.21. Adjusted tensile modulus in pick direction 

Summary of Fit 

   

RSquare 0.635399 

RSquare Adj 0.616702 

Root Mean Square Error 2788.801 
Mean of Response 22910.29 

Observations (or Sum Wgts) 42 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 2 528601374 264300687 33.9831 

Error 39 303318967 7777409.4 Prob > F 

C. Total 41 831920341  <.0001* 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  -3681.81 3257.379 -1.13 0.2653 

Pick linear density(yd/lb)  15.015753 2.358582 6.37 <.0001* 

Pick density  2287.6821 388.5201 5.89 <.0001* 

      
 

 

Prediction Profiler  
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Table D.22. Flexural strength in warp direction 

Summary of Fit 

   

RSquare 0.660607 

RSquare Adj 0.624882 

Root Mean Square Error 51.83707 
Mean of Response 479.793 

Observations (or Sum Wgts) 43 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 4 198749.28 49687.3 18.4912 

Error 38 102109.10 2687.1 Prob > F 

C. Total 42 300858.37  <.0001* 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  273.18104 63.45085 4.31 0.0001* 

Z/W[A]   -2.820934 7.949936 -0.35 0.7247 

No. of layers  84.296547 10.14138 8.31 <.0001* 

Pick linear density(yd/lb)  -0.128573 0.043468 -2.96 0.0053* 

Pick density  3.3078543 7.181032 0.46 0.6477 
      

 

 

Prediction Profiler  
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Table D.23. Adjusted flexural strength in warp direction 

Summary of Fit 

   

RSquare 0.657275 

RSquare Adj 0.640139 
Root Mean Square Error 50.77194 

Mean of Response 479.793 

Observations (or Sum Wgts) 43 

  
 

Analysis of Variance 

 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 2 197746.79 98873.4 38.3559 

Error 40 103111.58 2577.8 Prob > F 

C. Total 42 300858.37  <.0001* 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  290.97782 50.55384 5.76 <.0001* 

No. of layers  84.230196 9.927359 8.48 <.0001* 

Pick linear density(yd/lb)  -0.12784 0.042509 -3.01 0.0045* 

      
 

 

Prediction Profiler  
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Table D.24. Flexural modulus in warp direction 

Summary of Fit 

   

RSquare 0.328455 

RSquare Adj 0.255855 

Root Mean Square Error 2679.68 
Mean of Response 12346.74 

Observations (or Sum Wgts) 42 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 4 129947469 32486867 4.5242 

Error 37 265685323 7180684.4 Prob > F 

C. Total 41 395632792  0.0045* 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  2716.4478 3726.661 0.73 0.4706 

Z/W[A]   -138.1057 416.2392 -0.33 0.7419 

No. of layers  2193.7005 523.569 4.19 0.0002* 

Pick linear density(yd/lb)  1.4049513 2.276299 0.62 0.5409 

Pick density  70.445481 374.5731 0.19 0.8519 
      

 

 

Prediction Profiler  

 

 



247 

 

 

 

 

Table D.25. Adjusted flexural modulus in warp direction 

Summary of Fit 

   

RSquare 0.319816 

RSquare Adj 0.302812 

Root Mean Square Error 2593.757 
Mean of Response 12346.74 

Observations (or Sum Wgts) 42 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 1 126529842 126529842 18.8076 

Error 40 269102949 6727573.7 Prob > F 

C. Total 41 395632792  <.0001* 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  4424.4676 1870.093 2.37 0.0229* 

No. of layers  2189.0484 504.7637 4.34 <.0001* 

      
 

 

Prediction Profiler  
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Table D.26. Flexural strength in pick direction 

Summary of Fit 

   

RSquare 0.630675 

RSquare Adj 0.590748 

Root Mean Square Error 63.52091 
Mean of Response 423.0748 

Observations (or Sum Wgts) 42 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 4 254936.62 63734.2 15.7957 

Error 37 149291.54 4034.9 Prob > F 

C. Total 41 404228.16  <.0001* 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  -136.9127 88.33924 -1.55 0.1297 

Z/W[A]   38.147082 9.866811 3.87 0.0004* 

No. of layers  29.372083 12.41103 2.37 0.0233* 

Pick linear density(yd/lb)  0.2876416 0.053959 5.33 <.0001* 

Pick density  34.1909 8.87913 3.85 0.0005* 
      

 

 

Prediction Profiler  
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Table D.27. Flexural modulus in pick direction  

Summary of Fit 

   

RSquare 0.811174 

RSquare Adj 0.79076 

Root Mean Square Error 1577.374 
Mean of Response 16725.48 

Observations (or Sum Wgts) 42 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 4 395478308 98869577 39.7368 

Error 37 92060050 2488109.5 Prob > F 

C. Total 41 487538358  <.0001* 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  -9640.551 2193.672 -4.39 <.0001* 

Z/W[A]   639.1313 245.0162 2.61 0.0130* 

No. of layers  1701.9623 308.1951 5.52 <.0001* 

Pick linear density(yd/lb)  10.596843 1.339927 7.91 <.0001* 

Pick density  1877.2712 220.4898 8.51 <.0001* 
      

 

 

Prediction Profiler  
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Appendix E: Design of Experiment 2 Statistical Analysis 
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Table E.1. Izod impact resistance in warp direction 

Summary of Fit 

   

RSquare 0.683239 

RSquare Adj -0.26704 

Root Mean Square Error 28.45 
Mean of Response 207.82 

Observations (or Sum Wgts) 5 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 3 1745.8455 581.949 0.7190 

Error 1 809.4025 809.403 Prob > F 

C. Total 4 2555.2480  0.6767 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  129.28333 58.45919 2.21 0.2703 

Z/W[A]   12.441667 18.3644 0.68 0.6209 

Z/W[B]   -11.33333 23.22933 -0.49 0.7110 

Pick density  13.15 9.483333 1.39 0.3978 

      
 

 

Prediction Profiler  
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Table E.2. Izod impact resistance in pick direction 

Summary of Fit 

   

RSquare 0.981211 

RSquare Adj 0.924845 

Root Mean Square Error 13.75 
Mean of Response 249.54 

Observations (or Sum Wgts) 5 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 3 9873.450 3291.15 17.4077 

Error 1 189.063 189.06 Prob > F 

C. Total 4 10062.512  0.1740 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  77.316667 28.25356 2.74 0.2230 

Z/W[A]   -8.458333 8.875587 -0.95 0.5153 

Z/W[B]   0.6666667 11.22683 0.06 0.9622 

Pick density  29.716667 4.583333 6.48 0.0974 

      
 

 

Prediction Profiler  
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Table E.3. Charpy Notched impact resistance in warp direction 

Summary of Fit 

   

RSquare 0.800479 

RSquare Adj 0.201915 

Root Mean Square Error 10 
Mean of Response 226.6 

Observations (or Sum Wgts) 5 

  
 

Effect Tests 
 

Source Nparm DF Sum of 

Squares 

F Ratio Prob > F   

Z/W 2 2 400.66667 2.0033 0.4469  

Pick density 1 1 1.00000 0.0100 0.9365  

       
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  228.66667 20.54805 11.13 0.0571 

Z/W[A]   9.6666667 6.454972 1.50 0.3748 

Z/W[B]   0.6666667 8.164966 0.08 0.9481 

Pick density  -0.333333 3.333333 -0.10 0.9365 

      
 

 

Prediction Profiler  

 

 



254 

 

 

 

 

Table E.4. Charpy Notched impact resistance in pick direction 

Summary of Fit 

   

RSquare 0.984819 

RSquare Adj 0.939278 

Root Mean Square Error 12.5 
Mean of Response 264.8 

Observations (or Sum Wgts) 5 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 3 10136.550 3378.85 21.6246 

Error 1 156.250 156.25 Prob > F 

C. Total 4 10292.800  0.1565 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  125.83333 25.68506 4.90 0.1282 

Z/W[A]   -16.41667 8.068715 -2.03 0.2908 

Z/W[B]   25.333333 10.20621 2.48 0.2438 

Pick density  24.833333 4.166667 5.96 0.1058 
 

 

Prediction Profiler  
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Table E.5. Dynatup impact energy to max load 

Summary of Fit 
RSquare 0.832446 

RSquare Adj 0.581115 

Root Mean Square Error 10.91952 

Mean of Response 57.76167 
Observations (or Sum Wgts) 6 

  
 

Analysis of Variance 

 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 3 1184.7828 394.928 3.3122 

Error 2 238.4719 119.236 Prob > F 

C. Total 5 1423.2547  0.2405 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  22.066667 16.94254 1.30 0.3226 

Z/W[A]   -14.17167 6.304389 -2.25 0.1536 

Z/W[B]   5.2383333 6.304389 0.83 0.4934 

Pick density  6.49 2.971917 2.18 0.1606 

      
 

 

Prediction Profiler  
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Table E.6. Dynatup impact total energy 

Summary of Fit 

   

RSquare 0.796528 

RSquare Adj 0.491319 

Root Mean Square Error 11.51533 
Mean of Response 92.17167 

Observations (or Sum Wgts) 6 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 3 1038.1942 346.065 2.6098 

Error 2 265.2058 132.603 Prob > F 

C. Total 5 1303.4001  0.2891 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  50.658889 17.86699 2.84 0.1051 

Z/W[A]   -9.466667 6.648381 -1.42 0.2905 

Z/W[B]   4.9883333 6.648381 0.75 0.5313 

Pick density  7.5477778 3.134077 2.41 0.1377 

      
 

 

Prediction Profiler  
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Table E.7. Normalized Dynatup impact energy to max load 

Summary of Fit 

   

RSquare 0.823154 

RSquare Adj 0.557886 

Root Mean Square Error 2.38417 
Mean of Response 13.51833 

Observations (or Sum Wgts) 6 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 3 52.916550 17.6389 3.1031 

Error 2 11.368533 5.6843 Prob > F 

C. Total 5 64.285083  0.2532 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  8.4155556 3.699236 2.27 0.1507 

Z/W[A]   -3.703333 1.376501 -2.69 0.1148 

Z/W[B]   1.6566667 1.376501 1.20 0.3519 

Pick density  0.9277778 0.648889 1.43 0.2890 

      
 

 

Prediction Profiler  
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Table E.8. Normalized Dynatup impact total energy 

Summary of Fit 

   

RSquare 0.75742 

RSquare Adj 0.39355 

Root Mean Square Error 2.303848 
Mean of Response 21.62333 

Observations (or Sum Wgts) 6 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 3 33.145100 11.0484 2.0816 

Error 2 10.615433 5.3077 Prob > F 

C. Total 5 43.760533  0.3408 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  17.174444 3.57461 4.80 0.0407* 

Z/W[A]   -2.818333 1.330127 -2.12 0.1682 

Z/W[B]   1.7566667 1.330127 1.32 0.3175 

Pick density  0.8088889 0.627028 1.29 0.3261 

      
 

 

Prediction Profiler  
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Table E.9. Tensile strength in warp direction 

Summary of Fit 

   

RSquare 0.37791 

RSquare Adj -0.55523 

Root Mean Square Error 44.9106 
Mean of Response 392.8167 

Observations (or Sum Wgts) 6 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 3 2450.5450 816.85 0.4050 

Error 2 4033.9233 2016.96 Prob > F 

C. Total 5 6484.4683  0.7677 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  454.11111 69.68248 6.52 0.0227* 

Z/W[A]   -6.216667 25.92914 -0.24 0.8329 

Z/W[B]   -9.716667 25.92914 -0.37 0.7439 

Pick density  -11.14444 12.22312 -0.91 0.4581 

      
 

 

Prediction Profiler  
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Table E.10. Tensile strength in pick direction 

Summary of Fit 

   

RSquare 0.960586 

RSquare Adj 0.901464 

Root Mean Square Error 26.41316 
Mean of Response 447.7 

Observations (or Sum Wgts) 6 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 3 34005.730 11335.2 16.2476 

Error 2 1395.310 697.7 Prob > F 

C. Total 5 35401.040  0.0585 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  197.26667 40.98219 4.81 0.0406* 

Z/W[A]   -9.5 15.24964 -0.62 0.5969 

Z/W[B]   -33.15 15.24964 -2.17 0.1618 

Pick density  45.533333 7.188752 6.33 0.0240* 

      
 

 

Prediction Profiler  
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Table E.11. Adjusted tensile strength in pick direction 

Summary of Fit 

   

RSquare 0.790636 

RSquare Adj 0.738295 

Root Mean Square Error 43.04562 
Mean of Response 447.7 

Observations (or Sum Wgts) 6 

  
 

Analysis of Variance 
Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 1 27989.340 27989.3 15.1055 

Error 4 7411.700 1852.9 Prob > F 

C. Total 5 35401.040  0.0177* 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  197.26667 66.78881 2.9 

5 

0.0418* 

Pick density  45.533333 11.71553 3.89 0.0177* 

      
 

 

Prediction Profiler  
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Table E.12. Tensile modulus in warp direction 

Summary of Fit 

   

RSquare 0.864634 

RSquare Adj 0.661585 

Root Mean Square Error 2147.677 
Mean of Response 22656.67 

Observations (or Sum Wgts) 6 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 3 58923700 19641233 4.2582 

Error 2 9225033 4612516.7 Prob > F 

C. Total 5 68148733  0.1960 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  20481.111 3332.298 6.15 0.0255* 

Z/W[A]   3713.3333 1239.962 2.99 0.0958 

Z/W[B]   -3821.667 1239.962 -3.08 0.0911 

Pick density  395.55556 584.5237 0.68 0.5684 

      
 

 

Prediction Profiler  
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Table E.13. Tensile modulus in pick direction 

Summary of Fit 

   

RSquare 0.978763 

RSquare Adj 0.946908 

Root Mean Square Error 867.3331 
Mean of Response 25113.33 

Observations (or Sum Wgts) 6 

  
 

Analysis of Variance 

 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 3 69340400 23113467 30.7251 

Error 2 1504533 752266.67 Prob > F 

C. Total 5 70844933  0.0317* 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  14871.111 1345.739 11.05 0.0081* 

Z/W[A]   2186.6667 500.755 4.37 0.0486* 

Z/W[B]   -2523.333 500.755 -5.04 0.0372* 

Pick density  1862.2222 236.0582 7.89 0.0157* 
      

 

 

Prediction Profiler  
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Table E.14. Flexural strength in warp direction 

Summary of Fit 

   

RSquare 0.308044 

RSquare Adj -1.76783 

Root Mean Square Error 77.55 
Mean of Response 527.842 

Observations (or Sum Wgts) 5 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 3 2677.2996 892.43 0.1484 

Error 1 6014.0025 6014.00 Prob > F 

C. Total 4 8691.3021  0.9193 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  575.61 134.3205 4.29 0.1459 

Z/W[A]   21.521667 50.05831 0.43 0.7415 

Z/W[B]   -20.72833 50.05831 -0.41 0.7501 

Pick density  -9.216667 25.85 -0.36 0.7820 

      
 

 

Prediction Profiler  
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Table E.15. Flexural strength in pick direction 

Summary of Fit 

   

RSquare 0.942859 

RSquare Adj 0.857148 

Root Mean Square Error 29.1759 
Mean of Response 542.5017 

Observations (or Sum Wgts) 6 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 3 28091.699 9363.90 11.0004 

Error 2 1702.466 851.23 Prob > F 

C. Total 5 29794.166  0.0845 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  424.02556 45.26881 9.37 0.0112* 

Z/W[A]   -26.74667 16.84471 -1.59 0.2532 

Z/W[B]  -56.77167 16.84471 -3.37 0.0779 

Pick density  21.541111 7.940675 2.71 0.1133 

      
 

 

Prediction Profiler  
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Table E.16. Flexural modulus in warp direction 

Summary of Fit 

   

RSquare 0.575488 

RSquare Adj -0.06128 

Root Mean Square Error 2092.683 
Mean of Response 14809.67 

Observations (or Sum Wgts) 6 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 3 11873629 3957876 0.9038 

Error 2 8758640 4379320 Prob > F 

C. Total 5 20632269  0.5634 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  10632.111 3246.969 3.27 0.0820 

Z/W[A]   733.83333 1208.211 0.61 0.6054 

Z/W[B]   -1152.667 1208.211 -0.95 0.4408 

Pick density  759.55556 569.556 1.33 0.3139 

      
 

 

Prediction Profiler  
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Table E.17. Flexural modulus in pick direction 

Summary of Fit 

   

RSquare 0.987879 

RSquare Adj 0.969699 

Root Mean Square Error 683.8819 
Mean of Response 20544 

Observations (or Sum Wgts) 6 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 3 76238431 25412810 54.3363 

Error 2 935389 467694.5 Prob > F 

C. Total 5 77173820  0.0181* 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  9863 1061.099 9.30 0.0114* 

Z/W[A]   344 394.8394 0.87 0.4755 

Z/W[B]   -2670.5 394.8394 -6.76 0.0212* 

Pick density  1942 186.1291 10.43      0.0091* 

      
 

 

Prediction Profiler  
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Appendix F: Other Hypotheses Statistical Analysis 
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Table F.1. Woven preform thickness  

Summary of Fit 

   

RSquare 0.961734 

RSquare Adj 0.958174 

Root Mean Square Error 0.018789 
Mean of Response 0.370292 

Observations (or Sum Wgts) 48 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 4 0.38153522 0.095384 270.1789 

Error 43 0.01518070 0.000353 Prob > F 

C. Total 47 0.39671592  <.0001* 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  -0.209997 0.022473 -9.34 <.0001* 

Z/W[A]   -0.007342 0.002725 -2.69 0.0100* 

No. of layers  0.1002714 0.003326 30.15 <.0001* 

Pick linear density(yd/lb)  0.0001806 1.479e-5 12.21 <.0001* 

Pick density  0.0114829 0.00243 4.73 <.0001* 
      

 

 

Prediction Profiler  
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Table F.2. Woven preform areal density  

Summary of Fit 

   

RSquare 0.981598 

RSquare Adj 0.979887 

Root Mean Square Error 135.7257 
Mean of Response 3365.854 

Observations (or Sum Wgts) 48 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 4 42254125 10563531 573.4358 

Error 43 792123 18421.47 Prob > F 

C. Total 47 43046248  <.0001* 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  -3486.481 162.3369 -21.48 <.0001* 

Z/W[A]   14.932345 19.68108 0.76 0.4522 

No. of layers  980.94151 24.02465 40.83 <.0001* 

Pick linear density(yd/lb)  1.9220462 0.106853 17.99 <.0001* 

Pick density  300.77495 17.54973 17.14 <.0001* 
      

 

 

Prediction Profiler  
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Table F.3. Adjusted woven preform areal density  

Summary of Fit 

   

RSquare 0.981352 

RSquare Adj 0.980081 

Root Mean Square Error 135.0696 
Mean of Response 3365.854 

Observations (or Sum Wgts) 48 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 3 42243521 14081174 771.8331 

Error 44 802728 18243.807 Prob > F 

C. Total 47 43046248  <.0001* 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  -3489.378 161.5075 -21.61 <.0001* 

No. of layers  981.87478 23.87716 41.12 <.0001* 

Pick linear density(yd/lb)  1.9254369 0.106243 18.12 <.0001* 

Pick density  300.02833 17.43742 17.21 <.0001* 

      
 

 

Prediction Profiler  
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Table F.4. Fiber Volume Fraction 

Summary of Fit 

   

RSquare 0.755737 

RSquare Adj 0.666915 

Root Mean Square Error 0.019821 
Mean of Response 0.441238 

Observations (or Sum Wgts) 16 

  
 

Analysis of Variance 
 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 4 0.01337101 0.003343 8.5084 

Error 11 0.00432165 0.000393 Prob > F 

C. Total 15 0.01769266  0.0022* 

     
 

Parameter Estimates 

 

Term   Estimate Std Error  t Ratio Prob>|t| 

Intercept  0.1539675 0.096414 1.60 0.1386 

Z/W[A]   -0.00331 0.007008 -0.47 0.6459 

No. of layers  0.039765 0.014016 2.84 0.0162* 

Pick linear density(yd/lb)  0.000021 0.000054 0.39 0.7047 

Pick density  0.020153 0.004432 4.55 0.0008* 
      

 

 

Prediction Profiler  

 

 


