ABSTRACT

TAYLOR, DALI A. An Evaluation of 3D Woven Ort

Automotive Supply Chain. (Under the direction of Nancy Powell and Abdhh Seyam).

The automotive supply chain and its management can be a very complex pnogess a
comprises a long dynamic and complex network that consists of four prsegnients
original equipment manufacturer©EMs), first tier suppliers, sub tiers suppliers, and
infrastructure suppliers. During the analysis of the current automotive indiistras
identified thattextile 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 amcéreasing demand for higher quality exterior panels with better
functional properties and reduced weight. One of the main potefotidtss demands based

on thethreedimensionalwoven composites technology innovations which can replace an
existingtedhnology. The new role of thextile industry could make important changes in the
automotive supply chain industry,cuas: changes the size of the supply chain, the time to

the market and the position of textile industry in the automotive supply stnacture.

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 contrituthe understanding of textile
composites in transportation and the textile parameters that affect the performance
characteristics of these material§he research examines the performance characteristics of

lighter and stronger 3D woven fabric compositeade 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 patars, such as picks density, pick roving

linear density, arrangements of warp argams, and the number of warp and picks layers.

The purpose of this researebest o eval uate and predict C omp ¢
attributes based on these structysatametersThe tested properties include: tensdled

flexural propertiesimpact performance, aridber volume fraction.

The testing results were compared with required performance characteristics for metal auto
body parts. The properties of compositaterials desiggdand developed in this research are
comparable to the properties of materials currently used for auto body part8He24.0

steels and 6000 series aluminuitis evident that there is an opportunity to substitute some
metal parts withlighter composite mateds and to decrease automobueight. Safety

during anautomotive 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 alsmay provideadditional benefits, such as g@@missions reductions,
significantly reduced noisand vibration increased performance, corrosi@sistanceand

handling characteristics of the vehicle
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INTRODUCTION

The automotive industry is considered to be one of the fastest growing industne svorkd

and the most global of all industridsecause of product distributiomhis very competitive
industry is dominated only by few manufacturing companibe market and assemble, but

are connected by a huge complex value chain of thousarsigpliers. According to Libby
(2013), 2013 U.S. light vehicle registrations will reach 15.3 million units, whicBtsniore

than in 2012. Global light vehicle sales are expected to increase from 77 million units in
2011 to 103 millionunits in 2015. By 2020, Igbal sales are projected to total 28lion

units Marketing Charts, 20)2 The automotive industry growth is especially important
emerging market economies not only as low cost locations for manufacturing, but also as

unlimited business growth opgonities.

In automotive industry there is an increasing demand for higher quality exterior panels with
better functional properties and reduced weiglgdlgaonka& Nandedkar2007).Reducing

the weight of the vehicle is not a new concept. This con@pekisted 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 @é@missions redttions, 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 tomardi c | e 0 s

electrification as it is prefezd by consumeCenter for Automotive Research, 2011).



This industry drives raw materials development, financial systems, advanced materials and
manufacturing i mprovements, safety, energy,
Auto Industry, 2006). Asa 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 patrticipats in this complex supply chain (Tassey et al, 1999). A vehicle has several
major systems, such as &ebrakes,powertrain, electrical systems, electronic systems,

engine exterior, interior, suspension, transmission and others. Each of these systaims con

many subsystems, components and interfacing pEnis. 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 emissiod processing time.

Weight of the automobile is directly related to fuel efficiency and emissions. Due to highly
increased fuel priceand the new government regulatiofer car emissionghat came in
force in many countries across the wonleeight redutton is one of the main problems of

new vehicle desig(Deolgaonka& Nandedkar2007;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 many different areas of
transportation applications, such agcraft, marine and automotive, and are available in

various structuresComposites are penetrating in various markets, but according to
Kazmier ski (2012) , il artgaetsito nma rhkaevtes ,t hien cll auvde

which creates a niche for new material developm&hteedimensional (3D) composite



materials from high performance fibers, such as glass and carbon, have been used for
automotive applications in a limited way dueth® low production rate and the lack of
research and development. The processmanufacturing thick B orthogonal woven
composites is capable of weaving thick (up3toach) preforms from practically any fiber.

The 3D woven preforms are conformable and ba 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,dwanergy 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 vehiolendizing (Cheah, 2010Y.he
objective of this research i® evaluate thereplacenent of heavy metalauto parts
specifically vehicle bodypanels, with lightweight B orthogonal woven composites made
from fiberglass. In particular, the research examinaes performance characteristics of
lighter and stronger compositézat 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 compositestransportation and the textile parameters that affect the
performance characteristics of these materials. pErrmancecharacteristicof the 3D
woven fabric composite are relatéd different construction parametersuch aspicks
density, pick rovng lineardensity arrangements of warp andyarns,and the number of

warp and picks layersThe purpose of this research is to evaluate and predict composite



panel s0 performance attri butThesrecbgnizedlbeneltsnn t he:
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.



CHAPTER 1: Literature Review

1.1. An Evalwuation of 3D Woven Orthogonal C
Supply Chain

1.1.1. Automotivel ndustry

Global governmental actions relatdd clean air requirements and energy policy acts and
increased costs of oil/petroleuproducts have resulted in increased importance on the
generation of more fuel efficient and more environmental friendly vehicles. It was reported
that 75% of the vehiclebs energy consumption is
need to produce Emand coseffective lightweight vehicles has been identified as critical
(Automotive Plastics, 2011However, 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
SWVs 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 206t06n&c
recovery and renewed popularity of larger size vehicles increased the average weight vehicle
(Automotive Plastics, 2011)The review ofthe technical literature and trends related to
automobile masseduction technology, prepared by N. Lutsey (20h@)cates that 20 %
reduction in automobile mass would result in16% reduction in C@emissions and this

could be achieved in the 202920 time frame with minimal manufacturing costs and

maintaining the same vehicle size and performance.



Light vehicles (passenger cars and light trucks) represent an important market for plastic
resins and composites. Structural composites were first used in grdaesed vehicle on

the closure panels of 1953 Corvette and the use has grown significantly durideckdes
(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 reinfored composites based
primarily on polypropylene and fiberglass are in the growth stagdw automotive marked

based on their performance propertees] their lightveight and cost savings characteristics.

Figure 1.1 shows the applications for @ubtive composites The trend in
plastics/ compositesdéd use is shown in Figure
than steel parts of equal strengithe average U.S. automobile material consumption by
massis demonstrated in Figure 1.3 his figureillustrates that materialgsage(on as mass

basis) in automotive industry has not had significant changes sincé. 18[fthough
aluminum content has made small gains each year at the expense of iron and composite use
has also increased, a typical passengg 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 matetiatsey (2010)

divides vehicle mass by ggsn and componen{§able 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
replacirg some parts materials by ligigight compositesin addition to lighter weight,

composites incise automotive parts flexibility, allow exceptional aerodynamic modeling,



and enhance safety due to improved impact resistance propétiesmptive Plastics,
2011). Water and salt spray on the roads affects the surface corrosion of metals and
electrochenical 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 padg made from composites dot face
corrosion issuedn addition, tooling for composites parts can be as much as 80 % lower than
comparable steel partg\ftomotive Plastics, 2011Properties of materials used for auto
body parts are provided in Table 1.Bigh strength steel anduminum are very cost

competitive materialgrhich explain their domination in overall utilization in auto body.

Magnesium is expected to grow in closyrsach as doordjoods, deck lid and, hatches,
where consolidation of parts and reduction of weight @itical. Composite materials are
already amajor part of vehicle design, buds vehicle designers must work within cost
constraints, composite materials are forecasted tslse®r growth (Center for Automotive
Research, 2011However, according to Kamierski (2012), by 2017oenposite materials
industry is forecasted to reach $2%#lion while global automotive composite material

market is &pected to grow about 7 %.
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Previous studies (Mohamed, IB9Carlson, 1995) compared 3D woven carbon / epoxy
composite and aluminum properti€3TEX, Inc. in the past designed and developed 3D
woven materials for Delphi to produes automotive Clas8 composite bumper, which has
resulted in 3% weight savings rad assembly time from 1 day to 1 hour (Mohamed et al,
2003). The results of thee 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 mdustry for vehicle body parts applications.
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Table 1.1.Average materials content of North American vehicles (% of total vehicle weight)

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

Percent of Total Vehicle Weight 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
Regular Steel 42.2%  42.2% 41.9%  41.5%  40.8% 40.4%  39.9%  40.1% 39.9%  38.6%  38.2%
High- & Medium Strength Steel 10.4%  10.8% 11.3%  11.6% 11.9% 12.2%  12.3% 12.6% 12.8% 13.5% 13.8%
Stainless Steel 1.6% 1.6% 1.6% 1.6% 1.7% 1.8% 1.8% 1.8% 1.8% 1.8% 1.8%
Other Steels 0.7% 0.7% 0.8% 0.8% 0.8% 0.9% 0.8% 0.8% 0.8% 0.8% 0.8%
Iron Castings 11.0% 9.8% 9.0% 8.5% 8.2% 8.1% 8.1% 7.9% 7.3% 5.3% 5.9%
Aluminum 6.9% 7.1% 7.3% 7.5% 71.7% 7.8% 7.9% 7.8% 7.8% 8.3% 8.5%
Magnesium 0.2% 0.2% 0.2% 0.2% 0.3% 0.3% 0.3% 0.3% 0.3% 0.3% 0.3%
Copper and Brass 1.7% 1.7% 1.7% 1.8% 1.8% 1.8% 1.6% 1.6% 1.6% 1.6% 1.6%
Lead 0.9% 0.9% 0.9% 0.9% 0.9% 0.9% 1.0% 1.0% 1.1% 1.1% 1.0%
Zinc 0.3% 0.3% 0.3% 0.3% 0.2% 0.2% 0.2% 0.2% 0.2% 0.2% 0.2%
Metal Powder 0.9% 1.0% 1.0% 1.0% 1.1% 1.0% 1.0% 1.0% 1.1% 1.1% 1.0%
Other Metals 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1%
Plastics/Composites 7.3% 7.6% 7.8% 8.0% 8.4% 8.3% 8.3% 8.2% 8.7% 9.7% 9.4%
Rubber 4.2% 4.2% 4.3% 4.3% 4.3% 4.4% 4.6% 4.6% 4.7% 5.1% 4.9%
Coatings 0.6% 0.7% 0.7% 0.6% 0.7% 0.7% 0.7% 0.7% 0.7% 0.9% 0.9%
Textiles 1.1% 1.1% 1.2% 1.2% 1.3% 1.2% 1.2% 1.1% 1.2% 1.3% 1.3%
Fluids and Lubricants 5.3% 5.3% 5.3% 5.3% 5.2% 5.2% 5.2% 5.2% 5.2% 5.6% 5.6%
Glass 2.6% 2.7% 2.6% 2.6% 2.6% 2.6% 2.6% 2.5% 2.4% 2.4% 2.3%
Other 1.8% 1.9% 2.0% 2.1% 2.1% 2.2% 2.2% 2.2% 2.2% 2.3% 2.3%

(Automotive Plastics, 2011)

Table 1.2.Vehicle mass breakdown by system and components

Approximate vehicle System Major components in system
mass bre&down

Passenger compartment frame, cross «
side beams, roof structure, fregmd

e Body-in-white | o \cture, underbody floor structure,
Closures, 7-8% panels
"';‘;"; od; ) | rai Engine, transmission, exhaust system,
owertrain fuel tank
rior; Chassis Chassis, suspension, tires, wheels,
steering, brakes
Interior S_eats, instrument panel, insulation, trin
airbags
Closures Front and rear doors, hood, lift gate

Electrical, lighting, thermal, windows,
Miscellaneous| glazing

(Lutsey, 2010p.6



Table 1.3 Comparison ofightweightautomotive raterials

11

Materia Benefits Constraints Use Cost, $/
I Ib
High- A Infrastruc{A Lower str¢A 500 | bs 0.35 040

Strength | established weight ratio than other A structu
Steel A Good wor ki | alternatives components:
with automotive OEMs A Reduci ng {pilars, rails, rail
A Materi al p | reduces material stiffness reinforcement
well known A More expert
higher volume scale
Auminu [A Recycl able|A Corrosion|[A 300 | bg 0.90i 1.00
m A casting te(A Difficult|A cast pa
established A Bonding i {block wheels
A Consol i dat | challenging than steel
A Hi gh cost
A Vulnerabl ¢
A Harder to
uses more labor intensive
adhesivebonding
Magnesiu |[A Low densit]|A Limited pfA 10 | bs/|170i200
m A Consol i dat | stock material for A thin wa
assembly required manudacturing (produces | parts: instrument
A Hi ghl y r ec]insheetandextruded panels, cross car
A Good str en|(forms) beams, knee
ration A Hi gh cost |bolsters, seat
A Limited f ¢frames,valve
within the industry covers
Glass A Consolidat|[{A Slow cycl (A rear haq0.50-5.00
Fiber assembly required more expensive at higher roofs, door inner
Reinforce | A Handl es h a| volume scale structures, door
d Plastic | environments A Not r ecycl surrounds
A Excellent A Li stierigth d
capabilities A Limited f¢
A Accommo dat (withinthe industry
designs
Carbon A Highest st(A Slow cycl {A drive g 6.00-
Fiber ratio of all materials more expensive at highe 10.00
Reinforce | A Gr eat est p (volume scale
d Plastic | weight reductn A Not recycl
A Limited f¢
within the industry
A High cost
fiber)

(Center for Automotive Research, 2QTheah, 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 outsourcingomponents ahservicesoutside of core competencesd

the emergence of Asia and Eastern Europe as major manufacturing centers are the main
drivers for thischange inbusiness As every industry and its products have become
participants in a evolving global market,the importance of effective supply chain
management has increased (WdffGeiger 2000). The automotive industry drives raw
materials development, financial systems, advanced materials and manufacturing
improvements, safety, energy, and environmentalvinrmd i ons ( Ameri cads A
2006). The most important trends in the current automotive industry are based on two related
main developments: competition and globalizatibhe light weight, higher flexibility and

better impact resistance charactecstin comparison with metal parts magkastics and
composites very competitive in automotive industpputomotive Plastics 2011).
According to Humphrey & Memedovic, (2003), the automotive industry is considered to be
one of the most global of all indines, because products of this industry are distributed
around the world, but it is dominated by only a small humber of worldwide recognized
companies. Due to increased domestic competition, the automotive manufacturers seek other
opportunities outside #ir 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 sigmfly increasing in the

global automotive supply chain, as new textile composite technologies are penetrating this
mar ket . Textile products are used for vehic
According to Mohamed et althere are three hiastypes of composites used in the

automotive industry:

1 Generation | material§ composites consist of short fiber reinforced
injection molded or extruded type thermoplastics and are used primarily
in interior structures for styling capabilities, weightisgs and process
economics;

1 Generation Il materials 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 remforcing backbone architectures, because they are not
inherently structural,

1 Generation Il material$ structural composites with long or continuous
fibers reinforcing a thermoset or thermoplastic matrix in a highly oriented
manner. These materials havghcosts, 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 composite€003, p. 6).

The automotive supply chain is not edasycharacterize or define, aeffectivemanagement

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 represenutamotive 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 thenfdn stages: pressing

of steel or aluminum sheets; welding the baayvhite from molded sheets in the body shop;
painting and final assembly (Meyr, 2004). However, composite technology is penetrating the
automotive industry, exchanging metal parts (esby 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 dimensidnber 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. Theseaterials 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 resinto produce the final composite componehtomplex shapes. Lighkight 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 autéomdtigtry,

textile products are used not only for interior, but also for exterior and even suspension parts
and components. It is evident, that textile industspportance is increasing considerably in

theautomotive supply chain.

In order to differetiate their products in increasingly sophisticated markets, automotive
manufacturers use more technology intensive dedigmshe vehicle and its component
systems (Handfield et al , 2004) . Developing
with stamlard 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 component s, but al so stimul ates d

(Humphrey & Memedovic, 2003%.19.

Meyr (2004) characterizes the structure of
of material upstream of the assembly plants of the car manufacturer and divergent flow of
finished cars doesaurotive edustry deperatesdtiiodsands ofTjdbs in

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

that are linked to it (Fine etal, 199%.c cor di ng to the Center for

2007 report (Hille t a | 2007, p ii), Andirect motor vel
780, 000, and estimated 4.5 million private
u. S. operations, i ncluding new produoft deve

2000, domesticsuppliers to the light vehicle manufacturers invested $6.6 billion in research
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and product development, representing%86of total automotive related R&D spending.
According to 2012 Global R&D Funding Forecast (2011), in 2012 global Rgdhding will

reach $1.4 trillion, with 9.4 % spent in automotive industry R&D2012 the U.S. Energy
Departmenthas announced $8 million in funding R&D projects related to lighter and
stronger materials for U.Sehicles(Automotive Fleet 2012). The automotive industry has
historically demanded very large supply chaiasd relationships between supply chain
parties are the most compl ex of astylaysi ndust
original equipment manufacturers (OEMs) purchased the bulk of the parts and materials used
in productionvehicles from suppliers, rather than making therhanse (Morell & Swiecki,

2001). Analysis and coordination of the global automotive suppéincis 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 comprisesg tlynamic and complex network

that consists of four primary elements: OEMSs, first tier suppliers, sub tier suppliers, and
infrastructure suppliers (Figure L.4DEMs design, produce and assemble only some of the
parts and accessories that make up autdewbnd procure others from fisger suppliers.
According the | ast few years sales, Toyot a,
Thr ee o (CarBPXbs 2013)The first tier suppliers can in turn outsource to sub tier
suppliers. Ationcirothepsapply anain mayodsffer 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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analyss specialists propose two competing characterizations of the supply chain. The first
identifies a companyés position in the supp
directly supplies the OEMs, it is a first tier supplier. A sub tier company isgpible first

tier, and so on. Because a companyd6s posit
characterization was proposed. This charact
supply chain based on its products and its role in produciibe.first tier suppliers are
responsible for integrating systems, and the next sub tier contributes components and basic
materials. Usually the first characterizaton based on ¢ o mipasadynioee c us't

widely (Tassey et al, 1999).

Criginal Equipment Manufacturers

—h - highly concentrated

- "Big Threa" [GM, VW, Toyota)

First Tier
h. - hundreds of companies
-some large and some small

Infrastructure
Suppliers

Subtier
- thousands of companies
- mostly small

Figure 1.4 Automotive supply chain structuradapted fronTassey et al, 199%. ES3).

In the automotive industry the OEMNharket is highly concentrated. few large firms
dominate the markeind the number of firms idorecasted to decrease in the future. The

firsttier 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 matarialrhajor 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 jimstnbuilding simple component
parts based on OEM specifications. Sharing data throughout the product life cycle has
become an important feature of a fitsi er suppl i erds operations.
vertically integrated, while many first tiers ppliers are purchasing sub tier suppliers to
become more vertically integratedtor example tier one Lear Corporatiopurchased
headliner and bodylath supplier, Guilford (Lear, 2012)The related components and
materials can be combined into single prodand 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 fosmaller 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 fourtluseadly 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 (Tassyal, 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 termbaih 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 wiMsQiad 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 angsdedaimperfect 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 & 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 textd 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 supplietse(syio

the OEM as the products may be delivered taminator, a cut and sew operation, molder or



20

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 pitable 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 hierarchicaldiorensional supply chain

entity to a fragmeted 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 aont omot. i
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,isaricertd 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 afie&astern Europe and Migo. Outside of the

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

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

1.1.3. Major Drivers of the Automotive Industry

The automotivandustry 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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strateges 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 automakeonhstently

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 dlfyats the end consumer will
prefer. An automakersdéd future in the indust
enough to respond at the right time to all those pressures. The importance of these factors is
massive and is distributed along the dymhain of the automakers (Veloso, 2000; Fine et al,

1995; Powell, 2004).

According to Veloso (2000), gl obal consumer
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 (ABSgbane bnandatory

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 enveotatly friendly vehicles is

a desirable practice and can very easily be achieved by textile suppliers by developing and
producing new materials. 7% o f a vehiclebs energy consum

vehicle weight, and the use of three dimensioiifa¢r 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 mportant 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
havebecome more reliant on electronics and less reliant on mechanical sys$peEally in
communications between vehicles, between external sources of data and information, and
internal sensors/computers in the vehiclater-vehicle communications providsafe,
comfortable and reliable operations of the automobitw technologies also affect methods

of automotive industry supply chain management, such as planning, collaboration between
manufacturers, information flow and control. All these factors hafferent influences on

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

2000; Camargo et al, 2003avadi et al, 2013

1.1.4. Automotive Design and Development Process

Automotive design and development have charmguaificantly 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 gesiand 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).efore initiating the design of a new product, automakers
research the marketds needs. | f @ identfipdpther t uni t
automaker would consider if a suitable design at a competitive price, that would meet the
demands of the tget market, should be generated. If the concept is viable, a prototype
model will be developed by preparing computenwdations or clay modelsTassey et al,

1999 .Engineers analyze space claim and conduct interference checking in a simultaneous
proces call ed packaging to ensure that al/l pas

exterioo (Tassey et al, 1999. 210).

In the product design phase, engineers build and test a full scale prototype automobile.
Detailed part and component specificaons f or t he vehicleds body
developed. About twenty exterior panels (doors, fenders, hood, roof and etc) aind@D0

interior panels (dashboard, doors, steering column, seat base, center console and etc.) of
various sizes arasually 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 protegipele in order to ensure safe

design standardsnd also evaluate its noisebrationharshnessharacteristic§Tassey et al,

1999).
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In the phase of process or factory design, the autompkmseeds 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 specificationslasmjns provided by automaker. At another
extreme, the supplier is responsible for the component or systsigndresponding only to

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

time, a manufacturing process issitgned for theparts that will be produced mouse Power

train, body shop, and final assembly ahe basic stepsof the automotivemanufacturing
process(Tassey et al, 199%.212). Fabricating composite structural composites for auto

body parts are dcussed 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 chaséctgrsuch as
lightweight, strength and easier processing. Fung and Hardcastle (2001) state that composites
are integrating textile and plastic i ndustr.
microscopic combination of two or more materialgptoduce special properties, which are

not present in the separate component o, (p.
thermemechanical characteristics and superior performance characteristics, which are not
possible to achieve with traditionanaterials (Naik et al, 2006¥lass, 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

(AutomotivePlastics, 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, reinforcementsh@bped random fiber or
unidirectional prepreg tapd-rom 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 indest(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 differedesired crossectional shapes and weave patterns. It is
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possible to design the mechanical properties by changing weaving parametetise like
number of warp angick yarns, yarn tension, warp apek yarn types and tow sizes, woven
structures; and thelog tailoring the fiber volume fraction in different directiorStig &
Hallstrom, 2008) Current 3D weaving machines are capable to wkdwdcs such thick as 3

inches and’2 incheswidth (3texIncorporategd 2009.

1.2.1. Fiberglass Reinforcement

Fiber and matrix arehe twvo main elements ofextile composites3D woven fabrics are
designed for fabricating composite structural components for the applications and their basic
parameters are fiber and matrix properties, volume fraction, preform typesynprefo
geometry, and yarn orientation in the preform (Bilisik, 201R)s important to know the
mechanical properties of each element in order to model and analyze the mechanical
properties of the compositAs most matrixesare considered to be isotropic teaials, the

fibers are strongly anisotropic, because of the highly oriented chain molecules or crystals
along the fiber axis (Gu, 1994) . Rei nf or ceme
properties. There are several types of materials whitch cdbe used f or t he
reinforcement including particles, metals and fibers. Fiber reinforcement became dominant in
many engineering applications due to the possibilities of designing various properties of
composite materialby changing the arrangemts of different fibers. Fibers can be divided

into three classes, according to their weigbhiskers, staple and continuotibers (Carlson,

1995). There are three configurations of continuous fiber reinforcement: unidirectional
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reinforcement, 2D fabrg; 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 carlese. fitkers are usually
used to weave 3D orthogonal woven composite
other fibers, such as ceramic, boron, metallic, quartz and silicon carbide, are already
produced for textile composites reinforcement. Eachr fibes its own advantages and
disadvantages. Fiber can be in the form of chopped fiber, short, long or continues filament or
in any fabric construction (newoven, knitted or woven). Fiber length and orientation
influence properties. Longer fibers produdesger composites, so obviously the stronger
composites are created from contingofilaments and fabric preforms (Fung & Hardcastle,

2001, p. 103.

Carbon fiber is stiff, but brittle and expensive, so must be used in combination with other
materials. TIs 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 signifidapdynd on the
conditions of manufacture. The stages of manufacturing carbon fiber are spinning,

stabilization, carbonization and graphitization (Fung & Hardcastle,,200D4.
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Aramid fibers are stiff, not brittle and highly anisotropic. This fiber Y&y high strength

with excellent temperature resistance with%0strength and modulus retention at 260°C.
Cabon fiber does namelt, but chars to a black, crust like material, which acts as a barrier at
about 317°C without giving off toxic fumes. Foraemple, 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, while glass density is 2.5 glrand steel density is 7.8 gimAramid fiber is
resistant to many solvents ahds low water absorbency, but sensitive to UV light and not

easy to dye (Fung & Hardcastle, 2001).

Glass is predominately noncrystaline product of inorganic materialprandrily composed

from silicon dioxide (SiQ), with addition of calcium, boron,odium, iron and aluminum
oxides. Fiberglass is nasstiff as carbon or aramid. Glass is usually amorphous, but some
crystallization may occur after long heatireg high temperatug that would lead to
decreased strength. Different fiberglass composti@nglass, Cglass, Eglass, Sglass and

others) and their variants have been formulated to create and produce specific properties of
this material. The original Aylass was used for windows, but is not used for fibers. The most
commonly used Hlass haspecial electrical properties and now is produced on the largest
scale followed by €ylass. Cglass was developed for its chemical resistance and corrosion
resistance. Bylass is improved form of | a s s , but has mimgdhlesr st r e
and tempeature resistance.-§ass is more expensive tharglass, but has higher strength,

Y o u B gadulus and temperature resistance (Fung & Hardcastle, 2001; Hull & Clyne,
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1993). Compositions and properties of typical fiberglass types for compositgasés C

glass, Sglass) are presented in the Tabk 1.

SiO, 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 networkThe elements with lower valencsuch 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 glas. The ax | and tr ansv e ofglass afeothersgmne,sso mo d u

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

Newly produced Eglass fibers have strength of 3.5 GPa. Humid air or mineral acids lower
the strength of the filbe Also, damage, which occurs during processing operations, when
fibers rub against each other, can decrease the strength of the fiber. To minimize the damage,
fiberglassfibers 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 manufachpengtions; 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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E-glass C-glass S-glass
Composition, %
SiO, 52.4 64.4 64.4
Al,O3+Fe03 14.4 4.1 25.0
CaOo 17.2 13.4 -
MgO 4.6 3.3 10.3
NaO+K,0 0.8 9.6 0.3
B.O3 10.6 4.7 -
BaO - 0.9 -
Properties
Density, mg/m 2.542.60 2.522.56 | 2.482.49
Tensile strength, MPa 3448 3310 4585
Elongation at break, % 4.8 4.8 54
Youngo0s modul us, ( 72.4 68.9 85.586.9
Poissons i@ 0.200 0.276 0.220
Shear modulus, GPa 30.0 27.0 35.0
Thermal conductivity (K), W/mK 13 13 13
Thermal expansi O/K 4.9 7.2 5.6
Melting point (t), °C 1725 1725

( Hull & Clyne, 1993 p.15 Material Property Date2008)

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 effectivdilutihey are bound
together by continuamedium, 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 ddinds. Resin material should be
chemically and with i

thermally compatible

materials can be used for angposites resin matrix: polymerienetalic or ceramic. All
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polymer resin matrices used for compositas 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 filggesss, carbon and aramid

in unsaturated polyester, egoor vinyl ester resin. All of those resins are thermosetting and
have about 1.2 g/frdensity, which is considerably lower than even aluminum. If physical
properties of textile composgare determined mainly by the fiber component, the chemical
and themal 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 thd §glichemical 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 andsaggrof 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 venacfiesm schedule is used.
Cure schedule involve$id heating at a certain temperature for certain periods ofithmuh

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 ofthe material (Hull & Clyne, 1993). Properties of thermosenseare 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 1.1-1.4 1.2-1.5
Tensile strength, GPa 0.0350.1 0.040.09
Youngdés modul us, ( 3.06.0 2.04.5
Poisson ratio 0.380.40 0.37-0.39
Thermal conductivity (K), W/mK 0.1 0.2
Thermal expansi &K 60 100-200
Shrinkage on curing, % 1-2 4-8
Chemical resistance Good, attacked by Attackad by strong
strong chemicals| acids and alkalis

(Hull & Clyne, 1993 p. 31)

1.2.3. Structure of 3D Orthogonal Woven Composites Preforms

In 3D orthogonal woven compositeibers are orientated in an organized fashiom i8D

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

for improving mechanical performance. The preforms for these composites are woven by
interlacing multiple layers of yas in three directions: warp -@drection), double pick (y
direction) and vertical ¢direction). The z direction component can be orthogonal or at the
variable angles to the layers of warp grdk yarns, and is the aspect which makes 3D
woven fabric structures different from traditional 2D woven fabrics (Carlson,; BAB&kK,

2012. Fundanentalconceptof 3D orthogonal weaving is that more than one pick yarns are
simultaneously inserted from one or bae#ivedgesides, thus building an increment of 3D

fabric length with evsy weaving cycle of the machinehile 2D woven fabric is formatted
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by interlacing only two sets of yariisone warp and one picks s&b weave 2D fabric, the
warp ends are raised by heddles which are attached to harnesses. Raised heddles form the
shed for pick insertionin the 3D orthogonal fabric formation procesghid set of yarns,
called zyarns (see Figure 3), bindsall 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 thember of picks layers is always higher by one unit
comparing with number of warp layers:yarns take a path essentially perpendicular to the
planes containing warp anpick yarns. In other words theyarns are arranged in the
thickness direction of thereform. In this process, warp yarns are stationary and arranged to
form sheds for multpicks insertions (Mohamed & Cadogan, 2002; Mohamed et al, 2001;
Gu, 1994). Zyarns, which are fed into the machine parallel to the warp, transfer through
harnesses #t control the weaving of the 3D woven structure. Onlyjams 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 aftasie
mechanical analysis the geometrical parameters (such as fiber orientation, fiber volume
fraction, unit cell type and dimensions) have to be determined. Figushdws the unit cell

of 3D wovenorthogonal composite preform-garni warp, yyarni pick).
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Figure 15. Model of the 3D woven fabrict i warp, 2i pick, 37 z-yarn(Mohamed et al,
200))

Figure 1.6 Unit cell of 3D orthogonal woven preform (Xu, 2000)
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According to Gu (1994)iber volume fraction (FVF) and thickness of the commogitnel
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):

FTF = 22 1009, (1.1)

P finom

where AD is the areal weight of éhfabric reinforcement,
¢ - fiber density,
t nomi Nominal thickness of the fibers.

With reference to the Figure€l fiber volume fraction can be calculated as follows:

W, W, W, +F,

=

F.+Z,Z Z
FVF = 2 =7

100 % =

HE
[
[

= E‘E-V—I_ CF—I_ Cz_p (12)

where §, S, S; are cross sectional areas of warp, pick agdrn respectively
Wy Fy, Z; are warp, pick and-garnspacing respectively

Cw, Cr, Cz are volume fractios of fiber in warp, pick and-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 @), i.e., if there aren layers of warp, it will be n + 1 layers of picks.

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

t =nZ, +F, + 2h, (1.3)
where Zis the heighof the internal unit cell,
F.is the height of the pick fiber bundle,

h is the thickness of-garn segments which pass over the top and bottom
surfaces of the preform.

Because observations of cross sectional microgralosy that the thickness ofyarn
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:

_ (S , (nt1)5p Sz
FVF—(EF}_ o wxr}-)m“% (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 boatfyut 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

reinforcedcomposites 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 am stages of the RTM process: mold preparation, preform

preparation, mold closure, resin infusion, resin cure, and part demolding (Figure 1.

VARTM is one of the versions of the traditional resin transfer molding (RTM). The
reinforcement preforms in theARTM 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 sidef 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 thet@s$he

part (Acheson et al, 2004, Grimsley et al, 2001). Usually there are six main stages of the
VARTM process: tool preparation, fiber preform preparation aneufgymold setup, resin
infusion, esin cure, demolding (Figure }.8t is important to onsider 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 preparge scale parts ( for example boats)
and allowing lower injection pressure during room temperature piiagesSecondary

benefits of VARTMinclude the fact that the weight of the final composite is reduced because
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less resin is used as the fiber mate 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).
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Figure 1.7. Resin transfer moldmprocess (Acheson et al, 2004, p.160)
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Figure 1.8 Vacuum assisted resin transfer motgprocess (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 contimous 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 appliedyreegradient.

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 impregnagpeetioem, 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 prevettse pr ef or més expansi o
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, 200Man 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 compactigratio 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 changethe mass balance and permeability during the flow. During the infusion

the pressuralistribution 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).
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Figure 1.9 Percentage thickness variation for VARTMpess (Acheson et al, 2004).

Acheson et al (2004) tested the thickness of the 2D woven préfeariation duringthe
VARTM process. Figure 9.shows how the thickness of each 2D woven preform has large
variations alonghe length after resin cure (x/féd 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 (2004hetre are four main aspects that influence the properties

of the composit ¥ ARIM:f abrication dur.i

ng

91 Influence of resin pressure on the preforompaction (reduced

compaction affectber volume fractioiy
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1 Influence of volume fraction change on preform permeability
(permeability is a function of the fiber volume fracfipn

1 Influence ofcompactiorchangeon fluid movement and