ABSTRACT

GUPTA, ANURADHA. Composites froraturalFibers: HempFiber ReinforcedComposites
from 3D OrthogonalWovenPreforms and theiPotential Applications inthe US. (Under the
direction of Dr. AbdelFattah M. Seyam)

Natural fibers reinforcements are a prevalent option for applications in composite
manufacturing. There is significant ongoing research in the field of natural fiber reinforced
composites, which mainly aims at retgcthe overall carbon footprint. Natural fiber composites
have great potential as the focus of many indeestis shifting from synthetic fibers that are
commonly used in manufacturing composites today like glass, cabdraramid to more
sustainable rtaral fibers. Some of the major issues with synthetic fibers aredrighgy
consumption during production and rdegradability. Similarly, polymer resins like epoxy and
vinyl ester, which are most commonly used in hggnformance composites, are petunte
based. With the reserve of petroleum depleting, alternative sustainable fibers and resins are the

substituts.

The applications of natural fibers are growing in the field of engineering and technology
due to its favorable properties like biodegradahikustainability, high strengtand corrosion
resistance. Due to these benefits, synthetic fibers and resins from hazardous chemicals are being
substituted with natural fibers and resins. A
compositeso have emerged, witkesaoflberandgmaaix bl end of

derived from naturalesources.

Hemp has proven to be one of the strong conteridethe replacement. Herdpased
composites help reduce the carbon footprint of the end composite and enhanced energy recovery
at the end of theiifecycle.Hemp fibersareused as reinforcement in composites due to high
specific strength andigh specificYoungés modul es. Mor eover, hemp
higher vibration dampening capacity, higher fiber yield, pest resistant and drought cesisian

these properties make it an excellent candidate for composite reinforcement.

The objectives of this researaleto explain the importance dempfiber reinforced
composites, highligting the potential applicatioBD Orthogonal Woven fabrics inqmorate
throughthickness reinforcement and can exhibit remarkable-latemar properties that aid

damage suppressigneventdelaminatiorand delay crack propagatioh.comprehensive study



onthe performance of hemp/vinyl ester composites in termseif gtructual parametersvas
performed Composite panels were manufactured using ardtbgonaweaving(3DOW)
technology and Vacuum Assisted Resin Transfer Mol(M&RTM) processA range of 3DOW
composites was tested for its tensile aathpressiorstrength and impact resistance to
understanding their failure mechanisimgerms of their structural parametefsthorough
analysis of the effect of weave desigime contribution ofZ-binders and thicknessas
investigatedand the study concluded that the number d&yers had the most significant effect
on the mechanical strength.

An additional goal of this work is to identify potential markets of helmaged
experimental composites based on their performance characsetHstmpnewly gained
agricultural crop status is gaining momentum in the United States and will further strengthen

high-performance composite applications of industrial hemp.
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CHAPTER 1 - INTRODUCTION

1.1. Composites
Composites are found in our day to day life in various forms like doors and window
panels, construction materials, automobiles, aerospace, etc. The most primitive of all is the use of
mud/clay and straw/gravel, which actsadsinder, to form bricks as cetruction material.
Concrete, also an example of composites, is the most usethadesmaterial in the world.
Another example is plywood where multiple layers of wood are glued together in different
angles with an adhesive and yield better propertiesriaamal wood. Composites are defined as
a combination of two or more materials which have different and better mechanical, physical and

chemical properties than the individual components used.

Due to increasing demand for stiffer and stronger materiarious applications like
transportation, construction, sports and leisure, electronics, etc., composites have gained
popularityover thepast few decadg€hou, T. W., 1993; Hull & Clyne, 1996kigure 1.3 lists
the comparison between composites and metals. Composites prove to be a better substitute for
metals and as a resuias encouraged to assimilate hjggrformance fibers and natural fibers as
reinforcement. Also, with increasing environmental concerns, green-gphiposites is also
gaining popularity. Green composites are composites where ladtix @nd reinforcement are
biodegradable. Natural fibers are used as reinforcement whereas biopolymers areaused as
matrix (Zini & Scandola, 201} This in turn,has also promoted green supply ckawhich is
responsible for converting all the aspects like purchasing, designing, manufacturing, marketing
and distribution and reverse logistics more-&@ndly (Ghobakhloo, Tang, Zulkifli, & Ariffin,

2013)

1.2 Fiber reinforced composites

A composite is a heterogeneous combination of two or more materials, reinforcement
and matrix, ® givea resultant material which hasmpletely different and superior chemical,
physical and mechanical properties. The advantages of compargitegh strength and stiffness
along with low density, which contributes to different applications, imppoaductivity and

lower cost. The reinforcement provides mechanical properties andbé@aichg capacity to the



composites. The type and quantity of reinforcement determine the final properties of the
composite. The matrix, on the other haacts as a biret and provides physical form and
dimension to the composite. This helps to transfer the load or stress applied in the direction of
the reinforcement and protects against environmental effects. The properties of the resultant

compositearebased on the ppiner used, fiber surface and manufacturing processes engaged.

1.3 Types of composite

Composites can be broadly classified into two groups namely types of fibers used and
types of matrix use(Hull & Clyne, 1996; Mallick, 1993as shown irFigure 1.1. Continuous
fibers used in composites possess the best mechanical propertiepeH@mance fibers like
Kevlar, HDPE, glass, carbon, aramid, etc. are usually mixed to get desired composites. They
have exceptional high longitudinal specific stiffadthree times than that of conventional alloys)
and high specific strength which is twice than that of metal a(bgse & McCullough, 1995)
Since these higperformance fibers are expensive, its application is limited to a few applications

where performance is given more priority than cost.

Short fiber reinforced composites impart certain benefits like low strength and stiffness
and therefog are used in interiors of automobiles and aerospace, constructiofidee.K., &
White, 1996; Mallick, 1993)Short fiber composites are reinforced with staple fibers or
lignocellulose fiberand undergo less wear and tear during processing and are very flexible and
cheaper than continuous fibers reinforced compo@itesreraFranco & ValadezGonzalez,

2005)



Composites

Types of fibers Types of matrix
used used
Continuous fiber Short fiber Polymer matrix Metal matrix Ceramic matrix
reinforced reinforced composites composites composites
composites composites (PMC) (MMC) (CMC)

Figure 11. Classification of composites on basis of fibers and matrix (I$al & Clyne, 1996;
Mallick, 1993)

Polymer matrix composites otherwise known as fiber reinforced polymeilasiicsare
the most common type of composites as they are machine friendly and md@ldatileews, de
FL, 1999) In this type of composite, large molecules of polymers, which act aswsalghits,
are continuously coupled with covalent chemical bonds. These materials use podgeresin
like epoxy, vinyl ester, etc. as the matrix, and a variety of fibers such as glass, carbon, aramid
and natural fiber as the reinforcemePMCs are dirther divided into thermoset and
thermoplastic polymers. lithe case of thermoset polymer are low viscosity resins where the
molecules are chemically crebsked using covalent bonds the form of a network and are
irreversible after curing. Examples of thermosetting resins that are widely ugsalyaster,
epoxy resin, phenol formaldehyde, and viegstersThermoplastics, on the other hand, are high
viscous resins that can be procesdmulva the melting temperature for additional processing.
Examples ar@olypropylene (PPpolyethylene (PE), polystyrene (PS), and PVC (polyvinyl
chloride).The advantages and disadvantages of thermoset and thermoplastic polymer are

outlined in table 1.1.



Table 11. Advantages and disadvantages of thermosets and thermopleg@sT. L., and

Kinzig, 1992)
Property Thermosets Thermoplastics
Preparation Complex Simple
Processing cycle Long Short to long

Processing temperature

Processing pressure
Fabrication cost

Environmental durability

Fiber impregnation
Solvent resistance
Damage tolerance

Melt viscosity

Low to moderate
Low to moderate
High

Good

Easy

Excellent

Poor to excellent

Very low

High

High

Low
Unidentified
Difficult

Poor to good
Fair to good
High

PMCs are cheaper and are less dense than metal or ceramic composites and can be
fabricated easilyMatthews, de FL, 1999Also, they have strong resistance towards
atmospheric and other typekcorrosion and arabad conductor of electrical currefMinay,
Govindaraju, & Banakar, 2014Yletal matrix compositen the other handre composed of
two parts namely metal or alloy and other material which can be fiber or metal. They are mostly
used inautomotive and aircraft parts because of high stiffness and high strength to density ratio,
fire resistance, hydrophobic nature andageod conductor of electricity and temperature. |
the automotive industryg metal such as aluminum is used asrtfarix, and reinforceit with
advanced ceramic fibers such as silicon carbide or boron nififieése composites use ceramic,
glass or carbon as matrix and reinforced with short fibers or whiskers. Thesearenwery
high-temperature settisgand havehigh fracture toughness and less fragile compared to

ceramics. The list ahe matrix is illustrated in table 1.2.



Table 12. Types of matrix and reinforcement used in compog@@sdarelli, 2001)
Category| Matrix used Reinforcement used

PMCs Thermoplastics (PP®ES)| Fibers (carbon fibers or wires)

Laminates (glass and aluminum sheets)

Thermosets (epoxy, Vinyl)] Fibers (glass, carbon)

Laminates (glass araluminum sheets, honeycomb

MMCs | Metals Fibers (Silicon Carbide, boron, carbon
monofilaments, whiskers)

Particulates, flakes (ceramic, hard metal)

Alloys Fibers (Silicon Carbide, boron, carbon
monofilaments, whiskers)

Particulates, flake&eramic, hard metal)

CMCs Ceramic Fiber (carbon mondilaments, whiskers)
Metals fibers, cut wires, whiskers, particulates or

flakes

Glass or glass ceramic Particulates

1.4. Composites vs. Metals

Unlike metal, composites have many advantages delineated below in table 1.3 which
makesa composite better choice for applications like automobile, aerospace, construction, etc.
Apart from fulfilling diverse design requirements with significant weightregsji composites

have a better strength-weight ratio.



Table 13. Comparison between composites and mé@dsnpbell, 2010; Chandramohan &
Marimuthu,2011; Vigo, T.L.&Kinzig,1992)

Better tensile strength around four to six times greater than that of steel or aluminum.
High specific strength and stiffness.

il

il

1 Higher impact properties.

1 Better damage endurance like impeegistance, fracture resistance, abrasion resistance.

1 Better protection from corrosion and requires less maintenance.

1 The por transmitter of vibration, less weand tear than metals and less noisy during
processing.

1 Composites are more flexible than mistand can be designed accordingly to meet
performance needs and complex design requirements.

1 Composites have reduced lifecycle cost and component cost like less fabrication cost,
lower scrappage cost compared to metals.

1 Composite parts have fewer joirfesteners and minimal plies which provides

simplification and integrated design compared to conventional metallic parts

1.5. Factors affecting composite performance

Composites are formed by miximgnappropriate amount of matrix and reinforcement.
However, while manufacturing composites, thiera list of factors which directly affect
composite performance. The ingredients, reinforcenaamt matrixmust have very strong
bonding to give the resultanbmposite appropriate strength and stiffnesshétase where the
flow of matrix is not uniform or the preform sheet is irreguthgeweak spot will appear. In that
case, load distribution in the composite will not be uniform and crack/fracture migdrap
Fiber orientation is also important as strength and stiffaesgependent on how the fibers are
placed. A small fluctuation in angle during lay up or a push during resin penetration can greatly
affect the stiffness-doa, 200%ound out hat a change in angle from 0° to 10°, can lower the

stiffness by almost 30%.

The role of resin is to uphold the fibers as straight as possible to prevent bulking. This

will also determinghe adhesive and stiffness properties of the resin system thereby improving

6



performancef the compositeThe compression properties of natural fiber composite (flax,
bambog and coir) was compared with that of glass fiber composites and found out #sat gla

fiber composites are superior to natural fibers.

One other important factor which directly influences composite performance is fiber
volume fraction (FVF), which idefined as the ratio of fiber volume to the total volume of the

composite.

A compositestrength and stiffnessebased on the amount of fiber used, choosing the
right amount of fiber, also known as critical fiber volume fractiolf istmost significancen
other words, critical fiber volume is the fiber volume fraction at whietpropeties of
composites start to improve. However, it is important to note that even though the quantity of
fiber enhances composite strength, there should be some spacing between the fibers. Typically,
reinforcement should be around 689% by volume to giveomposite its optimum strength
(Hoa, 2009; Campbell, 2010). Also, this will vary with the type of fiber usedshert or
continuous fibers as shown in figure 1.2. It is important to note that uniform fiber distribution is

a vital consideration especiallvhen the strength of the composite is the priority.

One way to form composites is to lay the fibaisidirectional layer so that the resin
flow is uniform. However, there will always laearea which has more concentration of resin.
These areas act He site for cracks or breakage and is always a good idea to keepethto a
minimum. Another factor which can cause crackihéstime fortheresin to harden. Ithecase
of thermoset, it is called curing whereas for thermoplastic it is called solidification. During
composite manufacturingheresin should not be very viscous to allow it to penetrate in the fiber
and should be cured or solidified enough for reinforeetnto occur. This will reduce defects or
voids, which might also occur duegeparatiorbetween layers or due to low pressuréhm

resin during curing.
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Figure 12. Influence of fiber type and quantity on composite performance (Campbell,.2010)

Shear load slides adjacent layers of fibers over each other and resia piajgs role in
transferring the stresses across the composites uniformly déonposite, irorder to perform
well under shear loads, the resin must exhibit two important characteristics namely good
mechanical properties and high adhesion to the reinforcement fiber. Hotvewvéinds of
shear, iAplane and intetaminar shear strength of a compeslesignates the overall strength of
composites. liplane shear explains the bonding between each lamina and layer whereas inter
laminar shear is for multilayer composites. The combination of tensile strength, compression and
sheararecalled flexural l@d. This can be explained better in terms of multilayer composite i.e.
whentheload is applied to the upper surface, it undergoes compressidthelower face is in

tension,the upper face in compressi@amd the central portion of the material expecies shear.



1.6. Natural fiber composites

In the past decade, research and engineerwvgdiafted fromsyntheticreinforcements
like glass, aramid and carbon fibers to more environatigritiendly natural material. The shift
is due to the environmeadtawareness and stringent regulations imposed towards waste
management regulations by the governing bodies. One of such laws recently imposed by
European Unions is End to Life Vehicles (ELolbery & Houston, 2006)This law restricted
the automotive manufacturers to produce vehicles which are 95% recyclable by 2015. As a
result, the use of natural reinforcements along with biodegradable matrix is gaining importance.
The fibers like glass, carbgand aramid are being replaced by natural fibers. Likewise,
thermoplastic resins like polypropylene, polyolefin, polyethylene, polyurethane, polyamide, etc
are replaced by plants based polymeric matrix like cellulosic and stastlt ptoybeaibased
and cornbased polymer resins, etc. Notably, apart from the fact that natural fibers are derived
from renewable sources which are more sustainable, they are typically low cost (if available in
abundanceand the predicted cost increadelsposing synthetic materidJsand possess
competitive mechanical properties compared to synthetic fibers. All of these qualities help to

strengthen the case for Himsed composites as engineering materials.

Despite making significant research progriessver past two decades, natural fiber
reinforced composites (NFRC) have only found application successfully only in a few areas like
automotive industry (both for interior and exterior components), construction, and consumer
goods including sporting gas. There are many untapped maskehiere natural fiber
composites can make a substantial footprint. Most of the NFRC advandemete inthe

European Union, particularly Germany and France.

1.7. 3D Weaving technology
Textile manufacturing processes are-gildded into four broad categories namely
weaving, braiding, knitting and nemoven. However, thisectionfocuses on the two broad
segments on weaving namely, 2D weaving and 3D weaving. In the traditional 2D weéamaing
sets of yarns namely warp and weft (filling) are interlaced perpendicular taf@brfabric. 3D
weaving technology is fairly new technology compared to the traditional@®ving.The 3D
weaving process is def i neadingl gridikeholiipelayeras it he



warp with the sets of vertical and horizontal wéKsokar, 1996) A similar concept using 3D
orthogoral weaving was developed at the Wilson College of Textiles, NC State Univarsig
1990s. Instead of just two sets of yarns (warp and weft) in 2D weaving, there aretbieke s
yarns namely weft (X¥/arns), warp (Yyarns) and binders (garns) interlaed together. The
interlacing of these three sets of yarns proddeeric (preformg that have better potential for
improving the mechanical properties due to its fiber orientation. Since warp and weft yarns are
laid straight, it forms crimpless preform excémtthe crimp from Zbinders. The preform from

3D weaving is protected from dehination as the fabric comes out from the weaving machine,
ready for the next step (mostly infusion). There is no need for layering to create a 3D part
because a single fabric provides the full 3D reinforcement. There is no restriction in terms of
thickness and th& to Y ratioto the fabric. Since th8-yarns are inserted through the heddle eye,

the proportion oZ-yarns can be changed just by removingZhgarns from the heddle.

There are several types of woven fabrics that are commercially availaesould be
classified according to their weaving technique as shown in Figure 1.3. For this research, the

focus is on 3D orthogonal weaving (3DOW) which is discussédeidetails.

]

. 3D angle 3D orthogonal

ZDNSBHES interlock fabrics woven fabrics
Through- l

Layer to layer

Figure 13. Classification of woven fabricg¢F. Stig, n.d.)

3DOW is produced in the 3D weaving loom developed and patented in 1992 by
Mohamed and Zhan@,085,252, 1992) The architecture of the 3DOW preform consists of

three sets of yarns namely wahp-yarn),thewetft of filling (X-yarn) and binderZ-yarn) as

10



illustratedin Figure 1.4. TheZ-yarns runs througkthickness direction in the preforiminding or

stitchingmultiple layers together.
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Figure 14. 3D orthogonal woven fabric from different view angle@-. Stig, n.d.)

TheY-yarns andZ-yarns are fed through the warp direction whereas weft yarns are inserted
through the rapier. Warp and weft yarns are orthogonal to each other and are laid straight in
alternate layers.-Binder yarns run through the heddle eye controlled by harnesseb, mhve
theZ-yarns up and down along tedirection stitching all the layers into one fabric as shown in

Figure 1.5, giving structural integrity to the preform.
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Figure 15. Schematic of 3DOW: ..warp, 2 weft, 3 Z-binders(Mohamed, et al, 2001)

The 3DOW preform tightness can be determined by pick density so there is flexibility in
terms of compactness of the structure. The number of weft layer is always oserlayethan
thewarp layes. In this case, theris multiple pick insertion simultaneously in the shed created
by the warp yarns, which remain stationary. Reinforcement properties, matrix propedies
fabric architecture heavily contribute to the mechanical properties oftlweo8en composites.
Additionally, fiber volume fraction (FVF) and thicknessghich is controlled by the number of
| ayers and vy arai®dpodie parelgpleyvithleote snidéternaning the

structural and mechanical properties of the contpos
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CHAPTER 2 - LITERATURE REVIEW

2.1 Natural fiber composites

The importance of natural fiber the composite is gaining momentum in the current
materials engineering market. As a result of the increasing acceptance of biomaterial boost the
desire to replace synthetic fiber (like glass, carbon, aramid) with sustainable natural fiber. There
has beem lotof work publishedo improve the shortcomings of natural fibers. Natural fibers
demonstrate many expedient characteristics like low density which contributes to the lightweight
composite material with relatively higher specific strength and stiffnesstiéwilly, renewable
source of natural fiber and ease of processing with less hazardous manufacturing are major
merits of using natural fibers in composites. This, in turn, helps in reducing petroleum
dependency in composite manufacturfrgancucci, Mantby, Cardona, & Aravinthan, 2014;
Khot et al., 2001)

Another advancement in the area of natural fiber composite is the development of bio
composites to replace polymeric resin with plbased resin. Bicomposites are different from
naturatfiber composite as the former use pkugised reinforcement and resin whereas the latter
are formed by natural reinforcement. Riomposites are mainly advantageous in areas with low
load bearing applications and are biodegradable and/or renewable re¢kbatest al., 2001)

This will, in turn,reduce the carbon footprint considering the life cycle of the composites at the
disposal stagéJoshi, Drzal, Mohanty, & Arora, 2004)

The comparative performancétbe biocomposites is lower than the compositesn
synthetic materialdue to the drawbacks or inconsistencies iahteio the natural fiber. A few
downsides of using natural fiber tine composite $ due to the hydrophilic nature. Natural fiber
tendsto absorb water which can result in swelling of the fiber which lowers the dimensional
stability and mechanical propertiestbéir compositesThis deterioration of the physical and
chemical properties are reflected in the composites as water presereeth@kterfacial
bonding between fiber and matrix weak. The performance of composites is negatively affected
by moisture absorption which can be curtailed by chemical and physical treatments. These
surface modification methods help to improve interfalotaiding of fiber and matrix which is

extensively discussed by Bledzki and Gaq&ledzki & Gassan, 1999 hemical modication
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introduceghereactive group and removes lignin, hemicellulas® wax from the fiber surface
for better compatibility of reinforcement and matextypical specific strength and stiffness
could be attained with better bonding that is verttlbrin nature with easy crack propagation
through the matrix and fiber. The effectiveness of stress and load transfer from matrix to fiber
could be condensed with a weaker interf@€aruk, Bledzki, Fink, & Sain, 2012)

As nanocompositesrethe future trend, nahuchresearch is dedicated to deriving
nanofibers and whiskers using bast fibers. Natural fibers like sisal, jute, hemp, flax and kenaf are
good replacement because of high specific properties stiffivbiss & Brady, 2008) impact
resistancgSydenstricker, Mochnaz, & Amico, 2003exibility (Manikandan Nair, Diwan, &
Thomas, 1996and modulugEichhorn et al., 2001)

Although, in terms of flexural moduluglass fiber composites perform significantly
better than treated and untreated natural fiber composites. Apart from these benefits, natural
fibers are biodegradable and renewable, low cost, low density, low weight, low contributor of

carbon dioxide to thenvironment and abundance availability, see Figure 2.1.
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Figure 21. World production of different natural fibe(Baruk et al., 2012)

But natural fibers being hydrophilic in nature provides poor adhesion or bonding with

hydrophobic matrices. Sgriccia et al. found out that natural fibers, both treated and untreated,
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absorbs considerably more water thangfasers(Sgriccia, Hawley, & Misra, 2008)Vater
absorption can cause deformation, low adhesiad results in low strength composites. Natural
fibers are also not compatible with thermosets, which have high curing time, as they have very
low degradation temperature which is less than 2q8®Ciccia et al., 2008)This particularly
restricts he applications of composites to low temperature. Besides, there are also other
variations in mechanical and physical properties, lower elongation, and handling of fibers and
cultivation conditions which greatly differs owing to different sources. Thdesig# is to

produce quality fibers to be used for various applications by using better cultivation methods

using genetic engineering.

However, these impediments can be curtailed to some extent by various fiber treatments
like alkali and saline treatmenfBhe two popular methods to compare treated and untreated
natural fibers and their composites ar@ay photoelectron spectroscopy (XPS) and Fourier
transforminfrared spectroscopy (FTIRBgriccia et al., 2008 Duajai and Shanks (2008judied
the effect of alkali treatments on hemp fibers and found that pectin and hemicelluloses, which
give a waxy layer to the fiber surface, were removed by the treat@®eottge, Sreekala, and
Thomas (2001)used bleached Kraft pulp fibers and compared with untreated ones and found out
that bleached fibers are more hydrophilic in nature and have a loigygen to carbond/C)
ratio (George et al., 2001However, Dash et al. studied jute/polyester composites in outdoor
weathering conditions and found that bleached fiber composites absorbed less water than the
untreated compositd®ash BN, Rana AK, Mishra HK, Nayak SK, 2000)

There are other ways to decrease hydrophilicity of natural fibers chemically by
esterification and etherificatiaiBaiardo, Frisoni, Scandola, & Licciardello, 2002;i&@do, Zini,

& Scandola, 2004; Frisoni et al., 2001; Zini, Scandola, & Gatenholm, 26i®)e treatment
(Arbelaiz, Fernandez, Ramos, & Mondragon, 2006; Bledzki & Gassan, 1999; Tran, Graiver, &
Narayan, 2006)plasma or corona treatmgitelgacem & Gandini, 2005; Bledzki & Gassan,
1999; Gassan & Gutowski, 200@hd polymematrix modificationgR. Karnani, M. Krishnan,
1997; Wu, 2009) Another proven method to improve mechanical properties by chemical
modification is by altering polar hydryls with polar groups. For any of these modifications, it
is important to keep in mind that any reaction should be restricted to surface level in order to

protect the mechanical property of fibers.
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In order to produce uniform and optimized fibers forcsfiesectors like automotive,
construction, etc., improved treatment methods should be ad@ptad MC, 2005) Since
natural fibers are prone to water absorption, suitableclost coating and encapsulation methods
like acetylation of the hydroxyl groups present infiber should be developed to reduce its
hydrophilicity. This will minimize fiber swelling and water absorption rate and also improve
matrix-matrix bonding(Bledzki & Gassan, 1999; John & Thomas, 2008; a. K. Mohanty, Misra,
& Drzal, 2001, 2002; Netravali & Chabba, 2003)

The advantages and disadvantages of using natural fibers in composlisted in
Table 2.1. However, the disadvantages can be curtailed to some extent by pretreatments and

chemical treatmentScarponi & Messano, 2015)

Table 21. Advantages and disadvantages of using natural fiber in composites.

Adavantages Disadvantages
ABiodegradable AHydrophillic nature causing swelling
ALow density and high specific of fibers

strength and stiffness APoor interfacial bonding
AlLess expensive if produced in ALow temperature processing
abundance AHigher variability of fiber properties

ALow hazardous processing &
manufacturing

Alncreased flexibility
ARenewable resource

However, there are other advantages of using natural fiber composites over other synthetic or
metal composites.
1 The density of the products is drastically reduced (~30%) as compared to conventional
metallic composites.
1 The products from natural fibers dosv in weight and consume less energy and as a
result they are less hazardous to the environment.
91 Natural fiber composits are more compatible with bmlymers which results in bio
composites.
1 The manufacturing of natural fiber compositesafer tharglass or metal composites,

which emits dangerous airborne particles.
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2.2 Types of natural fibers
Natural fibers can be classified into six categories namely bast fibers, leaf fibers, Fruit
fibers, seed fibers, grass fibers, straw fibers and wood f{Beendjiwala & Blouw, 2007)The

classification of natural fiber is represented in Figure 2.2.

~

Bast fiber AFlax, kenaf, hemp, jute, ramie

J

7

N\

Leaf fiber ASisal, abaca, pineapple, henequen, banara

N

~

Seed fiber ACotton, kapok, milkweed

J

N

~

Grass fiber ABamboo, switch grass, elephant grass
Straw fiber ACorn, wheat, rice
Fruit fiber ACoir, tururi, loofah

J

Figure 22. Classification of natural fiber from plants for reinforcing in compogitegndjiwala
& Blouw, 2007)

The first five types of fibers are grouped as-swwod fibers. Natural fibers can also be
broadly classified as plafttased, which are rich in polysaccharides and aribaséd fiber like
silk, wool, and feathers are made up of protdifisi & Scandola, 2011)Bast fiber is most
popular and most copiously used fiber in composites. Altholgldlensity and tensile strength
of all the bast fibers is lower than glass fitmyme varieties diemp and flax are comparable
with glass fiber due to its elastic modulus and specific modulus due to low density, as shown in
Table 2.2. Due to its hydropie nature,the composite formation becomehallenging.
However, this can be altered by various pretreatments which control the moisture absorption
rate. All the properties of bast fibers differ due to chemical constituent and internal fiber
structure ike fiber origin, maturity time of plant, fiber sapdon processessoil type, and

weatherconditions, retting process, etc.
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Table 22. Comparison of physical properties of natural fiber

Fiber Density | Elongation | Young's Tensile Specific Water
(glcm?) | (%) modulus strength tensile absorption
(Gpa) (MPa) strength (%)
(MPa cni/g)
E-glass 2.5 2.5 70 20003500 | 800-1400 -
Aramid 1.4 3.33.7 63-67 30003150 | 21402250 |-
Carbon 1.4 1.41.8 230240 4000 2860 -
Flax 15 1.2-3.2 27-80 3451500 | 2301000 7
Cotton 1.51.6 |3.010.0 5.512.6 287-800 190530 8to 25
Jute 1.315 |151.8 10to 55 393800 300610 12
Hemp 1.5 1.6 70 550-900 370600 8
Sisal 1.31.5 |2.025 9.4-28 511-635 390490 11
Ramie 15 2.03.8 44-128 400938 270620 12 to 17
Coir 1.2 15-30 131-220 110180 10
Soft wood | 1.5 - 40 1000 670 -
kraft
Chicken 0.89 - 3to 10 100-200 112220 -
feathers
Silkworm 1.31.4 |15 15 - - -
silk

2.3. Morphology of natural fiber

Plant fibers are tubular structures where the central lumen, which is responsible for water
uptake, is surrounded by primary and secondary cell(walre 5, Tsoumis, 1991These cell
walls are made up of cellulose microfibrils embedded in a hemicellulose and lignin matrix,

which vary in composition depending on the fiber type as depicted in Figure 2.3.
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Figure 23. Structural constituents of the natural fiber plant g@ing, ZhanglLiu, Yang, &
Zeng, 2001)

These microfibrils have a diameter of abouf 13D mm and have cellulose molecules in
form of chainthat provide mechanical strength to the fiber. Figure 2.4 shows the arrangement of
fibrils, microfibrils, and cellulose in the cell walls of plant fiber. Theost efficient cellulose
fibers are thosewith high cellulose contentcoupled with alow micro-fibril angle (angle
between cellulose microfibrils and fiber axis)iis the range of 7°t012° to the fiber axis
(Barnett & Bonham, 2004)
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Figure 24. Arrangement of microfibrils and cellulose in a plant ¢8ijueira, Bras, & Dufresne,
2010)

Natural fibers primarily have components namely cellulose, hemicellulose,,@aatin
lignin. The ratio otheindividual componat varies with different types of fibers which directly

depends on growing and harvesting conditions and methods as shown in Figure 2.5.
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Figure 25. Chemical composition of natural fibef®. Faruk et al., 2012)
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Cellulose is a sentrystalline polysaccharide and is the component which is responsible
for the hydrophilic nature of natural fibers. The hydrophilic nature greatly influences the
mechanical strength of the compositésr example, a composite made from coir fibers would
have much greater moisture content than would a composite made from Kiexad fibers.
Hemicellulosas amorphous polysaccharide with a lower molecular weight compared to
cellulose. The amorphous nature of hemicelluloses results in it be in partially soluble in water
and alkaline solutions. The hemicellulose is responsibblenfmsture absorption, bio and thermal
degradation in a natural fiber. Pectin is a polysaccharide like cellulose and hemicellulose and is
responsibldor binding the fibers together. Lignin is an amorphous polymer and ihegligible
presence in fibers peentagewise. They are mainly responsible for aromatics and thermal
stability and has little effect on water absorption although they are accountable for UV

degradation. Figure 2.6 shows the structural representation of fiber composition.
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Figure 26. Structural representation of (A) cellulose, (B) hemicellulose, (C) pectin, and (D)
lignin (Odian, 2004)
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2.4. Criteria for selecting natural fiber

Natural fibers differ in their mechanical, physical and chemical properties and therefore
selecting right fiber as reinforcement is very crucial. This will ultimately affect the functionality
of the composites and the subsequent manufacturing processesafd various criteria in
selecting the reinforcement whiehe addressed in the sectidoedow.

Density- Density is one of the important criteria is selecting natural fiber as it determines the
weight of the composites. This is particularly importaranautomotive application where low
weight contributes towards reduced energy consumption and thereby supports sustainability. In
this context, natural fibers are comparable with syntheticfibers like glass, carbgand

aramid, where values of spécitensile strength and specific modulus of elasticity are

considered important. Specific tensile strength and specific modulus of elasticity is the ratio
between the mechanical properties (tensile strength and modulus of elasticity) and fiber density.
The lower the value of density, the higher will be the specific values and thereby more favored to

be used in composites.

Aspect ratio- Thefiber length to diameter ratio is known tee aspect ratio. Continuous
filamentsare stronger and stiffer than short fibers and have a higher aspect ratio than short fibers
(Lewin, 2006) Short or discontinuous fibers (length > 100 x diameter) are used for bulk
production as it is easier to fabricate complex parts and are isotropic in (hagwie, 2006)
Continuous fiber composites (from woven cloth and helical winding) have preferred orientation
and single layers of diffent orientations are stacked together to attain desired strength and
stiffness(Campbell, 2010)Discontinuous fibers like chopped fibers and randoat have

random orientation. High strength composites are produced with small diameter fibers as there
arefewersurface defects, more flexibility but are costly to produce. However, it is important to
note that if the fiber aspect ratio is too high, fibers may get intertwined during processing and
result in poor composite mechanical strength, due to poor dispéBaois. K., & White, 1996)

The problem with higtperformancesyntheticfibersis that they are brittle and tends to break
during processing whereas cellulosic/natural fibers are more flgkibée 1991) Hence, it is

important to know fiber length and fiber length distribution to predict reinforcement strength.

22



Thermal conductivity Thermd conductivity is an important critemnwhen it comes to

industrial applications, especially the automotive industry. lthe case of natural fibershe

hollow tubular structure is responsible for thermal and acoustic insul#gwoudiil et al. (2011)
compared the values of thermal conductivity of date palm, coir, hemp and sisal and found out
that hemp has the highest thermal conductivity followed by date palm,asidadoir. This

makes natural fiber a good substitute for interiorheautomotive industry.

Chemical composition of the fiberCellulose hemicelluloseand lignin are three major

components othe cell wall of plant fiber. Different fibers haedifferent compositn (Faruk et

al., 2012; Madsen, 2004epending on the molecular composition andditire, which in turn
determines mechanical, chemical and water absorption properties of the fiber. The more the
cellulose content in the fiber, the less is the water absorption capacity of the fiber, hence making
natural fiber a feasible alternativettre automotive sector.

Availability and cost of raw materialOne of the reasorer selecting natural fiber over any
syntheticfiber is abundant accessibility of natural fiber. However, the availability differs from
type to type, region to region and different period of time. Also, the cost factor is important in
this respect. The cost tends to fluctuate from time to time anefthemecessary steps should be
taken to ensure that bulk quantity is purchased in advance for uninterrupted production. Even
thoughthe cost of natural fiber is comparatively less than glass or carbon, but there is intense
competition within the varietiesf natural fibers in terms of cost as illustrated in Figure 2.7. It

clearly explains that date palm is much cheaper than other vadepe&gted in the figure
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Figure 27. Cost comparison of different natural fisaused in automotive industriésL-Ogla &
Sapuan, 2014)

It is worth mentioning that government support is also an integral part. For example,
hemp cultivation and applicatiowereprohibited in the United States due to a law passed a few
decades back due its relationship with marijuana&C@annabis Sativia Both haveoxic
ingredient tetrahydrocannabinol (THC) which can be extracted to make psychoactive drugs. But
the biggest difference is the amount of THC in industrial hemp. An industrial plant has a THC

content of 0.3%. So, the availability and castinfluencedas it not readily available.

Mechanical properties of natural fibeThe valueof elasticity, tensile strengthnd elongation to
break are mechanical properties importarthaselection of the suitable reinforcing fibers in
automotive applications. d¥ever, natural fibers have low mechanical properties but specific
values like specific modulus of elasticity and specific tensile streargitomparable tohe glass

fiber. It is important to develop optimum reinforcements to obtain the desired medhanica
properties. This is particularly important in hybrid fmiomposites, in which there is a chance to
manipulate biodegradable properties. This can be accomplished by right blend ratio of bast and
leaf fibers (popularly known as engineered natural fib&kjch gives right stiffness and
toughnesgK. A. Mohanty, Drzal, & Misra, 2002)
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The specific modulus of elasticity with respect to cost ratio is a critical factor in natural fiber
selection. The more is the value of the ratio, the more desirable is the fiber type in most
applications(AL-Oqla & Sapuan, 2014)

2.5. Applications of natural composites

Composite materials are used in various sectansely automotive, heavy truck,
aerospace, civil infrastructure, marjed durable goods. The main purpose of using composites
instead of metal are durability, strength, lightweitifat qualify them foawide range of
applications. There has beatremendous development in the applications of polymatrix
composites (PMCs). The bifurcation of composites usagjeown in Figure 2.8, which depicts
sectorwise distribution. Howevethe advent of natural fiber composites giwewhole new
dimension to the market as they are-&tndly and easily available. For example, asbestos used
in automotive brakes and clutch linings are being replaced by aramid fiber composites and

synthetic fiber used in seats in automobiles are sedtdly recyclable coconut fibers.

PMCs areggaining popularity due to the availability of multiple fiber types and
advantages like easy processing, high specific strengthait variety of usagé-iber
reinforced composites often aim to improve thergjtie and stiffness to weight ratios. These
properties will reduce the weight of the components produced by the fibers and therefore fibers
used for composite materials will have high strength, high flexibility and it is most widely used
for textiles and dter major fieldsPMCs are used in helicopter rotor blades, circuit boards, pipes
and tanks, conveyor belts, tennis rackets, rockets and missiles, marine applications, etc. Around
three decades ago, aramid fibershieaform of Kevlar revolutionized the caposite market.

Since these are lightest, strongest and most impact resistant, they are used in bulletproof vest
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Figure 28. Sectorwise distribution of the composite marketZi ni & Sc.andol a, 201

Other applications were composites are being employed for fluid transport and storage
are pipes, tanks and vessels applications. Glass reinforceg @RE), which has been used for
both low and higkpressure applications with a wide variety of fluids, including hydrocarbons are
being utilized. They are chemical and higimperature resistance for a particular fluid
depending on the type of resin dmatdener used. Glass reinforced epoxy tubes are largely
insusceptible to chemicals like hydrogenfild and carbon dioxide but not to water, which

poses a major danger.

Advanced composisein aircraft and helicopters ameound 20" 30 %lighter compared
to conventional metals. They are used in fairings, landing gears, engine cowls, rudder, fin boxes,
doors, floor boards, etc. where metallic and-nogtallic materials are combined to develop an
advancd compositg Prasad & Ramakrishnan, 2000he AdvancedLight Helicopter (ALH
which ismade up of around 60% composite structure is a good example of PMCs application.
However, the most recent onetirefield of aircraftis the use ohemp fibers in rotorcraft
interiors instead of glass fibers which prove that hemp is comparatglems of strength,
weight, and cost. Hemp being an example of natfibelr, is biodegradable and hatow

environmental impact but characteristics like durability, fire retardanat hydrophilic nature
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should also be factored in when used in aerocsfan Vuure, Baets, Wouters, & Hendrickx,
2015) There are a lot of modern applications of natural fiber composites, especially flax and

hempas shown in Figure 2.9.

Figure 29. Natural fiber composites used in various areas (Tambyrajah, D.,.2015)

The aitomotive industry is one of the secterkere composites, both polymieased and
natural fiberbasedare used extensively. Nadays, compositesom synthetic fiberare
replaced with natural fiber composites due to the regulations being imposiael on
manufacturing firm. It started decades back in 1941 when Hemd/used hemjpased plastic
in the bodyof an automotive (Figure 2.10). Replacing metal with hemp significantly reduced its

weight and increased impact strength without denting.
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One of Henry Ford’s first cars ran entirely on
He ol. The body was also constructed from
stic, which was 10x stronger than steel.

Of course - Hemp was then outlawed in the US in 1937 due to the

potential damaging effect it would have on many

powe_rful |ndustne_s at the time, including oil, < 'magie whate wewouki be foday had:

plastics & paper giants. these power hungry tyrants not suppressed
the amazing bio-technologies of Hemp?

Figure 210. Henry Ford demonstrating car made from hemp fiber

However, naturaliber composites are now replacing many intex&s well as exterior
parts of an automobile as shown in Figure 2.11. The list of interiors and exterior parts are
delineated in Table 2.3. Bruce Michael Dietzen of Florida got inspyddie nr vy Foof d 0s i de
thegreen car and has come up with his own versiadhedreen car. The car on the right is made
from three plies of woven hemp which makes it lighter than fiberglass and 10 times mere dent
resistant than steel.

Figure 211. Use of natural fibers in Mercedes Benzlgss componeni{&lliott-Sink, 2005)and
car from woven hemp fabric (right).
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Porsche revolutionizethe sports cars market by launching a Gdl8bsport model o&
sports car in 2019 which was made out of natural fiber Ipadys see Figure 2.12Hemp and
flax fiber reinforced compositesareused to manufacture driver and-@dover doors and rear
wing replacing previously used carbon fiber. The main advantages of using natural fiber are its
low density and high specificihess which make lighter composites giving a better fuel
efficiency. These natural fibers have many commonalities with carbon fiber and allowed the
vehicle a lighter weight of 2910 pounddese natural fibers have many commoreditvith
carbon fiber ad allowed the vehicle to be lighter. The motivation for using natural fiber in a
sports car was to further improve drivability with faster lap times and usage of sustainable

material.

Figure 212. Porsche 718 GT4 spartar made from naturfiber (hemp & flax) composites
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Table 23. Example of interior and exterior automotive parts from natural {Be6ingh, A.
Verma, 1998; A. K. Mohanty, Misra, & Drzal, 2005)

Parts Vehicle parts Material used

Interior Glove box wood/cotton fiber

molded, flax/sisal

Door panels Flax/sisal with

thermoset resin

Seat coverings Leather/wool backing

Seat surface/backrest | Coconut fiber/natural rubber

Trunk panel Cotton fiber
Trunk floor Cotton with PP/PETibers
Insulation Cotton fiber

Exterior | Floor panels Flax mat with polypropylene

2.6. Bio composites

As described earlier, bioomposites otherwise known as green composites are
composites in which both matrix and reinforcememtderived from natural resources. Like
other composites, bioomposites is a blend of the intrinsic properties of fiber and matrix and
also depends on fiber volume ratibe aspect ratio of fibers and the bonding of fiber and matrix
interface(Manson, 2001)However, it is important to note that kiegradable materials are
different from biebased material. Bibased materials are those which are derived from
environmentally friendly sources whereas biodegradable are those maternielsatie end of
life are compostable. lthe case of biecomposites, even though the fibefrom natural
components ani biodegradable, bibased polymers can either be biodegradable either
completely or partially or can be ndaio-degradable (whichontribute to landfill). This is
illustrated in Figure 2.3. Even though leidegradability is a much sougatter property but in

some applicationgslong-lasting construction application, durability is of utmost impacéan
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Renewable raw
materials

PE Polyethylene

Biopolymers Biopolymers PP Polypropylene
eg.BioPE(PP/PET), |  eg.PLAPHA, PET | Polyethyleneterephtalate
biobased PA,PTT starch blends PA Polyamides
PTT | Polytrimethylene terephthalate
. . T PLA | Polylactic acid
e s c PHA | Polyhydroxyalcanoate
Conventional Biopolymers PBAT | Polybutylene adipateco terephtala
Polymers .0 PBAT,PBS,PCL PBS | Polybutylene succinate
PCL | Polycaprolactone

nearly all conventional plastics
e.g.PE, PP, PET

Petrochemical
raw materials

Figure 213. Examples of oilbased, partially and completely bBiased polymer@athak, Sneha,
& Mathew, 2016)

Thermosetting green composites are prepared from natural oils like soybean, castor,
linseed, etc. and can act as a substitute of petrochemical resins like unsaturated polyesters, vinyl
esters, and epoxy resifishot et al., 2001)The advantages of natural oils are that they are
cheap, abundantly available and renewable. They are based on triglycerides of fatty acids, and
they carbe polymeaized when chemical functionalities are added on their active sites (double
bonds, allylic carbons, ester groups, and carbons alpha to the ester group). Epoxidation, ring
opening reaction with halo acids or alcohols, ozonolysis, and hydration are sdreenwdthods
used to formulate unsaturated plant ¢ifot et al., 2001)Inthe case of thermoplastic green
composites, PLA form is theost studied and is derived from starch fermentation. However,

there is a maximum limit of fiber volume % (50%w/w).

2.7. Hempfiber reinforced composites

Natural fibers can be either derived from plant or animals. Fibers from plant source are
composed of cellulose and therefore are stronger and stiffer than animal fibers, which mainly
contain proteins. Plant fibers can further be derived from leaf, bait,sieed, wood, straw or
grass. Hemp is an example of bast fiber with high cellulose content. It is a renewable resource

and most widely used in composites for natural fiber reinforcement, after sisal (Shahzad, 2012).

31



It has the highestoungs modulus ath aspect ratios (only flax is comparable) among other
natural fiber like sisal, bamboand kenaf, which makes it a good fit for fiber reinforced
composites. Hemp is gaining popularity among the agricultural community because of higher

fiber yields, pesteasistantanddrought resistance and high strength.

Like muchother natural fibes; hemp also has major cellulose percentage as compared to
hemicellulose, pectin or lignin. Henipa tall plant can grow as tall as 5 meters withiameter
about 60 mm inyst 12 weeksThe hollow pith of the stem is surrounded by a wood core
called xylem. The bast layer which is the outer most layer of bark covering xylem has

components layers of cambium, cortex and epideasshown in Figure 241

Ef"dtn”g

C""C‘x

[303[

T (‘-’imh,u,"
100 pm

Middle lamella

~—~—
Primary wall  ~)
Lumen
Secondary wall
Secondary fiber

10 pm

Primary fiber
1 mm

Figure 214. Schematic diagram of a transverse section of hemp stem showing the organization
and morphology of a single fiber (Liu, et. al., 2015)

Hurd, which forms 75% of the stem volume provides stiffness to the plant. The bast
fiber of the bark gives tensile and flexural strength and the outer epidermis makes the plant
pest proof. Hemp fibers have high strength and stiffness makes it the most extensively used
reinforcements after sisal, which has exponentially increased the woddgtian of hemp
globally. Hemp fiber has higher tenacity than flax (about 20% higher) but has a lower elongation
(Malkapuram & Kumar, 2008). Hemp fiber has a massive influence on the environment

compared to glass fiber, which depletes the ecological malRawer consumption, toxic gas
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emission and biochemical oxygen demand (BOD) by 1 kg of hemp fiber is significantly
less than 1 kg of glass fiber as found by Mougin, G., 2006.

In Hemp fiber, cellulose is the main constituent which makes up te78%awhile
hemicellulose is roughly around 1822%. Other compositions are Lignin (48%6), pectin (1%)
and other waxes (0.8%). However, the composition differs in every publication. Hemp fiber
properties arestrongly influenced by many factors,particularly chemical constituent
composition, which dffers from region to regionThe factorsthat may affect the fiber
guality are location, climatic conditions, soil type, harvesting process, fiber extraction,
processe and transportatigrand storage conditions. All these will dictate the properties of the
end productThe high variation could also be due to inheriting nature of the material, handling of
the fiber during processing and fabrication, resin infusion techniques and teseng.isTa very
close resemblance between the hemp and flax in terms of their chemical composition and

mechanical strength as pointed out by Seile and Bela|&@gite et al., 2014)

Hemp fiber composites in the exterior body of the car were first used by Henry Ford in
1941 (Figure 2.10). The impasistancef the car was claimed to be ten times higher than the
conventional metal panels. Nevertheless, the concept was never comaextadalk to economic
limitation and the increasing popularity of glass fiber. But the scenario has changed as the
attractiveness of natural fiber has gained momentum in recent time as well as growing demand
from government agencies to safeguard the envieminHemp is one of the sustainable options
for high-performance composite applicatiomdany studies hee suggested that hemp is suitable
for using it as a reinforcement the composite in terms of behavior, mechanical and physical
properties, and chemical structure. Choosingdatymer asa matrix ofthe composite, hemp

could be used as a component oftdnposite.

The mechanical properties of hemugcomparable to glagShahzad, 2011Mechanical
properties of untreated hemp fiber infused unsaturated polyester comp@sitssudied and
found that tensile and flexural strength and modulus, except impact strength, ofhatrar

with glass composites as depicted in Table 2.4.
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Table 24. Mechanical properties of untreated hemp fiber reinforced unsaturated polyester
composites compared to glass composites.

Fiber F!ber Tensile  Tensile Flexural Flexural  Impact

fraction wt.  strength modulus  strength modulus  strength

Ivol (%) (MPa) (GPa) (MPa) (GPa) (kJ/m?)
Hemp 35.0 60.2 1.7 112.9 6.4 14.2
Hemp 36.0 - - 110.0 7.5 13.0
Hemp 30.0 38.0 6.0 100.0 6.5 20.0
Hemp 20.0 33.0 14 54.0 5.0 4.8
Glass(CSM) 7.0 - - 108.0 5.6 34.0
Glass (CSM) 20.0 73.4 7.9 233.8 9.3 80.4

Surface treatment of hemp fiber is essential to reduce the hydrophilic nature and to have a
better interfacial bonding between resin and reinforcement. Mutje et al. observed ttmat due
irregular surface morphology, hemp fiséravea weak interaction with PP, which was almost
about 50% of that of glag3P composites at 40 % fiber volume fraction. By using maleated
polypropylene (MAPP) about 4% of PP matrix wéthange of 2040% reinbrcement, enhanced
the mechanical properties. The tensile stress of hemp strand composites is comparable to glass

fiber as shown in Figure 2.14 which might have the potential to replace glass fiber.

60 5
50 $ 4
—~ O
< 40 <
2 30 5
2 8 2
s 20 =
? 10 &1 I
C
0 3 0
20% 30% 40% > 20% 30% 40%
Reinforcement (% Reinforcement (%
m Glass ﬁl!)eP cement (%) . (%)
Hemp strand + 4% MAPP m Glass fiber

Figure 215. Comparison of hemp strand and glass fiber with MAPP (Mutje et al., 2007)
Wambua et al. and Zampaloni compared the mechanical properties of natural fiber/PP
composites and found the potential of hemp to replace glass fibers. Wambua used natural fibers

like kenaf, coir, sisal, hemp and jute fibers at 40% fiber volume fraction. Hemp fiber composites
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show the best mechanical properties including tensile strength and modulus and flexural strength

and modulus, all of which are comparable to glass fiber conggosit

However, theCharpy impact strength was much lower than glass as shown in Figure
2.16. Conversely, whethe specific modulus of various fibers are compared, kenaf was found to
be more effective than hemp, flaand Eglass as shown in Figure Z.(Zampaloni, 2007)The
density of natural fiber is lower than glass which leads to the factapeific properties of
natural fibers such as hemp, kenaf, jute, flax, and sisal have comparable strength/weight ratios

with compositdrom synthetiaeinforcements (Mohanty et al., 2000).
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Figure 216. Comparison of flexural/ Tensile strength aBiaarpy impact of natural fiber
compositegWambua et al.,)
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Figure 217. Comparison of flexural/ Tensile strength of natural fiber composites with PLA
(Zzampaloni, 2007)

Zampaloni also found that specific modulus and mododu® mposites from natural
fibersper cost was superior their counter parts fromlassfibers High specific modulus
materialsareused where minimum structunakightis required like aerospace.
Aziz and Ansell (2004) studied the mechanical properties of natural fiber to understand the effect
of alkali treatment. The composites were developed from hemp andfiksrafeinforced with
polyester and compared the results of untreated and alkaih&eatThe composites from alkali
treatment exhibited superior flexural strength and flexural modulus values compared to untreated
fiber composites. The improvement in properties was observed for short, long, and random mat
fibers. The flexural stiffness @ilkali treated composites was comparabltheglass fiber.
However, it is worth noting that natural fiber useéh fiber mat form stacked in multiple layger
and then compression molded. 3D orthogonal fabric will provide a better structure andowill als
eliminate the possibility of delamination. Even though resin impregnation might be challenging,

the mechanical properties might be more promising.

Richardson and Zhang observed the effects of nonwoven hemp on mechanical properties
of phenolic. Presenadf nonwoven hemp in phenolic increased the flexural strength and

modulus in phenolic along with impact toughness. The study concludesthrabvenhemp is
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tougher and stronger mechanically thhaphenolic matrix and thereby increases the mechanical
properties overall. Another factor which contributes to the enhanced mechanical properties is
thatnonwovenhemp has the capability of reducing void or defect areas in the composite.

However, it fails to explain the role of hemp in other kinds of residspasform structures.

2.8. Chemical treatment of hemp

The alkalization treatment of fibers helps in improving the chemical bonding between the
resin and fiber positively affectinitpe mechanical properties of the composites. Impact strength
(Izod impact)shows that hemp laminate has the highest impact strength comp&-gths as
illustrated in Figure 28 (Samuel, Agbo, & Adekanye, 2012)
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Figure 218. Impact strength of alkalized treatment of natural fiber reinforced laminate samples
(Samuel et al., 2012)

Surface treatment like alkaline treatment with sodium hydroxide has been used to
improve interfacial adhesion between reinforcement and matrix. Successful removal of lignin,
hemicellulose and other narellulose from fiber surface using alkali treatment dictates the short
and longterm compatibility of natural fibers with a polymer mat All these chemical
constituents of the natural fiber are sensitive to ultraviolet (UV) radiation and moisture which

prevents bonding. These are also responsible for strength, thermal and biological degradation.
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(O. Faruk et al., 2014). Out of the v@uis surface treatments methods, the most feasible surface
treatment is alkali treatment using sodium hydroxide (Na@tBm, Pckering, & Foreman,

2010) Kenaf fiber treated with NaOH to produce kenaf fiber reinforced PLA composites using
film stacking reported a 34% increase of flexural strength, 69% increase of flexural modulus and
a 50% increase of impact strength (IS) coragao the composites with untreated kenaf fiber

(Huda et al, 2006 Sawpan, PickeringgndFernyhough, 2011 f ound Youngo6s modul
impact strength of short hemp fiber reinforced PLA composites were found to be increased with
increased fiber content (180 wt.%). PLA can best reinforce with 30f#er content. Tensile
properties and impact strength of the composites were increased further with fiber treatments
(e.g. alkali and silane) which could be due to improved fiber/matrix adhesion and increased

Both tensile and flexural strength of KehBP composites is comparable to 40% by weight flax

and hemp polypropylene. The tensile strength is higher and the flexural strength is almost
doubled when compared against the coir and sisal. Kenaf fiber shows a higher modulus/cost and
a higher specific modusuthan sisal, coir, hemp, flaand Eglass.

However, there are many challenges which comes naturally with natural fibers
specifically such as lack of interfacial bonding between reinforcement and resin which directly
affects the overall composite perfaante. Another major issue is with hemp is the hydrophilic
nature where the rate is highi(80%) which affects the fibamatrix bonding(Dhakal, Zhang,

& Richardson, 2007)Dhakal et al. studied hemp fibers infused with unsaturated polyester to
form HFRUPE (hemp fibereinforced unsaturated polyester) composites and found that there is
a direct relationship of fiber volume fraction and temperature on water absorption. However,
when the water temperature is increased, the moisture saturation time (MST) is greatly.reduce
The rate of water absorption and the maximum water uptake increases for all HFRUPE

composites samples as the fiber volume fraction increases.
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CHAPTER 3 - RESEARCH OBJECTIVES

The growing market of hemp in the US is a boosesearctarea. By the end of 2018,
about 40 states in the US have legalitezlgrowing of hempOne of the biggest moséy
lawmakers in December 2018 came as the Agriculture Improvement Act or the Farm Bill which
was signed into law for immediate effect. According to the new law, industrial hemp or
Cannabis sativa Land its derivatives was removed fraine Controlled Subsnce Act. More
specifically, all plant products that contain less than 0.3 % of the psychoactive drug,
Tetrahydrocannabinol (THC), habeen made legal. This provila huge scope of industrial

hemp research.

The high negative environmental impact causgdyntheticunsustainable composite
materials made with petroleubased polymeric resins and synthetic fibers (glass, carbon,
aramid) has encouraged the development of sustainable rigtarakinforced composites to
replace those materials predomingatiel nonstructural applications and reduce the carbon
footprint overall. Due to increasing pressure from various environmental agencies, the use of
conventional fibers and resins franmazardous chemical used in production need to be
substituted with mag ecofriendly alternatives. Green composites channelize its application in
di fferent sectors I|Iike automobile, consumer 6s
Composites from natural fiber reinforcement ofieustainable alternative torade range othe
current composite market. thecurrent scenario, natural fiber composite §ndage irthe
automotive industry both internal and external parts including doors amkd ¥kiith the
enforcement ofhe End of Life Vehicle (ELV) and WastElectrical and Electronic equipment

(WEEE), industries will adopt more green composites in manufacturing.

The production of synthetic fibers like glass, carkmm aramid have high energy
consumption as well as major degradable issues. Similarly, pohasies like epoxy and vinyl
ester, which are mostly used in higarformance composites are petroleum based, which are
struggling to tackle the depleting quantities. However, the biodegradability of any thermoset
resin is a major issue, even though ir@am a plantbased resource. As a result, this research

aims at only replacing synthetic reinforcement with natfipalr reinforcement.
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This research will familiarize the development of 100% hditmgr reinforced
composites using 3D orthogonal weaviB®OW) to form preforms. This work will aim at
producing different 3D woven fabric structure and testing mechanical performance. Due to the
versatility of 3DOW, different types of woven structures can be produced by altering any of its
structural parameteré&ny change in warp and filling or weft yarn patteZrto Y ratio, weave
factors and yarn linear density produces a new woven structure. The use of 3D orthogonal
weaving technology instead of the traditional 2D weaving or loose, wgfish most of the
previous research focused ovill be advantageous. This novel process of producing woven
fabrics from 3D technology has many advantages like crimpless interlacing of yarns, which has
positive effects on composite performance. 3D weaving technology laased the capacity to
withstand multidirectional stress and eliminate delamination. There is also no restriction in terms
of anumber of layers or thickness of the fabric. Moreover, the 3D woven fabric is produced by
theuse of multilayer warp yarns wigimultaneous weft yarn insertion alltae same time. Al
these advantages of 3D weaving contribute to the overall enhanceniestnaichanical

properties of composites.

In order to understand the effect of moisture in the natural fiber composite sarfgviles
from the woven preformaeredesiccatd before resin infusion. In addition to it, a few samples
weremercerizdto comprehend chemical treatment effect onfthienal composit es o
The treated and untreated samplesetestedfor tensiletest, impact test {Ip andCharpy) and
compression test. The test reswirecompared to the test resuif glass fiber compositieom
3DOW. The aim is to show that green compositedgreat potential to substitute conventional

glass fiber in variouareas including automotive, construction, consumer goods, etc.

The first objective of the research is to prod8Beorthogonal woven structure to form
preformsfrom 100% hemp yarns. Since the main goal of this research is to produce composite
made from natural fiber and explore the benefit of hemp in different applications. Secondly, the
hemp composites will be tested their performance characteristidgiisile stength, impact
resistanceand compression strengthnd compared tthoseglassfiber composite of similar
construction and specifications to prove the possibility of future use of hemp as a sulostitute

glass fiber. Lastly, this research will also camtcate on understanding and predicting the market
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potential of hemp reinforced composites for the US market assuming government legalizing

industrial hemp in most of the states.
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CHAPTER 4 - EXPERIMENTAL WORK

This section covers thexperimental plan of work used in the resedochccomplish the
objectives Different hemp yarns were sourgenverted to 3DOW preforms of different
architectureswhich in turn treated with vinyl ester resin system. The experimental composites
weretested and evaluated for thperformance characteristics using testing equipment available
at the Composite Core Facility in the Wilson College of Textilé® details of the experimental

proceduresollowed are addressed in the following sections.

4.1. Materials
The materials used in this research is subdivided into two categories. The first category is
thehempfiber and the second category is the resin type.

4.1.1. Fiber

The composite group at NC State Wilson College of Textiles has been working in
composites from natural fibers for 10 ye@rsthe reason addressed in the Introduction and
Literature Review ChapterResearch work completed includes compodites 3DOW
preforms from Cottomnd resin generated from vinyl ester (80%) andtsmsed resin (20%)
composites fronTururi fiber sacks and vinyl ester resin. The group is currently conducting
research that deals with composites from 3DOW made of flax and hemp Tiberfacus of this
research is composites from 3DOW preforms made from hemp ydragarnsused for
reinforcement is 100% hemp sourced from Hemp traders, CalifdringdJS market haa
tremendous demand for hemp products and curtentdyy states have legalized the uke o
industrial hemp. By creating a natural composite using 100% hemp fiber supplements composite
development that can be tailored to indusipgcific applications. Hemp fiber also has a high
specific modulus and find its application in areas where minintwnstsiralweightis required.
TheY-yarn varp), X-yarn (veft), andZ-yarn have different linear density and specification was

used in this research. The details of the yarashown inTable 4.1.
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Table 41. Warp, weft and Ayarns specifications

Yarn Linear density (denier) Yarn details

X -yarn | 1500 long fiber half dry spun yarns

Y -yarn | 1059 short fiber operend yarns
Z-yarn | 250 long fiber wet spun senibleached

The single yarn diameter was calculated using the following equation based on the yarn
(denier),a packing factor of the yarn, and the fiber density. Fiber density is average taken from
literature.

d(cm) _—

d = diameter of yarn (cm)

ZpT[

N4 = Yarn number (denier)
« = Yarn packing factor
} ¢ = Fiber density (kg/f)

The average diameteof the singleyarns arereported in table 4.Based on the equation
and averageacking factor of approximately 0.65 and fiber density of approximately 1480

kg/m?. The calculation is shown ippendix 1.

Table 42. Calculation of single yarn diameter of warp, weft, argazn.

Denler o Packing Factor | Fiber density | Single yarn Denier after
Yarn single 3 , .
(spun yarn) kg/m diameter, cm doubling
yarns
X -yarn 1500 0.65 1480 0.0469 3000
Y -yarn 1059 0.65 1480 0.0395 3177
Z -yarn 250 0.65 1480 0.0192 250
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The yarns were doubled without any twist in orieincrease the thickness of the yarns.
X-yarns were doubled using two sets of yarns whergasns were doubled using three pair of

yarns

4.1.2. Resin

The matrix used to produce the 3D orthogonal woven composites in this research was an
epoxybasedvinyl ester resin, The DERAKANE® 8084, which was generously donated by
AshlandLLC, Ohio. It is compatible with hemp fiber preforms and Vinyl ester resin was
selected based on its performance and cost. Vinyl esg@higher modulus and tensile strength
than polyester resins and it is cestective tha epoxy resins along with comparable modulus
and tensile strength as epoxy. Epoxidised vinyl ester igaihybrid form of polyester resin
which is toughened with epoxy molecules to enhance the perfoemeimyl ester resin &
better vibrational load resistance since they are more tolefatetching as compared to
polyester resins and as a resdémonstrate less stress cracking and better impact resistance.
One of the benefits of using vinyl esietthat it cures at room temperatwvithout the need of

anyadditionalprocessing.

Vinyl ester is typically usedhenhigh longevity, thermal permanency and high
corrosion isa priority. It can be used in various areas like piping, chemical stoaags, home
appliances and marine applications in which corrosion resistaumegquired Furthermore,
styrene content ithevinyl ester is low as compared to polyester resin makitegs harmful in
nature. The unsaturated bonds of the vinyl ester wigge copolymerize with the amonomer to
form a similar crosdinked network to the curing reactions of unsaturated polyesters. Vinyl
esters have reactive double bonds at the ends of the chains only thereby creating more controlled
crosslink density whicin turn enhances corrosion resistance. The ester groups, present in the
terminal sites, contribute to the chemical resistance are the most vulnerable part of the resin since
they are subject to hydrolysis. Therefdieedamage is only restricted to théseminal sites

leaving the majority of the backbone of the molecule unaffected.

The Vinylester resin has good interfacial adhesion with the fibers, due to the OH groups
present in the epoxlyased vinyl ester which increases the interfacial bonding betiveen

reinforcement and matrix to improve the overall strength of the composite. In thditkoss
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stage, vinyl ester converts into gel form and helps all the double bonds to react at the end of the
curing process. This helps in a uniform glass trans(fi@) throughout the composite panel.
Typical properties of the DERAKANE® 8084 epoxy based and elastomer modified Vinylester

resin are listed in Table 4.3, while the typical properties of theqosd resin are listed in Table

4.4.

Table 43. Typical liquid resin properties of Derakane® 8(0@&hland chemicals, 2006)

Property Value

Density, 25 °C 1.02 g/mL
Dynamic Viscosity, 25 °C 360 mPa:s (cP)
Kinematic Viscosity 350CST
Styrene Content 40%

Shelf Life, Dark, 25 C °6 months 6 months

Table 44. Typical properties of postured Derakane® 8084 resin clear cas{ifsghland

chemicals, 2006)

Property Value Test Method

Tensile Strength 76 Mpa ASTM D -638 / 1ISO 527
Tensile Modulus 2.9 Gpa ASTM D -638 / 1ISO 527
Tensile Elongation, Yield 8-10 % ASTM D -638 / 1ISO 527
Flexural Strength 130 Mpa ASTM D-790/1S0O 178
Flexural Modulus 3.3Gpa ASTM D-790/1S0O 178
Density 1.14 g/cr ASTM D - 792 /1SO 1183
Volume Shrinkage 8.2%

Heat Distortion Temperature 82°C ASTM D - 648 Method A /ISO 75
Glass Transition Temperature, Tg2 115°C ASTM D - 3419 /1SO 11352
IZOD Impact (unnotched) 480 J/m ASTM D - 256

Barcol 30 ASTM D - 2583 / EN59
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Vinyl ester is a fowpart resin system including vingkter, and MEKP, CoNapnd
DMA as curing agents which acts as initiator, promadad acceleratorespectively. The
gelation time of the resin system can be controlled by changing the proportion of these curing
agents. Gelation time is the time interval where the resin system converts from a liquid state to a
solid material witithe highly crosslinked polymer. At this stage, polymer crdsking is in its
early stage and any disturbance in the gel state might negatively impact the final product. The
aim of this stagés to infiltrate the resin inside the reinforcement by wetting it at the fibet leve

during consolidation.

Gel time is an important parameter in deciding the resin for the composite. The viscosity
of the resin determines the gel time. During infusion, polymers present in the resin change from
liquid to gel state before solidifying. Ilié complete transition is too quick, the resin does not
saturate the fabric completely which results in low resin penetration. Similarly, if the resin has a
long gel time, it slows down the whole process by increasing the production time. So, it is very
important to choose an optimum gel time for maximum efficiency to consolidate the composite
panel. Table 4.5 lists the typical gelation times of Derakane® 8084 at different temperatures and
the corresponding amount of MEK825H (initiator), Cobalt Naphtena&6 (promoter) and
DMA (accelerator). DMA was not used as a component of the resin system as it speeds up the
chemical reaction which results in curing the resin during degassing. After multiple aftémapt
decision to discontinue DMA was made withoutmomising the integrity of the resin system.
The temperature where the resin infusion process takes place is almost 24°C, and the time
required to degas the resin and complete a resin infagaa was almost 460 minutes. The
recommended proportion obmponent provided by Ashland.C, is illustrated in Table 4.5

along with the highlighted proportion used in this research.
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Table 45. Typical gel times for Derakane® 8084 Re@ishland chemicals, 2006)

Gel Time of Resin
Temperature | Auxiliary Curing Chemicals 15 £5 30 +10 60 £15
Minutes | Minutes Minutes
MEKP (Initiator). wt.% 3.0 3.0 2.5
18°%C CoNap6% (Promoter) . wt.% 0.6 0.4 0.4
DMA (Accelerator) . wt.% 0.3 0.2 0.1
MEKTP (Initiator). wt.% 2.0 2.0 1.5
24°%C CoNap6% (Promoter) . wt.% 0.5 0.4 0.3
DMA (Accelerator) . wt.% 0.3 0.2 005
MEKP (Initiator). wt.% 2.0 1.5 1.5
30% CoNap6% (Promoter) . wt.% 0.3 0.3 0.3
DMA (Accelerator) . wt.% 0.2 0.05 0.025

4.2. Design of experiment

Experimentaplan was designed in order to achieve the research obje&xmrimental
design A wastructuredo achieve the research objectives namely
1) To study the mechanicptoperties of the 3D orthogonal woven composites based on various
parametersnamelythickness, weavpatternandZ to Y ratiq
2) To study the behavior of different architecture under a variety of mechanical tests like Tensile,
Impact and Compression dralso corroborate the correlation between Tup and Charpy impact
responses.

The main experimentalesignA was further subdivided into two categories, A1 and A2.
The objective othedesign of experiment A1 was to study the behavior of moisture on 3D
orthogonal woven composites whereas A2 was designed to study the effect of chemical

treatment on 3D orthogonal woven composites.
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4.2.1. Design oéxperiment A
The experimental design was pruderstisucturedn order to achieve the objectives of
the research which was to understand how the architectural variables affect the tensile, impact
and compression resistance of doenposites fron8DOW preforms formed from hemgnd
compare the results with glass filmamposites with similar construction. There were three

architectural variables that were altered in the research.

(1) Number of ¥yarn layers,

(2) Number ofZ-yarn'Y -yarnratio (referred to as Z to Y or:X for short) and
(3) Weave structure.

The numbeof Y-yarn layers controls the thickness, which affects the overall composite
architecture and resin impregnatidine atio of Z to Y sequence was changed in order to study
Z-yarns contribution to the overall structure. The design was carefully plamrsgdtematically
reduce th&Z-yarns percentage frothe maximum interlacement of 1:1 to half, which is 1:2 and
then was further reduced to 1:3 ratio. The weave structures used in the experiment were plain,
2x2 warp rib and 3x3 warp rib to understdrmv tre float lengthinfluenceon the performance
of the resultant composite§he design ofhe experiment is shown in table 4.6 with different

variables.

Table 46. Design of Experimeni

Variables Values Levels
No. of layers 3,6,9 3
Z1toY sequence 1:1, 1:2, 1.3 3
Weaves Plain ,2x2 warp rib3x3 warp rib 3
Total no. of runs 3x3x3 27

Pick density, which i number of Xyarns inchlayer, was calculated using the linear
densities and number of layers ofydrns and ¥ yarns. The calculation was done based on
balanced structure (the total denier/unit lengtiXefarns = the total denier/unit width ¥f

yarns) since balandeonstructon tendto have a better interlaminar performance than the
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unbalanced ong$nce, 2013) Table 4.7 demonstrates the pick density calculation for different

layers. The details of the calculatiareshown inAppendix 2.The weft insertion is two yarns

per insertion

Table 47. Pick density calculation in terms of &Y layers.

Pick density (no. of | Pick density per
No. of layers (X) | No. of layers (Y) : ; ;
X-yarns/inch/layer) [ insertion
4 3 5.14 10.28
7 6 5.88 11.76
10 9 6.17 12.34

4.2.2. Design of experiment Al

Additionally, the above design tieexperiment was extended to two subcategories, A1
and A2, to understand the effect of moisture and alkali treatment respectively. In order to
understand the optimal effect of moisture, the samples were dried to drive the moistdreeout.
samples were preped keeping layers andt@ Y ratio constant and altering the weave to
understand effect of weave on treated sampldetal of three samples were chosen to study the
moisture effect as depicted Trable 4.8. Samples for the mechanical characterizatére aut
from the manufacted composite panels, dried at 1226F24 hours to ensure the removal of

any induced moisture and immediately infused with resin.

Table 48. Effect of moisture on the mechanical properti&xperimental design Al.

Sample ID Variables Values Levels
10M No. of layers 6 1
11M ZtoY sequence 1:1 1
12M Weaves Plain 2x2 warp rib, 3x3 warp rib | 3
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4.2.3. Design of experiment A2

In order to understand the effect of chemical treatment, Haepls were treated with
Sodium hydroxide. The effect of chemical treatment was to improve fiber dispersion and induce
strong bonding of matrix and reinforcement by increasing the number of reactive sites on the
fiber surfacePrevious research indieal that omposites made out of chemically treated fibers
have improved properties including better interfacial bondirtecrease in moisture absorption
andanincrease in fiber crystallinity. It was important to maintain an optimum temperature
during the treatmentwhich was 70°F +2as natural fiber cannot withstand high temperature.

The similar set of samples was used as in cat®eadliesign of experiment Al in order to

compare untreated samples with desiccated and chemically treated samplesoiAhiceal

samples were chosen to study the chemical treatment effect and the mechanical propleeties of
composite as depicted Trable 4.9.

Alkali solution was prepared by dissolving Sodium Hydroxide (NaOH) in water at room
temperature. The liquor ratid 80:1 by weight was maintained. The samm&the 3DOW
preformswere soaked in the alkali solution for 1 hour areteleft untouched. After an hour,
the samples were washed in room temperature water for multiple times to neutralize and remove
all the exess solution from the samples. The samples were exposed tazeidistortion to
maintain structural integrity. The samples were then washed in 1% acetic acid to remove any
alkali solution left in the samples. After removing the excess solution, thdesawgre placed
onaclean, dry towel to remove excess water dripping from the samples. The samples were then

dried inanoven at122°Ffor 24 hours and then immediately infused witbvinyl ester.

Table 49. Effect of chemical treatment on the mechanical propertiegperiment design A2

Sample ID Variables Values Levels
10C No. of layers 6 1
11C ZtoY sequence| 1:1 1
12C Weaves Plain, 2x2 warp rib, 3x3 warp ri| 3
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4.3. Preforms Formation

Preforms were woven using 3D weaving machine, shown in FigurevBiéh was
donated by 3TEX Inc. and was available at the core composite facility in the Wilson College of
Textiles, NC State University. The loom has two sets of creel (shown in Figuite difgctly
supply Y-yarns and Zyarns. TheZ-yarns packages were intentionally placed in the middle to
have uniform tension throughout. The creel has the capacity to hold up to 1088 packages. For
weft insertion, another small creel was usedhiold theweft yarn packages at thesertionside.
This 3D loom utilizes single rigid rapiersnd inserts multipl&X-yarns simultaneously depending
on the number oY -layers3D weaving machine iustrated in Figure 4.3. The unique rapier
insertion mechanismesults in a double insertion/shed of the/a¢ns during each insertion

cycle, and also results in a continuougyan.

£

Figure 41. Creel with hemp yarn packagestie 3D machineNC State Universy
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Figure 43. Rapier weft insertion ithe 3D weavingloom

Every warp layer consisted of 102yérns, which were spaced evenly using a reed with a
dent density of 2.36 dents/cm (6 dents/inch), where eagérlY in a layer was placed in a dent.
Correspondingly, the total number ofyarns were 102 for full Zarnsinterlacement in which
the Zyarns to ¥yarns ratio is 1:1, and in this case everlgidders yarn end was threaded
throughaneye ofa heddle wire attached mharnessThe width of the preform was about 40
cm. The loom includes four harnesses to be tabierm the weaves required. In order to weave

plain, 2x2 warp rib and 3x3 warp rib, all the harnesseewsed due to the limited heddles in
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each harness. 2x2 warp rib and 3x3 warp rib are similar to plain weave with longer floats. In
order to create different weave pattern, the software was coded individually. The machine
comes with a very simple and easy to use software where the useinfegd inputs namelx-

yarn density and weave type. Figuré ghowswoven preform samples made by using 3D

weaving loom.
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Figure 44. Woven sample§reform)made fromhemp yarnsisingthe 3D loom

4.4. Denting plan

The denting plan forhis research was based on the X t@tio in the weave. According
to the experimental design, the amount gfaZn was reduced systematically in order to
understand to Y ratioto the overall structurpropertiesand integrity of the sampleBigure 4.5
below shows the schematic denting plan for 1:1, 1:2 and 1:3 ratio. For ratio, 1:1, there was one
Z-yarn for everyY-yarnlayeras demonstrated in Figure 4.6. In the next step, alteZrgbens
were removed to weave withl:2 ratiopreformwherethere is one-yarn for every twoy -
yarnglayer. Likewise, ina 1:3 ratio, there is ong-yarn for every three-yarnglayer. For every
ratio, software coding was modified to weave the desired structure. For 1:3 sequencé&-all the
yarns were r@rawn though heddle wires and then methodically removed from heddle wire

leaving one yarn intact out of three.
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Figure 45. Denting plan for a gilayers preform with various Z to Mtios.
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Figure 46. Weave showing 1:1 ratio in a 2x2 warp wieavefor a 9 layer preform

4.5. Fiber volume fraction (FVF) calculation

The iber volume fraction is a vital element in composite engineering. FVF is calculated
to determine the fiber contribution in the overall structure. While developing a complossite,
fiber was impregnated with vinyl ester by using VARTM. Resin contributidibér ratio was
calculated by the geometric organization of the fibers, as seen in theseobiss of the
composite, in the overall structure which in turn determines the amount of resin permeability.
The impregnation around the fibers is highly depahda fiber orientation and compactness.

The resin usually concentrates in the areas where there are gaps making it resin rich areas and
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can be found throughout the structure. The fraction of fiber reinforcement is central to the overall
mechanical propeds transferred ithe composite. The higher the fiber volume fraction

typically results in better mechanical properties of the composites.

4.5.1. Theoretical FVF calculation

For fiber volume calulation of each of the yarns (X, andZ) in the preform \as
calculated assuming the yarns hawarcular crosssection. The equations below were used to
calculateanindividual set of yarns separately and added together to derive FVF of the sample.
The nomenclature for FVF calculation is statedgpendix 3. On the other hand, the matrix
component volume fraction in a specific direction can be calculated by simply subtracting the
sum of the yarns volume fractions in this direction from unity, assuming no voids in the

structure.

4.5.2. ExperimentdDetermination oFVF

For the experimental calculatiotiie volume of each sample was measured uaing
density kit available at the Composite Core Facility, Wilson College of Textiles, NCSU. The
specimen (8mm x 8mm) were cut in order to fit the small beaker provided in the densityeKit.
specimens from each salapvere individually weighed and recorded in water and air to
calculate average specific density for each sampletea/erage value was calculatddhe
weight of the preforms and composite panels was used to calculate the vohemelume of
the prefarm (V5) was calculated using preform weight and density of hemp fiber (1.5)g/cm
Composite volume (Y was calculated using composite panel weight and average composite

specimen weight. Fiber volume fraction was calculated using the formula below.

"Ow™0 6 1B A100

4.5.3. Comparison between theoretical and experimental FVF calculation
The difference between theoretical and experimental FVF calculation is shown in Table
4.10. The inconsistendy because of the uneven nature of the preform formation during

weaving.
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Table 410. Theoretical and experimental FVF of samples (Experiment A)

X-yarns
Sample ID :\;?l.e?sf Ao Weave Ratio (ZtoY) ?Sglflst/):nc 'II:'C?:oretlcal E\);rl):erlmental
h/layer)
1 3 Plain 1:1 5.14 11.43 13.90
2 3 2x2 Warp rib 1:1 5.14 11.43 14.83
3 3 3x3 Warp rib 11 514 11.43 13.56
4 3 Plain 1:2 5.14 11.43 14.36
5 3 2x2 Warp rib 1:2 5.14 11.43 14.96
6 3 3x3 Warp rib 1.2 514 11.43 15.00
7 3 Plain 1:3 5.14 11.42 13.22
8 3 2x2 Warp rib 1:3 5.14 11.42 13.71
9 3 3x3 Warp rib 1:3 5.14 11.42 14.33
10 6 Plain 1:1 5.88 11.90 17.99
11 6 2x2 Warp rib 11 5.88 11.90 20.13
12 6 3x3 Warp rib 1:1 5.88 11.90 20.07
13 6 Plain 1:2 5.88 11.90 20.44
14 6 2x2 Warp rib 1:2 5.88 11.90 18.97
15 6 3x3 Warp rib 1.2 5.88 11.90 20.35
16 6 Plain 1:3 5.88 11.90 19.40
17 6 2x2 Warp rib 1:3 5.88 11.90 19.27
18 6 3x3 Warp rib 1:3 5.88 11.90 18.24
19 9 Plain 1:1 6.17 12.09 22.24
20 9 2x2 Warp rib 1:1 6.17 12.09 24.70
21 9 3x3 Warp rib 1:1 6.17 12.09 24.97
22 9 Plain 1:2 6.17 12.09 25.39
23 9 2x2 Warp rib 1:2 6.17 12.09 23.41
24 9 3x3 Warp rib 1:2 6.17 12.09 26.38
25 9 Plain 1:3 6.17 12.08 24.63
26 9 2x2 Warp rib 1:3 6.17 12.08 25.27
27 9 3x3Warp rib 1:3 6.17 12.08 24.63

4.6. Resin Infusion

After weaving the 3D preforms, each preforrmsimpregnated with vinyl ester resin
using a vacuum assisted resin transfer molding technique (VARTM). The VARTM was
performed using a VacMobiles® 20/2 vacuum system which is available at the composite core
facility, Wilson College of Textiles, NCSU.
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Each woven preform was cut into two halves for easy handling and quick uniform
infusion. Each preform panel measured about 50 cm by 40 cm after cutting. The width of the
preforms waselected as the resin flow direction as shown in Figurard4.8.

The prefom was first placed on a release film for easy removal from the glass top table. Next
peel ply (polyester fabric) was laid over the preform followed by the mesh fabric for uniform
resin distribution across the length and thickness. Resin inlet and obdstére placed and

sealed lengthwise to make it airtight. The last layer of nylon bagging film was used to seal the
entire setup using double sided tacky tape. Once the assembly is complete, the resin outlet was
connected to the vacuum pump, and the ried@t was connected to pressure gauge, to check for

any vacuum leakage, using an ultrasonic leak detector.

The different component of resin including DERAKANE® Epoxy Vinyl Ester Resins,
Cobalt Naphthenate6% and Methyl Ethyl Ketone Peroxide (MEKP) wiedrntogether in a
bucket covered with release film from the inside in the ratio mentioned in Table 4.5. The resin
was mixed very carefully under the fume hood and then transferred and placed in the degassing
chamber for about 20 minutes to remove alllibbbles and decrease the chance of injecting in

the composites.

Figure 47. Before infusion (dry preform)
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4.7. Thickness

The thickness of the individual specimen from the 3DOW composite samples related to
all themechanical test aseach measure five times to get an average thickness which is more
representative of the overall thickness. The thickness was meédsunsing Vernier Caliper,

shown below, available at the Composite Core Facility, Wilson College oiféex

4.8. Sampling

The sampling plan was developed to cut representative specimens from each panel. The
test specimens conform to dimensions and geometry specified by ASTM standards. The main
purpose of this plan was to haabetter representation tiie composite panel by testing at least
5 specimens for each test required by the ASTM standards. The average dimension of each
sample panel was 46 cm x 36 cm. The laysspecifically designed to utilizéhe maximum
available panel as shown in Figur® 4All the specimens were systematically marked for

specimen identification as illustrated in Figure 4.10.
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Startlng point for cutting

Figure 49. Cutting plan for noftreated samples

Tensile test

| |
Charpy impact test

Compression test

Tup impact test

. FVF calculation
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(b)

Figure 410. (a)After the samplesutting. (b) Leftover samples after specimens removal

All non-treated specimens were aiging computerized waterjet cutting technology
available at ADR HydreCut, Inc., Morrisville, NC. The cutting plan was drawn using Adobe
lllustrator and saved in DXf format to be used in the computerized machine. The waterjet cutting
is very precise in riare and cut specimens exadlyspecified It hasavery low coefficient of
variation (less than 0.1%), and it doesnoét

the composites, which are very common with the conventional CNC cutting.

However,the desiccated samples and chemical treated samples used a different cutting
plan (shown in Figure 4.11) due to shrinkagéhefp r e f or m dur i ng chemical

mark on the image below is the starting point for cutting the panels.
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Tensile test

Charpy impact test

Compression test

Tup impact test

. FVF calculation

Figure4.11. Cutting plan for desiccated and chemically treated samples.

4.9. Testing and Evaluation

In this research, various mechanical testsagonducted in order tdeterminehe
mechanical properties of composites. Tendilg impact,Charpy and compression testere
conducted. The standard testing procedures along with the equipment being used are listed in
Table 4.11. All equipmerbcatedin the composite core facility at the Wilson College of
Textiles, NCSU.
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Table 411. List of mechanical tests on final composite structures

Materials Using a Combined

Loading

Test name Standard Equipment Figure
reference
Tensile ASTM-D3039 Tensile Properties| MTS Serve
strength Test | of Polymer Matrix Composite hydraulic 370 load 412
Materials frame
Tup Impact | ASTM D3763: HighSpeed Instron Drop Tower
Test Puncture Properties of Plastics | Impact CEAST 935( 413 (a)
Using Load and Displacement
Sensors
Charpy ASTM D6110 Standard Test Instron Pendulum
I T Method for Determining the I Il
mpact Test ining mpactor 4.13 (b)
Charpylmpact Resistance of
Notched Specimens of Plastics
D6641 Standard Test Method MTS Serve
Gompression for CompressiorProperties of hydraulic 370 load 412
Test Polymer Matrix Composite frame
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(a) (b)

Figure 413. Instron impact testing equipment, (a) drop tower impact CEAST 9350, and (b)
pendulum impactor Il.
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4.9.1. Tensile test

MTS Servehydraulic 370 load frame was used, which is located at the Composite Core
Facility, Wilson College of Textiles, NC State University, for testing the tensile properties of the
composites. The tensile test was performed acegitdi the ASTM B3039, which is a standard
test method for tensile properties of polymer matrix composite materials. As specified by ASTM,
five specimens were tested from both warp and weft direction. The specimens were 250 mm x 25
mm (10 x 1 inch). The gting device haa 250 kN load capacity. In order to find the optimum
grip pressure, grifength and gauge length, several trials were performed to make sure that the
failure occurs within the gauge length area. The selected grip pressuz8@@agsivhile the
crosshead speed was 1 mm/min. The optimum grip length was 50 mthegaaige length was
152.4 mm. These parameters were optimum to restrain slippage and avoid crushing without the
need for using end tabs. The test results of the tensile teshbhetiip and weft directions is
illustrated in figure 4.4 and 4.5, respectively.

8
7
6
<5
8 4
2 3
2
1
0
0 1 . 2 3
Elongation, %
Specimen 1 Specimen 2 Specimen 3——Specimen 4 Specimen 5

Figure 414. Typical grapls of thetensile test inthewarp direction
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Figure 415. Typical grapls of thetensile test inheweft direction

4.9.2. Tup impact test

Instron Drop Tower Impact CEAST 9350 was used for testing the Tup impact properties
of the prepared composites specimens. The testing device is located at the Composite Core
Facility, Wilson Colege of Textile, NC State University.

The Tup impact testing was performed according to ASTM D3AStandard Test Method for
High-Speed Puncture Properties of Plastics Using Load and Displacement SEheaslected
specimen size was 101.6 mm x 101.6 mm. Preliminary trials were performed to determine the
required energy level to achieve full puncture while maintaining an impact velocity of 4.4 m/s
with amaximum 20% change. The trials were performether® layer sample, which is the
strongest among all because of its thickness and pick density. No extra dead weights were used
as the specimens are sensitive to very high energy impact.

The specimen is pneumatically clamped and then punched by the, sttikeh is
connected to a piezoelectric transducer to measure the force exerted on the specimen in the
direction of impact. The user interface delinsdbe force on the-pxis versus displacement
curve on the axis. The total energy absorbed duringwhwmle cycle is the total energy exerted

to puncture the specimen and can be determined by calculating the area under the curve as
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illustrated in Figure 4.16. The impact event is considered complete, once the force detected by
the striker goes to zero, vafi indicates that full penetration is attained. The impact energy used
initially for the trials ranged from 10J to 30J. However, after multiple attempts, a force of 49.7J

was considered to be optimum, without any additional load.

Force, kN
o = N w SN [6)]

0 2 4 ) 6 8 10 12
Displacement, mm

Specimen 1 Specimen 2 —Specimen 3 — Specimen 4 — Specimen 5

Figure 416. Typical grapls of Tup impact test

4.9.3. Charpy impact test

Instron Pendulum Impactor Il was used for testing the Charpy impact properties of the
compositesUnlike Tup impact test which used 49.7J, Charpy test used low energy of 10.8J to
impact the specimenghe testing device is located at the Composite Core Facility, College of
Textile, NC State University. A modified version of ASTM@110 was followed fotesting
specimens for Charpy impact resistance. According to the stamd@tthed specimen was
recommended. However, the specimens used in this research were not notched as it would lower
the impact resistance further. Impact resistance of five unedtobmposite specimensas/
tested in both Xand Y- directions. The specimen size used was 127 mm in length and 12.7 mm
in width. Several trials were performed in order to find the optimum striking energy. The
selected striker energy was 10.8 J which weficsent to completely break the specimen while
maintaining the absorbed energy level less than 80% of the striker energy. The initial trials were

performed on 9 lgers, plain weave with maximumZinders (1:1 ratio).

66



4.9.4. Compression test

TheMTS Sero-hydraulic 370 load frame was used for testing the compression
properties of the composites. The test was performed according to the ASBMIIDwhich is a
Standard Test Method f@ompressioriProperties of Polymer Matrix Composite Materials
Using a Corbined Loading Compression (CLC) Test Fixtuféis method of loading is a
combination of shear and end loading. The CLC fixture consists of four steel blocks with
specimen gripping surfaces coated with tungsten carbide, each pair being clamped todether wit
four bolts as illustrated in Figure 4.17. The
accommodate the 5.5" long tabbed or untabbed
assembled. Combined loading can be achieved by adjusting the ba#,ttre ratio othe end
to sheatloading of the specimen can be controlled. Pnavides sufficient shear loading to
avoid crushing at the specimen eagsl less clamping force than if the specimen was purely
shearloaded (lower clampingnduced stress concentrations). It is a relatively simple and
inexpensive method of obtainimgmpressiorstrength test results wifiewer data scattefThe
test results tthe compression test both in warp and weft directions is illustrated in figure 4.18

and 4.19respectively.

Tungsten
carbide

Figure 417. Fixtures used in Combined Loading Compression (CLC)

67



120

o 100

o

= g0

[%)]

0

2 60

n

S 40

?

o 20

o

E o0

© 0 10 20 30 40 50 60

Strain, %
Specimen 1 Specimen 2 Specimen 3 Specimen 4

Figure 418. Typical grapls of Compression test ithewarp direction
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Figure 419. Typical grapls of Compression test ithe weft direction

4.10. Statistical analysis

In order to evaluate the effect of the structurabpsaters of the composites, datare
analyzel using various statistical tools like ANOVA, regressiand Tukey HSD (Honestly
Significant Difference). Statistical software tools like SAS and dReused for this purpose.

The effect of all the independestructural parameters like thickness (determinethbywumber
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of Y-layers), weave and ratio ofyarn in terms of Yyarns were used to understand the effect of
each of these variables. Thickness and stresswsed for response (dependent) variable for

tensile and compression whereas energy was used to understand impact resistance.
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CHAPTER 5 - RESULTS AND DISCUSSION

This chapter discusséseresult and findings of the experimental design. All the
variables including weave, layeendZ to Y ratioon the properties of the 3DOW composites
are discussed in details. The effects of independent structural parameters on the different

mechanical test, including tensile, impact and compression, is individually analyzed statistically.

The factors like thickess, fiber volume fraction, preform areal density and composite areal
densityweretaken into consideration while analyzing daAdl the statistical analysis was done

ata B% confidencdevel.

5.1. Experiment A

In experiment A, factors like composita@ckness (number oflayers), weave design and
the ratio between-garns and Yyarns were altered to understand the effect of each factor
tensile strength, compression strength and impact resistance. The pick density for diferent y
yarn layers is basl on the balanced preforms in theaXd Y- directions. Table 5.1 gives details
about all the samples used in Experiment A including sample ID, numberapidXY- layers,
weave,Z- to Y-yarnratio. The nomenclature for all the statistical analysis ifired in
Appendix4X-yarn density in Table 5.1 represents

two yarns are inserted per shed.
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Table 51. Experiment Ai Sample ID and variable parameters

Sample No. of X- ; X-yarns density
No. of Y-layers Weave Ratio (ZtoY) ; ;

ID layers (picks/inch/layer)
1 3 4 Plain 1:1 10.28
2 3 4 2x2 Warp rib 11 10.28
3 3 4 3x3 Warp rib 11 10.28
4 3 4 Plain 1:2 10.28
5 3 4 2x2 Warp rib 1:2 10.28
6 3 4 3x3 Warp rib 1:2 10.28
7 3 4 Plain 1:3 10.28
8 3 4 2x2 Warp rib 1:3 10.28
9 3 4 3x3 Warp rib 1:3 10.28
10 6 7 Plain 1:1 11.76
11 6 7 2x2 Warp rib 11 11.76
12 6 7 3x3 Warp rib 11 11.76
13 6 7 Plain 1.2 11.76
14 6 7 2x2 Warp rib 1:2 11.76
15 6 7 3x3 Warp rib 1:2 11.76
16 6 7 Plain 1:3 11.76
17 6 7 2x2 Warp rib 1:3 11.76
18 6 7 3x3 Warp rib 1:3 11.76
19 9 10 Plain 1:1 12.34
20 9 10 2x2 Warp rib 1:1 12.34
21 9 10 3x3 Warp rib 1:1 12.34
22 9 10 Plain 1:2 12.34
23 9 10 2x2 Warp rib 1:2 12.34
24 9 10 3x3 Warp rib 1:2 12.34
25 9 10 Plain 1:3 12.34
26 9 10 2x2 Warp rib 1:3 12.34
27 9 10 3x3 Warp rib 1:3 12.34

The value of the impact energynd tensile loasvas normalized by the cressctional
area to give the design valuehich isa conceptised to design any paftom isotropic
materialsirrespective of the size. This will eliminate the need to test each sample witbwsr
dimensions and shapes. The same concept can be applied to 3DOW composites., itemever
are some challenges in regards to 3DOW compasiieis anisotropic in natudie to the
presence of the reinforcement inand ydirections only The 3DOW composite is subject to
variatiors throughout the formation procesghich could pose major hurdles in configuring the

design value. The buildinglock of these hemp fiber composiiesubject to variation. The
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variation of hemgiber properties, which are influenced by fiber length, thickness/diameter,
environment (temperature, humidity, rain, etc.) are broad and uncontrolkdidigtional

varigions result fronthe processing and handling of converting fiber to yarn.vEntion

could also come from th@eaving process, infusion process as well as specimen cutting process.
Examples of sources of variatiamclude, hickness variation due toglpresence of-¥arn,

which is more pronounced in preforms wakmall number of layers, and as the number of

layers increasehe effect of the Z/arn crown diminishes. For example, the effect gfaZns is
proportionally higher in 3 layers and keepsdatreasing as we increase the number of layers.
During theinfusion stage, resin saturation might not be very uniform which could lead to more
variation. All these variatisxontributesto the challenges faced while working on the design

plan of an anisebpic material such as 3DOW made from hemp.

However, this research troubleshoots some of these challenges by using different

normalized methodsvhich will contributeto configuring the design value.

5.1.1. Tensile properties

Tensile properties of 3D orthogonal with different fiber volume fraction and different
structural parameters including numberyefarns layers or thickness, throutitickness
reinforcing fibers Z-yarn) contribution and weave pattern were analyzed.
The ensile test is a destructive teshich is intended to measure the peak load, tensile modulus,
tensile stress and tensile straline laser extensometer was used to check whether there is a
difference between measuring the extension with and withouaske éxtensometer. It was
found that there was no difference due to gqmetsnengripping by the jaws' pressure
employed A total of 133(27x5-2 defectivespecimensypecimens from warprtyarn) direction
and 13527x5) specimens from wefi{-yarn) direcion wereanalyzed using ANOVA and
Tukey HSD to investigate the effecttbf structural parameter on tensgleoperties The results
of the tensile test from samples 1 through 27 in warp (Y) direction are listed in Table 5.2. The
weft (X) direction tensilelataareshown in Table 5.3The peak load was used to characterize
the tensile behavior of the composite in this analysis.

Figure 5.1shows peci mens 6 i ma g e satypidaktengile breakrinevarp e t e s

(Y-yarn) direction occurring at the gauge lengdthe results for the main effect of different
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structural parameters on tensile properties of the composites were analyzed usHigag one
ANOVA statistical analysisThe specimens were tested both in the wW#rgarn) direction and
weft (X-yarn) directioras shown in Appendix@8 The samples were balanced structure
indicating that theotal lineardensityof fibers in the ¥directiorunit widthis equal to théotal
linear densityof fibers in the Xdirectiorfunit length However, the peak load of all the samples
in the weft K) direction was consistently higher than that in the wapdfrection. Thiswas
because&X-yarn had higheyarn tenacitycompared tor-yarns,as shown irAppendix 83.
Individual X- and Y-yarns were tested using USTER TENSORAPID@&vhilable in physical
testing lab aWilson College of Textiles, NC State University

Figure 51 Typical tensile break at the gafgmgthalong with some tested specimens

73



Table 52. Average tensile datawarp direction

Ten_sile PEAK FAILURE
Sample specimen| MODULUS, | CV, | TENSILE | CV, STRAIN CV, PEAK CV,
ID thickness, GPa % STRESS, | % % ' % LOAD, N %
mm MPa

1 2.79 2.22 6.70 26.36 2.52 2.42 9.01 | 1870.23 | 6.85
2 2.85 1.65 15.37 17.43 23.35 1.87 37.41| 1257.58 | 21.84
3 2.86 2.33 23.51| 23.37 13.58 1.68 21.08 | 1701.78 | 14.88
4 2.99 2.40 9.73 22.04 5.24 1.72 22.76 | 1672.42 | 3.28
5 3.22 2.57 12.30| 21.48 7.73 1.53 18.77 | 1756.12 | 12.78
6 2.89 2.20 11.49| 21.21 10.81 1.85 16.64 | 1558.99 | 12.33
7 2.92 2.84 8.39 23.41 17.09 1.29 28.14 | 1751.78 | 25.43
8 2.88 2.89 6.08 23.15 9.70 1.27 15.90 | 1690.28 | 7.50
9 2.85 2.27 5.21 20.65 5.56 1.42 15.69 | 1494.19 | 5.16
10 5.04 3.15 4.90 31.86 9.24 1.83 24.59 | 4074.29 | 8.35
11 5.08 3.10 9.37 33.91 8.88 1.90 9.95 | 4383.11 | 11.28
12 5.24 2.89 4.90 32.56 2.18 2.02 5.79 | 4331.32 | 2.27
13 4.80 2.62 3.00 27.43 3.32 2.43 12.55| 3346.26 | 5.28
14 5.08 2.92 10.26| 22.71 27.41 1.36 44,71 | 2912.42 | 25.03
15 4.96 2.54 10.24| 23.16 10.60 1.58 18.31| 2913.67 | 9.43
16 5.09 3.08 10.22| 28.58 3.21 1.87 15.04 | 3692.01 | 3.10
17 5.05 3.43 3.83 30.19 3.63 1.79 12.27 | 3873.15 | 4.44
18 4.92 3.17 4.76 26.05 13.58 1.40 31.34 | 3256.73 | 14.70
19 7.18 2.95 6.48 34.55 5.75 2.38 12.65| 6296.01 | 6.03
20 7.48 3.07 3.64 35.23 1.01 2.18 453 | 6690.14 | 1.89
21 7.63 2.82 7.58 29.90 14.14 1.68 28.67 | 5783.97 | 13.64
22 7.41 2.93 5.39 34.11 1.93 2.33 10.85| 6423.50 | 3.46
23 7.20 3.13 2.45 31.82 11.35 2.04 19.48 | 5825.92 | 12.93
24 7.73 3.34 4.42 31.01 6.18 1.87 8.97 | 6093.07 | 9.03
25 7.53 3.62 2.54 30.78 2.30 1.71 7.38 | 5883.74 | 2.92
26 7.39 3.57 1.68 29.01 9.55 1.47 20.13 | 5443.39 | 8.99
27 7.67 3.29 7.95 28.98 6.44 1.84 10.67 | 5627.58 | 2.78
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Table 53. Average tensile dataweft direction

Ten_sile TpEllz\lAélTL FAILUR
Sample specimen| MODULUS | CV, E CV, E CV, PEAK CV,
ID thickness , GPa % % STRAIN, % LOAD, N %
e STRESS, %
’ MPa

1 2.86 3.11 8.68 65.36 4.60 2.42 9.01 | 4740.36 | 3.16
2 2.92 2.49 11.26 57.52 10.97 2.88 10.35| 4260.28 | 9.38
3 3.04 3.74 2.26 64.86 13.94 2.25 11.98| 5053.07 | 21.87
4 2.96 3.61 7.93 67.72 6.36 2.38 7.83 | 5094.66 | 7.44
5 3.12 4.67 2.88 55.98 9.65 1.72 8.07 | 4442.15 | 11.57
6 2.90 3.98 13.96 57.06 7.78 1.97 11.59| 4202.87 | 7.78
7 2.91 4.23 3.04 67.22 5.31 2.09 4.35 | 4956.65 | 9.40
8 2.91 4.38 2.82 58.51 11.48 1.81 12.37| 4326.62 | 12.04
9 2.90 4.15 7.67 50.67 7.68 1.71 7.24 | 3730.55 | 8.53
10 5.09 4.57 1.49 76.14 7.57 2.24 8.58 | 9830.93 | 6.49
11 5.29 4.30 1.71 80.41 2.28 2.48 1.88 | 10800.55| 2.28
12 5.53 4.31 5.03 71.11 14.86 2.19 17.84| 9885.54 | 8.19
13 5.13 3.81 4.67 66.98 7.52 2.38 11.12| 8735.48 | 8.20
14 5.03 5.09 6.84 36.77 12.32 1.10 13.83| 4686.31 | 11.61
15 5.20 4.94 8.34 41.14 12.37 1.25 11.06| 5436.31 | 12.87
16 5.09 4.67 4.16 69.42 8.83 2.11 12.36| 8960.54 | 7.36
17 5.12 4.97 1.02 72.89 4.93 2.07 5.11 | 9478.66 | 4.98
18 5.20 5.02 4.66 53.83 5.51 1.54 6.48 | 7113.39 | 6.60
19 7.28 4.53 7.50 82.11 8.73 2.37 14.31| 15188.19| 9.18
20 7.55 4.34 6.96 76.98 8.07 2.35 11.41| 14755.13| 7.29
21 7.61 4.31 4.55 77.38 8.77 2.32 10.07| 14941.55| 8.73
22 7.41 4.39 7.82 81.13 4.25 2.41 10.08| 15278.98| 5.06
23 7.21 5.07 4.37 69.46 4.81 1.94 6.80 | 12720.87| 5.51
24 7.48 5.38 8.12 48.73 17.53 1.31 19.90| 9264.98 | 18.37
25 7.42 5.65 3.45 60.03 15.66 1.56 18.44| 11320.72| 16.25
26 7.45 5.09 3.04 71.14 8.07 2.01 9.43 | 13454.47| 7.36
27 7.42 5.10 5.85 61.29 8.33 1.76 13.85| 11547.89| 8.02

5.1.1.1. Main Effect ohumber oflayers on tensil@roperties
Figure 5.2 shows the effect nfimber oflayers on the tensile peak load in theaxXd Y-
directions. The graph indicata significant difference betweendtsamples with different layers

or thicknessThis was also confirmed by the Tukey HSD for warp and weft direxiion
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Appendix 6and13, respectively. The Yvarplayers samples had the highest peak ioad- and
X-directionscompared to 3varplayers and @varplayers composite samples. This was due to
thepresence o4 highemumber ofX- andY-yarns in Qwarplayers compared to 3 onéarp
layers. In 9warplayers, more yarnsontribute towards the tensile loalls the number of warp
layersdecreasg graduablecline in the tensile peak lo&dobservedSimilarly, 6warp layersof
composite samples had higher tensile peak load compared tovdr@Byerssamples. The
tensile load irthewarp (YY) direction was lower than the weft (X) direction because the wef

yarns collectively provide more tensile resistance that the warp yarns.

Thetensile strain and tensile stressy- and X directionsareillustrated in Figure 5.3
and 5.4. The grapindicaied no significanteffect of number of layersntensilestrainand stress
in both warp and weft directicas it can be seen from the error b&vile the effect of number
of warp layers is not significant due to variability, the average tensile strain exhibited increase
with number of layers. It was noticed thatriés in plane yarn crimp (waviness) in the preforms
and these could not be straightened during resin infusibe.tensile strain in the warp direction
was highest in 9 layers samples followed by 6 layers and 3 layers which could be due to more
wavinessn 9 layers compared to 3 and 6 layers. Howevdhemase of weft direction, the

highest tensilstrain and stressas observed in 3 layers followed by 9 layers and 6 layers.

Thetensile peak load iwarp and weft directisswas mainly influenced byhe number
of layers of yyarns. ANOVA analysis in Appendi&illustrates that there was a significant
difference betweepeak load as influenced by thember of layergor thickness The Tukey
analysis, illustrated in Appendix 6, also aligns with ANO\&Sults showed significant
difference betweethe peak load of composites wigHayers, 6 layersand 9 layersThe results
of the oneway ANOVA test were confirmed using a follewp post hoc Tukey test. The
statistical analysis results of ANOVA in waapd weft direction are illustrated in Appeceks5
and12.

The peak load was normalized by several approaches, in order to segregate the effect of
some dependent parameters from the analysis and to have a fair comparison between the samples

irrespective dthe thickness. This eliminates the effect of layers for the analysis. The peak load
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was normalized in warp and weft direction, by using thickness as shown in Apgeehend 14,
respectivelyusing Tukey multiple mean comparisoin thecase of warp dection, the peak
load was normalized by the composite thickness, the normalized peak load stsgreficant
difference betweenomposites witldifferent layers. Apart from thickness, the fabric structure
formation in 3D woven composites ptgn integal part in determining the tensile strength
including tensile stress and tensile strain. In order to mitigate the defect or at least keep the
defects taa minimum, straight alignment of yarns was very important. However, in terihe of
weft (X) direction, there was no significant difference betwiberB layers and 6 layers. A slight
difference in the values could have emerged due texisting formation defects. However, it
was also deduced that 9 layer samples were significantgreliff from 3 layers and 6 layers
which indicated that 9 layers sample commsemore preexisting defects as shown in

Appendix 14.

To conclude, the tensilead of the composite samples due to changing the numbé+ of
yarn layers or thickness had aysignificant effect on the tensile peak load in both warp and
weft direction. The contribution of thickness in the overall structure in this research was very
substantial compared the contribution of Zbinders and weave pattern. However, it was
obsenred that 9 layer samplesv&the highest peak load, tensile stress and tensile strain

compared to 6 layers and 3 layers had the lowest values.

16000 = Warp (Y) direction = Weft (X) direction
14000
12000
< 10000
3
T 8000
-
6000
4000 '
2000 .
, 1l
3 layers 6 layers 9 layers

Figure 52. Main effect of layers on tensileobd
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Figure 54. Main effect of layers ortensilestress

5.1.1.2. Main Effect of weave on tensieoperties

Figure 5.5 shows the effect wkave on the tensile peadad in the X and Y- directions.
The graph indicated that there was no significant difference between the samples with different
weave pattern. This was also confirmed by the Tukey HSD test in AmesB8dind15 in warp
and wef direction respectivelyWhile the difference is not statistically significaptain weave
showed the highestveragepeak load compared to 2x2 warp rib, followed by 3x3 warp rib

which was true for both Xand Y- directions. This could be due to thetféitat plain woven
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structures are more compact watkess open spot faheresin to accumulaté@nd thus reduces
formation of resin rich areaspmpared to the 2x2 warp rib and 3x3 warp rib weave structure.

Thetensile strainn Y- and Xdirectionsasillustrated in Figure 5.6, indicated that there
was no significant difference between the terstitainof the samples in both warp and weft
directiors. Similar trend was seen for effect of weave on tensile stress indicated in Figure 5.7.
Theaveragdensle strain was highest in plain weave followed by 2x2 warp rib and 3x3 warp rib
in both warp and wetft direction. The tensile stress was slightly highest in plain weave followed
by 2x2 warp rib and 3x3 warp rib in warp and weft direction.

The peak loadvas normalized by using thickness as shown in Apiees8 and16 for
warp and weft direction respectively, using Tukey multiple mean comparisoime case of
warp direction, the peak load was normalized by the composite thickness, the normalized peak
load showed no significant difference between plain, 2x2 warp rib and 3x3 warp rib weave
design.In caseof weft (X) direction, there was no significant difference between 2x2 warp rib
and 3x3 warp rib. However, it was also deduced that plain weave w#gaigfty different

from 2x2 warp rib and 3x3 wrap rib in weft direction as indicated in Appendix 16.

To conclude, the tensilead of the composite samples due to changing the weave pattern
didndét have any signi fi c aathtwarp dnfl wett tirecdon. Thehe t en
contribution of weave design in the overall structure in this research was very minimal compared
to the contribution of layers. However, it was observed that plain weave had the highest peak

load, tensile stress and tensteain comparedt2x2 warp rib and 3x3 warp rib.

ANOVA analysis in Appendix 5 illustrates that there was no significant difference
between the weave pattern namely plain, 2x2 warp rib and 3x3 warp rib. The Tukey analysis also

acknowledgs ANOVA results showing no significant difference between the weave patterns.
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Figure 57. Main effect of weave ortensilestress

5.1.1.3. Main Effect oZ to Y ratioon tensileproperties

Figure 5.8 shows the effect of the ZYoratio on the tensile peak load in the ahd Y-
directions,indicatingthere was no significant difference between the samples in warp (Y)
direction and this was also confirmed by the ANOVA test{raivd X-directions in Appendies
5and12. However, in terms of weft (X) direction, 1:1 ratio was not significantly different f
1:3 but 1:1 and 1:3 are significantly different from 1:2 ratio depicts highest tensile load both in
warp and weft direction followed by 1:3 and 1:2, which isytgpical given there are more Z
yarns contribution in 1:1 than the others. Ratio 1:2 Wwghtty lower than 1:3 in most cases.
However, there was no significant difference between the two ratios in warp direction only.
However, tensile load ithewarp (YY) direction was lower than the weft (X) direction because

the weft yarns collectively pradeed more tensile resistance than the warp yarns.

Thetensile strainn Y- and X directions illustrated in Figure 5.9, indicated that there
was no significant difference between the tersitainof the samples in both warp and weft
direction. The tensile strain was higher in 1:1 ratio followed by 1:2 and 1:3 rakiewarp
direction.This trend was similar to tensile stress as illustrated in Figure Bhg0decreasing
trend was due to the ceigent decrease in the number ef/@rns from 1:1 to 1:2 and then 1:3.

Even though the difference was not significant, the downward trend indicatedhatets
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influence the tensil®ad. This trend is not consistent in the weft direction where we &
slightly lowertha1l : 3. However , t hatensilevstressili-tirection,siece i n c a s ¢
changingthe Zt¢Y r ati o didndét have any significant ef

The peak load was normalized by using thickness as shown in Appshiland18.
The Tukey HSD results for warp (Y) direction shows that 1:2 (indicated as 0.5) and 1:3
(indicated as 0.33) are not significantly different whereas 1:1 was significhffiélsent than
both 1:2 and 1:3

To conclude, the tensileadof the compose samples due to changing themberof Z-
binders didnét have any significant effect on
direction. Theeffect ofZ to Y ratioin the overall structure in this research was very minimal

compared to that of the fiber volume contribution efaXd Y-yarns.
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Figure 58. Main effecs of Z to Y ratioon tensile dad
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Figure 510. Main effect ofZ to Y ratioon tensilestress

5.1.1.4.Comparison ofensileproperties of hemp composites with glass composites

As discussed earlier the literature review, hemfiber reinforced HFR) composite are

comparable to glagiber reinforced GFR) composites. The tensile properties of hemp and glass

in terms of specific tenglstress and specific modulussa®wn in Table 5.4. The glass

composite datavasobtained fromMi dani 6 s

di ssertation

(Midani ,

experiment in Appendig89. Similar to the current research, Midani used 3D orthogonal weaving
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and vinyl ester, giving it some similar properties for comparison. Howkexels used for

variables (number of Yyarn layersweave)were different. Z tor ratio was not used for
comparison as it does not have amgngicant effect.Tensile stress and modulus for glass and
hempwere normalized using fiber densifiyhe specific tensile stress of glass was found to be
significantly higher compared to hemp specific tensile stress. However, specific modulus was

found to be comparable.

Table 54. Comparison ofensileproperties of hemyfiber composites with glasfber

composites.
Warp
Density, Tensile Modulus, Specific tensile  Specific modulus,
Fiber glcm® | stress, MPa GPa stress, MPa cni/g GPa cnilg
E-glass 2.54 338- 488 13.5-26.4 133- 192 5.3-10.4
Hemp 1.47 1340 1.4-3.7 9-27.1 1-25
Weft
Density, Tensile Modulus, Specific tensile  Specific modulus,
Fiber glcm® | stress, MPa GPa stress, MPa cni/g GPa cni/g
E-glass 2.54 290- 477 13-30 114-188 5.1-11.8
Hemp 1.47 30-91 2-6.1 20- 62 1.4-4.1

5.1.15. Conclusion

The tensile propertiesof the finished compositgsanelswasinfluenced by the structural
characteristics of the 3D orthogonal woven prefarotuding thickness or number ofyarn
layers. Weave and to Y ratiodid not affect the tensile propertiehd structural properties of
the preform including weft density, weave, anadumber of warp layers, affected the tensile
propertiesn the two directions differently, thus highlighting the occurrencadifferent
physical phenomenon in the warp and weft directiogspectively. The warp direction
propertiesvas also influenced by the interactive effetthe weave and the number of warp
layers.The specimen breaking mechanism was clean without any fibeoyids shown in

figure 5.1.
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5.1.2. Impact test Tup and Charpy

All the 27 samples were exposed to two destructive impadt #agp and Charpy. Tup is
a high impact test where@harpy is a low impacttesA NOVA and Tukey HSD mul
comparison was used to investigate mpawtstruct
properft i3éds ort hogonal woven composites. A var
along with dependemt wadi phlyss c@mephamperti es)
understand the nature and extend on the overa

5.1.21. Tup Impact- Result and discussion

Tup impact is also known as Dynatup, is a destructive test to measure the peak load at
impact, peak impact energy, as well as the total energy required to penetrate the composite
material by striking it with a drop weight at a specific testing condifiap. impact tesis
independent of the test direction. The results offiune impact tests for samples 1 through 27 are
listed in Table %. Composite areal density is the average value from five individual impact
specimendgrom asample Figure 5.11and Apendix84 shows a test specimen with a typical
puncture from 3 different view3.otal penetration energy @85 (27 x 5)specimens from 27
composite panelwereanalyzed using ANOVA and Tukey HSD to investigate the effect of
structural parameters dheimpact energy of composite panels. The analysis was categorized by
variable inputs and discussed individualyppendix & shows test results of individual

specimens sampieise fromTup impact test.

L

(@) (b) (©

Figure 511 Tup impact specimen (a) Front view, (b) Back view, and (c) Side view
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Table 55. AverageTup impact data

. Total Total Total

Composite | Preform | GEIEE 0 | i || e

D areal arez_;tl from Total CV | normalize by comp. | by Preform
density, density, profile, energy, J | (%) _d by areal areal
g/m? g/m? mm thickness ST S

Wmm) 1 ygimm?) | (kdigimm?)
1 2920.6 888.8 2.8 5.4 47.3 2.0 1.9 6.1
2 2842.7 885.2 2.7 6.5 28.9 2.4 2.3 7.3
3 3066.1 868.8 2.9 5.1 32.1 1.8 1.7 5.9
4 3212.8 915.9 2.9 6.5 5.3 2.2 2.0 7.1
5 3226.3 915.7 3.0 6.1 4.2 2.1 1.9 6.7
6 3038.6 978.7 2.8 6.1 20.0 2.1 2.0 6.2
7 3266.3 855.4 2.9 3.8 43.5 1.3 1.1 4.4
8 2995.6 850.1 2.7 3.3 36.6 1.2 1.1 3.9
9 2855.9 1657.0 2.8 3.1 34.8 1.1 1.1 3.5
10 5674.2 1632.8 5.2 14.8 20.9 2.8 2.6 9.1
11 5936.9 1648.2 5.3 16.1 3.5 3.0 2.7 9.7
12 6013.8 1657.0 55 16.8 8.9 3.1 2.8 10.1
13 5632.8 1623.5 5.1 19.7 36.6 3.9 3.5 12.1
14 5462.1 1629.2 5.0 15.5 9.7 3.1 2.9 9.5
15 5709.2 1693.4 5.2 16.7 12.8 3.2 2.9 9.9
16 5609.3 1640.0 5.1 14.4 14.4 2.8 2.6 8.8
17 5763.9 1598.2 5.2 14.3 6.4 2.7 2.5 8.9
18 5609.3 1582.1 5.1 14.2 7.4 2.8 2.5 9.0
19 8031.2 2706.1 7.0 28.9 15.7 4.1 3.6 10.7
20 8803.8 2648.2 7.6 31.6 4.3 4.1 3.6 11.9
21 8736.8 2641.1 7.6 29.4 10.0 3.9 3.4 11.1
22 8481.4 2661.4 7.3 32.0 2.6 4.4 3.8 12.0
23 7979.6 2602.8 7.5 32.9 15.1 4.4 4.2 12.7
24 8359.2 2655.3 7.2 32.8 16.8 4.5 3.9 12.3
25 8788.5 2428.8 7.6 32.1 7.2 4.2 3.7 13.2
26 8561.1 2483.1 7.4 33.2 2.7 4.5 3.9 13.4
27 8499.6 2435.7 7.5 30.3 9.0 4.1 3.6 12.4

The test results of the tumpact wereanalyzed to investigate the effect of structural

variables includinga number of layers (thicknessj,to Y ratioand weave design, on total

energy. The analysis was based on the univariate analysis of vavidude was further

confirmed bythe Tukey test.
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The statistical analysis output from ANOVA is shown in Appendix 19. Also, the graphs
highlighting the main effect of each of the structural parameterdeguietedin Figure 5.12
through 5.19.

In Figure 5.12(a), the total penetration enyesgnificantly increased with increasing
number of layers. Howevgthe same trend was notlfmhed by the weave design and 2Yto
ratio illustrated in Figure 5.12 (land5.13. The total penetration energy was not significantly
different for plain 2x2 warp rib and 3x3 warp rib, illustrated in Appendix Zmilarly,
decreasing the amount Bfto Y ratics from 1:1 to 1:2 did not significantly change total
penetration energy as well as changing from 1:2 to 1:3 showed no significant change in total
energypenetration. However, Tukey HSD results show a slightly different outcome. Unlike
Tukey analysisvhere Z toY ratio shows no significant difference, multivariate analysis show
that the 1:1, 1:2 and 1:3 ratio is significantly different vaii+value of 0015. The Tukey HSD
test which a multiple comparison tesiilustrated in Appendix 2Zhows no sigficant
difference between the Z ¥ratio as well as plain, 2x2 warp rib and 3x3 warp rib. Thus, it can
be concluded that increasing the number of laiatsthe most significant effect on the total
penetration energy and this was due to the increabe inumbenf fibers resisting the

penetration.

Further, change in weave design was not as significant as increasing the number of Y
yarn layers or thicknes(shown in Appendix 21), since the amount of fiber added to the structure
by increasing the pick density was much less compared to the amount added by increasing extra
number of layers. The only differertiiag factor between the three weaves was the fidach
clearly does not contribute to the overaktchanicaperformance. Finally, changing tBeto Y
ratio interlacing pattern, had divisivesponsebased on the ANOVA and Tukey tests results.

Since ANOVA is more sensitive, it is capable of sensivayevariation around mean which

impacts the pralue. As per Tukey results, 1:2 has the highest mean as compared to 1:1 and 1:3,
illustrated in Appendix 22. However, it has to be poirdatthatthe 1:1 ratio has the lowest
mean.This was due tesomel:1 ratio sampleghatdemonstratetbw penetration energy due to

poor structural integrity during preform formation.
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Figure 513. Main effect of Z to Y ratioon Tup mpactenergy

The results of the total penetration energy were normalized usiw different
normalization approaches. First, total penetration energy was normalized by the composite

thickness to eliminate the effect of the thickness from the analysispithigles fair comparison
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by nullifying the thickness effecthe results of the statistical analysis of the impact energy
normalized by the composite thickness sinewnin Figure 5.14 (ab) andFigure 5.15.
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Figure 514 (a) Main dfect of number of layers on Tup impact energyrmalized by omposite
thickness, (b) Maimffect of weave on Tupmpactenergynormalized bycompositethickness
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Figure 515. Main effect of Z to Y ratios on Tupimpactenergynormalized bycomposite

thickness

Thesecond approach used was to normalize the total energy using composite areal
density. This will help in comparing results from different samples. The graphs comparing the

structural parameters are shown in Figure 5.16)@ndFigure 5.17.
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Figure 517. Main effect of Z to Y ratioon Tupimpactenergynormalized bycompositeareal
density

The third approach was normalized using preform areal density. The results of the impact
energy normalized by the preform areal densityd@@ctedn Figure 5.18 (ab) andFigure
5.19.
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Appendix 24 shows the main effect of increasing the numberyari layers on the total
energy normalized by the composite thickn@sseasinghe number of layers increased the
normalized energy. Appendix 23 shows the main effect of the structuratgi@ra on the

normalized energy value. The results framornnormalized value where the penetration energy
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is comparedresimilar to the energy normalized by thickness. The layergsignificantly
different andarethe main factgrwhich influences coposite performance as shown in
Appendix 24 However the effect of the Z toY ratio on normalized impact energy did restow
any significant differencélustratedin Appendix 26. The only noticeable difference is the
decrease iap-value for the Z tdy ratio as shown in the Tableb.

Table 56. Comparison othe p-value of total energy andyalue of energy normalized lblge
thickness

Ratio P-value (total energy, J) | P-value (energy normalized by thickness, J/mm)
1:1 0.96 0.28
1:2 1.00 0.62
1:3 0.98 0.83

The effect of weave desigim normalized impact energgmained unchanged when compared

with normalized value with the nemormalized energy, shown in Appendix 25.

Thus, it can be concluded that the total energy normalized by the composite thickness
generally reduced the effect of altering the structural parameters except weave design which
remains mostly unchanged. However, the alteration in the number of laybiskoess and to
Y ratio indicated that teseparameters have a significant effect on the composite impact
penetration energy normalized by thickness. Additionally, it indicated that increasing the number
of |l ayers didnodt c homguwingtrdsieinfusiersbecausd iflinoreasingn t h e
the number of layers reduced the normalized impact energy, then there would be defects

associated with increasing the number of layers.

The results of the total energy were normalized by the compositederesty shows
similar trends. Total penetration energy is normalized by composite areal density in order to
exclude the effect of composite weight. This will give a fair comparison between all the samples
irrespective of the weight. Appendix 27 shows tranmreffect of the structural parameters on the
total penetration energy normalized by composite areal demityeffect of écreasing to Y
ratio in the structure resulted insignificant change ifup impact.Tukey outputillustrated in
Appendix 30,shows that een though the ratio of Z 19 is still insignificant as compared to the

nonnormalized energy, theyalue has significantly gone down as indicated in Tabie 5.
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Table 57. Comparison othe p-value of total energgnd pvalue of energy normalized by
composite areal density.

P-value (energy normalized by Composite area
Ratio P-value (total energy, J) | density, kd/g/mn?)

1:1 0.96 0.24
1:2 1.00 0.44
1:3 0.98 0.92

Thus, it can be concluded that the total energy normalized by the composite areal density
generally reduced the effect of altering the structural parameters except weave design which
remains mostly unchanged (Appendix 29). However, the alteration in thieemwof layers or
thickness and to Y ratioindicated that taseparameters have a significant effect on the impact
penetration energy normalized bymposite areal densityhe effect of changing the weave
patternon Tup impact energyemains unchanged which2x2 warp rib shows the highest mean
followed by 3x3 warp rib and plain weave (see Appendix 29).The respoesesesy similar to
the responses of the previous case when the energy was normalized by the composite thickness.
Thus, it can be concled that the composite thickness and composite weight (represented by
composite areal density) hasimilar effect on the total penetration energy where thickness or

number of layers has the most significant effect on the energy, as shown in Appendix 28.

Lastly, total penetration energy was normalized using preform density. The concept is
similar to the previous normalization except preform density was used in order to eliminate the
effect of the preform weight from the analysis. This will give a fair ckasfa comparison
between all the samples irrespectofehe original preform weight. The analysis shows no major
shift in trends in terms & number of layers, change weave design and change in 2vteatio.
Unlike the previous normalization with mposite areal density where there was a significan
drop in pvalue in terms of Z t& ratio, normalization using preform density only shavsdight
decrease in the-yalue. This suggests that normalization using preformitjelmss less effect on
total penetration energy. THENOVA output shows that parater estimates still suggests Z to

Y ratio is significantly different so changing the ratio impacts the overall energy. The same is
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true foranumber of layers and had the most significant efbecmpact energy. ANOVA and
Tukey outpus arelisted in Appendces 8.31, 8.32, 8.33 ai34.

5.1.2.2. Charpy Impadtresult and discussion

The Charpyimpact is a low impact destructive test where a hammer is used to break the
specimensin this testthetested specimen sipportedasa simple beamrhen the hammer is
released from a position with known potential energy to impact the specimen in the middle and
the energy absorbed by the sample is repofitked test was performed both in Xnd Y-
direction to understand the performaringermsof the reinforcement iX- andY -directions
The X-direction specimens indicate impact resistance-gais whereas the-¥irection
specimens specify impact resistance eraid Z yarns combined. The overall faikianalysis
indicates higher impact resistance indirection compared to direction impact energy. The
results of theCharpyimpact test in both Yand X direction is listed in Table 8.and 59,

respectively.
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Table 58. Charpy impact test resulisWarp direction

Energy Energy
_ Preform | Composite Energy/ Normalized | Normalized
Sample | Thickness Aregl Areql Energy cV % | thickness by Comp. | by Preform
ID (mm) Density Density J) ' S ' Areql Areql
(g/m?) (g/m?) Density Density
(kdig/mm?) | (kJ/g/mm?)
1 2.67 888.81 | 2835.37 0.42 21.90 0.16 0.15 0.48
2 2.70 885.17 | 2813.89 0.36 18.72 0.13 0.13 0.41
3 2.77 868.82 | 2826.10 0.31 16.40 0.11 0.11 0.35
4 2.83 915.89 | 3076.36 0.38 26.80 0.13 0.12 0.41
5 2.89 915.65 | 3082.46 0.36 23.25 0.13 0.12 0.40
6 2.71 978.72 | 2966.49 0.41 17.25 0.15 0.14 0.42
7 2.78 855.39 | 3028.47 0.31 23.66 0.11 0.10 0.36
8 2.73 850.10 | 2967.90 0.32 22.98 0.12 0.11 0.37
9 2.63 881.96 | 2749.85 0.23 14.37 0.09 0.08 0.26
10 5.06 1632.76 | 5499.60 0.54 11.43 0.11 0.10 0.33
11 5.15 1648.20| 5615.58 0.71 17.06 0.14 0.13 0.43
12 4.96 1656.96 | 5798.69 0.68 20.11 0.14 0.12 0.41
13 4.91 1623.53 | 5469.08 0.85 27.86 0.17 0.15 0.52
14 4.88 1629.19| 5377.53 0.61 20.82 0.13 0.11 0.38
15 5.02 1693.40| 6018.43 0.77 24.23 0.15 0.13 0.45
16 4.95 1640.00| 6123.56 0.69 33.27 0.14 0.11 0.42
17 5.09 1598.16 | 5741.97 0.71 17.16 0.14 0.12 0.44
18 4.86 1582.11| 5548.15 0.54 21.79 0.11 0.10 0.34
19 7.05 2706.06 | 8325.70 1.10 17.49 0.16 0.13 0.41
20 7.54 2648.20| 8856.74 0.83 17.47 0.11 0.09 0.31
21 7.39 2661.36 | 8607.43 1.10 15.64 0.15 0.13 0.41
22 7.39 2661.36 | 8607.43 1.10 21.42 0.15 0.13 0.41
23 7.19 2602.81| 8472.20 0.91 20.22 0.13 0.11 0.35
24 7.17 2655.30| 8258.56 0.83 18.97 0.12 0.10 0.31
25 7.46 2428.77 | 8849.18 0.90 14.68 0.12 0.10 0.37
26 7.38 2483.07 | 8740.16 0.90 16.18 0.12 0.10 0.36
27 7.23 2435.68| 7928.53 0.80 13.32 0.11 0.10 0.33

95



Table 59. Charpy impact test resuliswWeft directian.

Energy Energy
_ Preform [ Composite Energy/ Normalized | Normalized
Sample | Thickness Aregl Areql Energy cV. % | thickness by Comp. | by Preform
ID (mm) Density Density J) ' - ' Areql Areql
(g/m?) (g/m?) Density Density
(kJig/mm?) | (kJ/g/imm?)
2 2.83 885.17 | 2862.72 1.40 19.97 0.49 0.49 1.58
3 3.06 868.82 | 2862.72 0.79 24.59 0.26 0.28 0.91
4 2.84 915.89 | 3106.88 0.93 12.12 0.33 0.30 1.01
5 3.08 915.65 | 2942.07 0.77 21.44 0.25 0.26 0.84
6 2.89 978.72 | 2960.39 1.06 7.17 0.37 0.36 1.08
7 2.89 978.72 | 2960.39 1.06 24.95 0.37 0.36 1.08
8 2.82 850.10 | 2889.16 0.89 23.54 0.32 0.31 1.05
9 2.80 881.96 | 2858.87 0.65 22.87 0.23 0.23 0.74
10 5.05 1632.76 | 5548.43 1.49 12.36 0.29 0.27 0.91
11 5.11 1648.20| 5719.34 1.45 28.90 0.28 0.25 0.88
12 5.62 1656.96| 5853.63 1.52 25.37 0.27 0.26 0.92
13 5.13 1623.53| 5694.93 1.66 11.08 0.32 0.29 1.02
14 4.93 1629.19| 5316.49 1.35 22.91 0.27 0.25 0.83
15 5.22 1693.40| 5835.32 1.74 25.36 0.33 0.30 1.03
16 5.06 1640.00| 6184.13 1.32 7.92 0.26 0.21 0.80
17 5.21 1598.16 | 5651.12 1.50 21.55 0.29 0.26 0.94
18 5.09 1582.11| 5517.87 1.35 28.63 0.27 0.24 0.85
19 7.08 2706.06 | 8606.48 1.95 16.16 0.28 0.23 0.72
20 7.76 2648.20| 8911.68 2.14 21.89 0.28 0.24 0.81
21 7.51 2641.10| 8618.69 1.91 18.59 0.25 0.22 0.72
22 7.13 2661.36 | 8453.89 1.97 4.39 0.28 0.23 0.74
23 7.14 2602.81| 7544.41 1.68 8.99 0.23 0.22 0.64
24 7.22 2655.30| 8228.04 1.77 15.46 0.24 0.21 0.66
25 7.35 2428.77 | 8661.42 1.94 9.38 0.26 0.22 0.80
26 7.47 2483.07 | 8746.21 2.28 8.85 0.30 0.26 0.92
27 7.34 2435.68| 8443.37 2.13 24.80 0.29 0.25 0.87

The Charpy test is subject to four types of break namely complete, hinged, and partial or

nonbreak as listed in tabB10. However, for this research only specimens with complete or

hinge break were considered for fadure analysis.
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Table 510. Types ofCharpybreakalong with description.

Symbol | Break Type | Description

C Complete | Specimen breaks into two or more pieces

A stable cracking where part of the impacted specicagmot

Hinged support itself when held vertically

Partial A stable cracking of at least 90% of the width of the specimen

Non-break | Anincomplete or no break where no valid result is available

Figure 520 (a) Typeof brealsin Charpy (b) Specimens showing complete and hinge break

Almost all of the 275 specimens tested showed complete or hinge break as shown in
figure 5.20 (b). The test results of tBharpy impact wrederivedfrom 135 specimens from
warp direction and 135 specimens from weft direction. The test datanabzedd investigate
the effect of structural variables includiagrumber of layers (thickness) td Y ratio and weave
design, on total energy. The analysis was based on the univariate analysis of vahatceas
further confirmed byhe Tukey test. The ANWA analysis was done both in X (weft) and Y

(warp) directios. The statistical analgs output for warp and weft direction specimens are listed
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in Appendces35and51. Also, the graphs highlighting the main efésat each of the structural
parameters argsted in Figure 5.21(a, b) and5.22.

Figure 5.21 (a) shows that changing the number of layers (thickness) has significantly
increased the total impact ener@ppendix 36) However, changing the weave desam Z to
Y ratio did not significantlyaltered the total impact as shown in Figure 5.2%aft) Figure 5.22
In order to prove the observation, ANOVA and Tukey test were performed. According to
ANOVA test, Appendix 35, it was confirmed that there is igmificant difference between Z to
Y ratio which proves that changing Z Yoratio does not significantly change total impact
energy. Likewise, it was also confirmed that there is no significant difference between weave
designswhich proves that changirtbeweave pattern does not significantlyange total impact
energy. It was further confirmed by Tukey test, which shows no significant difference between
different levels of ratio shown in Appendix 3&8dditionally, changing the weave pattern had
shown no significant effect on the total energyillustratel in Appendix 37, which was
confirmed by performing a post hoc test.
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Figure 521 (a) Main effect of number oflayers on Charpympactenergy, (b) Maireffect of
weave on Charpympactenergy

98



Energy (J)
|_\

0
1.1 1.2 1:3
Warp (Y) direction= Weft (X) direction

Figure 522. Main effect of Z to Y ratiocontributionon Charpyimpactenergy

The results of the total Charpy energy in thga¥fn and Xyarndirection were
normalized using three different normalization approacdiesding composite thickness,
composite areal density, and preform areal denglg results of the statistical analysis of the
total energynormalizedby thicknessn the Y-yarn and X-yarn directiorare listed in Appendes
39and 55

Figure 5.23(a) illustrates the main effect of increasing the number of layers on the total
energy normalized by composite thickness along thiteffect of weave, in Figure 5.23(b) and
effect ofZ to Y ratio (Figure5.24) for both X- and Y- yarn direction All the layers levels shoa
similar impact energy. This is also proved in the ANOVA, which illustrates that when
normalized by thickness, number of layers is not significantly different from e¢beh orhe
Tukey output, shown in Appendix 40 also consistent with the ANOVA resultorAbd effect
of changing the Z t& ratio is concerned, it was still found to have no significant difference
similar to the nomormalized value as shown in Appendik. On the other hand, changing the
weave pattern also shaaminsignificant effect on the normalized energy as shown in Appendix
42. However, the alue of normalized energy compared to the-normalized value is
lowered. The trend ike Tup impact.Thus it can be concluded that normalizing the total energy
by the composite thickness, reduced the significance of the number of layené ratio and
weave pattern.

Tukeyanalysisillustrates that when normalized by thickness, number of laj@snot

havesignificant effect on energgs shownn Appendix 56. Asdr the effect of changing the Z to
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Y ratio and weave patteyit was still found tchave no significant difference on the normalized
energyas shown in Appendes57 and 58, respectively\However,the p-value of normalized
energy compared to the nowrmalized value is lowered. The trend is similath@warp (Y)

direction impact results
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Figure 523 (a) Main effect of number oflayers on Charpympactenergynormalized by
compositethickness, (b) Main effect of@ave orimpactenergynormalized bycomposite
thickness
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The results of the total energy were normalized by the composékdarmesity show
similar trends Figure 25 (ab) andFigure 26 show the main effect of the structural parameters
on the total penetration energy normalized by composite areal demdityth X-yarn and ¥
yarn directionThe effect oZ to Y ratioon normalized impact energy wsististically
insignificantin both X and Y directionTukey output shows that even though the ratio td ¥
is still insignificant as compared to the aparmalized energy, theyalue has significantly

lowered (Appendix 45).

There was significant effect of nlo@ar of layers (thickess) and Z t ratio on Charpy
impact energy normalized by composite areal density however there was no significant effect of
weave design in warp direction as shown in AppendixH8wever, the alteration in the number
of layers or thickness indicatéldat the parameter fa significant effect on the composite
impact energy normalized by thickness as shown in Appendix 44. The effect of changing the
weave patteron normalized impact energy remains unchangeere plain weave shows the
highest mean fodlwed by 2x2 warp rib and 3x3 warp @B illustrated in Appendix 4@ heZ to

Y ratio on normalized energy was significantly different for 1:2 and 1:3 ratio (Appendix 45).

The ANOVA result ofCharpyenergy for weft yarns shows the effect of layers on the
normalized value of impact energy is significantly different (Appendix 59) which is also
confirmed by Tukey output in Appendix 60. The effeckZdb Y ratioand weave on normalized

energy remains atistically insignificant as show in Appelds 61 and 62, respectively.
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Figure 525 (a) Main effect of number of dyers on Charpympactenergynormalized by
compositearealdensity, (b) Main #ect ofweave on Charpympactenergynormalized by
compositearealdensity
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Figure 526. Main effect of Z to Y ratio contributionon Charpyimpactenergynormalized by
compositearealdensity

Figure 27 (ab) andFigure 28 shows the main effect of the structural parameters on the
total penetration energy normalized by preform areal deimsitgth warp and weft direction.
The analysis shows no major shift in tremserms of number of layers, Z ¥ratio and weave
designin warp directioras shown in Appendes48, 49and50, respectively. Unlike the
previous normalization with composite areal density where there was a significprih g
value in terms of Z t& ratio. Normalization using preform density only shoaslight decrease
in the pvalue. This suggests that normalization using preform density has less effect on the total
penetration energyl.he effect ofZ to Y ratioon normalized impact energy waststcally
significant as suggested in Appendix 4he same is true fanumber of layers and had the
most significant effect of impact enetghhe ANOVA and Tukey results f@harpyenergy

normalized by preform density show similar result as shown peAgdces 63, 64, 65 and 66.
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Figure 528. Main effect of Z to Y ratio contributionon Charpyimpactenergynormalized by
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5.1.2.3. Comparison @fnpact properties of hemp composites with glass composites
Similar to the tensile properties comparison, impact properties of HFR composites were
compared with GFR composites in terms of Tup and Charpy. The impact energy of hemp and

glass was used for cqarison along with normalized value in terms of thickness, composite
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areal density and preform areal density as shown in Table 5.11. The data was derived from
Midanio dissertation (Midani, 2016).he total penetration enerdyr E-glass and hemp are
comparable alongside with energy normalized by preform areal density. However, Charpy
impact energy for hemp was lower thaglass.

Table 511. Comparison ofmpact(Tup and Charpy) properties of heffiper composites with
glassfiber composites

Tup
Fib Normalized by Normalized by
IDer Total Normalized by composite areal preform areal
energy, J  thickness, JJmm  density, kJ/g/mn?  density, kJ/g/mn?
E-glass 26-70 13.5-19.8 7.5-10.6 10.5-15.2
Hemp 3.1-33 1.1-5.1 1.1-4.2 3.5-13.4
Charpy- Warp
_ Normalized by Normalized by
Fiber Total Normalized by composite areal preform areal
energy, J  thickness, JJmm  density, kJ/g/mn?  density, kJ/g/mn?
E-glass 2.2-115 1.2-3.6 0.7-1.9 0.9-2.6
Hemp 0.2-1.1 0.1-0.2 0.1-0.2 0.3-0.5
Charpy- Weft
_ Normalized by Normalized by
Fiber Total Normalized by composite areal preform areal
energy, J  thickness, JJmm  density, kJ/g/mn?  density, kJ/g/mn?
E-glass 2.6-13 1.3-3.7 0.8-2.1 1.2-2.9
Hemp 0.7-2.3 0.2-0.5 0.2-0.5 0.6-1.6

5.1.24. Conclusiori Tup & Charpy

Tup

In the Tup impact test, it can be concluded thateffect oichanging the number of
layers increased the total impact energy significaiihe effect of weave has no significant
effect on the penetration energy. The weave pattermh@dimal effect on the total energy with
2x2 warp rib being the highest followed by 3x3 warp rib and plain. The effeatl@nge in Z to
Y ratio is significantly different however, the resulésedifferent in Tukey analysis wherit

shows that the change in ZYoratio does not significantly change the energy and ratio 1:1, 1:2
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and 1:3arenot different from each othelRegardless of the normalization tecjue, the number
of layers significantly influences the composite Charpy impact en&tggyeffect of changing
the Zto Y ratio in the structurend changing the weave pattern has ilefisenceon the overall

penetration energy.

Charpy

In the case of Charpy impact energy, it can be concluded that increasing the number of
layers or thickness, increased the total energy in both warp and weft direklgovesver the
weave pattern and Z t6 ratio contribution do not hava significant effet on the impact energy
for both warp (Y) and Weft (X) direction. The analysis is similar in both ANOVA and Tukey
results. Howeverafter normalizing the total penetration energy, the effects of the structural
parameters became less significant with lowegajpes.The number of layers have significant
effect on the normalized impact energy including normalized by thickness, composite areal
density and preform areal densifiyhe effect of changing th&to Y ratio in the structure, and
changing the weave gatn has lesmfluenceon the overalhormalizedimpactenergy. The
impact energy in the yarndirection wasgenerally higher than that of theyarndirection, and
they remained significant even after the normalization. This is because there are number of yarns
in weft (X) direction that warp (YY) direction which provide resistance to the impact easriy

yarns have higher yarn tenacity comparedf {yarns (Appendix 83).

Moreover Tup energy levels are overall higher than@marpy impact as Tup is a high impact
energytest compared t€harpy, which is a low impa&nergytest. The other reason for the
difference in the energy levels is because of the way the specimens are placed during the test.
The Tup impact is a flexed plate impact test, where the sample is supported as a flat plate laying
horizontally, and the strikmodeis on the flat face. Tup impact specimens are independent of the
yarns orientation as they are square (101.6 mm x 101.6 mm) and all yarn contributes to the
impact resistance mutually. Hence, the energy required to puncture the speaimehhigyher
compared to Charpy impact tedtie to the combined effect of XY- and Z direction yarns.

The role ofZ to Y ratiois particularly significant in Tup impact since it strengthens threugh
thickness properties, damage tolerance and the delaminationrmesisfahe 3DOW composite.

On the other hand, th&harpy is a flexed beam test, where the specimens are placed on a simple

beam and then a swinging pendulum strikes the specimen on the longer side of the specimen. In
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such a case, the impact resistance oalyes either from Yand Z yarns in case of warp
direction impacts or from Xyarns in case of weft direction impact.

5.1.3. Compression test

The combines loading compression (CLC) govemspressiorand stiffness properties
of the composite panels. This test was specifically applicaldéatanced and symmetric
structure which fits perfect with the samples. This research used untabbed specimens due to its
low strength and its orthotropieléstic poperties in two or three planes perpendicular to each
other).This test represents a combination of end loading and-&¥e#ing where the main goal
is to induce optimum shear loading so that the end loading does not crush the specimens at the
ends. kgure 5.29 represents possible failure schematics andplarédailure identification
codes irnthe CLC test. Most of the specimens tested fall into the categdheaicepted failure
mode (BGM or HAT) as shown is Appendix 8ppendix 8 showsgraphsof every specimen

from samplesl through 27oth in warp and weft direction.

Compression properties of 3D orthogonal properties with different fiber volume fraction
and different structural parameters includangumber of Yyarns layers or thickness, through
thickness reinforcing fibers (Binders) contribution and weave patteraereanalyzed. CLC test
is a destructive tesivhich is intended to measure the peak load, modahgcompression

stress.
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Figure 529. Failure schematics and thrgart failure identification codes the CLC test

(ASTM D6110).

A total of 128specimeng27x57 defective specimehsn warpdirecion and 12

specimeng27x56 defective specimeh weft (X-yarn) directiorwereanalyzed using

ANOVA and Tukey HSD to investigate the effecttbé structural parameter a@ompression

properties The results ofhe CLC test from samples 1 through 27 in warp () direction are listed

in Table 5.2. The weft (X) directiorcompressiomata is shown in Table 531 The peak point

and the breaking load corresponded to the same point and therefore, the peak load was generally
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used to characterize tikempressiomehavior of the composite in this analysis. Figure 30 shows
a typical CLC test smmen setup (a) and crushed specimen (b) after the test.

(b)
Figure 530 (a) CLC test specimen sap, (b) Crushed specimen after CLC test.
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Table 512. Compression test resultsNarp direction

Load

Sample Co;rrlgglsne SR . HEAN Thickness norn:);;\/hzed norl;r?;(ijzeq

D density, Moglljalus compression | LOAD, mm composite by composite

gl , GPa stress, MPa N thickness areal denszlty

(N/mm) (kN/(g/mm?))
1 2862.6 0.7 54.2 1910.7 2.7 704.5 1.3
2 2785.7 0.5 42.3 1480.1 2.7 549.7 0.9
3 2692.3 0.5 45.3 1613.3 2.7 589.3 1.1
4 3214.3 0.5 56.0 2089.4 2.9 728.6 1.5
5 3087.9 0.4 65.8 2551.0 3.0 855.2 1.9
6 2989.0 0.5 45.4 1736.3 3.0 590.1 1.2
7 2961.5 0.6 594 2229.3 2.9 772.6 1.6
8 3335.2 2.9 23.1 1690.3 2.9 588.0 1.1
9 2703.3 2.3 20.6 1494.2 2.9 524.5 1.0
10 5395.6 0.3 87.8 4380.8 5.2 847.6 5.6
11 5516.5 0.3 94.7 6310.3 5.1 1231.7 8.4
12 5730.8 0.3 108.0 7084.3 5.1 1403.8 9.6
13 5263.7 0.3 75.5 4742.1 4.8 981.5 6.0
14 5478.0 0.3 71.6 4497.2 4.8 930.2 55
15 6428.6 0.2 96.8 6453.6 5.1 1258.1 8.3
16 5549.5 0.4 82.0 5256.9 4.9 1065.4 6.6
17 5527.5 0.4 89.8 5912.0 5.0 1168.0 7.7
18 5587.9 0.3 85.9 5412.9 4.8 1116.1 6.8
19 8401.1 0.3 101.2 9429.6 7.2 1315.7 17.0
20 8631.9 0.3 107.2 10358.2 7.4 1393.5 20.5
21 8604.4 0.3 99.5 9652.8 7.5 1293.1 19.0
22 8593.4 0.3 99.3 9464.5 7.3 1291.2 18.0
23 8230.8 0.3 102.3 9760.6 7.3 1330.2 17.5
24 8395.6 0.3 122.0 11770.2 7.4 1586.3 22.1
25 8796.7 0.3 92.7 8918.9 7.4 1205.0 17.6
26 8549.5 0.3 116.7 11056.1 7.3 1517.0 21.3
27 8478.0 0.3 113.0 10500.4 7.2 1468.5 20.1
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Table 513. Compression test resultsNeft direction

Composite Loa(_j Loa(_j
S areal Modulus, comi?gls(sion AN Ve ESS, br;/oérgrigéi?te br;oérgrigzes?e
e BIEMENRY, GPa stress, MPa HO%DL [ mm thickness areal density
g/m* (N/mm) | (kN/(g/mm?))
1 2857.1 0.9 53.8 1938.4 2.8 699.4 1.3
2 2895.6 0.7 42.5 1602.2 2.9 552.9 1.0
3 2901.1 0.7 62.4 2514.7 3.1 811.3 1.7
4 3049.5 0.6 63.8 2405.3 2.9 829.3 1.7
5 3104.4 0.7 63.4 2515.5 3.0 823.7 1.8
6 2901.1 0.7 594 2264.6 2.9 772.1 1.5
7 3115.4 0.7 61.8 2204.6 2.7 803.3 1.6
8 2945.1 0.8 72.3 2629.4 2.8 940.4 1.8
9 2862.6 0.9 66.6 2442.1 2.8 866.4 1.6
10 5670.3 0.3 90.8 5952.9 5.1 1180.5 7.6
11 5307.7 0.4 85.6 5694.5 5.1 1112.7 7.6
12 5769.2 0.4 93.9 6678.3 5.4 1221.0 9.0
13 5511.0 0.4 84.5 5703.9 5.3 1098.3 7.2
14 5302.2 0.3 87.2 5613.8 5.0 1133.2 6.9
15 5576.9 0.3 78.0 5167.0 51 1014.4 6.6
16 5598.9 5.7 63.5 3859.2 3.4 791.1 7.9
17 5780.2 0.4 91.6 6062.5 5.1 1190.8 7.9
18 6269.2 0.3 84.4 5594.9 5.1 1096.9 7.1
19 8384.6 0.3 98.1 9138.5 7.2 1275.6 16.5
20 8598.9 0.4 102.2 10093.7 7.6 1329.0 20.0
21 8736.3 0.4 92.7 9217.4 7.7 1204.8 18.1
22 8219.8 0.3 109.5 10133.4 7.1 1423.9 19.3
23 8340.7 0.3 110.8 10578.6 7.4 1440.5 19.0
24 8406.6 0.3 96.8 9398.5 7.5 1259.0 17.7
25 8873.6 0.3 110.4 10595.2 7.4 1435.7 20.9
26 8467.0 0.3 125.5 11861.3 7.3 1631.3 22.8
27 8631.9 0.4 94.4 8953.9 7.3 1227.8 17.1

5.1.3.1.Main effect of Layers onompressiomproperties

The results for the main effect of different layerscompressiomropertiesof the

composites was analyzed usmgneway ANOVA test. The data was testboth in the wap

(Y-yarn) direction and weft (yarn) direction. Figure 5.31 (a) shows the effect of the layers on

thecompressiompeak load in the Xand Y- directions,in whichthe graph indicated that there is
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asignificant difference between the samples with different layers. This was also cdnfiyme
the Tukey HSOtest in Appendix 69The 9 layers samples in the warp directiongtae highest
peak load compared to 3 layers and 6 lagéomposite samples. This is duethe presence of
more number of yarns e 9 layers compared to 3 or 6 &g. In 9 layers, more yarns
contribute towards theompressiorstrength. As the layers were changed from 9 layers to 6
layers, there was a gradual decline in the compression peak load. Similarly, ®fagsrposite
samples have higher compression pleakli compared to the 3 layers samples because of the
presence od higher number of yarns. Followiragsimilar trend, 9 layers samples in the weft
direction havehehighest compression peak load, followed by 6 layers and 3 layers. The
compression load ithewarp (Y) direction is similar to the weft (X) direction.

Thecompressiorstress in ¥ and X-directions is illustrated in Figure 5.31 (b), indicated
thatthe number of layersasa significanteffect onthe compressiomehaviors of the samples in
bothwarp and weft direction. The compression stress is highest in 9 layers weave followed by 6
layers and 3 layers in warp and weft direction. The downward trend indicates thickness influence
on compression strength. This trend is also consistent in the wexftian where we see 9 layers

registers the highest tensile stress followed by 6 layers and 3 layers.

The results of the or@ay ANOVA test were confirmed using a follewp post hoc
Tukey test. The statistical analysis results in warp and weft direxbimpressiomproperties
were mainly influened by the number of layers ofyarns as illustrated in Apperudis67 and
68, respectively. ANOVA analysis illustrates that there was a significant difference between a
number of layers or thickness. TbembinedTukeyand ANOVA results showing a significant

difference between 3 layers, 6 layers, and 9 layers.
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Figure 531 (a) Main efect of layers orcompressionoad (b) Maineffect of layers on
compressiorstress

5.1.3.2.Main effect of weave ooompressiomproperties

Figure 5.32 (a) shows the effect of the weave orctimpressiompeak load in the Xand
Y - directions, in which the graphdicated that there is no significant difference between the
samples with different weaves. This was also confirmed by the Tukey HSD test in Appendi
The 2x2 warp rib samples in the warp directiometde highest peak load compared to plain and
3x3warp rib composite samples. The compression loalkewarp (YY) direction is similar to the

weft (X) direction as was the case in the different layers.

The compression stress in &nd X direction indicated no significant difference as
illustrated in Fgure 5.32 (b). 3x3 warp rib had the highest compression stress compared to plain
and 2x2 warp rib in warp direction. In weft direction, 2x2 warp rib showed highest compression

stress followed by plain and 3x3 warp rib.

The statistical analysiANOVA) results in warp and weft direction are listed in

Appendces67 and68, respectively. ANOVA analysis shows no significant difference between
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different types of weaves thewarp direction. The Tukey analysis also shewimilar
relationshi like ANOVA resuts showing no significant difference between plain, 2x2 warp rib
and 3x3 warp rib in Appendix 70.

m Warp(Y) direction m Weft(X) direction| = Warp(Y) direction m Weft(X) direction
8000 100
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6000 ; 50
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—~5000 S 0
24000 s
3 B 40
3000 o
£
2000 8 20
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0 0
Plain  2x2 warp 3x3 warp Plain  2x2 warp 3x3 warp

(@) (b)

Figure 532 (a) Maineffect of weave orcompressionoad, (b) Maineffect of weave on
compression stress

5.1.3.3. Main effect of Z to Y ratio on compression properties

Figure 5.33 (a) shows the effectdfo Y ratio on thecompressiompeak load in the X
and Y- directions Similar to efect of weaves, the effect of Z ¥ratio on compression load and
stress does not show any significant differefides was also confirmed by the Tukey HSD test
in Appendix 71.The ratio 1:2 showed highest compression load followed by 1:1 and 1:3 in warp
direction. In case of weft direction, 1:3 ratio had the highest compression load followed by 1:2
and 1:1. Similar to compssion load, compression strasdicatedno significant difference

between thdoth warp and weft directiomsillustrated in Figures.33 (b)

The results for the main effect éfto Y ratioon compressiompropertiesof the
composites was analyzed usmgneway ANOVA test. ANOVA analysis shows no significant

difference between differenatiosin thewarpand weftdirectionaslisted in Appendees67 and
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68, respectively The Tukey analysis also shegimilar relationship like ANOVA results
showing no significant difference betwestio 1:1, 1:2 and 1:3 as shownAppendix 71.
Unlike warp direction, ANOVA analysis in weft direction was significantly different in terms of
theweave.

The peak load was further normalized using thickness. There was no significant change
in terms of man effect of layers, weave aZdto Y ratio on normalized peak load as illustrated in
Appendces 72, 73 and 74, respectively.

= Warp(Y) directions Weft(X) direction = Warp(Y) direction m Weft(X) direction
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Figure 533 (a) Main effect of Z to Y ratioon compressioroad, (b)Main effect of Z to Y ratioon
compressiorstress

5.1.3.4. Conclusion

Compression wing is subject to otf-planebending due to neaniform strain and
stress points across the specimen thickness. This resaktsdoction in compression properties
The main cause of thicknegariation is specimen fabricatipwhich leads to bending. As the
case of tensile test, thickness has the highest contributing factemipressiorstrength.. The
yarn strength measured as tenacity was higher fgaird compared to yarn as shown in

Appendix 83. Tenacity does not influence compression properties and thehef@was no
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significant difference between warp and weft direcMyaave design and-¥arns did not affect

compressiomproperties

5.2. Experiment Al

The objective of experimer1 is to remove excess moisture from the samples. One of
the problem areas of natural fiber is its hydrophilic nature, which is naturally ingrained in the
fiber. The moisture content of hemp fiber is high and can vary somewéiveen 8% to 10%,
which leads to dimensional variation in composites. It directly impacts the mechanical properties
of the composites, which restricts the applications of hemp irgeglormance textiles. The
tensilepropertiesof the composites is theftection of matrix properties whereas the modulus is

reliant on the fiber properties.

The desiccated samples were cut using the cutting plan shown in Figure 4.11. The only
structural parameter compared was the effect of weave on the treated samphesnbéeof y
yarn layers and -binder contribution remained unaltered. The treated specimens were compared
with the untreated ones with similar construction. Mechanical properties in terms of tensile and
compressiorstrength and impact energy for both Tumal &harpy were compared and discussed

below in details.

5.2.1.Main effect of moisture on tensitgoperties

A total of 30 (5x3x2) specimens in warpy() direction and30 (5x3x2) specimens in weft
(X) direction from treated and desiccated samples were analyzed. The results for the main effect
of different weave otthetensile strength of desiccated composites samples were analyzed and
compared with untreated samples using Tukey HSD test shown in @digp&nfor warp
direction & Appendix 76 itheweft direction. Tukey test indicates that there was no significant
difference between the weave pattern namely plain, 2x2 warp rib and 3x3 warp rib in the warp
and weft direction. Tukey also indicates thereswa significant difference between untreated
and desiccated samples. It was observed that only a minor change in weight recorded after

desiccation illustratein Table 5.8. Presence of moisture in the samples or a small amount of
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moisture regain betweeemoving the samples from the oven and infusion influenced the

outcome of the test.

Table 514. Weight comparison before and after desiccation.

Weight before Weight after Change inweight,
Sample ID Weave desiccation, g desiccation, g %
10M Plain 720.1 704.9 2.1
11M 2x2 warp rib | 711.3 699.3 1.7
12M 3x3 warp rib | 698.4 683.8 2.1

5.2.2. Main effect of moisture on impact resistance

A total of 3 (5x3x2) specimens from untreated and desiccated samples were analyzed
for tup impact test along witBO (5x3x2)specimens ithewarp and30 (5x3x2) specimens in
weft direction from untreated and desiccated samples were analyzed and comp@heddgr
impact testThe results for the main effect of different weave on tupGratpy energy impact
of desiccated composites samples were analyzed and compared with untreated samples. Tukey
results for Tup impact test is illustrated in Appendix 77. Claarpy test resutwereshown n
Appendix78 for warp direction and Appendix 79 for weft direction. Tukey test suggests that
there was no significant difference between the weave pattern namely plain, 2x2 warp rib and
3x3 warp rib in the warp and weft direction. Tukey atsticates there was no significant

difference between untreated and desiccated samples fof ipp@mndCharpy test.

5.2.3.Main effect of moisture on compression strength

A total of 30 (5x3x2)specimens in warp ar8D (5x3x2)specimens in weft direction
from untreated and desiccated samples were analyzed and comparedrfyuression test. The
results for the main effect of different weaveammpressiorstrength of desiccated composites
samples were analyzed and compared witineated specimens usitige Tukey HSD test.
Tukey test illustrated in Appendix 80 for warp direction and Appendix 81 for weft direction
suggests that there is no significant difference between the weave pattern namely plain, 2x2 warp
rib and 3x3 warp b in the warp and weft direction. Tukey also indicates there is no significant

difference between untreated and desiccated samples. It was observed that only a minor change
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in weight recorded after desiccation illustsate Table 5.12. There is a probatyilthat there
would be moisture present in the samples or a small amount of moisture regain between

removing the samples from the oven and infusion.

5.2.4. Conclusion

To conclude, by changiritpe weave pattern, the mechanical properties of the treated
samples did not demonstrate any major change in the samples fof-atldY -direction. This
was due to moisture pregen the samples axsmall amount of moisture regained after
removing from the oven. A few future recommendations are to use highezregome in the
oven for an extended period of time and use of desiccant bags to protect for moisture regain

might help to improve the mechanical properties of the treated samples.

5.3. Experiment A2

The objective of experiment A2 is to understand the effect of mercerization on the
mechanical properties of the samples. The chemically treated samples were cut using the cutting
plan shown in Figure 4.11. The only structural parameter compared waseitteoéfireave on
the treated samples. The number -giayn layers and-binder contribution remained unaltered.
The treated specimens were compared with the untreated ones with similar construction.
Mechanical properties in terms of tensile @otnpressiostrength and impact energy for both

Tup and Charpy were compared and discussed.

5.3.1.Main effect of mercerization on tenspeoperties

A total of 30 (5x3x2)specimens in warpy() direction and30 (5x3x2)specimens in weft
direction were analyzed. The results for the main effect of different weate tansile strength
of the mercerized composites samples were analyzed and compared with untreated ones using
Tukey HSD test. Tukey test illustrated in Append5 suggests that there is no significant
difference between the weave pattern namely plain, 2x2 warp rib and 3x3 warp rib in the warp
direction. Inthe case of weft direction, the treated samples were significantly different from
untreated ones as shownAppendix 76. The graph presented in Figure 34 (a) shows an increase

in tensile load in Plain, 2x2 warp rib and 3x3 warp rib. Like the warp direction, the plain weave
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of the mercerized specimens in the weft direction has the highest tensile loadddip2e2

warp rib and 3x3 warp rib depicted in Figure 36 (a). This could be due to the fact that plain
woven structures are more compact veitess open spot faheresin to accumulate compared to
the 2x2 warp rib and 3x3 warp rib weave structure. Urtlieewarp direction, tensile load in

weft direction shows a decreasing trend in all the three weaves. This was due to yarn waviness
which is higher in weft direction compared to warp direction. During weaving, continuous
tension was applied to warp yarnkieh helped in curtailing yarn waviness. However, weft

yarns had tension applied only during rapier insertion resulting in waviness. The waviness

continued from weaving to infusion.

Furthermore, the loasdtrain curves in Yand X-directions illustratedn Figure 34 (b) &
36 (b) respectively, indicated a decreasing trend as compared to untreated samples. There was no
significant difference between the tensile behaviors of the samples in both warp and weft
direction. The tensile strain is highest in plaieawve followed by 2x2 warp rib and 3x3 warp rib
in both warp and weft direction. This trend was also consistent in the weft direction where we
see plain registers the highest tensile strain followed by 2x2 warp rib and 3x3 warp rib. Plain has
better structral integrity where the x and y yarns are distributed more uniformly compared to
2x2 warp rib and 3x3 warp rib. Pexisting defects during the formation stages could also
contribute difference in the tensile strain between weaves. Yarn waviness inrbotlodi was

also a contributing factor.

The tensile stress curves in &nd X-directions illustrated in Figure 35 and Figure 37
respectively indicated that there was no significant difference between the tensile behaviors of
the samples in both warp aneft direction. The tensile stress was highest in plain weave
followed by 2x2 warp rib and 3x3 warp rib in warp and weft direction. Even though the
difference is not significant, the downward trend indicates weave influence on the tensile
strength. This #nd was also consistent in the weft direction where we see plain registers the
highest tensile strain followed by 2x2 warp rib and 3x3 warp rib.eRisgting defects during the

formation stages could also contribute difference in the tensile stress betesas.
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5.3.2. Main effect of mercerization on impact resistance

A total of D (5x3x2)specimens from untreated and mercerized samples were analyzed
and compared fahe Tup impact test. The results for the meffect of different weaves onup
impact of the treated composites were analyzed ub&gukey HSD test shown in Appendix
77. Tukey test suggests there vaasgnificant difference between treated and untreated samples.
Also, within the treated samples, there were discrepancies. Whasreo significant difference
between plain and 2x2 warp weave and there was no significant difference between 2x2 warp
and 3x3 warp weave as shown in Figure 38. However, thera sigsificant difference between
plain and 3x3 warp rib weave. Impact enem all the three weaves has significantly increased
after mercerization. Tup impact specimens were independent of the yarns orientation as they are
square and all yarn contributes to the impact resistance mutually. The effect ofayaness has
less mpact as Tp impact is independent of yarn orientation and is minimized by mercerization.
Mercerization has resulted in enhancing the fipatrix bonding as therie more number of

crossover points per specimen.

A total of 30 (5x3x2) specimens ithewarp direction an®0 (5x3x2) specimens in weft
direction from untreated and mercerized samples were analyzed and comp&ieal fior
impact test. The results for the main effect of different weave&dhanpy impact of the treated
composites were analyzé@uboth warp and weft direction using Tukey HSD test shown in
Appendces87 & 79 respectively. Tukey test suggests that there was no significant difference
between teated and untreated samples #yatn and ¥yarn direction. There was no significant
difference between plain, 2x2 warp rib and 3x3 warp rib weave as presented in Figure 39 (a) and
39 (b). The impact energy in most of the three weaves has decreased after mercerization. Pre
existing defects during the formation stages could also contributeediffe in the tensile strain
between weaves. Yarn waviness in both direstieas also a contributing factor. SinCearpy

is a low impact test compared taif, the effect of mercerization is also low.

5.3.3.Main effect of mercerization on compressmoperties

A total of 30 (5x3x2)specimens in warpy() direction and30 (5x3x2)specimens in weft
(X) direction were analyzed. The results for the main effect of different weathe on
compressiorstrength of the treated composites were analyzed and cednwih untreated ones

using Tukey HSD test shown in Appendix 80. Tukey test suggests there was no significant
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difference between the weave pattern namely plain, 2x2 warp rib and 3x3 warp rib in the warp
direction compared to untreated samples with thevegaAlthough, there was no significant
difference between plain, 2x2 warp rib and 3x3 warp rib within the treated samples in both warp
and weft direction as shown in Figure 40 (afri§ure 41 (a) respectively. It was observed that

the compressiorstrengthof all the composite samples increased after mercerization treatment.
The increase was highest in plain weavehewarp direction and 2x2 warp in weft direction as
shown in Table 53. The variation denoted by standard deviation is also reduced &fér al
treatment. This was due to yarn waviness which is higher in weft direction compared to warp
direction. During weaving, continuous tension was applied to warp yarns which helped in
curtailing yarn waviness. However, weft yarns had tension appliecdantyg rapier insertion

resulting in waviness. The waviness continued from weaving to infusion.

Thecompressiorstress curves in-Yand X-directions illustrated in Figure 40 (b) & 41 (b)
respectively, indicated that there was no significant differentvedes the tensile behaviors of
the samples in both warp and weft direction. Thmpressiorstress is highest in plain weave
followed by 2x2 warp rib and 3x3 warp rib in warp and weft direction. Even though the
difference is not significant, the downwareérnd indicates weave influence on tfmenpression
strength. This trend is also consistent in the weft direction where we see plain registers the
highestcompressiorstress followed by 2x2 warp rib and 3x3 warp rib.-Bxesting defects
during the formatiorstages could also contribute difference indbepressiorstress between

weaves.

Table5.15. Comparison o€Eompressiostrength before and after mercerization

Warp (Y) Weft (X)
Compression % change in % change in
LOAD, N Untreated Mercerized | compression | Untreated Mercerized | compression
load Load
Plain 4380.8 8587.0 96.0 5952.9 8055.2 35.3
2x2 Warp 6310.3 7675.5 21.6 5694.5 8529.0 49.8
3x3 Warp 7084.3 8195.1 15.7 6678.3 7441.4 114
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5.3.4. Conclusion

To conclude, by changiritpe weave pattern, the tensile strength of the treated samples
decreased in weft direction along wildecrease in tensile stress and tensile strain. Plain weave
has the highest values due to better structural integrity. The other contributing factor was that
plain weave haashorter float with more number ofyintersections. These crossover points
have better adhesion after mercerization thereby improving the tensile strength of plain weave.
Yarn waviness also is the contributing facespecially intheweft direction. During
mercerization, no additional tension was applied to keep the samples sifaighead to
shrinkage(about9.8% in warp direction and abotits% in weft directionpnd additional
waviness in both direction resulting in lower tensile strength of alkali treated samples compared
to untreated samples.

Other contributing factararelevel of yarn twiseand yarn linear density (denier) f&F,
Y- andZ-direction yarnsThe yarn twistwas measured in terms of twist per meter (TPM). The
twist was 172 TPMor X-yarn, 351 TPM for ¥yarn and 291 TPM for Zarn. The optimum
level of yarn twig will maintain structural integrity as well as resin absorbency into the yarns.
Composites made with higher yarn linear density exhibit better mechanical strength. The yarn
linear density was measured to be 1462 denier fgarx, 1207 denier for Warn and 234 denier

for Z-yarn.

Sodium hydroxide (NaOH) is used to interrupt hydrogen bonding in the cellulose
structure of the fiber. This helps to make the fiber surface rough for better resin adhesion.
Mercerization is used to remove any excessive lignin, aad oil from the fiber surface, which
will negatively influence the fibematrix bonding. The alkali treatment tends to improve the

mechanical and thermal properties of the composites.
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CHAPTER 6 - MARKET POTENTIAL OF INDUSTRIAL HEMP IN THE US

6.1 Introduction

Hemp is considered as one of tiigh-performance natural fiber due to its mechanical
properties. Hemp is one of the oldest bast plant known to man. It is estimated that it was used
over 6000 years ago with a wide range of applications from food, rope, sail, paper, textiles, and
oil, etc with references dating back to ancient China and Mesopothmdisstrial hemp was

used in a wide variety of industrial and consumer products for cent@libsugh, industrial

hemp is grown in many developed and developing countries around the weiléhited States

had strict control on hemp cultivation until 2014. The restriction was under the authority of the
Drug Enforcement Administration (DEAdustrial hemp is now treated as an agricultural
commodity after revised Farm bill Act, 2018 that allbemp to be cultivated for use in the
production of a wide range of producthere was no fulscale commercial production in the
United States until 2014 when Farm Bill was introduced which permitted certain research

institutions to collaborate with tHgtate Department of Agriculture to establish a pilot program.

According to Section 7606 of Farm Bill Act, 2014, industrial hemp is definédtas e
plant Cannabis sativa L. and any part of such plant, whether growing or not, with-@ delta
tetrahydrocannabinol concentration oDeltaBot mor
tetrahydrocannabingTHC) is thepsychoactive drug present in cannabis. Industrial hemp
belongs taCannabis is a classification of plants with various speaigs,Hemp and Marijuana
are both species of plant within the Cannabis farhimd ust r i al h €anmabis s known
sativad wher e as fAnCaarninjalba ngdthougbdHierapaand.Marijuana are both
species of Cannabis, theyeaseveral distinaifferences in terms of their physical appearance,
chemical composition, and applications. Marijuana has broad leaves, dense buds concentrated at
the top like a crown, and has a short and bushy appearance which are grown in a very controlled
environment wh regulated temperature and humidity as shown in Figure 6.1. In stark contrast,
hemp plants are slender, taller with narrower leaves, with fewer branches and are grown in open

field like any other crop illustrated in Figure 6.2.
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Figure 62. Industrial hemp in open field

Apart fromcontrasting physical appearance, its chemical rugkis also significantly
different, specifically in terms of THC and Cannabidiol (CBDHC is the chemical responsible
forma i juanads psychol ogi c al magJdahaescatlysotdine cannabi s
anywhere from 20% THC. Sometrains ofmarijuana can have up 8% THC (Vantreese,
1998) Due to the high percentage of THC in marijuana, it is used for recreationakpurpo
Unlike marijuana, Bmphas a very low level of THC, approximatélyd% which make it nearly
impossible totriggerang sy c hoact i ve e fThigetiereashol is hegvidytregaated hi g h o
in other countries that have legalized hemp including theedistatesAnother factorwhich

differentiates industrial hemp from marijjuamas hi gh CBD whi ch acts as
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restricting THC effect to minimal. Table 6.1 shows the main differentiating factors between

industrial hemp and marijuana.

Table 61. List of differences between industrial hemp and marijuana

Industrial hemp Marijuana
A Cannabis sativa L. Cannabis indica
A Used for seeds, stalk and fiber Used forseeds, buds and leaves
A Low Tetra Hydro Cannabinol (THC) level (< 0.3%) Contain high THC level (5% 35%)
A High levels of Cannabidiol (CBD) Low levels of Cannabidiol (CBD)
A Requires minimal care with adaptability Grown in carefully controlledrea

to most climates.

>

Agricultural crop used in automobiles, Medical and recreational use
personal care, clothingpnstruction, food, etc.

Some estimatsuggestshat the global market for henfifas possible applications wiore
than 25,000 product&ince hemp is fairly a new crop in the United Statescipe data are not
available on the size of the U.S. marketiempbased productdhe focus of thichapterwas
to highlight the importance of industrial hemp, revisit the past glorious years of hemp, and
discuss new measures taken by the previous and current government in advancing and promoting
hemp as an agricultural product. Thisapteralso looked at theufure of hemp market in the US

and its applications.

6.2. Past (the 1700s1970)
Newly popularized hemp topic today, after legalization in 2014, actually dates way back
to early 1700s. It was first introduced in North America around 1611 in JamestowenicAm

farmers grew the crop for a multitude of purposes, including rope, paper, and lantern oil.

Fast forward to the 1700s, to an era which was an agricultuhallgn economy, where
hemp played a vital role in driving the economy. In America partigylagmp was very popular
and was treated as legal money and was used to pay taxes. People were forced to cultivate hemp
because dfhe shortage. It was not only cultivategl local people but also by President George

Washington and Thomas Jefferson. Thelalation of independence atite U.S. Constitution

128



wasfirst drafted on hemp paper. Hemp fabric was used to make U.S. first flag by Betsy Ross as
hemp was the finest and strosgéber available at that time.

Previously, hemp fiber was used for ropedisstextiles and paper. Hemp seeds can be
used for its oil and other medicinal propertidemp Hurdcan be used in construction. The
rising popularity of hemp decreasedtire 19th century due toheaper alternative hemp fiber
from foreign sources amabmpetition from cotton, sisaand jute. After World War I, hemp
attractiveness further decreased witwhchn t he f

was accountable fahe majority ofthenat i ond6s hemp fi ber producti o

In 1938, Popular Mecharggublished an article that promoted industrial hemp as the
Anew billion dollar cropd. The article focuse
25,000 wuses for the plant ranging from dynami:
shortivedast he f eder al governmentds increased effor
industrial hemp by introducing the Marihuana Tax Act of 1937, which placed heavy taxes on the
sale of cannabis. There has been some controversy over this bill, as someheddtwt this
policy wasaimedto reduce the size of the hemp industry in order to lobby and promote

emerging plastic and nylon industries.

This significantly declined hemp cultivation in the United States. Hemp experienced a
slight resurgence during évid War Il when the US Government recognized the importance of
hemp to support the war and briefly lifted enforcement of the Marihuana Tax Act. This was
primarily because hemp importevrecut off by Japan frorthe Philippines, which was a major
importerof hemp in the US. That is when hemp was briefly legalizeth®yS government to
minimize the dependency on foreign countrldS. government released a gremp
document ary, AHemp for Victoryo, to promote h
using hemp in ship sail, ropes, etc. The documentary made a huge impact and led to over
400,000 acres of hemp cultivation during 1945. It was during this timéjenryFord used
hempbased plastic ithebody of an automotive in 1941. By replacing metdéh hemp
significantly reduced its weight and increased impact strength without deidgrgiso used

hemp ethanol as fuel for the car.
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By the end of World War 11, the restriction was reinstated and industrial hemp was again
treated as dhe fafimers dgairgwere discoumged to grow hemp as cheaper
synthetic fiber became widely available. The US government went back to its original stance on
hemp again and the industry continued to decline. This led to fewer farmers cultivating hemp and
manyhemp processors declaring bankruptcy. The last commercial hemp farm in the US was

planted in Wisconsin in 1957.

Shortly after, combined with conflicts with other big business, like tobacco,
petrochemical, oil, and antharijuana political movements, thetee cannabis family, including
hemp, fell to opposition campaigns and propaganda. Hemp farming was eventually officially
banned altogether in 1970 with the passage of the Controlled Substances Act in which hemp was
included as a Schedule 1 drug, grougimg crop with drugs like heroin and LSD, making all
cannabis and hemp cultivation federally illegil.important milestones of hemp the US is

shown in figure 6.3.

George Washington &Thomas
Jefferson grew hemp in their
estate.

The Controlled Substances Act
classified hemp as an illegal
Schedule-I drug

Betsy Ross wove the first Hemp was used to make ropes
American flag on hemp fabric. and sails during world war.

s |

INCONGRESS, Juryy, ins.

A DECLARATION

Br tus REPRESENTATIVES or 1ax

The Declaration of
Independence and the U.S.  gummmes
Constitution on hemp paper.

Henry Ford builds
car using hemp fiber

Hemp was considered legal tender
that could be used to pay taxes. 4

Figure 63 Highlights of glorious past of hemp from the 1700s to 1970.
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6.3. Present (20002018)

After decades of hibernation, Industrial hemp in the US was revived by introducing Farm
Bill, 2014, which authorized institutions of higher learning and state depattof agriculture to
regulate and conduct research and pilot programs. These pilot programs aimed at researching
industrial hemp upon the approval of the U.S. Department of Agriculture (USDA) and Drug
Enforcement Administration (DEA). This program aldlowaed small scale expansion of hemp

cultivation for restricted research purposes only.

North Carolina legalized industrial hemp production in October 2015. The North
Carolina Industrial Hemp Commission (NCIHC) and North Carolina Department of Agrieul
are responsible to oversee agricultural hemp pilot program. The commission also collaborated
with North Carolina State University and North Carolina A&T University to manage the pilot
program. This legalization will change the whole dynamics of thgeusf industrial hemp in
various sectors in the USigure 6.4 shows the current status of hemp state wise from the
National Conference of State Legislation (NCSL, 2018). There are 41 states that have already

legalized hemp or are in the process of lexgaion.
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- States permit hemp cultivation for commercial, research or pilot programs.

States, not legalized hemp cultivation.

Figure 64. Current statavise hemp statudNCSL, 2018)
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The motivation for introducing Farm Bill,014 was to encourage researcthemp This
was further boosted by revising Farm Bill in 2018. This bill is more expansive and overtly allows
inter-state trade of hembpased producti®r commercial purposes. There are no restrictions on
sales, transport or possession of hataepved products, as long as they are produced under legal
guidelines. This encouraged many states to legalize hemp and boost production of already

legalized state Table 6.2 illustrates the growth in hemp production in various states within two
years of legalization.
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Table 62. State wise hemp production from 202618 (Vote hemp, 2018; Vote Hemp, 2019)

State Acres planted, Acres planted,| Acres planted, o/ change
2016 2017 2018
Colorado 5921 9700 21578 264.4
Hawaii 1 1 2 100.0
Indiana 2 5 5 150.0
Kentucky 2525 3271 6700 165.3
Maine 1 30 550 54900.0
Minnesota 51 1205 710 1292.2
Nebraska 1 1 0.5 -50.0
Nevada 216 417 1881 770.8
New York 30 2000 2240 7366.7
North Dakota 70 3020 2778 3868.6
Oregon 500 3469 7808 1461.6
Tennessee 225 200 3338 1383.6
Vermont 60 575 1820 2933.3
Virginia 37 87 135 264.9
West Virginia 10 14 155 1450.0
Massachusetts * *x 21 N/A
Montana * 542 22000 3959.0
North Carolina * 965 3184 229.9
Oklahoma * *x 445 N/A
Pennsylvania * 36 580 1511.1
South Carolina * * 256 N/A
Washington * 175 142 -18.9
Wisconsin * * 1850 N/A
lllinois * * 0.1 N/A
2016 2017 2018 % change
Total acres 9649 25713 78176 710.2
University involvement 30 32 40 33.3
No. of licenses issued 817 1456 3546 334.0
*  Hemp cultivation started after 201
** Hemp cultivation started after 201

The biggest development in the Farm Bill, 2018 (Section 7606) was that hemp was
removed from the controlled substance, schetllid¢ and is now treated as an agricultural crop.

Althoughthe Farm Bill, 2018,removed industrial hemp from the controlled substances list, it
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also made industrial hemp productiommpulsory to getySDA licenseeitherissued under a
federalUSDA plan orstateUSDA approved industrial hemp production plan. Therefbesnp
will be treated illegallyuntil plansareappioved and licenses issued undgricultural

MarketingServices (AMS)regulations with a DEA permit

Section 7501 of the Farm Bill categorizes hemp under Critical Agricultural Materials Act
which further strengthens herppospects by recognizing the importance and multiplicity of the
hemp plant and its applications. This section also emphasizes on the commercial and market
viability of hemp.

Section 7605 further extends the protections for hemp research including thendays
means research should be conducted. Similarly, several other changes were made to the existing
provisions to protect the hemp farmers as well. Section 11101 of the Farm Bill includes hemp
farmersdo protection under twilsafedguardhempafdrmedmop | n
case of crop loss. Since hemp is a fairly new crop and farmers are still in the learning mode, this

will provide assistance and encouragement to grow more hemp in the US.

6.4. Future (2019 and beyond)

Industrial Hemp Farm B Act has proven to be a giant step forward for hemp status in
the United States:or the time of legalization until the present date, thousands of acres of land
has been used for growing industrial hestayt harvesting their crops and see the impact i
brings to its local economif.he revised Farm Bill Act, 2018, which removed industrial hemp
from the controlled substance, Schedule | drug and categorized it as an agricultural product. This
will further strengthen hemp prospects in the US market anerltdve dependency on foreign

countries for hemp consumption.

Natural fiber composites kiagreat potential as the focus of many indiestis shifting
from conventional fiber to more sustainable natural resources. According to a recent report from
Market and Markets, natural fiber composite market will be worth 6.5 billion USD by the year
2021. Hemp will also play a big contributor to thianket. Currentlythe US relesmostly on
imports from countries like Canada, Chiaad Europe for hemp. However, the recent
developments$o cultivate industrial hemp has increased the chance of using dnawea

products. In the past two decades, vari@asibility and marketing studies have been conducted
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by researchers at the USDA and various land grant universities and state agencies to understand
the market potential of hemp. However, there are various external forces like customers,
suppliers, compébors, distributors, regulators, technology, etc. that will shape the hemp market

in the USA. This will contribute to economic growth and decrease the dependency on imports.
One of the disadvantages of using imported hemp is the variability in fibasffarent region.

This is one of the biggest hurdle faced by the composite market usingsémgnherent

variability that exists in hemp fiber and processitidgnemp is cultivatedn alarge scale in US

soil, there will be better control over the qtabf fibers.

Many studiesveredone in Canada and many state agencies explain the positive results
based on the optimistic market approach, consumer sensitiveness and the potential range of
product uses for hemp. Some reports also indicate the pasifpaet of growing hemp on
agricultural producers if the oent restriction were removed. ThE is one of the biggest
importers of hemp in the world. The imports as indicatdéigure 6.5demonstrates an
increasing trend, which validates the need tawgnemp inthe US, rather than depending on

imports.

s Quantity of U.S imports in metric ton =——Value of U.S imports,$ '000
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Figure6.5. Value and Quantity of U.S. Imports of Selected Hemp Products;2096
(Johnson, 2017)
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The following are the characteristics of hewhich make it attractive for various applications.

A Hemp has higher specific properties with lower prices

A Good antivibration properties for higher adoption of natural fiber compositésein
sporting goods segment

A Hemp has a lower lifeycle cost and comparatively low maintenance than vptestics
compositedelps to play a key role in building & constructiapplications

A Hemp can also be used in Electrical & Electronics applications where these companies
are looking for ecdriendly alternatives.

A Automotive industry could be the major user of hemptduesing prices of petroleum
based products, strong gomment support to edaendly products, higher acceptance
and positive growth of endse industries.

The composite market still remaian untapped area and has potential worth billions of
dollars. Sectors like consumer goods, aerospace, construction, electrical and electronics (E & E)
are a few examples where market potensiahiormous. Europe is one of the largest mariet
natural foer composites for automotive applications whereas North America is the largest region
for Building & Construction applications. Environmental concerns are making natural fiber
composites suitable iravious new applications. Figure @&gplains the growig market for

natural fiber composites.
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Natural Fiber Composites Trend & Forecast
2005 — 2016 ($M)

3,805

2,171

1,086

2005 2010 2016

Figure 66. Market Trend of Natural Fiber Compositgsicintel report, 2011)

There are also a few trendsich indicate the growth afatural fiber composites market
like the emphasis on recyclability and global warming concéigsire 6.7 illustrates hemp
market growth compared to the current global hemp market which is expected to ridelthree
by the year 2020Also, global playes are inclining towards natural fiber composites like Asian
countries are focusing on green electronics and European market is heavily interested in natural

fiber composites in automotivelcintel report, 2011).
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Industrial applications
Hemp CBD s
Personal care g
Consumer textiles g
FOOd

Supplements g

Other consumer productSygy
2015 m 2020e
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Global hempbased sales (2015%593MM, US hempbased sales by 202031800MM

Figure 67. Future hemp market growth in the US compared to current global nfbideip
Business Journal, 2016)

Industrial hemp is not restricted by the optimum conditions to grow and can be grown in
a variety of climates, altitudes, soils amndather conditions. Moreover, they grow up to 12 feet
in just about 3 months. One of the most unique prasat hemp is fiber length and strength.
Hemp has been used in making paper centuries ago. Today, about 95% of paper is made from
wood pulp. Hemgan be a good alternative and therefore save trees from deforestations. Hemp
has tremendous opportunities and can have multiple applications as everytipaheofp plant

can be put to good use starting from seed, and stalk as illustrated in Figure 6.8.
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THE MANY USES

OF HEMP
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To understand the potential of hemphe US. Demand forecasting is a combined effect
of art and science, which helps in predicting the denfianthe product and services in
anticipation of variation that can be transformed into business planning and management. This is
helpful for both governmesto alter the existing policies as well as businesses to make strategic
decisions. The strategic andanqtitative forecasting has become an essential decision support
tool in holistic execution of government functions and corporate supply chain management.
Hemp forecasting can be used in production planning, inventory management, and at times in

assessin@uture capacity requirements.

Due to lack of historical data, demand forecasting depended heavily on qualitative
methods, such as expert opinion, online research and reports, educated guesses, and personal
views of people from industry from various ref®iObservations and individual views are based
on historical facts, sales data, and any relevant information that add value to the forecast.
However, to get an overview of future hemp market in the United States, it is important to look
at other hemp growvg countries.

Forecasting can be done based on recent market grotttdUimited States as well as
comparative analysis with other hemp growing countries like France, Geramahanada.
Figure 6.9 & 6.10llustrates the market growth of European doies and Canada respectively.
The figure clearly shows an upward trend in hemp production indicatimgrease in hemp
demandHowever, in Figure 6.10, the downturn or dips in the year 2000 and 2007 is assumed as
correction due to overproduction in tirear 1999 and 2006 respectively. It is also attributed to
Ai ncreasingly positive economics of growing

National Industrial Hemp Strategy, March 2008.
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Product Life Cycle (PLC)

Definition

Another aspect to look at it is the product life cycle method. Product life cycle (PLC) is
the cycle which is related to four phases namely introduction, growth, maturity and decline,
which product hato go through. It explains the product from the time of its birth to complete
decline at a macro level. The development of PLC to a given time poinesraabestimate for
the future time horizon. The size and shape of a product life cycle are unique to each cpmmodit
and cannot be generalizeaweverthere are &w common traits which can fit all products and
technologies. One cannot accurately pretietmarket and time spread for the stages,
neverthelesghedevelopment of PLC to a given time point facilitates a prediction for the future

time horizon.

Stages of PLC

As mentioned abov@yroduct life cycle normally consists of four or five stages;
introduction, growth, maturity, saturation, and decline. Saturation and decline may be combined
into just decline stage [5]. In the introduction stageproduct is first introduced in the market.
The product may occupy a small market share and thefiae/éal by a growth stage which may
be short or long. When the growth rate accelerates significantly, it is recognized as a growth
stage. It is followed by maturity stage then the products are widely used and saturate the market.
The growth rate is decreabka the maturity stage and the manufacturers raaladfort to
maintain its competitiveness as much as possible. The next step is a decline stage but timing is
quite difficult to predict as it depends on the business strategy of the company astieell
emergence of new technologies. In this stage, the growth rate becomes negative, &Jsually
decline stage is determined by new products in the market or change of consumer preference,
lifestyle changes, and a strong cost competition from new processimptegies. This term
o0mar ket 6 means sales of a product or wusage of

retained until new products replace it.
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Usefulness of applying PLC

There is no such thing as aandéspatialpwhermode |l 6
there is very minimal historad data. A product life cycle approach is used primarily for
prediction of demand for a product in a long macro scale. Many examples exist for predicting
product demand through product life cycles with gssc While the usefulnesstbE PLC
approach has been cited, one shortcoming is that the usefulness and appropriateness cannot be
judged until the PLC is completed. In this sense, PLC could be viewed as an art in addition to
being a sciencbased and shap and numerical analysis. It is simply a weltognized tool in
studying the long term trends of a product in economic research. The fact that many products
historically follow a long term trend similar to that postulated by the life cycle concept éas be
validated by Polli and CoofPolli & Cook, 2002)

While the PLC concept is descriptive and heuristic in nature, it still has to be formulated
and validated through -aumaebemat seakthinedehs @
introduction stage to maturity stage especially when historical data are noaabukslthis is

also called a logistic function, the general equation will be given in a subsequent section.

The current market of hemp is in the introduction stage as States legalized industrial
hemp after Farm bill 201ghown in Figure 6.11Due to inadequate data points available, we
cannot rely on time ser kceusr vaenoa loyrs iSsi gtnoo i fdoarl e ccau
model for products ithe introduction and growth stage, especially when historical data is not
available. Thigds also calledh logistic growth curve as shown below witie hemp market

featuring in the introduction stage.
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Figure 6.11Product life cycle showing hemp in introduction stagthe US.

6.5. Conclusion

Although hemp policy in the 8 has significantly changed by the Farm Bill, hemp still
has to make giant leaps to catghwith the growing global hemp market. Even after
legalization, industrial hemp has to go through a Idonfitinizesand remains a highly regulated
crop in the Urted States for personal and commercial production. The ramification about hemp
still exists and there are a number of hindrances like the complicated government policies that
have been modified still need to be addressed. Also, commercial cultivationrdtuddce the
surreptitious production of marijuana (higilC source). This significantly increases

surveillance in an effort to legalize industrial hemp and not promote marijuana.

From the logistics side, obstacles like processing, transportation, and agricultural
infrastructure need to overconiacreases in fiber harvesting and procegséchnology have

allowedr api d advancements in hempds omse in compos

Apart from the local challenges, the United States also faces competition from other
hemp growing countries |ike Canada, France, G
largest hemp fiber and seed producer and will likely to continue to feggimetmp market

including hemp mar ket price. Canadab6s investm

144



especially hemp seed and oil, would also likely affect the hemp market growth in the United

States.

Nevertheless, the hemp market in the United Stateshwgn an upward trenahich
looks very promising in multiple facets. Commercial hemp industry in the United States could
provide opportunities as an economically viable alternative crop. The wide array applications of
industrial hemp like specialty texai, paper, and composites from bast fibers, animal bedding,
composites and paper from hemp hurds are expected to grow with legislature change in the
United States. However, for all these applications to develop or expand, hemp will have to
compete with cuent advanced raw materials and manufacturing practices from other countries.
Since the US hemp market is in at the introduction stage, it might take a couple of years to

establish a strong market with continuous hagrewvn hemp supply.
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CHAPTER 7 - OVERALL CONCLUSION AND FUTURE RESEARCH SUGGESTIONS

7.1 Key findings and conclusien

3DOW was used to develop composites using hemp as the reinforcement and vinyl ester
asamatrix. The objective was to develop fAgreen
more sustainable natural fiber. 3DOW was opted due to its crimpless weaving and minimal
possibility of delamination. The advantage of low irfiber friction betweernhe yarns during

weaving leads to high drapability and low bending rigidity structure.

A full numerical parametric study was conducted to understand the structure potential of
3DOW composites. In order to understand the mechanical properties of the terpposils,
structural parameters were altered inclucamgimber ofY -layers or thickness, weave design
and amount oZ-yarnsto Y- yarns ratio A wide range of 3DOW was developed and put to test
under different mechanical tests to study their responseh#&hical tests including tensile test,

impact test Tup & Charpy) andccompression test were performed.

The tensile strength of the composite samplas to changing the numberYfyarn
layers or thicknes$ad a very significant effect on the tensile peak load in both warp and weft
direction. The contribution of thickness in the overall structure in this research was very
substantial compared the contribution ofZ-binders and weave pattern. However, é&sw
observed that 9 layer samplevéshe highest peak load, tensile stress and tensile strain
compared to 6 layers and 3 layers had the lowest values. This was due to the fact that as we
progressively increase the numbereyarn layers, the tensile stigth goes higher due &m
increase in the number of yarns with any additional lay#ftsle comparing hemp composites
with glass composites, it was found that the specific tensile stress of glass was significantly
higher compared to hemp specific tensiiess. Unlike tensile stress, specific modulus of hemp

and glass composite was found to be comparable.

In the Tup impact test, it can be concluded that changing the number of layers increased
the total impact energy significantly and the layers arefsanily different from each other.
The effect of weave has no significant effect on the penetration energy. The weave pattern had
minimal significant effect on the total energy with 2x2 warp rib being the highest followed by

3x3 warp rib and plain. Theffect ofachange in Zo Y ratio is significantly different however,
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the resultaredifferent in Tukey analysis where it shows that the changetanYZratio does not
significantly change the energy and ratio 1:1, 1:2 and In8tislifferent from eacbther.

Further, after normalizing the total penetration energy, the effects of the structural parameters
became less significant. However, the presence of increasing trend by changing the number of
layers (thickness) indicated that those three parametgesa significant effect on the composite
impact energy irrespective of composite thickness, composite weight, or preform weight. The
effect of changing the ratio a-binderscontribution in the structure, and changing the weave

pattern has less impaat the overall penetration energy.

In the case of Charpy impact enertg increase ithe number of layers or thickness
increased the total energy in both warp and weft directions. Howexeffdtt of weave pattern
and Z toY contribution does not hawasignificant effect on the impact energy for both warp (Y)
and Weft (X) directionAfter normalizing the total penetration energy, the effects of the
structural parameters became less significant with lowelyes. The presence of increasing
trend by @anging the number of layers (thickness) indicated that those three parameters have a
significant effect on the composite impact energy irrespective of composite thickness, composite

weight, or preform weight.

The impact properties of HFR composites wesmpared to GFR composites and was
found that the total penetration enefgy e-glass and hemp are comparable alongside with
energy normalized by preform areal density. Charpy impact energy for hengigwiisantly

lower to eglass.

In the case of aompression testhé main cause of thickness variation is specimen
fabrication which leads to bending. Astivecase of tensile test, thickness has the highest
contributing factor ircompressiostrength. It was found that thereaisignificant differeice
between warp and weft direction in termscofnpressionWeave design and-yarns did not
affectcompressiostrength. The actual binder path of the weavweaffected by the interlacing
movement which largely depends on the weave architecilinesdegee of yarn waviness
present in a 3D woven fabric can be affected by a range of factors including weave parameters
and manufacturingnduced distortions such as fabric compaction. Any misalignment in the

internal architecture such as yarn waviness canceedtplane compression effect.
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For experiment Al, where the samples were desiccated to remove excess moisture from
the preformweave patterehange did not indicate a significant effecttbe mechanical
properties of the treated samples for b$thandY -direction. This was due to moisture presen
in the samples aasmall amount of moisture regained after removing from the oven. A few
future recommendations are to use higher temperature in the oven for an extended period of time
and use of desicoaibags to protect for moisture regain might help to improve the mechanical

properties of the treated samples.

However, in the case of mercerizatitny,changingheweave pattern, the tensile strength
of the treated samples decreased in weft direction alongawlitlerease in tensile stress and
tensile strain. Plain weave has the highest values due to better structural integrity. The other
contributing factor was thatlain weave haa shorter float with more number ofy
intersections. These crossover pointgdizetter adhesion after mercerization thereby improving
the tensile strength of plain weave. Yarn waviness also is the contributing &sgecially in
theweft direction.Other important elements which influence the mechanical properties of
composites are fiber length and yarn orientation during weaVingimpact energy in all the
three weaves has significantly increased after mercerizateneffect ofyarn waviness has less
impact as tup impact is independent of yarn orientation and is minimized by mercerization
There was no significant difference between treated and untreated samfigarn andY-yarn
direction as well as weave pattern for Champpact testlt was observed that tlttemmpression
strength of all the composite samples increased after mercerization tredtheewariation

denoted by standard deviation is also reduced after alkali treatment.

After decades of hibernation, Industriahie in the US was revived by introducing Farm
Bill, 2014 and shows an upward trend which looks very promising in multiple fadataral
fiber compositesespecially hemp and flax, hgeeat potential as the focus of many indestis
shifting from convetional fiber to more sustainable natural resour@éss shift can be made
without compromising of the mechanical strength of the compositesever, there are various
external forces like customers, suppliers, competitors, distributors, regulators|agghetc.
that will shape the hemp markettire USA. This will contribute to economic growth and

decrease the dependency on imports
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7.2 Future research

This research work involving 3DOW using heffilper reinforcement could open new
research avenuesthefuture. Since hemp is a new crop in the US, it is subject to a variety of
research. As every research work, this project had its own limitations wandbectackled

through future research.

Sourcing 100% hemfiber required for thesis research was challenging, especially at the
time when hemp was being considered for legalization. However, the legal scenario has changed
dramatically over the past few s where industrial hemp is made legal in 41 states. This opens
up areas for more research opportunities, especially in the area gddrighmance technical

textiles.

Although using 3DOW technique successfully eliminatextlelamination failure
mecharsm, it also introduced fiber waviness in warp and weft direction through weave
geometry limitations. Fiber waviness resulted in a substastialction in mechanical strength,
especiallycompressiostrength. The pick density used in this research wasohosrder to
manufacture square fabric. However, this created fabric with low fiber volume fraction and low
structural integrity, which ultimately affected the mechanical properties of the composites. Also,
weave design with similar weave repeat was ehds understand the effect of float on the
mechanical strength. For future studies, the analysis should be extended to high pick density and

other weave patterns which could result in better mechanical properties.

VARTM has proved to be a very effectivawto infuse 3DOW preforms. Vinyl ester
used in this research could be substituted with glased resin in order to produce 100% green

composite in the future.

Further mechanical tests to understand the flexural properties should be performed to
expandthe application prospect in composites. Also, in order to improve the fiber and matrix

bonding for naturafiber based composites, other chemical treatment should be considered.

It can be concluded that with systematic and persistent research thereangdd
scope and better future foempfiber reinforced composites for suitalde mpositeapplications

ranging from higkperformance applications to low lodgaring applications.
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Appendix 1.Calculation of single fiber diameter

Preform Length, m 1.2
Preform Width, m 0.4
Preform Width, cm 40
Creel capacity 1083
Weave Plain
No. of Y-yarns per layer 102
Number of Y-yarn Layers ]
Number of X-yarn Layers 7
Y/Z yarn ratio 1
Number of Preforms 40
Packing Factor
Yarn Numerical count, Nm [Denier| Tex | (spunyarn) |SpecificGravity, kg/m’ | Diamter, m Diamter, cm
X ] 1500 | 167 0.65 1480 0.0005 0.04698
Y 8.5 1053 | 118 0.65 1480 0.0004 0.03947
Z 36 250 28 0.65 1480 0.0002 0.01918

Appendix 2.Calculation of pick density for balanced structure for different layers

Y-yarns/inch/layer | For halanced structure |
inches/cm 2.54 No. of ends/pacakge (X) 2
No.of yarns/layer 102 No. of ends/pacakge (Y) 3
Preform Width (cm) a0 No. of X-yarns insertions/shed 2
y-yarns/inch/layer 6.5
of ¥-yarns (in Total Linear densityof X{  No. of X-
No. of layers (X) Na. of layers (V) denier) No. of Y-yarns/inch/layer |denier(¥)/inch| yarns (in denier) |yarns/inch/layer
4 3 1059 6.5 61722 1500 514
7 ] 1059 6.5 123444 1500 5.88
10 9 1059 6.5 185166 1500 6.17
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Appendix 3.Formula and amenclature for FVF calculatigitheoretical)

NxP1yx NyPly
3
Pvx10 pvx103

fo e

px(nydy+nxdx+2dz) ny = py(nydy+nxdx+2d2)

Lioz

[M—Z+(1_MLZ)pX]NZ Plz

Pvz103

Ff,

The diameter of the yarfis calculated by using the formula below.

Nypypx(hydy+nxgdx+2dz)

N

¥

T 28021\ ¢p,

Fr FWF [X-yarns)
Fry FWF [(Y-yarns)
Fee FWF [(Z-yarns)
T, Thread density (Mo. of x-yarns/cm)

X-yarn spacing (1/thread density)

,, Mo, of X-yvarn layers
Ny, Mo. of Y-yarn layers
dx MNo. of Z-yvarn layers

dy ()

*-yarn diameter

d, {mm)

Y-yarn diameter

d; {mm} Z-yarn diameter

P (tex) Linear density of X-yarns

Py (tex) Linear density of Y-yarns

Pz (tex) Limnear density of Z-yarns

P (Efcm3) wvolumetric density of X-yarns
Py (2/Tm3) wvolumetric density of Y-yarns
Pz (Efcm3) Wolumetric density of Z-yarns
Ligz (mm) inclined length of Z-yarns

M Weawe factor of Z-yarn

[ Weawe repeat of X-yarn

M, Weawve repeat of Y-yarn

[y Weawve repeat of Z-yarn

N Yarn number (tex)

faS Fiber density

Py Yarn density

@ Yarn packing factor, p/ps
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Appendix 4 Nomenclature of variables usedsiatisticalanalysis

Variable Levels Nomenclature
9 layers 9,A
Number of layers 6 layers 6,B
3 layers 3,C
Plain WA, 1
Weave pattern 2x2 warp rib WB, 2
3x3 warp rib wWC, 3
11 1
ZtoY ratio 1:2 0.5
1:3 0.33
Warp/ weft direction - y/x
Normalized by thickness Warp ynormthick
Weft xnormthick
Normalized by composite areal density Warp ynormcden
Weft xnormcden
Normalized by preform areal density Warp ynormpden
Wetft xnormpden
Warp ythick
Thickness Weft xthick
Warp yenergy
Total penetration energy Weft xenergy
Z to Y Ratio 1:1 Warp, weft AY , AX
Z to Y Ratio 1:2 Warp, weft BY , BX
Z to Y Ratio 1:3 Warp, weft CY,CX
Chemical treatment (mercerization) C
Moisture treatment (desiccation) M

10
11
12

6 layer+1:1+WA
6 layer+1:1+WB
6 layer+1:1+WA
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Model

Corrected Total

Dependent Variable: ythick

Number of Observations Read

Number of Observations Used

Analysis of Variance

Sum of Mean

Source DF Squares Square
3 436.66706 14555569

Error 122 291471 0.02389

125 43988177

126
126

Appendix 5.ANOVA resulti TensileTest(Warp direction)

F Value Pr=F
6092 48 =_0001

Root MSE 0.15457 | R-Square 0.9934

Dependent Mean 5.07897  Adj R-Sq

Coeff Var 3.04328

Parameter Estimates

Parameter
Variable | DF Estimate
Intercept 1 0.48277
I'YRatio 1 0.03151
layers 1 0.75538
weave 1 0.03087

Standard
Error | t

005864
0.04735
0.00559
0.01701

Value
8.23
0.67

13512
1.82

0.9932

Pr = [t
=.0001
05071
=.0001
0.0711
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Appendix 6.Tukey HSD Tensile resuit Effect of layers on tensilpeakload (Warp direction)

4/=|Oneway Analysis of PEAK LOAD, N By # of LAYERS

7000 I
6000 I O
5000 .
= . L]
g $
s 4000 1
¥ i =
w3000 H
[ ]
L]
2000 o
1000
6 9 All Pairs
# of LAYERS Tukey-Kramer

4 Means Comparisens

4/[=|Comparisons for all pairs using Tukey-Kramer HSD

A Difference Matrix
Dif=Mean[i]-Mean[j]

9 6 3
9 0.0 23864 44293
6 -23864 0.0 20429
3 -44293  -20429 0.0

4 Connecting Letters Report

Level Mean
9 A 6029.9671
] B 36435917
3 C 1600.6760

Levels not connected by same |etter are significantly different.
4 Ordered Differences Report

Level - Level

9
9
6

3
6
3

Difference
4429201
2380373
2042916

Std Err Dif
110.0673
111.3859
110.7442

Lower CL
4168162
2122.118
1780.180

Upper CL p-Value

4690421
2650633
2305651

0.05
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Appendix 7.Tukey HSD Tensile resuit Effect of layers on tensile load normalized by thickness
(Warp direction)

1= Oneway Analysis of Normaized by thickness, N/mm By # of LAYERS

1000
3 :
[ ]
< 400
E
> 500 I O
4
£ 700 i O
L
£ i
= .
a8 600 )
i : O
M .
M
2 500 I .
E .
400 .
]
300
3 f g All Pairs
# of LAYERS Tukey-Kramer
0.05

< Means Comparisons
£ =~ Comparisons for all pairs using Tukey-Kramer HSD

£ Difference Matrix
Dif=Mean[i]-Mean][j]

g B 3
9 0.00 8895 25640
B -88.95 0.00 167.45
3 25640 -16745 0.00

4 Connecting Letters Report

Level Mean
a A 814.46663
5] B 725.51728
3 C 558.07032

Levels not connected by same |etter are significantly different,
£ Ordered Differences Report
Level -Level Difference 5StdErr Dif LowerCL UpperCL p-Value

g 3 256.3063  20.13573 208.6253 304.1674 <0001 | T T =T -
& 3 1674470  20.25957 119.3821 215.5118 <.0001* . -
9 6 88.0494 2037695  40.6060 137.2927 <.0001° B
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Appendix 8. Tukey HSD Tensile resiilEffect of weave on tensile load (Warp direction)
1=/ Oneway Analysis of PEAK LOAD, N By WEAVE

7000 - .
' ! .
» L]
6000 i . '
. . L]
) .
5000
= . ! .
o . [ ]
= 4000
g i s . { )
5 : ' ! /)
w3000 * H
. :
L]
2000 I ' .
1000 ]
1 2 3 All Pairs
WEAVE Tukey-Kramer
0.05
< Means Comparisons
A [=|Comparisons for all pairs using Tukey-Kramer HSD
£ Difference Matrix
Dif=Mean[i]-Mean[j]
2 1 3
2 0.00 1.22 28842
1 -1.22 0.00 287.20
3 -28842 -287.20 0.00
£ Connecting Letters Report
Level Mean
2 A 38384040
1 A 38373812
3 A 35499798
Levels not connected by same letter are significantly different,
4 Ordered Differences Report
Level -Lewvel Difference 5Std Err Dif LowerCL UpperCL p-Value
2 3 2884242 A413.4p43  -602500 1269.249 0.7653 :
1 3 287.2015 418.4176 -705475 1279.877 07719 | ¢
2 1 1.2227 416.0073 -985735 988180 1.0000 [ !
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Appendix9. Tukey HSD Tensile resuit Effect of weave on tensile load normalized by
thickness (Warp direction)

1= Oneway Analysis of Normaized by thickness, N/mm By WEAVE
1000

g

800

700

a
N\

600

500

Normaized by thickness, N/mm

400

AL 1 2 3 All Pairs

WEAVE Tukey-Kramer
0.05

4 Means Comparisons
4 = Comparisons for all pairs using Tukey-Kramer HSD

£ Difference Matrix

Dif=Mean[i]-Mean[j]

1 2 3
1 0.000 27.308 02.027
2 -27.308 (0.000 34,719
3 -62.027  -34.719 0.000

4 Connecting Letters Report
Level Mean
1 A T728.01754
2 A 700.70961
3 A 665.00044
Levels not connected by same letter are significantly different.

£ Ordered Differences Report
Level - Level Difference Std Err Dif LowerCL Upper CL p-Value

1 3 62.02710 30.80757 -11.0624 1351166 0.1133 -~
2 3 3471917 3044287 -37.5051 1069434 04911 |
1 2 27.30793  30.63011  -45.3606 00,9764 0.6467 |
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Appendix 10 Tukey HSD Tensile restiit Effect of Z to Y ratioon tensile load (Warp direction)

1/~ Oneway Analysis of PEAK LOAD, N By Z yarn:Yyarn Ratio
7000 I

|
6000 l ' §
L ]
L]
5000 -
= . !
g l (—~
4000
Q ! .
S 3000 . .
* .
-
2000 ' l '
-
1000 |
0.33 0.5 1 All Pairs
Z yarn:Yyarn Ratio Tukey-Kramer
0.05

£ Means Comparisons
A = Comparisons for all pairs using Tukey-Kramer HSD

£ Difference Matrix
Dif=Mean[i]-Mean[]]

1 0.33 0.5
1 0.00 547.60 575.08
033 -54760 0.00 2748
0.5 -575.08 -2748 0.00

4 Connecting Letters Report
Lewvel Mean
1 A 40978346
033 A 35502329
05 A 35227574
Levels not connected by same letter are significantly different.

4 Ordered Differences Report
Level - Lewel Difference Std Err Dif LowerCL UpperCL p-Value

1 0.5 5750772  414.5610 -408449 1558.604 03507 | | | R
1 0.33 547.6017  403.6057 -409934 1505.137 0.3668 | | -+ I
033 05 274755 4233973  -977.015 1031.966 0.9977 [ : IR

167



Appendix 11 Tukey HSD Tensile restiit Effect of Z to Y ratioon tensile load, normalized by
thickness (Warp direction)

4 =/ Oneway Analysis of Normaized by thickness, N/mm By Z yarn:Yyarn Ratio

1000
. !
900 . I
£ | |
Z 800 .
l : : ()
£ 700 |
£ : i i ()
- L]
£ 600 ] .
! ! ’
E 500 H S .
E L]
400 .
300
0.33 0.5 1 All Pairs
Z yarn:Yyarn Ratio Tukey-Kramer
0.05
4 Means Comparisons
A [»|Comparisons for all pairs using Tukey-Kramer HSD
£ Difference Matrix
Dif=Mean[i]-Mean][j]
1 0.33 0.5
1 0.000 74000 87.223
033 -74.000 0.000 13.223
0.5 -87.223 0 13223 0.000
£ Connecting Letters Report
Level Mean
1 A 748.00435
0.33 B 67400433
0.5 B 661.77180
Levels not connected by same letter are significantly different.
4 Ordered Differences Report
Level -Level Difference Std Err Dif LowerCL UpperCL p-Value
1 0.5 87.22255  30.04529 159415 1585036 0.0121%| § | /
1 0.23 7400002 29.25131 46027 1433974 00337+ | N | LA
033 05 13.22253  30.68570 -59.5779 86.0220 09028 [ | W i i - i i
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Appendix 12 ANOVA resulti TensileTest(Weft direction)

Dependent Variable: xthick

Number of Observations Read | 160

Number of Observations Used | 160

Source
Model
Error

Corrected Total

Root MSE

Analysis of Variance

Sum of
DF | Squares

Mean
Square F Value Pr=F

3 509.82432 16994144 905277 | <0001

156 | 2.92848
159 | 512.75280

013701

0.01877

R-Square | 0.9943

Dependent Mean 522250 Adj R-5q | 0.95942

Coeff Var

Variable | DF

Intercept | 1

IYRatio 1
layers 1
weave 1

2.62350

Parameter Estimates

Parameter Standard

Estimate

Error  t Value | Pr = [t

0.52969  0.04670 11.34 | =.0001

010813 0.03896 2.80  0.0057

0.744558  0.00453 16429 <0001

005007 0.01379 3.63  0.0004
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Appendix13. Tukey HSD Tensile restiit Effect of layers on tensile load (Weft direction)
4~ Oneway Analysis of PEAK LOAD, N By # of LAYERS

-
16000 l
14000 l
2 12000 ! :
(] [ ]
= ]
S 10000 I i
k"
= L
o B0o0
; : O
000 . I
4000 l . O
[ ]
3 f g9 All Pairs
# of LAYERS Tukey-Kramer
0.05
£ Means Comparisons
£ = Comparisons for all pairs using Tukey-Kramer HSD
£ Difference Matrix
Dif=Mean[i]-Mean][j]
g o 3
g 0.0 51080 83497
o -51080 0.0 32416
3 -63487 -3241.6 0.0
£ Connecting Letters Report
Level Mean
g A 12888.760
o B 7780.741
3 C 4539107
Levels not connected by same letter are significantly different.
£ Ordered Differences Report
Level - Level Difference 5td Err Dif LowerCL Upper CL p-Value
9 3 8340653 4083844 7383336 9315970 o000t T T T T~
! o 5108.019 391.5747 4181477 6034501 <.0001° ,ﬂ,- :
6 E 3241634 3008388 2205538 4187730 <0001 I -
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Appendix 14 Tukey HSD Tensile restiit Effect of layers on tensile load, normalized by

thickness (Weft direction)

4 =|Oneway Analysis of Normalized by thickness, N/mm By # of LAYERS

2400
2200
2000
1800
1600
1400
1200
1000

Mormalized by thickness, M/mm

&00
600

< Means Comparisons

£ [=|Comparisons for all pairs using Tukey-Kramer HSD

£ Difference Matrix
Dif=Mean[i]-Mean[]]

g
3
B

g 3
0.00 188.31
-198.31 0.00

-229.87 -31.55

6

# of LAYERS

B
229.87
31.55
0.00

£ Connecting Letters Report

Level

g
3
B

A

Mean
1739.1031

B 1540.7909
B 1309.2360

-

Levels not connected by same letter are significantly different.

£ Ordered Differences Report

Level - Level Difference

9
9
3

B
3
6

220.8671
198.3122
31.5549

Std Err Dif
0687232
69.74305
0328304

Lower CL
71.634
33.287

-13007

Upper CL
388.1000
363.3378
183.1273

p-Value

U1z

0.5891

(2
O

All Pairs
Tukey-Kramer
0.05
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Appendix 15 Tukey HSD Tensile restiit Effect ofweave on tensile load (Weft direction)
1 =/ Oneway Analysis of PEAK LOAD, N By WEAVE

-
16000 s i ]
L L]
- (]
14000 ™ .
i :
L]
Z 12000 * H :
2 : i i
S 10000 s
< I 3 . N
o 8000 . : w
6000 !
| § :
4000 . i i
L]
1 2 3 All Pairs
WEAVE Tukey-Kramer
0.05
< Means Comparisons
£ = Comparisons for all pairs using Tukey-Kramer HSD
£ Difference Matrix
Dif=Mean[i]-Mean][j]
1 2 3
1 0.00 37356 897.81
2 -373.56 0.00 524.24
3 -897.31 -524.24 0.00
£ Connecting Letters Report
Level Mean
1 A 89343400
2 A B5680.7762
3 A B03e.53M
Levels not connected by same letter are significantly different,
£ Ordered Differences Report
Level -Lewvel Difference 5Std Err Dif LowerCL UpperCL p-Value
1 3 807.8059 7983641  -99128 2786800 0.5004 | g P
2 3 524.2421 736.3430 -121809 2266575 0.7568 | /! 0 H
1 2 373.5638 786.5676 -148761 2234736 08832 | | P ;
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Appendix 16 Tukey HSD Tensile resutiit Effect of weave on tensile load normalized by
thickness (Weft direction)

1= Oneway Analysis of Normalized by thickness, N/mm By WEAVE

2400
L
2200 . .
E | : l
E 2000 ! H
= L]
i -
g 1800 ' . Q
© 1600 i ' '
£ . . E a
& 1400 . (] |
3 . i
£ 1200 . :
E .
S 1000 H .
£ L
800 H
a00
1 2 3 All Pairs
WEAVE Tukey-Kramer
0.05
4 Means Comparisons
4 = Comparisons for all pairs using Tukey-Kramer HSD
A Difference Matrix
Dif=Mean[i]-Mean[]]
1 2 3
1 0.00 168.62 270.68
2 -168.62 0.00 102.05
3 -27068  -102.05 0.00
£ Connecting Letters Report
Level Mean
1 A 1753.0125
2 B 15843012
3 B 1482.33N
Levels not connected by same letter are significantly different.
£ Ordered Differences Report
Level - Level Difference Std Err Dif LowerCL Upper CL p-Value
1 3 270.6754  70.63038  103.550 437.8006 0.0005° | :[HE TSN
1 2 168.6213  69.58676 3.965 333.2771 0.0434F f L 0
2 3 102.0541  65.14353  -52.088 256.1964 0.2632 | | P
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Appendix 17 Tukey HSD Tensile restiit Effect of Z to Y ratioon tensile load (Weftirection)

/= Oneway Analysis of PEAK LOAD, N By Z yarn:Yyarn Ratio

[ ]
16000 H I
L] . .
14000 I . ]
. »
L]
Z 12000 ! .
D‘- ] . L
= . "
S 10000 ’ ’ g
5 ' ] i
3 : :
2 3000 . .
L]
' L]
6000 H
| [ ]
4000 [ I
L]
0.33 05 1 All Pairs
Z yarn:Yyamn Ratio Tukey-Kramer
0.05
4 Means Comparisons
4 = Comparisons for all pairs using Tukey-Kramer HSD
A Difference Matrix
Dif=Mean[i]-Meanl[j]
1 0.33 0.5
1 0.0 1396.1 31631
0.33 -1396.1 0.0 17670
0.5 -3163.1 -1767.0 0.0
4 Connecting Letters Report
Level Mean
1 A 10080.363
033 A 86584273
0.5 B 6017.204
Levels not connected by same letter are significantly different.
4 Ordered Differences Report
Level - Level Difference S5td Err Dif Lower CL Upper CL p-Value
1 0.5 3163068 7247437 144818 4877953 <0001+ | [ =00
033 05 1766.972  717.2198 6090 3464060 0.0302* /f y :
1 0.33 1396.080  743.8404 -364.00 3156182 0.1488 [
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Appendix 18 Tukey HSD Tensile restiit Effect ofZ to Y ratioon tensile load normalized by
thickness (Weft direction)
1 = Oneway Analysis of Normalized by thickness, N/mm By Z yarn:Yyarn Ratio

2400
L]
2200 . :
£ .
E 2000 $ 3 I
, I O
4 1800 I '
g i (O
£ 1600 : ! ' —
L]
2 1400 l i . O
=
o
H 1200 1
E .
S 1000 |
£ L]
800 H
600
0.33 0.5 1 All Pairs
£ yarn:Yyarn Ratio Tukey-Kramer
0.05
4 Means Comparisons
4 [~ Comparisons for all pairs using Tukey-Kramer H5D
£ Difference Matrix
Dif=Meanli]-Mean(]]
1 0.23 0.5
1 0.00 243585 51617
033 -24305 0.00 27222
0.5 -516.17  -272.22 0.00
£ Connecting Letters Report
Level Mean
1 A 1861.4390
0.33 B 1617.4903
0.5 C  1345.2665
Levels not connected by same letter are significantly different.
£ Ordered Differences Report
Level - Level Difference 5td Err Dif LowerCL UpperCL p-Value
1 0.5 516.1725 57.46551 380.1979 652.1470 <.0001" NI e I+ —
033 05 272.2237 56.86803 137.6608 4067867 <0001 L] : I
1 0.33 243.9437 58.08042 104.3806 383.5078 0.0002° ! Pk
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Appendix 19 ANOVA resulti Tup impact test

Source
Model

Error

Dependent Variable: energy

Number of Observations Read | 1256

Number of Observations Used | 125

Analysis of Variance

Sum of Mean

DF | Squares Square F Value Pr=F
4 14959 373967689 54573 <0001

120 | 816.33381 6.80278

Corrected Total | 124 16775

Root MSE 260821 R-Square 0.9483
Dependent Mean 17.14622 Adj R-5q | 0.9465
Coeff Var 15621160

Variable
Intercept
IYRatio
layers
xden

Wweave

Parameter Estimates

Parameter | Standard
DF Estimate Error  tValue

1 47.97365  10.52026 4.56
1 216301 0.83364 2.59
1 6.51448 039954  16.29
1 1212303 224515 -5.40
1 067221 0.29464 -1.94

Pr = [t
=.0001
0.01086
=.0001
=.0001
0.0545
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Appendix 20 Tukey HSD Tup result Effect of layers on total energy
4 = Oneway Analysis of TOTAL PENETRATION ENERGY, J By # of LAYERS

TOTAL PEMETRATION EMERGY, )

40 i
35
30 . ' O
. !
25 .
20
15 I O
L]
10
5 = O
0
3 ] a All Pairs
# of LAYERS Tukey-Kramer

0.05

£ Means Comparisons

£ = | Comparisons for all pairs using Tukey-Kramer HSD

A Difference Matrix
Dif=Mean[i]-Mean[j]

9 ] 3
9 0.000 15.230 25.964
& -15.230 0.000 10.734
3 -25.0964 -10.734 0.000

4 Connecting Letters Report

Level Mean
a A 31.466851
f B 16.237261
3 C 5.503080

Lewels not connected by sarme letter are significantly different.
< Ordered Differences Report
Level - Level Difference Std Err Dif LowerCL UpperCL p-Value

9 25.96379 0.6698517 2437395 27.55383 <.000717

3
a9 i 15.22959 06779714 13.62047 16.8381 <.00017
3] 3 10.73420 0.6698517 914436 12.32404 <0001
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Appendix 21 Tukey HSD Tup result Effect of weave on total energy
4 = Oneway Analysis of TOTAL PENETRATION ENERGY, J By Weave

40 . .
L .
_ 35 -
=T I ! :
& 30 1
i H
= . -
i
% 25 - .
7 20
= . .
= :
o ]
2 10
=
(@]
2 ! i '
[ ]
. i H
0
WA WB WC All Pairs
Weave Tukey-Kramer

0.05

£ Means Comparisons
4 |=|Comparisons for all pairs using Tukey-Kramer HSD

£ Difference Matrix

Dif=Mean[i]-Mean(]]

WE WC WA
WE 0.0000 0.3655 1.0306
WC -0.2655 0.0000 0.6652
WA -1.0306  -0.6652 0.0000

< Connecting Letters Report
Level Mean
WE A 17.979028
WC A 17.613567
WA A 16.948382
Levels not connected by same letter are significantly different,

£ Ordered Differences Report
Level -Level Difference S5td Err Dif LowerCL UpperCL p-Value

WE WA 1.030646 2408338 -4.80808 6960270 0.9105 |
WC WA 0.665185  2.526763 -5.33190 6A.6R2273 0.9625 | f
WEB  WC 0.365461  2.440335 -5.44786 6178780 0.0878 | '
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Appendix 22 Tukey HSD Tup result Effect ofZ to Y ratioon total energy
4 = Oneway Analysis of TOTAL PENETRATION ENERGY, J By Z yarn:Yyarn Ratio

40
. :
35 .
L]
: 1 ™
30 . ]
. .
[ ] -
25 . .

-
/

—
Ln
L L
- e
- e .

TOTAL PEMETRATION EMERGY, J
r
=

10
5 ' ' |
i '
D -
0.33 0.50 1.00 All Pairs
Z yarn:Yyarn Ratio Tukey-Kramer

0.05
< Means Comparisons
£ [=| Comparisons for all pairs using Tukey-Kramer HSD

£ Difference Matrix
Dif=Mean[i]-Mean[j]

0.50 1.00 0.33
0.50 0.00000 04871 0.70520
1.00 -0.48721 0.00000 0.21799
0.33 -0.70520 -0.21799  0.00000

£ Connecting Letters Report
Level Mean
050 A 17.945270
1.00 A 17.458060
0.33 A 17.240071
Levels not connected by same letter are significantly different,

£ Ordered Differences Report

Level - Level Difference Std Err Dif LowerCL UpperCL p-Value
0.50 033 07051992  2.468750 -5.15420 6.564598 0.9560 |, !
0.50 1.00 0.4872102 2542023 -5.54610 6.520516 0.9800 |

1.00 0.33 0.2179890 2.468730 -5.64141 6.077388 0.9957

=
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Appendix 23 ANOVA Tup resulti Effect of layers on total energy normalized by thickness
Dependent Variable: normthick

Mumber of Observations Read | 125

Mumber of Observations Used | 125

Analysis of Variance

Sum of Mean
Source DF | Squares Square | F Value Pr=F
Model 4 11281720258 32043007 | 134.38  =<.0001
Error 120 | 28613312 238444

Corrected Total | 124 156785339

Root MSE 488.30755 | R-Square | 0.8175
Dependent Mean  2983.67339 Adj R-5q | 0.83114
Coeff Var 16.36599

Parameter Estimates

Parameter | Standard
Variable | DF Estimate Error tValue  Pr = |t

Intercept | 1| 97460837 1969593581 0.49 0.6216
IYRatio 1 39225362 156.07384 251 0.0133
layers 1 430.88367 74.87551 575 <.0001
xden 1 -105.65802 | 420.33456 -0.25  0.8020
weave 1 7220077 | 5516193 -1.31 0.1930
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Appendix 24 Tukey HSD Tup result Effect of layers on total energy normalized by thickness
4 |=|Oneway Analysis of Total Energy Normalized by Thickness (J/mm) By # of LAYERS

E
£ 5000 H
i
=
Y 4000 I O
=
—
s ! [
=
g 3000 . -
= -
E .
E 2000
5 i @
c :
= 1000 !
=l
3 3] 9 All Pairs
# of LAYERS Tukey-Kramer
0.05
£ Means Comparisons
4 = Comparisons for all pairs using Tukey-Kramer HSD
£ Difference Matrix
Dif=Mean[i]-Mean[j]
9 ] 3
g 0.0 11674 23915
b -11674 0.0 12241
3 -23015 -12244 0.0
£ Connecting Letters Report
Level Mean
9 A 42181358
b B 3050.7781
3 C 1826.6562
Levels not connected by same letter are significantly different.
£ Ordered Differences Report
Level - Level Difference S5td Err Dif LowerCL UpperCL p-Value
9 3 2391480 1055016 2141079 2641880 <0001 L NN IR e —
b 3 1224122 105.5016 973721 1474522 <.00017 E "r R |
9 ] 1167.358 106.7805 913922 1420793 <0001 .
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Appendix 25 Tukey HSD Tup result Effect of weave on total energy normalized by thickness

4 =~/ Oneway Analysis of Total Energy Normalized by Thickness (J/mm) By Weave

=
£ s000 . H g
i : i .
5 i
© 4000 | !
= L)
= - -
z H . ]
T 2000 . I H N\
=
£
Z 2000 : ! i
=
m; . .
2 :
= 1000 s . .
B -
Wa WE WC All Pairs
Weave Tukey-Kramer
0.05
£ Means Comparisons
4 = Comparisons for all pairs using Tukey-Kramer HSD
< Difference Matrix
Dif=Mean[i]-Mean(]]
WE WC Wa
WE 0.000 069.152 72,768
WC -09.152 0.000 3.617
WA -72.768 -3.017 0.000
£ Connecting Letters Report
Level Mean
WE A 30580043
WC A 29888527
WA A 29852359
Levels not connected by same letter are significantly different,
£ Ordered Differences Report
Level - Level Difference S5tdErr Dif LowerCL UpperCL p-Value
WE WA 72.76840 2451403 -509034 6545900 0.9526 | I
WE WC 089.15163 240.3320 -501.259 6395621 0.9554 '
WC WA 3.61678 247.9204 -584.825 5920590 0.999%9 [
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Appendix 26 Tukey HSD Tup result Effect ofZ to Y ratioon total energy normalized by
thickness
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