
ABSTRACT
LANGSTON, THOMAS BRICE. The mechanical behavior of air textured aramid
yarns in thermoset composites. (Under the direction of Dr. Yiping Qiu.)

The purpose of this study was to investigate the properties of air-textured aramid yarn

(ATAY), in a single yarn composite (SYC), in a 3D woven fabric preform, and in a 3D

preform composite.  Yarn tensile tests demonstrated textured yarn was 70-77% lower in

tensile strength, 82-85% lower in tensile modulus, and 60-190% higher in breaking strain

than those of the control yarn.  The results of SYC testing illustrated that the control yarn

composite had only a 5% higher tensile strength, a 27% higher modulus, and 11% lower

energy to break than the textured single yarn composite.  Fabric tensile tests

demonstrated a low initial modulus and a much larger secondary modulus for all 3D

woven preforms.  The ATAY fabric had a similar initial modulus and a much lower

secondary modulus in the weft direction compared to the control fabric.  The ATAY

fabric had a significantly higher yield shear stress and strain, primary and secondary

shear moduli, energy to yield point, and total energy absorbed to 4° than those of the

control.  With the same fiber volume fraction, the ATAY composite had a slightly lower

tensile strength and modulus, but a 120% higher shear modulus, than the regular aramid

yarn (RAY) composite.  Unlike the RAY composite brittle failure behavior, the ATAY

composite failed in a ductile manner with multiple diverting cracks propagating during

failure.  The ATAY composite had a much higher yield point in the 45° direction tensile

test, a much higher softening point in the warp direction tensile test, and increased the

interlaminar shear strength of a laminated composite by 37% as compared with the

control.
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Chapter One

Introduction

1.1 Introduction to Fiber-Reinforced Composites

Fiber reinforced composite materials are composed of two or more elements

combined that exist in different phases [1].  The general concept of composite materials

has appeared repeatedly throughout civilization.  Early archeological evidence has shown

straw and stone rubble was combined with mud to create bricks for housing and other

civil structures [2].  The Great Wall of China also included composite construction

materials used in portions of the Wall located in the Gobi desert [3].  More recently, the

benefits of using composites as a general problem-solving technique have been

acknowledged in methodologies such as the Theory of Innovative Problem Solving [4].

The first modern version of a fiber-reinforced plastic composite appeared during

the Second World War [5].  The combination of the development of useful plastics and

small filament glass fiber reinforced plastics (FRP) was used to address several early

applications, ranging from radar radomes to boat hulls [1].  With the advent of new

process technologies and new reinforcing materials, FRPs began to be implemented into

a wider variety of applications in the 1970s [6].
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1.2 Fiber Reinforced Plastic Applications

High performance FRP composites were first introduced as strong reinforcement

fibers such as carbon, boron, and Kevlar® became readily available for aerospace

applications.  The use of high performance FRP composite materials began to implement

very intricate design patterns since shaping the reinforcement involved draping the

reinforcement fiber structure to take on the desired shape, a profound property advantage

over traditionally used materials.  During the 1970s, ‘80s, and ‘90s, high performance

FRPs found other areas of application where they fit in with distinct performance

advantages.  Some of the first ventures in which there was a sustainable commercial

market for high performance FRPs were industrial applications, sporting goods, and

transportation vehicles [6].
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1.3 Composite Material Design for Final End Use Applications

Composite material selection and design for applications can be complicated;

however, the use of this material has demonstrated a distinct advantage.  Most literature

involving material design illustrates a distinction between high performance and

commercial composite products and places its emphasis on the desired performance-cost

benefit analysis that determines the composition and process used to develop the final

composite material product [7-12].

There are several factors that determine how a composite is going to behave.

These factors are: its reinforcement, the structure of the reinforcement, the matrix used,

post treatment (machining and coating), and any fillers added into the composite material

resin [13].  These factors must each be addressed to control the end product composite

design.

Carbon, glass, boron, ultrahigh modulus polyethylene (UHMPE), and aramids –

such as Kevlar® – are reinforcing materials frequently used in applications where high

strength and modulus are required.  Aramid and UHMPE fibers are unique since both are

optimally used in applications where the composite material may experience high-speed

impacts [14].

The molecular structure of aramid fiber has ruled out its use in applications where

high compression forces will be present.  The reason why aramid fiber behaves poorly in

compression and optimally in tension is the fact that the fibers contain very weak

intermolecular bonds that hold the fibrils together within the fiber architecture [15,16].
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Under low compressive loads, these fibers buckle due to the weak inter-fibril

bonding, creating kink bands and eventually leading to fibrillation and failure [15].  In a

composite configuration, these fibers do behave slightly better under compression, but

not as well as some other fibers such as boron, carbon, and glass [7].
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1.4 Reinforcement Structure

The structure of the reinforcement used is critical as it determines a majority of

the end properties of the composite.  There are several classes of reinforcement

configurations.  The overall structure can have one of two types of dimensional

configurations: laminated or three-dimension (3D) preforms.  3D preforms themselves

include thick non-woven, 3D-woven, or 3D-braided structures [17].

1.4.1 Laminates

Laminates are most often found today in the contemporary field of composites,

and are found in every type of composite application.  A laminated structure is simply

made up of stacks of reinforcements pressed together and held in place by the matrix.

Although a laminate reinforcement structure does have its benefits, such as ease of

composite part manufacture and ready production of the fabric base, there are also some

weaknesses unique to laminates.  One problem is that cracks easily propagate between

the layers of the laminate, leading to delamination and reduction in fatigue life of the

structure [17].  Laminate structures also have lower bending and interlaminar shear

strength properties than 3D fabric structures [17].  This is due to the fact that the bending

and interlaminar shear strength of a laminate composite is a function of the adhesion of

the matrix to fiber surfaces and the layers themselves [13].  Reinforcing materials such as

aramid and UHMPE fibers typically have very poor shear strength because these

materials have chemically inert molecular structures, which do not bond to most matrix

materials well, leading to very low interfacial bonding strength [18].
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1.4.2 3D Woven Fabrics

Aggressive research into 3D woven materials began in the late 1980s.

Investigations have concluded that composites made up of a 3D woven reinforcement

have significantly improved interlaminar shear strength, impact properties, and bending

stiffness.  There are also disadvantages to 3D woven reinforcements.  There are several

problems associated with yarn configuration.  The yarns within 3D woven fabrics,

especially in those woven in orthogonal patterns, are able to slip past one another in in-

plane shear deformation because the yarns contain a straight configuration, both in the

warp and weft directions, which does not allow them to interlock with one another [17].

The only mechanism locking the structure is the Z-yarn, which provides enough interlace

locking to prevent the layers within the structure from falling apart, but not from sliding

from side to side in in-plane shear deformation.  Since the yarns in a 3D woven material

have the ability to shift, the shear modulus of the structure is low [17].  This property is

fairly significant with aramid yarns since the fibers and yarns are actually slippery to

begin with.
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1.5 Material Modifications of Aramid Fibers to Enhance Composite Performance.

There has been a focus on modifying aramid fibers for composite applications by

altering the material’s surface to achieve higher interfacial shear strength with the

surrounding matrix when constructed into a composite.  The most widely-used methods

being investigated are chemical and plasma surface treatments [19-25].  The idea is if the

interfacial shear strength increases between the matrix and the reinforcing material, the

overall interfacial shear strength will increase.  These modification techniques can

achieve significantly higher interfacial shear strength, and achieve higher mechanical

strength properties [23-25].

1.5.1 Chemical and Finish Treatments

Chemical treatments have been used to “roughen” the surface of aramid fibers.

These treatments have been known to damage the fiber significantly, resulting in a tensile

strength reduction of over 50% [26].  Chemical treatments have also been used to

develop a metalation finish, allowing active chemical groups to be grafted onto the

surface of the fiber, thereby increasing the interfacial shear strength between the fiber and

the matrix [26].  These treatments can increase interlaminar shear strength by as much as

12% [26,27].

1.5.2 Plasma Treatment

Plasma treatment is another fiber finishing technology that has shown great

potential for increasing the surface energy of fibers that are otherwise shown to be
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chemically inert [18], as well as for increasing the interfacial fiber-matrix bonding

strength leading to a significant increase in interlaminar shear strength [28].  Plasma-

treatment of aramid fibers has been shown to result in no significant harm to the strength

of the fibers while, at the same time, enabling the fibers to bond with matrices by as

much as 200% higher than untreated aramid fibers [28].

There are two types of conditions under which plasma finishing is being

investigated.  One is under a vacuum, while the other occurs at atmospheric pressure.

Research has been conducted mainly with vacuum-treated samples; however,

atmospheric pressure tests have demonstrated several benefits, and provide a significant

economic process opportunity.

One disadvantage of using plasma to modify the surface of materials such as

UHMPE and aramid fibers is that there is an ageing effect that the plasma enhancement

of fiber-matrix bonding diminishes over a period of time.  The time it takes depends on

the treatment and preparation of the fibers; however, the effect “wears off” over the

course of 15 - 30 days [18,28].

1.5.3 Textured Modification of High Modulus Fibers

Prior Studies have shown that using structures composed of textured or

commingled yarns provide unique mechanical behavior and added economic benefits

[29].  Air texturing processes involves exposing yarns to a volume of turbulent air, which

entangles the fibers in the yarn that develops a final yarn structure that has a crimped core

and looped sheath.  The fundamental difference between the previously mentioned
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surface treatments and mechanical texturing is that the latter has the ability to interact

with resins through mechanical locking, including mechanisms like fiber loops and crimp

[30].

Using textured yarn as reinforcement may improve some mechanical properties of

a composite.  Textured yarn has shown to greatly increase the interlaminar shear strength

within a laminate, to increase shear and transverse strength, and to provide additional

resistance to crack propagation through fiber bridging [30].  Previous research has shown

that yarn that has been air-textured has a small increase in extensibility [31].  Therefore,

this type of structure could add enough stretch to behave more in unison with resins,

resulting in better low-speed impact resistance.

1.5.4 Air textured Aramid Yarn

Air-texturing aramid yarn is a mechanical modification that has been recently

developed at North Carolina State University [31].  This technique was first used to

illustrate that high modulus fibers, such as aramid fibers, can be air-textured.  Additional

research has shown that aramid yarns can be modified with predictable and consistent

tensile properties [31,32].  These investigations did not include tests on how these

modified yarns, by themselves or within a fabric structure, behave when imbedded in a

resin.  In this research, a systematic study of mechanical properties of air-textured aramid

yarn reinforced composites compared them with regular aramid yarn reinforced

composite in order to understand how the yarn structure influence the behavior of the

composites [32].
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1.6 Objectives of the Research

The following are the objectives of this research:

1. To study the behavior of a single air-textured aramid yarn in resin using a single yarn

composite as a model system (see Chapter 2).

2. To investigate how air-textured aramid yarn influences in-plane shear and tensile

properties of 3D orthogonal woven fabrics (see Chapter 3).

3. To understand how air-textured aramid yarn influences the in-plane shear and tensile

behavior of a 3D orthogonal woven preform/epoxy composite (see Chapter 4).

4. To determine how the air-textured yarn influences the interlaminar shear strength and

failure mechanism of a laminated composite (see Chapter 4).
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Chapter 2

The Behavior Of Air-Textured Aramid

Yarn In A Single Yarn Composite.

Abstract

The purpose of this study was to investigate the tensile properties of air-textured Kevlar®

49 yarn as a yarn and in a single yarn composite.  In a single yarn tensile test, the textured

yarn was 70-77% lower in tensile strength, 82-85% lower in tensile modulus, and 60-

190% higher in breaking strain than the control yarn.  As the gauge length increased, the

tensile strength of the control yarns decreased, while that of the textured yarn increased.

The control single yarn composite had only a 5% higher tensile strength, a 27% higher

modulus, and 11% lower energy to break than the textured single yarn composite.  The

air-textured yarn within the single yarn composite configuration had a tensile strength

3.32 times larger than the yarn tested as a single yarn.  Therefore, the textured yarn can

perform comparably when embedded in a composite with slightly decreased tensile

strength, somewhat decreased modulus, and increased energy to break as compared to the

control yarn.
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2.1 Introduction

Air-texturing involves overfeeding a yarn in a chamber while exposing it to a jet

stream of compressed air, which develops loops and crimp, entangling the fibers in

the yarn [1].  The goal for texturing yarn in traditional textile applications is to

increase bulk, enhance hand (terminology for the ‘feel’ of a cloth), and increase

extensibility of a yarn [2].  Recent developments in texturing high modulus and

strength yarns have shown a great potential for new opportunities for using these

yarns in composites applications [3-6].

Air-textured commingled yarn, such as glass combined with polyamide or

polypropylene, has shown several key advantages [5-7].  Bernet et al [6] have

suggested that composite structures produced from commingling two yarns, one

reinforcement and one matrix fiber, together through a texturing process can provide

a cost-effective solution for production.  Karger and Czigany [5] reported that

commingled textured glass and polypropylene yarns were shown to raise the energy

necessary to propagate a crack through a composite structure and to alter the

characteristic of impact energy distribution through the structure.  Lauke et al [7] also

reported that using air-textured glass yarn can improve the crack resistant properties

of thermoplastic composite materials by creating fibers that interfere with crack

propagation.

Recently, researchers at North Carolina State University have successfully air-

textured aramid yarns [3,4].  However, little has been reported on the mechanical

properties of air-textured aramid yarns and their applications in composites although
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aramid fibers have been used as reinforcement for composites in any number of

applications.  The studies of mechanical properties of air-textured aramid yarns have

shown that these yarns may lose as much as 75% of their tensile strength while their

failure strain is significantly increased [3].  This is mainly due to the entanglement

and mis-orientation of the fibers, leading to an uneven loading of the fibers in

addition to potential fiber damage.  In a composite, on the other hand, fibers are

bonded by the matrix and thus can be loaded more evenly.  In addition, even broken

fibers and fibrils can be partially loaded as in a short fiber composite since load from

the broken fiber ends can be transferred to the neighboring fibers through the matrix.

As shown in Figure 1, air-textured yarns have a basic structure, in which the outer

surface of the yarn is covered with fibers that are looped; the core of the yarn is

generally composed of fibers that are crimped.  The fibers have to migrate from being

loops on the outer surface of the yarn to being in the crimp core portion of the yarn

because they all have the same length before air-texturing [3].  This structure allows

the yarn to have more extensibility and greater cohesion between fibers [2].

Air-textured yarns have loop fibers providing anchor-like points where the surface

area of yarn increases significantly due to the loop structure that has the potential to

improve interlaminar shear strength in a laminated composite by “hooking” across

from yarn to yarn.  In addition, the shear properties of the composite can be improved

greatly due to the loop fibers oriented in off-axis directions.  Introducing crimp to the

fiber in the yarn also increases the failure strain of the composite and thus the energy
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to rupture.  From processing point of view, the fabrics made of air-textured yarns are

dimensionally more stable for further processing or consolidation.

The air-textured yarn also has some disadvantages.  In addition to reduction of

yarn strength, air-texturing also increases the bulk of the yarn and therefore decreases

the fiber volume fraction of the composite.  The texturing process can also damage

the fibers and form kink bands and fibrils [8]; however, this may not be a serious

problem when the fibers are imbedded in the matrix since load can be transferred

through interfacial shear.  Therefore, one may not dismiss the application of the air-

textured aramid yarn in a composite simply because the yarn seems to be weakened

greatly by the texturing process.

In order to have a fundamental understanding of the behavior of air-textured

aramid yarn in a composite, this study was designed to compare the tensile properties

of single air-textured aramid yarn and those of the single air-textured aramid yarn

composite through single yarn tensile tests and single yarn composite (SYC) tensile

tests.
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2.2 Experimental

2.2.1 Materials

A 2160 denier Kevlar 49 yarn was textured using a Stahle® ELTEX RMT-P

Air Texturing Machine and Shell® EPON Resin 828 and EPI-Cure hardener 3245

were used for the preparation of yarn and SYC specimens.

2.2.2 Yarn and Single Yarn Composite Specimen Preparation

Yarn specimens were prepared in three gauge lengths: 5, 10, and 20 cm.  The yarn

was mounted on cardboard with both ends fixed by EPON Resin 828 and EPI-Cure

hardener 3245 that were allowed to cure for one day at 20ºC and then post-cured for

one hour at 100ºC.  Resin and single yarn composite specimens were prepared in an I-

shaped cavity mold.  The mold also accommodated and held an individual yarn that

was inserted down the axis of the single yarn composite whose dimension is shown in

Figure 2.  The epoxy-hardener was mixed in a ratio of 100:14.3.  The mixed resin was

then placed in a vacuum oven preheated to 50ºC to remove the air bubbles.  The resin

was then poured into the cavities of the mold, which was then cured at 80ºC for three

hours and post-cured at 100ºC for two hours.  A polishing wheel was used to prepare

the SYC and resin specimens for tensile testing and optical microscopy examination.
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2.2.3 Tensile Test

Control and textured yarns were tensile tested at 5, 10 and 20 cm gauge lengths

using an Instron® Universal testing machine model 1123.  Yarn and SYC tensile tests

were conducted using a strain rate of 0.1/min and a load cell of 4000 N capacity at

20°C and 65% relative humidity.

The system compliance was determined using the results of the tensile testing

control yarns at the three gauge lengths.  The elongation of the yarn was determined

at 100, 200, and 300 N for each of three gauge lengths and three linear equations were

used to model elongation versus gauge length at the three different loads.  The

intercepts of the elongation versus gauge length plots at different load levels were

plotted against the load levels to obtain a linear regression equation whose slope was

the system compliance in mm/N.

2.2.4 Microscopy Analysis

The optical microscopy investigation included observing the yarn and the

composite coupon and images were collected using a SONY® CCD camera.  A

Hitachi® Environmental Scanning Electron Microscope (ESEM) was used to observe

the structure of yarn.



20

2.3 Results and Discussion

2.3.1 Microscopy Examination

Figure 1 is a photomicrograph of a longitudinal view of the yarn.  A majority of

the fibers were crimped and entangled with one another and a small percentage of

fibers were in loop configuration.  Most of the loops were located in the outer portion

of the yarn.  Figure 3 is a representational pie chart of the fiber orientations of the

textured yarn. 75% of the yarn was composed of fibers with an orientation of 15º or

smaller off the yarn axis.

2.3.2 Yarn Tensile Test

The stress-strain curve for the textured yarn was rather different from that of

the control yarn as shown in Figure 4.  Results of yarn tensile tests are shown in Table

1.  The tensile strength of the textured yarn was about 25% of that of the control yarn.

This is due to the fact that the loading process of the fibers in the textured yarn is a

stochastic process in which the fibers are loaded sequentially depending on their

initial configurations and their entanglement with their neighbors.  As strain increases

under tensile loading, crimped core fibers become aligned with the loading direction,

thereby contributing to the load.  However, those fibers were not loaded evenly.  At

any moment in the tensile testing process, the tightest fibers are a small fraction of the

fibers in the yarn.  Once these tightest fibers break, other, previously slack, fibers are

loaded, though still not evenly.
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The first noticeable difference between the control and the air-textured yarns

was that the failure strain of the air-textured yarn was twice that of the control (see

Table 1).  At the failure point, the textured yarn did not have the same catastrophic

behavior as the control yarn, (see Figure 4).  Once the maximum load was reached,

the textured yarn lost a great deal of strength.  However, since not all the fibers in the

yarn actually failed, the remaining fibers in the yarn were still loaded.  The elastic

energy was released gradually as the fibers failed sequentially, which significantly

reduced the elastic recoil found with the control specimens, as discussed in the

literature [9].  The control yarn had a modulus about 5.75 times as high as that of the

textured yarn.  The reason is that fibers in the textured yarn are crimped and unevenly

loaded, allowing for additional extensibility and lower load bearing capacity.

The effect of gauge length for the two types of yarns is rather interesting. The

control yarn had a low strength at larger gauge lengths, which was expected

according to the weakest link theory.  However, for the air-textured yarn the opposite

was true.  This is due to the fact that in the textured yarn, the fibers had the same

length before texturing.  Thus, if a particular fiber is tight in one section of the yarn, it

must be loose somewhere down the line.  When the yarn is tested at short gauge

length, only the tight section or the loose section is clamped and tested.  Thus the

variation in loading level among the fibers is large.  As the gauge length of the

textured yarn increased, more tight and loose sections of the same fiber were clamped

and tested.  Figure 2.5 is a simplified comparative illustration between the fiber

structure configuration and the yarn length.  Some of the fibers will then be able to
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adjust themselves to be loaded more evenly along the length and thus both strength

and failure strain of the yarn are increased as observed in our experiment.

2.3.3 Single Yarn Composite Tensile Test

Typical stress-strain curves of the three composites shown in Figure 6 and Table

2 present the tensile properties of the composites.  The tensile strengths of the single

textured yarn composite (STYC) and the single regular yarn composites (SRYC) are

not statistically significantly different according to Fisher’s pairwise comparison.

There are several reasons why there is not a significant difference between the

SRYC and the STYC.  First, unlike a single yarn tensile test, all the fibers in a

textured yarn imbedded in a matrix were loaded.  Although the fibers in a STYC are

not oriented as well as in a SRYC, the majority of the fibers had an orientation

between 0º to 15º, as shown in Figure 1.  According to Khatibzadeh and Piggott [10],

aramid fibers do not experience a drastic drop in tensile strength when the load

orientation is between 0º to 15º to the fiber axis.

Yarn thickness may also be a significant factor as to why the STYC had a

similar tensile strength as the SRYC.  Although the textured yarn was developed from

the same yarn, the thickness of the textured yarn was higher than that of the control

yarn, due to the overfeeding effect of the air-texturing process.  This increased the

amount of fiber per unit length in the textured yarn and, therefore, the average volume

fraction, which for the SRYC and the STYC was 0.187 and 0.195, respectively.
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The STYC did have a statistically lower modulus than the SRYC (Table 2).

This result can be attributed to the additional extensibility of the yarn that allowed the

textured yarn to stretch with the resin.  The textured yarn, however, was stiffer than

the pure resin specimen. Another observation from Table 2 is that the STYC failed at

the same strain as the resin.  Table 2 also shows that STYC had a slightly higher

energy to break than the SRYC and both SYCs had significantly higher energy to

break than the pure resin specimen.  This may be attributed to the increased failure

strain for the STYC.

2.3.4 Comparison between SYC and Yarn behavior

To develop an understanding of the behavior of the textured yarn in and out of the

resin, the predicted fiber strength was estimated, using the rule of mixture equation,

from the results of the composite test (see Table 3).  No statistically significant

difference in tensile strength was observed between the control and textured single

yarns.  The SEM microscopy did not show extensive fibrillation after the texturing

process, indicating that the texturing process did not significantly harm the fibers

[8,11].  There was a statistical difference in tensile modulus between the control and

textured single yarns (see Table 3).  Lower modulus and higher strain to break were

observed from the STYC than had been the case with the SRYC tensile test (see

Table 2), thereby suggesting the yarn in the STYC extended more, leading to a lower

yarn modulus.
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In order to compare the textured and the control yarn properties in and out of the

resin, composite assistance was used.  This is defined as the ratio of strength of a

control or textured yarn in a resin from the SYC tensile test over that without the resin

from the single yarn tensile test.  Composite assistance for the control and textured

yarns is 0.93 and 3.32, respectively (Table 3).  This means that, when imbedded in the

resin, the strength of the textured yarn was approximately 3.3 times as large as that

out of the resin.  The high composite assistance for the STYC can be attributed to

several factors.  One factor was that the load was distributed among the fibers in the

STYC more evenly than in the textured yarn during tensile testing.  Another factor to

consider is that the textured yarn had more fibers per unit length.

Application of the air-textured aramid yarn to a composite has the potential to

create a better interlaminar bond because in the textured structure, the fiber loops and

crimp can mechanically locked into the matrix which can suppress delamination due

to fiber-matrix interfacial failure [12-14], while the strength of the composite will not

be greatly affected.  In addition, due to the increased failure strain and fiber

orientation in off-axis directions, a textured yarn reinforced composite will likely

have better impact resistance at low-impact velocity.
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2.4 Conclusion

The following are our conclusions reached in this study:

1. Compared with the control aramid yarn, the air-textured aramid yarn has a greatly

reduced tensile strength when tensile tested as single yarns while it has almost the

same strength as the control yarn when embedded in a composite.  The failure strain

of the textured yarn is significantly larger than the control yarn.  The tensile modulus

of the textured yarn is 10-15% of that of the control yarn due to uneven loading of the

fibers.

2. The gauge length effect is quite different for the textured aramid yarn from that for

the control yarn.  The control yarn had a reduced strength as the gauge length

increased following the weakest link theory, while the tensile strength of the textured

yarn increased as the gauge length increased.  This is likely due to the straightening of

the long-range periodicity of the migration of fibers in the air-textured structure that

could be disentangled when the gauge length is larger than the wave length.

3. The air-textured aramid yarn had slightly lower tensile strength, tensile modulus, and

slightly higher failure strain than the control yarn when embedded in a single yarn

composite, indicating that the load is much more evenly distributed among all the

fibers in the single textured yarn composite than that during a single yarn tensile test.

Therefore the composite assistance of the textured yarn is about four times as large as

that of the control yarn.
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2.5 Tables and Figures

Table 2.1 Physical properties of control and textured yarn.

Strain Stress
(MPa)

Modulus
(GPa)

Specimen Gauge
Length

Mean STDV
.

Mean STDV. Mean STDV.

5cm 0.027 0.002 2406.4 107.3 91.6 6.21

10cm 0.023 0.002 2200.9 113.3 98.8 5.59

Control

20cm 0.020 0.001 2126.0 82.4 110.2 3.24

5cm 0.044 0.016 566.8 52.9 14.2 8.83

10cm 0.046 0.007 597.7 44.8 18.5 5.07

Textured

20cm 0.058 0.008 651.9 48.6 20.5 3.34

 Table 2.2 Properties of SYC.

Specimen Strain @ Break Breaking Stress
(MPa)

Modulus
(GPa)

Energy to break
(MPa*mm/mm)

 Mean STDV Mean STDV Mean STDV Mean STDV

Resin 0.061 0.005 73.7 5.0 1.50 0.23 2.48 0.26

Control 0.053 0.004 121.0 6.6 2.55 0.24 3.21 0.27

Textured 0.062 0.003 115.61 4.9 2.02 0.23 3.61 0.28
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           Table 2.3 Predicted Imbedded fiber mechanical properties.

Specimen Stress
(MPa)

Modulus
(GPa)

Average Resin
Assistance

 Mean STDV Mean STDV   

Control 2230.29 303.03 53.36 8.84 0.93

Textured 2041.43 255.55 28.00 11.52 3.32

Figure 2.1 ESEM micrograph of the textured yarn.
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Figure 2.5 Fiber configuration- yarn length model.
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Chapter Three

Behavior Of Three-Dimensional Woven
Fabric Composed Of Aramid Air-
Textured Yarn.

Abstract

Two 3D preforms were made to determine the effect of air-textured aramid yarns

(ATAY) on the properties of 3D preforms for composites.  The area density was higher

and fiber volume fraction was significantly lower for the ATAY fabrics than the control

fabric.  A low initial modulus and a much larger secondary modulus were observed for all

3D fabrics in tensile testing.  The ATAY fabric had a similar initial modulus and a much

lower secondary modulus in the weft direction as compared to the control fabric.  The

ATAY fabric had a significantly higher yield shear stress and strain, primary and

secondary shear moduli, energy to yield point, and total energy absorbed to 4° than those

of the control fabric due to the increased yarn-on-yarn friction created by the loop fibers.

The above properties make the ATAY fabric more dimensionally stable while allowing

the fabric to retain the ability to conform to the design geometry of final composite

products.
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3.1 Introduction

In handling or modeling textile preforms for fiber-reinforced composites in

manufacturing processes, it is crucial to understand their mechanical properties, including

tensile and shear properties.  The composition of the component fibers, yarns, and the

structural configuration of the preform directly influence these properties.  Traditional

two-dimensional (2D) woven fabrics and more recently developed three-dimensional

(3D) woven fabrics are two of the most frequently used textile preforms for composites.

The tensile properties of fabrics depend largely on the yarn tensile properties as

well as the amount of crimp in the loaded yarns.  2D fabrics have a low initial tensile

modulus due to straightening of the yarns in the loading direction and a simultaneous

bending of the transverse yarns in a process called crimp interchange.  Then, the yarns in

the loading directions are strained, giving a much higher secondary modulus that should

be similar to the yarn modulus.  This process has been modeled by many researchers [1-

5].  In 3D orthogonally woven fabric, the amount of crimp is not nearly as high as in 2D

woven fabrics and, therefore, the tensile behavior should not be the same.  Little has been

reported regarding to the tensile behavior of 3D preforms.

One of the most important characteristics of textile structures is that the

transformation of load is always through fiber-on-fiber friction, which makes them

flexible and conformable.  The amount of friction is dependent on the type of fiber, the

yarn configuration, and the fabric structure.  In shear deformation of 2D and 3D

preforms, the friction among the neighboring yarns determines the secondary modulus of

the fabrics.
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The stages of fabric shear deformation behavior, according to a model proposed

by Cusick, are shown in Figures 3.1 to 3.4 [6].  This model is composed of several force

and modulus components.  The first spring represents the primary shear modulus, E1,

seen in figures 3.1 and 3.2, during a shear deformation of the fabric.  This modulus is

directly influenced by the friction force at the yarn cross points that is, in turn,

determined by the yarn-on-yarn static friction coefficient and any pressure at the yarn

crossing [7].  The movement of the block, overcoming the force TY, represents the yield

point or the point at which the yarn-on-yarn static friction is overcome and the entire

fabric structure begins to distort.  Modulus E2, represented by a spring,  is the force

required to move the yarns past one another after the yield point [8].

Figure 3.3 is a collective model composed of all three sets of yarns found in a 3D

fabric.  The stages of distortion within a fabric can be seen in Figures 3.3b, 3.3c, and 3.3d

in comparison to Figure 3.2.  As shown in Figure 3.3b, the fabric is at rest or at the origin

of the shear stress-strain curve (Position 0).  Figure 3.3c illustrates fabric behavior

between Positions 0 and A on the shear stress strain curve.  In this region of shear, the

fabric is expected to shear in the sections of yarns between the cross over points of the

warp and the weft yarns.  This region is considered elastic shear deformation according to

Skelton et al [9].  The region between positions A and B represents the yarns in the cross

over points of the fabric beginning to shift as shown Figure 3.3d.  According to Olofsson

[10], fabric shear behavior between points A and B is considered inelastic and

unrecoverable.
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Figure 3.4 demonstrates four combinations of different fabric shear parameters.

Figure 3.4a is a fabric with a high initial shear modulus, high friction forces, and a high

secondary shear modulus.  Figure 3.4b is a fabric with a high initial shear modulus, high

friction forces, and a low secondary shear modulus.  2D and 3D fabrics composed of

textured yarns are expected to have behavior similar to these two models.  The reason for

this expectation is that textured yarns have much higher yarn-to-yarn friction.

Figure 3.4c is a fabric model with a high initial shear modulus, low friction

forces, and a high secondary shear modulus.  Figure 3.4d is a fabric with a high initial

shear modulus, low friction forces, and a low secondary shear modulus.  It is expected

that the control fabric will have shear property behavior similar to these two behaviors.

The reason for this expectation is that the fabric contains yarns with slippery surfaces,

which do not require a significant amount of forces to move the yarns.

As any fabric distorts under shear conditions, the fabric structure begins to lock,

restricting the movement of the yarns [8].  This is a significant reason for shear force

increases past the yield point.

One important contrast to make between shearing 2D and 3D fabrics is that in a

2D fabric, the yarns create a fundamental unit cell, where the center contains a gap

[11,12].  However, the two sets of yarns in a 2D fabric interlace, and thus the movement

of the yarns in shear deformation is restricted.  In three-dimensional fabric, it is expected

that the shear properties will be significantly stiffer, since the center of a three-

dimensional unit cell contains a Z-yarn [13].  This Z-yarn is believed to provide

additional dimensional stability by preventing the yarns from moving and contributing
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resistance to the collapse of the cell by having to compress with the distortion.

Nevertheless, the warp and the weft yarns in a 3D orthogonal fabric do not interlace and,

thus, the resistance to in plane shear deformation may not be as great as in a 2D fabric.

Recent research has strongly suggested that the dimensional stability of composite

preforms is critical for predicting yarn geometries for composite design, resin infusion

flow, RTM operations, defect-free form fitting, and maximizing mechanical performance

[14].  One proposed method of increasing fabric stability is to increase the friction

between yarns in a 3D woven preform.  Application of textured yarns will introduce

loops into the preform structure, developing entanglements between the neighboring

yarns and thus increasing the overall friction between the yarns.  However, little has been

reported about the mechanical behavior of composite preforms composed of textured

yarns.  The purpose of the following investigation is to determine the tensile and shear

properties of 3D orthogonal woven structure with air textured aramid yarns in

comparison with that made of regular aramid yarns.
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3.2 Experimental

3.2.1 Materials

Regular 600 denier Kevlar 49 yarn was used as warp and Z-yarns.  The weft yarn was a

2160-denier Kevlar 49 yarn, air textured using a Stahle ELTEX RMT-P Air

Texturing Machine.  These yarns were then woven into a 3D orthogonal structure with

six weft layers and five warp layers, with fabric counts of 4.8 picks/cm, 5.1 ends/cm, and

5.1 z yarn/cm.  The warp and Z-yarn had deniers of 600, and weft yarns were doubled so

that the linear densities of the yarns were 4320 denier.

3.2.2 Fabric Specimen Preparation

Preparation of the fabric specimens involved the application of adhesive tape to

both surfaces of the fabric where the cut was to be made.  The fabrics with the tape were

then cut, and the tape was carefully removed from the surface of the fabric.  The tape left

a residue that bound the yarn and fibers together.  However, this residue did not

contribute to any significant stiffness or strength change.

3.2.3 Fabric Characterization

The fabric area density and thickness were both determined for each fabric.  The

area density of the fabrics was determined by weighing a sample, 26.67 cm × 22.86 cm,

on a electric balance with an accuracy of 0.001 g.  The thickness of the fabric was

derived from Kawabata techniques [15].  Two plates were used to compress each fabric
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to 0.5 gf/cm2.  Calipers were used to measure the distance between the plates to

determine the thickness of the fabric.

3.2.4 Fabric Tensile Test

The tensile test on the preforms was designed to characterize their tensile

behaviors in the initial part of the stress-strain curve that is important for handling the

preforms in manufacturing processes.  Three 2.54 cm x 25.4 cm strips of both control and

textured preforms were cut in both the warp and weft directions and tested on an Instron

universal testing machine model 1123, with an 800 N capacity load cell, at a strain rate

of 0.05/min at 20°C with 65% relative humidity.  The tests were stopped after the fabric

reached a tensile force of 450 N.

3.2.5 Fabric Shear Test

The fabric shear test was conducted using an apparatus that sheared the fabric on

an Instron universal testing machine model 1123, with an 800 N capacity load cell, at a

strain rate of 25% to angle displacement of 8°.  The apparatus, similar to that used in

Smith et al [16], was configured as shown in Figure 3.5.  One side of the fabric was

attached to a slide mechanism connected to the Instron grips, while the other portion of

the fabric was held stationary by a fixed grip. Screws and clamps held the fabric to the

apparatus.  For the warp or weft direction test, the specimens were mounted on the

apparatus so that the warp or the weft yarns were perpendicular to the clamp moving

direction shown in Figure 3.5.
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3.3 Results and Discussion

3.3.1 Physical Properties of Control and Textured 3D fabrics

The fabric thickness test demonstrated that the air-textured aramid yarn (ATAY)

fabric was more compressible than the control fabric, as shown in Table 3.1.  The

difference in the thickness of the ATAY fabric between pressures of 0.5 and 5.0 gf/cm2

was over 3.0 mm, while that for the control fabric was just 1.0 mm.  The area density,

AD, of the fabric was calculated for the control and the ATAY fabrics to be 0.2947 and

0.3713 g/cm2 respectively.  Using the area density, the fabric fiber volume fraction, Vf,

was calculated as

t
AD

V f ×
=

ρ
, (1)

where ? is the fiber specific density and t is the thickness of the specimen.  The specific

density of Kevlar® 49 is 1.45 g/cm3.  The thickness measured under 0.5gf/cm2 was used

to calculate the fiber fraction.  The fabric fiber volume faction for the control and

textured fabrics are 0.41 and 0.30 respectively.

3.3.2 Fabric Tensile Test

In order to normalize the data from the tensile test, the tensile stress of each of the

samples was determined as the load divided by the area of fiber that was oriented to the

loading axis.  As shown in Figure 3.6, the stress-strain curves of the 3D fabrics have

unique characteristics.  The initial part of a typical stress-strain curve for the fabrics was

rather flat with a low initial modulus.  This also occurred in 2D fabric testing due to

crimp interchange and, thus, there is in a range of a few percent.  In the case of the 3D
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fabric, the initial flat part of the curve was only in the order of less than 1% and,

therefore, was most likely caused by the slackness of the fabric.  In the weft direction, the

control and the ATAY fabrics were rather different as shown in Figure 3.7.  The ATAY

fabric had a much smaller second slope of the stress-strain curve than the control fabric.

Here, we do not want to use modulus, shown in table 3.2, to represent the slope because

significant slippage was included.  The slippage was more significant for the control

fabric because it is slicker, as shown in the third part of the curve, when the slope is

reduced significantly.  The weft direction of the ATAY fabric was not as stiff as in the

control fabric because the load-bearing yarn, the textured yarn, contains a crimp-loop

structure that could deform relatively easily as discussed in the previous chapter [17].  In

summary, the low initial moduli for the two fabrics in both directions made them easy to

be slightly deformed in handling and molding.  The lower secondary modulus of the

ATAY fabric in the weft direction makes it conform better than the control fabric when a

larger deformation is required.

3.3.3 Fabric Shear Test

The shear stress of the fabric was determined using the formula of force divided

by area, calculated from the area along the length, l, of the fabric times the thickness, t.

The parameters of this calculation are shown in Figure 3.8.  Shear modulus was

determined as follows

γτ ×= G , (2)
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where τ is the shear stress in the fabric, G is the shear modulus, and γ is the shear strain in

radians calculated as:







=

w
d

arctanγ . (3)

Figure 3.8 illustrates the dimensional parameters, d and w.

By adapting a method from Mohammed and McBride [12,18], the shear stress and

modulus were also normalized by volume fractions to allow the fabrics to be compared

based upon the amount of fibers in the fabrics as follows:[18]

fVlt
F
××

=τ (4)

         
)/arctan( wdV

G
f ×

= τ
. (5)

There is an obvious difference in shear properties between the textured and

control fabrics.  As shown in Table 3.3 and Figure 3.10, when compared to the control

fabric, ATAY fabric had an increase of 10 and 4 times in normalized yield stress and 7

and 4.2 times in yield strain in the warp and weft directions.  This means that the ATAY

fabric has much higher yarn-on-yarn friction than the control fabric according to Cusick’s

model due to the existence of the fiber loops.

The primary shear modulus of a fabric is determined by the bending of the yarns

perpendicular to the clamp moving direction according to Cusick’s model.  The primary

shear moduli of both fabrics in the warp direction are much smaller than that of the weft

direction.  This is because the amount of fibers in the warp direction is only 14% of that

in the weft direction.  The ATAY fabric had a normalized primary shear modulus 2.5
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times and 1.5 times as much as those of the control fabric in the warp and weft directions,

respectively.  This implied that some of the loop fibers in the textured yarns were bent

when the fabric was tested in the warp direction, which contributed significantly to the

primary shear modulus.  The bending stiffness of the textured yarn was also higher than

that of the control yarns because they had a larger diameter, though the fibers in the

textured yarns were not as oriented as in the control yarn.

The textured fabric’s normalized secondary shear modulus was 3-to-4 times as

high in both the warp and weft directions as that of the control fabric.  According to

Cusick’s model, the secondary shear modulus of a fabric is determined by the

deformation and the interaction of the warp and the weft yarn in the cross over points.

Unlike in a 2D fabric, this interaction between the two sets of yarns in a 3D fabric is

purely determined by yarn-on-yarn friction because no interlacing exists.  Therefore, the

reason for the increase in the normalized secondary shear modulus for the ATAY fabric

is that the fiber loops increased the interaction and yarn-on-yarn friction greatly.

The energy required to distort the fabrics in shear tests can be divided into elastic

energy that can be recovered and into consumed energy that cannot be recovered.  The

consumed energy is mostly due to friction between the fibers.  The ATAY fabric had a

normalized energy required to reach the yield point two orders of magnitude higher than

in the control fabric.  The normalized energies to shear the ATAY fabric 4º were about

twice as high as those of the control fabric in both the warp and weft directions.  This is

obviously due to the greatly increased friction between the yarns in ATAY fabric.
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3.4 Conclusions

The following are the conclusions reached in this study:

1) The physical properties, such as area density and fiber volume fraction, of the control

and ATAY fabrics are significantly different.

2) The low initial modulus and much larger secondary modulus were observed for all

3D fabrics in tensile tests. The ATAY fabric had a similar initial modulus and a much

lower secondary modulus in the weft direction when compared with the control

fabric.

3) The ATAY fabric had a significantly higher yield shear stress and strain, primary and

secondary shear moduli, energy to yield point, and total energy absorbed to 4° than

the control fabric due to the increased yarn-on-yarn friction created by the loop fibers.

The above properties make the ATAY fabric more dimensionally stable as a fabric while,

at the same time, it is still able to conform to a certain shape of a final composite product,

which is important for consolidation processes of composite materials using 3D preforms.
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3.5 Tables and Figures

Table 3.1 3D woven fabric physical properties.

Specimen Thickness
@ 0.5
gf/cm2

(m)

Thickness
@ 5.0
gf/cm2

(m)

Area
Density

g/m2

Fabric-Fiber
Volume
Fraction

Control 0.00505 0.00431 2947.79 0.474

Textured 0.00836 0.00533 3712.98 0.300

 Table 3.2 Tensile properties of 3D woven fabric.

Specimen Direction Max
Crimp %

Stress @
Crimp
(MPa)

Modulus @
fiber area

(GPa)

Weft 0.00240 1.604 10.156
Control

Warp 0.00604 10.876 0.74

Weft 0.00263 0.808 0.513
Textured

Warp 0.00762 17.676 0.47
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Energy to
4°

(kPa*rad)

0.861

2.576

2.255

4.688

Energy to
yield

(kPa*rad)

0.266

9.691

23.7

187.66

Secondary
Shear

Modulus
(MPa)

0.58

0.47

1.94

1.92

Primary
Shear

Modulus
(MPa)

0.8

10.14

2.06

15.19

Normalized Properties*

Yield
Stress
(kPa)

0.964

11.33

9.564

47.65

Energy to
4°

(kPa*rad)

0.41

1.22

0.68

1.41

Energy to
yield

(kPa*rad)

0.13

4.59

7.11

56.3

Secondary
Shear

Modulus
(MPa)

0.27

0.22

0.58

0.58

Primary
Shear

Modulus
(MPa)

0.38

4.81

0.62

4.56

Measured Properties

Yield
Stress
(kPa)

0.46

5.37

2.87

14.29

Yield
Degree

0.03

0.08

0.26

0.34

Table 3.3 Shear properties of 3D orthogonal woven fabrics.

Specimen

RAY warp

RAY Weft

ATAY warp

ATAY weft

*These properties have been normalized by the fiber volume fraction of the fabrics.
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Figure 3.1 Cusick’s fabric shear force component model [4].
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Figure 3.2 Fabric shear force-displacement model.



48

(a)

 

Z yarn 

Warp 

Weft 

(b)

N o  d i s t o r t i o n  

(c)

Distortion Along 0A 

(d)

Distortion Along AB 

Figure 3.3 (a) A collective model composed of all three sets of yarns in a 3D orthogonal
fabric, (b) Fabric without shear deformation, (c) Elastic shear deformation, and (d)

Inelastic shear deformation.
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(a)

(d)(c)

(b)

Figure 3.4 Shear behaviors of fabrics with different combinations of components. (a)
High friction with high primary and secondary shear modulus, (b) High friction with high

primary and low secondary shear modulus, (c) Low friction with high primary shear
modulus and high secondary shear modulus, and (d) Low friction with high primary and

low secondary shear modulus [4].

 Stationary clamp 

Moving Clamp Clamp Moving direction 

Figure 3.5 Shear fabric testing apparatus.
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Figure 3.6 Warp direction yarn and fabric slippage.
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Figure 3.7 Weft direction yarn and fabric slippage.
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Figure 3.8 Fabric shear dimensional model.
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Chapter 4

The Tensile And Interlaminar Shear
Properties Of Three Dimensional Air
Textured Aramid Reinforced Composites

Abstract

Air-textured aramid yarns (ATAY) and regular aramid yarns (RAY) were used in this

study to fabricate 3D orthogonal woven composites.  The composites were tested in

warp, weft, and 45º directions to determine the engineering constants of the composites.

Interlaminar shear tests of the composites were carried out to determine the effect ATAY

had on interlaminar shear strength of the composites.  The ATAY composite had a much

lower fiber volume fraction than the RAY composite due to the bulkiness of the textured

yarns.  With the same fiber volume fraction, the ATAY composite had a slightly lower

tensile strength and modulus, but a 120% higher shear modulus, than the RAY

composite.  Unlike the RAY composite that demonstrated a brittle failure, the ATAY

composite failed in a ductile manner with multiple diverting cracks propagating during

failure.  The ATAY composite had a much higher yield point in the 45º direction tensile

test and a much higher softening point in the warp direction tensile test than the RAY

composite.  ATAY can increase the interlaminar shear strength of a composite by 37% as

compared with the control.  The loop entanglements of ATAY are responsible for all the

improvements observed in this study.
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4.1 Introduction

Prior studies have shown that textured or commingled yarns can significantly

influence a composite’s behavior [1-3].  Lauke et al [1] have demonstrated this in a

comparative study of unidirectional composites composed of several commingled yarns

of glass and polypropylene.  The investigation concluded that the air textured,

commingled glass/polypropylene yarn resulted in the highest fracture toughness and

resistance to crack propagation.  These results were attributed to the bridging fibers of the

air-textured configuration [1].  Thanomsilp et al [2] demonstrated that a commingled

glass yarn structure increases the puncture resistance of a knitted fabric-reinforced

composite during low-speed impacts (5.05 m/s).  McDonnell et al [3] found high

resistance to crack propagation for laminated braided composites made of commingled

carbon fiber-polyamide-12 yarns.

However, little has been reported describing the properties of 2D or 3D ATAY

woven composites.  Studies have shown that using short stable aramid fibers can increase

the interlaminar strength of a composite.  Park et al [4] reported that short stable aramid

fibers added between layers in carbon laminated composites resulted in an increase in

interlaminar shear strength and resistance to crack propagation through the laminate

interfaces.  The advantage of using aramid fibers over glass fibers in a textured yarn is

that the tensile strength of aramid fibers does not decrease as much as that of glass fibers

when stress is applied in an off-axis direction as shown by Khatibzadeh et al [5].

In our previous studies, ATAY single yarn composite results have shown an

increase in energy absorbed during tensile failure, and fabric shear tests suggested that
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ATAY contributes to high shear stiffness due to the existence of the loop fibers [6,7].

These loop fibers in ATAY could also potentially increase interlaminar shear strength in

both Mode I and Mode II failure types, as well as crack propagation strength by creating

mechanical locks and fiber bridges between layers in a laminate or a 3D structure.  Since

ATAY contains off-axis fibers [6], ATAY composites should have better off-axis

properties.  There are several disadvantages of using ATAY in a composite structure.

Tensile strength and modulus of ATAY-reinforced composites will have a lower tensile

strength and modulus due to the misorientation of the fibers in the yarn.  In addition, with

the inherent bulk of ATAY, the volume faction of a composite composed of this yarn

would decrease, since the fibers are not packed as tightly as RAY fibers.

In order to determine the effects of using ATAY in a composite material, this

study was designed to compare the tensile and interlaminar shear properties of 2D and 3D

RAY and ATAY woven composite.
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4.2 Experimental

4.2.1 Materials

3D preforms composed of Kevlar® 49 yarns were fabricated in our laboratory on a 3D

weaving machine. 2D preforms were purchased from Carbcom.com.  The structure and

the properties of the preforms are presented in Table 4.1.  In consolidating the

composites, a Shell Epon 862 resin with Epi-cure 3274 hardener was used.  The weft

yarn for the 3D ATAY composites was air-textured using a Stahle ELTEX RMT-P Air

Texturing Machine.

4.2.2 Composite Fabrication

A hand lay-up, vacuum bag process was used to consolidate all composites as

shown in Figure 4.1.  The resin was prepared by mixing 42 parts hardener to 100 parts

resin.  The resin was then heated to 40°C in a vacuum oven to remove the air bubbles.

The resin was then applied onto the fabric.  Once the fabric achieved a complete wet out,

a caul plate, with a predetermined weight, was placed on top of the composite assembly

to apply 6.9kPa of pressure.  The fabric was kept at these conditions for eight hours at

20°C.  The weight was then removed and a vacuum bag was applied over the composite

assembly for an additional 12 hours at 20°C.  The bag assembly, shown in Figure 1, was

then heated in a forced-air oven for three hours at 80°C.
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4.2.3 Tensile Testing

The 3D composites were tensile tested in accordance with ASTM 3039/D3039M-

95a [8].  Five samples measuring 254 mm long and 25.4 mm wide were cut in the warp,

weft, and 45° directions using a water jet cutter.  Strain gauges were applied to the axial

and transverse directions of the composites to acquire strain data.  The overall effective

gauge length was 152 mm and the applied clamp pressure was 11.7 MPa. The tests were

conducted on an Instron universal testing machine model 1331 with 100 kN load cell at

an extension rate of 2.0 mm/min.

Because the 45º and the warp direction specimens were extended further than the

tolerances of the strain gauges, the strain beyond the failure point of the strain gauges was

estimated using a system compliance determined from the extension of the strain gauge

and the system at 700, 1000, and 1300 N load for each specimen.  A linear model was

used to calculate the conversion of the crosshead displacement and the strain of the

specimen.

4.2.4 Interlaminar Shear Testing

To determine the effect of ATAY on the interlaminar shear strength of

composites, two laminates, one composed of eight layers of 2D twill RAY preform and

the other composed of two layers of 3D ATAY preform, were cut into 12.7 mm wide x

127 mm long pieces.  These specimens were then notched, 1 cm apart, using a table saw

with a ceramic disc cutter, as shown in Figure 4.2.  Special care was taken to assure that
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each notch passed slightly halfway through the thickness of the material to eliminate the

possibility of pulling axial yarns directly.

The actual shear test was carried out following ASTM D-695 with the testing jig

as shown in Figure 4.3 [9].  The test used was modified from the standard to use tensile

stress to apply the shear force rather than compression.  The reason for this modification

is that aramid deforms readily under compression and it was consequently considered

unsuitable to properly test the material.  The tests were conducted at 20°C and 70%

relative humidity on an Instron universal testing machine model 1123, with a 5000 N

load cell at a gauge length of 76 mm and a strain rate of 0.026/min.
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4.3 Results and Discussion

4.3.1 Physical Properties of the composites

Table 4.2 shows the fiber volume fraction for each direction as well as the whole

composites.  The fiber volume fraction in a particular direction was determined using the

fraction of the yarns oriented in that direction.  The overall volume fraction was

determined as the fabric aerial density divided by the composite aerial density.  The

overall fiber volume fraction of the ATAY composite, at 0.226, is almost one-half of the

RAY composite, which was 0.4118.  The ATAY composite had a much lower fiber

volume fraction in any given direction in comparison to the control composite.

4.3.2 Tensile Composite Test

The tensile properties of the composites are presented in Table 4.3.  In addition to

the composite strength and modulus values calculated based on the specimen cross-

sections, we also calculated these tensile properties normalized with fiber volume fraction

for comparing the fiber performance in the composites because the thickness of the

specimens are very different for the two groups.  The following equation was used to

determine the shear moduli, G, of the composites [10]:

21
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where E1, E2, and E45° are Young’s moduli in the weft direction, warp direction, and 45°

to the fiber-oriented directions, and ν12 is Poisson’s ratio.
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The tensile strengths of the ATAY composite were lower in all three directions

than those of the control.  The Young’s moduli of the ATAY composite were lower than

those of the control in both the warp and weft directions.  However, in the 45° direction,

the ATAY composite had a higher modulus than the control.  This made the shear

modulus of the ATAY composite 27% higher than that of the control.  This is because of

the contribution of the loop fibers in the ATAY that not only oriented in an off-axis

direction but also entangled with each other.  The above observation is based on very

different fiber volume fractions between the two composites.  When the data are

normalized by the fiber volume fractions, the tensile strength and modulus are either

similar for the two composites or better for the ATAY composite as shown in Table 4.4,

particularly in the 45° direction.  The normalized shear modulus in the ATAY composite

was almost twice as much as that of the control.  This is extremely important for 2D and

3D orthogonal woven composites which usually have a low shear modulus.

The failure mechanisms for the two composites were also quite different.  In the

weft direction, the ATAY composite did not crack straight as in the control composite.

Instead, it cracked in a zigzag manner with branches of small cracks as shown in Figure

4.4, which should absorb more energy.  At 45°, both composites necked before failure

but the control specimens exhibited a much greater neck deformation as shown in Figure

4.5.  The existence of the loop fibers in ATAY yarns suppressed the necking of the

ATAY composite.  This phenomenon corresponds to the unique shear behavior of the

ATAY composite.  The failure cross-sections for the two composites were similar as

shown in Figure 4.6.  In the warp direction, the ATAY composite often cracked in two
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different locations while the control composite always cracked in the same cross-section,

as shown in Figure 4.7.  The major reason why the two composites fail so differently is

the influence of the loops in the ATAY composite.  Figures 4.8 shows a typical cross-

section of the ATAY composite in the warp direction.  The loops of textured yarn

encapsulate the entire structure and leave very little vacant space between picks.  The

RAY structure is very definable with more vacant space between picks, and actually warp

can be seen as not encapsulated between picks.  According to Kao et al, three-

dimensional structures contain weak regions, through the thickness of the fabric, due to

the absence of yarn and loop structures.  As shown in Figure 4.8, the gaps between picks,

which are considered by Kao et al as weak planes, have fibers bridging across the picks,

which stopped cracks from propagating through these planes [11].

The stress-strain curves of the two composites were similar in the weft direction

but different in the warp and 45° directions (Figures 4.9-4.11).  In the 45° direction, the

yield point of the ATAY composite was significantly higher than that of the control (see

Figure 4.10).  The yield stress and the normalized yield stress of the ATAY composite

were 40% and 120% higher, respectively, than those of the control composite (Table 4.5).

This was again due to the effect of loop fibers and corresponded to our preform shear

study results in which we found that the yield point of the preforms exhibited exactly the

same trend [7].  In the warp direction, there was a high initial modulus and a lower

secondary modulus for both the composites (see Figure 4.11).  However, the transition

points, or the softening points, for the two composites were different.  The softening

point likely resulted from the localized yield of the matrix.  The existence of the loop
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fibers seemed to delay the softening point significantly in the ATAY composite (see

Figure 4.11).

4.3.3 Interlaminar Shear Test

The results of the interlaminar shear tests are presented in Table 4.6. The control

preform had a balanced structure with an equal number of ends/cm and picks/cm and the

same yarn was used in both directions.  Therefore, it was assumed that, for the control

sample, no difference should exist in interlaminar shear strength and only one set of

specimens was prepared.  For the ATAY composite, one set of specimens was tested in

each direction.

In the weft direction, the ATAY composite had a 37% higher interlaminar shear

strength than the RAY composite (Table 4.6).  In the warp direction, no statistically

significant difference was observed between the two composites.  There is also a

statistically significant difference between the warp and weft directions of the textured

samples.  The fibers on the surface of the ATAY composite were predominantly oriented

in the weft yarn axial direction as observed in our previous study [6] since the 3D

preform had mostly weft yarns on the surface.  When the shear occurred in the axial

direction of the weft yarn, the loop fibers could more effectively resist the crack

propagation since they were oriented in the shear stress direction.  For the warp direction

test, the fibers were mostly oriented perpendicular to the shear stress direction and thus

could contribute much less resistance to crack propagation.  This effect can be also seen

in the shear stress-strain curve in Figure 4.13.  The ATAY weft specimens had not only
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much higher shear strength but also a long tail after the peak stress, indicating residual

resistance from the bridging fibers, while the warp and the control specimens had only a

tail representing the friction between the two pieces.  This can be visualized in Figure

4.13.

Examining each specimen under a microscope at 5X magnification, it was

observed that the ATAY warp direction sample often cracked through the weft yarns of

the composite with Z-yarn failure as shown in Figure 4.13.  In the weft direction, the

failure surface was located along the interlaminar region.  Each delaminated surface

appeared to have fibers protruding from it.  This indicates that these fibers in the ATAY

composite structure were resisting crack propagation, leading to a much higher

interlaminar shear strength.
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4.4 Conclusions

The following conclusions have been reached in this investigation.

1) The ATAY composite had a much lower fiber volume fraction than the RAY

composite due to the bulkiness of the textured yarns.

2) Although the ATAY composite had a lower tensile strength and Young’s modulus

than the RAY composite, it had a 27% higher shear modulus than the RAY

composite.  With the same fiber volume fraction, the ATAY composite had a slightly

lower tensile strength and Young’s modulus but a 120% higher shear modulus than

the RAY composite.

3) The ATAY composite had different failure mechanisms in comparison to the RAY

composite.  Unlike the RAY composite that demonstrated a brittle failure, the ATAY

composite failed in a ductile manner with multiple diverting cracks propagating

during failure.  In the 45° direction, the RAY specimen illustrated a necking behavior,

while the ATAY necked only slightly, indicating a higher dimensional stability.

4) The ATAY composite had a much higher yield point in the 45º direction tensile test

and a much higher softening point in the warp direction tensile test than the RAY

composite.  This was because the loop fibers in the ATAY composite anchored the

resin rich region, preventing the deformation of the composite.

5) ATAY can increase the interlaminar shear strength of a composite by 37% as

compared with the control.  The loop entanglements that provide anchoring and

entanglement between the layers within a laminate were the major reason for the

increased interlaminar shear strength.
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4.5 Tables and Figures

 Table 4.1 Physical properties of the preforms

Fabric Warp
Layers

Weft
Layers

Warp Count
(Ends/cm)

Weft Count
(picks/cm)

Z Yarn
(yarns/cm)

2D 1/4 Twill 1 1 7 7 0

3D RAY Orth. 5 6 5.1 4.8 5.1

3D ATAY Orth. 5 6 5.1 4.8 5.1

Table 4.2 Fiber volume fraction.

Specimen Directional Fiber Volume Fraction

Weft 45º Warp Vf

Control 0.344 0.369 0.0491 0.412

Textured 0.211 0.235 0.0228 0.226
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STDV

0.083

0.071

Shear Modulus
(GPa)

Mean

1.35*

1.68

STDV

3.171

0.286

0.603

1.037

0.242

0.652

Modulus
(GPa)

Mean

40.65

4.591

8.634

14.72

5.065

5.914

STDV

0.024

-

0.005

0.024

-

0.021

Poisson’s ratio

Mean

0.19

-

0.03

0.31

-

0.13

STDV

48.7

5.1

16.2

27.8

1.5

3.6

Strength
(MPa)

Mean

635.3

97.19

146.2

304.2

61.2

67.33

Orientation

Weft

45

Warp

Weft

45

Warp

Table 4.3 Tensile properties of  the ATAY and RAY composites.

Specimen

Ray

ATAY

*Shear modulus is calculated from the tensile moduli in three directions and the Poisson’s ratio using
Equation 1.
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  Table 4.4. Normalized properties of 3D composites.

Specimen

 

Strength

(MPa)

Modulus

(GPa )

Shear Modulus

(GPa)

  
Mean STDV Mean STDV Mean STDV

Weft 1542.61 118.220 118.064 9.209

45 236.01 12.422 12.451 0.775 3.2224 0.1969Control

Warp 2976.44 330.160 175.796 12.279

Weft 1443.44 132.012 69.847 4.922

45 290.35 7.099 21.513 1.030 5.66211 0.27347Textured

Warp 2948.44 156.425 258.976 28.561   

Table 4.5 Yield point of the composite at 45°.

Specimen Yield Stress
(MPa)

Yield Stress
(MPa)/Vf

Yield Strain (%) Energy to Yield
(kPa*m/m)

 
Mean STDV Mean STDV Mean STDV. Mean STDV

Control 38.5 0.7 104.3 0.7 0.91 0.04 2.2 0.02

Textured 54.1 1.1 229.8 1.1 1.44 0.05 2.8 0.05
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 Table 4.6 Interlaminar shear-mode II test results.

Specimen

Failure Strain Strength (MPa)

Mean STDV Mean STDV

Control 0.0239 0.0039 20.91 2.70

ATAY Warp 0.0264 0.0039 21.83 4.27

ATAY Weft 0.0285 0.0026 28.73 1.44

Figure 4.1 Consolidation configuration diagram.
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Figure 4.2 Interlaminar shear test sample configuration.

Figure 4.3 Interlaminar shear test jig configuration.
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Figure 4.4 Composite failure in weft direction: Above, ATAY; bottom, RAY.

Figure 4.5 Typical 45° RAY composite necking.
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Figure 4.6 Typical 45° RAY composite failure: Above, ATAY; bottom, RAY.
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Figure 4.7 Typical warp composite failure: Above, ATAY; bottom, RAY.
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Figure 4.8 Magnified view: Above, ATAY (10x); bottom, RAY(20x)
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Figure 4.11 Warp composite orientation.
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Figure 4.12 Interlaminar shear stress-strain curve.
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Figure 4.13 Typical surfaces in the interlaminar shear test: Above, the weft direction
specimen; bottom, the warp direction specimen.
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