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Abstract

ABSTRACT

This thesis presents a systematic study, in multi-scales, of mechanical properties of
newly developed thermoplastic cellular textile composites for energy absorption
purposes. This research aims to create a scientific basis for such composite materials
with a high specific energy absorption capacity, and to better understand the material
system, the fibre architecture and the fabrication techniques for particular applications.
The study covers five related aspects: (1) composite fabrication techniques, (2)
performanée of cellular composites with various material systems under quasi-static
compression and impact conditions, (3) deformation mechanism of the cellular
structure, (4) in-plane deformation and mechanisms under tensile loading in both
macro- and micro-scales, and (5) determination (by employing Raman microscopy)

of fibre strain distribution in composites.

Material systems in this study include co-knitting polyester (polyethylene
terephthalate, or PET) and polypropylene {PP) continuous filament yams to be melted
as matrix, laminating PET non-woven fabrics and PP matrix films, laminating high
performance fibres, ultra-high molecular weight polyethylene (UHMWPE), as knitted
fabrics and low-density polyethylene (LDPE) matrix films. The fabrication processes
of thermoplastic textile composites, including the corresponding grid-dome with

flat-top cellular structure, are described.



Abstract

The energy-absorption behaviours of these cellular composites are examined under
quasi-static compression and impacts. The effects of fibre material, fibre volume
fractions and fibre architecture on the energy absorption ¢ apacity, are i nvestigated.
Cell recovery after impact is also studied. The equivalent cell wall thickness is shown
to be a dominant factor governing the energy absorption capacity of the cellular
structure made fron"l the same material. Both the composites with knitted and
non-woven fabric reinforcements exhibit a high specific energy absorption capacity.
In particular, the non-woven composite achieves a higher level of energy absorption
than that of the knitted composites. In addition, the non-woven cellular textile
composite is able to retain the same level of energy absorption capacity under
multiple impacts. This can be attributed to material properties of the composites such
as its tensile and shear properties. By further varying the fibre volume fraction in the
non-woven composite, different fracture modes are observed and different levels

energy absorption capacity are obtained.

Previous studieé by others concentrated on the deformation mechanisms of cellular
composites with anisotropic knitted reinforcement. The present study is concerned
with isotropic materials. The major deformation mode of flat-topped cellular samples
made of PET/PP non-woven composites and pure PP polymer is identified as the
internal convolution of the conical cell wall during plastic collapse of the cell.
Theoretical analysis for the large deformation is carried out to predict the
energy-absorption capacity of non-woven cellular composites and pure PP. Good
agreement has been found between the predicted and the experimental results,
implying that the model can provide a basis for the effective design of similar

material systems.



Abstract

Previous studies demonstrated that the membrane deformation of knitted cellular
composites dominates the contribution of energy absorption when the cell collapse is
large. Hence, in-plane deformationrof the knitted composites is investigated in this
study. Tensile properties of the composites are related with the knitting directions and
individual components. The deformation mechanisms of the flat composites are
identified during tensile loading by in-situ SEM observation. Effects of fabric
structure, fibre volume fraction, pre-stretching directions and levels of the knitted
fabrics prior to composite fabrication and plasma treatment on fibre surface are

studied.

Raman microscopy is employed to determine the fibre strain distribution in a single
loop in the knitted composites, made from ultra-high molecular weight polyethylene
(UHMWPE) fibres embedded in low density polyethylene (LDPE) matrix. The fibre
itself acts as a sensor embedded in the composite and therefore Raman microscopy
can be used to follow the R aman b and shift o f the single fibre due to the applied
strain. It has been found that the fibre strains of the deformed loop are very low even
when the composite is under large effective strains. Theoretical analysis is
concentrated on the fibre strain on single knitted loop during the large deformation.
This phenomenon can be explained in terms of the shape change of the fabric loop
and fibre sliding, fibre orientation to the stretching direction, and probably the fibre

stress relaxation during the loop mapping process.
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Abstract

In summary, the fabrication aspects and the performance of cellular textile composites
with various material systems have been investigated in detail. The deformation
mechanisms of the isotropic non-woven cellular composite material have been
identified and a prediction model has been proposed to provide fundamental
information on composite design. The in-plane deformation mechanisms of the
composites that contribute to the energy absorption have been studied in multi-scales.
The study of non-woven composites provides an alternative material selection to
achieve further substantial saﬁng on material cost and fabrication time. More
importantly, the outcome of this thesis may contribute significantly to development of
high energy absorbing cellular textile composites with great potential in making
protection devices, such as sport helmets, car crashing elements or other light weight

devices where high specific energy absorption capacity is of great concern.
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CHAPTER 1
INTRODUCTION

1.1  Background: Textile Composites for Energy Absorption

When advanced applications need a combination of properties that no single material
can provide, composites become one of the choices. Composites can be defined as a
combination of dissimilar materials to perform a task that neither of the constituent
materials can perform alone. Generally, a composite is made of at least two
components: reinforcement and matrix. In textile composites, textile reinforcements
can be formed by integrating fibres or yams into fabrics by weaving, knitting and
braiding etc. Textile preforms can be in various shapes or forms. Well established
textile techniques allow near-net-shape preform manufacturing and also reduce cost
considerably. The preforms can be cénsolidated by various conversion processes,
such as resin transfer molding or hot pressing. Matrix materials can be thermoplastic
or thermoset polymer, ceramic or metal. Depending on the product design for
specific application, consolidation of the textile material with matrix material can

produce three-dimensional textile composites.

In recent years, development of three-dimensional textile composites for energy
absorption application has received increasing attention from researchers due to the
design flexibility of the composite structures, their high specific strength and
stiffness with a large amount of reduction in weight as well as low fabrication cost as

compared with metals. In many engineering problems, the main concern in sclecting
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materials is their energy-absorption capacity rather than their elastic moduli or
ultimate strength. The energy-absorbing devices, as described by Johnson & Reid
(1977) and Yu (1986), should utilize the in-elastic deformation as their major
energy-absorption mechanism; the force required for their deformation should be
almost constant with a long deformation stroke under a stable mode. They should be
light-weight, and pﬁsécss high specific energy-absorption capacity (i.e.
energy-absorption capacity per unit weight). Therefore, these requirements for the
structural components are different from those designed for high load or strain

bearing.

Typical examples can be found in the devices for crashworthiness of vehicles in
collision accidents. Bumpers and other crushing elements in chassis and doors should
be designed to obtain high specific energy absorption capacity while keeping the
peak force (and thus the deceleration) below the threshold above which a collision
will cause damage or injury. When a collision happens, the kinetic energy of the
vehicle can be completely dissipated by these crushing elements on reducing the
damage to the occupants in the vehicle to a minimum. Similar principles are applied
to other energy absorbing devices, such as road barriers, auxiliary protective helmets,
hard hats used in construction sites, protective packaging of fragile goods, etc. These
energy-absorbing devices should undergo a non-reversible deformation, and thus
they are usually one-shot items. After the plastic deformation, they are discarded and
replaced. The mode of deformation should be stable under various impact conditions

and not adversely affected by dirt, corrosion or other environmental factors.

Manufacturing the textile composites should be fast, easy and at reasonable cost, the
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component size and shape capability are also of paramount importance. Traditionally,
a variety of materials such as metal, plastic and wood in cellular structures (thin-wall
tubes, honeycomb, conical frusta and foams etc.) have been used for making energy
absorption devices. Textile composites can be fabricated into cellular structures as

new members of the material family for high energy-absorption purposes.

The term “cellular textile composites” used in this study comes from the concept of
celiular solids (Gibson and Ashby, 1997), which comprises an assembly of cells that
are interconnected by a network of solid edges and faces of cells. The members of
the cellular solid family include a large variety of natural and artificial materials such
as wood, coral, bone, honeycombs, foams and so on. These cellular solids contain a
large amount of space and normally have a low relative density. Due to their
excellent capacity for energy absorption and thermal insulation, cellular solids have
been used for cushioning, packaging, insulation of heat and sound as well as
light-weight structural components (Hua and Yu, 1991): Similarly, textile material is
an assembly of fibres with certain orientations, which can be fabricated to give
low-density cellular structures. The structural parameters of fibre assemblies can be
engineered for particular applications such as energy absorption. Due to the design
versatility of textile structures and three-dimensional shapes, textile materials can be
designed specifically to absorb large amounts of energy with light weight and

flexibility, such as in protective helmets, bullet proof panels, crash barriers, etc.



Chapter 1

1.2 Introduction to the Study of Cellular Textile Composites

1.2.1 Historical Development of the Composites

Starting from early 1997, Tac and Yu (1997) conducted a systematic study on the
specific energy absorption ¢ apacity of cellular t extile c omposites. V arious c ellular
textile composites with five configurations, as shown in Fig. 1.1, were fabricated and
tested under quasi—stétic compression and impact conditions. The study identified
that textile composites with a suitable cell geometry which could undergo large
piastic deformation (bending or/and membrane stretching) to achieve high levels of
energy absorpion capacity. Those having large elastic deformation or brittle fracture
during deformation are not suitable for this kind of application. It was found that a
grid-domed cellular structure has the highest specific energy absorbing capacity
among all the five configurations, which is also greater than that of polyester foams

of identical density.

=== 00000

(d) ' (e)

Figure 1.1 Schematic diagrams showing different configurations of cellular
textile composites. (a) Spherical topped with tapered wall grid domed structure
molded from knitted fabrics (b) Spunbond non-woven structure (c¢) Circular-tube
shaped knitted composite (d) Multi-layer woven structure (e) Square-tube shaped
knitted composite
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In their subsequent work, a thorough characterization and optimization of
grid-domed cellular textile composites reinforced with knitted fabrics were carried
out. The large deformation processes (Yu et al., 2000) of hemispherical topped
grid-domed composites involve three-stages: (1) local inversion of hemispherical
dome cell, (2) global plastic collapse of the truncated spherical cap and then (3) large
plastic deformation oAf a truncated conical shell, as illustrated in Fig. 1.2. Elastic and
rigid plastic models for the individual deformation stages (Yu et al., 2000) have good
agreement with the experimental data. These models also show that in the first two
stages of deformation, there is an elastic or elasto-plastic snap of the spherical cap of

the hemi-spherical dome, which leads to comparatively lower energy dissipation.

It is also found that by further improving the hemi-spherical top configuration to a
flat topped one, it would effectively minimize the elastic deformation and facilitate
the plastic deformation leading to higher energy absorption capacity (Xue et al,

2000). The modified flat-topped grid-domed cellular composites is shown in Fig.1.3.

Figure 1.2 Images of a hemispherical topped dome cut from the cellular
composite developed at early stage (Yu et al, 2000), (a) the undeformed
configuration; (b) an axisymmetric deformation of the dome at small deflection; and
(c) a 3-fold deformation pattern of the dome at larger deflection
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Figure 1.3  Flat-topped grid-domed cellular composites (Xue et al., 2000b)

Table 1.1 compares the energy-absorption capacity of composites with
hemi-spherical tops and flat-topped configurations under quasi-static compression
and impact tests. The samples contained the same number of domes in a panel area
of 100x100 mm* having a weight of approximately 10.5 g, with a dome height of
13.8 mm and resin add-on of 155-162 % (Xue et al, 2000). The flat-topped cells
exhibit a much higher energy-absorption capacity than the hemi-spherical ones under
both quasi-static compression and impacts. The flat-topped cells deform in a stable
mode with a low peak force and under a long stroke during the large deformation

process.
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Table 1.1  Comparison of energy-absorbing capacity for hemispherical topped and
flat-topped cell configurations (Xue et al., 2000)

E,, impact energy; _ Energy absorption up to  Enpergy absorption up to
V,, impact velocity Configurations 4mm displacement 8mm displacement
I Jig J Jg

Quasi-static test, Smm/min. . Hemispherical 0.50 0.29 2.27 1.34

topped

Flat-topped 1.33 0.60 5.00 2.27
Eq=23J, Vi=3.47m/s Hemispherical 3.42 0.45 16.11 2.15

topped

Flat-topped 11.39 1.08 23.74 2.26
Eo=451 2%]J, Vo=4.8m/s Hemispherical 4.10 0.54 16.46 2.19

topped

Flat-topped 11.02 (.96 28.00 2.43

Other geometrical parameters of the cells that have significant effects on energy
* absorption were also investigated (Xue et al., 2000). When the diameter of the
cell-bottom remains constant, a varying diameter of the cell-top or the semi-apical
angle of the truncated conical shell would have 5 significant effect on the
energy-absorption capacity of the composites. The effective area of the cell or the
cell wall area dominates the energy-absorption capacity of grid-domed cells. As long
as the effective area remains constant, varying the cell size has little effect on the
energy absorption capacity of the composites. With the same cell size, increasing the
cell density can obtain a higher enei‘gy-absorbing capacity, but also increases the

pre-extension of fabrics during the molding process.

By observing the collapse of cells with a flat-topped configuration under axial
compression, the deformation mechanism was identified having the elastic buckling

followed by a plastic collapse of the truncated conical wall. A theoretical model

7
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including both the elastic and plastic deformation of a cell was developed to predict
the load-displacement and energy absorbing characteristics. In the rigid perfect
plastic analysis, the total energy dissipation (/) during large plastic deformation
including bending (W) of the plastic hinge lines and membrane deformation (Wm) is

written in the following expression:

W=W,+W, = [ Pds
The total energy absorption dissipation is equal to the external work done by the
axial compressive force (P) with a vertical displacement (4) of the cells during the
deformation process. Figure 1.4 illustrates the rigid-plastic deformation model of a
flat-topped conical cell having a horizontal circumferential hinge line under axial
compression. This membrane deformation of the cell will dominate the energy
absorption at large deformation, accounting for over 80 % of energy absorbed when
the vertical displacement of the cell-top reaches half of the cell height. The model
also enables to predict the large deformation behaviour of the grid-domed éell
including the strain distribution and possible failures. Based on the previous
experimental studies and theoretical analysis, the finite element simulation was
performed (Bao). The effects of the geometrical parameters, such as wall thickness,
cell height and anisotropy of composite, etc. on energy absorption capacity were

discussed.
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Figure 1.4 Sketch of the rigid-plastic deformation model of a flat topped
grid-domed cell having a horizontal circumferential hinge line

The mechanism of energy absorption by large membrane stretching and bending
deformation of the cellular textile composites are different from the rigid composites,
such as the composite I-beam (Hamada, 1997), carbon fibre/epoxy tube, carbon
knitted /epoxy tube (Ramakrishna and Hull, 1995) and braided composite square
tube (Chiu et al,, 1995), which are designed to abs;)rb high impact energy by
localized matrix cracking, fibre/matrix debonding and further fracture in the crush
zone. Further examination of the deformation mechanism of the knitted cellular
composites in microscopic level has been conducted by in-situ quasi-static
compression loading of a composite cell inside scanning electron microscope (SEM).
The damages, including the localized matrix crack initiation, propagation, and
debonding of fibre/matrix, have also been observed in the buckling region, as shown
in Fig. 1.5. However, these kinds of deformation have minimal effects on the energy

absorption as long as the composite structures hold their integrity.
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Cell top

Cracking
and
debonding

(c) (d)

Figure 1.5  Deformation mechanism of the thermoset flat-topped cellular
composite being observed in the buckling region (Xue, 2000a)

[n order to study the failure mode of the knitted textile composites, the tensile
loading of flat knitted composites was conducted and the deformation mechanism
was observed under microscope, as shown in Fig. 1.6 (Xue et al., 2002). The crack
propagation in matrix, the change of the loop shape and the straining of fibres before
fracture can be identified in the cases with the three loading directions. In particular,
the size of holes approaches a constant with the tensile loading while the growing
speed of hole in wale loops increases progressively and this is quantitatively

described.

10
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Figure 1.6  The deformation process of PET/PP knitted composites under
tension along (a) the wale direction, (b) the diagonal direction; and (c) the course
direction (Xue et al., 2002)

1.2.2  Fabrication of the Composites

There are various types of well established textile processing and composite
manufacturing techniques (Mazumdar, 2002). Many published papers have
demonstrated (Tung and Jayaraman, 1991; Araujo, 1996; Hansson, 1998; Svensson.
1998, Kamiya et al., 2000) the versatility of textile processing on three-dimensional
composite design. These are good guidance for the design and fabrication of the
grid-dome shaped cellular textile composites. Considering the formability of textile

11
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preforms into cellular structural panels, however, filament winding, 3D weaving or
braiding would not be appropriate choices. Other considerations for material
selection of the cellular composites should focus on promoting the plastic collapse of
the projected cells to obtain a high specific energy absorption capacity. Highly rigid
and brittle fibres such as glass, carbon or ceramic fibres embedded in brittle
matrices/resins for high performance application would not be suitable for the large
deformation application. Feasible ways for fabricating polymeric cellular textile

composites were studied and are summarized in Fig. 1.7.

1.2.2.1 Material System

The selection of fibres and matrix/resin has a key effect on the
properties/performance of the final composite products. Based on the application
requirements of a high energy absorbing material, the fibres should be sufficiently
strong but ductile. Conventional fibres such as, fully drawn polyester and nylon,
possess a ¢ ertain s trength and e xtensibility, p liability (forming k nitting loops) and
lightness. They may have a great potential to be used for energy absorption purpose.
The mechanical properties of these fibres compared with some high performance
fibres are listed in Table 1.2 (Morton and Hearle, 1993). In addition, conventional
fibres can be texturized as crimped, deformed or stapled yarns for enhancing preform
formability during composite molding and achieving a better matrix impregnation.
Other minor considerations when selecting the fibre material, including the level of
moisture absorption of the polymer fibres (e.g. nylon fibres can absorb moisture up
to 4 %), would affect the properties and dimensional stability of the composites
while the fibre/matrix compatibility (inappropriate adhesion of fibre/matrix interface)

would strongly affect the failure mode of the composites.

12
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Table 1.2 Mechanical properties of textile fibres for composite reinforcement
(Morton and Hearle, 1993)

Fibre Type
Py . High performance fibres Conventional textile fibres
operties Polyethylene , Carbon Nylon
(High density) KA“:’“‘:Q 5-Glass | (pigh-strain) | Polyester | Nylon 6,6 Pzg';:g’g:; ¢
Dyneema SK75| “¢V'%' Hysil Grafil high-density
Density (g em?) 0.97 1.44 2.49 18 1.36-1.38| 1.14 0.90
Tenacity (NTex) 35 2.1 1.8 2.1 047 | 0.66 0.65
Initial modulus . 71
NTex) 113 80 35 128 106 | 44
Elongation at 17
lorest %) 3.6 2.9 54 1.7 18 16
Tensile strength -
oF) 3.4 3.0 4.6 3.7 - .
Tensile modulus -
(GPa) 110 115 87.0 230 - -

Both thermoplastic and thermoset polymeric matrices/resins can be used in the
composife system. Typical thermoplastic matrices include polyamides, polyester,
polyethylene, polypropylene, and polystyrene. Their properties are listed in Table 1.3,
Other than c onsidering t he material ¢ ompatibility of the fibre/matrix interface, the
matrix system in the polymeric composite should provide optimized toughness so as
to facilitate the large plastic deformation. Thermoplastic matrices are usually tougher
than thermoset resins, but the former require much higher temperatures and pressures
during processing. In contrast, thermoset resins provide easy processing and better
fibre impregnation when the liquid resin is used at room temperature. Sometimes the
viscosity of thermosets may be reduced to some extent at elevated temperatures for
better fibre wetting and impregnation. Examples of thermoset resins are epoxies,
phenolics, unsaturated polyester, vinylester, cyanate esters, and polyimides.
Unsaturated polyester and epoxies are the most widely used. If flammability should
be considered, phenolic resins can be used (Disselbeck and Stahl, 1986). Generally
composites made from unsaturated polyester resins have low strength, poor impact

performance and high shrinkage during the curing process, while epoxies provide

14
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better performance on chemical and solvent resistance, flexibility, strength and
hardness, creep and fatigue resistance and fibre adhesion, depending on the
manufacturing conditions. Improvement in resin toughness can be achieved by
adding an elastomeric modifier of liquid polymer, such as carboxyl-terminated
butadiene acrylonitrile (CTBN). Although the thermoset composite processing is
more mature than those for thermoplastics, thermoplastic matrices offer more
advantages than thermoset resins in terms of composite properties and performance

(Lou, 1991) (Table 1.4).

Table 1.3  The most commonly used thermoplastic matrix polymers and some of

their properties

Property Polypropylene Nylon 6.6 Polycarbonate PET
Density (g cm™) 0.9 1.14 1.06-1.2 1.21
Young Modulus {GPa) 1.0-14 1.4-2.8 2,2-2.4 2.7
Poisson’s ratio 0.3 0.3 03 0.3
Tensile yield strength i ) )

(MPa) 25-38 60-75 45-70 62
Thermal conductivity

(Wm'°C) 0.2 0.2 . 0.2 0.2
Coefficient of thermal

expansion (10°°C™") 110 90 0 65
Melting Point (°C) 175 264 - 254-259

Table 1.4  Comparison on general thermoset and thermoplastic composites (Lou,
1991)

Material Properties Thermosets Thermoplastics
Quality Assurance Fair Good

Shelf Life Poor Excellent
Toughness Fair Excellent
Solvent Resistance Good Good

Creep Resistance Good Fair
Composite Processing Slow Fast

Cost Reduction Fair Good

Heat Bondable Poor Good

15
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1.2.2.2 Preform Preparation

Reinforcing fibres can be in different forms, includiné knitted, or woven fibre
networks, and non-woven spunbond fabric into cellular shapes. Ko (1997) has
suggested that fibre orientations and volume fractions in composites are the key
engineering parameters for the formability, matrix impregnation and performance of

textile composites.

Epstein (1991) demonstrated near-net-shape structures with knitted or woven T-pipe
junction, cone, flanged pipe and domes to produce complex shaped components, and
Ramakrishna et al. (2000) described many fully fashioned technologies of knitting
for engiﬁcen'ng composites. For textile processing, the use of knitted fabrics for
composite reinforcement was highly recommended by Kim (19992} due to the good
conformability of fabric without excessive extending the fibre loops. This
conformability means that layers of knitted fabric can be stretched to cover the
complete component/device surface without the need to cut and overlap sections.
In constrast, woven fabrics are comparatively less flexible than knitted fabrics in
terms of yarn movement, and the stretching of woven fabrics exert a stretching force
directly on the axial fibres or yarns. Therefore, the mechanical shaping of flat knitted

fabrics would be more effective and economical to form the cellular structures.

A knitted fabrics can be formed through a row of closely spaced needles on the
needle bed which pull loops of yarn through previously formed knit loops. The
conversion of yam into loops can be done either in a horizontal direction (weft

knitting) or in a vertical direction (warp knitting).

16
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In weft knitting, there is the feeding of yarn coming into the knitting machine
horizontally and this yarn forms a row of knitted loops across the width of the fabric.
The weft knitted machines include flat bar machines, circular machines, and staight
bar fully fashioned machines. In w arp knitting, there are multiple yarns being fed
into the machine in the direction of fabric production, and each yarn forms a line of
knitted loops vertically in the fabric direction. Usually the warp knitted fabrics can

be produced in Tricot and Raschel machines (Gohl, 1988; Spencer, 2001).

Due to the fact that a weft knitted fabric is comparatively more extensible and
drapeable than a warp knitted fabric, weft knitted fabrics were selected as reinforcing
preforms in this study. Changing the knit architecture can vary the properties of
knitted fabric itself quite significantly. The fabric characteristics, sﬁch as fabric
extensibility, areal weight, thickness, surface texture, etc, can be controlled quite
closely. This allows knitted fabric to be tailor-made to suit the particular component
being produced. For the fabrication of the knitted textile composites, the weft knitted
fabrics, including plain, rib 1x1 and interlocking, are selected. Other complex knitted
fabric structures, that may complicate the analysis on the mechanical properties of

knitted composites, are out of scope in this study.

Usually, weft knitted fabrics display anisotropic properties. Fabric pre-stretching
before composite fabrication has proved an effective method for tailoring the
mechanical properties of knitted composites. A number of researchers have improved
the strength of knitted composites by pre-extending the knitted fabrics uni-axially or
bi-axially. Ramakrishna et al. (1999) reported that the pre-extension of polyester

knitted reinforced fabric with polyurethane elastomer composite improved the tensile

17
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strength and stiffness in the pre-extension direction. In addition, Wilde and
Ziegmann (1997) reported the composite stiffness becoming more isotropic with the
pre-stretching applied prior to the consolidation. This pre-stretching on knitted

fabrics can be applied multi-axially without causing fabric folds.

Although knitted fabriés are still not widely accepted in composite industry due to
their relatively poor strength and modulus compared to other fibre architectures, such
as woven preforms or braided tubes (Verpoest et al, 1997), the mechanical
properties of such knitted textile composites may have a profound improvement on
mechanical properties (e.g. stiffness, energy absorption) with proper fibre orientation
(Chou et al., 1992; Verpoest and Dendauw, 1992; Verpoest and Dendauw, 1993; Wu
et al, 1995) and fibre volume fraction (Ko and Du, 1997). The excellent
conformability of knits is also an important feature for fabricating relatively
non-structural components of complex shape with acceptable mechanical properties.

(Ramalcrishné et al., 1995; Verpoest et al., 1997; Xue et al., 2002; Lam et al., 2003).

An attempt in the present study is to investigate the possibility of the replacement of
knitted fabrics with a commerical available non-woven fabric made of staple
filaments entangled in bulk layer (Gioello, 1982; Corbman, 1983), which are usually
used in the washable filling of clothing, bedding and furniture. It may be formed
either by bonding or interlocking of fibres or both, accomplished by mechanical,
chemical, thermal, or solvent means, and a combination thereof. More specifically
this kind of non-woven fabric may be formed by needle punching a web of fibres —
already formed by cards, garnets or air-laying — which is passing through a machine

equipped with groups of specially designed needles (Albrecht et al,, 2003). The
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needle loom consists of a pad with closely spaced needles, which are forced in the
web of fibres to reorient and become entangled to form a cross-laid non-woven fabric
at the delivery. The bulk form non-wovens may have a thickness ranging from 0.05 -
8.0 cm or more, without increase in weight. The primarily advantage brought by the
non-woven fabric over the knitted fabrics is the elimination of yarn spinning and
conversion of yarn into fabric. The production cost of non-woven is much lower than
the knits. The fabric is soft and provides good conformability by compression
molding i nto t hree-dimensional ¢ ellular s tructure. A lthough the non-woven fabrics
generally lack tensile strength, which is usually weaker than in knits, the cross-laid
fibre orientation in non-woven fabric may be preferred for the compression through
thickness and allows better matrix penetration during the molding process. The cell
wall thickness of the molded panel may be kept more uniform than those knitted

composites due to high conformability of the bulk form non-woven fabric structure.

1.2.2.3 Consolidation/Curing to Cellular Structure

Generally, two main steps are involved in the processing cycle of the composites: the
impregnation of textile reinforcing structure with resin/matrix and consolidation of
the shaped polymer fibre network. During consolidation, hardening of the
resin/matrix takes place, and bonding is formed between the resin/matrix and fibres
in the reinforcement structure. A range of fabrication processes for either
thermoplastic or thermoset systems have been demonstrated (Hoechst, 1991; Klecka,

1992; Leclerc, 1993) for molding the textile preforms.
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For the thermoplastic material processing, the form of prepreg can be achieved in
several ways: co-knitting, co-weaving, forming hybrid yarn during spinning, or film
stacking. The co-knitting or co-weaving of two types of fibres can be processed into
prepreg so that the fibre and matrix content can be controlled. Another method of
combining the reinforcing fibres and the thermoplastic matrix is to produce
bicomponent fibres cbntainjng two different polymers, in side-by-side or concentric
core-sheath arrangement, during the fibre spinning process; or to commingle filament
yarns of both reinforcing fibres and thermoplastic matrix fibres as a type of texturing.
This pre-mixing reinforcing fibres/matrix fibres can improve the impregnation
quality during melting of the thermoplastic matrix, which then spread more evenly
between the reinforcing fibres. A further simple method of prepreg preparation is the
film stacking process. The thermoplastic film is laminated with the reinforced
preforms and consolidated under heat and pressure to fully impregnate the fibres.
This process is clean and solvent-free, but requires proper care for the production of

a void-free prepreg.

Disselbeck (1994) commented that compression molding seems to be the most
feasible technique for fast fabrication of textile composites. He demonstrated a
deep-drawable hybrid textile preform being placed into an open mold. The mold is
then closed where heat and pressure are applied for a sufficient time until the
structure is formed and cured. He suggested that knitted preform is preferred for the

deep-drawing process by compression molding.

Compression molding of textile prepreg allows the fabrication of intermediate

complexity, such as the grid-domed cellular structure. Other advantages of
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compression molding include low production cost, little material waste, good control
of fibre-to-matrix volume ratio and void content. As the compression molding
technique involves only heat and pressure for molding fabric reinforcement with
matrix in a closed mold cavity, it allows a shorter cycle time for the whole pressing
process than with thermoset cellular composites, and a one-step process can be
achieved as long as the prepregs are put into the mold. High productivity can be
achieved and thus, the technique would be economical for the mechanical forming of
the shape. However, compression molding of the fibre network may limit the fibre
impregnation for some textile structures. Mosleh et al (1998) reported that there was
poor impregnation of resin diffusion into the high density fibre arrangement in
woven sfructures where the fibres were compressed together during the

consolidation.

For t hermoset g rid-domed cellular composites, consolidation can be achievedina
one-step or two-step process with or without application of heat and/or pressure for
faster polymerization. Zarandi and Youssef (1990) demonstrated a fabrication
process, as shown in Fig. 1.8, of conical projected cellular textile composites. A
stretchable light-weight fabric is impregnated with resin and the amount of
impregnation is controlled by squeeze-off rollers. The impregnated preforms is then
cured inside a closed-mold under pressure and a composite panel with conical
projections is made. After being cut into the desired size and shape, several panels
can be laminated with interface panels made of plastic, metal, foam, paper or fabric.
The molded panels can be assembled to reach the desired thickness of the
multilayered panel structure to obtain a desired energy absorption level. For the

preparation of thermoset resin coated textile composites at a laboratory-scale, the
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knitted fabrics can be deformed in a grid-domed mold at elevated temperatures in an
autoclave or a hot press machine. Then the heat-shaped preforms were rigidized by
coating polyester resin and cured at room ambient condition. The thermoset resins
can be in liquid or powder form to be coated onto the fabric before curing. The time
for resin curing is long, which normallys take one to several days for resin curing at
ambient temperature, unless at elevated temperatures for shortening to about 1 hour.
Alternatively, faster curing of the liquid resins can also be achieved by mixing them
with other initiators or accelerators. However, more time is consumed for mixing the
resin with other activators, diluting solutions or toughening agents before curing, and
ventilation i s another ¢ oncern b ecause o f gas release d uring the c uring process o f

these resin mixture.

Heated Mold Cellular Composite Panel

Reinforced Fabric A A AA
AyAwAWAY
JAVAVAVAY

Cutting

Interface Panel

Composite Structure

Figure 1.8  Schematic representation of fabrication of conical projected textile
composites for energy absorption (re-printed diagram) (Zarandi and Youssef, 1990)
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Another thermoset process used for fabricating and manufacturing of the
three-dimensional composite components with thermoset materials is illustrated by
resin transfer molding ( RTM). In this p rocess, a liquid resin is transferred from a
reservoir into a three-dimensional closed heated mold. Layers of fabric preforms are
placed inside the mold prior to resin injection. The liquid resin is then injected into
the mold by pressure and/ or vacuum to wet the preforms and resin curing takes place
due to the temperature of the resin and the mold. It has been demonstrated the
feasibility of fabricating a three-dimensional glass-fibre fabnic reinforced composite
by RTM (Gelin et al., 1996). The advantage of this resin injection process is that 1t
allows complex shapes to be made in a single step operation. In addition, the closed
mold system of RTM, that enclose the preform, can allow excellent surface finishes
and close dimensional tolerances can be obtained if high quality of tooling materials
are used. Since the reinforcement is placed in the mold prior to resin injection,
improved preform technology is the key issue for developing this fabrication
technique to large scale production. It is an ideal technology for the fabrication of
high strength/high rigidity parts in medium series production. The RTM process
allows the fabrication of the fabric-reinforced composite components in small to very

large molding (e.g. car body structure and boat hulls).

Injection molding, also a closed mold process, is common not only in the
thermoplastic industry but also in thé thermoset industry. This process allows either a
therrﬁoplastic or a thermoset system to be injected under high pressure into a closed
three-dimensional cavity, which is held at low or high temperature, respectively
(Akovali, 2001). It also allows the injection of short fibres with length typically

ranging from 1 to 5 mm. A typical injection molding machine that facilitates the
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processing of a predetermined amount of thermoplastic matrix to be forced into
heated mold cavity, is illustrated in the schematic diagram in Fig. 1.9. The pellets of
thermoplastic matrix flow from a ﬁmﬁel-shaped feed hopper into a heated
compression cylinder. Most injection molding machines have a reciprocating
screw-type barrel that transports pellets through heating stages before the material is
injected. The cylindef will be heated up to melt the solid pellets into a viscous liquid
that can be forced through the connecting nozzle, sprue, and runners to the gates that
lead into the mold cavities. The plunger forces a controlled quantity of material
through the injection molded nozzle into the closed mold. The viscous liquid with
short fibres injected in the closed mold will form a part of the desired shape. The
mold is tightly clamped against injection pressure and is cooled down. After the
molded part cools, the mold halves are opened at the mold parting plane, and the

parts are ejected by a knockout system.

The injection molding process allows the production of complex shapes in one shot,
ranging from only 30 to 60 seconds for the processing time. It also allows net-shape
or near-net-shape parts with a much better surface finish, part repeatability and a
tight dimensional contrel (= 0.002 inch). It is a high-volume manufacturing process

and allows very low labour costs.

Although injection molding is the process of choice for the production of most
thermoplastic parts, the process suffers from the following limitations for fabricating
fibre reinforced composites:

(1) Usually the fibre types used are the carbon, glass fibres or other stiff fibres with

very short fibre length. The attempt to use longer (such as over 5 mm) ductile
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fibres may block the injecting nozzles.

(2) The flow of matrix through the nozzles may lead to more pronounced fibre
orientation and anisotropic properties than those being processed by compression
molding.

(3) This process is not suitable for the fabrication of low-volume parts because of
high equipment and tooling costs, such as for the mold part. Thus, changes in the

design are not frequently allowed.

Feed cylinder

Mold

T
|

Clamp unit Injection unit

Figure 1.9  Injection molding machine for processing bulk molding materials

1.2.3 Potential Applications

Textile fibre networks with cellular geometry have found many potential applications,
such as, for heat insulating textile material (Roysancour, 1965), protective packaging
for delicate items, crash helmets, vehicular interior components, medical casts and
orthopedic devices (Kim et al., 1999b), bullet-proof vests (Droste, 1986), mattresses

or shoe midsoles for athietics shoes (Fig. 1.10) (Kim et al., 1999c¢), seat cushions in
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automobile seats, etc. The cellular structure of these product designs is primarily not
for energy dissipation but for providing semi-rigid support and padding. It is because
the cells are usually resilient and flexible to recover their original shape after slight
compression. It has been illustrated by Romano et al. (2001) that the
three-dimensional network can be used as a part of the mattress or cushion layer in
an automobile seat cushibn in order to improve the pressure distribution capabilities.
As the cellular structure is fabricated by projections from the textile fabric structures
made of monofilaments or multifilaments, the porous nature of the cellular structure
allows good ventilation or breathability to skin. It can be used as an infant mattress to

-,

prevent suffocation.

In contrast, the cellular composites designed for energy absorption purposes should
be suitably stiff and collapse plastically during energy absorption. Zarandi et al.
(1990) reported the adoption of a grid-domed cellular panel from knitted textile
preforms to be mounted on a vehicle door as shown in Fig. 1.11. The axial collapse
of a grid-domed cellular panel, originally made from foam or honeycomb materials,
is able to avoid vielding laterally upon imposition of a force rebound. Several layers
of these composite panels with various arrangements, as shown in Fig. 1.12 (a) and
(b), were suggested to monitor the energy absorption capacity during its axial
collapse of domes. A similar safety protection application of the light-in-weight
feature of cellular textile composite materials has been demonstrated for high-energy
absorption capacity in cycling helmets (Tao et al., 2003). The emphasis placed on
their applications is related to energy absorption at medium and low velocities. Other
factors governing the material properties that should be considered are the

perspiration and comfort. As the textile fabric structures allow retaining a plurality of
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fabric pores in the resulting composites, this type of composite liner allows a certain

amount of ventilation.

Figure 1,10  Schematic three-dimensional fibre network as light-weight and
breathable layer, which provides support and cushioning effect in athletics shoes
{Kim et al., 1999c¢)

Figure 1.11  Side view of a vehicle door having parts broken away and in
section to show the cellular structure for energy absorbing in the arm rest position
mounted on the door inner panel (re-printed diagram) (Zarandi and Youssef, 1990)
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(a) (®)
Figure 1.12 Schematic cross-sections of two proposed arrangements of

flat-topped cellular composite panel as an energy absorbing device in arm rest of
vehicle door inner panel

1.2.4 Characterization of the Composites
Characteriiing the structure and properties of fibres, polymer matrix and composites
provides information of the composite performance and its serviceability. The
mechanical behaviour of textile composites can be studied in the following scales:

& Macro-scale: larger than 10” m

& Meso-scale: in the range of 10° —10° m

¢ Micro-scale: in the range of 10° - 10" m
Macro-scale study of the mechanical properties of a cellular composite may be an
assessment of the effective behaviour of a composite material, including
unidirectional tensile stress-strain behaviour, compression, shearing, flexural strength,
and dynamic impact response. While in the meso-scale or micro-scale study,
deformation and damage mechanisms éf the composite materials can be examined by

observation under optical microscopy or in-situ scanning electron microscopy

(SEM).

The determination of the state of stress/strain in structural materials during service

has been one of the key issues. Micro-scale study of the stress or strain state of the
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reinforcing fibres in the composite may help to guide the material design and
manufacture. However, only a few instrumental techniques have been identified as
suitable candidates for measuring the fibre stress/strain inside textile composite
materials. These are optical or electrical techniques. Comparison of their principles
and working criteria regarding to the stress/strain measurement, as illustrated in
Table 1.5 (Du et al., 1998; Tao et al., 2000; Zhang and Tao, 2001), are highlighted as

follows:

The Fibre Bragg grating sensor (Du et al., 1998) is one kind of fibre optical sensor
(FOS), that can be integrated in textile composites. Usually a change in the grating
period or refractive index results in a change in the reflected wavelength. Strain
variation in a composite structure can be determined through the expansion or
contraction of the grating period and through the strain-optical effect. As for
conductive textiles being applied as stress/strain sensors, the variation of fabric
stress/strain can be determined through the change of resistivity in the clamped
region of the conducting fibres/fabric in the circuit. Different from the optical fibre
sensor (which requires the FBG sensor to be embedded in the composite structure
and connected at the other end to the light source and spectrum analyzer) or the
conducting polymeric fibres as electrical resistance ‘strain gauge’ (which requires the
specimen being clamped in the formed electrical circuit), micro-Raman, which is an

optical technique, does not require a physical connection with the specimen.

Although both FBG sensor technique and conducting fibres/fabric allow localized
stress/strain measurement, Raman microscopy has a highly selective probing area

and a spatial resolution of maximum 1 um with a very low power density. Thus, this
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method may appear as an interesting technique to determine the local fibre stress or
strain inside composite materials at the microscopic level, provided that the

composite matrix is transparent.

Conductive fibre, or yarns or coating embedded in matrix or resin, may affect the
conductivity of the composite. FBGs needed to be embedded in the composite
structures. In contrast, by using the Raman technique, the reinforced fibres
themselves, can be used as strain sensors in the composite materials that they
actually reinforce. This phenomenon is due to the macroscopic deformation of the
fibre leading to a direct stretching of the covalent bonds along the polymer
backbones resulting from a change in the vibrational force constants of the molecular
vibrations. Usually, the positions of the Raman bands shift to lower wavenumbers by
stretching a single fibre in air on a suitable mechanical tester operating at a low
strain-rate. The effect is particularly apparent in crystalline materials for which an
applied macroscopic stress can be transferred directly to the atomic bonds. Most
reinforcing fibres are crystalline materials and thus have been found to exhibit this
effect. The difference between the Raman wavenumbers obtained at each of the
strain levels and that of the free-standing fibre represents the Raman band shift. The
magnitude of the Raman wavenumber shift can be related to the extemal stress or

strain, thus making stress/strain measurements possible.

Similar to the fibre material used in FBG or conductive polymers or other conductive
fibres, many high performance polymeric fibres, such as substituted polydiacetylene
(Galiotis et al.,, 1985; Zwagg et al., 1987; Young et al., 1991), poly(p-phenylene

benzobisthiazole), PBT (Day etal., 1987; Youngetal., 1990), and carbon, which
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have been successfully studied using the Raman technique, are brittle and cannot
undergo large deformation as in textile structure. Usually they are highly crystalline
materials, which lead to a brittle feature and éxhibit significant fibre strain sensitivity.
In particular, it has been demonstrated that aramids or UHMWPE fibres, exhibiting
strong Raman signals, are flexible to be integrated as a knitted structure in
composites. The strain -de-tected by Raman shifts can be used in single fibre pull out
testing, and detecting crack bridging. Another important issue regarding composite
micromechanics is the distribution of fibre stresses/strains, such as the residual
stress/strain raised from composite fabrication, or the embedded fibre stress/strain
raised during an external loading of a composite part. An illustration of strain
mapping of composites under tensile loading has been given by Young et al. (1996)
showing that the periodic distribution of ﬁbré strain being mapped along a plied yarn
in both plain weave and four-harness satin weave aramid/epoxy textile composite
subjeéted to different levels of strain in the horizontal direction, as shown in Figs.
1.13 and 1.14. With a motorized x-y stage motion attached to the Raman microprobe,
the stress/strain distribution on two-dimensional composites can be further mapped.
A measurement of fibre stress concentration around a hole (Fig. 1.15) was conducted

in a uni-directional aramid/epoxy composite subjected to an axial strain.

Having compared various instrumental techniques for stress or strain measurements
in textile composites, especially for detecting the distributive fibre strains in knitted
reinforcement, Raman microscopy is ideal for assessing interfacial strength and for
mapping fibre stress/strains in a composite panel when subjecting an external

mechanical loading.
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Table 1.5

Potentia)] usage of sensors in polymeric fibre-reinforced composites for

stress/strain measurement (Du et al., 1998; Tao et al., 2000; Zhang and Tao, 2001)

Technique Fibre Bragg Grating Conductivity Micro-Raman
Principle Bragg Wavelength Change of resistance with Wavenumber shift
shift with local strain strain with fibre strain
Detector source _ Laser Ohmmeter Laser
Detecting system
attachment on v v v x
sample
Global/Local/ Global/Local/
ve
Detecting area Len];;u;?ggng: Global only Pcll-:)s];li'::;u:rea:
2 mm — 20 mmn ~}-2pm
Material Single mode optical Conductive Conductive | Polymeric fibre
fibre fibre/yarn coating
Examples Silica-based fibres Organza In powder | Aramid
Polymeric fibres (e.g. | Stainless-steel | form UHMWPE
PMMA) Copper
Metal coated
fibres
Polymeric
fibres (e.g.
doped PBZT,
PPTA)
Strain range ~1% (silica based) - 3-4%
~4-6% (polymeric
fibres)
Fibre flexibility x (silica based) v - v
Sample preparation Complex Moderate Easy and fast
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Figure 1.13

(Young, 1996)
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(a) Optical micrograph of the Kevlar/epoxy plain weave composite,
and (b) the measured of variation of axial fibre strain with distance along the center
of the repeat pattern, at two levels of composite strain in the horizontal direction
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Figure 1.14 (a) Optical micrograph of the Kevlar/epoxy four-harness stain weave
composite, and (b) the measured variation of axial fibre strain with distance along the

center of the repeat pattern, at two levels of composite strain in the horizontal
direction (Young, 1996)
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Figure 1.15  Axial fibre strain distribution for a K evlar 4 9/epoxy u nidirectional
composite containing a 3-mm diameter hole subjected to an axial strain of 0.2% in
the direction indicated (Young, 1996)

1.2.5  Theoretical Study of the Knitted Composites

Theoretical analysis of a reinforced structure is usually done to generate their
mechanical behaviours, such as:

% to predict the stiffness and strength of the composite material

@ to assess the overall stress/strain distribution within a structural component

% to simulate the structural deformation
Due to the anisotropic properties and the ability of knitted fabric to develop a high
degree of deformability by its loop structure, theoretical study of the deformation
behaviour of knitted fabric reinforcement would help to understand the contribution

of large deformation to the energy absorption of cellular composites.
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There are generally two approaches for modeling the performance of knitted
composites: (1) Numerical method such as Finite Element Modeling (FEM) and (2}
Micromechanical analysis. All of the models that have been developed for knitted
composites start by first describing the representative volume element (RVE) or a
repeat unit of the knitted architecture. Currently most of the work has focused on
plain knitted structures, while determination of RVE of other knit architectures is

often time consuming and difficult to measure.

An FEM model to predict the deformation and mechanical properties of a plain
knitted fabric structure was demonstrated by Araujo et al. (2003). The simulation of
tensile deformation of plain knitted fabric is achieved by simplifying the knitted
loops as a 2D hexagonal structure constructed by non-linear truss elements. It is a
simple approach for predicting the load-extension behaviour of a knitted fabric when
it is under tension in one, two or multi directions. Further it may also be used to
simulate the plain knitted fabric being deformed on a spherical surface, which

assesses the deformability of the fabric during composite molding.

Another approach by micromechanical analysis is considered as the easier and more
practical means of modeling knitted composites. The mechanical properties of
knitted composites depend on three criteria: properties of constituent materials, fibre
volume fraction and knit loop architecture, of which the last is the most critical. Leaf
and Glaskin (1955) developed an analytical model to describe the geometry of a
plain weft knitted fabric using three geometric parameters, i.e. fibre yamn diameter,
d(cm), number of wales per unit length, w(loops/cm), and number of courses per unit

length, c(loops/cm). This model has been extensively used by Ramakrishna and
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Huang et al. (1997) in their studies for the prediction of the stiffness and strength

behaviours of plain weft knitted fabric composites.

A basic unit cell of the plain knitted loop shown in Fig. 1.16(a) can be divided into

four identical sub-cells. A three-dimensional representation of a sub-cell is shown in

Fig. 1.16(b).

(a) (b)

Figure 1.16  Schematic diagrams of (a) unit cell and (b) RVE of the composites

This sub-cell, which contains two yams crossing over each other, is taken as the
RVE of the composites, as shown in Fig. 1.16(b). For micromechanical analysis
purposes, each yam is assumed to consist of a number of infinitesimal segments, and
it is important to know the orientat.ion of each yam segment in the RVE. The
coordinates of a point on the first yarn in the unit cell are determined from (Leaf,

1955; Ramakrishna, 1997) :
x =ad(l-cos8)
y =adsinf

hd é
z =?[1—cos(7rgn (1)
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where 4 is a constant representing the maximum height zd of the central axis above
the plane of the fabric. The parameters ¢, 4 and ¢ in Equations (1) are determined

from the following formulae:

4wd sin @

@=m+sin” c'd -tan"[———n—c ]
e +wra-cary Pt wa-cidh)

h= [sin[n' KJ sir{zr ?—H

@ 4
W= sin"( 24_in qa}

2a-1

4 2a-1

;é = oS ( » J

Having described the RVE, a simple approach to theoretically estimate the stiffness

of a plain weft knitted fabric reinforced composite was reported by Rudd et al.(1990).
It is known as Krenchel’s model, which uses a combination of the rule of mixtures

and a reinforcement efficiency to describe the elastic modulus.

E,=qV,E, +V,E, "

M
n= % fcos"(a)dl. ~ %;L,. cos*(a;) 3)
where E;and E,, are Young’s moduli of the fibre and matrix, respectively. V¢ and Vn,
(=1-¥7) are the volume fractions of the fibre and matrix in the composites. E, is
Young’s moduli of the composites in the loading direction. L is the total length of the
yarns in the RVE, and a; is the inclined angle of a considered yarn segment L; with
the loading direction, and M is the total number of yam segments. However, the
predicted value of the Young’s modulus in the wale direction is generally lower than
experimental values and the one-dimensional approach limits its ability to predict the

full set of elastic constants.
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One of the micromechanics models, called the Bridging Model developed by Huang
(1999), has the capability to model the stress-strain behaviour of the composite up to
failure. It is worth highlighting a planai' elasto-plastic response (Huang and
Ramakrishna, 2000) derived from the model which can be used to describe the stress
states in the constituents in the knitted textile composites when the composite is

subjected to a planner load only.

Another related theory derived from the model is called the plastic hardening theory,
which is used to describe the plastic behaviour of both the fibres and matrix,
assuming that the fibres used undergo isotropic hardening only during a plastic

deformation. The general Prandtl-Reuss theory is applied to do this (Adams, 1974).

The modeling approach highlighted above has demonstrated a promising ability for
the prediction of the mechanical performance of knitted composites. It may lead to
an easy approach for our micromechanics study of ‘knitted composite material

undergoing large plastic deformation.

1.3  Brief Summary and Purpose of the Study

1.3.1 A Brief Summary

It has been demonstrated that the grid'-domes projected from knitted fabric as cellular
textile composites are an effective structure to obtain a high specific energy
absorption capacity. Thoughtful experimental and analytical investigations of the
deformation mechanism on the cellular composite have shown that membrane
deformation and bending along the plastic hinges on cells dominate the contribution

of energy absorption when the cells collapse. Material characterization of the
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composites has been conducted in multiple scales. Raman microscopy has been
demonstrated to be effective in determining the fibre stress/ strain or interfacial shear
strength (/FSS) profile in experiments inciuding single fibre pull out in model
composites, and crack bridging in unidirectional composite or woven composite
structure. However, mapping of fibre strain on a knitted loop during composite

deformation has not been done so far.

Various fabrication routes for cellular textile composites have been investigated. The
curing time o f thermoset c ellular t extile c omposites in the previous s tudy is long.
Alternatively faster curing the liquid resins can be achieved by mixing the liquid
resins with other initiators or accelerators. Ventilation is another concern because of
gas release during the curing process of these resin mixture. An addition of
expensive toughening agents in the epoxy resins is also necessary in order to tailor
the material properties. In contrast, the thermoplastic method involves heat and
pressure for molding the fabric reinforcement with the solid matrix in a closed mold
cavity, taking shorter processing time than the thermosets. Therefore, our further
investigation in the present study will focus on fabricating a cellular textile
composite with thermoplastic matrix in a simple, cost-effective and clean processing,

as well as leading to better performance than have previous composite materials.

Weft knitted fabrics as composite reinforcement exhibit good mechanical
performance and excellent conformability into three-dimensional shapes without
fo_lds. In the previous study, weft knitted nylon fabric has also proven itself a
promising candidate for shaping into grid-domed cellular form and for achieving a

high energy absorption capacity. However, a further consideration is the use of an
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inexpensive, light, and highly compressible non-woven fabric as reinforcement that
have high conformability as good as the weft knitted fabrics, skipping the yarn
spinning and textile processing such as krﬁtting, would also bring about further

reduction in the material and production costs.

Previous studies have identified the optimized geometrical dimensions of the
grid-domed cellular structure which are used in the present study. Furthermore, the
mechanism of energy absorption for the isotropic non-woven reinforced composites

should be studied.

Potential uses for this cellular textile composite structure in energy absorbing
components or devices include door members for automobiles or safety helmets.
Other potential applications include semi-rigid supports in shoe liners, padding or

cushions.

1.3.2 Objectives

This thesis presents a systematic multi-scale study of the mechanical behaviours of

thermoplastic celular textile composites for high specific energy absorption capacity,

with the following objectives:

1. To fabricate thermoplastic cellular textile composites from knitted and
non-woven fabrics by compression

2. To characterize the energy-absorption behaviour of the cellular composites

reinforced by knitted and non-woven fabric reinforcements under quasi-static
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compression and dynamic impact conditions, in which various material factors,
such as fibre selection, fibre volume fractions and fibre architecture, are studied;
To characterize the mechanical properties, mechanisms of energy absorption
and predict theoretically energy-absorption capacity of the cellular composites
with isotropic non-woven fabric reinforcement;

To measure the fenSile properties of knitted composites fabricated from various
knitted structures and identify the deformation mechanisms of knitted textile
composite in micro-scale by tensile loading with in-situ SEM observation;

To investigate the micromechanics of in-plane knitted textile composite,
including fibre strain distribution, interfacial strength and propagation of
deformation w ith the applied | oading o f unidirectional singie short PET fibre
embedded in PP matrix dog-bone shaped model composites by means of Raman
Microscopy;

To further measure the strain distribution in a single fibre loop by Raman
mapping and theoretically predict the fibre strain-in the knitted loop with the
knitted composite under stretching at different levels and compared with the

experimental results.

Thesis Qutline

The thesis consists of seven chapters.

Chapter 1 provides a general introduction to the concept of cellular textile

composites. The chapter begins with a description of the development of the

composite material, the manufacturing process, further determination of the

micromechanics of the material and micro-mechanical models that can be potentially

used to analyse theoretically t he m echanical p roperties o f k nitted ¢ omposites. T he
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current and potential applications of cellular textile composites are also given.
Relevant disciplinary areas that cover related knowledge have led to identify the

knowledge gaps, hence to determine the objectives of the research project.

Three-dimensional cellular textile composites are investigated in Chapters 2 and 3,
respectively. The energy absorption capacity of various cellular composites with
different fabric reinforcements are compared in Chapter 2. The effects of various
parameters on energy-absorption capacity and the deformation mechanisms of
cellular textile composites are examined. The comparison among the resultant
cellular textile composites is presented in_ terms. of energy absorption capacity,
formability and cost. This chapter identifies the potential of using non-woven fabric
reinforcement to achieve similar or even better performance than the knitted cellular
composites. Thus, Chapter 3 extends the study of cellular composites to non-woven
fabric reinforcement, in which material properties of the non-woven composites are
assessed, observation of deformation mechanism and a model for determining the

energy absorption capacity of the isotropic materials are presented.

The in-plane mechanical properties of the knitted composites and pure materials are
presented in Chapters 4 to 6. The in-plane tensile behaviour of various material
systems, the deformation mechanisms of the knitted composites observed by SEM
are investigated chapter 4. The attempt of using conventional fibres such as single
PET fibre embedded PP matrix dog-bone shaped composite by means of Raman
microscopy is described in Chapter 5. Limitations of the instrucment and the method
are discussed. Micro-Raman technique is presented for the study of the

UHMWPE/LDPE composite system in Chapter 6. The fibre properties and fibre
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strain distribution in embedded UHMWPE fibre loop are examined. A thoretical
model of a single fibre loop in knitted textile composites is developed for predicting

the fibre strain under different levels of compbsite stretching.
Chapter 7 summarizes the major findings of the study, proposes the potential

application of these cellular composites and discusses the future work in the area of

concem.
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CHAPTER 2
COMPARISON OF ENERGY ABSORPTION CAPACITY OF

COMPOSITES WITH DIFFERENT REINFORCEMENTS

2.1 Introduction

A previous study (Xue et al., 2000) has demonstrated the effectiveness of the
flat-topped grid domed cellular composites made from thermoset matrix. However,
thermoplastic composites may offer more advantages in cost and performance as
reviewed. in chapter 1. In this chapter, various thermoplastic composite materials in
flat-topped grid dome cellular structure are fabricated and their potential use for
energy absorption is examined. Their energy-absorption behaviour and m echanism
were compared under quasi-static compression and impact conditions. The effects of
fibre volume fraction, fibre type and.fibre architecture on the energy absorpfion
capacity are investigated. The cell recovery after impact is also studied. Material
performance, formability and fabrication cost are also compared among the

thermoplastic composite reinforcement and matrix materials.

2.2 Fabrication of Cellular Composite Samples

2.2.1 Material Systems
The material systems include (1) PET knitted /PP matrix, (2) UHMWPE

knitted/LDPE matrix, and (3) highly compressible PET non-woven/PP matrix that
were fabricated by compression molding technique, whilst (4) pure LDPE and pure

PP were fabricated by injection molding for comparison.
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The textile reinforcements include highly stretchable weft knitted fabrics made of
either PET or UBMWPE multi-filament yarns and deformable PET non-woven
fabrics. There are three basic weft-knitted structures: plain, rib 1x1 and interlock, and
one non-woven PET fabric being examined, as illustrated in Fig. 2.1. The
conformability of these fabric structures allows themselves to be molded in the
grid-domed cellular structure. Material properties of the knitted yarns are listed in
Table 2.1 and specifications of the knitted fabric reinforcements are listed in Table
2.2, respectively. When sourcing the PET and UHMWPE multi-filament yamn for
producing the fabric specimens, it was difficult to obtain both in similar yarn size, as
seen in Table 2.2. It is expected that both of the fibre diameter and yarn size, which
relate to the total surface area, may affect the interfacial strength between the
fibre/matrix. It is also expected that the fibre diameter may have effect on the impact
performance of the composite when the diameter is large. The high stiffness of such
fibres would also make it difficult to form the fibre loop shape of the yam bundle.
Although there is some difference in linear density of both PET and UHMWPE
multi-filament yarns for knitting the fabrics, the fibre diameters of both yarn bundles
being measured under microscope are in same range of 20-30 microns. Therefore, it
is expected that the difference in yarn linear density would have minimum effect on

the comparison of the energy absorption behaviour of both material systems.

The preparation procedures of the fabric reinforcements are described as follows.

PET/PP Knitted Compaosites

Two types of continuous filament yarns were used to produce the fabric preforms, i.e.
polypropylene (PP} and polyethylene terephthalate (PET). Two types of interlock

weft-knitted fabrics were produced from PP and PET filament yarns on V-bed
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knitting machines (SHIMASEIKI) with different gauges. The blending ratio was
calculated as a ratio of linear density of PP to PET continuous filament yams in the

fabrics.

UHMWPE/LDPE Knitted Composites

Commercial gel-spun ultra-high molecular weight polyethylene (UHMWPE)
continuous filament yarn of 88 Tex (Dyneema SK75 supi)lied by DSM) was used to
produce inter}ock knitted fabrics on the 12 gauge V-bed knitting machine
' (SHIMASEIKI). A c;ammercial pure LDPE film with a thickness of 0.06 mm was
used as a thermoplastic matrix material of the knitted fabric composites. The
EIMWPEEP knitted composites was fabricated by laminating the fabric and the

matrix films for compression molding.

" PET/PP Non-Woven Composites

A commercial needie-puncﬁed PET non—Woven fabric of.200g/m2 and polypropylene
films were used as qomposite reinforcement and matrix, respectively. Each fabric
preform in 20 x 20 cm® was sandwiched between layers of thermoplastic PP matrix
films and then put for compression moldin-g. The number of non-woven fabric layers
and PP matrix films for molding the composite depended on the fibre volume

fraction required.
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(b)

Figure 2.1  Basic weft knit structures, (a) plan, (b) rib 1x1 and (c) interlock 1x1,

and (d) a non-woven structure

Table 2.1  Fibre properties for knitting fabric reinforcements

, . oung’s Modulus  Tensile Stre ilure Strain
Eibre Ty Teitiig Msiliod Used Young's Modulus Tensile Strength ~ Failure Strain

(GPa) (GPa) (%)
PET ASTM D3822-96 13.00 098 19.00
UHMWPE ASTM D2256-97 103.64 3.05 5.68

Table 2.2 Specifications of knitted fabrics for composite fabrication

Fabric Fabric Machine gage Yarn Tex Loop density Loop length Tightness
components structure (needles/inch) (g/1000m) Wales/om Courses/cm (mm) factor
UHMWPE Plain 12 88 5.1 42 8.9 l_(;5 :
UHMWPE Interlock 1x1 12 88 5.6 4.3 94 10.0
PET Interlock 1x1 3 140 42 5.0 11.6 10.2
PET Interlock 1x1 12 140 7.0 6.4 8.0 148
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2.2.2 Consolidation Process

The cellular textile composites were made in a two-step process by using a
compression molding machine (a hydraulic press, Model TMP) as shown in Fig. 2.2.
Flat thermoplastic composite panels of various fabric reinforcements in
200mmx200mm were first obtained by compression molding and further molded into
three-dimensional composite structure. Figure 2.3 shows a schematic diagram of hot
pressing the fabric panel that was sandwiched between two squared steel plates,
thickness and dimensions of the resultant composite panel being controlled by a
molded frame. The prepreg was first preheated for 10 min. without adding pressure
in order to release any moisture in there. The pressure was then raised to
approxilhately 7 MPa at a pressing temperature of 180 °C for the PET/PP composite
system or 130 °C for the UHMWPE/LDPE composites. Before further raise to a
maximum pressure of 11 MPa, the pressure was abruptly reduced to zero to release
air trapped in the fabric panel so as to remove voids from the composite. The samples
were then cooled from the pressing temperature to 30 °C in 15 minutes under
pressure. The whole pressing process took 38 minutes. Details of the variation of the

hot-press parameters in the consolidation process are illustrated in Fig. 2.4.

The prepared flat composite samples were further softened in an oven at a softening
temperature, which was below the melting point of the matrix material to produce
cellular composite samples. The softened composites were further deformed in a
pre-heated grid-domed compression mold, two mold plates containing 25-domes as
shown in Fig. 2.5, to form the grid-dome cellular samples by compression molding
with a short curing cycle. Schematic diagram in Fig. 2.6 shows the dimensions of a

grid-domed c ellular s tructure w hich p ossesses o ptimized g eometry in the p revious
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study (Xue et al., 2000). The fillets were considered on both top and bottom of each
cell to reduce high peak load. Dimension details of the cellular mold are shown in

Appendix 2.1

The grid-domed cellular samples made of pure PP and LDPE materials were
prepared by injection molding These samples have the same dimension as described
in compression-molded samples. Further modification in thickness on the injection
mold was made to produce thinner PP samples at 0.8 mm. Table 2.3 lists the

specifications for all the produced cellular composite samples and pure cellular

materials.

Figure 2.2 A Hydraulic Press Machine (Model TMP)
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Upper heat plate

Molding plates

Fabric preform Molding frame

------------------------------------------

Lower heat plate

Compress upwards

Figure 2.3  Schematic diagram of composite consolidation by a hydraulic press
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Figure 2.4  Consolidation process of thermoplastic composite fabric preform
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3

Figure 2.5  The compression mold for molding 25-domes of flat plate of cellular

textile composites
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Figure 2.6  Schematic geometry of a grid-domed sample
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2.3 Quasi-static Compression and Impact Tests

The UHMWPE/LDPE knitted, PET/PP knitted and PET/PP non-woven fabric
reinforced cellular composites, pure LDPE and PP cellular samples were tested under
quasi-static compression and impact conditions. Specimens each containing four
conical cells were used for quasi-static compression test and specimens with twenty
domes were tested under impact conditions. All specimens were weighted before
tests. The quasi-static compression tests were carried out on a Universal Material
Tester with a constant loading speed of 5 mm/min. The impact tests were conducted
on a GRC8250 Dynatup Drop Weight Impact Tester in Structural Dynamics
Laboratory in The HKUST, as shown in Fig. 2.7. The mass of a drop weight was
either 3.85 kg or 6.61 kg including a plate striker of 120mmx20mmx12mm, which
was normal to the plane of the samples, whilst various impact velocities (3.5 m/s, 4.7
m/s, 6.0 m/s) were used by adjusting the height of the drop weight and the air
pressure of the pneumatic assistance. Specimens were put on the supporting base of

the testers and were compressed or impacted by a flat steel plate.
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Figure 2.7 The Dynatup Drop Weight Impact Tester

2.4 Energy Absorption Capacity of Grid-Domed Cellular Textile Composites
2.4.1 Effect of Cell Wall Thickness

Typical load-displacement curves of PET/PP and UHMWPE/LDPE composites are
shown in Figs. 28 (a) and (b). All the samples were compressed down to
approximately 70 % of their original cell height. It is observed from the figures that
the knitted reinforced composites in both material systems exhibit low levels of
energy absorption capacities when compared with those pure materials and

non-woven samples. The energy absorption capacities per unit weight of all the

cellular samples are also given in Table 2.4
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The results can be interpreted as follows. The total volume of the cellular structure
(V7) in a 20-domes area with a mold cavity with a thickness of 1.0 mm comprises the
volumes of fibre (V), matrix (¥,,) and void (¥,) during forming the cellular structure.
Ve=VrtVu+ W, (2.1)
The fibre and matrix volumes are given during fabrication of the flat panel of knitted
composite samples. When the flat knitted composite panel is deformed into a cellular
structure, the knitted reinforcement is stretched to form voids across the composite
thickness, assuming there is no matrix splitting from the mold cavity. Then, an
equivalent cell wall thickness (Z) of the composites having a volume in the molded
cellular structure that is occupied by the fibre and matrix only, can be estimated as

follows.

V.-V, 22)

where ¢ is the nominal thickness of the cell wall.

Thus, the equivalent cell wall thickness of the knitted composites produced by a
mold with 1.0 mm thick was always less than /=1.0mm. During fabricating the
non-woven composites, the cell wall thickness of 1.0 mm was achieved by adding
excessive matrix films during laminating the non-woven fabric in order to
impregnate into the fibre mat and fully occupy the mold, while excessive matrix
would split out the compression mold. Pure material was fabricated by injection
molding and the cell wall thickness was kept more uniform. Although both pure
materials were produced from the same injection mold, their little difference in wall
thickness was mainly due to different polymer shrinkage during c ooling. Both the
measured and the equivalent cell wall thickness of the ¢ elular c omposite samples
can be referred to Table 2.4.
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Figure 2.8 Load-displacement curves of the grid-domed cellular samples under
quasi-static ~ compression of Smm/min.  (a) PET/PP  material system,
(b) UHMWPE/LDPE material system
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The effect of the equivalent thickness on the energy absorption capacity is evident by
comparing pure PP samples of different thickness, i.e. 1.15 mm and 0.8 mm, under
compression. With a reduction in the cell wall thickness of the pure PP by
approximately 0.4 mm, the load level is lower and the energy absorption capacity is
reduced by approximately 34 %. The equivalent thickness of the knitted composites
ranged from 0.76 to 0.94 mm is lower than those of the non-woven and pure
materials (ranged from 1.0 to 1.2 mm). Thus, those having larger equivalent
thickness lead to a higher peakrload and result in a higher specific energy absorption

capacity.

For the knitted composites, the equivalent thickness governs the energy absorption
capacity due to the presence of large amount of voids inside the fibre loops. In the
case of fabricating the non-woven PET/PP composite, the composite thickness was
controlled at 1.0 mm. The total volume is composed of the volume of matrix and
fibre mat, assuming void volume is negligible. With increasing the fibre volume in
the non-woven PET samples, the energy absorption capacity reduces by

approximately 30 % at 38 % fibre volume.
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Table 2.4 Energy absorption capacity of the grid-domed composites and matrix
materials under quasi-static compression at a loading speed of 5 mm/min.

Weight of four  Energy absorption upto4  Energy absorption up to 8

Sample code domes mm displacement mm displacement

g J Jg J Jig
PE12G _Plain 3.26 1.76 0.55 5.65 1.75
PE12G Int 2.97 1.74 0.59 5.61 1.89
PET5G_Int 3.28 1.62 0.49 6.20 1.88
PET12G_Int 4.41 3.42 0.78 10.49 2.38
PETfvl_NW 291 6.62 2.27 20.18 693
PETfv2_ NW 277 5.51 1.99 17.39 6.28
PETfv3_NW 2.98 4.30 1.44 16.47 5.51
LDPE 3.82 7.32 1.92 17.96 4.70
PP 1.15mm 4.12 13.99 3.40 32.31 7.85
PP_0.8mm 3.97 10.07 2.54 21.15 5.33

24.2 Effect of Impact Energy _
Taking the UHMWPE/LDPE interlock knitted composite as an example, the effect of

the impact energy on the energy absorption capacity of i(nitted composites has been
demonstrated under various impact conditions, including (1) impact velocity of 3.5
m/s with impact mass 3.85 kg (impact energy = 24.0 J), (2) 4.76 m/s with 3.85 kg
(impact energy = 44.0 J), and (3) 6.0 m/s with 6.61 kg (impact energy = 119.0 J).
Figure 2.9 shows the load-displacement curves of the composites under various
impact energies. The energies absorbed by the knitted cellular composites at these
input energies are 16.0 J, 43.4 J, and 110.0 J, respectively. The photos taken for the
deformed cells in Fig. 2.10 show that there is little collapse of the cell wall at low
impact energy (24 J), while the cells exhibited a large deformation and consequently
cells close at high impact energy, as evident by a sharp rise of the peak load on the

curve. Thus, the cell deformation of the knitted composites is monitored by the
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amount of impact energy.

B0 e
—o— Impact Energy = 24.0J

=8 —o— Impact Energy = 44.0J

.| —— Impact Energy = 119.0J

Load (KN)

0 2.5 o 7.5 10 12.5 15
Vertical Displacement (mm)

Figure 2.9  Load-displacement curves of UHMWPE/LDPE interlock knitted

composites under impact with various impact energies

(b) (c)
Figure 2.10 The deformed cells of the UHMWPE/LDPE interlock knitted
composites under impacts with various impact energies (a) 23.6 J, (b) 39.0 J and (c)

119.07]
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2.4.3 Effect of Fibre Volume Fraction
Figures 2.11 and 2.12 depict typical load-displacement curves of the two composite

systems with different fibre volume fractions under the same impact condition
(impact velocity of 6.0 m/s with impact mass of 6.61 kg). As the pure PP (with two
" wall thickness) or LDPE materials are rigid and brittle, they exhibit a high peak load
with limited deformation. However, those composites with knitted reinforcement
show much lower peak loads and the cells collapse with a long stroke. Voids present
in the composites reduce the stiffness and enhance the large deformation of the

cellular composites.

The equivalent thickness as described in section 2.4.1 is found to play an important
role on energy absorption. As shown in Table 2.3, the equivalent thickness of
interlock PET/PP composites with looser machine gauge (PET5G_Int) is 0.74 mm
whist those with the finer gage (PET12G_Int) is 0.94 mm. Thicker cell wall deform
less than the thinner one even their fibre volume fractiolns are similar, In the case of
UHMWPE/LDPE composites, although the plain knitted composites (PE12G_Plain)
consist almost half of the fibre volume fraction of the interlock knitted samples
(PE12G _Int), the equivalent thickness of both composites is similar and results in

similar dynamic performance.
Thus, t he production o f knitted ¢ omposites with a d esired energy absorption level

can be obtained even when a fibre volume fraction of 16% is selected with optimized

composite thickness during fabrication.
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244  Effect of Fibre Type
The effect of fibre types on the energy absorption capacity of the cellular composites

was studied. High performance UHMWPE continuous filament yams and fully
drawn PET continuous filament yarns were used to fabricate the knitted preforms.
The UHMWPE fibres have a much higher fibre axial stiffness and fibre strength than
the PET fibres as shown in Table 2.1. Figure 2.13 depicts the load-displacement
curves of the knitted fabric reinforced cellular composites made of PET/PP and
UHMWPE/LDPE systems under impact (impact velocity of 6.0 m/s with impact
mass of 6.61 kg). A PET knitted composite (samples of PET12G_Int) with thicker
cell wall (£.= 0.94 mm) exhibits only half collapse of the cells. With the similar wall
thicknesé, both of the PET fabric reinforced comp-osites (PET/PP_5G samples) and
the UHMWPE/LDPE composites, (¢, ranged 0.73 to 0.81 mm) display similar load
level and stroke under the same impact condition in which all the domes are fully
collapsed. The cells deform in diamond shape in such a way similar to the knitted
composites in the previous studies (Xue et al., 2001). Only wheﬁ the fibres are
flexible to bend into knitted loops, the orientation of reinforcing loops plays a more
predominant role on governing the cell deformation than the material properties of
the fibre itself. Although the UHMWPE fibres display a much higher axial stiffness
and fibre strength than the PET fibres, the industrial graded fully drawn PET yams
may perform as good as the high performance UHMWPE fibres when the fibres are

oriented in the knitted fibre loops.
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Figure 2.13  Load-displacement curves of the grid-dome cellular samples under

impact of a flat striker of 6.6 1kg with 6. 0m/s impact velocity
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245 Effect of Fibre Architecture

Figures 2.14 and 2.15 compare the load-displacement and energy-displacement
curves of the pure PP, PET non-woveprP composites and PET knitted/PP
composites. Both of these composites are composed of the same fibre volume
fraction, although they have different wall thickness. The pure PP exhibits a high
peak load and a brittle failure. The deformation of the non-woven composite samples
and the knitted composites (PET12G_Int) with similar wall thickness stop at a half of
their original height at which all the impact energy is absorbed. While the knitted
composite (PET5G_Int) with thinner wall deformed with closure of cells under the
same impact energy. It is believed that if the cell wall thickness of the non-woven
samples 'is further reduced, the cells would have a much larger deformation with
lower peak load leading to an improvéd performance. On the other hand, the
deformation mode of the non-woven composites, a ring pattern on the cell wall, is
different from those of the knitted composites, which will be discussed in the next

chapter.
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2.4.6 Recovery of Cells after Impact

The visco-elastic property of the grid-dome samples was investigated by measuring
the height of the cells before and after an impact of velocity 6.0 m/s with a drop mass
of 6.61 kg. The height of a cell was measured at 0 min., 10 min., 30 min., 45 min.,
and 1 hour after impact. Final recovery of the cells among samples with different
material sy stems i s listed in Table 2.5. The UHMWPE/LDPE knitted and P ET/PP
knitted cellular composites show the highest cell recovery (7 — 16 %) among the
samples except the knitted cellular composites with finer gage (PET12G _Int). The
pure LDPE also exhibits a certain degree of recovery (4 %) after impact, while the
pure PP samples with two cell wall thicknesses (0.8mm and 1.15mm, respectively)
a.nd the PET/PP non-woven (fibre volume fraction = 0.14) samples are brittle and
fractured at the cell tops after impact. Wifh the increase of fibre volume fraction in
the non-woven cellular samples (fibre volume fraction = 0.38), the degree of
recovery increases to approximately 2 % which is still much lower than those knitted

composites with the same fibre volume (PET5G_Int).
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Table 2.5 Recovery of cellular samples after impact

Sample Code H;);;lgt i(n;lm) 0 min. nﬁ “fl?l rr?;?a r:fn rr?x(; Reigljéry Reﬁi:: ?
_ (%) {mm/min.)
PE12G_Plain 15.00 1140 1199 12,11 1213 1223 1228 7.72 0.0t5
PE12G_Int 14.75 7.6% 836 8.55 8.74 8.88 8.95 16.38 0.021
PET5G_Int 14.67 993 1027 1043 1053 1060 10.81 8.86 0.015
PET12G_Int 14.82 12.34 1238 1246 1253 1256 1255 1.70 0.004
PETfvl_NW 14.78 1242 1246 1248 1248 1248 1248 0.48 0.001
PETiv2 NW 14.73 1222 1241 1249 1249 1248 1249 2.18 0.004
PETfvd NW 14.87 12.80 1297 1302 13.06 13.07 13.07 2.11 0.004
LDPE 15.26 13.27 1352 1366 1389 13.80 13.80 4.02 0.008
PP_1.15mm 15.42 1453 1448 1452 1451 1452 {455 0.14 0.000
PP_0.8mm 1499 1503 1504 1504 1504 15.05 0.36 0.001

15.35

2.5 Comparison of Energy Absorption Capacity, Formability and Cost among

the Developed Cellular Textile Composites

We have so far investigated the effect of material properties and fabric reinforcement

on the performance on energy absorption capacity of cellular composites. In this

section, we will compare the performance, ease of fabrication and costing of these

systems. Table 2.6 summarizes the processing issue and the performance of the four

material systems.

Injection molding of pure polymer cellular structure is a fast and easy process of

fabrication, the molded parts are also uniform on the wall thickness and perfect on

the surface. However, the pure PP or LDPE cells all exhibit a high peak load with
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brittle fracture, the sharp broken edges may result in injure for the subject to be

protected.

Knitted composites made from either thermoplastic or thermoset systems have been
studied thoroughly. Due to the flexibility of the fabrics, they can be used to fabricate
the composites in three dimensional shapes, and designed to absorb high energy
absorption by controlling the cell wall thickness; for its fully collapse of the cells.
Considering the material compatibility of fibres and matrix in the thermoplastic
systems, polyester fabric/ PP matrix system and the UHMWPE/LDPE systems were
selected to represent the conventional and high performance fibre systems in
c?mposite fabrication. Among all the fibre types studied, UHMWPE is more
expensive than the conventional textile fibres or the industrial grade PET fibres. As
long as the filament yarns have sufficient strength and ductility to be bent into
knitted loops, as shown the performance by the PET yarns being constructed as
knitted reinforcement, the fabricated c ellular composites perform as good as those
with the high performance ﬁbré reinforcements. Thus, the UHMWPE fibres are not

necessary for this particular applicatidn from the economic points of view.

Non-woven fabric may be an altemati\'fe choice for reducing fibre/yarn cost and the
intermediate textile processing. In addition, ‘the performance of non-woven
~ composite can be superior to the kﬁitted one as discussed in section 2.4.5. The
potential of using non-woven fabric reinforcement in composites will be further

explored in Chapter 3.
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Table 2.6 Evaluation of the material systems on composite performance,
formability and cost
Cellular Composite Pure pol ic matrix PET knitted/ PP [UHMWPE knitted/y Non-woven
Components polymeric ma matrix LDPE matrix PET/PP matrix
Processing Type Thermoplastic
o R . - Compression molding
Fabrication Method | Injection molding - Resin injection molding

Performance on
EAC under Dynamic

Too brittle, high peak

- Good, subjected to cell wall thickness

Environment load

, - One-step process for co-knitted pregreg
Manufacturing - Easy - Two-step for film stacking
Concern - Fast process

- Clean process

Fibre Cost Nil Mediate . High Low
Fabric Cost Nil High High Low
Priority of Use 4 © 2 3 1

2.6 Concluding Remarks

Various thermoplastic cellular textile compoéites with knitted and non-woven fabrics

and pure polymer cellular samples have been fabricated. The energy absorption

behaviour and deformation mechanisms of these were studied experimentally under

both quasi-static and impact conditions.

It is revealed that thevequiva]ent cetl wall thickness is a predominant factor on

governing the energy absorption capacity of the cellular structure. Under quasi-static

compression, the cellular samples with thicker cell walls, including pure LDPE or PP

materials and non-woven reinforced cellular samples, exhibit a higher level of

speéiﬁc energy absorption capacity through the collapse of cells than those knitted

composites with thinner equivalent cell wall. The cellular composites have little
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recovery after impact while pure PP and LDPE even exhibit brittle fracture.

As long as the fibre material is sufficient sﬁong, ductile and flexible to be bent to
form knitted loops, UHMWPE fibres or industrial grade fully drawn PET fibres can
perform similarly as composite reinforcement. The effect of fibre volume fraction on
the energy absorption cépacity of knitted composites is not as significant as the
equivalent thicknesses due to the presence of large amount of void content. By
keeping a constant wall thickness, increase in fibre volume fraction in non-woven
cellular samples leads to a reduction of the high peak load and allowed a prolonged
stroke. The deformation of the cellular composites is monitored by the amount of
impact energy. The deformation mode of the non-woven composites has been found
to be different from those of knitted reinforcement. Non-woven composites perform
similarly or even higher energy absorption levels compared with that of the knitted
composites, which may bring in more advantages on ease of fabrication and cost

reduction.
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CHAPTER 3
PERFORMANCE OF NON-WOVEN FABRIC REINFORCED CELLULAR

TEXTILE COMPOSITES ON ENERGY ABSORPTION

3.1 Introduction

In Chapter 2, we have characterized the cellular textile composites with different
reinforcements, including PET/PP knitted, UHMWPE/LDPE knitted and PET/PP
non-wovens. We have found that the non-woven cellular composites have a high
potential as energy absorbing components due to its ease of fabrication and

comparable energy absorption levels to the knitted composites.

Some o f o ther s tudies have d emonstrated that short fibre mat reinforced s pherical
shells and conical frusta (Gupta and Easwara, 1999; Gupta and Velmurugan, 2002)
utilized the brittle fracture of the fibre and matrix. These fibre-reinforced composite
materials usually have high specific strength and high stiffness; and they utilize the
brittle fracture during a progressive crushing as the deformation mode. In contrast,

we expect the non-woven composite cells deformed plastically on the cell wall.

In the present study, the cellular textile composites made of non-woven polyester
(PET) fabric with different fibre volumes and polypropylene (PP) matrix are
fabricated, in an attempt to yield similar or even higher energy absorption levels
compared with the knitted cellular composites. The material properties are
characterized to interpret the performance of the cellular composites under dynamic

response. The energy absorption capacity of the composites is also evaluated under
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multiple impacts. The deformation mechanisms of the non-woven composites and
pure material are examined and a theoretical analysis is proposed to predict the

energy-absorption capacity of the cellular material.

3.2 [Experimental

3.2.1 Sample Preparation

Bulk form PET non-woven fabric of 200 g/m® and polypropylene films were used for
fabricating flat and cellular composite panels. Flat sheets of composites of
approximately 1.0 mm thick were fabricated by compression molding. Layers of
fabric preforms were sandwiched between layers of thermoplastic PP matrix films
and then put for compression molding. The prepreg in the compression platen were
first preheated at a pressing temperature for 10 minutes to remove moisture inside
and melt the matrix. Then, they were pressed at 180 °C under 10 MPa for 15 minutes,
followed by cooling from the pressing temperature to 30 °C in 15 minutes under
pressure. The flat composite samples were prepared fof the tensile and punch shear
tests. Some of the other flat composite samples were further processed in the same
procedures as described in section 2.2.2 to produce cellular composite samples. Pure
PP material in flat sheet form and cellular structure were also produced by injection
molding as control experiment. D etails o f the non-woven ¢ omposite s amples with
three fibre volume fractions and the pure PP material are listed in Table 2.3 in

Chapter 2.
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3.2.2  Simple Tensile Test

Tensile test of flat non-woven composites with three fibre volumes and pure PP
material was performed using a MTS Universal Testing Machine with a load cell of
5KN capacity. Flat composite specimens were cut into narrow strips with dimensions
of 20 mm x 150 mm and approximately 1 mm thick. The gauge length was set 80

mm and each specimen was elongated at a crosshead speed of 5 mm/min.

3.2.3 Punch-Type Shear Test

A punch-type shear testing on flat non-woven composites and pure PP panels was
performed to examine the shear properties of the materials following ASTM standard
D732. A specially designed fixture with a punch and die tool was manufactured
according to the standard (dimensions as shown in Appendix 3.1) and the fixture with
the specimen placed inside is mounted on MTS Universal Testing Machine, as shown
in Fig. 3.1, The shear test setup is shown in Fig. 3.2. The test specimens were cut in a
50 x 50 mm’ from the molded flat non-woven composite sheets and pure PP panels.
A hole was drilled centrally on the specimens in order to locate a guide pin on the
punch. The thicknesses around the drilled hole of the specimens were measured
before test. The specimen was then placed over the pin of the punch and fastened
tightly by means of washers and nuts. The tool jig was assembled and the bolts were
tightened so that the specimen was sheared by the close-fitting punch at the punch
edge. The tests were conducted at a crosshead speed of 1.25 mm/min with a punch
diameter of 25 mm. The shearing properties of the non-woven composites were
compared o f d ifferent fibre v olume fractions. Five specimens were tested on e ach
composite or pure PP samples. Usually, the shear stress at yield indicates the pure

shear strength of the composite material, while the maximum shear strength is
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closely related to the tensile strength. The shear yield stress (S,,) and maximum shear

strength (S,,;) are given by the expression as follows:

[,

S o Vs.ms
Vs, ms

’ DT

where F;,; is the force at yield and at break, respectively, D is the diameter of the

punch and 7'is the mean thickness of the specimen.

Figure 3.1 A punch-type shear testing device mount on the Universal Testing
Machine
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Figure 3.2  Schematic diagram of the punch-type shear testing device
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3.2.4  Impact Tests on Cellular Composites

Impact tests on the PET/PP non-woven cellular composites and pure PP cellular
samples were performed on a Dynatup Drop Weight Impact Tester (Model
GRC8250). Each specimen with 20 domes was tested under a single impact and
multiple impacts. All specimens were weighted before tests. The specimen was put
on the supporting base 6f the testers and impacted by a flat steel plate. The mass of a
drop weight (6.61 kg) included a plate striker of 120mmx120mmx12mm, which was
normal to the plane of the samples. The impact velocity was set at 6.0 m/s by

adjusting the height of the drop weight and the air pressure of the pneumatic assist.

3.3 Mechanical Properties of Flat Composite Samples

Table 3.1 lists the specifications and material properties of the flat samples. Pure PP
sample is the most brittle, while all the PET/PP composites with non-woven fabric
reinforcement are more ductile. Figure 3.3 depicts the tensile curves of the
non-woven composites with the three fibre volume fractions and the pure PP. Pure PP
breaks at 4 % while most of the non-woven composites at 32 — 35 %. With an
increase in fibre volume fraction of the non-woven reinforcement, the yield stress of
the composites reduces. All the three non-woven composites with different fibre
volume fractions have similar tensile strength and extensibility. Thus, the non-woven
reinforcement reduces the stiffness of the composite material with the increase in
fibre volume fraction. Similar to the knitted reinforcement, the non-woven

reinforcement enhance the material ductility during impact.
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Table 3.1  Specifications and properties of thermoplastic flat composite samples
Sample code PP FVI1 FV2 FV3
Material Pure PP PET /PP PET /PP PET /PP

Thickness (mm) [s.d.]

Fibre volume fraction

Sample weight in 11x 1lcm” (g)
Young’s modulus (MPa) [s.d.|
Tensile strength (MPa) [s.d.|
Strain at break (mm/mm) [s.d.|
Shear yield stress Sy, (MPa) [s.d_|
Shear yield strain y[s.d.|

Shear modulus G (MPa) [s.d.|
Max. shear stress S, (MPa) [s.d.|

0.94 [0.03]
0.00

20.87

1443.0 [60.5]
27.41 [2.1]
0.047 [0.0]
20.12 [0.66]
1.441 [0.17)
21.24 [1.84]
26.49 [0.76]

0.92 [0.03]
0.14

14.76

1420.3 [73.6]
31.80 [1.1]
0.348 [0.0]
15.77 [0.80]
0.910 [0.06]
19.98 [1.37)
40.63 [2.04]

0.94 [0.02]
0.24

16.26

1337.8 [22.2]
32.10[1.0]
0.353 [0.0]
14.64 [0.24]
0.765 [0.02]
19.80 [1.64]
48.79 [1.25]

1.08 [0.04]
0.38
17.33

1131.1 [180.5]

32.30 [0.7]
0.321[0.0]

11.04 [0.24]
0.670 [0.03]
15.85 [1.59]
58.86 [3.26]

1

1

Figure 3.3
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Figures 3.4 (a) and (b) show the load-displacement curves of the non-woven
composites with three different fibre volume fractions and the pure PP under
punch-type shearing. Pure PP has a higher shearing stiffness than the three
composites. The shear yield strength (S);) of the composite material decreases with
the increase of fibre volume fraction, as listed in Table 3.1. After the initial linear
region, there is é. sharp rise in the load-displacement curves for composites until the
maximum shear strength (Sy;) is reached. The maximum shear strength increases
with the fibre volume fraction as shown in Fig. 3.4 (a), while there is a constant
loading o f the pure PP observed in Fig. 3.4 (b). Itis found that the values ofthe
maximum shear strength and tensile strength of the pure PP specimen are quite close
to each other, as shown in Table 3.1. However, the maximum shear stress becomes
much higher in the non-woven fabric composites as compared with the PP samples.
As the shearing tested specimens are thin (approximately 1 mm), the non-linear
region of the curves after the shearing yield can be regarded as the tensile loading of
the non-woven reinforcement while the corresponding region in Fig. 3.4 (b) is a pure

stretching of the pure PP.
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Figure 3.4 (b)  Load-displacement curves of pure PP under punch shearing
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3.4 Energy Absorption Behaviour of Non-woven Composites

3.4.1  Effect of Fibre Reinforcement on Impact Response

The pure PP cellular specimens exhibit a hi.gh level of energy-absorption under axial
quasi-static compression because the cells can deform globally as the load increases.
However, they show a brittle fracture on the cell tops with limited deflection under
impact loading becau.se'they are sensitive to the strain rate effect. Figure 3.5 shows
the 1 oad-displacement c urves o f P ET non-woven fabric reinforced composites and
pure PP cellular samples under impact. With a low fibre volume content (fibre
volume fraction = 0.14), the non-woven composites perform similarly to those rigid
matrix grid-domes with an unsustainable high peak load. As observed in experiments,
some of the cell tops of the pure PP even fail out during impact, as shown in Fig. 3.6
(). Fragments can be found around the cell walls and brittle fracture is observed on
the cell tops, as shown in Fig. 3.6 (b). When increasing the fibre volume fraction
(ranged from 0.14 to 0.38), the peak load is much reduced and the cell collapse is
extended to a half of their height. The fibre network prevents the cell tops from
falling out or brittle fracture, as shown in Fig. 3.6 (d). The observed fracture on the
cell tops of the pure PP and the composites with low fibre volume fractions can be
attributed to the low ductility rather than the shear properties. Increase in fibre
volume of the non-woven reinforcement would reduce the brittleness resulted from
the matrix material or increase the toughness of the cellular structure. As there is a
fillet on the cell top, the impact force from the flat plate striker induces a bending
load between the fillet and the flat-topped plate. Pure PP or composite with low fibre
volume fraction are brittle so that the fracture around the cell tops or cell walls occur.
On the contrary, the ductility of the non-woven reinforcement prevents it from

fracture at the bending region, which enhances further collapse of the cell wall.
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Figure 3.5 Load-displacement curves of the PET/PP non-woven composites with

different fibre volume fractions and injection molded PP specimens under impact
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34.2 Cellular Composites under Multiple Impacts

- The non-woven composite samples only collapse at a half of their height and a ring
formed on the cell wall at a single impact'with energy of 120 J. The cell has not
reached the stage of cell densification. Hence, a higher impact energy can be applied
to reach the full densification of cells. This assumption can be further verified by
conducting a multiplé impact test. Figures 3.7(a-b) show the load-displacement and
the specific energy-displacement curves of the non-woven cellular composites with
fibre volume fraction of 0.38 (FV3) under multiple impacts with the same impact
conditions as in the previous impact test. The cellular composites were able to
sustain multiple impacts and only collapsed on the cell wall until the third impact
was applied, which almost reach the upper limit of the load cell on the impact tester.
It ‘is believed that if the cell wall thickness of the non-woven samples is further
reduced, the cells would have a much larger deformation with a lower peak load

applied.
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Figure 3.7(a)  Load-displacement curves of non-woven composite FV3 under
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Figure 3.7(b)  Specific energy-displacement curves of non-woven composite FV3
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3.5 Deformation Mode of a Cell

The deformation mechanism of the cellular composites was observed by conducting
quasi-static axial compression tests on th;'-: MTS Universal Material Tester. A
grid-domed cell specimen was put on the supporting base of the Tester and axially
compressed by a rigid flat plate moving down with a cross-head speed of 5 mm/min.
A mirror and a transpafent plate were used to make it possible to observe the
deformation process from different d irections. A series o f p hotographs w ere taken
during the compression process, whilst the load and displacement curves were
recorded by the Tester system. It is observed that for all those isotropic pure PP and
non-woven PET/PP celiular samples, a ring formed on the cell walls, which is
different from the previous study by Xue et al. (2001) on the knitted composites that

deform into a two-lobe diamond pattern.

Figure 3.8 shows a typical deformation process of a single dome of pure PP recorded
by a series of photographs taken from the front-view, side-view and top-view. During
the deformation process, (1) the flat top bends inwards during the large deformation
process; (2) the flat-topped conical shell plastically collapses inwards to form a ring
pattern; (3) and eventually circumferential hinge lines can be observed when the

loading plate is removed.
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Figure 3.8 Deformation process of a cell made of pure PP material under
quasi-static compression at a loading speed of 5 mm/min.
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3.6 Prediction of E.A.C. of Cellular Structure

3.6.1 Mean Peak Load Prediction of Cellular Structure

Up to now, theoretical treatments have been confined to open-end cylindrical shell

during axial compression (Mamalis et al., 1986; Mamalis et al., 1988). In this section,

we propose an analytical model to predict the load-displacement curve and energy

absorption capacity of the flat-topped close-end conical shell for the pure PP and

non-woven samples. Based on the experimental observation in section 3.5, the

phenomenon can be further interpreted referring to the analysis for a ring collapsing

under compression between two flat plates (Ja and Hodge, 1963; Lu and Yu, in press).

The effect of local deformation at the contact points between the ring and the plate is

very limited, which is evident from the fact that two typical deformation modes of

the ring have the same force-deformation curve. Therefore, the assumptions are made

for our model as follows:

1. the cell wall collapses internally with a circular plastic hinge between the top and
bottom;

2. the top circle remains unchanged during deformation;

3. the effect of the cell top deformation is negligible;

4. the values of x; and x;, the length variables referring to Fig. 3.9, are the same as

those measured from the expeniment.
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Figure 3.9 Deformation mode of a flat topped grid dome cell forming internal

convolution

Let @ represent the semi-apical angle of the conical shell. After deformation, sides

AB and BC will deviate from the original position with angles # and#, respectively.

The following relations can be obtained:
x, sin(@+¢@) =(x, +x,)sing+x,sin(f —¢)
0 =— g+sin [ZLsin (8 - )+ 22 5in ] a.1)
x x

2 2

which leads to

do-1 B9 o
x, cos(8+¢) (3.2)

The vertical displacement at the cell top is

& =x,[cosg—cos(f —@)]+ x,[cos g — cos(& + ¢)] (3.3)
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The increment of load advance of 44 is given by

3.4
d5 = x, cos( - $)[tan( B — §) + tan(0 + $)ld 5 34)
Then, the external work done by the applied axial load P during the incremental

displacement dd is
dW° = Pdd
= Px, cos(f — g){tan( S - ¢) + tan(6 + $)d 3.3)

The internal plastic dissipation of energy is done by bending along plastic hinge lines
and by stretching of material between them. The increment of plastic dissipation for
further bending at the circular plastic hinges at points A, B and C of the cell wall as

shown in Fig. 3.9, is

AW, =(dW,) , +(@W,), +(@dW,),
= wd(M ,)dB + 2D, (M, Y(dp + d6) + nDy(M ,)d6 (3.6)

where d is the diameter of the cell top,

D, =d +2(x, +x,)sin8 (3.7
And
D, =d - 2x;sin (f—¢)]=d +2(x, +x,)sing —2x, sin(d - @)
2 ¥ (3.8)

M, ==
P \54

denotes the fully plastic bending moment per unit length of cell wall.

Substituting equations (3.4) and (3.5) into (3.3), and simplifying, we obtain

dw, =2x(M )} {[d ~x, sin (f - §)ldf +[d +2(x, + x,)sing —x, sin(6 + §)|dO} (3.9)

and
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”Y’ f [d+2(x, +x,)sin ¢ x, sin(0 + #)d0

ert

N

[zd +2(x, + x,)sin ¢(— - ¢)—(x, +x,)cos¢] (3.10)

The mean strain in extending the segment between hinge lines A and B, during

incremental change dg, is

_ —xcos(f—-¢)
€ = ag
d —x,sin(f - ¢) (3.11)
Also, for segment between hinge lines B and C,
o = - X, c0s (0 + ¢)de@
P d+2(x, + x,)sing - x, sin(0+ ) (3.12)

By denoting the hoop stress in the extended composite as ¥, the increment of plastic

dissipation in stretching is,
dW,, =Yer[d —x sin (- @)Ixt+ Ye,n[d +2(x, + x,)sin ¢ — x, sin(@ + ) 1x,¢ (3.13)

where the subscript m pertains to the membrane deformation.

substituting (3.9) and (3.10} into equation (3.11) leads to
dw, =xYt[x] cos(f —¢)d B+ x; cos(@ + $)dO]

(3.14)
Integrating it, we have
W, = nYx*|sin( 8 - ¢)‘g+¢ +x," [sin(6 + ¢)|§"’
=aYtx}(1+sing)+x,*(1-sing)] (3.15)
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The total energy dissipation is
W= Wy+ W, (3.16)

The corresponding mean axial post-buckling load,

p"W__ W, +W,
B (x,+x,)cosd (3.17)

_ertz[ o
) (x, +x,)cosg

x2(1+sin #)+x2(1-sing)
(x,+x,)cos¢ (3.18)

+2tan¢(§-¢)—1]+7ﬂ’t{

To verify the theoretical model, two sets of samples, i.e. the pure PP and non-woven
PET/PP samples are made possessing the same cell parameters: semi-apical
angle=16°, cell height A=15mm, D=10mm, d=18mm. The wall thickness measured
for the pure PP cell and non-woven composites is tpp=1.15mm and fnw=1.0mm,
respectively. The mean peak load and the energy absorption capacity predicted by the
theoretical model are obtained and compared with those obtained from experiments,
as summarized in Table 3.2. The theoretically predicted mean buckling load and the
corresponding energy absorption capacity of a single cell of the three material
systems during axial deformation agree well with those obtained from the
experiments. The deviation comes up with 5.5 % for the prediction on the PP
samples, but only 2 % on the non-woven PET/PP samples. The difference between
the predicted and the eﬁperiment results may be attributed to the negligence of the
deformation of the cell top, non-uniformity of the non-woven fabric reinforced

composites and the measurement errors on the deformed cell.
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Table 3.2  Measured and predicted mean peak load and energy absorption capacity
for a single cell until collapse

. Buckling load (KN) Energy absorption
Mean yield ' Mean p capacity (J/g)
Sample stress Maximum peak
(MPa) load (Poay) Exp. Theor. Exp. Theor.
PP 33.65 1.310 1.071 1.130 11.29 11.91
FV3 23.38 0.957 0.684 0.670 8.68 8.51

3.6.2  Optimization of Cellular Geometry

Section 3.6.1 shows that the prediction of the mean peak load of the cellular structure
depends on the three factors: thickness #, height 4 and the apical angle ¢ . The
optimized cell parameters for fabricating non-woven cellular structures are the
¢ =16°, h=15mm, D=10mm, d=18mm. This cell geometry is optimized to obtain the

desired energy absorption capacity for the knitted reinforced cellular composites.

The optimization of the cell geometry can be achieved from experiment. There are
three geometrical variables including the thickness, the cell height and the apical
angle. A 2* factorial design of non-wovén composite cellular structure with eight sets
of cellular geometry can be done to approximately identify the best combination of
the geometrical factors. To design the experiment, each geometrical factor can be
selected in a range of maximum and minimum. The optimized cell geometry can be
identified through the observation of the value of the mean peak load level of each
experimental set. From experimental results, it may observe any other deformation
modes being different as the geometry is changed. However, it is not a feasible way
to do these experiments even for such eight sets of cell geometry because the
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thermoplastic composites are fabricated by compression molding using a designed
mold with one specified cell geometry. The tests would be too expensive for extra

mold making and time consuming.

An alternative approach to the optimization of geometry to achieve the desired
energy absorption capacity of the non-woven composites can be easily done by
solving the prediction as derived in section 3.6.1. Analytically we can find the

optimized parameters by partial differentiation of the function P {Equation 3.18).

It is able to find all the relative maximum or minimum of the function and further

compare with the boundary.
9 o 2_, 92, (3.19)
o o¢ Ox,

Then, the values of thickness ¢, apical angle ¢ and the x; at maximum are found

after solving the equations.

As the mean peak loads are predicted by the function P , they should have the same

deformation mode, that 1s, the internal convolution of the cell wall, each factor
should not be set too wide. Thus, the thickness is ranged from 0.9 — 1.2 mm, apical
angle from 12° to 20° and the cell height from 10 mm to 20 mm. From the
experiment in section 3.5, it is obsefved that the internal buckling of the non-woven
composite cell wall happened on 1/4 of the cell height. Therefore, some assumptions

have to be made.
¢  all of the possible factor combinations will produce the same deformation mode

% the ratio of x| to x; is 1/4 for all sets of geometrical design
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After solving the equation, it is found that the maximum values at the boundary of
the factors — cell height and cell wall thickness, and the minimum value at the
boundary of the semi-apical angle, give the highest mean peak load and the energy

absorption capacity.

3.7 Concluding Remarks

In this chapter, the cellular composites made of PP and non-woven polyester fabric
demonstrate their ability for fabricating the complicated structure. PET/PP
non-woven composites and pure PP panel have been characterized with regard to
their energy absorption behaviour @d deformation mechanisms under impact
conditions. The fracture of the composites becomes less obvious with increasing
fibre volume fraction. Increase in the fibre volume fraction in non-woven composites
improves the shear strength and composite toughness under impact. In addition,
brittle fracture on the cell tops can be avoided by a high fibre volume fraction, thus
allowing the large plastic deformation of cell till its densification. The non-woven
composites exhibit high specific energy absorption capacity and retain the same

capacity during multiple impacts.

A theoretical model has been presented to predict the mean peak load and energy
absorbing capacity of the cell during plastic collapse. The theoretical predictions for
pure material or non-woven reinforced composite are all in good agreement with the
experimental results. Hence, the model can provide guidance for design of the
similar material systems. Only if the deformation mode is consistent, the designed
geometrical parameter of the cells can be as large as possible to obtain maximum

energy absorption capacity.
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CHAPTER 4
TENSILE BEHAVIOUR OF KNITTED COMPOSITES AND THEIR

LARGE DEFORMATION MECHANISM

4.1 Introduction

In the earlier investigation (Xue et al,, 2001), it has shown that the membrane
deformation of the knitted cellular composites dominates the contribution of energy
absorption when the cell collapse is large. However, limited publications have been
found on the energy absorption behavior during tensile loading of knitted composites.
Kelay et al (1997) studied the tensile deformation mechanisms of warp knitted
composites, made of glass and polypropylene/polyurethane composites. Ramakrishna
et al (1996) investigated the effects of fabrication conditions on mechanical
properties of knitted aramid fibre/polypropylene composite laminates. Only recen-tly,
| Cox and Davis (2001) studied the energy absorption of weft knitted composites
under tensile loading in tﬁe wale direction. The composite was made from a narrow
knitted strip with three wales and epoxies. The textile preform was knitted with

Kelvar fibre tows wrapped in shrinkable tubes.

In this chapter, tensile properties of weft knitted composites are examined in terms of
the knitting directions and constituent materials. The deformation process of the
knitted loops is studied that will help to depict the similar distortion of reinforcing
loops in composités during the large deformation. Then, the deformation mechanisms
of the flat composites are identified during tensile loading in micro-scale by in-situ

SEM observation that leads to the understanding the insight of the loop fibre bundle
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and matrix debonding at critical loads along the loading directions. Fractured
surfaces of the composites are also observed to reveal the failure mechanism of the
composites. Influencing factors include fabric structure, fibre volume fraction,
pre-stretching directions and levels of the knitted fabrics prior to composite
fabrication and plasnia treatment on fibre surface on the mechanical properties of the

knitted composites are also studied.

4.2 Experimental
4.2.1 Materials and Composite Fabrication
The material systems in fabricating knitted composites for the characterization
include (1) PET knitted/PP matrix and (2) UHMWPE knitted/LDPE matrix,
respectively. They are the same type of material that described in section 2.2.1 but

there are more fabric structures and fabric factors to be investigated in this chapter.

PET/PP Knitted Composites

Fabric preforms of interlock and rib 1x1 knitted structures were produced by
co-knitting PET and PP multi-filament yams on the 5-gauge V-bed knitting machine
(SHIMASEIKI). The fabric details are shown in Table 2.1. Fabric IT denotes a pure
PP fabric, which was used as a comparison. Some of co-knitted interlock Fabric I
received a plasma treatment prior to compression molding in an attempt to improve
the adhesion between fibres and matrix. The treatment was conducted using a Plasma
Polymerization System SPP-001 {Showa Co Ltd., Japan) with a radio frequency of
13.6 MHz. These samples were exposed to low temperature oxygen plasma at a

pressure of 15 Pa discharge power of 150 W for 10 or 15 minutes.

96



Chapter 4

Table 4.1  Specifications of the fabric preform samples

PET fabrics I II III
Structure Interlock Interlock Rib 1x1
Yarn blending ratio ) . ]
(PP: PET) 1:1.4 1:0 1:1.4
Tightness factor 13.61 14.02 12.12
Thickness (mm) KR 4.09 2.85

UHMWPE/LDPE Knitted Composites
Similarly, the UHMWPE continuous filament yarn of 88 Tex was used to produce the

fabrics with interlock k nitted s tructures on the 1 2-gauge flat-bed k nitting m achine
(SHIMASEIKI). Specifications of these fabrics are shown in Table 2.2 in Chapter 2.
Laminates of commercial pure LDPE film of 0.06 mm thick was used as a
thermoplastic matrix material for the knitted fabric composites. In order to
investigate the effect of fabric pre-stretching on the composite properties, a special
bi-axial p re-stretching molding frame w as designed (in Appendix 4.1) to hold the
stretched fabric during consolidation. The fabrics were pre-stretched on the walewise
(10 %, 20 %), coursewise (25 %, 45 %) and bi-axial (5% walewise: 25% coursewise)
directions, respectively, as the molding frame held the fabric firmly with the

extensions in the corresponding directions.

Flat sheet composite panels as described above were fabricated by compression
molding with the same procedures and fabrication parameters as described in Section
2.2.2. Specifications of the produced PET/PP composites and UHMWPE/LDPE
composites are given in Table 4.2 and Table 4.3, respectively. The measured
thicknesses of the flat samples are lower than the nominal ones because of the
material shrinkage during cooling.
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Table4.2  Specifications of the composite samples with PET/PP material system
. . . . . Ave. composites
Sample Fabric  Blending ratio = Composites  Fibre volume T 3
No.  stucture (PP:PET) thickness (mm) fraction 17:’?1132:!1'{'@ Pre-treatment
al Interlock  1:14 1.05 0.34 30.6 Nil
a2 Interlock 1:14 1.01 0.36 30.0 Plasma 10min.
a3 Interlock 1:1.4 0.98 0.37 303 Plasma 15min.
a4 Interlock 1:0 1.34 0.00 32.7 Nil
as Rib 1x1 1:14 1.15 0.19 18.2 Nil
Table 4.3 Specifications of UHMWPE/LDPE knitted composite (Interlock
structure)} with various pre-stretching conditions
Sample Courses per Wales per Composite Fibre volume
No. Treatment S5em Scm thickness (mm) fraction
bl  Nostretch 20,0 26.5 0.87 0.40
b2  10% wale pre-stretched 18.0 30.5 0.89 0.40
b3 20% wale pre-stretched 17.0 32.0 0.90 0.39
25% course
b4 pre-stretched 220 20,0 0.76 0.37
45% course
bs pre-stretched 230 16.5 0.68 0.36
pe Dlaxialprestretched, ), 19.0 0.7 0.35

5% wale: 25% course
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4.2.2 Tensile Tests on Fabrics, Composites and Pure Matrix

Tensile tests were conducted on the PET knitted fabric (Fabric ), composites and
sheet of pure matrices. Fabric specimens eaéh for PET and UHMWPE fabrics were
cut in 200mmx200mm parallel to the three directions, i.e. walewise, diagonal and
coursewise directions. The clamp width was 150 mm and gauge length of 75 mm.
The tensile tesf was carned out on the Instron (Model 4466) Material Testing
Machine with a 10KN-load cell at a crosshead speed o f 100 m m/min. During the
tensile testing, a high speed digital camera (1000 films/sec.) with a digital TDI
camera power supply (Model RS4015) was set up, as illustrated in Fig. 4.1, to record
the fabric. loop distortion. The images were captured at the middle region of the

clamped area.

Tensile tests on composite and pure matrix specimens were carried out according to
the ASTM standard D3039-93. Specimens were cut into narrow strips of
150mm>20mm. In the case of knitted composites, the strips were cut parallel to the
walewise, coursewise or diagonal directions. The composite specimens were tested
on the MTS Universal Testing Machine with a maximum 10 KN-load cell at a
loading speed of 5 mm/min. The gauge length between the top and bottom grip was

set as 80 mm. Five specimens were tested for each composite type or pure materials,

99



Chapter 4

Desk top computer

High speed digital camera #! Instron tensile testing machine

_ Film recorder

(a)

Upper clamp — T Observed region

(I5emby Sem) | | f

/

Gauge: 75mm

Lower clamp__——
(15cm by Scm)

(front view)

(b)

Figure 4.1 (a) Schematic diagram of the experimental setup of knitted fabric
tensile testing, (b) Illustration of the fabric sample placement on the tensile machine

4.2.3 In-situ SEM Observation Set-up

Lecia Steroscan 440 Scanning Electron Microscopy was employed to observe the
morphological changes of the interlock knitted structure and the fibre/matrix
debonding during tensile deforrnatioﬁ. PET/PP composite samples were cut in a
dimension 12mmx40mm along the wale, course and biaxial directions. Both
composite strip ends were glued to two metal plates in the centre of which a hole
being inserted with a pin attached to the loading device. Schematic diagram of the

tested specimens is illustrated in Fig. 4.2, The loading speed was set as 8 m/s. All
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samples were gold coated to avoid surface charging during the in-situ tensile test by

SEM.

N Two metal plates glued to the sample
lcm for reinforcement
v
A
PET/PP knitted composite sample,
2¢m gauge length: 2 cm
Observed area
v
b\
1 cm
v

Sample thickness less
than 3 mm

1.2¢cm

Figure 4.2  Schematic diagram of composite sample prepared for in-situ SEM
tensile testing

4.3 Tensile Behaviour of Knitted Composites and their Components

PET/PP Knitted Composites

Figure 4.3 shows the tensile curves of a single PET fibre, the pure PP matrix, the
knitted composite (sample al), and the pure PET fabric in the walewise, coursewise
and diagonal directions. Both knitted fabric and composite samples exhibit strongly

anisotropic non-linear tensile behaviour.

For the composite samples, the tensile strength of the composites in the walewise
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direction is the highest among the three loading directions. The material properties of
single PET fibre, PP matrix and the composites with three loading directions are
summarized in Table 4.4. It is found that initial elastic modulus and yield stress are
the largest in the walewise direction, followed by those in the diagonal and
coursewise direction, and thus the tensile properties of the composites are
orientation-dependent. All the three stress-strain curves undergo a very short elastic
deformation stage compared with the long plastic deformation. The slope of the
initial linear portion of the stress-strain curves is calculated as the initial elastic
modulus. The yield stress is defined as the highest stress prior to the drop in load for
the interlqck composites. For those rib 1x1 structures (sample a5) which exhibit a
stress-strain curve with a gradually decreasing slope, the yield stress was identified at

a point where the first departure from linearity occurred.
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Figure 4.3  Typical tensile behaviours of a single PET fibre, the pure PP

matrix, the interlock knitted fabric and the composite (sample al)

The distinctive properties of the composites material from its individual components
can be seen from their stress-strain curves as shown in Fig. 4.3, Pure PP has high
strength but only reach a maximum strain of 0.04, which is brittle and lack of
ductility. Although both fabrics and composites show similar extensibility, the fabric
exhibits very low loads until strain hardening is reached. Comparing the fabric and
composites, 1t 1s clearly observed that matrix has contributed most of the load
bearing in the elastic region. On the other hand, the fibre is ductile with a breakage
strain of 0.17. The tensile properties of reinforcing fibres are illustrated in Fig. 4.4.

With the presence of reinforcing fibres oriented as knitted fabric loops, the composite
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material extends up to a maximum strain of 1.4 in the coursewise direction. The fibre
and matrix alone can only deform much less than the composites. It is the structural
change that contributes most to the large strain of composites. The maximum strain
in the coursewise direction of the interlock composite (sample al) is the largest
among the three loading directions. The matrix between two interfaced loops is under
compression while the other under tension. Even though both of the knitted fabric
and composite samples exhibit strongly anisotropic non-linear tensile behaviour, the
debonding between fibres and matrix as well as breakage of matrix of the composites
have given rise to a constant and relatively much higher stress level in the large
plastic deformation, thus results in a high energy absorption level, in contrast with
the low and non-linear tensile curve of the pure PET fabric. Thus, the knitted
composite materials perform superior energy absorption capacity to their individual

components during the large deformation,

Table 4.4  Matenial properties of single PET fibre, pure PP matrix and PET/PP
co-knitted composite (sample al) (values in square brackets are standard deviations)

Materials Sinfg_lll::r:ET PPPmura:rix Composites
Loading direction Axial Isotropic Wale Diagonal Course
Young’s modulus {MPa) [éTD] 13000.0 1443.0 511.0[0.62] | 309.1[0.84] | 137.7[0.67]
Yield stress (MPa) [STD) - - 22.8[0.90] 7.8[0.72] 4.1[0.17]
Yield strain  [STD] - -- 0.10{0.02] 0.07[0.01] 0.05[0.01]
Maximum stress (MPa) [STD] 975.0 274 71.1{0.59] 58.1[1.56)] 67.4[1.31]
Maximum strain [STD] 0.047 19.0 0.76[0.06] 0.87[0.11] 1.38{0.05]
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Figure 4.4  Stress-strain curve of a single PET fibre

UHMWPE/LDPE Knitted Composites

The tensile behaviour of the UHMWPE fibre, matrix and composites are shown in
Fig. 4.5 and their material properties are compared in Table 4.5. UHMWPE fibre
possesses high strength and very low elongation whereas the knitted fabric has
non-linear tensile behaviour. Both fabric and composite show anisotropic properties
as seen in the walewise and coursewise directions. Composites on walewise direction
display higher stiffness and tensile strength than in the coursewise direction while the
energy absorption capacity in both directions is similar (~20 MJ/m*). Matrix takes up
most of the load and then the fabric loop is deformed to share the load. LDPE matrix
is very ductile with a very large ultimate strain (880 %) and thus exhibits a
high-energy absorption level (113 MJ/m®) than the composites. The large stress
concentration leads to the failure of the composite fibre loops at the points where
most of the matrix is fractured. Although the matrix is very ductile, the large

deformation mechanism is similar to those PET/PP knitted composites.
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Figure 4.5  Material properties of the knitted composite and its components
Table 4.5  Material properties of the interlock UHMWPE fabric/ LDPE matrix
composites
, : , ; ] _ . Energy
Sampls Young’s modulus  Yield stress  Yield strain ~ Ultimate stress  Ultimate strain absorption
i 0, . 0 s
(MPa) [s.d.]  (MPa)[s.d] (%) [s.d] (MPa) [s.d.] (%) [s.d.] MU’ [s.d
HMWPE fibre 110000 - - 3400 3.60 -
DPE matrix 300.99 [31.08] 11.27 [0.44] 942 [0.41] 2021 [1.61] 879.59 [31.29] 113.43 |9.56]
omposite _ 4 _ s s
s 11 227135 [386.89] 22.71[2.65] 2.90[0.24] 10420 [14.16]  44.24 [3.23] 18.34 [1.42]
oursewise. bl 1060.13 [146.44] 846 [0.44] 2.92[0.29]  30.68 [1.58]  349.81[8.75]  19.28 [0.07]
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4.4 Large Deformation Mechanism of Weft-Knitted PET Fabric

A series of images, as shown in Fig. 4.6, were captured to investigate the loop
distortion in the PET interlock fabric subjected to large deformation in the wale, the
diagonal and the course directions. The changes in loop dimensions as illustrated in
Fig. 4.7 were measured during the tensile tests. Figures 4.8 (a-c) quantitatively
describe the amount of changes in loop height (%), loop width (w), distance between
loop legs (/) and distance between wales (d), of a knitted loop being extended in the

three knitting direction as observed in Fig. 4.6.

As the fabric is extended in the wale direction, as shown in Fig. 4.6 (a), the wale
loops are straightened and become thinner. Thus, the matrix in the two interlacing
loops in composites is compressed by the legs and that in between the loop is
extended. The fibre loops become densely packed and aligned along the loading
direction, which contributes to a higher strength and stiffness. For the diagonally
extension of the fabric, as shown in Fig. 4.6 (b), all the fibre loops are straightened
and thinner as there is sliding of the wale loops with respect to each other as the load
increases, thus shifting the angle of wale loops, from approximately 58° to 82° near
tensile failure. As a consequence, the wale loops are elongated and straightened. It
has been found that there are similar changes in loop shape when the fabric loops are
extended in the wale and diagonal direction. Figures 4.8 (a) and (b) show that there is
a significant increase in loop height (%), a slightly reduction of loop width (w) and
the distance between loop legs ({), but the distance between wales (d) remains
unchanged. As shown in Fig. 4.6 (c), the vertical rows of yarn loops are diversely
extended outwards to a greater extent which involves a substantial movement of

yams from wale loops and fibre yams straightened between wales during tensile
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loading in the coursewise direction, It is shown in Fig. 4.8(c) that there is an
extensive straightening of the fibre loops between wales and the distance (d) is
measured to have a significant increase with the fabric strain. However, the loop
widths (w), the distance (/) and the loop height (%) have slightly or no significantly
dropped with the fabric strain. Thus, a lower fibre density decreases in sharing the
load but maximize in ektensibility. Due to low levels of friction on the smooth fibre
surface, free yarn rotations and sliding of fibre loops occur resulting in a large
distortion of the fabric loops. The localized compression and extension of the matrix

are presented in all the three knitting directions.
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Fabric extension: 0% Fabric extension: 19.0% Fabric extension: 65.0%

(b-1) (b-2) (b-3) (b-4)

Fabric extension: 0% Fabric extension: 33.0% Fabric extension: 78.0%

Fabric extension: 123 0%,

(c-1) (c-2) (c-3) (c-4)
Figure 4.6  The fibre loop deformation of PET knitted fabric under tension (a) along the wale

direction, (b) along the diagonal direction: (c) along the course direction. (arrows “

indicating the same wale loops during fabric extension)
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Figure 4.7
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4.5 Observation on the Composite Deformation by In-situ SEM

4.5.1 Large Deformation Mechanism of the Composites

The deformation process was monitored by in-situ observation of the deformation of
a mounted sample witha Scanning Electron Microscope, as illustrated in Fig. 4.9
(a)-(c). The composite surface, as shown in Fig. 4.9 (a-1), (b-1) and (c-1), is rough
and imperfect with small slits. Some fibres are exposed on the composite surface.
This imperfect structure with rough surface will facilitate the crack initiation and

accommodate the large deformation of the composite structure.

The mechanisms of tensile deformation of the textile composites can be identified as
localized stressing of matrix, brittle matrix crack initiation, fibre/matrix debonding in
_composite material, localized loop distortion along the loading directions and large

deformation leading to composite fracture,

Tensile loading of interlock composites in the wale direction is shown in F 1g. 4.9 (a).
The matrix cracking starts at a true strain of 0.1, as shown in Fig. 4.9 (a-2). As the
strain increases to 0.26, the matrix crack spreads along the imperfect contour lines or
slits above the fibre loop bundles, as illustrated in Fig. 4.9 (a-3). Then matrix cracks
across the wale loops that further develop into a hole. It allows the wale loop being
elongated or straightened and the next wale loop repeats the same process, as shown
in SEM micrograph, Fig. 4.9 (a-4). The whitening part of the image reveals the
brittle matrix falling off from the surface of sample. A similar deformation process is
observed when the wale loops are extended in coursewise and diagonal directions, as
shown in Figs. 4.9 (b} and 4.9 (c), respectively. Sliding of yarns and tearing of the

fibre loops occur at the sample edge when the strain is 0.41 (Fig. 4.9 (c-4)).
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Figure 4.9 (a)  Stress-strain curve of interlock textile composite extended in the

wale direction
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Figure 4.9 (b}  Stress-strain curve of interlock textile composite extended in the
diagonal direction
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Figure 4.9 (c)  Stress-strain curve of interlock textile composite extended in the
course direction
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4.5.2 Observation of the Fractured Surface
The further examination of the fractured surface of the kmitted composites are
demonstrated by observing in the highly stressed region on the composite specimen

extended in the wale direction, as shown in Fig. 4.10.

At the fractured surface, micro cracks of matrix have been found that initiate
perpendicular to the loading direction. The initiation of matrix cracks across the wale
loop can be found where theré is the matrix rich region inside the fibre loop, as
shown in Fig. 4.11. Further extending the composite will lead to the gradual matrix
crack propagation into holes inside the fabric loop, as demonstrated in Fig. 4.9 (a-4).
On the other hand, fibre/matrix debonding can be clearly seen on the knitted loop at
the interlocking region as shown in Fig. 4.12. The fabric loop contour can be seen
more obviously where some fibres are exposed at the fractured surface and its closer
view is shown in Fig. 4.13. These matrix cracking and fibre/matrix debonding allow
the load transfer to the fabric loop and facilitate the large loop distortion. The
straightening of the fibre loops can be seen in Fig. 4.14. The next wale loops in the
composite specimen will follow the similar process until the stress/strain hardening

of the fabric loop and composite fracture.
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Figure. 4.10 The close up region selected for observing the fractured surface

of the knitted composite

148pum Photn No. 62

Figure. 4.11 The PP matrix crack across inside the wale loop
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Figure. 4.12 The fractured surface of the composite loop at the interlocking
region
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Figure. 4.13 A closed up view of the Fig. 4.12
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EHT= 1.068 kV Wn= 26 m Mag,=
100N — Photo No. 58 De

Figure. 4.14 The fibre/matrix debonding, matrix fracture and further
straightening of the fabric loop at large strain

4.6  Effects on Tensile Properties of the Textile Composites

4.6.1 Fabric Structure and Fibre Volume Fraction

Figure 4.15 shows the stress-strain curves of interlock (sample al) and nb 1+I
(sample a5) knitted composites in the walewise direction, having fibre volume
fraction of 0.34 and 0.19, respectively. Their material properties are summarized in

Table 4.6.

The interlock composite has a much higher Young's modulus and yield stress than the

rib composite. Both composite samples exhibit a large deformation before fracture
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The interlock composite shows approximately three folds of the stress level in the
large deformation regime higher than the rib composite. The tensile strength of the
interlock structure is almost three times, in both walewise and coursewise, higher
than those of rib 11 composite. The difference in tensile behaviour of the two
knitted structures can be attributed to the fibre volume fraction in the composites.
Interlock fabric can be considered as a double-layered rib 11 structure. The more
reinforced fibres in interlock (sample al) (Vf: 0.34), the higher strength and stiffness
they should have when compared with those of rib composite (sample a5) (VI 0.19).
Besides, the thinner rib 1x1 fabric does not fully fill up the molded space that

resulted in a higher void content and relatively soft in handle.

80 -
W
s 60 | omposite
% ~ Pure PP matnix ﬁntefl(:)clt() 1
= 50 panel 4 \
£y
i 30 qunposiICS
o (Rib 1x1)
= 20 .
10
0 | J |
0 0.2 0.4 0.6 0.8 1

True strain

Figure 4.15 Effects of fabric structure and fibre volume fractions
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Table 4.6  Comparison of material properties of interlock composite (sample al)
and rib Ix1 composite (sample b1) (values in square brackets are standard

deviations) _ :

Composites
Elastic modulus  Yield stress Yield Strain ~ Ultimate stress

No. Stucture

Ultimate

Knitting (MPa) [STD]  (MPa) [STD] [STD] (MPa) [STD] strain [STD'

direction
al  Interlock Wale 511.0[0.62) 22.8[0.90] 0.10[0.02] 71.1{0.59]  0.76[0.06]
a5  Rib1Xxl Wale 51.5[0.08] 5.3[{0.44] 0.15[0.06) 24.1[0.20]  0.79[0.02 ]
al  Interlock  Course 137.7[0.67] 4.1[0.17] 0.05[0.01} 67.4[1.31]  1.38[0.05]
a5  Rib1xl Course 55.8[0.16] " 3.6[0.23] 0.12[0.01] 21.9{1.29]  1.23[0.51]

4.6.2  Plasma Treatment on Fibre Surface
The effect of plasma treatment can be identified on the PET knitted composites

samples al to a3, being tested along the wale direction. The true stress-strain curves
are depicted in Fig. 4.16. The plasma treatment, which brings surface morphological
change and increases surface energy, has shown some positive effect on the tensile
properties of the composite samples. There is a rise of stress level in the large
deformation regime with the increase of plasma treatment time. It is particularly
increased by almost 25 % for the 15-min treatment. Figure 4.17 shows the SEM
micrographs of surface morphology of PET fibres as received and afier the plasma
treatment. The as-received PET fibres have a smooth surface as shown in Fig. 4.18
(a); the surface roughness increases w ith p lasma e xposure time as shown in Figs.
4.17 (b) and (c). This surface modification on the reinforcing fibres is believed to
improve the interfacial adhesion between reinforcing fibres and matrix. The
improvement on interface has led to a higher interfacial strength and better load

transfer from fibres to matrix.
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Figure 4.16  Effect of plasma treatment on PET fibres
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Figure 4.17  SEM micrographs showing sections and their enlarged views of PET
fibre surface morphology (a) non-plasma treated, (b) 10min. treated, and (c) IS min.
treated
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4.6.3  Pre-stretching Direction
The effect of composite pre-stretching along three knitting directions are

demonstrated in UHMWPE/LDPE composites as shown in Fig. 4.18 (a) for
specimens deformed in the wale direction and Fig. 4.18 (b) in the course direction.
For the composites with the same pre-stretching and test directions, there are an
increase in stress level and a reduction in ultimate strain. When the pre-stretching
direction is opposite to the test direction, there is a slight variation stress level and an
increase in the ultimate strain. While the bi-axial specimens show a limited increase
in the stress level but drop in the ultimate stress in the walewise tested specimens, for
the coursewise testing, the bi-axial stretched specimens shows an increase in tensile
strength and drop in strain. The mechanical properties of all the composite specimens
are given in Table 4.7. All the walewise tested specimens show much stiffer than the
coursewise tested specimens. It is interesting to note that the energy absorption level
of the 0 % pre-stretched composites is similar in both tested directions. For the
walewise tested specimens, all pre-stretched samples display some increase in energy
absorption. While for the coursewise tested samples, most pre-stretched samples
doubles energy absorption capacity to the 0% pre-stretched samples except the 20 %

wale pre-stretched specimens.
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Figure 4.18  Effects of pre-stretching directions in 20% walewise, 45% coursewise,
(5% walewise and 25% coursewise) bi-axial and non pre-stretched on composite
mechanical properties (a) deformation in walewise, (b) deformation in coursewise
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4.6.4  Pre-stretching Level

Figure 4.19 (a) shows the stress-strain curves of UHMWPE/LDPE composite
samples including 0% and 20 % walewise pre-stretched fabric, 10 % and 20 %
walewise pre-stretched composites deformed in the wale direction. Figure 4.19 (b)
shows the 0% and 50 % coursewise pre-stretched fabric, 25 % and 45 % coursewise
pre-stretched compoéites deformed in the course direction. In Fig. 4.19 (a) and (b),
both pre-stretching direction and the testing direction are the same. It is noted that
with the increase in pre-stretching level, the stress plateau level generally increases,
whereas the failure strain decreases. It may be contributed by the straightening of the
fabric loop to the corresponding pre-stretching direction. When examining the effect
of walewise pre-stretching on the fabric, most of the fibre loops are straightened and
aligned more densely at 20 % pre-stretched state, extending these fibre loops would
result in a higher load and the fibre are more stiffer than the non stretched fabric.
When the fabric is 50 % pre-stretched in the course direction, only the maximum
strain reduces without causing the increase in fabric load. However, composites with
25 % pre-stretched in the coursewise direction leads to a significantly increase in the

stress level.
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4.7  Concluding Remarks
In this chapter, in-plane mechanical properties of various wefi-knitted fabrics and

their thermoplastic composites for the two material systems, PET/PP and
UHMWPE/LDPE composites, as well as the energy absorption mechanisms were

investigated in multi-scales.

The tensile behaviour of both interlock fabric and composites was found strongly
nonlinear and anisotropic by the fibre orientations. The interlock structure displays
superior tensile properties in the walewise to in the diagonal and coursewise
directions. Both matrix and fibres contribution on most of the load sustained in the
elastic region, debonding of the fibre/matrix int;arface, which gives rise to a high and
steady stress level, and the large extensibility of reinforcing fibres in large composite
deformation have proved a better combination of properties than its individual

components.

The SEM micrographs show that the imperfect surface morphology of this kind of
composites would facilitate large deformation and deformation mechanism,
including matrix crack development, fibre/matrix debonding and loop distortion until

composite fracture.

Effects of other fabric parameters on the tensile behaviour of the composites have
been summarized as follows. Interlock composite is superior to the rib 1x1
composite since the former contains more reinforcing fibres which leads to a higher
tensile strength and stiffness. Increase in the fibre volume fraction of the composite

structure produces a positive effect on its mechanical behaviours. Surface
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modification by plasma treatments on PET fibre improves the interface adhesion,
leading to a smooth load-deformation curve. The effects of pre-stretching directions
and levels of knitted fabric on the mechanical properties of the composites have been
investigated. When the composite is pre-stretched along the testing direction, both of
its stiffness and tensile strength increase but its failure strain reduces. When the
pre-stretching direction is perpendicular to the testing direction, the opposite result is
expected. When the bi-axial specimens are deformed in the walewise direction, there
is a little increase in the stress plateau level but a drop in fracture strength. When the
bi-axial specimens are tested in the coursewise direction, their tensile strength is
similar to the non-stretched specimens although their failure strain is reduced. For the
walewise tested specimens, all pre-stretched samples display some increase in energy
absorption. As for the coursewise tested samples, most pre-stretched samples display

doubled energy absorption capacity to the non pre-stretched samples.
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CHAPTER 5
MICRO-MECHANICAL CHARACTERIZATION OF SINGLE FIBRE

MODEL COMPOSITES BY RAMAN MICROSCOPY

5}.1 Introduction

In the literature, there has been an increased interest <in the application of Raman
spectroscopy to characterize the deformation of crystal polymers, fibres and
composites. Usually the technique of Raman spectroscopy can be applied in
conjunction with an optical microscope (‘Raman microscope’ or ‘Raman
microprobe’). Raman microscopy has been demonstrated as a useful tool for
micromechanic s tudy o f high-performance fibres and ¢ omposites. The mapping o f
fibre stress/strain in unidirectional fibre composites using Raman spectra and
fluorescence spectra has obtained significant success when analyzing the failure and
interfacial behaviour of composites subjected to a load (Young and Yeh, 1994;
Andrews et al., 1996). Most of the previous works were concerned with high
modulus fibres which normally have high levels of crystallinity. Until recently,
conventional fibres have not received much attention. Yeh and Young (1998)
reported primary investigation results on the molecular deformation during the
mechanical straining of single filaments of a high-tenacity poly(ethylene
terephthalate)(PET) technical yam using Raman spectroscopy, indicating that there is
clearly scope to use Raman deformation studies to gain a detailed understanding of

the molecular deformation processes in a variety of industrial and textile fibres.
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In this chapter, we make an attempt to use the Raman microscopy to measure the
strain of fibres embedded in a composite, which is subjected to a load, and
subsequently to relate the obtained results with the macroscopic mechanical
properties. A short PET fibre embedded in a dog-bone shaped PP matrix ‘model
composite’ was fabricated and studied. Followed by a short review of the principles
of Raman technique and the instrumentation used in Raman spectroscopy, the
deformation of a single PET fibre, thermal residual strain raised from cooling during
composite fabrication and interfacial behaviour of the composites when subjected to

loading, are investigated.

5.2  Principles of Raman Scattering

When a beam of electromagnetic radiation impinges on a molecule, it can be
transmitted, absorbed or scaﬁered. Raman spectroscopy is concerned with the
scattering of radiation by vibrating molecules, which undergoes a change in the
wavelength (Raman scattering). This effect was discovered by an Indian scientist Sir
C.V. Raman in 1928. It is due to the changing dipole moment or polarization of
molecules stimulated by an incident radiation, described in the classical
electromagnetic theory. Another way to describe the Raman scattering is the
quantum mechanical representation by considering that the radiation as consisting of
discrete particles or quanta of energy, known as photons. This quantization of
vibrational energy levels is taken into account involving the vibrational quantum of

energies and electronic levels.
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521 Classical Electromagnetic Theory (Siesler and-Holland, 1980; Koenig,
1999) |

When a molecule is introduced into an electric field £ of a monochromatic

electromagnetic radiatioﬂ, an electric dipole moment P is induced in the molecule. If

a is the polarizability of the molecule, the magnitude of the induced dipole moment

. Pis given in a linear system by:

P=aE (5.1)
Because the ?1ectric field oscilla.teslas it passes through the molecule with the
- frequency v, it wili excite the molecular electron cloud to vibrate and radiate a
varying electric field. Thus, the electric field, E, can be expressed in terms of its

amplitude Eg and a time—dependent- term:

E = Ejycos(2nv,t) (5.2)

Substitution in equation {5.1) gives

. P = aEgcos(2nv,t) : (5.3)
With the exception of isotropic molecules (for example, CCls) the molecular
polarizability o shows.direction-al properties, .and the induced dipole moment P is not
parallel to the elec-:tric‘ field vector E. The components of the induced dipole moment

P are connected via linear vector functions with the components of the electric field

Px O yx a‘xy Ay, Ex
P i=la, a, a,lE [=P=aE (5.4)
Pz a‘zx zy a’zz Ez

~.where the o; are the components of the tensor a.. The component determines the i-th
component of the induced dipole moment that is caused by the j-th component of the

electric field vector. After expanding ain a poWer series of the coordinates r,

I = 1,c08(27vy;pt) , (5.5)
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It gives

a=o +(6_a] (r-1,)+... and o, =alr,) (5.6)

where 1, is the coordinate of the initial position, taken as the maximum displacement

from the equilibrium bond length.

By combing equations (5.3), (5.5) and (5.6), and using a trigonometric i dentity, it

gives the expression of the induced dipole moment:

P=a,E,cos2nv t+ é—(?ﬁ] E, (r -1, )cos[2n'(v0 -V, )r]

(5.7)

1{o |

From equation (5.7), the induced dipole moment P varies with the original incident
frequency v,, the sum and different frequencies v, + wgp and v, - W4 which
correspond to Rayleigh scattering, Stokes and anti-Stokes Raman scattering,

respectively. The latter occurs only if the polarizability changes during a vibration.

5.2.2 Quantum Mechanical Representation

When a material is radiated with an intense monochromatic beam o-f radiation with
frequency vy;, a certain portion of it is absorbed, even by most transparent samples.
The absorption spectrum is called ther IR spectrum. The other would be scattered
elastically and in-elastically. Most collisions of the incident photons with the sample
molecules are elastic, called Rayleigh scattering where radiation is scattered
elastically at the same frequency in all directions as the exciting radiation. However,
there is a small amount of the radiation is scattered inelastically at a different
frequency. In the quantum-mechanical representation, the origin of Raman scattering
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lies in inelastic collisions and involves an exchange of energy between the molecules

and the incident photons.

‘Let v and v’y be the frequencies of the incident and the scattered photons
respectively, and E; and E; be the energies of the molecule before and after it scatters

the photon. From the conservation of energy principle,

hvw+E; =hv'y + E; (5.8)

where h is the Planck’s constant. Equation (5.8) ¢an be rewritten as
AE =E; — E; =-h(v’o—w) = —hdv

The energy difference AE is the difference between two molecular energy levels and
measurement of the Raman shift Av gives the molecular energy level spacing. Thus,
by monitoring the inelastically scattered photons we can probe the molecular

vibrations (Willard, 1988).

In the quantum-mechanical model, the incident photon elevates the scattering_
molecule to a quasi-excited state whose height above the initial energy level equals
the energy of the exciting radiation, as illustrated in Fig. 5.1. The light scattering
process involves a two-photon process. In the first step, some of the incident
wavelengths absorbed by the molecule excite the molecules into unstable virtual
excited states that have energy levels higher than that of the original state by an
increment equivalent to the energy of the exciting photon, depicted as the
upward-pointing arrows in Fig. 5.1. This radiation that stimulates the induced

oscillating dipoles of sample molecules would lead to the transfer of energy with the
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rotation and vibrational modes of the sample molecules. The second step, indicated
by the downward-pointing arrows, involves the release of photons with energy
higher and lower than the incident light to produce the Stokes and Anti-Stokes lines

in the Raman spectrum, respectively.

The Raman spectra usually studied are the Stokes lines because at ordinary
temperatures most of the molecules are in the ground state that leads to a greater
intensity of the Stokes lines than the anti-Stokes lines, which originate from an

excited state with a lower population.

By convention the positions of Raman lines are expressed as wavenumbers, but it is

more correctly referred to the wavenumber differences.

] E| + hVo
Ep + hvg
| ]
|
I B
]
X Eo
Strokes Rayleigh  Anti-Strokes
scattering scattering scattering

Figure 5.1  The energy levels of the Raman spectroscopic experiment showing the
Rayleigh and Raman scattering: Stokes and Anti-Stokes lines
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5.3  Instrumentation of Raman microscopy

The schematic diagram of a typical Raman microscope system is shown in Fig. 5.2.
The Raman spectroscopic measurement for the polymeric material in this study was
conducted using a model of Reinshaw Raman microscope (System 3000) (Fig. 5.3)
in the optical laboratory in the Material Characterization and Preparation Facility
(MCPF), The HKUST. Generally, a Raman instrument consists of three basic
components:

@ A signal generator, usually a laser;

@ A signal analyser, either a spectrometer or interferometer, and

¢ A signal detector, either a monochannel or a two-dimensional array.

A Raman microprobe also contains a focusing component, usually provided by a
microscope, and a mapping unit such as a computer-controlled micromanipulator.
Each of these components plays an important role in the Raman mapping

experiment.

A Ramnan microscope system is employed to obtain Raman spectra of single fibre or
composite sample. The system is based on a double monochromator with a
charge-coupled device (CCD) camera connected to an optical microscope. Raman
spectra are obtained by focusing the laser beam — the 514 nm green line of a 5 mW
Argon— ona small spot as small as 2 pm in diameter on the specimen using an
objective lens (X50) of the optical microscope attached to the instrument and the
scattered light is collected from the focused point. The scattered light is sent on the
entrance slit of the optical filter, which can work as a Raman microspectrometer

when the detector is a photomultiplier followed by an amplifier and a chart recorder
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(monochannel detection) or a Raman micro-spectrograph when the detector is a
two-dimensional detector. In this latter case the spectrum is visualized on a monitor

(Delhaye and Dhamelincourt, 1975).

Pin Hole Double Mono-
Monitor ], | [] chromator
High L
Y
L
L 4
A
L Microscope
He-Li Laser

XYZ stape
controller

Specimen on strain rig E
placed on xyz step motor B

/ AN

P N
[ = J

Figure 5.2 Schematic diagram of the Raman microscope system
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Figure 5.3 Renishaw RM 3000 Micro-Raman system

5.4 Sample Preparations and Experimental Details

5.4.1 Tensile Properties of Single PET Fibre

Single filaments of high strength PET yarns used for the micro-mechanics study are
the same as those for producing the PET knitted reinforcement in the early chapters.
The tensile properties of the single fibres were measured by using an Instron
Automated Materials testing system (Model 4466) following the ASTM standard
D3822-96. The tensile behaviour of the un-treated PET fibres was examined by
conducting simple tensile test on 30 fibres with a gauge length of 25 mm at a loading
speed of 2 mm/min., in a similar manner to those for PET fibres obtained by previous
workers (Young and Yeh, 1994). The diameters of the fibres were measured using an
optical microscope. The average value was 34.5+3 8 pum. The strength, initial
modulus and elongation at break are 975+75 MPa, 13.042.2 GPa and 19.042.9 %,

respectively.
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5.4.2 Surface Modification of PET Fibre by Plasma Treatment

Some of the straight aligned PET fibres mounted on a square paper frame were
subjected to a plasma treatment in an attempf to improve adhesion between the fibres
and the matrix. The treatment was conducted in a Plasma Polymerization System
SPP-001 (Showa Co Ltd., Japan) and the same treatment conditions were applied as
those for the PET fabrib as mentioned in Chapter 4.2.1. In this section, the fibres with
plasma treatment for 15 minutes and the un-treated PET fibres were used to fabricate
the single short-fibre embedded model composites. The observation of the modified
fibre surface has already been given in section 4.6.2, in which it is demonstrated that
the plasma treatment on the fibres can effectively improve the interfacial properties
during a large deformation of the knitted composites. Thus, the effect of plasma
treatment on the interfacial behaviour of the single PET fibre is further investigated

by the micro-Raman measurement in this chapter.

5.4.3 Fabrication of Single Short-Fibre Model Composite

As the polypropylene matrix is rather brttle, the model composite cannot be simply
cut by a punch die on the molded flat plate, and it has to be molded in shape directly
by compression molding instead. The PET fibres were cut in a short fibre length of
approximately 1.5 mm as longer fibre length may bend during the molding process.
Laminates of pure PP films with each having a thickness of 40 ym were cut in
specified dimensions for fitting a dog-bone shaped mold. The film laminates were
first placed inside the mold, and a single fibre was aligned carefully in the film centre
and covered with one film before closing the mold with a metal plate on top. Then
the model composites were fabricated using a hot-pressing method at a temperature

of 180°C under pressure for 20 minutes. The samples were allowed to cool to room
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-

temperature. The geometry of the single PET fibre embedded in the PP model
composite is shown in Fig. 5.4. All of the molded composite specimens were
polished for surface smoothness and improving transparency before conducting the

Raman microscopic experiment.

A —

| l—r— 60mm ——l |

A

L r 1 p W

Fibre

A —p

b

A ~1600pm * T

6000pum

-y

Figure 5.4 Geometry of dog-bone shaped model composites

5.4.4 Raman Microscopy Measurement

Raman spectra of the PET fibres under different conditions were obtained by
focusing a 514.5 nm green line of a low-power 5 mW Argon laser to a spot of about 2
pm diameter on the s;rface of the fibre. Data analysis was conducted by first
selecting the spectrum of PET consisting of a single band at 1616 cm™ in the region
of 1 550-1640 cm™’ and s ubsequent s ubtracting the b ackground from the s pectrum.
Then, the data were curve fitted by applying mixed Gaussian and Lorentzian curves
to identify the peak posifions, intensities and full width at half-maximum of the

Raman band.
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Raman spectra from a single PET fibre during tensile deformation in air were
obtained by using a small stretching rig, as shown in Fig 5.5, which was fitted
directly on the microscope stage. The experimental details were similar to those for
the measurement of Raman spectra during the deformation of ceramic fibres
(Galiotis et al., 1988). The fibre was strained manually in increments. Raman spectra
were taken from the fibre surface after each increment step in strain. A home made
tensile rig was made for the deformation of the model composites, as shown in Fig.
5.6, which can hold the stretched composite specimen during the Raman
measurement. The Raman spectra were obtained by focusing the laser beam on the
fibre surface through the transparent PP matrix either at intervals of about 30 microns
along the embedded fibre to measure the point-to-point variation of strain or at the

middle region of the embedded fibre at each composite strain increment.

L

-

Figure 5.5 A fibre straining rig with micrometer
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Figure 5.6 Stretching frame for extending composite specimens

5.5 Micro-Mechanics of Single PET Fibre/ PP Matrix Model Composites

5.5.1 Deformation of Single PET Fibre

A Raman spectrum obtained from an individual PET fibre in the region of 800-1850
cm’ is shown in Fig. 5.7. The spectrum consists of several well-defined bands. The
1616 cm” Raman band assigned to C-C stretching vibration of the phenylene ring in
the PET fibres, which is sensitive to the strain in the PET fibres, was selected to
investigate in detail Figure 5.8 shows the Raman spectra for the fibres in the region
of 1580-1640 cm™ up to approximately 16% strain. It can be seen that the 1616 cm’!
band shifts to lower wavenumbers with increased tensile strain. In addition, the

deformation results in the broadening of the Raman band
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The dependence of the shift of 1616 cm™ Raman band upon the applied tensile strain
for the PET fibres is shown in Fig. 5.9(a). There is an approximately linear shift in
the wavenumber with strain until the fibre failure occurs and the slope of the fitted
line for the band is -0.21 ¢cm™/% strain. The dependence of the broadening of the
band with strain is shown in Fig. 5.9(b), indicating an approximately linear
relationship between‘thé full width at the half maximum of the band and the strain of
the fibre. The fitted line in Fig. 5.9(b) has a slope of 0.23 cm’'/%strain. The solid
lines in both figures are results of linear least square fits of the experimental data. It
is noted that they are both excellent fits to the measured data with correlation
coefficients of 0.998 and 0.994 respectively. The slope in Fig. 5.9(a) has been used as
a calibration of the strain sensitivity to determine the residual strain of the fibres and
the distribution of fibre strain in the single fibre model composites; and to monitor

the failure of the fibre-matrix interface.
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5.5.2 Thermal Residual Strain

The strain mapping along the embedded fibre was carried out to determine the
residual strain distribution along the fibre length. The fibre residual strain distnbution
of a single as-received PET fibre of 1.4 mm in the undeformed model composite is
plotted in Fig. 5.10. The values of axial residual strain scattered along the whole fibre
length, ranging from -i.S % to -2.8 % and the average value was about -2.0 %. The
negative value implies that the fibre was under axial compression. This resultant
fibre compression behaviour is due to the larger thermal shrinkage or a higher
expansion coefficient of the PP matrix than that of the PET fibre. On cooling from
the fabrication temperature, there is a large volume shrinkage of the matrix from the
processing temperature at 177 °C to ambient temperature (approximately 22.5 %
(Nairn and Zoller, 1985)). Figure 5.10 also shows that the value of compressive
strain is not zero at both fibre ends. This non-zero strain at the fibre ends has been
found in every specimen being investigated. This phenomenon differs from those as
indicated by Cox shear-lag theory (Delhaye and Dhamelincourt, 1975; Young et al.,
1989), which suggests that the strain should fall to zero at the fibre ends. This
difference may be due to the fact that the fibres were subjected a triaxial compression
raised from the large thermal contraction of the matrix during fabrication of the
model composites. The results differ from the prediction based upon the Cox theory
where assumptions that no strain at both fibre ends are applied. This assumption is
obviously not applicabie to the PET fibre which is subjected to compressive strain
from the contracting matrix at both fibre ends. Similar results were reported in a
study of short embedded ceramic-fibre glass-matrix model composites by Yang and

Young, (1995).
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Figure 5.10  Distribution of axial residual strain along the embedded as-received

PET axis in the model composites

5.5.3 Interfacial Behaviour

The interfacial behaviour of the model composites can be examined by the axial fibre
strain at the middle of the embedded fibre. Figure 511 shows (a) the un-treated PET
fibre strain and (b) the plasma-treated PET fibre at the middle of fibre as a function
of effective composite strain. Both of them show initially a similar linear relationship
between the fibre strain and the effective composite strain when the fibre is under
compression. However, the fibre strain increment becomes smaller than the
composite strain when the fibre is under tension. This difference in fibre and
composite strains may be caused by two reasons. The first one is the ratio of Young’s
moduli of the fibre and matrix being 13GPa/l 4GPa (Lam, 1999), respectively. The
soft matrix transfers less strain to the rigid fibre. The second consideration is the

de-bonding at the interface. The combination of the two possible reasons makes the
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determination the starting of interfacial failure more complicated. For the un-treated
PET embedded fibre, the fibre strain does not increase further after 5.1 % applied
composite strain until the composite break§ at about 9 % strain. The drop of fibre
strain indicates that the massive interfacial failure occurs. For the plasma treated PET
embedded fibre, the massive interfacial failure occurred at about 8.2 % followed by
the complete composite Breakage at approximately 16 %. This occurrence of massive
interfacial failure at a relatively higher matrix strain implies that the plasma treatment

improves the interfacial adhesion between the fibre and matrix.
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5.6 Limitation of Micro-Raman Technique on Fibre Strain Measurement

Although the Raman measurement is able to detect the residual thermal strain and
indicate the interfacial properties by fibre surface treatment on single PET fibre/PP
embedded model composites, the strain derived from the sensitivity factor -0.21

cm/% strain Raman band shift of the PET fibre is very small.

The active 1616 cm™ main-chain phenyl group stretching vibration and its associated
Raman peak are relatively stroﬁg in a fully drawn PET fibre and well isolated from
other bands. However, the band shift is very small as compared with other high
performance fibres, as illustrated in Table 5.1. In the case of Raman mapping on a
fibre loof), the fibre strain distributed in a ﬁbre loop under stretching may become
more complicated and the spectral resolution is 1 cm™, which makes the strain
related Raman shift difficult to be observed or identified. If the fibre is used for fibre
strain measurement of a knitted loop in composite during large deformation, it is not

surprising that no obvious shift will be observed.

Generally, high values of modulus of the fibre material usually give larger
magnitudes of the shift of the stress/strain sensitive Raman bands. Examples have
demonstrated for the aromatic polyamides such as Kelvar and rigid-rod polymer
fibres such as pol)}(ﬂp-phenylene‘ benzobisthiazole) (PBT), poly(p-phenylene
benzoxazole) (PBO). These fibres have well-defined Raman spectra due to the high
degree of molecular orientation and also the possibility of resonance enhancement.
Their extraordinary high value of Young’s modulus means that during tensile loading
the macroscopic deformation of fibre is translated to the direct stressing of the

backbone in the molecules. Similar behaviours have been found in gel-spun
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polyethylene fibre and other non-polymeric fibres such as carbon, silicon carbide and
alumina. Consequently, the study of the deformation process of embedded fibres or
composite by micro-Raman may be restricted to the use of high modulus fibres rather

than the conventional fibres such as PET.

Table 5.1 Peak frequency, Av, and strain sensitivity, § = dAw/de, of the Raman
bands of various material (Feast et al., 1993)

Materials Av (em™) dAvide (em/%)*
Polydiacetylene

Single crystals 2080 -20.0
Aramids 1613 | -4.4
UHMW-PE 1060 ~-5
Rigid rods

PBT 1477 -12.1

PBO 1280 -7.9

ABPBO 1555 -5.9
Non-polymeric fibre

Carbon 1580 -14.6

Silicon carbide 1600 -6.6

Alumina-zirconic 460 -5.7
Conventional polymers

PET 1615 <.l

Polypropylene 808 <-1

* The data quoted are the highest values in the literature.
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5.7 Micro-Mechanical Study of UHMWPE Fibre/LDPE Composites by Raman
Microscopy

Most of the high rigidity fibres, such as substituted polydiacetylene (Galiotis et al.,
1985), and poly(p-phenylene benzobisthiazole), PBT (Day et al., 1987; Young et al.,
1990), carbon, are brittle although they exhibit significant fibre strain sensitivity.
Alternatively, aramids or the ultra-high molecular weight polyethylene fibres are
flexible and displayed a high modulus. Thus, they may be the most appropriate to be
made into a kmitted structure in composite as the sensing fibres for the stran

measurement by using Raman microscopy.

Considering the thermoplastic fabrication process of the composite material by
compression molding and the effect of material compatibility on the interfacial
properties, UHMWPE fibres and LDPE matrix were chosen in this study for
fabricating the knitted composite, though its macro-mechanical properties of both
in-plane and three-dimensional cellular form have been characterized in previous
chapters. Conventionally polyethylene fibres combined with resins such as epoxies
have the problem of interfacial adhesion. Some modification has been reported that
plasma treatment (Nardin and Ward, 1987; Chao et al., 1993) on the fibre surface has
significant improvement on interfacial strength. By far a better improvement on
interfacial adhesion hasbeen achieved by fabricating polyethylene fibre/polyethylene
matrix composites in which the constituent materials are of the same nature (Mosleh
et al, 1988; Teishev et al., 1993). This homocomposite with good material
compatibility facilitated the transcrystalline growth on fibres surface. It has been
reported that the composite strength and modulus values lie in between those of
carbon/epoxy and aramid/epoxy composite (Marais and Feillard, 1992). In Chapter 6,

fibre strain measurement in the UHMWPE knitted/LDPE composites will be
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demonstrated, using Raman microscopy.

5.8 Concluding Remarks

The technique of Raman spectroscopy would be a very useful tool for us to
investigate the micromechanics of deformation in both the fibres and fibre-reinforced
textile composites. Its basic principles and the general set up of the Raman
microscopy have been reviewed. Raman microscopic measurements were conducted
on single Poly(ethylene terephthalate) fibres in air and embedded in polypropylene
matrix model composites. Well defined Raman spectra were obtained from the PET
fibres in air and in the PP matrix. The band of 1616cm™ shifts due to tensile strain to
low wavenumbers and broadens. Linear relationships have been found between both
the wavenumber, the full width at half maximum and the applied axial strain. The
strain sensitivity is —0.21cm™'/%. The point-to-point variation of the residual thermal

strains along the embedded fibres can be determined in model composites.

It is found that the whole length of the embedded fibre, before composite
deformation, was under axial compression strain of —2.0 %, which is caused by
different volume shrinkages of the fibre and matrix on cooling from high fabrication
temperature. T he fibre strain increases linearly with the e ffective c omposite s train
when the fibre is under compression. The fibre strain increment becomes smaller
than the c omposite strain w here interfacial failure p ossibly h appens. R esults s how
that the plasma treatment on PET fibres leads to a delay of the massive occurrence of
interfacial failure, implying some improvement on the adhesion between the fibre

and matrix.
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Although the Raman microscopy is able to indicate the deformation of the
conventional fibre and its short fibre model c omposites, the 1 ow s ensitivity o fthe
Raman microscopy has limited to high modulus fibres rather than those conventional
fibre material. Altematively UHMWPE fibre/LDPE material system is suggested to
obtain significant strain sensitivity for the embedded fibre strain measurement in

knitted composites by the Raman microscopy, which will be presented in chapter 6.
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CHAPTER 6
FIBRE STRAIN MAPPING OF WEFT-KNITTED TEXTILE COMPOSITES

BY RAMAN MICROSCOPY

6.1  Introduction

In Chapter 4, it has been demonstrated that knitted loops in both fabric and
composite exhibit large loop distortion duﬁng large deformation. This chapter aims
to further study in a micro-scale the fibre strains in composite when it is subjected to
various axial composite strains. It is demonstrated by studying the fibre loop made of
ultra-high molecular weight pol)./ethylene (UHMWPE) fibres embedded in low
density polyethylene (LDPE) matrix composites under tensile loading. Raman
microscopy is used to obtain the Raﬁm band shift from which the localized fibre
" strains are mapped at different §tages of large deformation. Aithough there may hz;we
the overlap of the Ramaﬁ bands con&ibuted by the embedded fibre through the
LDPE matrix, due to different structure and cryStal]inity in the fibres and matrix, it is
still possible to identify the Raman band shifts due to fibre stretching. Structural
characterization of both the fibre and matl;ix are obtained by WAXS. Tensile testing
is carried out on the-fibre, matrix aﬁd knitted composites in the wale direction.
Accordingly, a simple model descﬁBing the deformation of a plain knitted loop is
developéd to predict the overall fibre strains when tﬁe composite specimen is
stretched in the wale direction. The predicted fibre strain will ﬁe compared with the

measured strain mappéd by Raman microscopy.
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6.2  Sample Preparation and Experimental Details

6.2.1 Materials

Single fibre embedded dog bone composite and knitted composites were fabricated
using ultra-high molecular weight polyethylene fibres as continuous filament yarn
(1760denier) provided by (Dyneema SK75) DSM and the commercial available low
density polyethylene LDPE matrix films with a thickness of 0.06mm. For the
preparation of single UHMWPE fibre/LDPE dog bone composite, several number of
single UHMWPE fibre were aligned parallel on the matrix films, which were cut to
fit the size of a square mold frame (20cmx20cm). The fibres were stuck with tapes on
both ends on the second top of the film laminates in order to ensure the fibre axis was
kept straight during fabrication. The fibres were then covered with one film
underneath so that the fibres were placed 60pum undemeath the matrix surface. The
film laminates were then placed inside a square mold for compression molding by
using a hydraulic press (Model TMP) with 2 maximum temperature of 135°C and a
maximum pressure o f 1 OMPa for 40 minutes. As the LDPE m atrix is d uctile, the
cured plastic sheets of approximately 1 mm were cut into dog-bone shaped
specimens using a punch die and the continuous embedded UHMWPE fibres were
aligned straight in the centre of the specimens. Pure LDPE matrix specimens were
also prepared in dog—bﬂone shape. The 1-mm thick knitted composite with rib 1x1
structure was produced by laminating the knitted fabric in between the LDPE matrix
films and followed the same compression molding process. The knitted composite
specimens were cut into a dimension of 2cmx10cm from the molded composite

sheets.
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6.2.2 Structural Characterization

Wide-angle X-ray scattering (WAXS) patterns of both of the free standing fibres
from a bundle of parallel fibres and the LDPE matrix cut from a compression molded
flat sheet matrix were recorded using a (Bruker Model:APEX) Single Crystal X-ray
Diffractometer. This X-ray diffraction method is particularly useful to assess the

crystallite and orientation of both fibre and matrix.

6.2.3 Mechanical Testing

Tensile tests of the UHMWPE fibre, yarns (1760 denier), LDPE matrix and the knitted
composites were performed using an Instron mechanical testing machine (model 4466)
with al0 N-load cell at 20+1°C and a relative humidity of 65 %. The tensile properties

of the fibres were examined by following the ASTM standard D2256-97. Each
individual UHMWPE fibre specimen was mounted on a card with a gauge length of 25

mm and was loaded at a crosshead speed of 2 m m/min. The diameters of each fibre
specimen were measured using an optical microscope at three points along the fibre

length and the average values were used to calculate the cross-sectional area for
individual fibres. Tensile test of the yarn in a gauge length of 250 mm were
performed by using a cross-head speed of 2mm/min. and a 5 KN-load cell. Tensile

testing of the as-produced pure matrix and knitted composites were performed using a
load cell of 500 N capacity with a crosshead speed of 100 mm/min. The specimens

were cut into narrow strips with dimensions of 20mmx150mm and approximately 1

mm thick. The gauge length was 80 mm.
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6.2.4 Raman Microscopy

A Ranishaw Raman microscopy (System 3000) was employed to record Raman
spectra of single UHMWPE fibre and the composite samples at room temperature.
Raman spectra were obtained by focusing the 514.5 nm green line of a 5 mW Argon
laser to a spot of about 2 um in diameter on the fibre surface with the objective lens of
50x. A grating systefn and a high sensitive CCD detector were used to obtain and
record the Raman spectra. Only 7 scans were recorded in order to make the time
interval between two consecutive measurements as short as possible to minimize the
effect of stress relaxation. Data analysis was conducted by first selecting the spectrum
ranging between 900-1500 cm™' and subsequently subtracting the background from
the spectrum. After the background subtraction, the Raman bands at 1060 cm™ and
1130 cm™ were curve fitted to two Gaussian functions to obtain the values of peak

positions from the fibre.

6.2.5 Deformation of Single Fibre and Composites

As the UHMWPE fibre is very tough, careful preparation is needed to stretch it on a
straining rig. The fibre was first mounted on a cardboard square frame using the
Cyanoacrylate adhesive and covered by aluminum foil tabs. The card was then placed
in the clamps of the straining rig fitting directly on the microscope stage, as illustrated
mn Fig. 6.1. The gauge length was 20 mm. The fibre should be clamped carefully and
tightly without fibre slippage. The card edges were then cut and the single fibre was
stretched manually by displacing the fibre using the micrometer attachment. Raman
spectra were taken from the fibre surface at the specimen centre for each strain

increment. The micrometer allowed precise reading of displacement to +5um.
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| Cyanocrylate adhesive added and covered by
aluminum foil before being clamped

4— UHMWRPE fibre

(a)

Source: Argon laser returning light
transmitted to monochromator

Drawing clamp side Static clamp side
Sample fixed on the micrometer
(b)
Figure 6.1  Sample preparation of (a) UHMWPE fibre wound on the plastic frame

(b) which is further clamped on the strain rig for fibre extension under Raman

microscopy
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Before the Raman mapping on fibre loops, a preliminary test was taken by stretching
dog-bone shaped single fibre embedded model composites and pure LDPE matrix on
the tensile rig manually. The point of laser incidence was located at the centre of the
dog-bone shaped specimen at each step of strain increment where necking may

happen. Dimension of the dog-bone shaped samples 1s illustrated in Fig 6.2

Embedded UHMWPE fibre 6 mm
g v J
| v -
Fs
/ 40mm N\
< e >
50mm
< >

Model composite thickness: 1.0 mm

Figure 6.2  Schematic diagram of a model composite specimen in dog-bone shape

6.2.6 Fibre Strain Mapping in Knitted Loop

The fibre strains in an embedded loop during composite stretching in the wale
direction at 0 %, 20 %, and 30 % composite strains were determined by the Raman
mapping. The fibre loop being selected for strain mapping was located in the middle
of the composite specimen. The optical micrograph of the knitted composites

consisted of UHMWPE fibres in knitted loops embedded in LDPE matrix at an
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un-stretched state and at a stretched state of 30 % extension are shown in Fig. 6.3 (a)
and (b), respectively. A quarter of a single loop having part of two fibre bundles at
the cross-over region was selected for Raman mapping as illustrated in Fig. 6.4. The
mapping was done by focusing the laser beam on the fibre surface just undemeath
the matrix. The mapping started at fibre ‘bundle 1’ on the left to ‘bundle 2’ on the
right of the repeat uhit,’ from point to point of 50 um intervals along each yarn
cross-section and at a step of 500 um apart from each cross-section in the repeat unit.
The outline of the fibre bundles was produced by marking the coordinates of the
localized points during mapping. However, the mapping at the cross-over region of
the knitte_d loop where fibre bundles undermneath the matrix was restricted. Besides, as
there was the variation of fibre depth underneath the matrix along the two fibre
bundles during composite stretching; the focus of laser beam on to the fibre surface
through the transparent matrix had to be adjusted manually from point to point. As
there were large mapping points to be taken at each stretched level, limited stretching

levels were available on each composite specimen.

In order to study the effect of fibre stress relaxation during composite stretching, the
Raman spectra were obtained over a period of time from the single fibre model
composites, which were stretched at 3 %, 5.6 % and 8.3 %, respectively. Once the
specimen was stretched, it was placed under the microscope and the Raman spectra

were obtained in the middle of the embedded fibre.
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Figure 6.3  Optical micrographs of the UHMWPE fibre loop in LDPE matrix
knitted composite (a) undeformed, (b) after extended 30% walewise
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Figure 6.4  Fibre loop mapping procedure and the scope of mapping

6.3 Micro-Mechanics of UHMWPE/LDPE Knitted Composites
6.3.1 Molecular Orientation by XRD

WAXS patterns for the UHMWPE fibres and LDPE matrix are shown in Fig 6.5 It
is revealed that the fibres have sharp equatorial peaks indicating a good structural
order in the crystalline phase whereas LDPE matrix exhibits a broad and diffuse ring
contributed by the LDPE matrix, indicating no preferred orientation. Their structural
difference is mainly due to the different production processing of the materials. The
ultra high molecular weight polyethylene fibres are produced by the process of gel
spinning followed by drawing at high temperature to very high draw ratios that leads
to fully extended and aligned chain configuration along the axial direction In the
case of the flat sheet of thermoplastic LDPE matrix, it is produced by compression
molding. The matrix may contain both amorphous and crystalline phase, but it does
not have molecular orientation during the molding process and consolidation.

168



Chapter é

(a) (b)

Figure 6.5 X-ray diffraction (WAXS) patterns of (a) the UHMWPE fibres
(Dyneema) (b) the LDPE matrix

6.3.2 Mechanical Properties

The tensile curves of the UHMWPE fibre, LDPE matrix and the resultant knitted
composite are shown in Figs. 6.6 to 6.8. The material properties such as Young's
modulus, strength and fracture strain of the individual UHMWPE fibre, matrix and
composites are given in Table 6.1 and 6.2, respectively. The fibre is tough, with a
high stiffness and little extension available (>5%), whereas LDPE is ductile and its
extension can reach 800 %. When the fibres are oriented as knitted loops, the knitted
composite exhibits a higher load level than soft matrix and has an extensibility of 74

0,
0.
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Figure 6.6  The tensile curve of the UHMWPE yarn (1760 denier)
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Figure 6.7  The tensile curve of the LDPE matrix
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Figure 6.8  The tensile curve of the UHMWPE/LDPE composite

Table 6.1  Material properties of the UHMWPE fibre

Young’s modulus (GPa) | Tenacity (GPa) |Ultimate strain (%)
ISO2062 (DSM) 113.0 35 3.6
ASTM D2256-97 (measured) 103.64154.81 3.05+1.11 5.68+1.78

Table 6.2  Material properties of the UHMWPE/LDPE knitted composite and the

LDPE matrix
Young’s Yield siress Yield strain Ultimate .
modulus {MPa) {MPa) strength {(MPa) Elongation (%)
Composite (walewise) | 634.39+38.38 | 23.70+2.00 | 0.07420.01 | 97.53+7.48 | 73.70+1.06
LDPE 300.98+60.92 | 11.27+0.86 { 0.095+0.01 | 20.51+2.50 |878.06161.14
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6.3.3 Single Fibre Sensitivity

There are several well-defined Raman bands in the Raman spectrum obtained from
both the UHMWPE fibre and the LDPE matrix, as shown in Figs. 6.9 (a-b). Itis
observed that the Raman bands obtained from the highly oriented polyethylene fibre

are sharp and intense, whereas the LDPE has a weaker signal.

Figures 6.10 (a-b) show the Raman spectra in a region of 950-1200 c¢cm™ for a
UHMWPE fibre before and after deformation in air. It can be seen that both 1060
cm” (assigned as C-C asymmetric stretching mode) and 1130 cm™ (symmetric
stretching mode) Raman bands split, upon stretching, into two components, which
shift to lower wavenumbers at a different rate (Kip et al., 1991; Grubb and Li, 1992;
Moonen et al., 1992; Wong and Young, 1994). It is possible to fit both of the bands to
one broad Gaussian and one narrow Gaussian curves. It is also able to fit the Raman
bands to two peaks before fibre deformation. The two Gaussian functions is the most

suitable and best fit to deal with band asymmetry (Prasad and Grubb, 1989)
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Figure 6.9  Raman spectrum of (a) a single filament of the Dyneema SK75

polyethylene fibre (b) a molded commercial graded LDPE matrix. in the region of
950-1450 cm’
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Figure 6.10  Curve fitting by two Gaussian functions to both of the Raman bands
at 1060 cm™ and 1130 cm™ of the UHMWPE fibre stretched in air at (a) 0% strain
(b) 2.8% strain
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This type of behaviour for the UHMWPE fibre has been interpreted due to the
presence of two populations of molecules in the microstructure in gel-spun
polyethylene. During deformation, they expeﬁence different levels of stress. Kip et al
(1991) described the molecular deformation of this fibre by Raman microscopy and
found that both asymmetric and symmetric C-C stretching modes demonstrated
well-defined band splittihg and a bi-modal load distribution, with low-load (narrow
peak) and high-load bearing (broad peak) C-C bonds. It is found that the size of the
rapidly moving broad peak scales with the Young’s modulus of the fibre and hence it
appears that it is related to the presence of microstructural features which give rise to

the impressive mechanical properties of the fibres.

There are the variations of the two fitted peak position with strain for both Raman
bands at 1060 cm™ and 1130 cm’™'. For the fitted narrow peak in Raman band at 1060
cm”' as shown in Fig. 6.11 (a), there is a linearly decrease in the wavenumber shift to
2 % strain and then a plateau. As for the fitted broad peak, aftef a linear decrease of
the shift up to approximately 2 % strain, the wavenumber shift is further decreased
but becomes more scatter between 2 — 4 % strains. After 4 % strain, the wavenumber
shift increases with strain up to fibre fracture. It is observed in Fig. 6.11 (b) that both
the fitted peaks shift of the Raman band at 1130 cm™ display similar patterns. The
linear region of all of the broad and narrow peaks of the two Raman bands can be
fitted with a linear function by the least-squares-fitting method, each has a slope of
-4.8cm™ /%strain and -3.12cm/%strain for the broad and narrow peaks of 1060cm™
Raman band, and -5.1cm™ /%strain and -2.38cm™ /%strain for the broad and narrow
peaks of 1130 cm” Raman band, as shown in Figs. 6.12 (a-d). It is noted that the

broad peak at 1130 cm™ has a higher sensitivity to the axial strain, which is more
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appropriate to be selected for monitoring the fibre deformation by the micro-Raman

measurement.

The Raman wavenumber shifis with fibre strain for 1060 cm™ and 1130 cm™ Raman
bands are similar as reported by Galiotis (1998). He explained that beyond the linear
region and the formafioh of a plateau of the Raman band indicated the presence of a
yield point of the fibre, that thought to be associated with the plastic flow of the
amorphous part and the applied stress is transferred to the polymer crystal. His
proposed structural model suggested that the crystal is thought to be linked in series

with highly oriented amorphous chains.

Galiotis (1998) reported a real-time Raman measurement of the fibre deformation by
taking the Raman spectra of the fibre, being extending at a specified strain rate on a
mechanical tester with a short exposure time of 2 seconds at 7 mW. laser power. In
this study, however, the fibre was extended by a single-step stretching on the
straining rig during Raman microscopy measurement. It may be the reason that led to
the mismatch of the fracture strain obtained from the fibre tensile test (about 3 — 4 %)
and deformation by Raman microscopy (up to 12 %). It may be the effect of stress
relaxation of the fibre due to its viscoelastic behaviour. Nevertheless, the fibre strain
is found to be within the linear region below 2 % in the micromechanics study of the

knitted composites under large deformation up to 50 %.
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Figure 6.11 The shift of peak position of the two peaks in the (a) 1060 cm™ and (b)
1130 cm™ Raman bands of the UHMWPE fibre plotted against with fibre strain
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Figure 6.12  The Raman shift of the1060 cm’! peak with fibre strain of UHMWPE
fibre up to 2 % for the (a) broad band and (b) narrow band, and that of thel130 cm’
peak with fibre strain for UHMWZPE fibre up to 2 % for the (c) broad band and (d)

narrow band
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634 Raman Band Shift of Embedded Fibre and LDPE Matrix Upon

Deformation

As the constituents of the composite fabrica_ted for fibre strain measurement is of the
same nature, the Raman spectra obtained from the embedded fibre surface through
the transparent matrix may contain signals from LDPE. It is, thus, important to
observe if there is the Raman band shift of the matrix under tension, which may
adversely affect the accurate peak shift for the fibre strain measurement. Figure 6.13
shows the plot of Raman wavenumber shift against the applied strain of the
embedded single UHMWPE fibre and pure LDPE matrix dog-bone specimens. The
broad band of 1130 cm’ Raman band shifts to lower wavenumbers and then
increases gradually with the applied strain of the single fibre embedded in dog-bone
specimen, which is similar to the shift pz-lﬁem during stretching free standing fibre,
while no sigﬂiﬁcant shift is observed for the LDPE under stretching. Due to the
significant difference of the strain induced Raman band shifts between the highly
oriented UHMWPE fibre and the disoriented LDPE m atrix, the R aman b and shift

obtained during the mapping is contributed by the embedded fibres.

It has been demonstrated in the last section that the highly oriented polymer chains in
UHMWPE fibre would allow the effective transfer of the applied stress/strain to their
backbone during stretching in the fibre direction, and lead to significant band shifts.
In contrast, due to the disorientation of the compression molded LDPE matrix, which
is also observed in the WAXD pattern of LDPE, there should be less transfer of load
in the chain direction during the uniaxial drawing of the low modulus isotropic
LDPE as most of the deformation on the molecular level is taken place by bond
rotation and molecular uncoiling. At the necking region observed in the dog-bone

specimen, the LDPE matrix may start the orientation of the polymer chains, but still
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not as high as that of the highly oriented fibres to cause the Raman band shift
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Figure 6.13 Wavenumber shift of the broad peak of 1130 cm™ Raman band with
the applied strain for the (4 ) embedded UHMWPE fibre and (¢ ) pure matrix

during deformation process of the dog-bone specimen
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6.3.5 Fibre Loop Mapping in Composites

The fibre strain distributions of the knitted loop extended at (a) 0 %, (b} 20 % and (c)
30 %, along the wale direction are plotted in Fig. 6.14. The Raman band positions
obtained from the unstretched fibre loop do not have obvious change, which implies
that the residual stress induced by fabrication is very low. When the composite was
extended to 20 % or 30'%, the fibre strains on the repeated unit of the mapped loop
was unevenly distributed along the two bundles, with a maximum measured value of

0.5 % and 0.9 %, respectively.

In order to obtain a more obvious fibre strain distribution, the composite specimens
were pre-notched on both edges at the specimen centre. The notches were made by
cutting a 2-mm crack, as indicated in Fig. 6.15. When the specimen was stretched by
the stretching frame, stress may concentrate on the wale loops at the specimen centre.
Figure 6.16 shows the plots of fibre strain distribution at 20 % and 30 % composite
stretching, The localized fibre strains reach a maximum value of 0.8 % and 1.8 %,

respectively.

The fibre strains determined for the composite specimens are low, even the
composites are pre-stretched. As the LDPE matrix is soft and ductile, assuming the
fibres forming the lcop bundle do not imply any twist, the loop shape change by
rotating the loop legs and sliding of the fibre bundles are easy and dominate the early
part of the large deformation. It can be observed that the mapped loop at the
undeformed state is thick and round in shape. From the SEM micrograph in Fig. 6.17,
the cross-section of the loop fibre bundles becomes elliptical resuited from

compression molding. When it was extended, the mapped fibre bundles became
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thinner and straightened, which are consistent to the fibre loops in the micrograph in
Fig. 6.3. Significant loop shape changes during composite deformation have been

discussed in details in literatures (Lam et al., 2003).

The fibre strains determined on the right side of the fibre bundle were generally
higher than those on the lower side. It may be due to the stress transfer from left to
right side of the specimen as it was stretched from the left and fixed at the other end,
which leads to a subsequent loading of the fibre loops during the large deformation.
Off-axis of fibre orientation along the fibre loop to the composite deformation
direction may be another reason that affects the fibre strain measurement. Thus, the
fibre legs which were more parallel to the stretching direction would lhave a higher

load level that can be observed in Fig. 6.14 (b) and (c) and Fig. 6.16 (b) and (c).

The different fibre strain levels in these two fibre bundles may be caused by stress
relaxation of the fibre upon stretching. As the mapping was done from point-to-point
and from left to right of the repeated unit, fibre stress relaxation may occur during
the mapping process. Figure 6.18 shows the effect of stress relaxation of the
UHMWPE fibre embedded in the dog bone composite when it was held at different
strain levels (3.0 %, 5.6 % and 8.3 %, respectively). The fibre strains measured were
less than the effective strain of the composite. The reduction of fibre strains was
more serious for the first 15 minutes. Then the embedded fibres tended to shift to the
original stress/strain level. The fibre stress relaxation would be a critical problem
during the mapping of the embedded knitted loop, which was held at different strain
levels. From this observation, it would be better to start the mapping after 1 5-minutes

Just after the composite is being stretched, which allow the fibre strains to become
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steady.

There are limitations on the focal depth of the laser beam through the matrix onto the
embedded fibres using Raman microscopic technique. The signals were very weak
and scattered at the cross-over region of the two fibre bundles, therefore, the fibre
strain distributed can be determined on the fibre legs only. In addition, the fibre loop
can be only mapped on the very surface underneath the transparent matrix. The fibre
bundles are oriented in a three dimensional form, and have different depth
uriderneath the matrix. The motor stepper can ensure the running from point to point
in a plan, however, the laser beam has to be focused manually on the fibre surface. It
cannot be a real-time process of the fibre strain measurement and is time consuming
to focus the laser beam on the fibre surface that may lead to experimental error due

to the fibre stress relax.
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Figure 6.14 The fibre strain distribution of a knitted loop in the composite at
different stretching levels (a) 0 %, (b) 20 % and (c) 30 %
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Figure 6.15  Schematic diagram of the flat knitted composites with notching

before extending on the stretching frame
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6.4 Fibre Strain Predication of Weft-Knitted Composites

The fibre strain in the knitted composites can be obtained experimentally during
different levels of fibre stretching by Raman_ mapping. A simple model is proposed to
predict the average fibre strain in the knitted composite being stretched in the wale
direction. The UHMWPE/LDPE Riblx] knitted composite can be regarded as a
plain knitted structure on one of its faces. A simple geometry is depicted as a
projected dimension of the repeatable fibre loop, and further divided into one-forth of
a single loop, as a unit cell of the fibre loop. The unit cell contains parts of two fibre
bundles crossing over each other, as shown in Fig. 6.19. The two fibre bundles
follow a straight path with a yarn length x and a thickness ¢, align with an angle &
to the loading direction, except at the cross-over region, which extend to form a half
of hemi-spherical loop head. The inner line of the loop head has a radius r from the
centre O located in the matrix to the mid-point of line 44". In developing the model

the following assumptions have been made:

1. The structural change of fibre loop is considered to be two-dimensional;

2. The fibre slippage in the fibre bundles is negligible;

3. The composite is free of voids;

4. The thickness or yarn width ¢ is constant during tensile loading;

5. The total loop length in the repeat unit is constant during displacement;

6. From the diagram, the inner lines of both fibre bundles contact each other on the
line A4’ and the centre line of both fibre bundles at line MN parallel the length of

the repeated unit.
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Figure 6.19 Unit cell geometry of the fibre loop

Then, the dimensions of the unit cell are given by
H, =2xsin@+tcos@ (6.1)
and W, = 2rsinf (6.2)

where H; and W; are the length and width of the unit cell, respectively.

To solve the relationship between the angle and the cell dimensions, by considering

the triangle O 4N, x can be expressed as
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x= %Ilsin @ (6.3)

substituting Eq.6.3 into Eq.6.1 gives

H,

H. =2
i =205

sind)sin@ +tcosf

H,=H,sin> @ +tcos@
 H,(1-sin”8)=tcos@
H, cos’ @ =tcos@

0039=L
H

Then, the angle of the fibre legs can be determined by H, directly assuming the yam

thickness is constant and the sliding of fibres during loop distortion can be negligible.

8 =cos™ (ﬁ) (6.4)

where 0< 8 <90°

Considering a loading force F is applied on the knitted composite specimen, most of
the load bearing is supposed being taken up by the fibres, which exhibit a three order
of the stiffness to that of the LDPE matrix. Therefore, the fibre tension T on each
fibre bundle can be determined by considering n fibre bundles or knitted loop legs on
cross-sections of the composite which aligned an angle & to the loading direction

with an applied force F:

T=—t (6.5)

nsin@

where the éng]e € can be easily obtained with the change of H;.

Accordingly, the fibre strain in the loop legs in composites at a particular stage of
composite displacement 4 under a tensile force T with a cross-sectional area 4 can

be expressed as:
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T
E A

s

(6.6)

where Eris the Young’s modulus of the fibres.

Other than the relationship of between ¢ and the displacement of composite loop to

be determined from the expression, the shape change ratio of the embedded loop in

the coursewise direction during tension in the walewise direction can also be

estimated. The length a of each fibre bundle in the unit cell and is given by

a=x+(r+HZ+Z_g)
=x+(r+D)(r-6)
2 .
H, . ..
As x= —2—'—sm€ , sub it into Eq.(6.7),
a=Fising)+(r + L)z -0)
2 2
a-— E—‘?sinﬂ p
Then, r= 2 - (6.8)
(m-6) 2
As shape change ratio v=— . = W, / oA,
oH, 00 06
OH, _ cos@(0)—t(-sinf) _ tsind (6.9)
06 cos’ @ cos’ @ '

substituting Eq.(6.8) into W, = 2rsin®

a— isinﬂ
2
(z-6)

2a - H sinf
(7-6)

2

=(
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substituting H, = into the above expression,

cos
2a—- sind
W,=[—<080__ 15ing_rsing
(7-6)
(et tand, 0 tsing
(7-0)
Then,
— - 2 — L L] —
ow, =[2a—t-tan9]6080+[(7r—-9)(0 t-sec” @) (22a t-tan @)(0 D]sinB—tcosB
00 (r-6) (r-6)
— - — — . 2
~(2a-ttand, g pl2act tanb) N7 =0) 5% 61 in0-1c0s0  (6.10)
(r-6) (-8
2
As 20 _cos 0 iom (6.9)
OH, tsing
3 —t. _ - . 2 3
Thus, oW, =[2a—t tané co-s 9+ (2a—t-tan@) t(7r2 0)-sec Glcoszg_cc.)s g
0H, (z-60) “tsin@ Hr-8) sing
=(2a—t‘tan9)cos3t9+(2a-—t-tan6’)coszt9—t(7r—9) cos’ @ 6.11)
1sin@(x ~ 6) Hr - 6)° sin@ '

As t and a are assumed to be a constant value, the shape change ratio is depended on
angle @.Dueto the fact that thereis a lack o f e xperimental m easurement o f the
dimension changes during the composite stretching, the expression of the shape

change ratio is an optional product for the geometrical model.

Table 6.3 shows the details of the input parameters to predict the fibre strains of the
UHMWPE knitted/LDPE composite. Figure 6.20 plots the relationship of the fibre
strain in composite loop corresponding to the composite elongation up to 30 %. The
measured fibre strains at 0 %, 20 % and 30 %, respectively, were obtained by

averaging the mapped strains in fibre bundles during Raman mapping. Without
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stretching, there has no or very little internal strain being measured by Raman
mapping. When the composite is stretched to 20 %, the average values of the
measured fibre strains are close to the predicted ones. At 30 % composite stretching,
the deviations of the measured and the predicted strains become large as shown from

the large standard deviations.

Strain mapping on a knitted loop is located at the specimen centre, where stress may
concentrate there. However, the model provides an overall fibre strain prediction in
the composite specimen. Thus, the predicted values are less than the measured ones.
At low composite stretching, both fibres and matrix may have contribution on load
bearing. At high composite stretching, most of the load should be taken by the fibres,
the measured values, in contrast, deviated much more than the predicted ones.
Limited experimental mapped fibre strains obtained for further observing such

deviation is also a restriction to the comparison with the prediction.

195



Chapter é

Table 6.3 Input parameter to the model and model predictions for UHMWPE

knitted/LDPE composites

Yarn Thickness, ¢ =0.6 mm

Loop height in unit cell, A, At composite elongation :

0% =3.0mm

10% =3.lmm
20% =3.2mm
30% =3.5mm

No. Qf loop legs on cross-section of the composite -y

specimen

Estimated yarn cross-sectional area, 4  (mm?) =0.2827mm’

Parameters measured from experiment

Measured fibre strain, £ ’ (%)

L°(;‘I’)’ L Te% T - Loop 1 Loop 2 (pr.f.iﬁfcie 9
At composite elongation : Bundle Bundle Bundle Bundie Bundle Bundle
1 2 1 2 1 2
0% 0 0 0.056 0.057 - - - -
10% 483.60 15.42 - - - - - -
20% 547.89 17.43 0.180 0.175 0.227 0.136 0.41t 0.383
30% 594.60 18.86 0.249 0.209 0.519 0.272 0.585 0.470

Parameters deduced from the model

Angle, @ (deg) Fibre strain £, (%)

At composite elongation :

0% 78.46 0.000
10% 78.84 0.130
20% 79.19 0.150
30% 80.13 0.160
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Figure 6.20  Predicted and experimental values of fibre strains at various levels

of composite strain

6.5 Concluding Remarks

In this chapter, the fibre strains distributed in knitted composite were determined
experimentally and theoretically during large deformation Material characterizations
have shown the unique properties of the UHMWPE fibres due to its high modulus

and flexibility being bent into fabric loops. Raman microscopy was employed to

197



Chapter 6

study the deformation of the UHMWPE fibre, which acts as an optical strain sensor
that is able to defermine the local fibre strains in the UHMWPE/LDPE knitted
composite. The broad symmetric C-C strétching peak at Raman band 1130 cm™,
which is the most sensitive to the applied strain, has a linearly shift to lower
wavenumbers accounted for -5.1cm™/%strain up to about 2 % fibre strain. It is
possible to map the gfadual increase in fibre strains in the mapped loops during the
increment of composite strains and depict the significant loop shape changes under

large deformation.

Due to the loop shape changes by fibre rotation and sliding during large deformation,
the fibre strain was low at the maximum order of 1 to 1.8 % even on notched
composite. In particular, off-axis orientation and stress relaxation of the fibre
material due to time delay during manually operation on laser beam focusing onto
the fibre surface during mapping have attributed to the difficulty to achieve an

accurate and time effective Raman mapping.

A geometrical model of a fibre loop was proposed to predict the fibre strains during
composite stretching in the wale direction. The fibre strain prediction is managed to
compare with the average values of the measured fibre strains except at high strain
levels where there is a large deviation of the measured fibre strains, from the

predicted ones.
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CHAPTER 7
CONCLUSIONS AND FUTURE WORK

7.1  Conclusions.

The multi-scales study of mechanical properties of thermoplastic cellular textile
composites has achieved the objectives as outlined in Chapter 1 of this thesis. It has
demonstrated that the use of light-weight and highly conformable non-woven fabrics
- provides a better fabrication process of thermoplastic cellular composites with a

better material system for energy absorption purposes.

In this study, the large membrane stretching and bending of the composite materials
while keeping the structure integrity of the cellular composites, have formed a
primary mechanism of energy absorption of the cellular textile composites. Detailed

findings are summarized as follows.

Characterization of Composites with Different Reinforcements

The energy-absorption behaviours of various thermoplastic cellular textile -
composites reinforced with both knitted and non-woven fabrics have been
characterized under quasi-static coinpression and dynamic impact conditions. In
knitted cellular composites, equivalent cell wall thickness has a predominant effect
on governing the energy absorption capacity of the cellular structure where large
amount of voids are present in the s tructure. W hile under the s ame thickness, the
fibre volume fraction in non-woven cellular composites has demonstrated a positive

effect on the reduction of high peak load and allowed a prolonged stroke. In response
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to dynamic condition, as long as the fibre material is sufficiently strong, ductile and
flexible to be bent to form knitted loops, strength of reinforcing fibres has little effect

on the performance of the knitted cellular composites.

The non-woven composites exhibit a better performance on energy absorption than
the knitted compositeé. The high conformability and cheap material cost of the

non-woven fabric is believed to bring more advantages on cost reduction.

Mechanism of Energy absorption of Non-woven Cellular Composites

Detailed investigation on the performance PET/PP non-woven cellular composites

under impact conditions has been carried out. The fracture mode of the non-woven
composites varies with increasing fibre volume fraction. Increase in the fibre volume
fraction in non-woven composites improves the shear strength and composite
toughness under impact and thus, facilitates a full densification of the cell without
premature failure. The non-woven composites exhibit high specific energy

absorption capacity and retain the same level during multiple impacts.

A theoretical model has been proposed for such isotropic material reinforced cell
which enables to predict the mean peak load and energy absorption capacity of a cell
during plastic collapse. The theoretical predictions for pure material or non-woven
reinforced composite are in good agreement with the experimental results, so it can

guide an effective design of the similar material systems.
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Characterization of the In-plane Properties of Knitted Composites and its

Individual Components

Due to the anisotropy of PET/PP knitted composites, in-plane mechanical properties
of various weft-knitted fabrics and their thermoplastic composites as well as the
energy absorption mechanisms have been investigated. The knitted composites
display superior tensile properties in the wale direction to in the diagonal and course
directions. Both the matrix and fibres contribute to the load-carrying capacity in the
elastic stage. The knitted composite has the most excellent combination of properties
than its individual components in terms of energy absorption capacity. Increase in the
fibre volume fraction of the composite structure leads to a positive effect on its
mechanical properties. Surface modification by plasma treatments on PET fibre
improves the interface adhesion, leading to a smooth load-deformation curve. Due to
the stretchability of the knitted fabric reinforcement, the mechanical properties of the
composites can be tailored by pre-stretching of the knitted reinforcement prior to the

composite fabrication.

Deformation Mechanisms of Knitted Textile Composites

The in-plane deformation mechanism of PET/PP knitted composites has been
identified: (1) both matrix and fibres contribute to the load-carrying capacity in the
elastic stage. (2) Critical points including brittle matrix crack initiation from
imperfect composite surfaces, fibre/matrix debonding, serious loop distortion along
the loading directions and fibre straining during the large deformation until
comprosite fracture have contributions on energy absorption of the composite during
the large deformation process. (3) Localized compression and extension of the matrix,

crack propagation of matrix, debonding of the fibre/matrix interface, deformation of
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loop structure and extension of reinforcing fibres occur subsequently in the large

composite deformation.

Micromechanics Study of the Unidirectional Single Short PET Fibre/PP Matrix
Model Composite

Raman microscopic measurements have been conducted on single Poly(ethylene
terephthalate) fibres in air and embedded in polypropylene matrix model composites.
Well defined Raman spectra have been obtained from the PET fibres in air and in the
PP matrix. The band of 1616cm™ shifts due to tensile strain to low wavenumbers and
broadens with a wavenumber related linear strain sensitivity —0.21cm™/%. It has
been found that the whole length of the embedded fibre is under axial compression
strain of —2.0%, which is caused by the different volume shrinkages of the fibre and
matrix on cooling from high temperature fabrication. The fibre strain increment is
consistent with the effective composite strain when the fibre is under the
compression. The fibre strain becomes smaller than the composite strain where
interfacial failure possibly happens. Micro-Raman measurement is also able to
identify the delayed massive occurrence of interfacial failure at a relatively higher
matrix strain on the plasma treated PET fibres, implying some improvement on the
interfacial adhesion. However, considering the limitation of the Raman microscopy
for the micromechanics study on those conventional fibre materials, alternative
UHMWPE fibre is suggested for the fibre strain measurement in knitted composites

by Raman microscopy.

Determination of Fibre Strain in Knitted Composite and Theoretical Prediction

High modulus UHMWPE fibres have a strain sensitivity as high as -5.1cm’" /%strain
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up to about 2% fibre strain for the symmetric C-C stretching peak at Raman band
1130cm™. It is successful to employ micro-Raman technique for mapping fibre
strains on a knitted loop during composite deformation. The fibre strains in the
embedded fabric loops have been determined at the maximum order of 1 to 1.8 %
even on notched composite for the increment of effective composite strains up to
30%. The low fibre ;taim may be due to (1) significant loop shape change by fibres
rotation and sliding during the large deformation, (2) off-axis orientation and (3)
stress relaxation of the fibre material dﬁring mapping. A theoretical model of a single
fibre loop in knitted textile composites have been developed to predict the fibre
strains under different levels of composite stretching in the wale direction. The fibre
strain prediction agrees with the average values of the measured fibre strains except

at high strain levels where there is a large deviation of the measured fibre strains.

7.2 Potential Applications of Celular Textile Composites

The primary purpose of this study is to develop cellular textile composites as energy
absorption liner or protection devices in order to promote the crashworthiness of
vehicles and the safety of people involved. The cellular textile composites made of
fabric reinforcement and matrix material can be tailored with desired mechanical _
properties such as stiffness and toughness, With the light-in-weight properties, it can
be designed to possess high specific energy absorption capacity. The material used in
this study, especially the non-woven fabric structure made of conventional PET
fibres and the PP matrix allows low material and manufacturing cost. They are not
toxic thermoplastic polymeric material and the textile network can provide good

ventilation by designed porous structure during forming the cells, thus enable to be
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used for human protection.

The application of the thermoplastic cellular textile composites from knitted and
non-woven reinforcement can be designed to achieve high specific energy absorption
capacity in safety helmet similar to the developed thermoset cellular composite in the
previous invention .(US Patent 6,536,052) at medium and low velocities. The
non-woven cellular textile composites developed in this study have been patented

which is capable of retaining similar energy level under multi-impacts.

However, it should not be limited to the use of helmets. Other potential applications
of using this textile fibre networks with grid dome cellular geometry are heat
insulating textile material, protective packaging for delicate items, cushion or
padding for semi-rigid support in medical cast and orthopedic devices, mattresses or

shoe midsole for athletics shoes, seat cushions in automobile seats, etc.

7.3  Suggestions for Future Work

The major objectives of this thesis have been achieved. However, further work
should be considered to develop a more comprehensive study for design and
development of the cellular textile composite material as energy absorption devices

in the following aspects:

Study of Cell Deformation Mode

In this study, the non-woven cellular composites have a controlled thickness of

1.0mm. However, cell wall thickness may affect the deformation modes. Thin wall
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may lead to multi-folds under large deformation while thick wall increases the
structural rigidity that may hinder the propagation of cell deformation. As concluded
in chapter 2, the equivalent cell wall tﬁckness governs the energy absorption
capacity of the cellular composite, due to the negligible void volume during
fabrication of the non-woven composites, at a given fibre volume fraction, thinner
cell wall of the non-woven composites may help to reduce the stiffness and allow

large deformation of the cell structure.

Fabrication of the Curved Composite Panel

In this study, the energy absorption behavior of the flat cellular textile composite
panels has been characterized. More worthwhile investigation would be put on the
curved specimens where performance of the energy absorbing liner in helmet can be
characterized. In order to further maximize the energy absorption capacity,
double-layer panels in different arrangement, such as overlapping or interlocking by
gluing two cellular composite panels together, are worthy for the investigation. In the
stage of prototype design, a compression mold for molding the constituent materials
into a whole helmet form should be made to fabricate the three-dimensional

headform shape for the whole helmet testing.

Testing on Curved Cellular Panel

The current study is confined to the impact performance of the flat cellular panels by
using a flat square head/anvil. Depending on the application, it is interesting to
further investigate the energy absorption capacity of cellular panels under various
impact conditions. Considering the cellular composites to be applied as energy

absorbing liner at low to medium velocities, such as bicycle helmets, there are
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several US standards for the testing on such helmets, in which the US Customer
Product Safety Commission (CPSC) Bicycle Helmet Standard or ASTM standard are
widely adopted. Several kinds of anvil 'rnay be used for simulate the impact
conditions, such as a hemispherical anvil and a sharp curbstone anvil. Thus, a more
systematic impact testing plan on all flat, curved and whole headform shaped liner

specimens may be carried out by using different shapes of load head.

Further Micromechanics Study by Employing Raman Technique

Raman technique is an effective tool on characterizing deformation properties of
fibre or composites. Due to the limitation of installment of the Raman microscopic
accessories, real-time Raman stress/strain measurement is restricted in this study. In
the further investigation by equipping a small mechanical tester called minimat
loading frame that fibres or composite specimens to be mount firmly, which is
possible to conduct in-situ/real-time measurement or mapping the stress/strain during
deforming high performance fibres/composites. Thus, the induced Raman band shift

as a function of fibre stress or strain can be obtained and compared.

Further improvement on the fibre stress relaxation may be achieved by cooling the
ﬁbre/composité from room temperature to low temperature by exposing the
specimen in a coolant bath containing ice or liquid nitrogen as coolants in the
hot/cold stage of a sample cell. Van Eijk et al (1990) studied the stress relaxation in
DSM high modulus polyethylene fibre. Cooling the fibre to 240 K caused the
reduction of the effect of stress relaxation, although the relaxation cannot be removed
completely. Later, Grubb (1992) reported that better Raman spectra were obtained on

the cooled Spectra UHMWPE fibre to 273 and 77 K by simple set up of the coolant
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bath for the stressed filament. The cooling on this polymeric fibre/composite reduced
the effect of relaxation and even completely suppressed the stress relaxation at 77 K.
The Raman band shifted linearly and besrt curve fitting were obtained. Thus, more
reliable data can be obtained during single fibre deformation. Yet thereis still the
consideration on thg set up of the cooling system when it is necessary to hold the
stretched composite spécimen with the comparatively large stretching frame at the
controlled temperature environment. In addition, the effect of off-axis orientation of
the fibres of knitted loop inside the composite loop should be studied because of the
large deformation of loop shape during composite deformation. Therefore, a simple
experiment can be conducted by tensile loading of a model composite in which the
effect of the orientation angle of single fibre embedded in the model composite to the
loading direction can be revealed by the Raman shifts obtained with the changing

orientation angle.

Fibre Strain Prediction of Weft-Knitted Composites

Although assumption made on the thickness of fibre bundle is constant during tensile
loading, the fibre bundle subject a reduction on thickness and a more variation in
thickness in the interlocking region of the fibre loop during tensile loading. The
effect of fibre and yarn diameter may be incorporated in the modeling of fibre strain
inside a single loop during composite deformation. Referred to section 6.4, the
thickness ¢ in the present model is derived from the thickness in the interlocking
region. An empirical method can be conducted experimentally to identify the relation
between the changes in loop thickness and the external tensile force and

consequently to apply this relation in Eq. (6.1) and (6.4).
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Appendices

Dimensions of the punch-type shear testing device (ASTM

Appendix 3.1
standard D732)
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Appendices

Appendix 6.1 Curve Fitting Process of the Raman Spectra

The curve-fitting procedures on analyzing the Raman bands at 1060 ¢cm™ and 1130
cm'of the UHMWPE fibre and LDPE matrix were done by fitting the bands with

one ‘broad’ and one ‘narrow’ Gaussian curves after background subtraction to the

obtained Raman spectra.

Equation below represents the Gaussian function and schematic diagram as shown
in Fig. Al

(x-x.)°
2w’

y=y,+Ae

where

x.: the position in the band
w,: Full width at half maximum intensity (FWHM) = 2w,//n(4) =2 355w

A Intensity of Raman scattering

(X yotA)

Figure Al. Schematic expression of the Gaussian function for the curve fitting to

the Raman bands
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Appendix 6.1(con’t) Curve Fitting Process of the Raman Spectra

The ‘goodness of fit’ is measured by a chi-squared parameter x ? a measure of the
difference between the fitted curve and the Raman band, given by
2
2 Z (AR - A)
X' =
n

where
Ap : the intensity of the Raman data

n: the number of data points

During the curve-fitting procedure, the program continuously adjusts the fitting

parameters in order to minimize the chi-squared value.
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