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Abstract
Composites are normally composed of two distinct phases: reinforcement and matrix. In
recent years, a new class of “self-reinforced” polymer composites or “all-polymer”
composites, which are based on similar or identical materials for both reinforcement and
matrix have generated increasing interests in both academia and industries due to their
advantages in terms of processing, interfacial properties and recyclability. Current research
trend in this field is to investigate the potential possibilities of all-polymer composites
based on high-performance polymer fibres. In this thesis, all-poly(ethylene terephthalate)
composites (Part 1) and all-aramid composites (Part 2) were prepared. In Part 1, Chapter 3
describes the melt spinning and drawing of poly(ethylene terephthalate) (PET) into highly
oriented fibres, with moduli of 20GPa and tensile strengths of 925MPa. The effects of
spinning and drawing conditions on the mechanical properties of PET fibres were studied.
In the following Chapters 4 and 5, all-PET composites were prepared from 1) hot
compaction of bi-component multifilament PET yarns; and 2) a film stacking technique, i.e.
combining PET tapes unidirectionally with copolyester adhesive films in an alternating
“brick-wall” layer-by-layer structure. The effects of processing conditions on mechanical
properties were investigated. In Part 2 Chapter 7, all-aramid composites were prepared by
a selective surface dissolution method where aramid fibres were partially dissolved to form
a matrix phase to bond remaining fibres together into composites. The structure,
morphology and mechanical properties were characterized by X-ray diffraction, scanning
electronic microscopy, dynamic mechanical analysis and tensile testing. Compared to
traditional aramid/epoxy composites, these all-aramid composites show significantly high
mechanical properties, even at elevated temperatures. In Chapter 8, the effects of
processing conditions on various properties of all-aramid composites were studied and an
optimum condition was found. By replacing high concentration sulphuric acid as a solvent,
a mild mixed solvent was used to dissolve aramid fibre surfaces in Chapter 9. In this way,
all-aramid composites with prolonged immersion times were prepared and characterized.
Potential future work including all-PET composites from post-consumer PET waste,
microstructural characterization of all-aramid composites and woven all-aramid
composites are discussed in Chapter 10.
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1
Introduction

1.1 Background of All-Polymer Composites
Composites have higher specific strength and specific modulus, lower weight and are
more durable than most other traditional materials, such as metal. Moreover, integral
complicated structures can be produced since manufacturing becomes easier with
composites. Due to these advantages of composites over other traditional materials,
they have been used to replace those materials in applications varying from
aerospace, automotive to general engineering.
Composites are one of the most important materials to be applied in aerospace
industry since the introduction of aluminium in the 1920s. Glass fibre reinforced
composite was first used in the Boeing 707 passenger jet in the 1950s, where it
comprised 2% of the structure. Boeing 787 Dreamliner recently has represented a
composite revolution, since 50% of its weight is made of carbon reinforced
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composites (Fig. 1.1). The large usage of composite materials on the Boeing 787 has
reduced its weight dramatically and thus saved 20% on fuel consumption1.

Figure 1.1. Materials used in a Boeing 787 body (Source: The Boeing Co.)
Composites are also used widely in automotive industry. On one hand, car makers
are facing the increasing demand of high performance and fuel efficient vehicles
from consumers; on the other hand, they also face increasing pressure from
legislators as new environmental legislation 2 regarding pollution and recycling
emerges. Therefore, lightweight materials such as fibre reinforced composites are
increasingly used in automotive industry. Composites can not only help reduce the
weight of vehicles and hence greenhouse gas emissions, but also help car makers to
reduce their production and assembly costs and promote more creative designs. Glass
or carbon fibre reinforced thermoset composites have already been extensively used
in car manufacturing, particularly for sport utility vehicles (SUVs). Recently, the
application of long fibre reinforced thermoplastics (LFT) in automotive industry has
been growing fast since LFT has high impact and flexural strength especially at low
temperatures, and is less expensive than alternative fibre reinforced thermoset
1

BBC news (2007): Boeing assembles first 787 plane
In Europe, directive 2000/53/EC of the European Parliament and of the Council of 18
September 2000 on end of life vehicles
In USA, five-year Cooperative Research and Development Agreement (CRADA) signed by
Department of Energy, Argonne National Laboratory, the Vehicle Recycling Partnership of
USCAR and the American Plastics Council in 2004
2
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composites. LFT can also help the process of end-of-life car recycling while
thermosets cannot be remelted and reused without breaking chemical covalent bonds.
It is estimated that the use of glass reinforced thermoplastics in automotive
manufacturing will grow at an annual rate of 10%. By 2010, the average weight of a
middle-size car is expected to drop by 18% thanks to the use of composites [1].
Because of the increasing use of composites in a wide range of industries, concerns
about environmental impacts of composite products at all stages of their life cycle
have increased, and “designing for recycling” or “eco-design” has become a popular
philosophy for introducing new products. Although recycling of thermoplastic
composites through material recovery is earsier than for thermosets, it still has no
satisfying outcome because of the presence of additives or foreign inclusions. For
example, glass-fibre-reinforced thermoplastics are often recycled into new fibre
reinforced grades, which limits further application of the recyclate. Natural-fibrereinforced thermoplastics which have been proposed as a “green” alternative to
glass-fibre-reinforced thermoplastics [2-5] are generally recycled by incineration,
which is a rather undesirable way of recycling. Therefore, another trend in ecodesign is to use the smallest possible number of different components in a hybrid
system, ideally, the use of monomaterials instead of complex material blends [6]. In
theory, single polymer composites can be remelted entirely at the end of the product
life for recycling into polymer feedstock which can be used for a wide range of
future applications. Since the 1990s, by providing high performance polymer fibres
to reinforce a similar or identical polymer resin, “self-reinforced” or “all-polymer”
composites have been developed which combine the versatility and recyclability of a
thermoplastic with the high performance of fibre-reinforced composites.

1.2 Processing Methods for All-Polymer composites
The first pioneering work in this area was conducted by Captai and Porter on
polyethylene (PE) fibres in the mid 1970s [7]. They suggested a traditional
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impregnation method for the preparation of all-PE composite by exploiting
differences in melting temperature of highly oriented high density polyethylene
(HDPE) and HDPE. According to Mosleh and co-workers [8],

these all-PE

composites are well suited for prosthetic wear surface applications due to their
biocompatibility and mechanical properties. A number of other techniques, derived
from conventional composite processing methods have been developed to prepare
all-polymer composites, including film stacking [9], wet powder impregnation [10],
solution impregnation [11] etc. Due to the complication of these methods, new
methods have been explored in recent years to prepare all-polymer composites.
A “hot compaction” technique for preparing all-polymer composites was initially
developed at the University of Leeds, UK [12]. By carefully controlling the
compaction temperature, a fraction of the oriented polymer fibre skins is melted and
recrystallised upon cooling into the matrix phase to bind the fibres together.
Following the initial study on all-PE composites, this “hot compaction” technique
was successfully applied to other polymers, e.g. nylon 6,6 [13], poly(ethylene
terephthalate) [14], poly(ethylene naphthlate) [15], polypropylene (PP) [16-20] etc.
and all-PP composites are now commercially available from Propex Fabrics under
the trade name Curv®.
Another processing route for all-PP composites was proposed by Peijs and coworkers as co-extrusion method [21-34]. In this method, high modulus PP
homopolymer tapes are co-extruded with a thin coating of PP copolymer. These coextruded PP tapes are then constrained in a mould and heated to melt the PP
copolymer, which upon cooling recrystallises into the matrix [35]. A range of all-PP
composite products based on this method have been successfully commercialized by
Lankhorst-Pure composites in the Netherlands under the trade name PURE® and also
by its licensee Milliken in the USA under the trade name Tegris®.
A unique selective surface dissolution method was recently developed to prepare
all-cellulose composites [36, 37]. Cellulose is well known not to melt, but shows
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thermal degradation at high temperature. Therefore, a wet process was employed to
process cellulose. Cellulose fibres with selectively dissolved surfaces were unified by
compression and dried to form all-cellulose composites. This selective surface
dissolution method is expected to lead to good fibre-fibre adhesion and is ideal for
processing polymers which have no melting temperature but only decompose at high
temperature.

1.3 Objectives
Although all-PP composites have been developed as a great success in the last
decade, low thermal stability of PP limits their use in the field of high temperature
applications. Therefore, recently, polymers with high thermal stability, e.g.
poly(ethylene terephthalate) and poly(p-phenylene terephthalamide) (i.e. aramid)
become promising candidates in the research area of all-polymer composites. Hence,
the main objectives of this thesis are:
•

To investigate different processing routes for all-PET composites and the
optimization of processing parameters.

•

To explore the creation of all-aramid composites prepared by a selective surface
dissolution method and their structure-property relationship.

1.4 Structure of the Thesis
There are two major parts in this thesis. Part 1 deals with poly(ethylene terephthalate)
(PET) and all-PET composites. Chapter 2 gives a literature overview of PET fibres,
PET resin composites and techniques used to prepare all-polymer composites.
Chapter 3 describes the melt spinning and solid-state drawing of PET into highly
oriented fibres. The effects of spinning and drawing conditions on the mechanical
properties and crystallinity of PET fibres were studied. In Chapter 4 and 5, all-PET
composites were prepared from 1) hot compaction of bi-component multifilament
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PET yarns; and 2) a film stacking technique by combining PET tapes with
copolyester adhesive films in an alternating “brick-wall” layer-by-layer structure.
The effects of processing conditions on the mechanical properties of both composites
were investigated.
Part 2 investigates aramid fibres and all-aramid composites. Chapter 6 describes the
background on aramid fibre, its composites and the unique selective surface
dissolution method for preparing all-polymer composites. In Chapter 7, all-aramid
composites were prepared by the selective surface dissolution method where aramid
fibres were partially dissolved to form a matrix phase to bond remaining fibres
together into composites. These all-aramid composites show significantly high
mechanical properties, even at elevated temperatures. In Chapter 8, the effects of
processing conditions on various properties of all-aramid composites were studied.
High concentration sulphuric acid was replaced by a mixed solvent of
orthophosphoric acid and sulphuric acid to dissolve aramid fibre surfaces in Chapter
9. In this way, all-aramid composites with prolonged immersion times were prepared
and characterized, giving better control of the fibre surface dissolution process.
Finally, Chapter 10 gives the conclusions and an outlook regarding potential future
work in terms of all-PET composites from post-consumer PET waste, microstructural
characterization of all-aramid composites and woven all-aramid composites.
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2
PET Fibres and
Composites

2.1 Poly(ethylene terephthalate)
In 1920, the concept of “macromolecules” was first presented by Hermann
Staudinger [1], where several reactions were revealed to form high molecular weight
molecules by linking a large number of small molecules. Since then, his pioneer
work has inspired a wide range of developments in modern polymeric materials and
innovative applications.
A contemporary definition of polymer is that polymers are substances whose
molecules have very high molecular masses derived out of a large number of
repeating units. In most cases, the entire polymer molecule will be made of many
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identical units. The nature of these simple units, together with their configuration
within the polymer molecule, defines the macroscopic behaviour of the polymer,
which can be either natural or synthetic. The natural polymers are proteins, starches,
cellulose, natural rubber, etc. A wide variety of synthetic polymers is produced
commercially on a very large scale with a wide range of properties and uses. The
focus of this part of the thesis is on a particular kind of polyesters: poly(ethylene
terephthalate) (PET), the molecular model and structure of which are shown in Fig.
2.1. PET was patented by J. Whinfield and J. Dickson in 1941, after following the
early research on nylon by W. Carothers. The first polyester fibre which is called
“Terylene” was also created by them in 1941 in Imperial Chemical Industries (ICI)
PLC. A second polyester fibre which is called “Dacron” was later developed by
Dupont.

Figure 2.1. Molecular model and structure of PET
The synthesis of PET begins with ethylene glycol and terephthalic acid according to
the reactions as below:
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Alternatively it can be prepared from the ester interchange reaction between ethylene
glycol and dimethyl terephthalate (DMT), the reaction is shown as followings:

PET can generally be polymerized to a molecular weight of 25,000-50,000. It has a
glass transition temperature of 67-90oC and a melt temperature of 260-290oC, both of
which increase slightly with molecular weight [2].
PET is hard, strong, stiff and dimensionally stable. It has good gas barrier properties
and good chemical resistance. Therefore, PET is the most important commercial
polyester thermoplastic, having multiple utilities by virtue of its excellent properties.
It has a wide range of applications which include clothing, beverage bottles,
packaging, photographic printing films, X-ray film, floppy disks, etc. PET also has
medical applications since its strong fibres can be used to surgically repair damaged
tissues.
Because of its high mechanical properties, PET yarns have also been developed for
reinforcing applications, such as tire cords in radical-ply tire rubber reinforcement.
The most successful PET product, the so-called high modulus, low shrinkage (HMLS)
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yarns are valued for their tensile strength, stiffness and dimensional stability, as well
as low cost and availability.
PET modified by copolymerisation is also available. For example, cyclohexane
dimethanol (CHDM) can be added to the polymer backbone in place of ethylene
glycol. Since this building block is much larger (6 additional carbon atoms) than the
ethylene glycol unit, it can interfere with crystallization and lower the polymer's
melting temperature. Another common modifier is isophthalic acid, replacing some
of the 1,4-(para-) linked terephthalate units in the polymer backbone. The 1,2(ortho-) or 1,3-(meta-) linkage produces an angle in the chain, which also disturbs
crystallinity. The modified copolymer is desirable for certain applications. For
instance, small amounts of CHDM or other comonomers are used in the production
of PET bottles, where crystallization is slowed but not prevented entirely. The
resulted bottles are both clear and crystalline enough to be an adequate barrier to
aromas and even gases, such as carbon dioxide in carbonated beverages.

2.1.1 Crystal structure of PET
The configuration of PET is plannar zig-zag with the benzene rings in the plane of
the zig-zag and these planes are packed together in a parallel array by Van der Waals
forces and hydrogen bonding between planes to form crystals. As shown in Fig. 2.2,
there is some distortion along the axis of the chain, as the –CO-(C6H6)-CO- groups
make a slight angle with axis by rotation about the C-O bond in order to allow for
close packing. The molecular packing of PET is shown in Fig. 2.2 as well, the
parameters of unit cell of PET single crystal is a=4.56Å, b=5.94Å, c=10.75Å;
=90oC, =118oC, =112oC [3].
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a)

b)

Figure 2.2. a) Configuration of PET molecule; b) Arrangement of molecules in the
crystal [3]
The polar ester groups in the backbone chain of PET are strongly attached to each
other, so the intermolecular forces are dominated by strong hydrogen bonds.
Therefore, strong crystals can be formed. In addition, the benzene rings intend to
stack together in an orderly structure, which makes the crystal even stronger (Fig.
2.3).
PET is a semi-crystalline polymer. It can be quenched from the melt to give a
completely amorphous product at room temperature. The quenched amorphous
polymer can crystallize at temperatures more than 30oC above Tg (~70oC) by the
polymer molecular chain folding back on itself with a regular folding length to create
lamellae of a regular thickness. The partly crystallized structure can be frozen by
cooling back to room temperature. Amorphous PET is transparent and becomes
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opaque when crystallized. The degree of opacity depends on the amount of
crystallinity and the temperature of crystallization.

Figure 2.3. The benzene rings in PET stack in an orderly structure to form strong
crystals

2.1.2 Bulk modulus vs. molecular modulus
The properties of a non-oriented polymer are largely controlled by the properties of
the polymer molecule, their arrangement and the load transfer mechanism between
them. To determine the properties of the polymer molecule, typical bond strengths
must first be considered (see Table 2.1). The C-C, C=C and C-O bond of the polymer
backbone possesses high strength and stiffness The ultimate stiffness of perfectly
aligned molecules is limited by the modulus of the polymer backbone structure.
However, large ester functional groups of the PET molecule lead to steric hindrance
and yield a plannar zig-zag molecular structure (see Fig. 2.2). Furthermore,
thermodynamic and kinetic considerations favour crystalline regions linked together
by amorphous regions, and so the molecules are clearly never loaded directly on the
polymer axis. Instead, the properties of a bulk PET are controlled by hydrogen
bonding and Van der Waals interactions between the polymer molecules. For this
reason, the typical modulus of bulk PET is 2.8-3.1GPa, rather than 122GPa [4] or
108GPa [5] as predicted by theoretical calculation or X-ray diffraction measurement
for the PET molecule respectively. The elastic modulus El of the PET crystals in the
direction parallel to the chain axis was measured by X-ray diffraction by Nishino and
co-researchers, where the strain

in the crystalline region was estimated by the
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change in lattice spacing induced by the constant stress while the stress

in the

crystalline region was assumed to be equal to the stress applied to the sample.
Therefore, the elastic modulus El was calculated as El = / . They also investigated
the temperature dependence of the elastic modulus of PET, finding the axial chain
contraction coefficient is constant up to 200oC and correspondingly the value of El
remain unchanged up to 215oC, which indicates the low thermal expansivity and high
stability of the crystal lattice [5].
Table 2.1. Dissociation energy of different bonds [6]
Bond type
C-C
C=C
C-O
Van der Waals
Hydrogen bonding

Bond Energy
[kJ.mol-1]
600
602
358
10
21

Bond Length
[nm]
0.15
0.13
0.14
0.4
0.2

2.1.3 Molecular entanglements in polymers
If amorphous polymers are cooled from a melt in the absence of external forces, they
will form a highly entangled random coil configuration, in which many molecules
entangle with one another. The amount of entanglements is determined by the
molecular weight of the polymer, since molecules of very low molecular weight may
not have enough length to entangle and connect with other molecules.
The mechanical properties of polymers are strongly temperature dependant, since the
polymer structure can be affected by temperature. Below the glass transition
temperature, Tg, of an amorphous polymer, the structure lacks sufficient molecular
mobility, so during deformation, it behaves elastically. When the temperature is just
above Tg, the section of the molecule between entanglements possesses freedom to
rotate, while entanglements act as physical crosslinks to prevent molecular flow.
These entanglements form a network which limits the ultimate deformation of the
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polymer, and therefore limits the drawability of a polymer during solid state drawing
in fibre production.

2.2 Improving the Mechanical Properties of PET
Despite the high theoretical modulus of the PET molecule, isotropic PET possesses
low modulus and low strength which makes it undesirable for many industrial
applications. In order to improve its mechanical performance, there are two main
methods. One is to introduce reinforcing fillers, such as glass fibres, to create PET
resin composites; the other one is to orient the molecules in the direction of loading,
therefore, utilizing the strong carbon backbone instead of the weak Van de Waals
forces.

2.2.1 High performance polymer fibres
High performance polymer fibres include aromatic aramid fibres, such as PPTA
under the Kevlar® and Twaron® trademark; aromatic heterocyclic polymer fibres
such as PBZT and PBZO; aromatic polyesters such as Vectran® and ultra-high
molecular weight extended chain polyethylene fibres such as Dyneema® and
Spectra®. Since the remarkable discovery of aramid fibre (Kevlar) by S. Kwolek in
Du Pont in 1970, it has become one of the most important tasks of contemporary
material science to develop high performance polymer fibres because among fibrous
materials, they are very competitive, especially when compared on the basis of
specific properties, such as specific strength and specific modulus due to their high
stiffness and strength combined with low density. Composites with high performance
polymer fibres provide advances in stiffness and weight savings [7]. Therefore, not
only performance but also cost effectiveness (relating to weight saving) can benefit
from their increased utilization.
Staudinger [8] predicted the structure of the ideally crystalline polymer in the early
1930s when he sketched the “continuous crystal” model, which corresponds to the
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current ideal structure of a high performance polymer fibre: all molecular chains
fully extended to form crystals with no or very few chain-end defects (Fig. 2.4). All
the molecules are well-oriented and densely packed in good lateral order to create a
structure with very low free energy. The modulus of the fibre is thus able to approach
the modulus of the crystals, which in turn approaches the intrinsic molecular chain
stiffness. Therefore, as the precursor materials of high-performance fibres, polymers
must meet the following four requirements: 1) bonding in the molecular backbone
should be strong and stiff; 2) high molecular weight to guarantee long molecular
chains and long “overlap” length; 3) molecular conformation should be linear (or
close to linear) and 4) small cross-section of the molecular chain. The goal in high
strength/stiffness fibre technology is to create suitable precursors and through
optimum processing to highly ordered polymer fibres that have structure and
properties close to those of the ideal model.

Figure 2.4. Continuous crystal model [8]
Since the 1970s, numerous methods have been developed to make highly oriented
fibres[9]. Table 2.2 indicates some developments in high performance fibres over the
past 30-40 years. Polymer fibres have shown great improvements in strength,
compared to some inorganic fibres such as glass and boron fibres, whose properties
basically remain unchanged.

40

Part
CHAPTER 2 – PET Fibres and Composites



Table 2.2. Developments of processing methods since 1970s [10]
Method
Solid-state extrusion
Liquid-crystal spinning

Fibre
PE
Kevlar

Main researchers and
Year
Southern and Porter,1970
Kwolek, 1972

Surface growing

PE

Pennings et al., 1972

Super drawing

PE

Capaccio and Ward, 1974

Zone drawing

nylon, PET

Gel spinning

PE

Liquid crystal spinning
Microwave heatingdrawing
Solid-state
polymerization
High-pressure thermodrawing
Reactor powder twostage drawing

Kunugi et al., 1979
Smith and Lemstra, 1980

PBZT

Allen et al., 1981

POM

Nakagawa, 1983

PDAs

Galiotis and Young, 1983

POM

Ishida, 1987

PE

Kanamoto, 1987

There are two principal and basically different methodologies to the realization of
highly oriented polymers: 1) synthesis of new polymers with “tailored” properties; 2)
structural modification of known and widely applied polymers [11].
The first methodology to successfully produce very stiff and strong fibres was the
development of novel chemistry to make rigid chain polymers. These polymers
contain a series of rigid rod units with chain-containing bonds which are essentially
co-linear. The key principle involved in this development is the synthetic chemistry
and molecular design to produce polymers which are composed of rigid units and
have sufficient chain length (persistence length). Each chain then has sufficient
aspect ratio so that beyond a critical solution concentration the chains pack into
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parallel arrays locally. By solution spinning an oriented fibre is produced whose
molecular alignment can be further improved by heat treatment. This methodology
will be discussed more in Chapter 6 of Part 2.
The second methodology was to devise processes which could fully align polymer
chains to the stress direction. It has long been recognized, that a fully extended chain
of a commodity polymer such as polyethylene would be extremely stiff in the
direction of the chain axis. Quite simple calculations by Treloar [4] and others
showed that the chain modulus of PE and PET, for example, was in the range of
250GPa and 100GPa, respectively. It was also known from structural studies such as
X-ray diffraction that such polymers were only partly crystalline and that the
molecular chains were either very disordered or folded back into plate-like lamellae.
Here two routes have proved successful, using either solution processing or solid
state deformation, both of which proved successful and led to the production of
oriented fibres with stiffness in the range of 100GPa and strengths greater than 1GPa.
The first successes were achieved by solid state deformation. Ward and his coworkers [12] had shown that stretching polymers in the solid state at temperatures
sufficient to permit some molecular mobility (e.g. just below the melting point) was
akin to stretching a molecular network. Moreover, the stiffness in the stretch or draw
direction related directly to the draw ratio [13]. By control of initial morphology,
polymer molecular weight and drawing conditions, it was shown that for
polyethylene, very high draw ratios (greater than 30) could be obtained [14] with
Young’s moduli of 70GPa and tensile strengths of 1.5GPa. This process was
developed first by SNIA Fibre and then by Hoechst Celanese and the fibres
commercialised under the trade names Tenfor and Certran. Applications including
cut resistant gloves and dental floss and the fibres are currently marketed by
Integrated Textile Systems, Inc., in the USA.
Another major breakthrough in the area of oriented polymers was achieved in the
Netherlands in 1975 when Zwijnenberg and Pennings [15, 16] devised several
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experimental arrangements for producing high stiffness and high strength
polyethylene fibres by longitudinal growth of fibres from dilute solution. Fibres were
grown by seeded crystallization with the seed crystal located between the inner and
outer cylinder of a Couette apparatus. When the seed crystal or growing fibre came
into contact with the surface of the inner rotating cylinder (so called ‘surface
growth’), fibres were produced with moduli of 100GPa and tensile strengths of 4GPa.
It was important that these results were obtained with dilute solutions of ultra high
molecular weight polyethylene, whereas the melt spun and highly drawn
polyethylene fibres were produced from polymers of comparatively low molecular
weight which is the basic reason for the lower tensile strengths (1.5GPa) of the latter
fibres.
Pennings’ results were of outstanding scientific interest but the commercial
breakthrough came from DSM where Smith and Lemstra [15] showed that gel spun
polyethylene fibres of high molecular weight could be hot drawn to high draw ratios
(similar to the Certran process) to give fibres of high stiffness (90GPa) and high
strength (3GPa). These gel-spun fibres have been developed commercially in Europe
under the trade name Dyneema® and in the USA (by Honeywell under licence from
DSM) as Spectra®. Because of their high mechanical properties (stiffness: 150GPa
and strength: 3.5GPa for commercial products now), they have found major
applications in ropes, cables, protective clothing (bullet proof vests) and helmets [9].
High tensile strength (7GPa) and modulus (200GPa) of gel-spun PE fibre was also
reported by Kanamoto and co-researchers [16], using a lab-scale multi-stage drawing
process.
In

the

gel-spinning

process,

ultra-high

molecular

weight

(UHMW)

PE

(Mw>1,000,000) is dissolved in a solvent such as paraffin, xylene or decalin at a low
concentration initially, typically of 1-2%. When the semi-dilute solution of PE
emerges from the spinneret, it is first quenched by an air gap and then it enters a
cooling bath. Thermodynamically reversible gel is created. The process is shown in
Fig. 2.5.
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Figure 2.5. Gel-spinning of polyethylene [15]
Long polymer chains in the semi-dilute solution intend to form entanglements and
during the procedure of making polyethylene gel, the entanglement network is
maintained. After removal of the solvent, the gel can still be highly drawn. During
the drawing in a temperature range close to but below the melting temperature and
above the

80oC for PE), entanglements act as

–transition temperature (T

temporary physical crosslinks which allow it to be drawn to high ratios, over 200
times. The maximum draw ratio is related to the average distance between the
entanglements which is determined by crosslink density and solution concentration.
Upon hot drawing the lamellae are gradually transformed into smooth fibrils.
Adjacent crystalline lamellae are thought to be connected by taut tie molecules
transversing in the fibrils, which will result in high performance fibres.
Liquid crystalline polymers from the first methodology represent a good illustration
of the successful synthesis of new types of materials. In spite of their excellent
mechanical properties, this new class of polymers still has a limited practical
application, mainly due to high production costs. The second methodology based on
structural modification of commercial polymers is much more accessible. These
mechanical or thermal treatments result in transformation of the isotropic structure to
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a fibrillar core. The models of microfibrillar morphology proposed by Peterlin (for
polyolefins) and Prevorsek (for polyesters) [17] provide a very good explanation of
some properties, particularly the mechanical properties. The concept that the
mechanical properties of the fibrillar material are determined to an extent by the
number of molecules under stress is generally accepted [11].

2.2.2 High performance PET fibres
It is well known that the mechanical properties of semi-crystalline polymer fibres
depend strongly on the superstructure of amorphous regions. It has no doubt that a
high degree of chain extension and orientation of amorphous regions is required in
order to produce high modulus and high strength fibres. In order to improve
mechanical properties of PET fibre, various methods involving the process of
spinning, drawing and annealing have been proposed (see Table 2.3).
For instance, Kunugi and his colleagues successfully developed a vibrating hotdrawing method and the application of this method to PET fibre showed a
remarkable improvement on the mechanical properties [18]. The apparatus used in
the vibrating hot-drawing method is shown in Fig. 2.6. As shown in the schematic,
one end of the PET fibre is fixed at the vibrator head and the other end is attached to
a dead weight in order to gain a suitable tension on the fibre.
Table 2.3. Various spinning, drawing and annealing methods for PET fibres or films
Year

Leading

Method

Researcher

Tensile

Tensile

modulus

Strength

(GPa)

(GPa)

1981

Zone-drawing/zone-annealing

Kunugi [19]

19.4

0.8

1983

Solid-state coextrusion

Porter [20]

11

0.4

Kitao

26

0.6

17.4

1.1

1984
1986

Cold-drawing/annealing under a
high tension
High-speed melt-spinning/hot-

Yoon [21]

drawing
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Continued from the previous page
1987
1987
1988
1990
1990
1991
1991
1991
1992
1992

Solid-state coextrusion/two-step

Kanamoto

drawing of cast film

[22]

25.0

-

35.4

-

34.4

1.9

Fakirov [11]

18.6

0.6

Ward [25]

17.5

0.97

30

1.7

Rim [26]

13.5

1.1

Goschel [27]

16.8

-

Ito

23.8

1.5

39

2.3

36

-

[23]

Cold-drawing/long-time annealing
of cast film

Itoyama

Solid-state polymerization/solution-

Kanamoto

spinning/drawing

[24]

Drawing at RT/annealing under
constant strain
High-speed melt-spinning/pin and
plate drawing
Zone-drawing/annealing under

Kunugi

extremely-high tension
Production by Allied-Signal Co.
Multistage combined
drawing/zone-drawing
Solid-state polymerization/twostage drawing
PET/solution-spinning/three-stage
drawing

1996

0.4

Nakagawa

Microwave heat-drawing

High molecular weight
1994

17.5

Vibration hot drawing

Kanamoto
[28]
Kunugi [18]

The process is divided into three steps. Table 2.4 shows the function and optimum
processing conditions of every step. Vibration, tension and heating were used in this
method in order to weaken intermolecular forces such as chain entanglements,
hydrogen bonds or steric hindrances; to prevent the relaxation of oriented molecular
chains and to facilitate the movement of molecular chains, respectively.
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Figure 2.6. The apparatus used in the vibrating hot-drawing method [18]
Table 2.4. The function and optimum processing conditions for the vibrating hotdrawing method [18]
Step

Function

Drawing

Applied

Temperature

Tension

(oC)

(kg/mm2)

90

1

100

90

21

10

220

24

10

Frequency
(Hz)

Primary orientation of
1

amorphous regions under
vibration at high frequency
Extension of the oriented

2

amorphous regions under high
tension
Further extension and formation

3

of the extended-chain crystals at
a suitable crystallization
temperature under high tension

It was examined by wide angle X-ray diffraction that the crystallite orientation and
crystallinity increase with the process, which is shown qualitatively in Fig. 2.7.
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Figure 2.7. Wide angle X-ray diffraction patterns for fibres on different steps [18]
As to the results, it was found that high tensile moduli were achieved by this method
not only at room temperature (36GPa) but also at elevated temperatures, e.g. 29GPa
at 100oC. Compared to the results gained by Fakirov and Evstatiev [11], and by
Kanamoto et al. [28], a low draw ratio was obtained by Kunugi et al. due to the use
of a commercial grade PET (IV=0.7dL/g) rather than a high molecular weight PET
(IV=2.6dL/g). It was also proved by Itoyama [29] that long time annealing will lead
to a high value of crystallinity (~ 90%).
These are some of the techniques leading to high performance PET fibres, but
limited in quantity because of the troublesome and discontinuous processing. These
methods may attract considerable interest from a scientific point of view, but perhaps
a lesser interest to industrial scientists. In 1998, Suzuki et al. [30] improved their
zone-drawing/zone-annealing technique into a continuous zone-drawing/zoneannealing method, and a tensile modulus of 18GPa and a dynamic storage modulus
of 21GPa at room temperature were reported. Compared to zone-drawing/zoneannealing method [19], this method improves the continuity of the process without
compromising the mechanical properties of PET fibres.
CO2-laser-heated drawing was another method which was developed lately to
produce homogenous fibres with high molecular orientation by rapid and uniform
heating of the fibres with laser radiation. Suzuki and Mochiduki [31] obtained fibres
with a tensile strength of 1.35GPa and an tensile modulus of 19.8GPa via zonedrawing batch production under heating with a CO2 laser.
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2.2.3 PET resin composites
The application of composite materials has been increasing steeply in recent years
due to their attractive properties. Fibre reinforced composites are made of high
performance fibres embedded in a matrix with distinct interface. These high strength
and high modulus fibres serve as the principal load carrying members in fibre
reinforced composite while the role of the matrix is to keep the fibres in desired
location and orientation. It also acts as a load transfer medium between fibres. In
addition the matrix protects the fibres from environmental damages [32]. The
contribution of fibres to composites is determined by the mechanical properties of
fibres, the volume fraction and orientation of fibres in the composites, and the load
transfer between matrix and fibre. Therefore, the selection of fibres in the composites
depends on their mechanical properties and compatibility with matrix. High matrix
compatibility will provide a strong interfacial strength therefore allowing load
transfer between matrix and fibres. The mechanical behaviour of a composite is
determined by the efficiency of load transfer between matrix and fibres, which is
independent of the applied external load and represents an important characteristic of
the material.
Composite systems can be categorized into thermoset and thermoplastic composites
according to which kind of matrix is used. Thermoplastic composites have a number
of advantages over thermoset composites, such as greater impact resistance,
recyclability and cost-effective manufacturing processes. PET is one kind of
thermoplastics with good mechanical and thermal properties, and raw materials can
be obtained easily from recycled PET. Therefore, it has been used as a popular
choice of matrix in many glass fibre reinforced plastics (GFRP) products, which can
be found in various industrial applications, such as automotive, appliance, furniture
and so on. Table 2.5 shows a comparison of some typical glass fibre reinforced PET
composites on the market. Glass fibres are preferably used as reinforcement in these
products because glass fibres are more cost-effective than other reinforcing fibres in
the industries. It is indicated in Table 2.5 that relatively high fibre volume fraction
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(Vf) and high mechanical properties can be achieved by unidirectional glass fibre
reinforced PET composites.
Table 2.5. PET resin and glass fibre reinforced PET composites
Material
Isotropic
PET

Trade
name

Fibre
architecture

Vf
-3

Strength

Modulus

[%]

[g.cm ]

[MPa]

[GPa]

-

1.3-1.33

55

2.47-3

-

PET/Glass

Rynite®

Short radom

15

1.39

79

4.22

PET/Glass

Rynite®

Short radom

30

1.56

158

11

PET/Glass

Rynite®

Short radom

45

1.69

186

15.5

PET/Glass

Rynite®

Short radom

55

1.8

190

19.5

UD roving

65

1.95

440

25

PET/Glass Twintex®

Rynite® is manufactured by DuPont. Twintex® is manufactured by Saint-Gobain Vetrotex.

2.3 All-Polymer Composites
As mentioned in Chapter 1, the increasing environmental awareness and potential
economic benefits lead to the fast development of all-polymer composites or selfreinforced composites in the recent decade. The concept of all-polymer composites
can be applied to PET, which will employ high strength PET fibres/tapes as loadbearing reinforcement and amorphous PET resin as matrix in order to enhance the
recyclability of PET composites and improve stress transfer near the interface
between matrix and reinforcement phases. Several processing routes for all-polymer
composites will be discussed in detail.

2.3.1 Traditional impregnation methods
Initially, studies focused on traditional routes to create all-thermoplastic composites.
It has been proved that by exploiting different melting temperatures of similar
polymer grades, traditional melt impregnation method can be used to produce single
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polymer composites with expected mechanical properties. High performance
polymer fibre bundles are impregnated into polymer matrix using this method. In
order to facilitate impregnation of the fibre bundles, low molecular weight grades of
polymer with sufficiently low viscosities to wet-out the fibre bundles are often used
as matrix [33]. The key issue of this method is that a continuous matrix phase has to
be formed to bond the reinforcing phase and the mechanical properties of reinforcing
phase can be retained after thermal consolidation process.
Porter and co-workers first created PE single polymer composites in the 1970s by
exploiting the difference of melting temperatures (Tm) for highly oriented HDPE
fibres and HDPE matrix [34]. Since their pioneering work, extensive research has
been carried out on all-PE composites, not only including unidirectional HDPE fibres
reinforced LDPE matrix composites [35-39], but also random short UHMW-PE
fibres reinforced HDPE matrix composites [40]. These systems were normally
consolidated by heating above the Tm of matrix materials (LD/HDPE), and applying
pressure not only to avoid relaxation of PE fibres but also assist the matrix materials
to wet-out PE fibres. Powder impregnation [41], solution impregnation [42] and film
stacking [35] techniques were also considered to produce all-PE composites by using
two PE grades with different melting temperatures.
A co-woven technique was introduced to produce all-polymer composites based on
liquid crystalline polyester fibres [43]. Both the matrix and reinforcing phases were
in a fibrous form, the co-woven yarns of these two phases were preformed. The
preformed yarns were consolidated under pressure at a temperature which was above
the melting temperature of the fibrous matrix. Fig. 2.8 shows the sequence of two
Vectran® yarns by filament winding and cross-section optical micrographs of
composites obtained at a consolidation pressure of 4.4MPa and temperatures of
260oC, 265oC and 270oC as indicated in Fig. 2.9. It can be clearly seen that during
consolidation, the fibrous matrix melts to form a continuous phase which bounds the
reinforcing fibres together in order to facilitate load transfer in the final composite.
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Figure 2.8. Schematic of the sequence of Vectran yarns in the preform [43]

(a)

(b)

Figure 2.9. Optical micrographs of cross-section of

(c)
consolidated composite at

4.4MPa and (a)260oC; (b)265oC; (c)270oC [43]
The effects of consolidation temperature and pressure on the mechanical properties
of final composites were also studied by Pegoretti and co-workers. Table 2.6 gives a
brief conclusion of composite mechanical properties related to consolidation
temperature and pressure. It is indicated that consolidation temperature is a key
variable in the production of this composite. It is clear that high efficiency (i.e. fibre
properties are highly retained after consolidation) can be achieved by the traditional
impregnation method, due to the broad processing window for consolidation.
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Table 2.6. A brief conclusion of the changes of mechanical properties related to
consolidation temperature and pressure
Flexural and interlaminar

Tensile properties
Longitudinal

properties

Transverse

Longitudinal

Et

UTS

Et

UTS

Eb

Pressure

-

-

N/M

N/M

-

Temperature

-

max

-

Transverse
Eb
-

max

-

-

- means the variable is not affected by the parameter, N/M means the variable is changed in a nonmonotonic way,

means the variable or parameter increases,

means the variable or parameter

decreases.

2.3.2 Hot compaction
An alternative route to produce all-polymer composites was developed by Ward and
his research group at the University of Leeds in the UK [44]. By carefully controlling
the compaction temperature, a fraction of the oriented polymer fibre skins is melted.
With the simultaneous application of pressure, molten polymer flows through the
remaining fibre cores to consolidate the composite structure. Upon cooling, the
recrystallized polymer forms the matrix phase of the composite to bind the fibres
together.
Initial studies focused on high modulus melt-spun PE fibres [44] because of the
ultimate modulus of the linear PE molecule (~ 250 GPa) [45, 46]. This theoretical
modulus limits the maximum achievable modulus for an oriented fibre. Therefore,
high ultimate properties are achievable with PE fibres and PE composites [47-49]. It
is indicated that up to 90% of the fibre modulus can be retained after compaction.
The dominating advantage of producing the matrix phase directly from the original
oriented fibre phase is an excellent interfacial adhesion between the two phases can
therefore be formed [9]. However, compaction temperature has to be chosen
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carefully, a properly chosen compaction temperature is applied to melt a sufficient
volume of the original fibre to provide interfacial adhesion and to avoid melting an
excessive volume of the fibre leading to a low volume fraction of reinforcing fibre
[50].
Since the successful application of this method to PE based all-polymer composite,
extensive researches have been carried out on other polymer materials, such as
UHMW-PE [51], PET [52], PP [53], etc.
Table 2.7 gives a comparison of mechanical properties of compacted UHMW-PE, PP
and PET sheets from oriented fibres. Because PE possesses a lower glass transition
and melting temperature than PP, this means that creep and usage at elevated
temperatures can be problematic [54-56]. Therefore, more and more effort has been
given to more thermally stable polymers like PP and PET. Following the initial study
on all-PE composites, this “ hot compaction” technique was successfully applied to
PP fibres [57-61] and is now commercially available from Propex Fabrics under the
trade name Curv®.
Table 2.7. A comparison of mechanical properties of compacted UHMW-PE, PP and
PET sheets [9]
Tensile Modulus
(GPa)
Tensile Strength
(MPa)

UHMW-PE

PP

PET

7

3.7

5.82

250

87

130

Fig. 2.10 shows experimental results [52], which indicate the effect of compaction
temperatures on mechanical properties of all-PET composite. It is clearly shown that
when compacted at around 253oC, all-PET composites can be obtained with the best
combination of longitudinal properties and interfacial adhesion. Although good
transverse strength of the composite can be achieved at higher compaction
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temperatures, this will lead to a dramatic reduction in longitudinal properties, which
is due to molecular relaxation and lower fibre volume fraction.

15

longitudinal modulus
transverse strength

50

40

original fibre modulus

14
30
13
20
12
10

11
10
248

250

252

254

256

Transverse strength [MPa]

Longitudinal modulus [GPa]

16

0
258

o

Compaction temperature [ C]

Figure 2.10. The effects of compaction temperature on mechanical properties of
PET/PET composites, reproduced from [52]
A large number of analytical studies by using differential scanning calorimetry (DSC)
and scanning electron microscope (SEM) have been performed to investigate the
behaviour of oriented fibres in the process of hot compaction. There are normally
two melting endotherms shown in a DSC measurement on hot compacted composites,
corresponding to recrystallized matrix phase and oriented fibre phase respectively. It
was proven by a simple rule of mixture analysis that a quantitative proportion of
these two phases can be calculated by DSC measurements. It is also proposed by
Hine et al. [62] that the proportion of these two phases can be adjusted if suitable
temperature control can be achieved (Fig. 2.11).
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Figure 2.11. DSC measurements showing the effect of compaction temperature on
the proportion of recrystallized matrix phase and oriented fibre phase for melt spun
polyethylene [62]
A transcrystalline zone was found in the matrix phase by morphology studies of hot
compacted composites [44, 57]. The interfacial morphology and the architecture of
the transcrystalline zone were also investigated in a single fibre composite model
using optical microscope and SEM by Lacroix et al. [58]. It is found that at certain
conditions, e.g. independent air-cooled or isothermal crystallization conditions, a
transcrystalline layer in the matrix phase which has lamellar crystals can grow from
the surface of the fibre in a direction perpendicular to the fibre axis.
However, it was indicated [59] that during hot compaction, certain areas in the
interior of PE fibres begin to melt at the same time as the exterior of the fibres.
Therefore, the loss of molecular orientation of oriented fibres is an unexpected result
with the gain of adhesive bonds. Fig. 2.12 shows that the melted areas in the interior
of PET fibres were also found by Rasburn et al. [52].
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Figure 2.12. SEM picture of a cross-section of hot compacted PET fibres [52]
The hot-compaction method is an effective method for the production of all-polymer
composites. However, its main disadvantage is the narrow processing window of
only a few degrees. This technique requires a very careful temperature control during
process, since under-heating will lead to insufficient wetting and interfacial adhesion,
and overheating will destroy the properties of the oriented fibres [60]. Only when the
oriented fibres are compacted in a narrow temperature window, ideally at the
optimum temperature, a large percentage of the fibres (>70%) will be retained and a
single polymer composite that exhibits reasonable mechanical properties will be
produced [33]. Recently, a new route of combining the processes of hot compaction
and film stacking was proposed [61] to enlarge the processing temperature window
to around 15oC for hot compaction of woven PP cloth layers.

2.3.3 Co-extrusion method
A novel method of processing single polymer composites was developed to increase
temperature processing window by Peijs and co-workers [33]. This new development
uses high modulus polypropylene homopolymer tapes which are co-extruded with a
thin coating of a polypropylene copolymer [33]. This PP copolymer has a lower
melting temperature (Tm~107°C) than the PP homopolymer (Tm~160°C). These coextruded tapes can then be oriented in a mould and heated to above the melting

57

Part
CHAPTER 2 – PET Fibres and Composites



temperature of the copolymer, Constraining [63] plus co-extrusion technique has led
to a large processing temperature window which can be tailored by the selection of
the copolymer, but is typically in the order of 20-40oC for PP based systems [33].
This pressure also acts to consolidate layers of tape into a composite [64]. The
process is shown schematically in Fig. 2.13. Processing can therefore occur at
temperatures well below the melting temperature of the homopolymer tape and the
risk of loss of orientation in the reinforcement phase is reduced. Besides, tapes rather
than circular fibres were employed to exploit a “ brick-wall” stacking morphology,
enabling an exceptionally high “ fibre” (or reinforcement) volume fraction of around
90% [33], making the resulting all-PP composites highly competitive with
conventional glass fibre reinforced PP composites for potential applications such as
automotive industry, construction panels, etc. In terms of manufacturing, the large
processing temperature window also allows the all-PP products to be manufactured
directly from woven fabrics or from tapes through a large number of thermoplastic
composite processing methods [65-68]. A range of all-PP composite products based
on co-extrusion method for tapes has been successfully commercialized by
Lankhorst-Pure composites in the Netherlands under the trade name PURE® and also
by its licensee Milliken in the USA under the trade name Tegris®.
Table 2.8. A comparison of mechanical properties of all-PP composites by different
processing routes (values in parentheses are for original fibre/tape)
Tensile

Tensile

modulus

Strength

[GPa]

[MPa]

-

3.7 (7.1)

87 (-)

17

13 (15)

385 (450)

Draw

Method

Ratio

Hot compacted PP fibres [53]
Co-extruded PP tape (UD composite) [64]

Table 2.8 shows some mechanical properties of unidirectional composites produced
using constrained co-extruded PP tapes compared to hot compacted oriented PP
composites reported in literature. It is shown clearly that using the co-extrusion
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method a high percentage of the original PP tape properties has been retained in the
final all-PP composite thanks to a wide processing window.

Figure 2.13. Co-extrusion technology is used for the development of highperformance PP tapes. These tapes consist of a highly oriented core (B) and a thin
polymer skin (A) to weld the tapes together in a subsequent consolidation process
[33]
Similar to other composite systems, it is essential that the properties of oriented
reinforcement phase are retained in the final composite component, and so
processing conditions are crucial. In this method, because the temperature processing
window has now become much wider by combining constraining and co-extrusion,
processing can occur at lower temperatures, reducing the risk of loss of orientation in
the reinforcement phase.

2.4 Objectives of Part 1
The main objectives of Part 1 are:
1) To optimize the mechanical properties of melt-spun and solid-drawn PET fibres
(Chapter 3)
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2) To investigate the production of all-PET composites by different routes and their
optimization through processing parameters (Chapter 4 and 5)
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3
Production of HighPerformance PET Fibres

3.1 Introduction
There are various routes to improve mechanical properties of poly(ethylene
terephthalate)

PET

 

as discussed in Chapter 2. One way is to fully align polymer

molecules in the loading (i.e. fibre) direction. Various technical methods of
producing high-performance PET fibres have been listed in Chapter 2 (Table 2.3),
involving spinning, drawing and annealing processes. In this Chapter we will focus
on the production of high-performance PET fibres by a melt-spinning process
followed by solid-state drawing.
First, it is important to understand the process involved during drawing in order to
optimize the mechanical properties of oriented polymer. There are both crystalline
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and amorphous regions in semi-crystalline polymers, and when a semi-crystalline
polymer is subjected to a solid-state drawing process, the orientation of the polymer
chains occurs through reorientation of crystalline regions and orientation and
elongation of amorphous regions. In the Prevorsek model [1], a structure of oriented
semi-crystalline polymer such as oriented PET is composed of several components,
which are crystalline, unoriented amorphous and oriented amorphous regions.
Crystallites and disordered amorphous regions lie in series to form microfibrils; the
oriented amorphous regions with taut tie molecules lie in a parallel direction between
the microfibrils. A hypothetical, perfectly oriented crystalline polymer would consist
of extended chain molecules which are drawn to be perfectly parallel to the direction
of load. Therefore, the elastic modulus of the polymer would be equal to the stiffness
of polymer molecule itself, and these extended molecules in a highly oriented semicrystalline polymer are responsible for load transfer. It was described by previous
researchers [2] in their model that when crystalline spherulites are subjected to
drawing, they fracture into crystalline lamellae which are connected by tie molecules.
The crystalline lamellae are aligned to become parallel to one another and
perpendicular to the drawing direction. During drawing, tie molecules in amorphous
regions between adjacent crystalline lamellae can be extended to the drawing
direction, the more tie molecules are extended, the better the load transfer between
crystalline lamellae, therefore, the better the final mechanical properties.
In fact, the main prerequisites for producing high-modulus and high-strength fibres
were already formulated by Hill and Carothers in the early 1930s: 1) the necessity of
long chain molecules, i.e. high molecular weight (Mw) polymer; 2) the necessity of
chain extension to exploit the intrinsic properties of the polymer molecular chain; 3)
the necessity of crystallization to achieve stable oriented structures [3]. In the
traditional fibre and textile industry, there are two different methods to generate
chain extension and orientation in melt-spun or solution-spun fibres [4]: 1) applying
a draw-down to the fibres during or immediately after spinning; 2) by solid-state
drawing of fibres at temperatures below the melting or dissolution temperature. Since
relaxation of the induced orientation can be restricted by the presence of polymeric
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crystals, solid-state drawing is considered to be more effective than the first method.
Moreover, the simplicity of the solid-state drawing process can lead to relatively low
cost fibres and tapes [5]. In the 1970s, extensive studies concerning the drawability
of linear polyethylene (PE) in the solid state have been carried out by Ward and coworkers [6-8]. They developed a technological route for optimized melt-spinning and
subsequent solid-sate drawing of linear PE, resulting in PE fibres with Young’s
modulus of up to 75GPa and strength of up to 1.5GPa. Solid-state drawing was also
applied to produce all-polypropylene (PP) tapes [9]. The production of PET fibres
through melt-spinning and solid-state drawing has also been the subject of extensive
studies over a long period of time. The concept of a network structure, which was
developed in the spun polymer and was deformed by stretching, was introduced by
Pinnock and Ward [8]. Long and Ward [7] studied medium molecular weight PET
([ ]=0.64dl/g) to investigate the effect of the network deformation at spinning and
drawing stages on mechanical properties of PET fibres.
In this Chapter, the production of high-performance PET fibres is proposed and
investigated. Melt-spinning followed by solid-state drawing process will be involved.
The parameters in these processes are chosen carefully to keep a stable and constant
production line. The mechanical properties of PET fibres at different draw ratios and
drawing temperatures will be investigated and the degree of crystallinity will be
calculated and compared for as-spun and drawn PET fibres.

3.2 Experimental
3.2.1 Materials
Three different PET grades, kindly provided by GE Plastics (now Sabic Innovative
Plastics) were used for the preparation of PET fibres. These PET grades are different
in molecular weight (Mw), which is indicated by their intrinsic viscosity ([ ]).
Because of high melt viscosity, effective melt spinning is limited to PET with [ ]
0.8-0.9dl/g [10]. Therefore, PET grades used in this Chapter were selected in this
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range. From this point onwards, PET with [ ]=0.8 is called as “grade A”, “grade B”
with [ ]=0.7, and “grade C” with [ ]=0.62 (and MwA>MwB>MwC).

3.2.2 Drying of PET granules
PET is highly hygroscopic, due to the large water uptake of the hydrogen bonds in
the amorphous regions. The moisture uptake will lead to hydrolysis of polymer
molecules during polymer processing at high temperatures. It is clear that hydrolysis
will reduce the mechanical properties significantly and is an important concern in
achieving ultimate properties. Therefore, it is a prerequisite to dry PET granules
before melt processing. Typical residual moisture levels in PET granules must be less
than 0.005wt%. To attain this low level of moisture it is desirable to dry the
precursor materials in a vacuum oven at temperatures above 100oC. However, this is
not time-efficient and economical in our lab due to the small size of the vacuum oven.
Therefore, here PET granules were dried at 120oC in a convectional oven for 24hrs
before melt spinning. Residual moisture content assessed by TGA (thermal
gravimetric analysis) was within the prerequisite limit.

3.2.3 Melt-spinning of as-spun PET fibres
Melt processing of semi-crystalline polymers is the most common polymer
processing technique because it allows high production volumes of complex shapes
and requires low energy use. In this Chapter, a melt-spinning process was applied for
the production of as-spun fibres. A single screw extrusion line (Dr. Collin Teachline® E20T) was used in this process. This extrusion line is shown schematically in
Fig. 3.1. PET granules were fed from a hopper and extruded through a single screw
which was 20mm as diameter and 25 as aspect ratio (length/diameter).
There are five heating zones located from hopper to die, functions of which are
indicated in Table 3.1. Temperature and pressure sensors are located in Zone 3,
where melt temperature and melt pressure can be measured instantaneously. There is
a 90o adaptor in Zone 5 to adjust the direction of the melt to a downflow into a water
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bath. When the melt is extruded out of an extruder die measuring 1mm in diameter,
the extrudate was quenched by cold water in a circulating water bath. The distance
between die and the surface of water bath (dw) should be as small as possible to
reduce melt drawing and ensure a stable and constant production, 5~10mm was
found to be a reasonable range of dw. Then the extrudate was taken up by winding on
a cold roll, rotating at 20m·min-1 which was chosen to make sure that a stable and
constant take up process was retained. The obtained as-spun fibres would be used in
a subsequent solid-state drawing process to achieve high modulus and tensile
strength.

Figure 3.1. Schematic of single screw extrusion of as-spun PET fibres
Table 3.1. The setup parameters in the single screw extruder
Setting Temperature[oC]*
Zone 1 (feed zone)

290

Zone 2 (compression zone)

260

Zone 3 (metering zone)

260

Zone 4 (vertical adaptor)

265

Zone 5 (die)

260

Screw rotation speed (rpm)

20

*For grade A and C, the setting temperatures at all the heating zones are increased by 10oC,
respectively.
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There are six parameters that need to be considered in the setup of a single screw
extruder, which are the setting temperatures in the five heating zones and the screw
rotation speed. Table 3.1 shows the setup parameters for melt-spinning PET fibres by
using grade B. A relatively high temperature is needed in Zone 1 to assist a constant
polymer feed, but this cannot exceed 300oC to avoid polymer degradation in the
extruder barrel. Screw rotation speed was chosen to ensure a moderate dwell time of
the melt in the high temperature extruder.

3.2.4 Solid-state drawing of PET fibres
During melt-spinning, polymer chain orientation and extension in the melt is limited
due to extensive relaxation processes: the chains resist deformation and return back
to a random coil conformation. However, the polymer chains can be efficiently
oriented below their melting temperature. Provided the temperature is sufficiently
low to avoid chain relaxation, the induced polymer orientation and hence tensile
stiffness and strength of the fibre increase with increasing draw ratio [11]. The
maximum attainable draw ratio strongly depends on the weight average molar mass
(Mw). Although long and perfectly oriented macromolecules are required for high
tensile strength, the drawability in the solid-state of melt crystallized polymers
decreases with increasing molar mass due to an increase of entanglements density
[12]. Numerous solid-state processes have been developed to obtain a high degree of
molecular orientation [13] such as solid-state drawing from either melt- or gel-spun
fibre [14], pin and plate drawing [7], vibrating hot-drawing [15] and etc.
In this Chapter solid-state drawing from melt-spun fibres will be exploited to obtain
highly oriented PET fibres. After taken up by high speed cold rollers, as-spun PET
fibres were fed into a Dr Collin Teach-line® MDO-A (and B) T drawing line, which
is schematically shown in Fig. 3.2. Here, the fibre was drawn in two discrete drawing
steps. In the first drawing step, the fibre was drawn at temperatures close to Tg to
1=5.7.

The second draw ratio,

2=1.7

was achieved when the fibre was drawn
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through a 150oC oven. The product of the first draw ratio,
ratio,

2 gives

1

and the second draw

total draw ratio, :
=

1



(3.1)

2

Every drawing step is composed of three sections, Section 1 (S1) is a temperature
controlled drawing roll unit and winding station with a rubber roll swivelled onto a
steel roll at the end. Section 3 (S3) is a temperature controlled hold back roll unit
with a rubber roll at the beginning. Section 2 (S2) is a hot air oven, with an air
blower at one end near S1, air flow was adjustable by speed controller on the
operating panel.

Figure 3.2.

Schematic of solid-state drawing line: (S1) temperature controlled

drawing rolls and winding station; (S2) hot air oven; (S3) temperature controlled
hold back drawing rolls; (S4) rubber roll
The equipment setting parameters in the first and second drawing steps are described
in Table 3.2. During the first drawing step, the temperature of the hot air oven is set
to 52oC and 70oC, respectively. Therefore, the effect of drawing temperature in the
first drawing step can be investigated. From this point onward if not specified, PET
drawn fibres will refer to fibres which are drawn through a hot air oven at 52oC
during the first drawing step.
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Table 3.2. The equipment setting parameters in the solid-state drawing line
Drawing

Temperature

speed

@ S3

Oven

Temperature
@ S1

o

First drawing

1m·min-1

52oC

Second drawing

1m·min-1

52oC

-

-

Final

52 C

25oC

5.7

150oC

25oC

1.7

-

-

9.69

or 70oC

3.2.5 Characterization
Differential Scanning Calorimetry (DSC)
DSC measurements were performed to determine melting temperatures of different
PET grades and moreover, to determine the degree of crystallinity of PET fibres,
using a Mettler-Toledo 823e DSC, at a constant heating and cooling rate of
10°C·min-1. The samples were cut into small size to fit in aluminium standard
crucibles (40 l) and weighed (~10mg). The data obtained described the crystalline
melting temperature, which was shown as an endothermal peak. The degree of
crystallinity was determined by Eq. 3.2 when assuming a linear relationship between
endothermal peak area and crystallinity. Heat of fusion was the integration of
endothermal peak area in an evaluated temperature range in DSC traces.
C=
Where

∆H
× 100%
∆H 0

(3.2)

C

=

crystallinity of a semi-crystalline polymer

H

=

the heat of fusion of a semi-crystalline polymer

H0

=

the heat of fusion of the 100% crystalline material, for

PET, which is 140.1[J/g] (data from STARe software database).
Tensile testing
Tensile tests of single fibres were performed using an Instron tensile testing machine
5566 equipped with a 1kN load cell, special force reducing fibre grips and Bluehill
data acquisition software. A gauge length of 200mm and a crosshead displacement of
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20mm·min-1 was used. Strength was defined here as the maximum stress recorded in
tension, and the strain to failure was defined here as the strain at which load is
reduced by 70%. Young’s modulus was determined in the strain range of 0.1-0.5%.

3.3 Results and Discussion
3.3.1 PET grade screening
To understand the thermal properties of the different polymer grades used in fibre
production, DSC measurements were carried out as described above. Fig. 3.3 shows
the DSC heating and cooling traces for PET pellets of grade A, B and C. The melting
peak in every trace will help to determine the setting temperatures of the heating
zones in the extruder when different polymer grades are being extruded. The
crystallization peak during the DSC cooling step indicates the crystallization
temperature of the polymer and the extent of overcooling.
In both the theoretical and experimental sections, it was concluded that Young’s
modulus of flexible polymers, which are drawn under experimental conditions of
optimum efficiency without chain slippage, depend solely on the draw ratio [11]. A
high draw ratio is desirable to produce high-performance fibres.
It was observed in the experiments that at drawing temperatures far below their
melting temperature the maximum attainable draw ratio (<2) of as-spun fibres
produced from PET grade A and C was much lower than that of grade B fibres (>6).
Moreover, the drawing process for grade A and C fibres was less stable and
discontinuous than that of grade B fibres. Therefore, only grade B will be used in the
following discussion. Low drawability of PET grade A and C can be explained by
the effect of polymer molecular weight on maximum attainable draw ratio. The
maximum draw ratio of the same polymer depends on molecular weight as

λmax = (l p / l )(n / C ∞ )1 / 2
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Here n is the number of chain segments having a length l and a projected length lp in
the chain direction and C is the characteristic chain stiffness [11].
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Figure 3.3. DSC traces of different PET grades used in fibre production. a) heating;
b) cooling
High molecular weight is needed to obtain high draw ratio; however, the process of
melt-spinning and solid-state drawing is limited with respect to the molecular weight.
With increasing molecular weight, both the spinability and drawability in the solid
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state decrease. In terms of spinability, an strong increase of melt viscosity causes
difficulties to produce homogeneous filaments. As for drawability, the chains in the
extruded and solidified filaments with very high molecular weight become more
difficult to extend because a high entanglement density in the molecular structure
will limit the chain length between adjacent entanglements, so the theoretical
maximum attainable draw ratio cannot be achieved [5]. Hence, medium molecular
weight polymer PET grade B is chosen as raw material in order to obtain high
mechanical properties for PET fibres.

3.3.2 Mechanical properties of PET fibres
The drawing of PET fibres has been achieved in a two-step solid-state drawing
(Table 3.2). Young’s moduli and tensile strengths of the drawn fibres after the first
and second drawing step are shown in Fig. 3.4 and compared with those mechanical
properties of undrawn as-spun fibres. As such, the effect of drawing on the
mechanical properties of PET fibres was investigated. Draw ratio which was applied
to drawn fibres at each drawing step was the maximum achievable draw ratio for a
stable running of the drawing line. It is indicated that the maximum final draw ratio
of PET fibres is =9.69 and the maximum tensile strength is ~ 925MPa. Fig. 3.5
shows the decreasing trend in maximum tensile strain of PET fibres by each drawing
step.
It is noticed that the second drawing step gives rise to better ultimate mechanical
properties than those obtained by the first drawing step only. According to the
concept of the network structure [7], the improved properties are attributed partly to
the reduction in network shrinkage occurring in drawing, and partly to a possible
modification of the network during the second drawing step. It was also pointed out
by De Clerck and co-workers [16] that a heat-set process (between Tg and Tm) can be
regarded as a very short annealing treatment during which some melting and
recrytallization will occur for the least stable crystals as well as some crystallization
of the amorphous regions.
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Figure 3.4. Mechanical properties of undrawn fibres and drawn fibres vs. draw ratio
at the first and second drawing step, respectively
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Figure 3.5. Strain to failure of undrawn and drawn fibres vs. draw ratio at the first
and second drawing step, respectively
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In light of the tensile testing results, the Young’s modulus of a drawn fibre was
calculated assuming Hookean behaviour in the elastic regime in a stress-strain curve.
However, it was shown that Young’s modulus increased with increasing gauge
length applied in the test. This is because in the calculation of Young’s modulus, the
rigidity of the equipment in which fibres are tested is not taken into account,
therefore, the results of tensile tests reflect the influence of the testing equipment on
specimens under test. If gauge length increases, the influence of the testing
equipment will decrease, therefore, the value of Young’s modulus calculated from
higher gauge lengths is approaching to the true modulus value. The true value of
Young’s modulus is when the gauge length is infinitely large, which apparently will
not be achieved in a real experiment. However, this can be calculated by an
extrapolation of a series of measured Young’s moduli by varying gauge length.
Hence, Young’s moduli of PET fibres ( =9.69) were obtained by applying a series of
gauge lengths (100mm, 200mm, 300mm) in tensile tests. It is revealed in Fig. 3.6
that the true value of Young’s modulus for this fibre is ~20GPa.
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Figure 3.6. An extrapolation to estimate the true value of Young’s modulus
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By applying a simple model for the development of the axial tensile modulus during
drawing of polymers [11], a tensile modulus depending only on draw ratio can be
predicted.
An appropriate measure of molecular orientation following deformation
angle

is the

between a chain vector and the draw axis:

Ψ = cos −1 [λRe i /( Re λλRe )1 / 2 ]
0

0

0

(3.4)

Where Re0 is the chain vector that joins adjacent entanglement points along chains, i
is a unit vector along the draw axis. It is assumed that Re0 is affine in the macroscopic
strain. The distribution of such orientation P ( ) is given by:
P(Ψ ) = λ3 (cos 2 Ψ + λ3 sin 2 Ψ ) −3 / 2

(3.5)

Eq. 3.5 is followed by:
cos 2 Ψ =

[1 − (λ − 1)
λ −1
λ3

−1 / 2

3

3

and perfect orientation is only achieved as

{(

)

tan −1 λ3 − 1

1/ 2

}]

(3.6)

.

A partially oriented fibre is considered to comprise two types of elastic elements:
“ helix” elements that are perfectly oriented along the drawing direction and “ coil”
elements that are completely unoriented. The effect of tensile drawing is understood
to increase the fraction of helix fh at the expense of coil (1-fh). The orientational
distribution function for the helix-coil ensemble is:
g (n, n') = f hδ (n − n') + (1 − f h ) / 4π

(3.7)

Where n is a unit vector along the draw axis and n’ is a unit vector that specifies
orientation of an element. Therefore,
cos 2 Ψ =

(n ⋅ n') g (n, n')dn'= (1 / 3)(1 + 2 f h )
2

(3.8)

is established by requiring the ‹cos2 › identical for the

Connection between fh and

two distributions P ( ) and g(n,n’). From Eq. 3.5 and Eq. 3.7 the result is obtained:
fh =

[
) (

{(

}]

−1 / 2
1/ 2
3λ3
1
1 − λ3 − 1
tan −1 λ3 − 1
−
3
2
2 λ −1

(

)
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A uniform distribution of stress in helix and coil elements is assumed [17]. Therefore,
the tensile modulus E is given by:

[

E = f h E h + (1 − f h )Eu −1
−1

]

−1

(3.10)

where Eh and Eu are the respective tensile moduli of the perfectly oriented and
unoriented polymer. Substitution of Eq. 3.9 in Eq. 3.10 results:
E = Eu
For

−1

)[ (

{(

}] (

−1 / 2
1/ 2
3λ3
1
−1
−1
−
1 − λ3 − 1
tan −1 λ3 − 1
−
Eu − E h
3
2
2 λ −1

(

)

)

)

−1

(3.11)

5 this expression reduces to good approximation to:

[

−1

(

−1

E = E h + Eu − E h

−1

)(3π / 4)λ ]

− 3 / 2 −1

(3.12)

From the above equation, the axial tensile modulus E is a unique function of the
draw ratio . In the case of oriented PET fibres, Eh=108GPa [18], Eu=1.5GPa (asspun fibre in this Chapter), =5.7 and 9.69, respectively. The predicted axial tensile
modulus is E=8.1GPa for =5.7 and E=23.6GPa for =9.69. Compared to the
experimental results which is Eexp=13GPa ( =5.7) and Eexp=16GPa ( =9.69), the
predictions have a reasonable agreement with the experimental results as they are in
the same magnitude. However, the predicted modulus for =5.7 is lower than the
experimental result and for =9.69 the former is higher than the latter. As indicated
in Fig. 3.3a, the melting temperature of PET grade B is lower than the other two
grades, which is probably due to the existence of copolymer. Therefore, the values of
Eh and Eu used in Eq. 3.12 for the prediction are doubted to be invalid. However, the
detailed information about chemical composition of PET raw materials is unavailable
due to commercial reasons, hence the real values of Eh and Eu cannot be calculated.
Moreover, this model is oversimplified [11]. During the first drawing step, in the
oriented region a large number of crystallites are developed, which become a
hindrance for further tensile drawing. Therefore, the tensile modulus of oriented PET
fibre after the second drawing step has a much lower value than the prediction
because the influence of crystallites is ignored in the model [11].
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3.3.3 The effect of drawing temperature in the first drawing step
PET fibres were drawn in the first step through a hot air oven at 52oC and 70oC,
respectively. Fig. 3.7 shows the effect of drawing temperature on the mechanical
properties of PET fibres. Due to the relaxation of tie molecules in amorphous regions
at a temperature which is closer to Tg, Young’s modulus decreases and strain to
failure increases while drawing temperature is increased. The effect of drawing
temperature on network orientation has been studied in detail by Blundell and coworkers [19]. It was pointed out in their work that at higher drawing temperatures,
the mobility of the main chain motions enables the oriented chains to retract through
entanglements, while slow draw rates increase the opportunity for chains to retract
within the same timescale [19]. Tensile strength also decreases with increasing
drawing temperature as shown in Fig. 3.7. Therefore, only the fibres drawn at 52oC
in the first drawing step was used for the second drawing.
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Figure 3.7. The effect of drawing temperature on mechanical properties of PET
fibres
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3.3.4 The crystallinity of drawn fibres
During solid-state drawing, there was a noticeable change in appearance of fibres.
As-spun fibres before drawing appeared transparent; but after the first drawing step,
they started to become opaque. This can be explained by the formation of
microfibrils during solid state drawing.
DSC heating curves of the as-spun PET fibres after taking up from melt-spinning
process are plotted in Fig. 3.8, indicating Tg 75oC and the subtraction of crystallinity
at melt peak and crystallinity at recrystallization peak results in a 13.5% crystallinity
in this precursor fibre. During drawing, the tie molecules in the amorphous regions,
which bridge the highly crystalline lamellae, are stretched to high orientation. A
certain amount of crystalline lamellae have to be presented in the structure of PET
fibres in order to freeze in the achieved high molecular orientation and help to obtain
high modulus and tensile strength PET fibres. Fig. 3.9 compares the crystallinity of
drawn fibres after the first and second drawing step. After the second drawing step,
the degree of crystallinity of PET fibres increases by ~ 1% compared to the fibres
after the first drawing step, although a higher increase in crystallinity was expected
after the second drawing step because recrystallization of the polymer was expected
here [16]. This relatively small increase in crystallinity is probably because of (1) the
calculation inaccuracy due to the sensitivity of baseline selection in DSC curves; (2)
relative short annealing time in 150oC oven in the continuous drawing process. The
degree of crystallinity of drawn PET fibres increases by more than 200% from 13.5%
(as-spun fibre) to 44.5% (after second drawing) by the solid-state drawing.
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Figure 3.8. DSC heating trace of as-spun PET fibres
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Figure 3.9. The degree of crystallinity for PET drawn fibres: the first drawing step
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3.4 Conclusions
The melt-spinning condition of as-spun PET fibres determines the morphology of the
precursor fibres for the following drawing process, such as pre-orientation and
crystallinity. The drawing conditions affect the mechanical properties of PET fibres,
which are required for the application of these fibres into the formation of all-PET
composite materials. A summary of mechanical properties of PET fibres achieved in
this Chapter is shown in Table 3.3. The PET polymer grade used for the production
of fibres was chosen concerning the effect of molecular weight on polymer
drawability. High drawability is necessary to achieve high molecular orientation, and
therefore high mechanical performance.

Table 3.3. Summary of mechanical properties of produced PET fibres
Mechanical
properties
Tensile modulus
(GPa)
Tensile strength
(MPa)
Strain to Failure (%)

Draw Ratio

Draw Temperature

λ=5.7

λ=9.69

52 oC

70 oC

13.0±0.7

20*

13.0±0.7

11.0±0.9

631±28

925±43

631±28

481±25

9.43±1.07

7.34±0.84

9.43±1.07

12.49±4.47

* The value is calculated by extrapolation.

Semi-crystalline polymers such as PET can be deformed at elevated temperatures
below Tm to increase mechanical properties by orienting inherently stiff molecules in
the direction of loading. The Young’s modulus is controlled by the structure of the
amorphous regions, which have a function of load transfer between crystalline
lamellae. The tie molecules in the amorphous regions can become taut during the
drawing process to transfer external load more efficiently. An increase of tensile
modulus can be seen with increasing draw ratio. An increase in tensile strength can
be explained by increasing crystal orientation. Increasing drawing temperature to a
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temperature near Tg leads to relaxation of tie molecules in the amorphous regions and
correspondingly a decrease in Young’s modulus.
Tensile moduli of drawn PET fibres after the first drawing step show a good
agreement with the predicted modulus by a model proposed by Ivrine and Smith [11].
However, PET fibres after the second drawing step have a lower value of tensile
modulus than predictions due to the influences of crystallites developed by the
tensile drawing.
Due to the discontinuity of the fibre drawing process (i.e., fibre breakage happened
constantly every 10min during the process), PET fibre produced from this Chapter
will not be utilized for the preparation of all-PET composites in the following two
Chapters. The reasons for the discontinuity of the fibre drawing process could be: (1)
impurities and additives in the raw materials; (2) the absorption of water from the
ambient environment during melt-spinning process without purge gas (e.g. nitrogen).
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4
All-PET Composites (1):
Film Stacking of Oriented Tapes1

4.1 Introduction
One of the main advantages of all-polymer composites over traditional thermoplastic
composites such as glass-fibre-reinforced polymers, is their enhanced recyclability
[1]. Although recycling of traditional thermoplastic composites through material
recovery is easier than for thermosets, it still has no satisfying outcome because of
the presence of additives or foreign inclusions. For example, glass-fibre-reinforced
thermoplastics are often recycled into new fibre reinforced grades, which limits
further application of the recyclate. Unlike glass-fibre-reinforced thermoplastics, allpolymer composites can be remelted entirely at the end of the product life for
1

Reproduce from J.M.Zhang, C.T.Reynolds, T.Peijs, Composites Part A: Applied Science and
Manufacturing, 2009. 40(11): p. 1747-1755
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recycling into polymer feedstock which can be used for a wide range of future
applications [1]. This enhanced recyclability is desirable to satisfy new
environmental legislation which is currently targeting high volume industries such as
the automotive and electrical/electronic industry2.
In the last decade, all-polypropylene (PP) composite products turned into an exciting
commercial success, including Curv® from Propex Fabrics based on hot compaction
technique [2, 3]; PURE® by Lankhorst-Pure composites in the Netherlands and
Tegris® by its licensee Milliken in the USA based on a co-extrusion method [1, 4, 5].
Following the success of all-PP composites, researchers have focused on the study of
all-polymer composites based on other polymers for more potential properties and
applications. Although better than PE, PP still has a relatively low glass transition
temperature (Tg

-15oC) and melting temperature (Tm

165oC), which limits the use

of all-PP composites in high temperature applications.
Recently, the use of nanofillers such as carbon nanotubes, nanofibres and nanoclays
has been proposed to improve the properties of PP tapes [6-8]. However, so far these
nanocomposite tapes have shown little advantages in terms of improved high
temperature stability, and applications of these tapes are mainly in the area of
electrical conductivity [6, 9, 10].
Therefore, polymers with higher Tg and Tm than PP have become interesting
candidates for further developments in the area of self-reinforced polymer
composites. Poly(ethylene terephthalate) (PET) has a Tg of 67-90oC [11] and a Tm of
260-290oC [11], which makes it attractive for high temperature applications [12].
Moreover, the relatively low cost of raw PET materials makes all-PET composites a

2

Directive 2000/53/EC of the European Parliament and of the Council of on end-of-life
vehicles
Directive 2002/96/EC of the European Parliament and of the Council of on waste electrical
and electronic equipment
Directive 2002/95/EC of the European Parliament and of the Council of on the restriction of
the use of certain hazardous substances in electrical and electronic equipment
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promising cost-effective candidate for replacing glass-fibre-reinforced PET or PBT
grades.
Previously, the hot compaction technique has also been applied to prepare all-PET
composites by Ward and co-workers [13, 14]. Although it is a neat method that
promotes adhesive bonding between PET fibres, again its narrow processing
temperature window (~ 6oC) gives difficulties and complexity to the composite
preparation. Moreover, it was found that during hot compaction, certain areas in the
interior of the PET fibres began to melt simultaneously with the exterior of the fibres
[14]. Although this interior melting could be helpful in some cases, such as for
instance, during hot compaction of carbon nanofibre/PP tapes where interior melting
of PP can close and seal voids caused by the incorporation of carbon nanofibres into
PP [7], loss of molecular orientation in the oriented fibres would still be expected and
compromise the mechanical properties of the fibres and final composites.
In the current study, all-PET composites were prepared by film stacking of oriented
PET tapes, which is a classic thermoplastic composite processing method. A large
processing temperature window originating from the use of copolymer PET films as
matrix allows all-PET composites to be prepared using low cost manufacturing
techniques such as filament winding, direct stamping, vacuum bag moulding, etc.
[15-17]. Here, all-PET composites were prepared by winding PET tapes
unidirectionally with co-PET films in an alternating “brick-wall” layer-by-layer
structure. A processing temperature window was determined by a series of tests on
PET tapes and co-PET films, including DSC and T-peel tests. Tensile properties of
PET tape, co-PET film and all-PET composites were reported. The effect of
compaction temperatures and pressures on tensile properties of all-PET composites
was investigated to explore the optimum processing parameters for balancing good
interfacial adhesion between tapes and residual tensile properties of PET tapes.
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4.2 Experimental
4.2.1 Materials
PET tapes were used as reinforcement for all-PET composites. Tape geometries have
the advantage to allow close packing in the subsequent consolidation process [1],
which can lead to a higher fibre volume fraction for the composites. Therefore, tapes
rather than fibres were chosen for the preparation of all-PET composites. PET tapes
were provided by Teijin Monofilaments GmbH, Germany. Co-PET films were
considered as matrix for all-PET composites. Two grades of co-PET films (Collano
37.404 and 27.501) were supplied by Collano Xiro AG, Switzerland, which were
named here as co-PET 1 and co-PET 2, respectively. However, the chemical
compositions of these co-PET films are not available due to commercial reasons.
Some physical and mechanical properties of PET tapes and co-PET films are
measured and shown in Table 4.1.
Table 4.1. Physical and mechanical properties of PET tapes and copolymer films
PET tape

co-PET 1

co-PET 2

2.65

-

-

Thickness ( m)

55

19.2

12.5

Density (g/cm3)

1.35

1.3

1.2

Draw ratio

5.4

-

-

Tensile modulus (GPa)

13.3 ± 2.2

2.50 ± 0.25

0.30 ± 0.04

Tensile strength (MPa)

513 ± 11

30 ± 2

15 ± 2

Strain at break (%)

10.0 ± 0.7

15.5 ± 0.8

42.0 ± 3.5

Width (mm)

Density of PET tape and co-PET films was measured by Micromeretics AccuPyc
1330 Helium Pycnometer, which uses the gas displacement technique to determine
absolute density of solids. Tensile testing of PET tape was performed on an Instron
universal tensile testing machine 5584 equipped with a 1kN load cell, stress reducing
tape grips and Merlin data acquisition software. A series of gauge lengths (50mm,
100mm, 200mm) was used and the cross-head speed was 5, 10 and 20mm·min-1,
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respectively. In each test, tensile strength is defined as the maximum stress recorded
in tension, and the strain at break is defined as the strain at which the maximum load
is reached. Young’s modulus is determined in the strain range of 0.1-0.5%. The true
Young’s modulus was calculated by extrapolation of Young’s modulus vs. reciprocal
of gauge length. Co-PET films were cut to dimensions of 100mm×20mm
(length×width) and then tested in tension using twin wedge grips. Tensile tests were
performed five times to ensure reproducibility.

4.2.2 Determination of composite processing parameters
DSC
Differential scanning calorimetry (DSC) measurements were performed on PET
tapes and co-PET films, using a Mettler-Toledo 823e DSC, at a constant heating and
cooling rate of 10°C·min-1. The samples were cut into small size to fit in aluminium
standard crucibles (40 l) and weighed (~5mg). The results were analyzed to
determine a range of processing temperatures for all-PET composites.
T-peel tests
T-peel tests of model tape composites have been performed to investigate the
interfacial strength between matrix and reinforcement and to determine a range of
processing temperatures for all-PET composites. The T-peel test specimens were
composed of two layers of PET tapes welded together with co-PET film in a
sandwich structure by heating and then a non-welded region was used to start peeling
the welded tapes apart along the weld zone at an angle of 180o [18]. This is
illustrated by Fig. 4.1.
PET tapes were twice wound around a steel pipe, with co-PET film wound once in
between the tapes to separate the two layers of tapes. All ends were secured with
heat-resistant adhesive tape (see Fig. 4.2), and placed in an oven which had been
preheated to the desired temperature. The temperatures of the steel pipe and the
circulating air were monitored by two PT100 temperature probes. Once the steel pipe
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reached the desired temperature, the specimens were held at this temperature for
15min. This gave a total residence of 30min in the oven [18].
As the desired welding temperature was achieved, the co-PET layers melted or
partially melted to bond the two layers of tapes together, while tapes were prevented
from relaxation through the longitudinal constraining from the steel pipe. After
heating, the pipe was removed from the oven and quenched in cold water, and the
bonded tapes were removed from the pipe. These ‘hoops’ of tapes were then cut to
provide two adjacent tape ends which were used for the T-peel tests [18].
T-peel tests were performed in accordance with ASTM 1876 on a Hounsfield tensile
testing machine fitted with a 5N load cell, appropriate grips and a data acquisition
computer running QMat tensile testing software. The cross-head displacement causes
the two bonded tapes to peel apart in a peeling failure. The tests were performed at a
cross-head displacement speed of 10mm.min-1, and each test was repeated at least
five times to ensure reproducibility. The values presented for peel force are defined
as the force per unit width of tape required to peel them apart, since this tends to a
constant value during peeling [18].

Figure 4.1. Schematic of a T-peel test [18]
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Figure 4.2. Schematic of tape winding set-up for the production of model composites
for T-peel test [18]

4.2.3 Composites preparation
Unidirectional composite laminates were produced by winding tape from a bobbin
onto a flat steel frame (dimension: 120mm×140mm) using a custom built winding
machine. To achieve a high “fibre” (or reinforcement) volume fraction with
sufficient matrix, nine layers of co-PET films were wound between six layers of PET
tapes as a multiple sandwich structure. A “fibre” volume fraction of 70% was then
achieved. The frame was then placed in a mould and the assembly of PET tapes and
co-PET films was compacted in a hot press into a unidirectional composite sheet
through the application of heat and pressure. After a desired compaction temperature
has been achieved and held for consolidation, the press was rapidly cooled. Pressure
was maintained in the press throughout the process. The temperature inside the
mould was monitored by PT100 temperature probes [18]. A schematic of the
composite preparation process is shown in Fig. 4.3. The pattern of winding the PET
tapes onto the frame is shown in a 2-dimentional schematic drawing of the composite
cross-section in Fig. 4.3.
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Figure 4.3. An illustration of all-PET composites preparation (A: PET tape; B: coPET film)
The time-temperature and time-pressure profiles are shown in Fig. 4.4. The specimen
was heated from room temperature to a desired compaction temperature (Tc). A
compaction pressure (Pc) was applied before heating started to prevent shrinkage of
PET tapes and remained constant during compaction until the specimen was cooled
to room temperature [19]. The compaction time after reaching the compaction
temperature was 10min. The whole procedure from insertion of the specimen into the
press until removal of the consolidated plate, took approximately 30min. Table 4.2
summarises the processing parameters of compaction temperature and pressure
applied in the consolidation process of all-PET composites described in this paper.
After consolidation and cooling, two unidirectional laminates were then cut from the
frame, which were cut into tensile test specimens according to ASTM 3039, with the
dimensions of the specimens given in Table 4.3.
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Tc

Pressure

Temperature

Pc

Temperature
Pressure

Time

Figure 4.4. Time-temperature and time-pressure profiles during consolidation
Table 4.2. Summary of different processing parameters for all-PET composites
Specimen

Tape

Compaction

Geometry Temperature

Compaction
Pressure

UD120

UD

120ºC

0.6MPa

UD160

UD

160ºC

0.6MPa

UD180

UD

180ºC

0.6MPa

UD200

UD

200ºC

0.6MPa

UD180

UD

180ºC

0.12MPa (Low)

UD180

UD

180ºC

2.4MPa (High)

Table 4.3. Tensile test specimen dimensions
Test

Specimens

Tape Orientation

Dimensions

Tension UD120-UD200

0º

120mm x 10mm x 0.6mm

Tension UD120-UD200

90º

100mm x 20mm x 0.6mm
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4.2.4 Characterization
Dynamic mechanical thermal analysis of tape
Dynamic mechanical thermal analysis (DMTA) was performed on PET tape.
Specimens were tested in a TA instruments DMA Q800 machine fitted with tensile
test grips. A gauge length of 10mm was used. The system was automatically cooled
to around -5oC, and then heated at a rate of 5°C·min-1 to 200°C. A frequency of 10Hz
was used in these tests. A static force of 10mN was applied to ensure that the tape
was taut between the tensile grips. The force was kept constant during testing to
allow shrinkage of the tape during testing.
Free shrinkage measurements of tape
Since the compaction process requires the heating of tapes, it is important to
determine how these tapes behave at elevated temperatures. Polymer molecules have
been highly oriented by the drawing process, but upon heating there is the danger of
significant molecular relaxation and as a result a decrease in mechanical properties.
Free shrinkage defines the change of tape length after exposure to elevated
temperatures with no external tension applied [20]. The length of the PET tape
before heat treatment (L1) was measured under 1cN/tex pretension. Then a set of five
tapes were hung in a preheated circulating air oven (heating rate

10oC·min-1) at a

defined temperature for 15min. Temperature in the oven was controlled by an
internal thermostat and monitored by two temperature probes (positioned at different
points in the oven). After a cooling period of one hour under standard atmospheric
conditions, the resulting length (L2) was measured again under 1cN/tex pretension.
Free shrinkage value was calculated according to Eq. 4.1:

shrinkage % =

( L1 − L2 )
× 100%
L1

(4.1)

Morphology of composites
Scanning Electronic Microscopy (SEM) (FEI inspector-F) was used to investigate
cross-sectional morphology of all-PET composites. Specimens were coated with gold
for SEM investigation.
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Tensile testing of composites
Tensile tests were performed on an Instron universal tensile testing machine 5566,
equipped with a 5kN load cell and video extensometer. Tensile tests were performed
at 2mm·min-1 with a small preload (~1N). Sandpaper was used on both ends of the
specimens to assist gripping. To determine the Young’s modulus for each specimen,
strain was measured using a non-contact advanced video extensometer (model:
2663/821). Tests were performed along the longitudinal [0°] and transverse [90°]
directions of unidirectional specimens. Each test was performed five times to ensure
reproducibility.

4.3. Results and Discussion
4.3.1 Dynamical mechanical properties of PET tape
The effect of temperature on the dynamic storage modulus and loss factor (tan ) of
PET tape is shown in Fig. 4.5. The DMA behaviour of a commercial co-extruded PP
tape (PURE®, Lankhorst-Pure composites B.V.) with draw ratio =17 is shown for
comparison.
The storage modulus of PET tape clearly decreases with increasing temperature as
would be expected for a semi-crystalline polymer. In Fig. 4.5, a comparison is made
between PET tape ( =5.4) and a co-extruded PP tape ( =17) [21]. PET tape possesses
clearly higher mechanical properties than PP tape at elevated temperatures. For
instance, as indicated in Fig. 4.5, PET tape exhibits a storage modulus of 12.2GPa at
100oC compared to 5.2GPa for PP tape.
Generally, the peaks of loss factor (tan ) are associated with the glass transition
temperature Tg ( relaxation) at lower temperatures and

transition temperature T at

higher temperatures. Tg indicates mobility within the amorphous regions, whereas T
represents the onset of segmental motion within the crystalline regions [22-24]. In
Fig. 4.5, Tg is unable to be distinguished for both PET tape and PP tape in tan
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because the amorphous phase in oriented tape becomes highly oriented between
crystalline regions [21]. The oriented amorphous phase forms taut tie molecules,
which restrict molecular mobility. Therefore, the magnitude of the Tg peaks is
reduced. The tan peak for PP tape (~100oC) relates to T because PP is a “ -mobile”
polymer [23]. However, as a “crystal-fixed” polymer, PET does not exhibit a T ,
hence the peak at around 140oC is due to recrystallization above Tg [23]. The tan
peak for PET tape is about 40oC higher than that for PP tape, demonstrating the
improved thermal stability of PET tape in a dynamic thermal environment. Therefore,
PET tapes can indeed be an interesting alternative to PP for high temperature
applications.
Fig. 4.5 also shows the DMA behaviour of co-PET film 1. The storage modulus is
close to zero at 60oC. The use of a low-Tm polymer for the matrix phase is essential
for film stacking and co-extrusion techniques for the creation of self-reinforced
polymer composites. However, this is also a challenge as low thermal mechanical
properties can also lead to inferior matrix dominated composite properties such as
transverse strength or interlaminar shear strength.

Figure 4.5. Dynamic thermal mechanical analysis of PET tape and co-extruded PP
tape [21]
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4.3.2 Melting behaviour of PET tape and co-PET films
Fig. 4.6 shows the DSC curves of PET tape and co-PET films. Both of the two
selected co-PET films have a much lower melting temperature (Tm) (Tm = 125oC for
film 1 and 110oC for film 2) than that of PET tape (~ 250oC). The melting peak of
co-PET film 1 is much broader than that of film 2, with an onset temperature of
~60oC, which is in a good agreement with its DMA behaviour in Fig. 4.5. Therefore
good wetting and adhesion would be expected to occur within a reasonably short
time scale after entering the melting peak of the co-PET film. The large difference in
Tm of PET tape and copolymer films indicates that a very large processing window
(>100oC) can be achieved for all-PET composites using these materials.

Heat flow [W/g]
(Endotherm down)

co-PET 1
co-PET 2
PET tape

50

100

150

200

250

300

Temperature [°C]

Figure 4.6. DSC melting curves of PET tape and co-PET films

4.3.3 Interfacial properties of PET tapes
T-peel tests provide useful information about failure modes as well as the interfacial
strength at different welding temperatures [18]. It is shown in Fig. 4.7 that peel
strength increases with increasing welding temperature from 140oC to 180oC. It also
indicates that co-PET 1 gives higher peel strength than co-PET 2 at the same welding
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temperature (e.g. 180oC). Based on the T-peel data, co-PET 1 was chosen for
composite preparation as this film creates stronger interfacial bond strength with the
PET tapes. In the following discussion, co-PET will refer to co-PET 1 if there are no
other indications. Adhesive and cohesive failure modes in T-peel tests are shown in
Fig. 4.8. Fig. 4.8a indicates an adhesive failure mode between the bonded tapes when
welded at 120oC. The fibrillated surface in Fig. 4.8b shows a cohesive failure mode
within the oriented PET tape when bonded at 180oC. With increasing welding
temperature from 120oC to 180oC, the specimens showed a change in failure mode
from adhesive to cohesive, indicating excellent interfacial bonding at higher
temperatures.

0.9

PET/co-PET-1(180)
PET/co-PET-1(140)
PET/co-PET-2(180)

0.8
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0.2
0.1
0.0

0
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40
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Figure 4.7. Peel force vs. extension for PET/co-PET 1 and PET/co-PET 2 bonded
tapes (welded @140oC or 180oC)
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Figure 4.8. SEM images of different failure modes in bonded tapes: (a) adhesive
failure (@120oC); (b) cohesive failure (@180oC)
Fig. 4.9 shows the effect of compaction temperature on the peel force of PET/co-PET
in relation to T-peel data on co-extruded PP/co-PP systems [18]. It is noticeable that
the onset of adhesion for the PET/co-PET microcomposites (around 140oC) is higher
than the initial melt peak of the co-PET film (see Fig. 4.6). The onset adhesion
temperature is an important factor as it is the minimum temperature required for the
onset of adhesion, which defines the lower limit of the temperature processing
window for the preparation of all-PET composites. The upper limit of this processing
window is governed by the relaxation temperature of PET tapes [18], which in this
case is the onset of the melting peak of the tapes.
It was noticed that the peel force dropped from 180oC to 200oC, which reflects the
possible degradation occurring near 200oC for co-PET (see Fig. 4.6). For comparison,
co-extruded PP tapes with different draw ratios are also shown in Fig. 4.9. PP tapes
with draw ratio =6 have a similar draw ratio to PET tapes used in this study,
whereas PP tapes with =17 are close to the commercial co-extruded PP tape
products [18]. PP tapes of higher draw ratio exhibit lower peel strength due to less
molecular inter-diffusion caused by molecular alignment [18]. It is indicated in Fig.
4.9 that PET/co-PET microcomposites have a broader temperature window in a
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relatively high temperature range than PP/co-PP microcomposites. This leads to a
larger processing window for the final composites, resulting in better control over
their final properties.

1.2
PP λ=6
(b)

Peel Force [N/mm]

1.0
0.8
0.6
0.4

PP λ=17
(c)

0.2
0.0
100

120

140

160

180

PET λ=5.4
(a)

200

Compaction Temperature [°C]

220

Figure 4.9. Peel force vs. compaction temperature for microcomposite tape systems:
(a) PET/co-PET tapes; (b,c) PP/co-PP tapes [18]
The temperature processing window for all-PET composites is determined by the
difference between the onset of adhesion and the onset of co-PET degradation. DSC
and T-peel test results indicate that the processing temperature window for all-PET
composites is > 50ºC. Previous study showed that the processing temperature
window of single polymer composites could be enlarged by an effective constraining
of the oriented polymer chains [25]. Based on Gibbs free energy theory, the melting
temperature is given by Tm= H/ S, where
possibilities of a molecular chain.

S is determined by the conformation

S decreases upon constraining because the

molecular chains in the constrained state are less able to move and relax. Therefore, a
reduction of the gain in entropy ( S) results in an upward shift in Tm. Since PET
tapes were constrained on the steel winding frame during the compaction process,
another 10oC increase in the upper processing temperature limit is expected [25].
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4.3.4 The effect of temperature on mechanical properties of PET
tapes
A film stacking technique was used to prepare all-PET composites. This technique
includes a heating process to facilitate diffusion between matrix (co-PET film) and
reinforcement (PET tape), which may compromise the mechanical properties of PET
tapes at elevated temperatures. In order to investigate the thermal stability of PET
tapes, free shrinkage measurements and static tensile tests at elevated temperatures
were carried out.
Fig. 4.10 makes a comparison of free shrinkage between the PET tape used in this
paper and PP tapes of similar draw ratio ( =6) and high draw ratio ( =17) [19]. This
clearly shows a significant advantage of PET tape over PP tapes in terms of thermal
stability. In case of PP, free shrinkage increases dramatically beyond 100oC for both
types of PP tapes. Meanwhile, shrinkage of PET tape is slow and only increases
sharply from 190oC, close to the onset temperature of the melting peak for PET tape
(see Fig. 4.6).
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Figure 4.10. Free shrinkage of PET tape and PP tapes (with processing temperature
window indicated)
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Since both modulus and free shrinkage of oriented PET tape are controlled by tie
molecules in the amorphous phase, the mechanical properties as a function of
shrinkage were investigated. The polymer molecules have been highly oriented by
the solid-state drawing process, and upon heating there will be significant relaxation
and a decrease in mechanical properties. Fig. 4.11 shows the residual tensile modulus
and strength following free shrinkage of tapes initially drawn to λ=5.4. The tensile
strength decreased slightly after shrinkage. The loss in tensile modulus with
shrinkage is quite dramatic; a shrinkage of 17.5% results in a 54% loss in modulus.
The tensile modulus decreases rapidly since shrinkage is caused by relaxation of the
taut tie molecules which facilitate stress transfer between the crystals. However, the
reduction in tensile modulus with shrinkage for PET tape is less than for PP tape
from a previous study [4]. PP tape with draw ratio λ = 17 [19] gives a shrinkage of
14.5% and results in a 73% reduction in modulus. Therefore, PET tape is more
thermally stable than PP tape. All-PET composites prepared by these PET tapes are
therefore expected to retain their mechanical properties better than all-PP
composites. This higher thermal stability is a clear advantage of PET tape over PP
tape for high temperature applications.
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Figure 4.11. Residual tensile modulus and tensile strength of annealed PET and PP
tapes with shrinkage increment
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4.3.5 The effect of compaction conditions on mechanical
properties of all-PET composites
Fig. 4.12 shows the morphology of all-PET composites. Fig. 4.12a shows a
compacted laminate. Fig. 4.12b indicates a well-compacted layer-by-layer composite
structure at the given processing parameters.

Figure 4.12. Pictures of all-PET composites compacted at 180oC and 0.6MPa: (a)
overview; (b) cross-section by SEM (A indicates PET tape; B indicates co-PET film)
A higher compaction temperature leads to an improvement in stress transfer between
the tapes, but molecular relaxation of the tapes gives a reduction in longitudinal
properties at compaction temperatures above 180oC. Among the range of compaction
temperatures selected, 160-180oC seems to be the optimum compaction temperature
for composite consolidation, giving a good balance between longitudinal and
transverse properties (see Fig. 4.13).
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Figure 4.13. (a) Longitudinal and (b) transverse mechanical properties of
unidirectional all-PET composites (compaction pressure: 0.6MPa) vs. compaction
temperature
The effect of compaction pressure on longitudinal tensile strength of all-PET
composites is smaller than that of compaction temperature (see Fig. 4.14). However,
it still shows that some pressure is needed to prevent shrinkage and relaxation of the
PET tapes and to wet-out the tapes. Meanwhile, very high compaction pressure could
squeeze the copolymer melt out of the mould, leaving voids in the consolidated allPET composite, which leads to the reduction in transverse properties. But, in the
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investigated range of compaction pressures, no significant effect on transverse
properties of all-PET composites has shown. Based on the effect on both the
longitudinal and transversal mechanical properties, medium pressure (0.6MPa)
seems to be the optimum compaction pressure for composite consolidation.
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Figure 4.14. (a) Longitudinal and (b) transverse mechanical properties of all-PET
composites (compaction temperature: 180oC) vs. compaction pressure
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Transverse moduli and transverse strengths reported in Fig. 4.13 and 4.14 are lower
than the tensile properties of co-PET film (see Table 4.1). The low transverse
modulus can be partly explained by suppressed crystallization during the cooling
process. The DSC curve for co-PET film shows at the cooling stage (the same
cooling rate as in the cooling process) no exothermic peak, meaning that no obvious
crystallization occurs during cooling. Therefore, the nearly amorphous state of the
matrix in combination with inter-tape voids can lead to transverse moduli of the
composites which are below those of the PET matrix. As for the poor transverse
strength, this reflects a known “challenge” for film stacking techniques, where tapes
and films that are well bonded out-of-plane, may not show good bonding in-plane or
between adjacent tapes. This is also one of the reasons why co-extrusion and hot
compaction processes might be superior to film stacking. In the former two processes,
the matrix phase is co-extruded or produced around oriented elements, giving
excellent wetting and infiltration [1, 3], leading to improved transverse strength.
It is noted that all-PET composites prepared at a low compaction pressure (0.1MPa)
still possess a set of practical mechanical properties. This is of significant
technological significance as it implies that all-PET composites can be prepared by
simple techniques such as vacuum bagging which is a cost effective processing
method for thermoplastic composites [15, 17]. This potential processing method for
all-PET composites is especially attractive over the traditional “hot compaction”
method based on monofilaments which requires delicate temperature control.
Fig. 4.15 shows stress-strain curves of PET tape, co-PET film and an uniaxial allPET composite compacted at 180oC and 0.6MPa. For a more quantitative analysis of
the mechanical properties, the fibre (or in this case tape) efficiency factors for
longitudinal tensile strength and modulus of all-PET composites were calculated by
using the “rule of mixtures” equation:

σ c = k σ ∗ V f σ f + V mσ m
and
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E c = k E ∗ V f E f + Vm E m

(4.3)

where k and kE are the “fibre” efficiency factors for tensile strength and modulus,
respectively. σ c and Ec are the composite strength and modulus, σ f and E f are the
strength and modulus of “fibre”, σ m and Em are the strength and modulus of the
matrix, V f and Vm are the volume fraction of “fibre” and matrix. The “fibre”
efficiency factors calculated for tensile strength and modulus of all-PET composites
compacted at 180oC and 0.6MPa were 0.95 and 0.99, respectively, indicating the
high quality of the manufactured composites. The efficiency factor for tensile
strength is slightly lower than that for tensile modulus, which is reasonable because
unexpected defects in the prepared all-PET composites may affect the stress transfer
during tensile loading.
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Figure 4.15. Stress vs. strain curves of PET tape, co-PET film and all-PET
composite

Table 4.4 shows a comparison of selected mechanical properties for isotropic PET, a
30 wt.% short-glass-fibre reinforced PET grade (Rynite® 408 BK515 from DuPont),
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hot compacted 0o/90o woven PET sheet, hot compacted unidirectional PET yarns and
all-PET composites from this Chapter. Normalised modulus, i.e. Ec/Ef is compared
for the latter two unidirectional composites. Clearly, all-PET composites based on
PET tape and co-PET film exhibit good mechanical performance among these other
PET thermoplastic materials, and can as such be of interest from a property and
processing point of view.
Table 4.4. Comparison of mechanical properties of isotropic PET, glass-fibrereinforced PET grade, hot compacted PET sheet, hot compacted PET yarns and
current all-PET composites by film stacking of tapes
Tensile

Tensile

Strain

modulus

strength

to

(GPa)

(MPa)

failure

Ec/Ef

(%)
Isotropic PET [26]

2.7

55

130

All-PET 0 /90 sheet (hot compaction) [13]

5.8

130

11.4

Glass-fibre-reinforced PET (30 wt.%) [27]

9.3

127

2.6

Unidirectional all-PET (this Chapter)

10.0

350

10.2

0.82

Unidirectional all-PET (hot compaction)

13.3

-

-

0.89

o

o

[14]

4.4 Conclusions
Self-reinforced

poly(ethylene

terephthalate)

or

all-PET

composites

were

manufactured by a film stacking technique using oriented PET tapes in combination
with co-PET films. Tensile properties of PET tape, co-PET film and all-PET
composites are reported. PET tape has better thermal stability than PP tape, which
makes all-PET composites attractive for high temperature applications not achievable
with all-PP composites, while maintaining their advantages in recyclability. The film
stacking method based on co-PET films allowed for a large processing temperature
window in composite preparation. Adequate interfacial bonding was achieved when
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the PET/co-PET assembly was consolidated in a hot press at 160-180oC and a
compaction pressure of around 0.6MPa. All-PET composites prepared at a low
compaction pressure (0.1MPa) still possess a set of practical mechanical properties.
It implies that all-PET composites can be prepared by simple techniques such as
vacuum bagging which is a cost effective processing method for thermoplastic
composites. Although transverse properties are limited, the developed all-PET
composites exhibited good longitudinal mechanical properties compared with other
PET materials, including hot-compacted PET sheet and glass-fibre-reinforced PET
grades and can be of interest from a property and processing point of view. Due to
the degradation of co-PET film at 200oC which is below the Tm of PET tape, the
recyclability of this all-PET composite is limited. Therefore, a carefully selected coPET polymer as matrix will possibly make an improvement in this aspect.
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5
All-PET Composites (2):
Application of Bi-component PET
Multifilament Yarns

5.1 Introduction
5.1.1 Summary
Based on the study of free shrinkage, static and dynamic thermal mechanical
properties at elevated temperatures on poly(ethylene terephthalate) (PET) and
polypropylene (PP) tapes in Chapter 4, it is obvious that all-PET composites exhibit
significant advantages over all-PP composites at elevated temperatures. In this
Chapter, all-PET composites were prepared from bi-component multifilament PET
yarns by a combined process of filament winding and hot pressing. During hot
pressing, two variables, which were compaction temperature and pressure, were
varied independently from 200 to 240oC and from 1.3 to 4.0MPa, respectively. The
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purpose of heating is to melt the fibre skins to produce the matrix phase and bond
fibre cores together, while the purpose of pressing is to laterally constrain the fibres,
facilitate the matrix to wet-out the remaining fibre cores and promote densification.
The composites were characterized, including tensile testing, density measurements,
DSC, DMA and SEM. An optimum set of processing conditions, i.e. compaction
temperature and pressure, resulted from these investigations.

5.1.2 Introduction of bi-component fibres
Bi-component fibres can be found in nature, for instance, wool is a naturally
occurring bi-component fibre. Inspired by nature, synthesized bi-component fibres
have been produced since the latter part of the 19th century [1].
Bi-component fibres are co-extruded with two different polymers in the cross-section.
This allows the properties of both polymers in the combined structure to be utilized,
which vastly expand the possible fibre performance characteristics [2]. Bicomponent fibres are classified by their different cross-sectional structures.
Examples are side-by-side, sheath-core, eccentric, island-in-the-sea and citrus
structures, as shown in Fig. 5.1 [1].

Figure 5.1. Cross-sections of bi-component fibres: (a) sheath-core; (b) side-by-side;
(c) eccentric; (d) island-in-the-sea; (e) citrus
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Side-by-side fibres are generally manufactured as self-crimping fibres for use in
textile industry. The island-in-the-sea and citrus bi-component fibres are used mainly
to make microfibres. Sheath-core bi-component fibres were developed in Japan in
1990s for use in nonwoven fabrics [1]. In these fibres, the sheath is the lower melting
temperature component used to thermally bond fibre to fibre and the core is the
higher melting temperature load-bearing component. It is reported that sheath-core
fibres provide improved strength and flexibility to nonwoven fabrics compared to
those made with metal (or resin)-binder fibres. These nonwoven fabrics made with
sheath-core bi-component fibres have a large amount of applications, including
absorbents, filtration, bedding, furniture, medical, geotextiles, insulation products,
automotive carpets, etc [1].
Sheath-core bi-component fibres have been prepared with many polymer
combinations, including polyethylene (PE)/polypropylene (PP), co-PET/PET and
Nylon/polyurethane (sheath/core) [3]. In order to obtain good thermal bonding with
bi-component sheath/core fibres, the melting temperature of the sheath polymer
should be at least 40oC lower than that of the core polymer [1]. In this Chapter, coPET/PET bi-component fibres with a melting temperature difference of more than
40oC will be used to produce the all-PET composites through the application of heat
and pressure.
One of the main advantages of an all-PET composite prepared with these sheath/core
bi-component yarns is a uniform distribution of matrix. Conventionally, resin is
added to wet fibres in a separate step, which can be done by a variety of methods
such as passing the fibres through a resin bath or injecting the resin into the fibre
preform. Having the matrix (sheath) of given quantity already been positioned
around the fibre (core) means the resulting composite will have uniform properties
due to excellent wetting and the uniform distribution of fibres in the matrix.
Moreover, unidirectional composites prepared with bi-component yarns have an
added advantage of being able to achieve high levels of fibre packing and orientation
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since fibres are less likely to be distorted during the manufacturing process,
compared to traditional resin impregnation methods.

5.2 Experimental
5.2.1 Materials
All-PET composites were prepared using bi-component multifilament PET yarns
(1000 filaments, dtex 2277, zero-twist), kindly provided by Teijin Fibre, Japan. A
sheath-core structure was specially designed for these bi-component yarns, which
consists of a high melting temperature thermoplastic polyester core and a low
melting temperature thermoplastic copolyester sheath. Table 1 shows details of these
co-extruded bi-component PET yarns as given by the producer.

Table 5.1. Bi-component PET yarn information
Structure

Tm

Sheath: Thermoplastic

210oC

copolyester
Core: Thermoplastic

251oC

polyester homopolymer

5.2.2 Composites Preparation
Unidirectional composite laminates were prepared in a two-stage process as shown in
Fig. 5.2 A and B. First, three layers of bi-component PET yarns were wound on a
steel frame by a filament winder (Fig. 5.2 A); with the compaction area on the frame
having a dimension of 63mm×60mm. Then, the steel winding frame was removed
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from the filament winder and transferred onto a PTFE spray coated aluminium
mould (Fig. 5.2 C and D). The assembly was then compacted in a hot press (Fig. 5.2
B). The compaction stage was performed according to the processing timetemperature and time-pressure profile described in Fig. 4.4, where the temperature
was monitored by PT100 temperature probes. The heating step from room
temperature to a compaction temperature Tc (ranging from 200oC to 240oC) was
performed under a constant pressure of 1.3MPa. This pressure was applied to prevent
polymer molecular relaxation under heating. Upon reaching Tc, the pressure on the
assembly was suddenly increased to a compaction pressure Pc (1.3MPa, 2.6MPa and
4.0MPa). This pressure was maintained for 15min after which the pressure was
decreased to 1.3MPa again and the composite was allowed to cool down. The
cooling rate by circulating cold water through the system was 10oC·min-1. The hot
press used for composite preparation was a hydraulic benchtop press (model
No.C2258) from Rondol Technology Ltd. The whole procedure will normally take
30min. Fig. 5.3 shows a simple schematic of how the bi-component PET yarns
transformed into an all-PET composite after hot compaction.
A

B

C

D

Figure 5.2. A. filament winding process; B. hot press; C. open press mould with allPET laminate; D. close press mould with all-PET laminate
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Figure 5.3. Schematic of processing all-PET composites based on bi-component
PET yarns

5.2.3 Characterization
Differential scanning calorimetry (DSC) measurements were performed on bicomponent PET yarns and all-PET composites, using a Mettler-Toledo 823e
calorimeter, at a constant heating and cooling rate of 10oC·min-1. The yarns were cut
into small size to fit in aluminium standard crucibles (40 l) and weighed (~5mg).
The data obtained describes the melting temperatures of two polyester phases, which
are shown as peak endotherms.
Density measurements were performed by a Micromeretics helium Pycnometer
model AccuPyc 1330, which uses the gas displacement technique to determine
absolute density of solids. The sample holder had a volume of 1cm3. For each sample
20 measurements were performed at a run fill pressure of 135kPa (19.500 psig) and
at an equilibration rate of 35Pa·min-1 (0.0050psig·min-1).
Tensile testing of single PET fibres was performed on a Hounsfield tensile tester at
room temperature. Tensile specimen was prepared by attaching a single fibre to a
cardboard paper frame shown in Fig. 5.4. A series of gauge lengths (25mm, 50mm,
100mm) and a strain rate of 0.1min-1 was used, while the load was recorded using a
5N load cell. For statistical reasons thirty samples were tested, and average values of
tensile strength, Young’s modulus and elongation at break of the fibres were
calculated by taking into account of system compliance correction. Calculations were
based on the assumption that the fibres have a circular cross-section and the diameter
of the fibres was converted to cross-sectional area for the fibres.

120

CHAPTER 5 – All-PET composites (2)

Tensile testing of all-PET composites were performed on an Instron universal
tensile testing machine 5566 equipped with a 1kN load cell, Bluehill data acquisition
software and video extensometer. Initial compliance correction was performed to
eliminate the effect of system compliance on results. Sandpaper was used on both
ends of the specimens to assist gripping. To determine the Young’s modulus for each
specimen, strain was measured using a non-contact advanced video extensometer
(model: 2663/821). Tests were performed along the longitudinal [0°] and transverse
[90°] directions of unidirectional specimens. Gauge length was 20mm for
longitudinal samples and 10mm for transverse samples. A strain rate of 0.1min-1 was
used. Each test was performed five times to ensure reproducibility.

Single fiber

Cutting the paper
frame before tests

Testing gauge length

Adhesive tape

Figure 5.4. Tensile testing of single PET fibre
Morphology of all-PET composites were observed by using a Scanning Electron
Microscope (SEM) (JEOL JSM 6300 and FEI inspector-F) at an accelerating voltage
of 10kV. Prior to examination, the surface of the specimen was coated with a thin
layer of gold.
Dynamic mechanical analysis was performed on all-PET composites to study their
thermal mechanical properties. Specimens were tested in a TA instruments DMA
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Q800 machine fitted with three-point bending grips. To eliminate residual stress on
specimens, a preload of 0.1N was applied. The specimens were subjected to
sinusoidal tensile displacement with a controlled strain of 0.25% at a frequency of
1Hz and temperature ramped from 20°C to 200°C at a rate of 3°C·min-1. Gauge
length of specimens was 20mm.

5.3 Results and Discussion
5.3.1 Fibre properties
Melting behaviour of bi-component PET yarn
The DSC curves of bi-component PET yarns are depicted in Fig. 5.5. There are two
endothermal signals in the first heating step, which represent sheath and core
polyester phases, respectively. The broad endothermal signal has a peak at 209.6oC.
The sharp signal has two individual close peaks at 250.3oC and 251.9oC, respectively,
which corresponds to the multiple melting peaks for PET reported in literature [4].
The temperature window of about 40oC exists between the endothermal peaks of the
two polyester phases that can be exploited for the processing of all-PET composites.
Changes in specific heat for each phase of PET yarn can be calculated by:

∆C p ( J / g / o C ) = ∆H ( J / g ) ÷ ∆T ( o C )
Where

(5.1)

H is the endothermal heat of fusion (normalized by sample weight) at

melting, T is the temperature span from onset to end of melting peak. The ratio of
the changes in specific heat allows an estimation of the volume fraction of each PET
phase in the yarns. In this case, for sheath phase Cp = 0.47J/g/oC, for core phase
Cp = 0.96J/g/oC. Based on a simplified assumption of the same crystal structure in
two phases, this result indicates an approximate volume fraction of 67% core phase
and therefore 33% sheath phase. During ideal composite processing, the sheath phase
is completely transformed into matrix, while the core phase remains as reinforcement,
leaving a high fibre volume fraction of nearly 70 % in the final all-PET composite.
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Figure 5.5. DSC curves of bi-component PET yarn, showing the melting peaks of the
copolyester sheath and polyester core
The degree of crystallinity of PET yarns was also obtained from DSC endothermal
signals, calculated by Eq. 3.2 when assuming a linear relationship between
endothermal peak area and crystallinity. The calculation reveals that the crystallinity
for core and sheath phases is around 16% and 8%, respectively.
Mechanical properties of single bi-component PET fibre
The calculated values of Young’s modulus, tensile strength and strain at break of
single PET fibre are listed in Table 5.2. The true fibre modulus was evaluated
through zero extrapolation of the measured modulus as a function of the inverse of
the gauge length. By taking into account the system compliance, the strain at break
values have also been evaluated. Table 5.3 shows the final set of data for the single
PET fibre.
The diameter of PET fibre was measured using SEM. Twenty fibres were randomly
selected from different positions along a multifilament yarn. For each fibre the
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diameter was measured at ten different positions. The average value was then
calculated and shown in Table 5.3.
Table 5.2. Average values for mechanical properties of single bi-component PET
fibre at various gauge lengths (values in parentheses show the standard deviation)
Gauge length

Young’s Modulus

Tensile Strength

Strain at break

(mm)

(GPa)

(MPa)

(%)

25mm

7.7 (2.0)

374.9 (23.8)

20.0 (8.5)

50mm

8.8 (1.2)

373.1 (31.2)

16.3 (6.2)

100mm

10.8 (2.2)

362.3 (27.7)

14.5 (5.4)

Table 5.3. Some properties of single PET fibre
Property

Single PET fibre

Young’s modulus (GPa)

11.4b

Tensile strength (MPa)

370.1 ± 6.8
12.7 b

Strain at break (%)
Diameter ( m)

15.5 ± 0.4

a

Measured by scanning electronic microscopy

b

Extrapolated from data of Table 5.2 by considering system compliance.

c

Average from data of Table 5.2

5.3.2 The effects of compaction temperature
The effects of compaction temperature (Tc) on physical and mechanical properties of
all-PET composites have been investigated for a constant medium high compaction
pressure (Pc) of 2.6MPa. A macroscopic effect of compaction temperature on
composite properties is the variation of laminate thickness. As indicated in Fig. 5.6a,
generally, the thickness of the composite laminate decreases with compaction
temperature, which can be explained by a decrease in viscosity of the melted sheath
copolymer with more matrix being squeezed out of the mould at both open ends.
Meanwhile, composite density increases with compaction temperature, from a value
in a range of 1.37-1.43g/cm3 at 200oC to 1.48g/cm3 at 240oC for a range of
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compaction pressures (1.3MPa-4.0MPa), indicating a well-compacted structure was
formed during hot compaction process.

Figure 5.6. The effect of compaction temperature on: (a) laminate thickness and (b)
density of all-PET composites compacted at various compaction pressures
According to the ASTM standard D2734 the void content Vv (%) of the composites
can be estimated by:
Vv (%) =

ρ th − ρ exp
× 100
ρ th
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where

th

and

exp

are the theoretical and the experimental values of composite

density, respectively. The theoretical density of the composites is assumed to be the
density of bi-component PET yarns, which is based on the assumption that the
density of sheath copolymer does not change upon melting and recrystallization. The
void content can be taken as a parameter for the estimation of the quality of
composites. In general, a good composite should have less than 1% voids, whereas a
poorly consolidated one can have as high as 5% void content [5]. Fig. 5.7 shows the
effect of compaction temperature on void content for composites prepared at varying
compaction pressures. It indicates that as expected void content decreases with
increasing compaction temperature because the melted copolyester sheath material
fills the voids in the composite structure. However, zero void content can already
been achieved at around 230oC for low (1.3MPa) and medium (2.6MPa) compaction
pressures; and at temperatures as low as 210oC for high compaction pressures
(4MPa), indicating good quality composites. Negative values of void content at high
temperatures are probably because of recrystallization during the hot compaction
process, which apparently would lead to an increase in density of the composites.

Figure 5.7. The effect of compaction temperature on void content at various
compaction pressures
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The effect of compaction temperature on tensile mechanical properties of all-PET
composites is plotted in Fig. 5.8. The all-PET composites were compacted at a
medium pressure of 2.6MPa. The longitudinal tensile modulus decreases from
10.8GPa to 8.5GPa with increasing compaction temperature from 200oC to 240oC,
which is caused by loss of orientation due to molecular relaxation at elevated
temperatures. Meanwhile, longitudinal tensile strength increases by 44% from a
compaction temperature of 200oC to 210oC, however, it decreases by 52% from
210oC to 240oC. This is the result of the combined effects of (1) the effect of
temperature on the residual PET fibre mechanical properties; (2) the formation of
more matrix phase to facilitate stress transfer between remaining fibre cores. In terms
of transverse properties, tensile modulus increases dramatically from 200oC to 220oC,
and remains constant between 220oC to 240oC. Similarly, tensile strength increases
from 200oC to 230oC and remains constant up to 240oC, which is coherent with their
failure modes. The transverse properties are fairly low due to the possible occurrence
of fibrillation in the fibre/matrix interphase.
Based on these results a compaction temperature of ~220oC seems optimal for the
preparation of all-PET composites at a medium compaction pressure of 2.6MPa,
resulting in good quality composites with low void content and a good balance
between interfacial adhesion and residual tensile properties of the composite.
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Figure 5.8. Longitudinal and transverse tensile strength (a) and modulus (b) vs.
compaction temperature at a compaction pressure Pc=2.6MPa

5.3.3 The effect of compaction pressure
The effect of the compaction pressure (Pc) on physical and mechanical properties of
all-PET composites was investigated by keeping the compaction temperature (Tc)
constant. As indicated in Fig. 5.6a, generally, laminate thickness decreases as
compaction pressure increases. This effect is related to the flow of the melted sheath
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copolymer to the open edges of the mould under increased pressure. However, allPET composites obtained at Tc = 200oC exhibit a similar thickness at varying Pc.
This is because at such low compaction temperatures insufficient matrix was formed
to fully consolidate the composite. In Fig. 5.6b, the density of the composites shows
a general increasing trend with increasing compaction pressure. However, all-PET
composites obtained at Tc = 240oC exhibit a similar high density at varying Pc,
indicating a well-compacted structure at this high temperature.
The effect of compaction pressure on the tensile mechanical properties of all-PET
composites is plotted in Fig. 5.9. The all-PET composites were compacted at a
medium compaction temperature of 220oC. The effect of compaction pressure on
mechanical properties is less distinct than that of compaction temperature. As shown
in Fig. 5.9, the longitudinal tensile modulus is independent of compaction pressure
and lies around an average value of 11GPa. As for the transverse tensile properties,
both tensile strength and modulus are not strongly influenced by compaction pressure
at a temperature of 220oC. Therefore, in the optimization of the hot compaction
process, compaction temperature is more important than compaction pressure.
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Figure 5.9. Longitudinal and transverse tensile strength (a) and modulus (b) vs.
compaction pressure at a compaction temperature Tc=220oC

5.3.4 Morphology of all-PET composites
Scanning electron microscopy (SEM) (Fig. 5.10) was used to examine the fracture
surfaces of all-PET composites prepared at different compaction temperatures. With
increasing compaction temperature, tensile failure modes changed from a ductile
fibre pulling-out and debonding dominated failure mode to a more brittle fracture
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mode. This change in failure mode indicates an increase in interfacial adhesion
between fibre and matrix with increasing compaction temperature, leading to more
fibre-fibre interactions and a brittle failure mode.

Figure 5.10. Scanning electron micrographs of composite tensile failure surfaces at
compaction temperature of (a) 200oC; (b) 220oC; pictures of tensile fractured
samples are shown correspondingly
Fig. 5.11 indicates that a fibre-matrix interface starts to form at a compaction
temperature of 200oC. The sheath copolymer has not completely melted yet at 200oC,
therefore, there are annular lines appearing along the fibre length (Fig. 5.11a).
However, fibre cores are well-embedded in the molten copolyester at a compaction
temperature of 220oC (Fig. 5.11b). Moreover, it is also shows some indications of
fibre core melting for composite compacted at 240oC, which is in correspondence
with the observed decrease in longitudinal tensile properties of all-PET composites at
240oC (Fig. 5.8).
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Figure 5.11. Scanning electron micrographs of fibre-matrix interface in all-PET
composites at compaction temperature of (a) 200oC; (b) 220oC; (c) 240oC

5.3.5 DSC studies on all-PET composites
Fig. 5.12 reveals that melting temperatures for both sheath and core phases in allPET composites are shifted to higher values at compaction temperatures ranging
from 210oC to 240oC, which is between the peak melting endotherm for the sheath
thermoplastic copolyester and the onset of melting endotherm for the polyester core.
This can be explained by Gibbs free energy theory for constrained fibres, with the
melting temperature given by Tm =

H/ S, where

conformation possibilities of a molecular chain.

S is determined by the

S decreases upon constraining

because the molecular chains in the constrained state are less able to move and relax.
Therefore, a reduction of the gain in entropy ( S) results in an upward shift in Tm [6].
Since PET yarns were constrained by the steel frame during the hot compaction
process, a Tm shift of >20oC is achievable (Fig. 5.12). This improved thermal stability
will benefit the processability of all-PET composites. As expected, with increasing
compaction temperature, the endothermal peak signal for the sheath polymer
decreases, whereas the peak for the core polymer increases. This result is in good
agreement with the fact that the crystalline structure of the sheath polymer is
destroyed and more crystalline regions in the core polymer are formed due to
recrystallization with increasing compaction temperature from 210oC to 240oC.
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Figure 5.12. DSC curves of all-PET composites compacted at varying temperatures
and a pressure of 2.6MPa

5.3.6 DMTA studies of all-PET composites
Temperature dependence of the mechanical properties of unidirectional (UD) allPET laminates was measured by dynamic mechanical thermal analyses (DMA) and
compared with data for UD all-PP composites from a previous study [7] (Fig. 5.13).
All-PET composites clearly possess superior mechanical properties compared with
all-PP composites at elevated temperatures. For example, a high modulus level of
5GPa or more is maintained for all-PP composites up to temperatures of 80oC, while
the same modulus is retained up to 110oC for all-PET. As discussed in Chapter 4 (see
Fig. 4.5), the tan peak for PP tape (~100oC) relates to T because PP is a “ -mobile”
polymer [8]. However, as a “crystal-fixed” polymer, PET does not exhibit a T ,
hence the peak at around 140oC is due to recrystallization above Tg [8]. It indicates in
Fig. 5.13 that the tan peak for all-PET composites (~120oC) is 30oC higher than that
for all-PP composites (~90oC), which is another indication of the better thermal
stability of all-PET composites.
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Figure 5.13. DMA curves of UD all-PET composites (Tc=220oC, Pc=2.6MPa) and
UD all-PP composites (reproduced from [7])

5.4 Conclusions
All-PET composites were prepared from bi-component multifilament PET yarns by a
combined process of filament winding and hot pressing. Composites with a high
fibre volume fraction (~70%) and a large processing window were achieved due to
the large melting temperature difference between the thermoplastic copolyester
sheath and thermoplastic polyester core. A good balance between longitudinal and
transverse mechanical properties was obtained when PET yarns were compacted in a
hot press at ~220oC and a medium compaction pressure of 2.6MPa. However, the
transverse properties are fairly low due to the possible occurrence of fibrillation in
the fibre/matrix interphase.
Table 5.4 shows a comparison of selected mechanical properties for isotropic PET, a
30wt.% short-glass-fibre reinforced PET grade (Rynite® 408 BK515 from DuPont),
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hot compacted 0o/90o woven PET sheet, hot compacted unidirectional PET yarns and
all-PET composites from Chapter 4 and 5, respectively. Normalized modulus, i.e.
Ec/Ef is compared for the latter three unidirectional composites. Although transverse
properties are limited, all-PET composites from Chapter 4 and 5 in this thesis exhibit
better (if not similar) longitudinal mechanical performance than these other PET
thermoplastic materials. Because they have been prepared in such easy processing
methods, they can therefore be of interest from a property and processing point of
view.
Table 5.4. Comparison of mechanical properties of isotropic PET, glass-fibrereinforced PET grade, hot compacted PET sheet, hot compacted PET yarns and allPET composites by film stacking of tapes and by bi-component yarns
Ec/Ef

Tensile

Tensile

Strain to

modulus

strength

failure

(GPa)

(MPa)

(%)

Isotropic PET1

2.7

55

130

Glass-fibre-reinforced PET (30wt.%) 2

9.3

127

2.6

All-PET 0 /90 sheet (hot compaction) [9]

5.8

130

11.4

UD all-PET (hot compaction) [10]

13.3

-

-

0.89

UD all-PET (Chapter 4)

10.0

350

10.2

0.82

UD all-PET (Chapter 5)

10.4

245

9.8

0.91

o

o
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6
Aramid Fibres and
Composites

6.1 Discovery of Aramid Fibres
Space development projects started in the 1960s led to extensive joint research
among industries, universities and governmental industries in the USA to develop
new materials. Research and development by Du Pont leading to heat-resistant
polymers was the most successful among them [1]. Aromatic polyamide resins which
have been developed by Du Pont include the zigzag-linked meta-type (Fig. 6.1a),
which is base polymer for Nomex® fibres and linear para-type (Fig. 6.1b) which is
the base polymer for Kevlar® fibre. “Aramid” as defined by US Federal Trade
Commission is a name for “a manufactured fibre in which the fibre-forming
substance is a long chain synthetic polyamide in which at least 85% of amid linkages
are attached directly to two aromatic rings”. This definition differentiates the wholly
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aromatic polyamides “aramids” from conventional polyamides containing mostly
aliphatic or cycloaliphatic units in their polymer main chain [2].

(a)

(b)

Figure 6.1. (a) Poly(m-phenylene isophthalamide) (MPD-I); (b) Poly(p-phenylene
terephthalamide) (PPD-T or PPTA)
Discovery of aramid fibres originated in 1965 by S.L. Kwolek [3, 4], a Du Pont
research scientist, who synthesized a series of para-oriented aromatic polyamides.
Kwolek and her co-workers did an extensive study on these polymers and realized
that a super rigid molecular chain and a fibre of ultra-high modulus could be made
from para-oriented aramids, which was later referred to as “…a new fibre of dreams
stronger than steel…” [1]. However problems such as monomer preparation and
dissolving the polymer in a proper solvent for spinning the fibre from solution had to
be solved. First prepared solutions were opalescent, dilute solutions which had
spinning problems. More investigations led to better understanding of the polymer
solution behaviour, describing it as an anisotropic behaviour of liquid crystalline
polymers as a function of polymer concentration. These findings led to “liquid
crystal spinning” of fibres that do not need drawing. The American Chemical Society
Prize for Creative Invention in 1980 was awarded to S. L. Kwolek for her invention
of this new process [1]. Further explorations by other Du Pont scientists, revealed
that a dry-jet wet spinning process was unique for the anisotropic aramid polymers
providing very strong fibres. Du Pont invested US$300 million over ten years for
developing these new fibres and finally all these attempts led to commercialization of
aramid fibres under the trade name of Kevlar® by Du Pont Company in 1971 and
later on Twaron® by Akzo Nobel, The Netherlands [5].
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These high performance aramid fibres have numerous applications in areas such as:
fibre reinforced composites, fibrous armour systems, fibre reinforced rubber goods
and also ropes and cables. Aramid fibre reinforced composites have been developed
for many applications which require high tensile strength and modulus, light weight
and thermal stability. These applications include aircraft and aerospace, automotive
parts, ships and boats, friction products and sporting goods (see Fig. 6.2).

Figure 6.2. A variety of applications from aramid fibres

6.2 Background of Aramid Fibres
Wholly aromatic polyamides are often called “aramids” to distinguish them from
aliphatic polyamides. Aramids compared to aliphatic polyamides generally have
better thermal stability; superior chemical resistance and higher glass transition
temperature and melt temperature. Some of the aramid fibres also have higher tensile
strength and modulus than aliphatic polyamide fibres [2]. As with aliphatic
polyamides, aromatic polyamides characteristically contain amid-carboxylic bonds,
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NH-CO, in the polymer main chain. There are two forms of aromatic polyamides
including self condensed polyamides:

and symmetrically condensed polyamides:

where Ar1 and Ar2 are the same or different aromatic units [2].
Physical and mechanical properties of aromatic polyamides, such as melting
temperature, crystallization rate, fibre strength and modulus, are directly related to
their molecular structure. These properties have significant effects on the method of
preparation, cost and potential utility of a given polymer. Therefore, polymer
composition are often modified to alter these critical properties [2]. Different
aromatic polyamide compositions include m-Aramids (meta-oriented polyamides)
(Fig. 6.1a), p-Aramids (para-oriented polyamides) (Fig. 6.1b), combined aramids
and aramid copolymers. Poly(p-phenylene terephtalamide) (PPTA or PPD-T), which
is the symmetrically condensed para-oriented aromatic polyamide, is the base
polymer for Kevlar® aramid fibre manufactured by E. I. du Pont de Nemours & Co.,
Inc. and Twaron® fibre by Akzo Nobel, The Netherlands.

6.2.1 Aromatic polyamides synthesis
Aromatic polyamides are synthesized most frequently from an aromatic diamine and
an aromatic diacid or diacid chloride by the following reaction:
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A classical synthesis route for aramid is low temperature polymerization of pphenylenediamine (PPD) and terephthaloyl chloride (TCl) in an amide solvent as
shown below:

PPTA
This reaction can be carried out by several polymerization methods, e.g., interfacial
polymerization and solution polymerization [6, 7]. The most convenient method is
low-temperature polycondensation in a solvent [2].
Two major types of solvents for the low temperature polycondensation of aramids
include halogenated nonaromatic hydrocarbons and organic amide solvents [8].
Examples of the nonaromatic hydrocarbons are chloroform (CHCl3), methylene
chloride (CH2Cl2), methyl ethyl ketone (CH3(CO)CH2CH3), acetonitrile (CH3CN),
tetramethylene sulfone (C4H8O2S), dimethylcyanamide C3H6N2) and propionitrile
(CH3CH2CN). The amide solvents which are most often used in this synthesis
include dimethyl acetamide (DMAc), N-methyl-2-pyrrolidone (NMP), hexamethyl
phosphoramide (HMPA) and tetramethyl urea (TMU). In many instances, a small
amount of alkaline and alkali earth metal salts such as lithium chloride, lithium
hydroxide, calcium chloride, calcium hydroxide, is used in combination with the
solvent to increase the polymer solubility or to neutralize the acid chlorides produced
in the reaction [2].

6.2.2 Aramid fibres
Aramid fibres have excellent physical and chemical properties at high temperatures,
and are considered as high performance fibres. In terms of thermal stability, m-
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aramid fibres have a glass transition temperature (Tg) in the range of 255-260oC, paramid fibres were reported to have a Tg of > 375oC [2]. Moreover, it is thermally
stable to about 550oC. Among different aramid compositions, only six of them are
used in production of commercial fibre products (see Table 6.1) due to both
technology and business reasons.
Molecular structure (repeat unit) of the PPTA (also known as PPD-T) is illustrated in
Fig. 6.3. Also Fig. 6.4 shows that aramid fibres are highly anisotropic with strong
covalent bonds in molecular chains and weak hydrogen bonds between the chains.
As can be seen in Table 6.1 Kevlar and Twaron are categorized as p-aramid fibres.
Due to their para-orientation conformation which allows the formation of rod-like
super rigid molecular chain, they possess ultra high modulus and are considered as
high performance fibres.

Figure 6.3. Molecular structure of the repeat unit of aramid polymers
Aramid fibres can be found in different forms such as continuous filaments, filament
yarns, staple, pulp, chopped compounds and elastomeric master batch for specific
end uses (see Fig. 6.5). They are used in a large number of applications in aerospace,
military and civil engineering. A major application of aramid fibres is in composites.
Most composite systems employ continuous filament yarn or fabrics of high modulus
aramid fibre or its hybrid with glass, carbon or boron. Other applications include
bullet-resistant body armour, ropes and cables, rubber reinforcement and pulp
reinforced friction products [2].
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Figure 6.4. Molecular interactions in aramid structure
Table 6.1. World wide production of aramid fibres [2]
Fibre product

Base polymer

Fibre producer

m-Aramid fibres
Nomex

Poly(m-phenylene isophthalamide)

DuPont Co.

Teijinconex

Poly(m-phenylene isophthalamide)

Teijin Ltd.

Fenilin

Poly(m-phenylene isophthalamide)

Russia

Kevlar

Poly(p-phenylene terephthalamide)

DuPont Co.

Twaron

Poly(p-phenylene terephthalamide)

Akzo Nobel

SVM

Poly[5-amino-2-(p-aminophenyl)

Russia

p-Aramid fibres

benzimidazole terephthalamide
Aramid copolymer fibres
Technora

Copoly(1,4-phenylene/3,4'-

Teijin Ltd.

diphenylether terephthalamide)
Armos

Copoly[p-phenylene/5-amino-2-

Russia

(p-aminophenyl)benzimidazole
terephthalamide]
Trevar

Aramid copolymer

Hoechst AG
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continuous filament yarn

staple

pulp

spun yarn

paper

needlepunched felt

engineered short fibres

cord

woven fabric

narrow webbing

Figure 6.5. Various product forms of Kevlar aramid fibre [5]

6.2.3 Industrial manufacturing process for aramid fibres
Anisotropic behaviour of concentrated aramid solutions is an important issue in the
manufacturing process for aramid fibre.
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Anisotropic solution
For conventional polymers, solution’s viscosity has a direct relationship with
polymer concentration. However, the behaviours of flexible polymer chains and rigid
polymer chains in solution are different (Fig. 6.6). Aramid molecules with rigid
covalent bonds in its main chain and its rod-like chain conformation also behave like
conventional polymers in dilute solutions, which means that their rod-like polymer
molecules are randomly oriented in dilute solutions. However, beyond a certain
critical concentration rigid molecules form ordered domains for more efficient
packing under the Van der Waals force and intermolecular bond forces. The number
of ordered domains increases with increase in solution concentration. In a quiescent
state, the polymer molecules are oriented within each domain, but the domains are
randomly oriented relative to each other. This state is called nematic state. When this
solution is cooled below a transition temperature, it is known to transform to a
smectic state where its molecules form a two dimensional layered structure. This
highly ordered anisotropic solution shows sub-cooling behaviour and solidifies by
further cooling. These phase transitions are characteristic of liquid crystalline
polymer solutions [5]. This anisotropic PPTA/sulphuric acid solution display crystallike behaviour including light depolarization, relatively high density and well defined
phase transition temperatures. These ordered domains in anisotropic solutions orient
under shear and elongational flows to more ordered solution structure. Such a
solution with described behaviour is identified as a “liquid crystal” or “anisotropic”
solution. The relationship between bulk viscosity of PPTA/sulphuric acid solution vs.
PPTA concentration is illustrated in Fig. 6.7. Below 12% polymer concentration, the
solution is isotropic and the viscosity in this region increases with concentration. In
higher concentrations it shows sharp decrease in viscosity with increase in
concentration due to onset of solution anisotropy and diminishing isotropy. Above
19% there is an increase in viscosity again resulted from increasing polymer packing,
the solution becomes fully liquid crystalline at about 20%. Above this concentration,
the solution becomes biphasic with appearance of a PPTA solid phase [5].
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Figure 6.6. Different behaviour of flexible and rigid chains in solution [9]

Figure 6.7. Brookfield viscosity vs. polymer concentration of PPTA/sulphuric acid
solution [5]
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Fibre spinning
Since PPTA polymer fails to show any melting point temperature for high molecular
weight grades or have rather high melting points and undergo decomposition upon
melting for lower molecular weight grades the fibre cannot be produced
conventionally by melt spinning process. The dry spinning process has very limited
use for fibre preparation as it can be dissolved in few organic salt-solvent systems at
low concentrations. As an alternative the wet spinning process is widely used for its
relative ease in fibre precipitation and solvent recovery [10]. Aramid fibre is
prepared by extruding and spinning the anisotropic solution of PPTA in concentrated
sulphuric acid. Dry-jet wet spinning process is used to prepare high tenacity and high
modulus fibres from anisotropic PPTA concentrated solution. Blades suggested a
wise dry-jet wet spinning method for spinning the anisotropic solution of PPTA
polymer. A schematic of his process is illustrated in Fig. 6.8. The important aspect
of this process is that the spinning nozzle is kept at a distance above the coagulating
liquid, and the solution is extruded from spinneret holes through an air gap into a
coagulation bath which is followed by washing and drying the coagulated filaments
[5]. The mechanism of fibre structure development is depicted in Fig. 6.8. When an
anisotropic solution is extruded through spinneret holes the shear forces on the liquid
crystalline domains orient them in the flow direction. The deorientation of liquid
crystalline domains at capillary exit is quickly overcome by attenuation of filaments
in air gap under spinning tension which will result in a highly ordered highly
crystalline fibre structure. This process also allows the solution to be kept at a much
higher temperature compared to wet spinning that makes it possible to use a high
solution concentration. The air gap allows the solution to be more attenuated and
result in a higher degree of molecular orientation [2]. Subsequently the as-spun
aramid fibre is post-treated at high temperatures and tension to increase crystallinity
and degree of crystal orientation [2].
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Figure 6.8. A schematic of dry-jet wet spinning process [14, 15]; development of
fibre structure in dry-jet wet spinning (in the circle) [16]
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6.2.4 Physical and chemical properties of aramid fibres
Melting temperature
PPTA polymer was reported to have a melting temperature of 530ºC for low
molecular weight polymer. For high molecular weight polymer no melting
temperature was observed. According to Hindeleh and Abdo [11], one type of aramid
fibre (Kevlar49) demonstrated several transition temperatures between 20ºC and
700ºC based on DTA (differential thermal analysis) investigations (see Fig. 6.9). The
major peak at 537.6ºC assumed to indicate the peak melting point of Kevlar49 [5].
Degradation temperature
Aramid fibre exhibits excellent thermal stability resulting from inherent thermal
stability of aromatic polyamides. The decomposition temperature is often determined
by thermogravimetric analysis (TGA). Aramid fibre shows sever degradation at
temperatures above 500°C [5].
Oxidative stability
Good oxidative stability is essential for high temperature applications such as tire
cords. Compared to polyester and nylon fibres on the effect of thermal aging, aramid
fibres exhibit excellent stability and little strength loss after prolonged exposure in
air at 180oC [5]. According to a previous study on the effect of thermal aging on the
tensile strength of Kevlar fibre [12], recommended maximum temperature range for
long-term use in air is 149-177oC for Kevlar29 and 49 [9]. Thermal aging behaviour
of Twaron fibre is similar to that of Kevlar29 and 49 [13].
Density
Density of Kevlar aramid fibres at ambient condition is typically 1.43-1.44 g/cm3,
while Twaron aramid fibres also have the density in the same range. Compared to
other fibres such as nylon ( = 1.14), polyester ( = 1.38), carbon ( = 1.8), glass ( =
2.55) and steel wire ( = 7.9) (g/cm3), aramid fibres are lighter than most of them
which gives them an important weight advantage over other fibres with equal
strength range [5].
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Figure 6.9. DTA curve of aramid fibre (Kevlar 49) [5]
Tensile properties
Aramid fibres possess high strength and modulus, which makes them outstanding
high performance fibres. Moreover, they retain their tensile properties at high
temperatures up to the glass transition temperature (>375oC), which makes them
suitable for high temperature applications. For example, the strength of aramid
standard modulus fibre (e.g. Kevlar49) is 2.8GPa [17], which is double the strength
of nylon and polyester. It is two times stiffer than steel wire or glass fibre, four times
stiffer than high strength polyester and nine times stiffer than high strength nylon.
The elongation at break is relatively low, about 3% for standard modulus fibre.
Specific strength (strength/density) and specific modulus (modulus/density) are
usually used for comparing the properties of industrial filament yarns. Aramid fibres
(e.g. Kevlar29 and 49) have higher specific tensile strength than other industrial
fibres and specific modulus between glass and high modulus boron and graphite
fibres. Tensile properties of some Kevlar and Twaron aramid fibres are illustrated in
Table 6.2. It is clear from Table 6.2 that the tensile properties of Kevlar29 and
Twaron1000 are comparable. Kevlar49 with similar strength has a doubled tensile
modulus than that of Kevlar29, although its breaking strain is reduced. Kevlar149
has a remarkable improvement in modulus over the other aramid fibres. However,
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this improvement appears to be achieved at the expense of reduced breaking strain.
Kevlar981 with a much smaller cross-section area exhibits the highest breaking stress
[17].
Table 6.2. Average tensile properties of different types of aramid fibres
Fibre

Breaking

Breaking

Initial modulus Diameter

stress [GPa]

strain [%]

[GPa]

[ m]

Kevlar29 [17]

2.6 (0.5)

2.9 (0.4)

77.1 (8.4)

12.6 (0.5)

Kevlar49 [17]

2.8 (0.5)

2.2 (0.4)

123.0 (8.4)

12.1 (0.5)

Kevlar981 [17]

3.5 (0.6)

2.8 (0.4)

120.2 (14.6)

9.5 (0.6)

Kevlar149 [17]

2.2 (0.3)

1.2 (0.2)

166.6 (11.0)

11.9 (0.5)

Twaron1000 [13]

2.9

3.5

71

12.5

Twaron2200 [13]

3.2

2.8

108

12

The values in brackets are the standard deviation.

Compressive properties
The compressive properties of aramid fibre are significantly different from the tensile
properties because of its highly anisotropic crystalline structure. Kevlar fibre has
relatively low compressive properties in both axial and transverse directions. The
axial compressive strength of Kevlar49 fibre is about 20% of its tensile strength [5].
Thermal stability
Aramid fibres posses significantly better thermal stability than conventional fibres.
Although their tensile strength drops at elevated temperatures, their tensile strength
at 300°C is still greater than those of most other polymer fibres at room temperature
[5]. In a cryogenic environment, Kevlar49 shows essentially no embrittlement or
degradation at temperatures as low as -196oC [5].
Chemical resistance
Most organic solvents have little effect on aramid fibres and most aqueous salt
solutions have no effect on breaking strength of aramid fibres. However, strong acids
and bases can have severe effects on aramid fibres at high temperatures or high
concentrations.
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Light stability
Aramid fibres are sensitive to ultraviolet (UV) light and exposure to UV light causes
a loss in their mechanical properties. Investigations have revealed a 5-16% strength
loss of aramid fibre (Kevlar49) exposed to fluorescent light for 168-336hrs. To avoid
possible damage, therefore, aramid fibre yarn should not be stored within 0.3 metres
of fluorescent lamps or near window [5].

6.2.5 Aramid fibre structure
Aramid fibre contains several superimposed microscopic and macroscopic structures
such as crystalline structure, pleat structure, fibrillar structure and skin-core structure.
Different structural models have been suggested to describe their fine structure [5].
Crystalline structure
Aramid fibres are based on PPTA which forms a liquid crystalline system in solution
due to the rigidity of the molecular chains, hence fibres are almost fully crystalline
[18]. Aramid fibres have a highly ordered, highly crystalline structure. Wide angle
X-ray diffraction patterns of fibres (see Fig. 6.10), shows no amorphous halo,
indicating the high crystallinity of fibres [5]. Northolt and Van Aartsen [19, 20]
assumed a pseudo-orthorombic unit cell and proposed a crystal lattice model of
PPTA. Fig. 6.11 illustrates the crystal structure model for PPTA proposed by
Northolt and Van Aartsen. Fig. 6.11A shows the crystal lattice parallel to c axis
(fibre axis). It shows one PPTA repeat unit at each corner and one at the centre of the
crystal lattice. Fig 6.11B demonstrates the crystal lattice parallel to a axis. It shows
the covalent bonds and phenylene rings of PPTA repeat unit in the bc plane of a unit
cell. According to Northolt and Van Aartsen lattice constants of crystal lattice are: a
= 7.87Å, b = 5.19Å and c = 12.9Å. The c axis length shows that PPTA molecular
chain is fully extended in the crystalline region. The orientation angle of the pphenylenediamide segment with respect to c axis is about 6° and that of terephtaloyl
segment is about 14°. The characteristic distance between the amide and carbonyl
end groups of adjacent polymer chain is approximately 3Å and the angle NH-O is
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160°. Such a close proximity between neighbouring NH and CO end groups allows
relatively strong hydrogen bonding between adjacent chains [2, 5].

Figure 6.10 Wide-angle X-ray diffraction pattern of Kevlar aramid fibre [5]

(A)

(B)

Figure 6.11. Crystal lattice of PPTA [2]
The wide angle X-ray equatorial diffraction patterns of aramid fibre (Kevlar49) (see
Fig. 6.12) shows two sharp diffraction peaks, at diffraction angles of 20.5º for the
(110) plane and one at 23º for the (200) plane. A minor peak often occurs at 28.2º for
the (211) plane. The fibre crystallinity for Kevlar49 was estimated by Panar and coworkers [18] on the order of 90-95%. The lateral crystal order of PPTA is considered
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to be in a radial arrangement, meaning that bc plane of Northolt crystal lattice to be
in the radial direction along the fibre axis [2, 5].

Figure 6.12 Equatorial diffraction pattern of Kevlar49 aramid fibre [5]
Fibrillar structure
During the manufacturing process of aramid fibres, a liquid crystalline system in
solution is formed and when cooled below a transition temperature the solution
transforms to a state where the molecules form a two-dimensional layered structure
[5]. When spinning aramid fibres, the solution is subjected to shear elongational flow
which (especially near the edges) orientates the domains along the direction of the
flow and at a high rate the domains may link up to form a fibrillar structure [18], as
represented in Fig. 6.13. Attenuation retains the highly directional molecular
structure and gives rise to a highly orientated fibre structure with a large elastic
modulus, high tenacity and thermal stability [18].
Aramid fibre which is exposed to abrasion fibrillates easily due to its highly ordered
fibrillar structure. It can be a result of weakness in lateral forces, except for Van der
Waals forces and the hydrogen bond between macromolecules. According to Panar
and co-workers [18] the fibrils are oriented along the fibre axis and are about 600 nm
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wide and up to several centimetres long. These highly ordered and highly crystalline
fibrils are the basic elements for load bearing of fibre [5].

Figure 6.13. Fibrillar structure model for aramid fibre [18]
Pleat structure
Transverse bands observable by optical microscopy (see Fig. 6.14) is a structural
feature of p-Aramid fibres which diminish during tension. A structural model of
“radial pleated sheets” is proposed for aramid fibre which can be seen in Fig. 6.15.
Alternating bands in each sheet are arranged at approximately equal but opposite
angles to form the pleats. Occurring of pleated sheet structure in aramid fibre is tried
to be explained by the following theory: during fibre coagulation, fibre’s skin is first
formed and is subjected to the attenuation stress on a spinning filament which leads
to relaxation of fibre and formation of pleats at uniform periodicity during
crystallization.
As previously mentioned, these pleats diminish during tension which can be assumed
to be the result of straightening of the pleat structure.

156

PART 2
CHAPTER 6 – Aramid Fibres and Composites

Figure 6.14. Transmission optical micrographs of (a) Twaron001; (b) Twaron601;
and (c) Twaron602 show the transverse bands in three types of aramid fibres [21]

Figure 6.15. Radial pleated structure model of aramid fibre [16]
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Skin-core structure
Aramid fibres demonstrate skin-core differentiation in many ways. Provost [22]
observed that continuous Kevlar filaments are not dyeable, but damaged fibres are
accessible to dye to some extent. Microscopic examination showed that the dye
gained selective access to the fibre core either from the fibre ends or through cracks
in the damaged fibre skin [5]. Konopasek and Hearle [23] found long and helical
fibrils in fractured Kevlar filaments. Morgan and co-workers [24] observed partially
fractured fibre skins and stepwise transverse core ruptures in the tensile deformation
of Kevlar49 fibre. Based on this observation, a tensile failure model was therefore
proposed in Fig. 6.16. The fracturing of fibre skins was considered to result from the
splitting of a highly ordered fibrillar structure in the skin region. The transverse
rupture of fibre cores, however, was attributed to the partial transverse skin fracture
at two points which are connected by longitudinal crack propagation and cause the
core failure at both points [5].These considerations suggest a skin-core differential in
density, voidage and fibrillar orientation resulting from fibre coagulation process.
The skin-core model (see Fig. 6.17) assumes that the surface fibrils are uniformly
axially oriented while fibrils in fibre core are imperfectly packed and ordered which
gives a higher orientation in fibre’s skin than its core [5]. The skin thickness varies
from 0.1 to 0.6 m [25].

Skin

Core

Crack propagation path

Figure 6.16. Tensile failure model of Kevlar aramid fibre [24]
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Figure 6.17. Skin-core structure model of aramid fibre [18]
Dobb and Robson [17] reported on the structural variations of different types of
aramid fibres. Twaron1000 and Kevlar29, Kevlar49, Kevlar149, Kevlar981 were
compared in terms of the structural characteristics. A comparison of X-ray
diffraction parameters among different types of fibres is shown in Table 6.3.
Table 6.3. X-ray diffraction data [17]
Fibre

Lateral crystallite size (nm)

Overall orientation

Skin thickness

(deg)

( m)

110

200

4.51

3.96

25.0

0.3 (ave) to 1.0

Twaron 1000

5.41

4.48

22.2

0.15 (ave)

®

Kevlar 49

5.08

4.06

14.4

0.3 (ave) to 1.0

Kevlar®981

4.52

4.04

19.7

2.0 (ave) to 1.0

Kevlar®149

9.14

5.85

13.5

Negligible

Kevlar®29
®

Azimuthal scans through the meridional 004 reflections can be used to estimate the
average overall degree of orientation. As shown in Table 6.3, Kevlar149 has the
highest orientation among these fibres, followed by Kevlar49, Kevlar981 and
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Twaron1000. Such a ranking is compatible with the observed tensile moduli, but not
with the observed strengths [17].
Although Kevlar29 and Twaron1000 have rougthly similar tensile properties,
significant differences in structure have been found. For example, Twaron1000
appears to have a thinner skin region; numerous discontinuous core defects are
revealed under optical microscope [17]. In addition to the slightly better orientation
of Twaron1000 compared to Kevlar29, analysis of the X-ray equatorial 110 and 200
reflections indicates a slightly higher apparent lateral crystallite size, particularly of
the (110) planes. However, there is no direct correlation between orientation and
lateral crystallite size by comparing both parameters for different types of fibres.
Kevlar149 exhibits a dramatic increase in the apparent lateral crystallite size as
compared with other fibres. Such data indicates a much higher degree of chain
packing perfection, most probably along the hydrogen-bonded sheets [17].
The skin-core structure (or radial anisotropy) of aramid fibre is now widely accepted
and is known to influence mechanical properties [26-28]. Recently, Davies and coresearchers [29] used a micro-sized X-ray beam to investigate the microstructure of
Kevlar29 and Kevlar149. From each obtained diffraction pattern, the 200 reflection
was radially integrated to derive an azimuthal scattering profile, which provided
values for peak position (

max)

While peak position (

gives information on the mean orientation of (200) planes,

max)

and azimuthal half width at half maximum (HWHM).

azimuthal width provides a qualitative measure of the degree of domain disorder [29].
Fig. 6.18 shows these parameters for the Kevlar29 and the Kevlar149 fibre types. It
reveals that (200) planes are on average radially oriented about the fibre axis in both
fibre varieties, i.e., aligned towards the centre of the fibre [29]. This corresponds to a
radial arrangement of the b axis of the PPTA unit cell [30]. In terms of HWHM, this
parameter is approximately 50% higher in the central core and skin regions
compared to the intermediate bulk (see Fig. 6.18) [29]. A more disordered skin was
also reported in a study on Kevlar49 using interfacial force microscopy [27].
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Figure 6.18. Composite images showing 200 reflection width and position for (a)
Kevlar29 and (b) Kevlar149 over each fibre cross section. HWHM values are shown
in gray scale with orientation plotted using white vectors

6.3 Aramid Fibre Reinforced Composites
Aramid fibre reinforced composites have been developed rapidly for many advanced
material applications. These applications make use of the excellent tensile strength
and modulus, light weight, thermal and dimensional stability, and other unique
properties of aramid fibre [5].

6.3.1 Thermoset and thermoplastic matrices
Both thermoset and thermoplastic resins are used to prepare aramid reinforced
composites. Thermoset resins require pre-impregnated fibres with resin, which then
have to be cured and solidified. Continuous filament yarns or fabrics are used for
these applications. Some thermoset resin types which are used for these composites
include epoxy, polyurethane, polyvinyl ester, unsaturated polyesters, and
polybutadiene. Epoxy resin is mostly used to prepare aramid fibre reinforced
composites. For thermoplastic matrices, aramid fibres should be in shape of short
fibre and the resin which contains short fibre can be extruded or moulded to its final
shape. Thermoplastic resins include nylon, polyester, acrylonitril-butadiene-styrene
polymer, polyethylene, polypropylene, polycarbonate, polystyrene, etc. Nylon is
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mostly used with aramid fibre. Matrix should be chosen based on expected
composite performance. Factors such as cost, density, interfacial bonding, tensile
strength, compressive and flexural strength, resistance to solvents, moisture and high
temperatures, and also processability should be considered. Resins are generally
chosen according to their modulus. Low modulus resins result in composites with
high strain to failure and desirable flexural properties and bonding while stiff resins
offer high compressive strength but relatively poor bonding [5].

6.3.2 Type of fibre reinforcement
Continuous filament yarns are employed to fabricate three types of composites:
unidirectional composites, fabric reinforced composites and laminated composites.
For unidirectional composite preparation, filament yarns are laid up in a parallel
array, impregnated with a thermoset resin and cured to form a composite strand, tape
or filament wound vessel. Pre-impregnated filament yarns may also be used in the
fabrication of unidirectional composites. Similarly, woven fabrics of aramid fibre are
impregnated, formed and cured into fabric-reinforce composite structure. Laminated
composites are produced using layers of unidirectional arrays of fibres at 90º or other
angles to one another and subsequently impregnating those with resins and formed
into laminated structure, while an aramid honeycomb core structure is included in the
laminate [5].
There are three types of short fibre reinforced composites: chopped fibre molding
compound (CFMC), bulk molding compound (BMC) and short fibre reinforced
thermoplastics [5]. Chopped fibre molding compounds of aramid fibre in epoxy are
prepared by impregnating a continuous filament yarn, partially curing the resin and
chopping it to the desired length. With bulk molding compounds, short aramid fibres
are mixed with resin and fillers to make a dough-like material ready for molding.
Unsaturated polyester resins are typically used in this type of composites. Short fibre
reinforced thermoplastic pellets have been developed by melt coating an aramid
continuous filament yarn and then chopping it to the desired pellet size [5].
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6.3.3

Mechanical

properties

of

aramid

fibre

reinforced

composites
One of the most important characteristics of aramid fibre is its response to tensile
stress. It provides tensile properties which were formerly only available with fibres
such as glass and carbon [2]. Its high tensile strength and modulus combined with its
low density, results in composites which are exceptionally light, strong and stiff in
tension.
Continuous fibre reinforced composites are highly anisotropic. Maximum properties
can be achieved if all the fibres are aligned in the fibre axis direction. The properties
such as modulus and strength decrease rapidly in directions away from the fibre
direction [31]. The analysis and prediction of composite properties is quite complex.
Since the fibres are the load-bearing element in a composite, factors which affect the
composite strength, are largely related to the reinforcing fibres. For instance,
distribution of fibre strength in a yarn bundle, fibre defects, fibre failure modes,
interfilament stress distribution and fibre-matrix interface bonding.
For unidirectional composites, which are loaded in the longitudinal direction, both
constituents exhibit the same strain in this direction. This equal strain condition is
valid for loading along the fibre axis, provided that there is no interfacial sliding [32].
The strength of the composite is dependent on volume fraction of reinforcing fibre
and matrix. This is explained by “ Rule of Mixtures” proposed by Kelly and Davies
[33].

σ c = σ f υ f + σ m (1 − υ f )
Where

c

= average stress in composite at time of failure

f

= ultimate strength of fibres

m

= stress in matrix just before the fibres fail

f=

volume fraction of fibres
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Thus, for a simple two-constituent composite under a given applied load, a certain
proportion of load will be carried by the fibre and the remainder by the matrix.
Provided the response of the composite remains elastic, this proportion will be
independent of the applied load and it represents an important characteristic of
material. It depends on the volume fraction, shape and orientation of the
reinforcement and on the elastic properties of both constituents [32]. Table 6.4 shows
mechanical properties of unidirectional Kevlar fibre reinforced epoxy composites.

Table 6.4. Mechanical properties of UD Kevlar fibre reinforced epoxy
60wt.%

60wt.%

Kevlar149/epoxy

Kevlar49/epoxy

[34]

[35]

Tensile modulus [GPa]

87

76

Tensile strength [GPa]

1.3

1.4

Transverse modulus [GPa]

5.5

5.5

Transverse strength [MPa]

30

12

Properties

6.3.4 Interfacial adhesion in aramid fibre reinforced composites
Mechanical properties of fibre reinforced composites are critically related to the
interfacial adhesion between fibre and matrix. As previously mentioned the fibres are
the principal load-carrying members in composite and the matrix acts as a load
transfer medium between fibres and matrix. This shows the importance of interfacial
adhesion between the fibre and matrix because a weak interface fails to transfer the
load from matrix to stronger element in composite (i.e. fibres) which leads to poor
mechanical properties for composite. A better fibre-matrix interfacial adhesion will
enhance properties such as interlaminar shear strength, delamination resistance,
fatigue, and corrosion resistance. According to Yosomiya et al. [36] the following
factors are important as determination of interfacial bonding during the formation of
interface between fibre and matrix: wettability, chemical reaction, adsorption and
diffusion, surface morphology, and roughness effect. However aramid fibre
reinforced composites exhibit poor interfacial adhesion between fibre and most
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matrices, partly due to high crystallinity with a molecular chain oriented along the
fibre axis resulting in a chemical inertness and smooth surface of the fibre [37].
In order to improve the interfacial bonding between fibre and matrix in aramid fibre
reinforced composites, extensive surface modification have been carried out
including chemical modifications (including coupling agents and chemically grafting
methods), the formation of functionalities by plasma treatment and surface
roughening [38]. The mechanism of these surface modification methods is to
increase the concentration of reactive functional groups or roughen the surface of the
fibre to enlarge the physical interface with the resin matrix [39-41].
Chemical modification with formation of covalent bonds between fibre and matrix
seems to work in an effective way. For chemical treatment of aramid fibres the
matrix resin should be considered in order to graft the desired groups on fibre surface,
which have affinity to the matrix. As a result chemical reactions between the grafted
groups and the resin matrix molecules leads to formation of strong covalent bonds or
weak interactions, such as hydrogen bonding, interdiffusion, electrostatic, and
mechanical interlocking etc., between fibre and matrix, which improves the
interfacial properties in composite [37]. For instance, Wu and co-workers [38]
investigated the effect of surface treatment on interfacial properties of aramid fibre
reinforced epoxy composites. In their work solution of rare earth modifiers (RES)
and epoxy chloropropane (ECP) grafting modification method were used for aramid
fibre surface treatment. The interfacial properties of aramid/epoxy composites were
investigated by interlaminar shear strength (ILSS). It was found that the interfacial
adhesion was improved by ECP grafting treatment. An amount of epoxy was adhered
to the fibre, showing the presence of active centres on fibre’ s surface. With RES the
interfacial adhesion improved even more, showing a large amount of epoxy remained
on the fibre and formed a thick layer. It promotes the interfacial adhesion between
fibre and matrix resulting from presence of functional groups on fibre surface [38].
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Although surface treatment of original aramid fibres improves the interfacial bonding
between the fibre and polymer matrix, it is inevitable that the physical or chemical
alternations of fibre surface lead to a reduction of mechanical properties. For
example, an investigation of mechanical properties of epoxies reinforced with
chloride-treated aramid fibres was carried out by Tarantili and co-workers [42]. A
reduction of mechanical properties of treated aramid fibre reinforced epoxy
composites was indicated in their work (see Fig. 6.19). Moreover, another obvious
disadvantage of traditional aramid fibre reinforced epoxy composites is that a high
fibre volume fraction is difficult to be achieved due to matrix wettability and
difficulties in composite processing.

Figure 6.19. The tensile strength and modulus of unidirectional composites as a
function of fibre volume fraction
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Mercx and Lemstra [43] proposed a novel two-step chemical procedure for the
selective introduction of various functional groups onto the surface of TwaronD1000
fibres, including amine, epoxy and carboxylic acid groups. Pull-out tests showed that
this surface treatment procedure markedly improves the adhesion to epoxy resins
(70% increase in bundle pull-out shear strength by the introduction of epoxy group)
without compromising the tensile strength of aramid fibres.

6.3.5 Product applications
The most important advantages of aramid fibre reinforced composites compared to
glass and carbon fibre reinforced composites are its light weight, high specific tensile
strength and modulus, and very high toughness and impact resistance. Moreover they
provide faster damping of vibration and noise, which is very critical in aircraft and
automotive applications. Aramid fibre can be used in combination with carbon fibre
to form hybrid composites for improved mechanical properties. Aramid fibre
reinforced composites have various applications in aircraft and aerospace industry,
due to their light weight resulting in higher fuel efficiencies which is critical in these
industries, they also have application in automotive parts, ships and boats, friction
products and sporting goods [5].

6.4 Selective Surface Dissolution Method for
Preparing All-Polymer Composites
Numerous studies have investigated the preparation of composites with use of
polymers for both fibre and matrix of the identical material. Due to the complication
of conventional composite processing methods, new methods have been explored to
prepare these single polymer composites. As mentioned in the Chapter 2, film
stacking [44], melt impregnation [45], hot compaction [46-48], co-extrusion
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techniques [49-53] and etc. have been successfully applied to prepare all-polymer
composites.
A unique selective surface dissolution method was developed to prepare all-cellulose
composites [54, 55]. Cellulose is well known not to melt, but shows thermal
degradation at high temperature. Therefore, a wet process was employed to process
cellulose. Cellulose fibres with selectively dissolved surfaces were unified by
compression and dried to form all-cellulose composites. The concept of this method
is in line with ‘selective surface melting’ or hot compaction method. Instead of
partially melting the surface of fibres to solidify into matrix, it forms the matrix
phase in all-polymer composite through selectively dissolving the surface of the
fibres, which upon consolidation in non-solvent solidifies and welds the fibres
together. This selective surface dissolution method is expected to lead to good fibrefibre adhesion, high volume fraction of reinforcement and is ideal for processing
polymers which have no melting temperature but only decompose at high
temperature.
Without using a separate matrix, this method is an alternative route to conventional
solution impregnation methods for preparation of all-cellulose composites reported
by Nishino, Peijs and co-workers [56, 57], which had the difficulty of impregnating
the fibres with highly viscous solutions. In the selective surface dissolution method,
all-cellulose composites were prepared through optimization of immersion time of
fibres in solvent. Longer immersion times in solvent resulted in better adhesion
between fibres while at the same time resulted in a decrease in fibre properties and
consequently composite properties. During preparation, the optimum immersion time
would give the best compromise between interfacial adhesion and mechanical
properties. After optimization of dissolution condition, in solvent (8wt% lithium
chloride/N,N-dimethylacetamide), compression was applied for unifying the fibres
with selectively dissolved surfaces and was followed by drying. The optimized
dissolution condition for all-cellulose composite prepared from filter paper by
Nishino and Arimoto [54] was reported to be 12hrs, which resulted in excellent
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mechanical properties. This isotropic, random fibre composite exhibited a tensile
strength of 211MPa and a Young’ s modulus of 8.2GPa which is higher than
conventional glass fibre reinforced plastics, although this all-cellulose composite
possessed much lower crystallinity than the original filter paper due to dissolution.
These excellent mechanical properties were thought to be due to the good adhesion
among fibres through an almost perfect interface. Fig. 6.20 shows the cross-section
of a filter paper compared to cross-section of all-cellulose composite. It was observed
that with proper immersion time in solvent, compression and subsequent
resolidification the fibres were perfectly unified resulting in good interface hence
good mechanical properties. Moreover, the interface improvement with immersion
time was observable through improvement in optical transparency of composite with
increase in immersion time (see Fig. 6.21) [54].

(a)

(b)

Figure 6.20. Scanning electron micrographs of cross-section of (a) filter paper, (b)
all-cellulose composite with 12hrs immersion [54]

(a)

(b)

(c)

Figure 6.21. Optical photographs of (a) filter paper and all-cellulose composites
(immersion times: (b) 6hrs; (c) 12hrs) [54]

169

PART 2
CHAPTER 6 – Aramid Fibres and Composites

In another study, unidirectional all-cellulose composites were prepared through
selective surface dissolution of lingo-cellulosic fibres using lithium chloride/N,Ndimethylacetamide as a solvent [52]. The effect of immersion time of fibres in
solvent on transverse and longitudinal tensile properties of the composite was
investigated. It was reported that with 2hrs immersing the ligno-cellulosic fibres in
solvent, optimized properties could be achieved such as longitudinal tensile strength
and modulus of 460MPa and 28GPa, respectively. Moreover, strong interfacial
properties were observed with transverse tensile strength in the range of 22-40MPa.
X-ray diffraction studies on prepared all-cellulose composites revealed the decrease
in composite crystallinity with an increase in immersion time from 1hr to 12hrs due
to dissolution of larger fraction of fibres as crystalline domains and turning into
matrix phase as non-crystalline domains, while the crystallinity for optimum
condition with 2hrs immersion time was 80%. It was also reported that the lateral
crystallite size normal to the (200) plane, was reduced from around 6nm for raw fibre
to less than 4nm for composite with 12hrs immersion in solvent. Comparison of
scanning electron micrographs of composites prepared with different immersion
times (Fig. 6.22) showed that longer immersion times lead to a reduction in fibre size
and formation of thicker matrix layers between the remaining fibre cores. Fibre
volume fraction was estimated for the composites using scanning electron
micrographs and was found to be above 80% for the optimum dissolution condition
i.e. 2hrs. It should be mentioned that in plant fibres the outer layer of the fibres are
less oriented than their core, which is beneficial to the selective surface dissolution
method, since the less oriented surface of the fibres are turned into matrix while
leaving the majority of the highly oriented crystalline core of fibre unaffected.
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Figure 6.22. Scanning electron micrographs of the cross-section of the all-cellulose
composites, showing the longer the immersion time, the more of the matrix phase is
formed and the better the interfacial bonding of the composites [52]
Unidirectional all-cellulose composites of regenerated cellulose fibres were also
prepared by this method [55], using three types of regenerated cellulose fibres
including low draw ratio (LDR) Lyocell, high draw ratio (HDR) Lyocell and Bocell
(an experimental fibre from AkzoNobel) which is spun from an anisotropic solution
in phosphoric acid and has high tensile strength and modulus. Bocell with
exceptionally oriented cellulose crystallites has a strength of 1.3GPa and modulus of
45GPa. The results showed that the optimum immersion time in solvent for LDR
Lyocell was 4min while for HDR Lyocell was 10min. The difference between LDR
fibre and HDR fibre was assumed to be due to higher orientation of HDR, more
specifically due to its higher densified skin layer according to higher draw ratio
which requires longer time to be affected by solvent. Composites prepared from LDR
had a strength of around 250MPa and modulus of around 10GPa, while HDR had a
strength of about 350MPa and modulus of 13GPa. Mechanical properties of HDR
Lyocell fibres showed an obvious decrease from the original fibre properties
compared to LDR Lyocell fibres which could be explained by the difference in
orientation of fibre skin and core in HDR fibre than in LDR fibre, resulting in a more
noticeable drop in properties after dissolving the highly oriented skin. Optimum
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dissolution conditions for Bocell fibre reported to be 1.5hrs, which was considerably
longer than optimum immersion times for both LDR and HDR Lyocell. This is due
to its higher orientation and higher crystallinity compared to Lyocell. 1.5hrs
immersion time in solvent for Bocell fibres resulted in composites with a strength of
910MPa and modulus of 23GPa.
Scanning electron micrographs of cross-section of prepared composites with LDR
and HDR Lyocell, showed the presence of smaller number of fibres remaining in
composite with an increase in immersion time, showing that a significant number of
fibres are dissolved to form the matrix. For composites prepared with Bocell, an
increase in immersion time, resulted in a reduction of fibre diameter, and smaller size
fibres remained to reinforce the composite with longer immersion times. For this
composite, with increasing immersion time, more fibres remained to reinforce the
composite compared to Lyocell composite for the equivalent cross-sectional area. Fig.
6.23 shows the composite prepared with Bocell for different immersion times. The
X-ray diffraction photographs (inset) of the Bocell composites showed the highly
identical nature of the reflections, indicating that the high molecular orientation of
the fibres is mainly unaffected by solvent which leads to high mechanical properties
of the composite.

Figure 6.23. Scanning electron micrographs of cross-section of all-cellulose Bocell
composites prepared with (A) 1hr, (B) 1.5hrs, (C) 2.5hrs, and (D) 5hrs [55]
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6.5 All-aramid Composite
All-aramid composite in this thesis were also prepared through selective surface
dissolution of aramid fibres. Aramid fibres are highly ordered highly crystalline
fibres which do not show any melting point (for grades with high molecular weight)
or have rather high melting points (for grades with lower molecular weights),
consequently all-aramid composites could not be prepared through selective surface
melting method and a wet process has to be used for their preparation. In this method,
surface of the aramid fibres was selectively dissolved which upon consolidation in a
non-solvent formed the matrix of the composite while remaining fibres served as the
reinforcement part in composite. A simplified schematic of the process is illustrated
in Fig. 6.24.
Aramid fibres, as described in the previous sections, have exceptionally high tensile
strength, tensile modulus, and thermal stability. Subsequently, resulting selfreinforced composites should possess excellent tensile properties which make them
appropriate for high performance applications. Moreover, the expected good
adhesion through perfect interfacial properties in this composite makes it an
interesting alternative to current aramid reinforced composites. The employment of
current aramid reinforced composites is limited by poor fibre-matrix interfacial
adhesion as a result of difficulties associated with the aramid fibre surface having
insufficient reactive functional groups for covalent bonding with matrix resin. Its
inert and smooth surface requires various fibre surface treatments in order to improve
the interfacial adhesion of the fibre and matrix [58], while with using selective
surface dissolution method a perfect bonding should be obtained through dissolution
and consolidation of the fibre surfaces. In addition, with applying this method high
reinforcement contents and hence excellent mechanical properties are expected,
while in current aramid fibre reinforced composites prepared by traditional
impregnation method high fibre contents is difficult to achieve. Moreover, due to the
application of aramid fibre and aramid matrix, with excellent thermal stability, the
composite should have high thermal stability.
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7
All-Aramid Composites (1):
Selective Surface Dissolution of Aramid
Fibres

7.1 Introduction
Poly(p-phenylene terephthalamid) (PPTA) or aramid fibres (e.g. Kevlar® and
Twaron®) are among the more important high-performance fibres, with applications
in tires, hoses, ballistic and heat protection products, engineering plastics and
composites [1]. They combine good mechanical, physical and chemical properties
with a low density (1.43-1.44g/cm3) and possess high tensile strength (2.3-3.4GPa),
tensile modulus (55-143GPa), energy absorption combined with low (or negative)
coefficient of thermal expansion and relatively good chemical resistance. In addition,
they are self-extinguishing and have a decomposition temperature exceeding 550oC
[1].

179

CHAPTER 7 – All-Aramid Composites (1)

In this study, a new type of self-reinforced composites based on high-performance
aramid fibres to produce an ‘all-aramid’ composite by applying a surface-dissolution
method to fuse aramid fibres together. As both fibre and matrix are of the same
material, all-aramid composites would therefore lead to a unique type of high
temperature resistant material with excellent mechanical properties and chemical
resistance. Compared to other conventional all-polymer composites which have been
developed so far and which are mainly based on thermoplastic fibres of moderate
performance, e.g. all-polypropylene or all-poly(ethylene terephthalate) composites,
all-aramid composites are expected to have a set of much higher properties due to the
excellent aramid fibre properties (see Chapter 6). Furthermore, the fibre volume
fraction (Vf) of all-aramid composites which can be controlled through varying
immersion times in the solvent are expected to be higher than those of traditional
aramid fibre reinforced composites (~50%). Similar to other composite systems, the
impregnation of aramid fibre bundles with high viscosity polymer resins, especially
in the case of thermoplastics, has always been a difficulty [2]. Therefore, selective
surface dissolution of aramid fibres has an obvious advantage over traditional
impregnation methods.
In this Chapter, aligned aramid fibres were immersed in high concentration sulphuric
acid for a selected period of time, varying from 5sec to 300sec. Partially dissolved
fibre surfaces were converted into an aramid matrix to bond remaining fibre cores
together. Following extraction of H2SO4 and drying, a consolidated all-aramid
composite was formed. Tensile tests, dynamic mechanical analysis, scanning
electron microscopy and X-ray diffraction analysis were performed to investigate the
effects of immersion time in solvent on various properties of all-aramid composites.
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7.2 Experimental
7.2.1 Materials
Aramid yarn used in this study was Twaron1000 (standard modulus, dtex = 1735,
1000 filaments per yarn) kindly provided by Teijin Aramid, The Netherlands. The
diameter of the aramid fibre was measured using scanning electron microscope.
Twenty fibres were randomly selected from different positions along a multifilament
yarn, for each fibre the diameter was measured at ten different positions. The average
value was then calculated as the diameter of a single aramid fibre. Fig. 7.1 shows a
scanning electron micrograph of a single Twaron1000 fibre. Cross-sectional areas
were calculated assuming a circular fibre cross-section.

20 m

Figure 7.1. Scanning electron micrograph of a single Twaron1000 fibre

7.2.2 Composites preparation
Unidirectional composites were prepared using the Twaron1000 aramid fibres by the
method of “selective surface dissolution” (see Fig. 6.24). First, fibres were aligned in
longitudinal direction by winding them on a glass frame. The aligned fibres were
constrained to prevent shrinkage and distortion (Fig. 7.2.A). The assembly of glass
frame with fibres was then immersed in concentrated sulphuric acid (95wt.% H2SO4)
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in order to selectively dissolve a certain amount of fibre surface (Fig. 7.2.B). After a
designated period of residence time (5 to 300sec) in the acid, the specimens were
immersed in distilled water for 10 sec (Fig. 7.2.C) to partially coagulate the fibres
and to prevent dissolved fibre surfaces from adhering to the glass plate, which was
used for consolidation. Subsequently, mild pressure (1kPa) was applied onto the
specimens for 1min to consolidate the structure (Fig. 7.2.D).
A

B

C

D

E

F
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Figure 7.2. Pictures and schematics of the preparation process for all-aramid
composites: (A) fibre alignment and constraining; (B) immersion in acid; (C) initial
coagulation in water; (D) consolidation by pressure; (E) acid extraction; (F)
neutralization
After consolidation, the residual sulphuric acid in the specimen was extracted in a 20
wt.% sodium hydroxide (NaOH) solution (Fig. 7.2.E) followed by neutralization in
distilled water (Fig. 7.2.F). Specimens were then kept overnight (~18hrs) in water
(pH = 7) for complete neutralization. Finally, the specimens were dried in a vacuum
oven at 80°C for 24hrs while applying a low pressure (~1kPa) to prevent warping.

7.2.3 Characterization
Mechanical testing of single aramid fibre
Tensile testing of single aramid fibres was performed on a Hounsfield tensile tester at
room temperature. Tensile specimen was prepared by mounting a single fibre onto a
cardboard paper frame as shown in Fig. 5.4. A series of gauge lengths (25mm, 50mm,
100mm) and a strain rate of 0.1min-1 were used. The load was recorded using a 5N
load cell. For statistical reasons thirty samples were tested, and average values of
tensile strength, Young’s modulus and elongation at break were calculated.
Mechanical testing of multi-filament aramid yarns
Mechanical properties of multi-filament yarn (1000 filaments) were measured as
well, using an Instron 5566 tensile testing machine equipped with a pair of manual
wedge-action grips. A fibre bundle with zero twist was mounted on a similar
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cardboard paper frame as in Fig. 5.4. A gauge length of 250mm and a strain rate of
0.1min-1 were used in the tests. To assure accuracy of results, at least five fibre
bundles were tested.
Mechanical testing of all-aramid composites
Mechanical properties of all-aramid composites were investigated using an Instron
5566 tensile testing machine equipped with a 5kN load cell. Tensile tests were
carried out on unidirectional composites in both longitudinal and transverse direction.
Initial compliance correction was performed to eliminate the effect of system
compliance on results due to the relatively small size of the specimens prepared.
Gauge length was 15mm for longitudinal samples and 3mm for transverse samples.
The ends of all the samples were glued to cardboard end tabs to assist gripping. A
strain rate of 0.1min-1 was used for longitudinal specimens, while a strain rate of
1min-1 was employed for the transverse tests. At least five specimens were tested of
each sample produced.
Dynamic mechanical analysis
Dynamic mechanical analysis was performed on all-aramid composites to study their
thermo-mechanical properties. A TA Instrument Q800 DMA fitted with a tensile test
head was used. To eliminate residual stresses, a preload of 0.1N was applied.
Specimens with a gauge length of 20mm were subjected to sinusoidal tensile
displacement with a controlled strain of 0.25% at a frequency of 1Hz and
temperature ramped from 5°C to 400°C at a rate of 3°C·min-1.
Morphological study
Scanning electronic microscopy was employed using a FEI inspector-F to determine
filament diametres and to investigate the cross-sectional morphology of all-aramid
composites. Specimens were coated with carbon and backscattering imaging mode
was used.
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X-ray diffraction
Wide-angle X-ray diffraction was performed on aramid yarns (1000 filaments) as
well as all-aramid composites. Samples were cut into a length of 20mm, parallely
mounted onto a sample stage. Cu-K

radiation generated with an X’Pert Pro

diffractometer (PANalytical) operated at 45kV, 40mA, was irradiated, then the
diffraction profile was detected using an X-ray goniometer with

- symmetric

reflection geometry and was resolved into non-crystalline scattering and crystalline
reflections using Rigaku multi-peaks separation software.

7.3 Results and Discussion
7.3.1 The effect of acid concentrations on aramid fibres
In an initial set of experiments, the influence of the concentration, or strength of
sulphuric acid on the dissolution- or swelling of aramid fibres was investigated. Fig.
7.3 shows the surface morphology, as revealed by SEM, of aramid fibres after
immersion for 10sec in sulphuric acid of different weight concentrations (75%, 85%
and 95%), followed by coagulation in water. Not surprisingly, the diameter of the
acid-treated aramid fibres decreased in comparison with the original aramid fibre.
Furthermore, the surface topology of aramid fibres treated with acids of different
concentrations clearly varied significantly (Fig. 7.3), indicating that different acid
strengths have a different ability of dissolving fibres and, thus, forming composites.
The surface of aramid fibres immersed in 75% and 85% sulphuric acid was covered
with randomly distributed swollen humps or holes (Fig. 7.3.A and B). Clearly,
sulphuric acid of 75% and 85% was not able to uniformly swell or dissolve the outer
skin of the fibers, necessarily to bond adjacent fibers together and to form a high
quality composite. On the other hand, surfaces of aramid fibers treated with 95%
sulphuric acid were smooth and uniform. Therefore 95% acid was chosen as the
solvent of choice for preparing all-aramid composites in this study.
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Figure 7.3. The effect of acid concentration on dissolution of single aramid fibre:
original fibre; 10 sec in 75%, 85% and 95% H2SO4 solution, showing that 95% gives
the most uniform dissolution- or swelling effect

7.3.2 Mechanical properties of single fibre and multi-filament
yarn
Fibres have randomly distributed defects on their surface and due to their large
surface area per unit volume it is more likely for them to have surface defects than
bulk materials. The presence of defects at random locations can lead to scatter in the
experimentally determined strength values of fibres, and leads to a distribution of
strength as a function of gauge length due to their high sensitivity to flaws. With
increasing gauge length, the volume of flaws increases, therefore, the average fibre
strength decreases [3]. This can be described by the Weibull distribution function,
expressing the dependence of fibre strength on its length:
F (σ ) = 1 − exp (− L p σ q )
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Where F(x) is the cumulative fraction of specimens with a strength less than or equal
to the strength of the fibre, q is the shape parameter or Weibull modulus, L is the
fibre length and p is a Weibull parameter.
The mean strength for the Weibull distribution function (Eq. 7.1), being the most
probable strength value is:
1
q

σ f = ( L p)1 / q Γ (1 + )

(7.2)

Where (n) is the gamma function, which is close to one for q>1.
In this Chapter, thirty samples for each 25mm, 50mm and 100mm gauge length were
tested, and the average value of tensile strength, Young’ s modulus and strain at break
for each gauge length is reported in Table 7.1. Tensile modulus increases as gauge
length increases. The true fibre modulus was evaluated through zero extrapolation of
the measured modulus as a function of the inverse of the gauge length. By taking into
account the system compliance, the strain at break values have also been evaluated.
Table 7.2 shows the final set of data for the single fibres.
In addition, mechanical properties of a multi-filament yarn (1000 filaments) are also
listed in Table 7.2. The strength of fibres is statistical in nature and fracture is
initiated by flaws. Therefore, a bundle of fibres whose single fibre elements do not
possess a uniform strength is not simply the average strength of the individual fibres
[4].
For bundles with a fibre strength distribution characterized by Eq. 7.1, it was shown
that the mean strength of a fibre bundle is

σ B = ( L p q e) −1 / q

(7.3)

where e is the base of the natural logarithms. Comparing this mean bundle strength
value of Eq. 7.3 to the mean value for strength of single fibres of equal length (Eq.
7.2), it indicates that when there is no large scatter in fibre strength, i.e., small values
for the coefficient of variation ( 1/q), the mean bundle strength equals the mean
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single fibre strength. As the coefficient of variation of single fibre strength increases
above zero, the mean bundle strength decreases. For example, for a 10% variance
(q 10), the mean bundle strength is about 80% of the mean single fibre strength [4].
Table 7.2 shows that indeed there was a reduction in tensile strength of the fibre
bundle compared with the single fibre.
Table 7.1. Average values for mechanical properties of single aramid fibre at
various gauge lengths (values in parentheses show the standard deviation)
Gauge length

Young’s Modulus

Tensile Strength

Strain at break

(mm)

(GPa)

(GPa)

(%)

25mm

66.5 (6.1)

2.9 (0.4)

4.9 (0.7)

50mm

80.2 (5.9)

3.4 (0.4)

4.3 (0.6)

100mm

83.7 (5.3)

3.0 (0.4)

3.4 (0.4)

Table 7.2. Some properties of Twaron1000 single fibre and multi-filament yarn
(standard deviation in parentheses)
Property
Diameter ( m)
Young’ s modulus (GPa)
Tensile strength (GPa)
Strain at break (%)

Single fibre

Fibre bundle

12.3 (0.9) a

-

91.1

b

54.39 (5.6) c

3.11 (0.26) c

2.44 (0.40) c

3.08 b

-d

a

Measured by scanning electronic microscopy

b

Extrapolated from data of Table 7.1 by considering system compliance

c

Average from data of Table 7.1

d

Multifilament yarns failed a progressive way and therefore strain at break is not reported.
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7.3.3 Mechanical properties of all-aramid composites
Single-species, all-aramid composites were prepared from aligned aramid fibres,
which were immersed in 95% sulphuric acid for, resp., 5, 10, 30, 60, 120 and 300sec
to selectively dissolve fibre surfaces and, subsequently, consolidate them into
unidirectional all-aramid composites. The thickness of the resulting composites
ranged from 0.28mm (10sec) to 0.67mm (300sec). Fig. 7.4 reveals that the modulus
and tensile strength decreased rapidly - even for short immersion times. For instance,
the modulus decreased by 33% and tensile strength by 60% for composites after
immersion for only 60sec in 95% sulphuric acid. This observation is readily
understood when considering that the more oriented skin region in Twaron1000 fibre
[5-7] is very thin (~150nm) [5]; this outer region rapidly dissolved followed by
solvent penetrating into the less oriented internal region. After immersion for 60sec,
the reduction in mechanical properties slowed down as now only the less oriented
material in the core started to dissolve. Conversely, however, but highly beneficially,
the progressive formation of matrix or interphase aids to stress transfer between the
filaments, as indicated by the increase in transverse properties of the composites. The
transverse properties are still fairly low due to extensive amount of fibrillation
occurred in the fiber/matrix interphase (see also Fig. 7.4). Fig. 7.4 also reveals that
all-aramid composites prepared with filaments immersed for 120sec in sulphuric acid
featured a good compromise between longitudinal mechanical properties and
interfacial adhesion between fibres, as reflected by the transverse composite
properties; the latter was corroborated by investigations of the morphology of allaramid composites which will be discussed below.
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Figure 7.4. The effect of immersion time on mechanical properties of unidirectional
all-aramid composites in longitudinal and transverse directions and a scanning
electron micrograph of transverse failure mode, showing extensive amount of
fibrillation occurred in the fiber/matrix interphase due to highly ordered fibrillar
structure of aramid fibre

7.3.4 Morphology of all-aramid composites
Fig. 7.5(a) shows different tensile failure modes of all-aramid composites prepared
with short, moderate and long immersion times in sulphuric acid. Failure-mode
observations revealed the existence of a large amount of non-dissolved fibres inside
the composites with short immersion time. The insufficient amount of matrix formed
in these composite leads to a “brush-like” failure mode with extensive debonding.
However, composites prepared with fibres immersed for 120sec in 95% sulphuric
acid showed improved adhesion. Composites produced with filaments of 300sec
immersion time appeared to be brittle, indicating that large fractions of the fibres
were dissolved and transformed into matrix material. The observed reduction in
strain at break with increasing immersion time (see Fig. 7.4), hence, is the logical
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result of a reduction in fibre properties in combination with strong interfacial
adhesion, leading to fibre-fibre interactions and a more brittle failure mode [8-12].

Figure 7.5. (a) Failure modes after longitudinal tensile tests of composites prepared
with filaments immersed in 95% H2SO4 for 10 (short), 120 (medium) and 300 (long)
sec; (b) Scanning electron micrographs of polished cross-sections of all-aramid
composites prepared with filaments immersed in 95% H2SO4 for 10, 120 and 300
sec. Areas indicated by red arrows are composed of resin employed to embed the
sample for SEM preparation and represent voids inside the composite structure. A
clear decrease in the number and size of voids inside the structure was observed with
increasing immersion time
More detailed morphological changes in cross-sections are shown in Fig. 7.5(b).
Upon longer exposure to sulphuric acid, more of the fibre skin dissolved and
improved wetting of the filaments by aramid matrix occurred, resulting in better
interfacial bonding. As mentioned previously, composites prepared with filaments
immersed for 120sec in 95% H2SO4 exhibited a good compromise between
longitudinal mechanical properties and interfacial adhesion. According to
morphological investigations, the outer part of dissolved fibres formed a continuous
matrix after 120sec immersion time which was adequate to bond remaining fibre

191

CHAPTER 7 – All-Aramid Composites (1)

cores together. This resulted in a sufficient level of adhesion between fibres while
leaving a suitable fraction of the fibre cores as the reinforcing elements.

7.3.5 Dynamic mechanical analysis of all-aramid composites
Dynamic mechanical thermal analysis (DMTA) was used to determine the
temperature dependence of the composites’ stiffness. In Fig. 7.6, as expected for
polymeric materials, a decrease in storage modulus with increasing temperature was
observed also for the all-aramid composites.
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Figure 7.6. Storage modulus vs. temperature of all-aramid composites prepared with
filaments immersed for different times in 95% H2SO4. Clearly, high modulus is
retained at high temperatures
However, even at temperatures as high as 250°C, the composites retained a high
modulus (e.g. ~45GPa for 120sec immersion time), highlighting the excellent
thermal stability of these materials and their potential for high-temperature
applications. Generally, the thermal stability of aramid fibre reinforced composites is
limited by the thermal stability of the polymer matrix. The most popular matrix
systems for aramid fibres have been epoxy-based. These composite systems have
service temperatures of around 100-120°C on continuous basis and around 130-
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140°C for short duration. However, in the case of all-aramid composites fibre, matrix
and interphase exhibit all the same high thermal stability, leading to an engineering
material with excellent mechanical properties at temperatures around 250-300°C,
properties which are normally only attainable with polyimide-type specialty resins.

7.3.6 The crystallinity and crystal size of all-aramid composites
The apparent crystallinity and crystal size of all-aramid composites was investigated
by wide-angle X-ray diffraction (XRD). The original Twaron1000 filaments show in
Fig. 7.7(a) the two characteristic sharp diffraction peaks at diffraction angles (2 ) of
20.7o for the (110) plane and at 23o for the (200) plane [1]. XRD data also featured
an increased intensity of a reflection at diffraction angle (2 ) of 17.5o, which is
indicative of the modification

of PPTA. This crystal polymorph was proposed by

Haraguchi and co-workers [13] for aramid film which was coagulated in water. The
very strong (110) reflection in crystal modification
modification

of aramid fibre was absent in

[13], which is in agreement with the decrease in the peak intensity of

the (110) plane in Fig. 7.7(a). The Bragg spacing of the (200) reflection increased in
modification

due to the interaction of water molecules with hydrogen bonds [13],

which explains the slight decrease in diffraction angle in Fig. 7.7(a). Clearly, with
increasing immersion times, larger fractions of the fibres are dissolved to form noncrystalline or partially crystalline (e.g. modification

) matrix phase, resulting in a

reduction of the overall apparent crystallinity (Xc) of the final composites, which is in
a good agreement with the reduction of Young’ s modulus in Fig. 7.4.
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Figure 7.7. (a) Equatorial X-ray diffraction profiles of untreated fibres, and
composites prepared with filaments immersed for 10, 60, 120, and 300sec in 95%
H2SO4, and dissolved (72hrs) and coagulated fibres. The grey area shows the
crystalline reflections, the hatched area corresponds to the non-crystalline scattering.
The apparent crystallinity was evaluated from their area ratio; (b) The effect of
immersion time on crystal size of all-aramid composites; (c) Effect of immersion time
of aramid fibres in 95% H2SO4 on the apparent crystallinity (Xc) of all-aramid
composites. The inset table lists the residual oriented fibre phase or ‘fibre volume
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fraction’ (Vf) in the composites and was estimated from the degree of intensity
reduction of the (110), (200) and (211) reflections in Fig. 7.7(a)
Analysis of the X-ray diffraction data was conducted by means of Scherrer’ s
equation (Eq 7.4), which reveals the lateral crystallite size normal to the (110) plane
and (200) plane in all-aramid composites:
D = λ / β ⋅ cos θ
Here = 1.5418Å,

represents the corrected integral width, and

(7.4)
is the Bragg angle

for the (110)/(200) reflection. Fig. 7.7(b) shows that the crystallite size for the (110)
plane decreases sharply to almost zero after a long period of dissolution time (72hrs).
However, the crystallite size associated with the (200) plane exhibited only a mild
reduction, and remained 3nm after 72hrs treatment. These results clearly indicate the
diminishment of crystal modification and the formation of crystal modification

in

the microstructure of the all-aramid composites.
The apparent crystallinity (Xc) for aramid fibre and all-aramid composites with
various immersion times were calculated and plotted in Fig. 7.7(c). Encouragingly,
according to Fig. 7.7(c), all-aramid composites exhibited a higher ‘fibre volume
fraction’ than traditional aramid/epoxy composites. Even at an extremely long
immersion time of 72hrs, a crystallinity of 43% and residual oriented fibre phase of
34% still remained in the composites.

7.4 Conclusions
All-aramid composites were successfully prepared through a selective surface
dissolution process for aramid fibres. During preparation, as the immersion time of
the aligned aramid fibres in sulphuric acid solution increases, larger fractions of the
fibre skins are dissolved to form a matrix phase, which leads to the structure of allaramid composites with oriented aramid fibre cores offering a reinforcing effect to an
aramid matrix. Based on mechanical tests and failure mode observations, a preferred
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immersion time of 120 sec in 95% sulfuric acid was found to be an optimum
processing condition for the preparation of all-aramid composites. Under these
conditions, an optimum balance between longitudinal mechanical properties and
interfacial adhesion was achieved, although the transverse properties were fairly low
due to extensive amount of fibrillation occurred in the fiber/matrix interphase. DMA
results revealed retention of a high Young’ s modulus for these composites at
elevated temperatures. Even up to temperatures as high as 250°C, the composites still
showed a reasonably high modulus (e.g. 45GPa for 120sec immersion time),
indicative of the potential of these engineering materials for high temperature
applications. X-ray diffraction profiles clearly showed that the apparent crystal size
and crystallinity decreased with increasing immersion time in solvent, which results
from increasing dissolution of the crystalline fibre skins and the formation of a noncrystalline or partial crystalline matrix. The diminishment of crystal modification
and the formation of crystal modification

are also indicated in these results.

In the next Chapter, investigations on the effect of various processing parameters on
the mechanical properties of all-aramid composites will be carried out and discussed
in order to achieve the optimum processing condition for property retention.
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8
All-Aramid Composites (2):
Optimization of Processing Conditions

8.1 Introduction
In Chapter 7, all-aramid composites were successfully prepared by selective surface
dissolution of aramid fibres in a high concentration (95wt.%) sulphuric acid aqueous
solution. The only processing variable in the composite preparation in the previous
Chapter was the immersion time in the sulphuric acid solution. The optimum
immersion time for preparing all-aramid composite, as discussed in Chapter 7, was
found to be 120sec according to tensile test results and SEM morphological
investigations. In this Chapter, other processing parameters were studied, while
immersion time was kept constant at 120sec, to improve the whole preparation
process for all-aramid composites with enhanced mechanical properties. Different
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steps in a general preparation process are indicated in Table 8.1, which were
illustrated in Fig. 7.2 in detailed photographs.
Table 8.1. The preparation process for all-aramid composites
A

Fibre alignment and constraining

B

Immersion in acid

C

Initial coagulation in water

D

Consolidation by pressure

E

Acid extraction

F

Neutralization in water

G

Drying in vacuum oven

In order to optimize mechanical properties of all-aramid composite, processing
parameters at every step were studied, including the effect of initial coagulation time,
the effect of final coagulation, and finally the effect of consolidation pressure and
time on the mechanical properties and morphology of the composites. For each
investigation, one parameter was changed while the others were kept constant.

8.2 Experimental
8.2.1 Materials
Aramid fibre used in this study was Twaron1000 (dtex = 1735, 1000 filaments per
yarn) provided by Teijin Aramid, The Netherlands. The fibres have been studied in
Chapter 7, where Table 7.2 shows various physical and mechanical properties of the
fibres.
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8.2.2 Composites preparation
Unidirectional all-aramid composites were prepared by the method described in
Chapter 7 (see Fig. 7.2) using aligned aramid fibres. To study the effect of different
processing parameters on the consolidation and mechanical properties of all-aramid
composites, various preparation methods were proposed and the following
parameters are investigated.
Initial coagulation time
A

Fibre alignment and constraining

B

Immersion in acid for 120sec

C

Initial coagulation in water for 1, 10, 60,
300sec

D

Consolidation at 1kPa for 1min

E

Acid extraction in NaOH for 30min

F

Neutralization in pH=7 water for 18hrs

G

Drying in vacuum oven at 80oC for 24hrs

Final coagulation
A

Fibre alignment and constraining

B

Immersion in acid for 120sec

C

Initial coagulation in water for 10sec

D

Consolidation at 1kPa for 1min

C’

Final coagulation in water for 0, 5, 15, 30min

E

Acid extraction in NaOH for 30min

F

Neutralization in pH=7 water for 18hrs

G

Drying in vacuum oven at 80oC for 24hrs
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Consolidation time:
A

Fibre alignment and constraining

B

Immersion in acid for 120sec

C

Initial coagulation in water for 10sec

D

Consolidation at 1kPa for 0, 1, 5, 10min

C’

Final coagulation in water for 15min

E

Acid extraction in NaOH for 30min

F

Neutralization in pH=7 water for 18hrs

G

Drying in vacuum oven at 80oC for 24hrs

Consolidation pressure:
A

Fibre alignment and constraining

B

Immersion in acid for 120sec

C

Initial coagulation in water for 10sec

D

Consolidation for 5min at 0, 1, 6, 10kPa

C’

Final coagulation in water for 15min

E

Acid extraction in NaOH for 30min

F

Neutralization in pH=7 water for 18hrs

G

Drying in vacuum oven at 80oC for 24hrs

8.2.3 Characterization
Mechanical properties of all-aramid composites were investigated using a
universal Instron 5566 tensile testing machine equipped with a 5kN load cell. Tensile
tests were carried out on unidirectional composites in both longitudinal and
transverse directions. Initial compliance correction was performed to eliminate the
effect of system compliance due to the relatively small size of the specimens
prepared. The gauge length was 15mm for longitudinal samples and 3mm for
transverse samples. The ends of all the samples were adhesively bonded to cardboard
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end-tabs to assist gripping. A strain rate of 0.1min-1 was used for longitudinal
specimens, while a strain rate of 1min-1 was employed for the transverse tests. At
least five specimens were tested of each sample produced.
Scanning electronic microscopy (FEI inspector-F) was used to investigate the
relationship between different processing parameters and microstructure and void
content of the composites. Specimens were coated with carbon and backscattering
imaging mode was used.

8.3 Results and Discussion
8.3.1 The effect of initial coagulation time
The effect of initial coagulation time before consolidation step on mechanical
properties of the samples was studied. For this purpose, after immersing in acid for
120sec, the fibres were kept in distilled water for 1, 10, 60, 300sec, respectively. The
mechanical properties of the resulting composites were investigated.
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Figure 8.1. The effect of initial coagulation time on mechanical properties of allaramid composites
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It has been noticed that immediate coagulation in water after immersion in acid can
prevent excessive dissolution in the subsequent process and form a smooth and
unified surface. The tensile test results in Fig. 8.1 indicate that coagulation in water
for 60sec before applying the consolidation pressure results in better mechanical
properties.
Initial coagulation in water for 1sec resulted in low tensile properties, as a result of
inadequate coagulation. Inadequate coagulation before applying the consolidation
pressure would possibly lead to a weight loss in matrix phase, because the viscous
dissolved fibres would stick to glass sheets which were used to apply the
consolidation pressure. Moreover, the presence of large amounts of acid on the fibre
skins during consolidation could prolong the dissolution process, therefore, resulting
in poor mechanical properties. For longer coagulation times such as 10sec the sample
exhibited improved mechanical properties while for 60sec coagulation time optimum
coagulation properties were achieved and further coagulation to 300sec caused a
reduction in mechanical properties as completely coagulated sample is unable to be
adhered together by the consolidation pressure. According to the results above, initial
coagulation in water for 60sec before consolidation seems to lead to optimum
properties.

8.3.2 The effect of final coagulation
In the composite preparation process as discussed in Chapter 7, the samples were
subjected to acid extraction after consolidation (see Table 8.1). In this section, the
samples were coagulated in distilled water (step C’) after consolidation and then
excessive acid was extracted. To distinguish from initial coagulation (step C), this
step is named as final coagulation. Hence, the effect of final coagulation on
mechanical properties of all-aramid composites was studied. Moreover, the effect of
final coagulation time was investigated. To prepare the samples, aligned fibres were
immersed in acid for 120sec, initial coagulation in water for 10sec and after
consolidation the fibres were immersed in NaOH solution to extract the excessive

203

CHAPTER 8 – All-Aramid Composites (2)

acid (i.e. without final coagulation step); alternatively after consolidation the fibres
were immersed in distilled water for 5, 15 or 30min before acid extraction.
Fig. 8.2 compares the tensile test results for the prepared samples with and without
final coagulation.
3.5
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fibre bundle
composite with final coagulation
composite without final coagulation
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Figure 8.2. The effect of final coagulation on mechanical properties of all-aramid
composites: 5-300sec in acid, 10sec in water, consolidation at 1kPa for 1min,
without coagulation before acid extraction (broken line) and coagulated in water for
5min before acid extraction (solid line)
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As can be seen the composites with a range of immersion times (from 5sec to 300sec)
which were coagulated in distilled water for 5min before acid extraction exhibited a
clear increase in tensile strength and Young’s modulus compared to composites
prepared without coagulation before acid extraction. In fact, the tensile strength of
composite prepared with an immersion time of 120sec in acid and coagulated for
5min (1.35GPa) is similar with that of composite prepared with an immersion time of
10sec in acid and without final coagulation (1.23GPa). The latter obviously
contained more non-dissolved fibres and less matrix phase in the composite structure
with such a short immersion time. The increase in mechanical properties with an
additional coagulation step can be explained by the presence of higher amount of
orientation in the samples prepared with coagulation before acid extraction. When
the dissolved fibres are coagulated in water, X-ray diffraction revealed that water
molecules are included in hydrogen-bonded planes to form a liquid crystal-like
swollen structure [1]. After drying, PPTA polymer molecules are aligned to form the
crystal structure of modification II [1]. Therefore, a slower coagulation process in
distilled water compared with in NaOH solution gives the dissolved phases more
time to reorient themselves into a liquid crystal-like swollen structure, resulting in
better orientation and hence higher mechanical properties of the composites.
The additional coagulation step before extraction of excessive acid has an apparent
positive effect on the mechanical properties of all-aramid composites. In addition, the
effect coagulation time on mechanical properties of the composites was also
investigated. Three different sets of samples were prepared with different coagulation
time in distilled water for 5, 15 and 30min. It is noticed that with increasing
coagulation time in distilled water from 5min to 15min the mechanical properties of
all-aramid composites slightly increase. As shown in Fig. 8.3, tensile strength of the
composites increased from 1.2GPa at 5min to 1.4GPa at 15min (+17%) and tensile
modulus increased from 67.7GPa at 5min to 73.4GPa at 15min (+8%), respectively.
This could be explained in the same way as the additional coagulation step (see Fig.
8.2). Longer coagulation times give more time for molecular reorientation, resulting
in higher tensile strength and modulus. However, there is a decrease in mechanical
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properties for the composites with 30min coagulation time (see Fig. 8.3). As a result,
15min was chosen to be the optimum final coagulation time to prepare all-aramid
composites with good mechanical properties.
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Figure 8.3. The effect of coagulation time on the mechanical properties of allaramid composites. Immersion time 120sec, coagulated in distilled water before acid
extraction for 5min, 15min and 30min
Tensile results presented in this section indicate that an optimum coagulation time
before extraction of excessive acid leads to improved mechanical properties of allaramid composites. An additional coagulation step led to a composite with good
adhesion and highly compacted morphology, resulting in a steep increase in tensile
strength (Fig. 8.2).
Scanning electron micrographs presented in Fig. 8.4 illustrate the cross-sectional
morphology of the composites prepared with and without a final coagulation step. It
is obvious that composites prepared with an additional coagulation step exhibit less
voids (indicated by red arrows) than composites prepared without this coagulation
step.
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(a)

(b)

1mm

Figure 8.4. Scanning electron micrographs of samples prepared with 120sec
immersion time in acid: (a) without final coagulation; (b) with 5min coagulation
before acid extraction

8.3.3 The effect of consolidation time and pressure
The effect of consolidation time
After immersing the fibres in acid for 120sec, different consolidation time (0, 1, 5
and 10min) were applied to investigate morphological changes and mechanical
properties of all-aramid composites. Fig. 8.5 shows the effect of consolidation time
on the tensile properties of composites. An increase in tensile strength and modulus
was observed with increasing consolidation time from 0 up to 5min, which was due
to better compaction between remaining fibres during consolidation by pressure.
However, a further increase in consolidation time to 10min leads to a tensile strength
and modulus reduction of 30% and 27%, respectively up to a level less than those of
composites prepared without consolidation. This decrease in mechanical properties
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could result from excessive fibre dissolution by residual acid between the two glass
plates whilst more distortion of the remaining fibre cores can occur due to the long
consolidation time. 5min seems to be the optimum consolidation time because the
dissolved fibre skins and remaining fibre cores consolidate better, resulting in a well
compacted structure and good adhesion between fibre and matrix phases.
Scanning electron micrographs of all-aramid composites prepared with different
consolidation time are presented in Fig. 8.6 and Fig. 8.7, illustrating the
microstructural changes and reduction in voids in the composites with increasing
consolidation time. Enhanced compaction was observed in composites with
increasing consolidation time from 0 up to 5min (Fig. 8.7), coinciding with the
improvement in mechanical properties of the composites. For 10min consolidation,
an obvious distortion in fibres shape and a large amount of matrix phase was
observed (see Fig. 8.6), which leads to the decrease in mechanical properties.
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Figure 8.5. The effect of consolidation time on mechanical properties of all-aramid
composites (processing conditions: 120sec immersion time in acid, 10sec in water,
without consolidation or consolidation at 1kPa for 1min, 5min and 10min, final
coagulation in distilled water for 15mins before acid extraction)
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0min

10min

Figure 8.6. SEM of cross-sectional area of all-aramid composites consolidated for 0
and 10min, respectively

0min

5min

1mm

Figure 8.7. SEM of cross-sectional area of all-aramid composites (made from five
fibre bundles) consolidated for 0 and 5min (red arrows point out voids in the
composite structure)
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The effect of consolidation pressure
The consolidation pressure was varied from 0 to 10kPa while consolidation time was
kept constant at 5min. Higher pressure leads to better compacted composite structure.
However, a decrease in mechanical properties of composites at a consolidation
pressure of 10kPa is shown in Fig. 8.8, probably resulting from fibre distortion and
deformation at this pressure. According to Fig. 8.8, an optimum pressure (6kPa)
leads to the best set of mechanical properties.
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Figure 8.8. The effect of consolidation pressure on mechanical properties of allaramid composites (processing conditions: 120sec immersion time in acid, 10sec in
water, without consolidation or consolidation for 5min at 1kPa, 6kPa and 10kPa,
final coagulation in distilled water for 15min before acid extraction)

8.4 Conclusions
All-aramid composites were prepared by selective surface dissolution of aramid
fibres. According to mechanical test results and morphological studies of the
composites, the optimum dissolution condition chosen was 120sec immersion in acid.
The effect of different processing parameters on mechanical properties, void content

210

CHAPTER 8 – All-Aramid Composites (2)

and morphology of the prepared composites were investigated in order to find the
optimum processing parameters for all-aramid composites. The effect of initial
coagulation time before consolidation, the effect of final coagulation before acid
extraction and the effect of consolidation time and pressure on mechanical properties
and morphology of the prepared composite were studied through tensile testing and
SEM investigations. The optimum parameters resulting in improved mechanical
properties with 120sec immersion time in 95% sulphuric acid giving the best balance
between longitudinal and transverse tensile properties and also good compaction
with less voids in the composites. The preferred processing sequence was first
immersion in acid, then initial coagulation in water, consolidation by pressure, final
coagulation in water and finally extraction of excessive acid and neutralization (see a
schematic of optimized preparation process in Fig. 8.9).

Figure 8.9. A schematic of optimized preparation process for all-aramid composites
The optimum initial coagulation time was found to be 60sec, and consolidation for
5min at 6kPa was found as the optimum parameters for consolidation. Optimum
second consolidation duration was found to be 15min. Applying all these optimized

211

CHAPTER 8 – All-Aramid Composites (2)

parameters at the same time to prepare the all-aramid composite is expected to result
in all-aramid composite with enhanced mechanical properties if the interaction
between different parameters does not make any interference. All-aramid composites
prepared with these optimum conditions possess excellent longitudinal mechanical
properties with tensile strength of 1.44GPa, tensile modulus of 76.8GPa and
maximum strain of 3.41%. The improvement in transverse properties is relatively
small with transverse strength of 3MPa and transverse modulus of 100MPa, which is
due to extensive amount of fibrillation still occurred in the fiber/matrix interphase.

Figure 8.10. Comparison of mechanical properties of all-aramid composites
prepared with optimum processing conditions and traditional unidirectional
aramid/epoxy composites
Fig. 8.10 illustrates the excellent mechanical performance of the all-aramid
composites compared to standard unidirectional Twaron1000/epoxy composites [2].
For comparison, the mechanical characteristics of a unidirectional aramid/epoxy
composite based on the higher-modulus Kevlar49 fibre are also plotted [3]. When
contrasted with such traditional aramid/epoxy composites, the present all-aramid
composites have a high original reinforcement contents up to ~80vol.%. Evidently,
this high reinforcement content contributes to excellent mechanical properties of the

212

CHAPTER 8 – All-Aramid Composites (2)

composites and compensates to some extend for the loss in properties when
compared to those of single filaments and yarns through the dissolution of the highly
oriented fibre skin.
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9
All-Aramid Composites (3):
Use of a Mixed Solvent

9.1 Introduction
In Chapter 7 and 8, all-aramid composites were prepared using highly concentrated
(95wt.%) sulphuric acid as a solvent to selectively dissolve aramid fibre surfaces. A
good balance between mechanicals properties and interfacial adhesion of all-aramid
composites was obtained for an immersion time of 120sec in 95wt.% sulphuric acid.
However, according to the failure modes of the transverse samples, the dissolution of
fibres was not homogenous throughout the composite. Non-dissolved fibres were
observed inside the composite whereas the outer layer of the composite exhibited
heavily dissolved fibres, due to the apparent short immersion time (in seconds) in
highly concentrated sulphuric acid. Moreover, the presence of dissolved fibres on the
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surface of the composite might prevent the acid from penetrating into the interior at
such a short time scale.
In order to improve transverse properties in the composites and provide longer time
scale for dissolution, weaker acid solvents are proposed in this Chapter. Example of
such acid are orthophosphoric acid, a mixture of orthophosphoric acid and sulphuric
acid, polyphosphoric acid (>83% phosphate), a mixture of polyphosphoric acid and
sulphuric acid. It is supposed that weaker acid solvents can achieve better and
controllable dissolution effect on fibres by penetrating into the bundle structure
where the surfaces of the inner fibres can be dissolved similarly to the outer fibres,
leading to more homogenous microstructures and adhesion without losing their
mechanical properties.
The effect of these solvents on the dissolution of aramid fibres was studied by optical
microscopy, based on which a mixture of orthophosphoric acid and sulphuric acid
with 1:1 and 1:2 volume ratio was selected as a solvent to be used for the
investigations. All-aramid composites were prepared by the same selective
dissolution method described in Chapter 7. Since a weaker acid solvent was used to
dissolve the fibre surfaces, longer immersion times can be chosen, varying from
5min to 90min. Tensile tests, dynamic mechanical analysis, scanning electron
microscopy and X-ray diffraction analysis were performed to investigate the effects
of immersion time in the solvent on various properties of all-aramid composites.

9.2 Experimental
9.2.1 Materials
Aramid fibre used in this Chapter is Twaron1000 (standard modulus, dtex = 1735,
1000 filaments per yarn) provided by Teijin Aramid, The Netherlands. All the
parameters for Twaron1000 fibre can be found in section 7.3.2.
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9.2.2 Preliminary solvent selection
The effect of different solvents (98wt.% sulphuric acid, orthophosphoric acid, a
mixture of orthophosphoric acid and sulphuric acid, polyphosphoric acid, a mixture
of polyphosphoric acid and sulphuric acid) on the dissolution of a bundle of aramid
fibres was observed after immersion times of 18min, 20min, 70min, 20hrs and 24hrs,
respectively. The dissolution of fibres after 24hrs is shown in Fig. 9.1. It can be seen
that neither orthophosphoric nor polyphosphoric acid on its own can dissolve aramid
fibres in a reasonable time scale. In terms of the mixture of polyphosphoric acid and
sulphuric acid, due to the higher density of polyphosphoric acid, acids were
separated into two layers and the fibres were dissolved only in sulphuric acid in the
upper layer. The mixture of orthophosphoric acid and sulphuric acid showed a
potentially good dissolution in a practical time scale for a further investigation (see
Fig. 9.2).

Figure 9.1. Effect of different solvents on dissolution of aramid fibres, from left to
right: sulphuric acid 98wt.%, polyphosphoric acid, mixture of polyphosphoric acid
and sulphuric acid (1:1 volume ratio), orthophosphoric acid and mixture of
orthophosphoric acid and sulphuric acid (1:1 volume ratio)
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Figure 9.2. The dissolution of aramid fibres in the mixture of orthophosphoric acid
and sulphuric acid (1:1 volume ratio)
Different volume ratios of orthophosphoric acid and sulphuric acid, i.e. Vp:Vs = 1:1,
1:2, 1:3, 1:4 and 1:5; 2:1, 5:1 and 10:1, were prepared to find an optimum ratio to
dissolve the fibre surfaces in a practical time scale. Ten single fibres were aligned on
a glass slide and embedded in a droplet of each solvent for a certain period of time.
Optical microscopy was used to observe the morphological changes of the fibres
when embedded in the solvent for 30min (see Fig. 9.3).
In the solvents with less sulphuric acid, such as, Vp:Vs = 2:1, the fibre surfaces could
not be dissolved in a practical time scale (Fig. 9.3D) due to the fact that
orthophosphoric acid is not strong enough to dissolve the fibres. In contrast, the
solvents with more sulphuric acid, such as Vp:Vs = 1:3 led to rapid dissolution and
fibre breakage (Fig. 9.3C). Optimum selective dissolution was achieved with the
solvents Vp:Vs = 1:1 and 1:2 where fibres were dissolved mildly without fibre
breakage.
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A

B

C

D

Figure 9.3. Optical micrographs of aramid fibres embedded in solvent for 30min: (A)
Vp:Vs = 1:1, (B) Vp:Vs = 1:2, (C) Vp:Vs = 1:3, and (D) Vp:Vs = 2:1

9.2.3 Composites preparation
All-aramid composites were prepared using Twaron1000 fibres by the same selective
dissolution method first described in Chapter 7 and then optimized in Chapter 8. As
discussed above, two solvents with volume ratio of Vp:Vs = 1:1 and 1:2 were chosen
to prepare the composites. First, fibres were aligned and constrained in longitudinal
direction on a glass mould; then the mould was immersed in the solvents for a certain
period of time, varying from 5, 30, 60 to 90min in order to selectively dissolve the
fibre surfaces. Subsequently, the specimens were initially coagulated in distilled
water for a short period of time (10sec). Mild pressure (6kPa) was applied on the
specimens in the next step for 5min to consolidate the remaining fibre cores with the
dissolved fibre surfaces. The specimens were then again coagulated in distilled water
for 15min and the remaining acid in the specimens was extracted by immersing these
consolidated specimens in a 20wt.% sodium hydroxide aqueous solution. The
specimens were then neutralized in distilled water. Specimens were kept in neutral
water (pH=7) overnight (~18hrs) for a complete neutralization. Finally, the
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specimens were dried in a vacuum oven at 80°C for 24hrs. A low pressure (1kPa)
was applied onto the specimens during drying to prevent warping (see Fig. 8.9 for a
schematic of optimized preparation process for all-aramid composites).

9.2.4 Characterization
Mechanical testing of all-aramid composites
Mechanical properties of all-aramid composites were investigated using an Instron
5566 tensile testing machine. Tensile tests were carried out on unidirectional
composites in both longitudinal and transverse direction. Initial compliance
correction was performed to eliminate the effect of system compliance on results due
to the relatively small size of the specimens prepared. Gauge length was 15mm for
longitudinal samples and 3mm for transverse samples. The ends of all the samples
were glued to cardboard end-tabs to assist gripping. A strain rate of 0.1min-1 was
used for longitudinal specimens, while a strain rate of 1min-1 was employed for the
transverse tests. A 5kN load cell was used to record instant load signals. The Bluehill
software was used to acquire the data from tensile test machine. For each condition,
at least five specimens were tested for calculating average values.
Dynamic mechanical analysis
Dynamic mechanical analysis was performed on all-aramid composites to study their
thermo-mechanical properties. A TA Instrument Q800 DMA fitted with a tensile test
head was used. To eliminate residual stresses, a preload of 0.1N was applied.
Specimens with a gauge length of 20mm were subjected to sinusoidal tensile
displacement with a controlled strain of 0.25% at a frequency of 1Hz and
temperature ramped from 5°C to 400°C at a rate of 3°C·min-1.
Morphological study
Scanning electronic microscopy was employed using a FEI inspector-F to investigate
the cross-sectional morphology of all-aramid composites. Specimens were coated
with carbon and backscattering imaging mode was used.
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X-ray diffraction
Wide-angle X-ray diffraction was performed on aramid yarns (1000 filaments) as
well as all-aramid composites. Samples were cut into a length of 20mm, parallely
mounted onto a sample stage. Cu-K

radiation generated with an X’Pert Pro

diffractometer (PANalytical) operated at 45kV, 40mA, was irradiated, then the
diffraction profile was detected using an X-ray goniometer with

- symmetric

reflection geometry and was resolved into non-crystalline scattering and crystalline
reflections using Rigaku multi-peaks separation software.

9.3 Results and Discussion
9.3.1 Mechanical properties of all-aramid composites
Aligned aramid fibres were immersed in two different solvents, i.e. with a volume
ratio of orthophosphoric acid and sulphuric acid Vp:Vs = 1:1 and 1:2, respectively.
Longitudinal tensile properties were investigated as immersion time varied from
5min to 90min. The results are shown in Fig. 9.4. The composites prepared in Vp:Vs
= 1:1 and Vp:Vs = 1:2 solvents both exhibit high tensile strength and modulus with
5min immersion time. At this preparation condition, the fibre surfaces were not
efficiently dissolved, therefore, the composite possesses high fibre content which
leads to high mechanical properties. With increasing immersion time, mechanical
properties of the composites decrease, which can be explained by the fact that at
longer immersion time larger fractions of the fibres are dissolved and consolidated
into matrix. It is noticed that the decrease in tensile strength and modulus for
composites prepared in Vp:Vs = 1:2 solvent is more obvious than that for composites
prepared in Vp:Vs = 1:1 solvent, which results from stronger dissolution effect of the
former solvent.
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Figure 9.4. The effect of immersion time on longitudinal tensile properties of allaramid composites
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An optimum composite should present a good balance between mechanical
properties and interfacial adhesion. A good interfacial bonding between matrix and
remaining fibres results in good stress transfer in the composite and optimum
mechanical properties for the composites.
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Figure 9.5. Longitudinal and transverse tensile strength vs. immersion time for: (a)
Vp:Vs = 1:1 solvent; (b) Vp:Vs = 1:2 solvent
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Longitudinal and transverse tensile strength has been plotted in Fig. 9.5, where
according to a good balance between longitudinal and transverse tensile strength an
optimum range of immersion time is identified for the composites prepared in both
solvents. The transverse properties are still fairly low probably due to fibrillation
occurred in the fibre/matrix interphase. The optimum range of immersion time is
decided as tcp



10min, where tcp is the immersion time at the crossing-point in Fig.

9.5. For Vp:Vs = 1:1 solvent, the optimum is between 43 and 63min, while for Vp:Vs
= 1:2 solvent it is between 32 and 52min. More evidence of the optimum immersion
time can be obtained from investigating the morphology of all-aramid composites,
which will be discussed in the following section.

9.3.2 Morphology of all-aramid composites
Optical micrographs of failed composite samples after tensile testing are shown in
Fig. 9.6a and b. It shows different tensile failure modes for all-aramid composites
prepared in two solvents with various immersion times. In both cases, Vp:Vs = 1:1
and 1:2 solvents, the failure modes show the existence of a large amount of nondissolved fibres inside the composites which were prepared with a short immersion
time, e.g. 5min. The insufficient amount of matrix formed in the composites leads to
a brush-like failure mode with extensive debonding between fibre and matrix. With
increasing immersion time, a reduction in the strain at break is observed (see Fig. 9.4)
because the composite tends to have more matrix phase. It is noted that in Fig. 9.6a
from immersion time 30min to 90min, the composites are better unified, showing an
improved bonding between fibres and matrix phases and less fibre pull-out, which
indicates good interfacial adhesion. A large amount of non-dissolved fibres is still
observed for composites prepared in Vp:Vs = 1:2 solvent with increasing immersion
time up to 90min (see Fig. 9.6b).
Fig. 9.7 shows scanning electron micrographs of cross-section area of all-aramid
composites prepared in two solvents with various immersion times. It shows good
adhesion between remaining fibre cores for composites prepared in Vp:Vs = 1:1
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solvent with 60min immersion time (Fig. 9.7a). With increasing immersion time,
more fibre skins are dissolved and an improved wetting of the fibres by the matrix is
achieved, resulting in better adhesion in the composites. A decrease in the number of
voids inside the composite structure is shown in Fig. 9.7a with increasing immersion
time. Fig. 9.7b shows that with increasing immersion time a thick outer layer of
dissolved fibre skins is formed, which prevents further dissolution of inner fibres.
Therefore, even after long immersion times, many voids remain inside the
composites (see Fig. 9.7b). By comparing Fig. 9.7a and b, it is concluded that the
composites prepared in Vp:Vs = 1:1 solvent generally exhibit a better adhesion than
those prepared in Vp:Vs = 1:2 solvent. As mentioned in the previous section,
composites prepared in Vp:Vs = 1:1 solvent with 60min immersion time show a good
balance between mechanical properties and interfacial adhesion among fibres.
According to morphological investigations, the amount of dissolved fibre skins to
form the matrix phase with 60min immersion time in Vp:Vs = 1:1 solvent (see Fig.
9.8), is adequate to bond the remaining fibres together. This represents a good level
of adhesion among fibres while leaving a suitable fraction of the fibres as the
reinforcing phase.
(A)

(B)

(C)

(D)

Figure 9.6a. Failure mode of all-aramid composites prepared in Vp:Vs = 1:1 solvent
with different immersion times: (A) 5min; (B) 30min; (C) 60min and (D) 90min
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(A)

(B)

(C)

(D)

Figure 9.6b. Failure mode of all-aramid composites prepared in Vp:Vs = 1:2 solvent
with different immersion times: (A) 5min; (B) 30min; (C) 60min and (D) 90min

A

B

C

D

Figure 9.7a. Scanning electron micrographs of cross-section of all-aramid
composites prepared in Vp:Vs = 1:1 solvent with different immersion times: (A) 5min,
(B) 30min, (C) 60min, and (D) 90min
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Figure 9.7b. Scanning electron micrographs of cross-section of all-aramid composites
prepared in Vp:Vs = 1:2 solvent with different immersion times: (A) 5min, (B) 30min, (C)
60min, and (D) 90min
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Figure 9.8. Scanning electron micrograph of cross-section of optimal all-aramid
composite prepared in Vp:Vs = 1:1 solvent and an immersion time of 60min

9.3.3 Dynamical mechanical analysis of all-aramid composites
The effect of temperature on the storage modulus of all-aramid composites prepared
with different immersion times in both solvents is shown in Fig. 9.9. As expected for
polymeric materials, a decrease in storage modulus with increasing temperature was
also observed for the all-aramid composites. As can be seen in Fig. 9.9, there is no
steep decrease in storage modulus of the composites with increasing temperature,
indicating the high thermal stability of aramid fibre and matrix. At 250°C, the
composites still retained a reasonably high modulus, for instance, 35GPa for 60min
immersion time in Vp:Vs = 1:1 solvent. As previously mentioned, since both fibre
and matrix are from the same material i.e. aramid, possessing high thermal stability,
the resulting composite shows high modulus at elevated temperatures which makes it
suitable for high temperature applications.
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Figure 9.9a. Storage modulus of all-aramid composites prepared in Vp:Vs = 1:1
solvent with various immersion times vs. temperature
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Figure 9.9b. Storage modulus of all-aramid composites prepared in Vp:Vs = 1:2
solvent with various immersion times vs. temperature
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9.3.4 The crystallinity and crystal size of all-aramid composites
The apparent crystallinity and crystal size of all-aramid composites was investigated
by wide-angle X-ray diffraction (XRD). The equatorial X-ray diffraction (XRD)
profiles of raw fibre and the composites prepared in both solvents with various
immersion times are illustrated in Fig. 9.10. The two characteristic diffraction peaks
at diffraction angles (2 ) of 20.7o for (110) plane and at 23o for (200) plane, which is
generally observed for aramid fibres can be seen clearly for the fibre and composites.
As discussed in section 7.3.6, an obvious new peak was formed at diffraction angle
(2 ) of 17.5o, which indicates a new crystal modification

of poly (p-phenylene

terephthalamide) as a result of the coagulation process in water. This peak is
correlated to matrix phase since its intensity increases with increasing immersion
time. Clearly, with increasing immersion times, larger fractions of the fibres are
dissolved to form non-crystalline or partially crystalline (e.g. modification ) matrix
phase, resulting in a reduction of the overall apparent crystallinity of the final
composites, therefore a reduction of Young’s modulus.

Vp:Vs=1:1
Immersion time

Intensity [a.u.]

0min
5min
30min
60min
90min
5

10

15

20

25

30

35

40

45

50

Diffraction angle [°]

Figure 9.10a. Equatorial X-ray diffraction profile of aramid fibre and the
composites prepared in Vp:Vs = 1:1 solvent with various immersion times
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Figure 9.10b. Equatorial X-ray diffraction profile of aramid fibre and the
composites prepared in Vp:Vs = 1:2 solvent with various immersion times
The apparent crystallinity (Xc) for aramid fibre and all-aramid composites in two
solvents with various immersion times were calculated and plotted in Fig. 9.11. It
shows that the values of Xc do not change very much with increasing immersion
times, especially for composites prepared in Vp:Vs = 1:1 solvent. The reason is that
in the calculation of Xc the reflection of crystal modification
account. Although the amount of crystal modification

is also taken into

is reduced, the total

crystallinity changes very little or even increases due to the formation of crystal
modification .
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Figure 9.11. The effect of immersion time on the apparent crystallinity (Xc) of allaramid composites prepared in two solvents with various immersion times
Calculating X-ray diffraction data by means of Scherrer’s equation (Eq. 7.3) also
reveals that the lateral crystallite size normal to the (110) plane and (200) plane, in
all-aramid composites was reduced with immersion time (Fig. 9.12a and b). The
crystal size gradually decreased for longer immersion time due to fibre dissolution
and formation of more matrix phase. By comparing Fig. 9.12 with Fig. 7.7b, it is
noticed that the decrease in crystal size for the (110) plane in Fig. 9.12 is not as
dramatic as that in Fig. 7.7b, indicating relatively more crystal modification
remained in the microstructure as a result of weaker dissolution effect using the
mixed solvent.
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Figure 9.12a. The effect of immersion time on crystal size of all-aramid composites
prepared in Vp:Vs = 1:1 solvent
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Figure 9.12b. The effect of immersion time on crystal size of all-aramid composites
prepared in Vp:Vs = 1:2 solvent
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9.4 Conclusions
All-aramid composites were successfully prepared by selectively dissolving aramid
fibre surfaces. With increasing immersion time of aligned aramid fibres in the
mixture of orthophosphoric acid and sulphuric acid, larger fractions of the fibre skins
are dissolved to form a matrix phase. This leads to a structure of all-aramid
composites with oriented aramid fibre cores offering a reinforcing effect to an aramid
matrix. According to tensile testing results and morphological observations of the
composites prepared using two different solvents at various immersion times, it was
shown that 60min immersion time in Vp:Vs = 1:1 solvent was the optimum
processing condition for good overall properties. At this condition, the best balance
between longitudinal mechanical properties and interfacial adhesion among fibres
was achieved, although the transverse properties were still fairly low probably due to
fibrillation occurred in the fiber/matrix interphase. DMA results revealed retention of
a high modulus in all-aramid composites at elevated temperatures. X-ray diffraction
profiles clearly showed that crystal size and apparent crystallinity decreased with
increasing immersion time in the solvent, which results from increasing dissolution
of the crystalline fibre skins and the formation of non-crystalline or partially
crystalline matrix phase.
Table 9.1. Comparison of various properties of all-aramid composites prepared in
95wt.% H2SO4 acid for 120sec and in a mixed solvent Vp:Vs = 1:1 for 60min
in 95% H2SO4
for 120sec
(optimized process)

in Vp:Vs = 1:1 solvent
for 60min

Tensile strength [GPa]

1.44

1.10

Tensile modulus [GPa]

76.8

48.3

Strain at failure [%]

3.41

2.15

Transverse strength [MPa]

3.0

6.0
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Table 9.1 shows a comparison of optimal all-aramid composites prepared in 95wt.%
sulphuric acid for 120sec from Chapter 8 with the composites prepared in a mixed
solvent of orthophosphoric acid and sulphuric acid (Vp:Vs = 1:1) for 60min. These
all-aramid composites were prepared with the same procedure, therefore, the results
can be comparable. With longer immersion time, the composites can be prepared in
the mixed solvent in a much more controllable process, exhibiting similar tensile
strength and double transverse strength, when compared to the composites prepared
in 95wt.% sulphuric acid. However, tensile modulus of composites prepared in the
mixed solvent is much lower than that of composites prepared in sulphuric acid due
to the much longer dissolution time. It indicates that the mixture of orthophosphoric
acid and sulphuric acid (Vp:Vs = 1:1) is a potentially good candidate solvent to
prepare all-aramid composites with more uniform cross-sections through a much
more controllable selective dissolution process.
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10

Conclusions and Future Work

10.1 Conclusions
Conventional composite materials consist of matrix and reinforcing fibres with
different chemical compositions, for example, glass fibre reinforced epoxy resin.
With increasing demands of composite materials in the applications of aerospace and
automotive industries, the recycling of the end-of-life composite products attracts
more and more concerns over the last decade. Since matrix and fillers cannot be
easily separated, recycling is therefore limited; moreover, the incineration of glass
fibres is also problematic as the heat-formed clusters can damage the furnaces.
Therefore, over recent years, the concept of self-reinforced polymer composites or
all-polymer composites has attracted increasing interests and led to a large number of
studies within this area. These all-polymer composites, which are often based
entirely on polypropylene, have specific economic and ecological advantages over
composites based on glass fibres since they can be recycled into polymer feedstock
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which can be used for a wide range of future applications. Two main techniques are
now being commercialised to manufacture such all-polypropylene composites, both
of which rely on the selective melting of the polymer fibre skins. Upon cooling, the
melt recrystallises into a matrix to firmly bond the fibres together, resulting in a selfreinforced composite. These innovative composites possess enhanced recyclability
and interfaces; moreover, their neat and simplified processing eliminates the
troublesome impregnation step in traditional thermoplastic composite manufacturing.
Recently, a novel selective surface dissolution method was also successfully
developed to prepare all-cellulose composites. Since cellulose is well known not to
melt, this dissolution method is employed to partially swell or dissolve the fibre skins
rather than melting.
In this thesis, the preparation of all-polymer composites based on high-performance
polymeric fibres including poly(ethylene terephthalate) (PET) and aromatic
polyamide are explored in Part 1 and Part 2, respectively.
In Part 1, PET was chosen as a base material because it exhibits a higher glass
transition (Tg = 67-90oC) and melting (Tm = 260-290oC) temperature than PP (Tg
o

-

o

15 C, Tm 165 C). Hence, all-PET composites are potentially more thermally stable
than existing all-PP composites. In order to obtain all-PET composites with
satisfying mechanical properties, high-performance precursor PET fibres or tapes are
needed. Therefore, a study of melt spinning and solid-state drawing of PET fibres
was conducted in Chapter 3 to investigate the processing parameters affecting the
mechanical properties of PET fibres. The melt-spinning condition of as-spun fibres
determines the morphology of the precursor fibres for the following drawing process,
such as pre-orientation and crystallinity. The drawing conditions of PET fibres affect
the mechanical properties and thermal stability, both of which are required for the
application of these fibres into the formation of all-PET composite materials. The
polymer grade used for the production of fibres was chosen concerning the effect of
molecular weight on polymer drawability. High drawability is necessary to achieve
high

molecular

orientation,

and

therefore
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Semi-crystalline polymers such as PET can be deformed at elevated temperatures
below Tm to increase mechanical properties by orienting inherently stiff molecules in
the direction of loading. The Young’s modulus is controlled by the structure of the
amorphous regions, which have a function of load transfer between crystalline
lamellae. The tie molecules in amorphous regions can become taut during the
drawing process to transfer external load more efficiently. An increase of modulus
can be seen with increasing draw ratio. An increase in tensile strength can be
explained by increasing crystal orientation. Increasing drawing temperature to a
temperature near Tg, the relaxation of tie molecules in amorphous regions will occur
and Young’s modulus decreases correspondingly. A maximum draw ratio of 9.7 is
achieved, resulting in a maximum tensile modulus of 20GPa and tensile strength of
925MPa.
In Chapter 4, all-PET composites were prepared by a film stacking technique, i.e.
combining PET drawn tapes unidirectionally with copolyester adhesive films in an
alternating “brick-wall” layer-by-layer structure. This classic thermoplastic
composite processing method with a large processing temperature window (>100oC)
originating from the use of copolyester films as matrix allows all-PET composites to
be prepared in a low cost way. PET tape is more thermally stable than PP tape, which
makes all-PET composites attractive for high temperature applications not achievable
with all-PP composites, while maintaining their advantages in recyclability.
Adequate interfacial bonding was achieved when the PET/co-PET assembly was
consolidated in a hot press at 160-180oC and a compaction pressure of around
0.6MPa. The fibre efficiency factors calculated for tensile strength and modulus of
all-PET composites compacted at 180oC and 0.6MPa were 0.95 and 0.99,
respectively, indicating the high quality of the manufactured composites. Although
transverse properties are limited, the developed all-PET composites exhibited good
longitudinal mechanical properties compared with other PET materials, including
hot-compacted PET sheet and glass-fibre-reinforced PET grades and can be of
interest from a property and processing point of view. Due to the degradation of coPET film at 200oC which is below the Tm of PET tape, the recyclability of this all-
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PET composite is limited. Therefore, a carefully selected co-PET polymer as matrix
will possibly make an improvement in this aspect.
In Chapter 5, all-PET composites were prepared from bi-component multifilament
PET yarns by a combined process of filament winding and hot pressing. These bicomponent yarns show a sheath-core structure, in which the sheath is the lower
melting temperature component used to thermally bond fibre to fibre and the core is
the higher melting temperature load-bearing component. Co-PET/PET bi-component
fibres with a melting temperature difference of more than 40oC were used to prepare
all-PET composites with the application of heat and pressure. During hot pressing,
two variables, which were compaction temperature and pressure, were varied
independently from 200 to 240oC and from 1.3 to 4.0MPa, respectively. The purpose
of heating is to melt the fibre skins to produce the matrix phase and bond fibre cores
together, while the purpose of pressing is to laterally constrain the fibres and
facilitate the matrix to wet-out the remaining fibre cores. One of the main advantages
of all-PET composites prepared with these sheath-core bi-component fibres is a
uniform distribution of matrix. Moreover, unidirectional composites prepared with
bi-component fibres have an advantage of being able to achieve high fibre
orientation whereas with traditional resin transfer method the fibres may be distorted
and loss of fibre alignment may take place. During ideal composite processing, the
sheath phase is completely melted and consolidated into matrix, while the core phase
remains as reinforcement. Fibre volume fraction will be 67% in these final all-PET
composites. An optimum range of consolidation temperature (~220oC) and medium
pressure (2.6MPa) were found to achieve a good balance between longitudinal and
transverse mechanical properties. However, the transverse properties are fairly low
due to the possible occurrence of fibrillation in the fibre/matrix interphase.
Poly(p-phenylene terephthalamid) (PPTA) or aramid fibres (e.g. Kevlar® and
Twaron®) are one of the most important high performance fibres in the world,
combining good mechanical, physical and chemical properties with a low density. In
addition, they are self-extinguishing and have a decomposition temperature of above
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550oC. When both fibre and matrix are of the same material, all-aramid composites
would therefore lead to very high temperature resistant materials with excellent
mechanical properties and chemical resistance. Therefore, in Part 2, the concept of
selective dissolution of the fibre skins to create all-aramid composites has been
explored for two different solvent candidates: (1) 95wt.% sulphuric acid (Chapter 7
and 8); (2) a mixed solvent of orthophosphoric acid and sulphuric acid (Chapter 9).
The studies showed great promises of these all-aramid composites being
unidirectional oriented with high (>80vol.%) fibre volume fraction, which allows
composites to almost fully exploit the potential of the aramid fibres.
For both solvent systems, a key issue to the selective dissolution process is an
optimum immersion time of the aramid fibres in the solvent to create the best overall
mechanical properties. As the immersion time increases, larger fractions of the fibre
skins are dissolved to form a matrix phase to bond the remaining fibre cores together.
At the optimum immersion time, the amount of the formed matrix phase is adequate
to provide sufficient interfacial adhesion in the composites, meanwhile the remaining
fibre cores maintain the majority of their initial strength.
In Chapter 7, all-aramid composites were prepared by selective dissolution of aramid
fibre skins in 95wt.% sulphuric acid aqueous solution. According to tensile test
results and observations of failure modes of composites prepared with various
immersion times, it is shown that a 120sec immersion time is the optimum
processing condition to provide the best overall properties. At this condition, a good
balance between longitudinal mechanical properties and interfacial adhesion among
fibres was achieved. In Chapter 8, besides the immersion time, the effects of other
processing parameters on the final mechanical properties of all-aramid composites
were investigated. The studies show that (1) initial coagulation time, (2) final
coagulation, (3) consolidation time and finally (4) consolidation pressure affect
mechanical properties and morphologies of the composites in different ways. An
improved selective dissolution process was found, which led to all-aramid
composites with a tensile strength of 1.4GPa and a tensile modulus of 77GPa, higher
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than those of traditional Twaron1000/epoxy composites and similar to Kevlar49 (or
Twaron2200)/epoxy composites. However, their transverse properties were fairly
low due to extensive amount of fibrillation occurred in the fiber/matrix interphase.
In Chapter 9, a mixed solvent of orthophosphoric acid and sulphuric acid was used to
selectively dissolve the fibre skins. High concentration sulphuric acid dissolves the
fibre skins rapidly due to its strong acidic character, which only allows for a short,
intractable time scale of immersion time. However, with short immersion times (in
seconds), non-dissolved fibres were observed inside the composites whereas the
outer regions of the composites were heavily dissolved. In order to create composites
with more uniform cross-sections and to improve transverse properties and provide a
much more controllable process, weaker acid solvents such as orthophosphoric acid
were proposed. It was concluded that 60min immersion time in Vp:Vs =1:1 (volume
ratio of orthophosphoric acid and sulphuric acid) solvent was the optimum
processing condition to provide the best overall properties including a tensile
strength of 1.1GPa, a tensile modulus of 48GPa and a 100% increment in transverse
strength compared to the composites prepared from 95wt.% sulphuric acid. The low
transverse properties of all-aramid composites are expected to be improved by a
more uniform spread/separation of fibres before immersion in the solvent.

10.2 Future work
As for all-PET composites, one of the potential future works is to prepare all-PET
composites from post-consumer PET waste. According to CMAI (Chemical Market
Associate, Inc.), global demand for PET resin is projected to grow to 17.3million
tonnes and production capacity is expected to reach 19.6million tonnes/year in 2011.
Since PET has been extensively used in our daily life, such as beverage bottles,
insulation films, packaging, textile fibres, fabrics and etc, the recycling of the
abundant post-consumer PET waste has become an important environmental issue.
The largest and fastest growing outlet for PET is beverage bottles, which accounts
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for 66% of demand. The beverage bottles are almost exclusively PET, which makes
them more easily identifiable in a recycle stream. Therefore, the recycling of PET
beverage bottles is more attractive, profitable and practical. For instance, Mohawk
Industries released everSTRANDTM (see Fig. 10.1) in 1999, which is a 100% postconsumer recycled PET carpet fibre from PET beverage bottles. Since then, almost 3
billion bottles have been recycled into everSTRANDTM carpet fibres every year.

Figure. 10.1. 100% post-consumer recycled PET carpet fibre: everSTRANDTM from
Mohawk industries, Inc.
In the future, all-PET composites are expected to be manufactured from recycled
PET end-of-life products. For example, fibre grade PET waste is homopolymer with
low molecular weight, whereas bottle grade PET waste is copolymer with high
molecular weight. These two grades waste can be remelted and co-extruded into
layer-by-layer or skin-core structures, which after drawing can be used for all-PET
composites. Since all-PET composites are recyclable, a “closed cycle loop” can be
formed.
All-aramid composites have been successfully prepared by selective dissolution of
fibre skins in two different solvents. Macroscopic morphologies and mechanical
properties have been investigated, showing an optimum processing condition to
provide the best overall properties for the composites. To establish a structureproperty relationship for these composites, the internal microscopic structure needs
to be investigated in more detail. This will require a probe capable of resolving
internal microstructural variations within single aramid fibres over sub-micrometre
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length-scales. It must also be applicable to embedded systems, with the fibres in this
case being directly inaccessible.
The microfocus beamline at the ESRF (European Sychrotron Radiation Facility)
(ID13) is used routinely for investigating the morphology of single fibres [1-3]. Its
microfocussed X-ray beams allow the internal morphology of fibres to be studied in
scanning microdiffraction experiments. Recently, a unique on-axis geometry has also
been demonstrated for studying high performance fibres [4, 5]. Unlike the standard
fibre diffraction geometry, an on-axis approach can ‘image’ the fibre cross-section
directly. It therefore eliminates the need for modelling. A similar method could be
applied to the all-aramid composites.
A successful proposal SC-2728: “Investigating the internal microstructure of allPPTA[poly(p-phenylene

terephthalamide)]

composites

by

on-axis

scanning

microdiffraction” has just been approved at the beamline ID13. Experiments in this
proposal will soon be carried out at the ESRF. Aramid fibres and all-aramid
composites will be scanned using an on-axis microdiffraction geometry (Fig. 10.2a).
Reciprocal-space information obtained from individual X-ray diffraction patterns can
be used to image the fibre and composite cross-section in terms of different
microstructural parameters. For example, the azimuthal width of (110)/(200)
reflections provides information about preferred orientation and the degree of
orientation over the cross-sectional area (e.g. Fig. 10.2b). Thus, variations in these
parameters between the skin and core regions can be ‘imaged’ directly.
The on-axis microdiffraction experiment will reveal the extent to which skin
dissolution extends within individual aramid fibres and what structural changes occur
within this region. It will also provide information concerning the interface, a critical
element of any composite. By studying a variety of fibres processed under different
conditions, the influence of different processing parameters can be identified. This
can then be related to the mechanical properties of the material, allowing the
preparation process to be optimized.
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(a)

(b)

Figure 10.2. (a) experimental geometry for on-axis diffraction; (b) interpolated area
plot showing the average azimuthal HWHM calculated at each scan position on the
fibre cross section [4]
Selective surface dissolution method, which was employed to prepare unidirectional
all-aramid composites in this thesis, is also a promising method to improve the
impact strength of aramid woven fabric materials. The aramid fibre skins can be
selectively dissolved to fill up the gaps between bundles in aramid woven fabrics.
Hence, the woven network will be significantly strengthened through a newlyformed aramid matrix phase, resulting in further improved impact strength for
aramid fabrics. Moreover, non-woven aramid fabrics can also be produced by this
method in the future to explore more industrial and domestic applications, such as
electrical and heat insulator, liquid barrier, composite laminates, and etc.
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