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Preface

The supply of natural resources for economic development is limited. In order to
prevent the destruction of humanity’s own livelihood, this limited supply requires a
gentle and efficient handling of the available energy sources and materials by all the
branches of industry, aimed at reducing emission of pollutants and the efficient use
of materials. This has become particularly clear against the backdrop of globaliza-
tion with the abrupt increase in global transportation and the steady growth of
individual mobility. Particularly in branches of industry relying on the accelerated
transportation of large masses, passenger and goods traffic, as well as mechanical
and plant engineering, innovative lightweight construction technologies based on
plastics are more important than ever before. These aspects of material and energy
efficiency also apply for wooden and concrete reinforcements. In the construction
industry, the number of applications increases for fiber-reinforced slender and
filigree concrete components, for fiber-reinforced plastics, as well as for the rein-
forcement and restoration of existing structures. Furthermore, textile membranes
are highly efficient and extremely lightweight construction materials with adjust-
able functionalities, making them relevant for a wide range of applications.

Textile materials and semifinished products have a versatile property potential
and often act as carriers and driving forces behind innovative developments. They
are distinguished by the use of high-performance fiber materials and advanced
technologies. In the past decades, a unique interdisciplinary spectrum of knowledge
has been evolved worldwide in the field of textile technology. The focus is placed
on polymeric, mineral, and metallic fiber-based materials for use in high-tech
applications. These textile materials will remain a crucial group of high-
performance materials and will be established as a significant research priority in
twenty-first-century material science. The fiber and textile technology research
institutions will become the centers of an indispensable multidisciplinary research
of innovative technologies and products.

The combination of material science, nanotechnology, microsystems technol-
ogy, bionics, physics, and chemistry results in a new product range with properties
adjustable to the individual demands in a wide range. The gamut and depth of the
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required processes and materials are immense and highly complex. Even products
with unique characteristics and fundamental approaches toward intelligent and self-
learning materials are realizable.

The aim of this first edition is to fully exploit the performance potential and the
variety of textile materials and semifinished products. Experts of textile technology
will share basic knowledge of textile and ready-made technology as well as future-
oriented special knowledge for the manufacture and use of high-tech textiles. They
show the possibilities for the application of textile structures in lightweight con-
struction. Therefore, this book will concentrate on the detailed portrayal and
description of the entire textile process chain from fiber material to the diverse
yarn constructions and various textile semifinished products in two- and three-
dimensional shapes, but will also touch upon preforming and interphase/interface
design. Beyond those, tests according to valid norms and special, recently devel-
oped test methods for textile lightweight construction will be introduced. This
reference book is rounded off by remarks concerning the modeling and simulation
technology for the structure-mechanical calculations of highly anisotropic, flexible
high-performance textiles, and exemplary applications from the fields of fiber-
reinforced composites, textile concrete, and textile membranes. This aims to exem-
plify the potential of textile structures as innovative lightweight construction
material by the specific selection and combination of textile processes for the
realization of a nearly unlimited number of property profiles, and finding possibil-
ities of functional integration as well as designing of near-net shape components.
The aim is to create a conscious motivation for a wider use of textile high-
performance materials in lightweight construction applications on a large scale,
which will soon start their triumph in the field of fiber-reinforced composite
materials.

The deliberations included in this book are based on long years of interdisci-
plinary research and development work, including special research areas and
research clusters in the fields of fiber-reinforced composites, textile-reinforced
concrete, and textile membranes. These research projects along the entire textile
process chain are promoted at the Institute of Textile Machinery and High-
Performance Material Technology of TU Dresden. Extensive teaching material
could be gathered from engineering education and doctoral studies in textile and
assembly technology as well as lightweight construction, all of which contributed to
the successful creation of this textbook.

Dresden, Germany Chokri Cherif
June 2014
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Chapter 1
Introduction

Chokri Cherif

The recent concepts and trends in lightweight construction applications and the
development of suitable fiber-based materials and matrix systems, as well as
thoroughly automated manufacturing concepts contribute to an increased use of
high-performance fibers and make fiber-reinforced composites (FRCs) the defining
material class of the twentyfirst century. Textile materials and semi-finished prod-
ucts act as carriers and drivers of these innovative developments and are an
important basis of quantum leaps in resource efficiency, CO, emission reduction
and development of products able to meet consumer demands with wholly new
ideas. In the future, energy consumption coverage in all civil and economic sectors
will require wider use of renewable and CO, neutral energy sources and concepts,
leading to innovations and changes within the energy sector. As a result, a paradigm
shift in the use of materials driven by energy and resource scarcity will put fiber-
based high-performance materials and the products based on them in high demand
by a variety of industries [1].

Continuous fiber-reinforced composites, as a relatively new material class,
consist of a tensile load-absorbing textile reinforcement structure and a shaping,
compressive-load-absorbing matrix material. Composite materials also include
textile membranes consisting of a coated or foil-laminated textile surface as
reinforcement.

The excellent properties of fiber-reinforced composites, such as their high
specific strength and stiffness, good damping properties, chemical resistance and
low thermal expansion lead to the increased use of fiber-based lightweight con-
struction products frequently classified as high-grade construction materials. In
comparison to conventional materials, particularly based on metals, they are dis-
tinguished by outstanding corrosion resistance, ductility and weight reduction. In
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order to fully exploit the potential of the fiber reinforcement in the composite, the
fibers have to be arranged stretched along the main load directions and suitably
embedded into the matrix. The textile materials and semi-finished products provid-
ing reinforcement are often transferred into near-net shape component geometries
by means of a large range of different manufacturing technologies.

Continuous fiber-reinforced composite components based on different matrix
systems also display flexible adaptability of their structure and thus adjustability of
material properties and property anisotropy to the individual requirements of
processing and construction. Therefore, they possess high potential for a cost-
efficient production of tailor-made composite components with broad use in light-
weight construction for conventional and new application areas. In this regard, the
setup of efficient, non-stop process chains for the development of textile-based
lightweight construction structures is crucial. A requirement-suited designing of
FRC components based on carbon fibers can attain weight reductions of 30 %
compared to aluminum or even 70 % compared to steel. In construction, weight
reductions of up to 80 % over the conventional ferroconcrete structures are feasible.

Due to their structural variety, textile-based lightweight construction structures
resulting from the combination of textile reinforcement components with plastic
and mineral-based matrix systems have already been established as an innovative,
economically viable and suitably designable material indispensable to lightweight
construction applications. The potential of FRCs in fields of application requiring a
great lightweight construction advantage is widely recognized. The market for
fiber-reinforced plastic composites (FRPCs) has registered above-average growth
rates in recent years [2]. Particularly, FRPCs based on short-fiber reinforcements, as
manufactured in sheet molding compound (SMC) or the various long-fiber-
reinforced thermoplastic (LFT) methods, have been used in the serial production
of secondary components in passenger and utility vehicles [3]. A similar situation
can be observed in construction, regarding market-proven short fiber concrete
components such as facade elements and carbon-fiber-reinforced plastic composite
lamellas for the strengthening of buildings. Numerous recent lightweight construc-
tion developments are aimed at a dedicated enhancement and acceleration of the
use of continuous fiber-reinforced composite components. Apart from the expen-
sive Pre-preg technology (pre-impregnated textile structures with a resin system),
science and industry are closely tracking alternative production methods based on
dry (i.e. non-pre-impregnated) reinforcement structures in combination with ther-
mosetting matrix systems or through the use of thermoplastic-based hybrid con-
structions, aspiring to establish possibilities of a highly productive processing into
complex, function-integrated composite components.

FRPCs are preferentially produced from a basis of thermosetting matrix systems.
The broad use of such FRPC solutions, especially in aeronautics, wind power and
sports equipment technology, has contributed to this technology’s special potential
concerning material, ecological and energy efficiency under economical aspects.
They are increasingly being used in structural components and applications with
challenging requirements. Despite the excellent properties and the considerable
increase in the use of FRPCs particularly in aeronautics, the currently realizable
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cycle times are a limiting factor for application in large series. So far, their
industrial applications have been largely limited to “prestige object” in the form
of spoilers, side panels, tailgates, doors or roofs for vehicles [4]. The consistent
automation of steps for the reproducible FRPC component manufacture and the
development of cost-efficient textile semi-finished products, highly reactive resin
systems and fast impregnation and consolidation technologies, which are at the
center of attention of recent research are laying the groundwork for a promising
industrial implementation in large-scale production areas.

The high potential of continuous fiber-reinforced thermoplastic composite mate-
rials for serial use in complex, highly loaded and recyclable vehicle and machine
engineering parts have put them in the center of intensive developments in science
and industry aspiring to realize dry structures. The possible specific strengths and
stiffnesses that can be achieved are considerably higher and can be ten times as high
as that of metallic materials, while requiring equal amounts of material. Load cases
caused by alterations in component geometry due to thermal expansion can be
avoided or generally defined by purposefully combining carbon fibers and matrix
materials.

The various existing applications in the field of textile-reinforced concrete
demonstrate the effectiveness of textile reinforcements as well as their practicality.
A large number of applications of textile concrete have already been implemented.
Most of them are related to the free shaping properties and low material consump-
tion leading to the reduction of CO, emissions by conserving energy and material,
in particular cement. Especially for the strengthening of old ferroconcrete construc-
tions or the maintenance of existing structures, the use of textile reinforcements is
becoming a technology with good prospects [5, 6]. The small geometrical changes
and the great capabilities of the high-performance fibers, the correlating low
own-weight loads and relatively easy applicability of the textile-reinforced fine-
grained concrete layers lead to completely innovative usage and structural design
possibilities. The almost unlimited formability and load-adapted arrangement of
rovings in textile structures, their free designing and dimensioning, often inspired
by nature, result in complex, aesthetically pleasing, and delicate architecture with
economic market relevance.

Apart from FRPCs and textile concrete, textile membranes, usually thin ones
mainly stressed by tensile forces, are another innovative class of technical materials
adaptable to material choice and construction to fulfill a variety of different
functions: for example, separating, delineating, encasing, filtering, load bearing
and distribution; or protecting against weather, sound or heat. This results in a wide
application spectrum ranging from membranes for textile construction to sails in
high-performance yachting. Furthermore, it also includes sun protection textiles,
advertising surfaces, tents, geotextiles and truck tarpaulins. Developments so far
have been aimed at achieving high tensile strengths and Young’s moduli at small
membrane mass. Thus, textile membranes are the basis of unlimited innovative
technical lightweight construction solutions in the high-performance field.

The load-adapted alignment of textile reinforcement structures in complex-
shape components adds high engineering-technological requirements on both the
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calculation and simulation software used as well as on the realization of appropriate
machinery concepts and production methods. Compared to metallic materials,
fiber-reinforced composites, at purposeful choice of reinforcement structures and
low-fiber-damage production, can allow a more cost-efficient component design-
ing. This requires the selection of suitable technology and the coordination of the
chosen material with the geometry, regarding design and construction aspects. If
this is taken into account, composite materials help realize complex component
geometries that would be costly to realize with metallic materials.

However, innovative and efficient lightweight construction means designing
each individual part with the global concept of the application in mind. In product
development, economical and ecological aspects (e.g. end-of-life vehicle laws,
emission and fuel consumption regulations) are understood not as antagonism but
as supplement and symbiosis [7]. Efficient use of available and the development of
new fiber materials, construction methods, and technologies for lightweight con-
struction products can contribute to sustainable climate protection. The lower the
weight of cars, airplanes or machines, the smaller the amount of energy required to
operate them and the fewer greenhouse gasses and air pollutants are emitted. While
load-adapted and recyclable designing and near-net shape manufacturing methods
can help attain high material efficiency in production, energy efficiency in the daily
use of the products or parts is a decisive competitive criterion.

The technologies currently used for the production of textile fiber materials,
structures and preforms (near-net shape and dry fiber structure) and their subse-
quent exact positioning within the impregnation tool are usually suitable for a
number of different application areas, regardless of the component manufacturing
methods and the matrix material used. A sustainable breakthrough for the wider use
of textile-based lightweight constructions in large series can only be achieved by
thoroughly exploiting the different textile constructions’ potential for the respective
applications [8]. The extremely wide range of textile materials, production tech-
nologies, and their combinations complicate the user’s efficient design of
manufacturing processes and component-related choice of suitable materials. The
following complexes and challenges are relevant to ensure an efficient and repro-
ducible manufacture of processable and load-adapted textile semi-finished products
and preforms from a multitude of textile constructions with near-net shape geom-
etries, suitable for the economical processing into complex and high-loaded fiber
composite parts for automotive and machine engineering, construction, membrane
technology as well as the elastomer and timber industries [9]:

— reduction of fiber and semi finished product cost by correct selection of textile
fiber materials and manufacturing technologies, waste minimization, e.g. by
employing near-net shape production methods and damage free processing of
high-performance fiber materials aimed at attaining highest possible material
efficiency,

— development and selection of cost-effective technologies and machine types for
the realization of dry structures or their hybridization/(partial) impregnation,
temporary fixing of textile semi-finished products for the production of complex,



1 Introduction 5

suitable and easy-to-handle preforms with component-adjusted reinforcement as
well as near-net shape/thickness-adjusted dimensions for medium and large
series,

— selection of reproducible and automated preforming processes and concepts,
with subsequent impregnation and consolidation at short cycle times,

— cutting of production costs and process times of components by correctly
selecting textile reinforcement structures and related technologies dependent
on the matrix systems, impregnating and consolidating quickly and flawlessly,
as well as choosing adjusted machine concepts and impregnation strategies
accordingly,

— tailor-made interface design by means of surface modification and realization of
adapted interfaces for the application-related adjustment of composite properties
between reinforcement and matrix component,

— development of intelligent concepts for a function-integrated lightweight con-
struction in multi-material design,

— development of powerful, non-destructive and fast testing methods and quality
control systems for textile materials, semi-finished products and preforms, as
well as

— development and implementation of effective and reliable simulation software
for the design of flexible reinforcement structures to produce complex
components

This textbook emphasizes the detailed introduction and interpretation of defini-
tions as well as the distinct delineation of textile production methods. These will
help avoid misinterpretations and enable the most efficient use of the near-
unlimited possibilities of textile and ready-made technology for energy efficient
fiber-reinforced plastic composites in the areas of lightweight construction. Spe-
cialized know-how is conveyed, taking into account exact textile terminology and
interconnections and contexts of the multifaceted textile process steps. Further-
more, special methods that are currently being developed are presented and
research trends are illustrated. The potential, properties and versatility of textile
materials and semi-finished products as well as their combinations into completely
new possibilities and product geometries are to be extracted in particular in the
course of this book.

The focus of this book will be on an illustration of the importance of textile
constructions based on fiber-based high-performance materials for function-
integrated lightweight construction applications. This includes applications of
fiber-reinforced plastic composites on thermoplastic and thermosetting bases, of
textile membranes and of lightweight constructions with concrete. Furthermore,
reinforcements for wooden and elastomer materials are other target groups. For the
first time, manufacturers of composite materials will obtain a comprehensive
overview of the possibilities and the potential of fiber and textile technologies
and the corresponding machine technologies for an economical production of
suitable 2D and 3D textile structures for lightweight construction in complex
architectures, as previous relevant textbooks only touch upon selected fields.
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The book is to be a “classic” as a modern teaching and learning package and is
targeted at students, engineers, designers and developers as well as research insti-
tutions in the areas of textile and ready-made technology, plastics, elastomer and
wood engineering, lightweight construction, fiber-reinforced plastic composites,
materials science, civil engineering and architecture. The book concentrates mainly
on textile materials and semi-finished products. The selected application examples
in the textbook (FRPCs, textile concrete and textile membranes) are limited to a
short introduction of the requirements for the components and are followed by
explanations of the required textile process chains and the component production
technologies necessary to fulfill them. For purposes of additional information on the
subject areas of fiber-reinforced plastic composites, textile concrete and textile
membrane technology, relevant textbooks and publications are listed.
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Chapter 2
The Textile Process Chain and Classification
of Textile Semi-finished Products

Chokri Cherif

This chapter gives a general overview of the most important steps of the textile
process chain and will thus facilitate a deeper understanding of the material group
of functional textiles. The introductory material- and process-related definitions
concerning fibers, yarns, fabrics and their further processing are explained in depth
in the following chapters. The scope of technical textiles has been extended far
beyond the original technical application areas. The steady and intense use of micro
system and nanotechnology, measurement and sensor technology, plasma technol-
ogy and modern finishing techniques are suitable to equip textiles with specific,
adjustable properties and functions. One main characteristic of functional textiles is
their orientation toward functionality, performance and an added value in compar-
ison with conventional textiles.

2.1 Introduction

For decades, the European textile industry has been experiencing a structural
change focused on the development of innovative high-quality products. Current
trends and the know-how transferred into practice reveal the great potential of
textile innovation. This does not only affect the textile industries, but also other
branches of industry and products. Apart from the classical uses in garment and
home textiles, technical applications are present in nearly all areas of everyday life.
The production of technical textiles is a new, innovative, and promising field.
Technical textiles are often distinguished by their functional diversity, and specific
know-how is required for their design and production.
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The use of these technical textiles is multi-faceted and not limited to clothing or
home textiles, but extends to a variety of disciplines like automobile construction,
aeronautics, construction engineering, and architecture, as well as healthcare, and
security services.

Technical textiles feature the use of high-performance fibers, highly developed
technologies and the incorporation of other, often non-textile materials. Their
properties display an extremely versatile potential and turn both textile materials
and the related production methods into mainstays and driving forces for the
development of innovative products. The fiber materials and textiles with their
unique properties are the best precursors for new products and technologies, e.g. in
the fields of materials science and microsystems engineering, and for intelligent and
adaptive materials.

Technical textiles are characterized by diversity, compatibility, functionality,
flexibility and interactivity. These properties have broadened the range of applica-
tions and allow the development and opening of entirely new product groups. The
range of variation and functionality of technical textiles is extremely large because
of the near-unlimited multitude of property profiles resulting from fiber type and
mixture, yarn formation, fabric production, as well as surface modifications and
functionalizations on various production levels. These possibilities create perfect
conditions for compatibility and connection with other, non-textile materials like
plastics, metals and concretes. The combination of technical textiles with micro
systems technology creates interactive data and information media [1] and inte-
grated sensor and actuator networks, used for instance for structural monitoring and
oscillation dampening in composite components. This allows the flexible use and
customization of textile materials and semi-finished products with their adjustable
properties.

The use of technical textiles as an independent product group is by now well-
established in nearly all disciplines, beyond applications in technical areas. This
requires an intense analysis of terminology and distinction of technical and func-
tional products from conventional garment, home and household textiles. With the
steady and intense use in micro systems technology, nanotechnology, metrological
and sensor technology, modern finishing technology and bionics sees textiles being
fitted with specific adjustable properties and functions are going far beyond the
requirements of technical applications. Therefore, the term functional textiles will
be favored within the framework of this textbook. This product class is distin-
guished by its focus on functionality, performance and the obvious additional
usefulness in comparison with conventional textiles.

Textile technology and its variety of production methods offer outstanding
possibilities for the development of bionics-based solutions. The most popular
bionic product in garment production is probably the hook-and-loop fastener,
fashioned after the natural seed distribution mechanism of the burdock plants
[2]. Other inspirations in plants include bamboo, horsetail or arundo characterized
by extreme stability with long stems and thin-walled culms. These construction
principles are exploited in the development of structurally optimized fiber compos-
ite materials with a similar combination of stability and small mass [3-5]. Leaf
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(a)

Fig 2.1 Lily pad (a) and bone structure (b)

structures also serve as inspiration for the design of light, yet highly rigid, fiber
composite component structures like shells with stiff reinforcement ribs. Complex
3D geometries with lightweight construction characteristics, for instance based on
lily pads (Fig. 2.1a), can be produced by means of textile construction. Bionics are
potentially suited for the production of complex and three-dimensionally loaded
lightweight constructions constituting an optimized construction with force-flow-
adapted design and special force application systems, analogous to the human hip
joint (Fig. 2.1b) and the corresponding articular cartilage tissue. Flexibly custom-
izable fiber and textile technology offers an ideal foundation for the emulation of
biological solutions in all their complexity and range.

The spectrum and depth of the required textile materials and processes are
immense and highly complex. Therefore, this book concentrates on the portrayal
and description of the textile process chain from fiber material to different yarn
construction and 2D or 3D textile semi-finished products, preforming, interface and
interface layer design, their testing according to current norms as well as newly
developed testing methods for lightweight construction. This includes the fields of
fiber-reinforced plastic composites (FRPC), textile-reinforced concrete and textile
membranes. Altogether, this chapter conveys basic knowledge on the representa-
tion of the textile process chain, its links and relations, and the correct classification
of textile materials and semi-finished products.
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2.2 Textile Process Chain

2.2.1 Representation

In order to give a clear representation of the enormous range of textile processes and
establish an overview of the versatility of the possible combinations, it is necessary
to abstract the textile processes and limit their depiction to most important process
steps. Incidentally, it has to be noted that textile materials and processes are
virtually unlimited in their combination possibilities. This distinguishes fiber and
textile technology with regard to the design of variable, anisotropic structural
properties of fiber or textile compound components.

Figure 2.2 gives a general overview of the most important steps of the textile
process chain: primary and secondary spinning, winding, twisting, warp yarn
preparation, the processes for creating plane and three-dimensional textile con-
struction, finishing and ready-made manufacturing.

Primary spinning includes the production of continuous man-made fiber mate-
rials from natural and synthetic polymers as well as non-polymer raw materials. For
high-performance applications, these materials are often processed from their
unaltered state into textile semi-finished products and finished products. To
improve processing conditions, the man-made fibers are finished with sizing and

Natural fibers

Primary spinning

l Continuous filaments (Chemical fibers)

L

Texturing/cutting/stretch breaking]

l Staple fibers ‘

Secondary spinning

4
P (Core-spunyamn) | Monofil, multifilament yarn, roving
i Spun yams | (heavy tows)
Dyeing/
finishing

Winding/twisting

|Warp preparation (weaving/warp knitting) }*—

|Fabric manufacturing, 3D textile construction I* [ MNon-woven manufacturing & fixation |

1 Y
| Dyeing/finishing |

[ Assembly manufacturing |

Fig. 2.2 Overview of the stages of the textile process chain
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finishing materials during spinning. This allows a low-damage, unimpeded further
processing of often shear-force sensitive fiber materials and prevents electrostatic
charging.

Natural and synthetically manufactured (man-made) fibers of non-continuous
lengths (cut or stretch broken) are spun into staple fiber yarns during secondary
spinning processes. Often, cut or continuous man-made fibers are mixed with
natural fibers and processed into hybrid yarns or fabrics. The use of the term
secondary spinning is limited to fields in which natural fibers and cut or stretch
broken (i.e. non-continuous) man-made fibers are processed. It serves to differen-
tiate between the actual fiber production (primary spinning for the manufacture of
continuous fibers) and the subsequent process steps required for spun yarn
production.

Winding, twisting and warp yarn preparation all serve to convert yarns into
suitable forms for the subsequent process steps. This includes fabric manufacturing,
finishing and assembly techniques. The processes and their combinations portrayed
in Fig. 2.2 can be expanded and customized arbitrarily for the corresponding
applications and products.

2.2.2 Definition

In order to bring important basic concepts to the readers’ minds and ease them into
the subject of fiber and textile technology, the following sections will clarify the
most important terms and notions. This will provide readers with a basis to
understanding and more profoundly engaging themselves in the textile materials,
constructions and technologies described below. The focus is on the portrayal and
interpretation of definitions based on the current national and international stan-
dards and on the unambiguous distinction of textile materials, semi-finished prod-
ucts, finished products and necessary production methods. This will help prevent
misinterpretations and fully tap the potential of Textile and ready-made
technology’s near-unlimited possibilities in energy-efficient lightweight construc-
tion designs and composite materials. The latest expert knowledge, with respect to
exact textile terminology, and the relations and interconnections of the various
textile process steps, will be imparted to the reader. The standards and norms
associated with the most important textile structures will be included in the respec-
tive sections.

2.2.2.1 Textile Fiber Materials

Textile Fiber Materials can be classified into natural and man-made fibers. Because
of the extremely high industrial demand for tailor-made fiber-based materials in a
number of applications, and of the continuously growing world population, the
global consumption of fibers is largely met with man-made fibers, which will be
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Fig. 2.3 Classification of textile fibers

used more and more frequently in the future. The various textile fiber materials are
shown in Fig. 2.3. The overview illustrate the range of textile fiber raw materials
and their classification. Details of the inner and outer fiber structures and the
resulting properties will be clarified in Chap. 3.

Natural fibers is the umbrella term for all textile fibers and fiber materials
processed from plant or animal origin. They have to be differentiated from
man-made fibers, which are produced synthetically. Regenerated fibers, such as
bamboo viscose or Lyocell are not classed with natural fibers.

Natural fibers are classified into two main groups: organic and inorganic fibers.
Organic fibers are subdivided into plant (or cellulosic) fibers, such as cotton, jute,
hemp, sisal and kapok, and animal fibers, such as wool or silk. Mineral asbestos
fibers are one example of inorganic natural fibers. Natural fibers are often limited in
their length, with silk fibers being an exception at lengths often exceeding several
hundreds of meters.

Man-made fibers are industrially produced textile fiber material and can be
produced synthetically in infinite lengths. Fiber-forming polymers are macromol-
ecules with a relative molecular weight of at least 10,000. More than 1,000 atoms
are involved in the formation of a macromolecule. Usually, these polymers origi-
nate from the covalent bond of monomers resulting from polyaddition, polycon-
densation and polymerization reactions [6, 7]. Man-made fibers are classified into
three categories:

— Man-made fibers from natural polymers: these textile fiber materials can origi-
nate from plants (e.g. viscose, acetate), animals (e.g. chitin, bitumen as a
precursor for carbon fiber production, and alginate) or from inorganic sources.
Fiber materials made from natural polymers or inorganic origin play a crucial
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part in lightweight construction applications. Some examples are different types
of glass fibers, silica glass, basalt and ceramics.

— Man-made fibers from synthetic polymers: the macromolecules of synthetic
fiber materials result from stringing together monomers based on single atoms
or molecules. The formation mechanisms of macromolecules will be explained
in detail in Chap. 3. This group of fibers contains the largest number of fiber
types, which are also the most common in practical applications. Some of the
most important synthetic fibers are polyester, polyamide, aramid, polyimide,
polyurethane, polyethylene, polypropylene and fiber materials of the polyvinyl
group. Some of these synthetically produced fibers are used, for instance, as
reinforcement components, thermoplastic matrixes for fiber-reinforced plastic
composites or for the stabilization of non-rigid textile structures or crack min-
imization in concrete applications

— Man-made fibers from non-polymer materials: this includes monocrystalline and
polycrystalline fibers, as well as metal fibers, for examples those based on steel,
aluminum and tungsten.

The chemical fibers can be found in different forms in practice (see Chap. 3).
Their properties can be purposefully adjusted during production. In addition, their
application range can be broadened systematically by chemically or physically
modifying or functionalizing the fiber surface (surface or interface design), for
example increasing temperature resistance or adapting composite properties to the
matrix.

2.2.2.2 Fibers, Filaments and Staple Fibers

According to DIN 60000, textile fiber materials are textile-technologically process-
able, linear structures. They are very slim and flexible, and display sufficient
strength for both textile processing and use. Textile fiber materials are the elemen-
tary construct for the formation of yarns, non-woven and other fabrics. They are
mainly loadable by tension.

Textile fibers can be classified into staple fibers and continuous fibers.

Staple fibers are limited in their length. Sometimes called spun fibers, they bear
this name, even though are they are not necessarily spun in every case. They can
also be processed into non-woven fabrics for the production of mats and felt. Staple
fibers include natural fibers as well as continuous fibers cut or stretch-broken to the
desired staple length. Non-spinnable, very short fibers are called flock fibers or
linters. Fibers of great, practically unlimited length are called filaments or capil-
laries. In practice, filaments are also defined as fibers with a length of at least
1,000 mm. However, this limit is not fixed absolutely and depends on a number of
conditions and circumstances, such as the size of the intended component. Fila-
ments include:

— All synthetically produced man-made fibers, except for products which are cut
or stretch broken to a staple length or a staple length distribution, and
— Natural silk, although not being labeled as a filament in common usage
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2.2.2.3 Fiber and Yarn Fineness as Textile Physical Reference Values

Textile fiber materials are extremely versatile and the cross-section varies
depending on fiber type. Natural fibers are of course subject to natural variation
in their geometric dimensions. Their length is naturally limited and they are highly
inhomogeneous. The fiber cross-sections are mostly unevenly round and irregular,
sometimes even vary throughout fiber length. Some of them display undefined
cavities. Among natural fibers of the same type, fiber lengths may also vary. As a
result, it is extremely complex and impractical to use the fiber cross-section as a
reference value for the establishment of fiber and yarn fineness. Therefore, weight
and length are used as reference values for the establishment of fiber and yarn
fineness in all linear textile structures. In this context, various fineness systems
(numbering systems), which are often country- or material-specific, have been used
in the past. Measuring the fineness in “tex” (mass numbering) has become one of the
most prevalent systems. This fineness (symbolic abbreviation: Tt) is a textile-
specific term and designates the ratio of mass to length. It is expressed in “tex”
(1 tex=1 g/1,000 m). Both geometrical variables (mass and length) can be mea-
sured precisely. Apart from mass numbering, there are other fineness definitions in
use. They include length numbering [Metric number Nm (m/g)], the (Titre-) Denier
system (den: 1 g/9,000 m), and the English cotton yarn number (Ne: 840 yards/
1 Ib). In the designation of fiber materials on carbon basis, the number of filaments
in the yarn cross-section is commonly used. 50 K signifies a number of 50,000
individual filaments within the roving or the heavy tow. The carbon filaments have
round cross-sections with diameters of typically 7 pm.

Table 2.1 gives an overview of the conversions between the different fineness
systems.

To determine the fiber and yarn fineness, the quotient of breaking load and fiber
or yarn fineness is calculated. This fineness-related force (N/tex) for linear fiber
materials is used as a substitute for stress (force/area), which is used for non-fiber-
based materials, such as metals and plastics. In order to illustrate the lightweight
construction potential of textile high-performance fiber materials, specific strength
or rigidity are commonly used, as they represent the relation between fiber strength
or elastic modulus and fiber density.

Table 2.1 Conversion between the fineness systems

tex Nm Neg Td
tex - 1,000/tex 590.541/tex 9 tex
Nm 1,000/Nm - 0.590 Nm 9,000/Nm
Ne 590.541/Neg 1.693 Nep - 5,341.87/Neg
den 0.111 Td 9,000/Td 5,314.87/Td -
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2.2.2.4 Yarns, Rovings, Heavy Tows and Plied Yarns

According to DIN 60900-1, yarns include all linear textile structures consisting of
textile fibers. Single yarns are an elementary component for further yarn construc-
tions like ply yarns, twisted yarns, or even textile surface structures. Yarns are made
of textile fibers (spun fibers, filaments or tapes), which are usually form-fitted by
twisting or bonded with special auxiliary materials. Yarns are often called threads
in the context of a certain application or a technological explanation, e.g. weft
thread or sewing thread. Yarns are categorized into spun yarns and filament yarns
(Fig. 2.4).

A spun fiber yarn consists of spun fibers and is formed by continuous elongation
of the particular fiber material and twisting of all or part of the fibers among
themselves by means of various operating principles (mechanical or pneumatic).
The twisting of the yarn is ideally performed by real twisting of all fibers around the
yarn’s longitudinal axis. These twistings ensure a stabilization of the yarn and thus
allow full utilization of the fibers’ substantial strength by form-fit or force-fit
transfer of forces between the fibers. Additionally, twistings enable the purposeful
attainment of effects and properties.

The most important spinning methods are ring spinning, open end (OE) rotor
spinning, air jet spinning, and OE friction spinning. These methods are (machine-)
technologically designed according to purpose, material and fiber length. The
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corresponding spun yarns from organic (jute, hemp) and inorganic natural fibers
(e.g. basalt), or cut man-made fibers, are also interesting for fiber composite
applications.

In special and modified spinning procedures (e.g. OE friction spinning, OE rotor
spinning and ring spinning), filament yarns constitute the core component which is
wrapped with spun fibers acting as the sheath component. Alternatively,
parallelized spun fibers or spun yarns are wrapped with a filament yarn. The
characteristic of this yarn construction is the distinctive core-sheath-structure,
often called core-spun yarn, co-wrapped yarn or hybrid yarn.

Spun fiber yarns can also be produced in non-twist processes like adhesive
bonding.

The properties of spun fiber yarns depend strongly on the fiber material’s
characteristics, the yarn structure and spinning method. The orientation, level of
bonding, arrangement, length, number of fibers in the yarn cross section, and twist
rate (number of twists per meter) of the fibers are decisive process and fiber
parameters. Textile physical properties of single spun yarns are relatively low
compared to those of filament yarns with stretched fiber alignment. Spun yarns
are often designated according to production methods. Because of the variety of
yarn construction types, an in-depth description will be foregone in favor of a
reference to DIN 60900-1.

Filament yarns are classified into monofil and multifilament yarns. Monofils
consist of a single filament with a diameter of >0.1 mm and are used for technical
applications. In conventional textiles, e.g. in clothing, diameters of monofils on the
scale of 20 pm are feasible. In contrast to the monofils, a multifilament yarn
contains a number of individual filaments with or without twist. The term filament
yarn is clearly defined in DIN 60900-1. Multifilament yarns is a generic term for
derived notions used in practice and covers the entire fineness and material range.
For textile lightweight construction applications based on high-performance fiber
materials, the term roving has gained acceptance. Multifilament yarns made from
carbon and displaying extremely high yarn fineness above 2,400 tex are usually
called Heavy Tows. Since the term is specific to the use of carbon, a roving with a
fineness ranging from 300 tex to 2,400 tex is commonly called a Low Tow,
although the fineness range is not defined universally. Details for the various yarn
constructions are given in Chap. 4.

2.2.2.5 Textile Fabrics and Three-Dimensional Textile Constructions

In fiber composite components, tensile forces are primarily absorbed by the rovings
embedded in the matrix. Therefore, the fiber material has to be aligned in load
direction. Apart from the direct use of cut or continuous reinforcement fibers, textile
fabrics with filament yarns are used as reinforcements for complex components.
This allows not only the realization of customized fiber arrangements, but also an
efficient component manufacture. The application potential and acceptance of
reinforcement semi-finished products depend mainly on the state of textile
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processing technology. The term textile fabrics, which is used for a number of
constructions differing from each other with regard to the connection of individual
basic elements (unit cell) and in terms of the type of arrangement of reinforcement
yarn systems. On a more basic level, textile semi-finished products can be differ-
entiated into planar and three-dimensional textiles.

Figure 2.5 gives an overview of the variety of feasible geometries and the
versatility of planar and three-dimensional textile structures with different degrees
of complexity inherent in the respective technology. Some of the most common
textile fabric structures are woven, warp-knitted or weft-knitted non-wovens and
braids. From these base structures, a large number of special designs have been
derived by means of suitable enhancements or combinations of different textile
technologies which have become state of the art in the meantime. This includes
multiaxial non-crimped fabrics and semi-finished products manufactured using the
Tailored Fiber Placement (TFP) method. These production methods are very
advanced and have seen use in various areas of applications.

Apart from textile geometry, other distinctions can be made based on the
arrangement of reinforcement yarns. Fundamentally, the current stage of develop-
ment of textile fabric formation methods allows three-dimensional reinforcement
yarn arrangements with open or closed fabrics. Following DIN 60000, the most
important textile manufacturing methods will be presented in short as source
technologies for the development of complex textile constructions. This norms
and chapters of this book associated with the respective segments will be given in
brackets.

Woven fabrics (DIN ISO 9354, DIN 61100-1, DIN 61100-2, see Chap. 5):
woven fabrics are the oldest man-made textile surface structures. The oldest
woven fabric fragments, manufactured on so-called weight looms, date from
7,000 years ago. Today, high-end, computer-controlled weaving machines are
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used to produce load-adapted woven fabrics with high strength, rigidity and energy
absorption capability. Conventional 2D weaves consist of at least two yarn systems
crossing each other perpendicularly. The yarns running lengthwise (longitudinal or
manufacturing direction) are called warp yarns, while the yarns running crosswise
(lateral) are referred to as weft yarns. The type of interlacing of warp yarns with
weft yarns, i.e. the alternating underpass and overpass, is referred to as a weave. It
has an influence on the product’s appearance, mechanical properties and drapabil-
ity. Each of the two yarn systems can consist of several warp or weft yarns.
Weaving with several yarn systems, i.e. ground and stuffer yarns in warp and
weft direction and additional weft yarns as pile or binding yarns, enables the
manufacture of multilayer and three-dimensional structures.

Weft-knitted and warp-knitted fabrics (DIN 4921, ISO 7839, DIN 62050, DIN
8388, DIN 8640, DIN 61211, see Chaps. 6 and 7): In contrast to woven structures,
textile fabrics in weft-knitting and warp-knitting are created by forming yarns into
stitch loops which are then connected with each other. Warp-knitting has the special
distinction of simultaneously forming one or several yarn sheets, which are also
called knitting yarn systems, into stitches. A warp-knitting yarn system, therefore,
is a multitude of parallel running yarns sharing the same function in the formation
of the warp-knitted fabric [8]. In weft-knitted fabrics, the stitches are formed
successively across the production direction (single-yarn knitted fabric) [9]. Knitted
fabrics are used in the creation of complex geometries, as these textile semi-finished
products are distinguished in terms of high stretchability and drapability, and are
highly versatile for a variety of applications due to the combination of various types
of interlacement. Thus, they allow for complex near-net shape geometries. How-
ever, the stitch-like arrangement of yarns in knitted fabric makes it highly elastic,
which is a disadvantage in highly-strained composite components. To fully exploit
the potential of knitted structures in composite applications, stretched yarn systems,
which are responsible for force transmission, are integrated into the stitch system to
realize non-crimp semi-finished products.

Stitch-bonded fabrics (DIN 61211, see Chap. 7): Stitch-bonding, as a variation
of warp-knitting, is a method for the manufacture of textile fabric structures. It is
based on the principle of connecting yarn sheets or fabric structures, using the
stitches of one or more warp-knitting yarn systems. In stitch-bonding, yarn sheets
are inserted into two parallel transport devices at one or more consecutive lay-up
stations. The stacked yarn sheets are then guided to the warp-knitting unit, and
connected by the stitches of the knitting yarn system to form a stable bi- or
multiaxial non-crimp fabric [10].

Braids (DIN 60000, see Chap. 8): Braids are formed by the continuous crossing
of at least three yarns, usually running diagonally to the direction of production.
Additional axial yarns, so-called 0°-yarns or pillar yarns can be integrated into the
braid for axial reinforcement. Braids can be realized as plane or three-dimensional
structures.

Nonwoven fabrics (DIN EN 29092, see Chap. 9): Nonwoven fabrics are fabric
structures in the form of mats or webs from directionally or randomly orientated
fibers, with form-fit, force-fit or bonding connections. In contrast to woven and
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knitted fabrics, nonwoven fabric formation is performed without the process step of
yarn production. All fibers can be processed into nonwoven fabrics, which are
sometimes referred to as fiber mats and are frequently used for lightly loaded
components without or in combination with a plastic matrix, as in spun-laid non-
wovens and glass mats, and SMC or GMT semi-finished products.

Embroidered fabrics (DIN 60000, see Chap. 10): These surface structures are
characterized by embroidery yarns being drawn through embroidery grounds such
as woven or warp-knitted fabrics. In some procedures, the embroidery ground can
later be removed entirely or partially. One technology derived from embroidery is
Tailored Fiber Placement (TFP), which offers the possibility of realizing various
textile structures with fiber orientation and locally adjustable fiber count adapted to
the direction of load [11].

Three-dimensional textile constructions: In practice, complex component geom-
etries requiring the development of suitable textile 3D-semi-finished products (pre-
forms) are often indispensable. A number of innovative textile production methods
for the manufacture of 3D-textiles rely largely on the further development of
existing technologies for textile fabric structures. One method often used in practice
is based on the combination of different individual structures into complex pre-
forms by means of textile joining methods (see Chap. 12). This approach is referred
to as differential construction. Integral construction, on the other hand, is charac-
terized by the manufacture of as many structural elements of a complete preform in
a single step as possible. The number of individual elements and the resulting
number of joinings are considerably reduced by this construction. However, the
degree of complexity of such integral 3D-structures and geometries is limited.
Special textile structures and the required technologies as well as development
directions and possibilities will be treated in detail in Chaps. 5-10 and 12.

2.2.2.6 Finishing

Materials with customized surface properties are of great interest for a large number
of applications in lightweight construction and in connection with the realization of
integrated sensor networks. In the interdisciplinary field of nanotechnological
material synthesis, it has been observed that surfaces and interfaces in nature are
often nanostructured systems with several components consisting of polymers and
inorganic constituents and display technically relevant and desirable properties
[12-16]. In this context, much of the current development work in modern material
science is aimed at hybrid systems of reinforcement materials, matrices and
nanostructures to attain customized surface characteristics and functionalities.
Apart from the influence of the properties of reinforcement fibers and matrix, the
character of the interaction of these two components is a decisive factor in the
performance of composite materials. In addition to mechanical characteristics of
the individual components, it is their adhesion that determines load transmission
between the components and crack propagation. Strength and toughness of a fiber
composite material can be altered significantly by the interface of fiber and matrix.
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The design of interface and surface modification defines how tensions are trans-
mitted from the matrix to the fibers, and as a result, the chemical, thermal and/or
mechanical properties of the FRPC itself [17]. Finishing of the surfaces and
interfaces allows the integration of sensory and actuator functions into the com-
posite components for purposes of structural monitoring, self-diagnosis and self-
regulation.

Enhancing adhesion quality by means of surface modification is highly relevant,
as it ensures industrial usability and development of suitable textile structures. The
bonding between fiber and matrix is the decisive criterion for the quality assessment
of textile-reinforced composite materials. While a mechanical fixation is usually
sufficient for lightly loaded composite components, dynamically and mechanically
heavily loaded components definitely require a chemical bonding of the fibers to the
matrix. Adhesion in the fiber-matrix interface is important for load transfer and
force transmission. To guarantee reliable composites with high mechanical char-
acteristics, the interaction between matrix and reinforcement component has to be
adjusted purposefully with customized interface design.

For the processing of the materials, all process steps from the fiber, the roving,
and the fabric structure to the ready-made 3D-reinforcement semi-finished products
in fixed form (Preform) have to be employed. The finishing of fiber and yarn
materials allows an extraordinary combination of diversely functionalized fibers
and yarns for the manufacturing of textile structures. Wet chemical processes,
plasma treatments, sol-gel procedures and functional coatings are available
methods for the finishing of textile materials. Intelligent functional coatings enable
the realization of innovative functional systems. Combined use of novel methods of
physical self-organization, surface chemistry and surface structuring makes specific
multi-scale interface architectures feasible, which fully exploit the performance
potential of the individual composite components and achieve their full functiona-
lization [17]. Details on the finishing of textile structures can be found in Chap. 13.

2.2.2.7 Assembly and Preforming

In assembling technological processes, textile semi-finished products
(e.g. non-crimp fabrics, woven fabrics, braids) are converted into near-net shape
preforms and assembled either individually or in combination. The assembly
process begins with the construction of individual parts of the preform, where the
correct choice of semi-finished products and their directional integration into the
preform structure have to be considered to ensure mechanical functionality of the
textile-reinforced composite component to be produced. Moreover, it should be
noted that, in the process of preform production, the shaping of individual parts is
performed without creasing and with a defined alteration of the originally created
yarn orientation during draping.

Using textile-adapted cutting methods, the specific individual parts, commonly
provided meter-wise, are cut out from the semi-finished products. Before, during, or
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after the process, protection of the cutting edge has to be ensured to prevent the loss
of peripheral yarns.

Familiar sewing technology is suited for the assembly of the individual parts into
a near-net shape preform, while large-format and complex preforms are more easily
accessible by using the novel principle of unilateral sewing. Any kind of sewing
technique requires sewing yarns by virtue of their fiber material composition, yarn
structure, and preparation able to withstand the sewing process, hold together the
preform in its textile form, and, if applicable, contribute to the reinforcement in out-
of-plane direction as so-called z-reinforcements in the finished textile-reinforced
component. Sewing, in any case, also causes punctures and perforations, which
reduce in-plane properties when applied during preform construction.

Alternative connection technologies for textiles are offered by welding, adhesive
bonding and the use of binders. Welding requires thermoplastic fiber materials,
although fiber material mixtures with a proportion of thermoplastic behavior can
also be used. Adhesive bonding in preform production requires compatibility with
the matrix material. Thermally activated adhesives, often called binders, can be
used in preform assembly to ensure the shaping of the preform parts well into
composite component manufacturing process. This does not constitute a load-
bearing function within the composite component. A local application of binder
or adhesive allows a defined manipulation of the draping behavior of individual
parts before or immediately after cutting.

The handling of individual textile parts is closely connected to the assembly
process, beginning with the removal from the cutting table, followed by the defined
conveyance to the assembly workstations, up to the delivery of the textile preform
to the component manufacturing process. For reasons of reproducibility,
CNC-controlled machines are preferred for cutting and various assembly steps.
While cross table systems are state of the art for any work on the plane, robot-
guided joining techniques are used most commonly for three-dimensional assembly
work. Details on the assembly of textile preforms will be given in Chap. 12.

2.2.2.8 Universal Textile-Physical Parameters for the Characterization
of Textile Fiber Materials, Yarns, Textile Surface Structures
and Components

The assessment of quality and usability of textile structures depends on their textile-
physical parameters. For the determination of these parameters, regulations have
been devised, which are usually set down in test standards. These standards are
internationally authoritative and applied in particular in international commercial
movement of goods. The use of test standards includes the strict compliance of
testing conditions like testing speed, testing climate, sample assembly and test
procedure, and guarantees the comparability of the specific values detected by
different test centers. This procedure is necessary, since textile-physical parameters
of textile structures depend on the testing conditions and methods.
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Instruments for the testing of textile materials and structures require a mechan-
ical layout suited to the dimensions of the fiber materials and the textile structure.
Therefore, four distinctions are often made in overviews of the field of textile
testing. They are:

— Fiber/Filament Testing
Yarn Testing

Fabric Testing

— Component Testing

Within each of these areas, respective typical textile-physical parameters are
established, which are often formally identical but require highly specific testing
conditions and measuring principles. The characterization is generally performed
according to the following principles, for which some examples are given in
brackets:

— Material (type, composition, fiber fineness, humidity/sizing/matrix ratio)

— Material properties (thermal expansion coefficient, dielectric number, thermal
conductivity)

— Geometrical properties (diameter, length, regularity, homogeneity)

— Constructional properties (weave type, yarn twists, yarn density of textile fab-
rics, layer buildup of composite components)

— Mass (linear mass of filaments and yarns, areic mass of textile semi-finished
products)

— Dimensional change at low speeds (Young’s modulus, ultimate stress and
ultimate strain, flexural rigidity, shear stiffness, torsional stiffness, creep, crack
formation and delamination in composites)

— Dimensional change at high speeds (ultimate stress and ultimate strain, impact
resistance, fatigue endurance limits)

— Crash behavior (crash energies, residual strength after impact, crack formation,
delamination)

— Interactions with partners (friction, abrasion, air permeability)

— Characterization of surface and interface properties (surface energy, wettability)

The possibilities of a metrological characterization of textile structures are
extensive, which makes a comprehensive overview in this book impossible. This
is due to the variety of materials, the geometrical dimensions ranging from macro-
molecule to finished component, the distinct measuring principles and application
possibilities. The textile-physical and chemical parameters noted in brackets are
typical values. However, the listing is not complete. The development of complex
tailor-made textile structures for special applications sometimes requires the con-
ception of new measuring technologies. A selection of relevant testing methods
used in the characterization of textile structures and the composite components
manufactured from them in technical applications is included in Chap. 14.
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2.3 Textile Semi-finished Products and Preforms
for Lightweight Construction

2.3.1 Classification, Distinction, and Definitions

For a better representation of textile semi-finished products and preforms for
lightweight construction and to ensure a better understanding of the selection of
suitable technologies, structures and geometries, important terminology and their
distinctions have to be discussed first. Figures 2.6 and 2.7 give relevant character-
istics for the differentiation of geometries and reinforcement structures in textile
semi-finished products.

2.3.1.1 Geometry Versus Structure

When assessing existing textile fabric formation methods with regard to their
suitability for the realization of contour-close 2D and 3D reinforcement textiles,
the construction of the textile is the first priority. The array arrangement of the yarn
and the appearance of the fabric are important for both the specification of textile
reinforcement semi-finished products and for the structure-mechanical properties of
the composite components manufactured from them. In the context of textile
products, the terms one-/two-/2.5-/three-dimensional are used on the one hand for
characterizations of reinforcement yarn positions and on the other hand for the
determination of semi-finished product geometry. For an unambiguous classifica-
tion of terminology, a distinction will be made hereafter, between the structure and
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Fig. 2.6 Shape of textiles-geometry
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Fig. 2.7 Shape of textiles-reinforcement structure

the geometry. The structure itself can be subdivided into reinforcement structure
and weave-related structure.

2.3.1.2 Geometry of a Textile Semi-finished Product

Geometry denotes the linear, flat or three-dimensional appearance of the textile
semi-finished product with and without influence of additional processes for the
production of the net shape, where the type of arrangement of the reinforcement
yarn systems plays only a minor role (Fig. 2.6).

One-dimensional geometry: This includes linear structures with a high slender-
ness ratio (length to cross-section ratio), for example in the form of monofiles, spun
fiber yarns, rovings or twisted yarns.

Two-dimensional geometry: A two-dimensional geometry of a textile signifies a
plane textile fabric with a thickness that is negligible in comparison to its
surface area.

2.5-D geometry: Textile fabrics with a “two-and-a-half-dimensional” geometry
are defined as having a thickness that is negligible in comparison to their surface
area and they can be shaped into three-dimensional constructs or net shapes by
means of forming, draping or assembly processes.

Three-dimensional geometry: This includes volume-forming or thin, spatially
designed, shell-like textile architectures manufactured within in a single process
step without additional influence from subsequent steps. Volume-forming textiles
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subjected to retroactive forming processes are therefore also included in constructs
with three-dimensional geometry.

2.3.1.3 Reinforcement Structure of a Textile Semi-finished Product

In contrast to the geometry of a textile semi-finished product, a design of the
reinforcement structure focuses on the orientation of the yarn systems for rein-
forcement, which is the main task of textile semi-finished products in mechanically
strained fiber composite components.

One-dimensional reinforcement structure: the reinforcement of the textile semi-
finished products is oriented primarily in one preferential direction (unidirectional,
UD). This concerns stretched yarns and unidirectionally reinforced textile fabrics.
Any UD-reinforced fabric is a one-dimensional structure with 2D geometry.

Two-dimensional reinforcement structure: A textile construction features a
two-dimensional reinforcement structure, if the reinforcement components are
primarily planar and oriented in at least two different directions. Bi-, tri- and
multi-axial planar reinforced structures (2D geometries) are also considered
among the two-dimensional reinforcement structures. Thin-walled 3D geometries
which can be produced in a single textile-technical process step without additional
effect from subsequent steps, and which contain at least two preferred directions of
the reinforcement components in the plane, are 2D reinforcement structures, as they
do not contain reinforcements in thickness direction. This becomes clear from the
phaseout of the shell-shaped 3D geometry. Thick-walled multilayered reinforce-
ment structures without reinforcement system in thickness direction are 2D rein-
forcement structures with a 3D geometry.

Three-dimensional reinforcement structure: A three-dimensional reinforcement
structure features reinforcement yarn systems oriented in all three spatial directions
and thus ensures the corresponding reinforcement effect within the composite. In
general, 3D structures require a 3D geometry based on volume-forming textile
architecture. The advantages of this integral 3D structure include the significant
improvement in mechanical properties of the component in z-direction and impact
behavior as well as in the reduction of delamination risk.

2.3.1.4 Weave-Related Structure of a Textile Semi-finished Product

In contrast to the reinforcement structure, which takes into account the orientation
of the reinforcement yarns, the weave-related structure describes the local or global
orientation of the various reinforcement yarn systems to each other. This reflects the
type of yarn crossing or interlacing within the textile semi-finished product. In the
specific case, it concerns the type of weave.
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2.3.1.5 Textile Semi-finished Products with Open and Closed
Appearance

Apart from the type of the textile structure based on various reinforcement yarn
systems, the appearance of the textile semi-finished products plays a decisive part in
the application in composite components. According to the matrix system to be
used (plastic, coating or mineral basis) and the component’s degree of strain,
reinforcement structures are classified into those with compact (high fiber volume
content) and lattice-like reinforcement structures. Textiles with an open appearance
are used for the reinforcement of matrices with solid aggregates (e.g. concrete) or
for the strengthening of non-highly loaded fiber-reinforced plastic composite com-
ponents. Highly loaded composite component can only be realized with closed
structures with high fiber volume content.

2.3.2 Preform and Preforming

Preform is the term used for a single- or multi-layered dry textile structure which is
impregnated with a suitable matrix system in an individual, subsequent process.
The geometry of the textile reinforcement structure (preform) is largely congruent
with the eventual component geometry and ensures a suitable yarn orientation
according to the load direction. The methods for manufacturing preforms can be
categorized into direct and sequential preforming (Fig. 2.8).

Direct preforming denotes manufacturing processes in which a usually three-
dimensional, integral preform is produced in a single step. Its geometric complexity

Direct preforming Sequential preforming
(single-stage, integral construction) (multi-stage, differential construction)

| Near-net-shaped geometry
of the reinforcement structure

[1D structure | 2D structure | 3D structure

3D woven fabrics

3D braided fabrics |Cuning = layering — draping |

Multilayer knitted fabrics

Shape weaving

Tailored fiber placement

Preform fixation and assembling
(sewing, binding, welding)

Preform |

Fig. 2.8 Method of preform production
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and the attainable fiber volume content depend on the manufacturing method.
While short fibers (secondary structures) are used for conventional methods, direct
processes of textile 2D and 3D preform manufacture use continuous fibers. For the
production of complex high-performance components (primary structures), the
existing standard methods are further developed. This makes the desired light-
weight construction effect with spatial stiffnesses and strengths feasible at
smaller mass.

Sequential methods for the manufacture of preforms in differential design are
classified into two classes. Binder forming technology uses binders to fix the
filament yarn layers of the preform relative to one another in the net shape to be
modeled. Beyond that, the binder can be used for structural fixation. It is crucial to
select a binder that is compatible with the respective polymer matrix and thus
allows fixation outside of the machine at low curing temperatures. Binders can be
applied in their solid or liquid form but must not cause limitations to the required
forming behavior and permeability. Furthermore, binders can be inserted as yarns
during the manufacture of the textile fabric. A suitable binder design is a prereq-
uisite for the increase in efficiency of composite forming technologies.

The production of preforms by means of conventional methods of textile assem-
bly technology has been popular since the 1980s. Here, the cut-and-sew technique
is used primarily for the assembly of simple preforms. To produce complex
geometries from textile reinforcement structures, several technological develop-
ments in stitching and sewing technology have resulted, among others, in a range of
unilateral sewing methods, most of which are robot-guided [18-20]. Their use for
the insertion of fixing seams can be accompanied by fiber damage resulting in the
degradation of mechanical in-plane properties of the component. The advantages
of these textile joining techniques include the improvement of the components
mechanical properties in z-direction by sewing and stitching yarns, which in turn
lowers the risk of delamination and improves impact behavior. Details are given in
Chap. 12.

2.3.3 Advantages of the Integration of the Matrix
as Continuous Fiber

For thermoplastic fiber composite materials, more and more applications are being
opened up. One crucial advantage over composite materials with thermoset matri-
ces is the shorter attainable processing times of the original materials during
component manufacture. Thus, thermoplastic components can be produced cost-
effectively and efficiently in highly productive processes, such as injection mold-
ing, deep-drawing and pressing. Further advantages of thermoplastics are their
thermal ductility, the possibility of repeated melting and re-shaping, their superior
impact resistance and damage tolerance, as well as their greater repair-friendliness.
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While initially short-fiber-reinforced fiber composite materials were realized
principally, the recent focus of research has been shifted to the development of
long-fiber-reinforced thermoplastics (LFT), including the use of continuous-fiber-
reinforcements [21-24]. In order to advance into the field of highly loaded fiber
composite materials, continuous-fiber-reinforcements with a fiber length matching
the component dimensions are necessary. The challenge in the application of
thermoplastic matrix materials is posed by their high melting viscosity, as the
injection of highly viscous thermoplastic material at high processing pressures
causes structural distortions of the preforms in the machine cavity. Therefore, the
flow paths of the molten thermoplastic during component impregnation have to be
minimized. One approach to a solution is the previous impregnation or hybridiza-
tion of textile materials and semi-finished products. The fiber volume ratio of the
matrix and reinforcement components required for the respective component can be
customized and preadjusted by means of the mixing ratio.

One possible approach to manufacture hybrid textile semi-finished products is
the combined processing of reinforcement yarns and thermoplastic yarns. A much
improved mixing of the reinforcement and matrix components can be attained by
the use of hybrid yarns in the textile manufacturing process. A preferably homo-
geneous mixing of both components allows short flow paths for the highly viscous
molten matrix during composite consolidation and it is a basic prerequisite for high
composite quality. Hybrid yarns with continuous reinforcement filaments can be
produced by winding, wrapping, twisting or impregnating reinforcement yarns with
matrix powders, in which both components are aligned side-by-side or in a core/
sheath structure in the yarn cross-section. Hybrid yarns with a substantially homo-
geneous fiber/matrix distribution and a low bending stiffness suitable for textile
processing can be produced by integrating thermoplastic filaments like polypropyl-
ene, in glass rovings (Twintex®™) during glass filament production or by a
commingling process [25]. In practice, numerous hybrid yarn constructions are
available, which can be differentiated regarding the forms of individual compo-
nents, hybrid yarn type and structure. The most important hybrid yarn constructions
are given in Fig. 2.9.

Other methods for preliminary impregnation of the reinforcement component
with matrix material in non-textile form include different approaches, such as Film-
Stacking, powder impregnation, hot melt extrusion and wetting in polymer solu-
tions [27]. With the use of one of these methods, yarn-like prepregs with widely
varying properties can be produced. The resulting pre-impregnated yarns exhibit
high bending stiffness and their usability for further textile processing, in particular
for the manufacture of complex reinforcement semi-finished products, is limited
[28]. These problems and possibilities are dealt in detail in Chap. 11.
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Fig. 2.9 Hybrid yarn construction from filament or spun yarns according to [26]

2.4 Application and Performance Potential of Textile
Semi-finished Products and Preforms in Lightweight
Construction

In the development of material- and cost-efficient structural components, light-
weight construction with textile-reinforced composite materials has many advan-
tages over conventional constructions. Here, functionally integrated lightweight
design in mixed textile construction forms plays an important role. In particular
their high strength and stiffness in combination with their small weight, the
adjustable short-time-dynamic properties (Impact), the great variety of textile
methods and structures as well as the economic manufacture with high reproduc-
ibility, suitability for series production and recyclability make the young
continuous-fiber-reinforced composite group of materials in fiber-reinforced plastic
composites, textile concrete and textile membrane technology interesting and
promising for future lightweight construction applications in various industries.
Textile-reinforced composite materials have the highest flexibility in comparison to
other material groups, and can be considered almost predestinated for the use in
optimal material mixtures for the combined design approach necessary for complex
requirements in lightweight construction [29].

Textile materials and semi-finished products as innovative materials display an
extremely versatile property potential and are one of the most important high-tech
material groups for the present and the future. They are a basic prerequisite for the
creation of innovative products with new scalable properties. Continuous-fiber-
reinforced composite materials have an especially high potential for the series use
in complex highly loaded lightweight components in vehicle and machine engi-
neering, for the reinforcement of slender, filigree concrete parts, and for the
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redevelopment and maintenance of existing structures. They contribute to the
significant reduction of masses and to energy conservation. They are distinguished
by their flexible customizability to material structure and the resulting adjustability
of material properties and property anisotropy to the existing processing and
component requirements.

The versatile textile processes and their combinations for the manufacture of 2D
and 3D structures and preforms offer various possibilities and parameters, the
variations of which allow a far-reaching manipulation and suitable adjustment of
the characteristics of the products to be manufactured. The following textile
constructions for lightweight structures with customized properties can be realized
by actively and purposefully forming the textile material:

— any spatial alignment of the load-bearing yarn systems (1D, 2D, and 3D
structures),

— force fit orientation of the yarns and quantitative determination of load-bearing
yarn systems by load case, e.g. biaxial, multiaxial or polar,

— matching to the component geometry and design, for instance in freeform
surfaces, complex profiles, tubular and spacer structures, and

— hybridization and functional integration.

The wide range of existing and available textile materials, structures and
methods, economic manufacture and suitability for series production give this
group of materials a promising future [30]. The increased use and growing impor-
tance of textile-reinforced composite materials for mass markets also raises perfor-
mance requirements of textile semi-finished products for structural components.
The suitable choice of materials and proper manufacture of textile semi-finished
products offers numerous advantages over conventional materials, such as an
improved performance to weight ratio by anisotropic fiber alignment for greater
lightweight construction benefit. Contrary to the expensive prepreg technology, dry
reinforcement structures and preforms are particularly advantageous for the eco-
nomic production of lightweight construction components in large series
applications.

The potential of textile semi-finished products as an innovative lightweight
construction material, the purposeful selection and combination of textile materials
and processes, and the customized, force-fit-suitable alignment of rovings in the
textile structures, results in a nearly unlimited variety of property profiles and
design possibilities, up to function-integrated near-net shape components. Assem-
bly technology offers a maximum of flexibility regarding the connection of textile
fabrics to form suitable preforms. The assembly of the individual, load-adapted
reinforcement textiles into integral preforms is performed by means of modern
joining technologies, such as sewing, welding or adhesive bonding. This approach
has proven its effectiveness, as assembly and reinforcement seams can be inserted
variably into the preform. The use of assembly technology has made it possible to
produce “spacer preforms” of larger sizes and more complex geometry as well as
with integrated functions.
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In general, it can be stated that fiber-based semi-finished products and preforms
for lightweight construction applications are not only relevant economically in
aeronautics, but that they are also viable on mass markets in automotive and
transport engineering, mechanical engineering, the building industry, and in textile
membrane technology. A paradigm shift is to be expected, in which the material
industry will increasingly substitute traditional, monolithic materials like aluminum
and titanium by fiber composite materials [31]. This development process is already
well advanced and will revolutionize material science through the extreme flexi-
bility of the textile materials and their processing into nearly unlimitedly complex
constructions with scalable properties. Textile materials and semi-finished products
offer a broad range of variation and an enormous diversity of possibilities, includ-
ing the suitable customization of load-bearing structures with regard to strength,
stiffness, impact behavior and energy absorption capabilities.
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Chapter 3
Textile Fiber Materials

Christiane Freudenberg

Textile fiber materials are the basic element for textile semi-finished products and
the products manufactured from them. Thus, they are crucial for the product
properties. Based on molecular and supramolecular structures, and ensuring opti-
mum synthesis and fiber formation processes, high-quality fiber materials with
tailor-made characteristics with the ability to function as reinforcement fibers or
thermoplastic matrix fibers are created. The following chapter explains the general,
complex relationships between initial materials, production, structure and proper-
ties. Detailed attention will be paid to the common commercially available rein-
forcement fiber materials, such as glass, carbon, and aramid fiber materials.
Examples of other types of reinforcement fiber materials and thermoplastic fiber
materials acting as matrix fibers will be given. A short introduction will be provided
for the property optimization by means of surface modifications and material
combinations.

3.1 Introduction

Textile fiber materials are classified into natural and man-made fibers, according to
their origin. The group of organic man-made fibers made from synthetic polymers
is the most extensive. Further details regarding the classification of textile fiber
materials are given in Sect. 2.3.2.

Textile fiber materials are the basic element of textile semi-finished products and
the products manufactured from them. The specific fiber material characteristics
have a significant influence on the product characteristics. Building on the structure
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and characteristics of the natural fiber material, bionics are employed to modify
man-made fiber materials and develop new fiber materials with tailor-made prop-
erties, for instance for technical purposes. The steadily increasing number of
applications, as well as the demand for processability on high-performance
machines along the entire textile value-added chain and adapted to optimized
practical use characteristics, in combination with the growing respective market,
the development and modification requirements of man-made fiber materials are
complex. Equally, knowledge regarding the characteristics stemming from produc-
tion, fiber geometry and topography (which can be influenced by surface modifi-
cations), and supramolecular and molecular structure and their interaction are
required for a targeted and requirement-adapted fiber material selection, due to
the large variety of fiber materials. These complex relations are illustrated in
Fig. 3.1 The individual aspects will be treated generally in this chapter, with
selected fiber materials serving to exemplify certain aspects.

The remarks regarding the fiber production of man-made fibers are concerned
with the significant methods: melt spinning and wet spinning. Both processes create
filaments with adjustable fiber material parameters and the ability to be directly
provided for further steps in the textile process chain as monofil and multi-filament
yarns. Filament yarns, therefore, can be crimped, surface-modified/surface-
functionalized or combined with one another, depending on the product require-
ments. Cutting or converting the continuous fibers to requirement-adjusted lengths
creates staple fibers, which are specifically post-treated before their processing in
further process steps, e.g. in yarn production. Details concerning yarn production
can be found in Chap. 4.

Molecular structure
' \‘ Fiber formation

method
Supramolecular state | Fiber geometry and
of order topography

'PrOperties and change of properties of fibers

- Mechanical properties - Behavior under radiation effects

- Chemical properties - Behavior under media effects

- Electrical properties - Behavior under heat effects

- Optical properties - Behavior under air and oxygen effects

l

Processing and practical use properties

Fig. 3.1 Relation between structure, fiber formation method, and properties of textile fiber
materials (according to [1])
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Table 3.1 Reinforcement and matrix fiber materials
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Reinforcement fibers

Glass fiber (GF)

Ceramic fibers

Carbon fiber (CF)

-Aluminum oxide Al,O3

Aramid fiber (AR)

-Silicon carbide SiC

Ultra-high-molecular-weight polyethylene UHMWPE

Basalt fibers Basalt

Liquid crystal polymers LCP

Metal fibers

High-tenacity polyester PES, ht

-Steel (Steel)

High-tenacity polyamide PA, ht

-Aluminum (Al)

High-tenacity polypropylene PP, ht

Flax LI

Sisal SI

Matrix fibers

Polypropylene PP

Polyetherimide PEI

Polyamide PA

Polyether ether ketone PEEK

Polyester PES

Polybenzimidazole PBI,,

Polyethersulfone PSU

Polybenzoxazole PBO,,

Polyphenylenesulfide PPS

Polytetrafluorethylene PTFE

The representation of molecular and supramolecular structures contributes to a
basic chemical understanding, which helps comprehend the abovementioned rela-

tions and use them specifically.

After an introduction to the basics, details will be given concerning reinforce-

ment fibers. Reinforcement fibers are characterized by their high tensile strengths
and Young’s modulus at low densities and low maximum elongations at break. Due
to targeted structural influencing, different fiber materials offer various fiber mate-
rial types with special characteristics for different applications (Table 3.1).
Reinforcement fibers in the composite component act as force-absorbing and
therefore load-bearing parts. In contrast, the tasks of the matrix primarily include
fiber fixation, force introduction and distribution, and the absorption of compres-
sion loads. Due to the manifold types and the possibility to specifically generate
fiber material properties, thermoplastic fiber materials can serve as matrix systems
under certain conditions and for special applications. The reinforcement and matrix
materials made from thermoplastic polymers will be introduced briefly below.

3.2 Technological Basics of Synthetic-Fiber Production

3.2.1 Principles of Synthetic-Fiber Production

The production of man-made fibers based on polymer materials includes the
physical or physical and chemical conversion of linear polymers of high molecular
weight into thin, continuous fibers or filaments. The base material is made fluid
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during the spinning of the synthetic fibers, and pressed through small openings into
a medium, where the fibers solidify. The randomly arranged macromolecules in the
filaments then have to be aligned in the direction of the fiber axis (orientation,
e.g. by drawing/stretching). Finally, a thermal post-processing (heatsetting) is
necessary to lower internal tension. The three most important steps of synthetic
fiber production are spinning, drawing, and subsequent post-treatment. The follow-
ing sections will provide details regarding these steps, mainly based on [1, 2].

3.2.1.1 Spinning/Synthetic Fiber Production

The viscous flow condition of the base materials required for spinning, depending
on the polymer properties, is usually achieved by melting or solution. By means of
spinning pumps, the highly viscous spinning dope is transferred through pipes to the
nozzle holes, which serve as shaping elements. The material is pressed through the
holes and relieved by taking off while still fluid. During this step, a pre-alignment of
the chain molecules can be achieved. Crucial fiber parameters (e.g. fiber fineness)
and the supramolecular structure are created during the solidification of the spun
filament by cooling or solvent removal by chemical reaction or coagulation.
Coagulation refers to the transition from the fluid into a gelular state. For the
manufacture of most established synthetic fiber materials from high-molecular-
weight linear polymers, the following production principles are available (Fig. 3.2):

¢ Spinning from the melt: melt spinning, or
e Spinning from the solution: solvent spinning (wet and dry spinning methods)

Other specialized spinning methods include gel spinning, reactive spinning,
matrix spinning, and electro-spinning.

Spinning from the melt is used for polymers which can be melted into highly
viscous fluids in extruders, and whose properties ensure a homogeneous melt for a
sufficient duration. Melt spinning has the advantage over solvent spinning by not
requiring the production, use, and recycling of a solvent. Furthermore, cleaning
sub-processes, such as filtering and ventilation are redundant. Filaments made from
polyester (PES), polyamide (PA), polypropylene (PP), and polyethylene (PE) are
produced in melt spinning processes.

Spinning from the solution (solvent spinning) is used for polymers with a
melting temperature above their decomposition range and requires the preparation
of a high-quality spinning solution by providing suitable solvents. The solvents are
required to meet certain general standards like low toxicity, eco-friendliness,
non-flammability, and explosion safety, as well as low costs. Furthermore, solvent
recovery is subject to high ecological and economical requirements. The charac-
teristics of the spinning solution are defined by the parameters viscosity, polymer
concentration, and solution stability. After shaping, which is preceded by the
cleaning of the spinning solution by filtering (ensuring purity) and degassing
(removal of air and gas bubbles), the solvent has to be removed to solidify the
polymer. For this, the spun filaments are sent through a hot air chamber in the dry
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Meltspinning Solventspinning
Dry spinning Wet spinning

Hot air

Cold air

1"

12
1— Spinning extruder 4 — Spinning pump 7 — Solvent recovery 10 - Spin finish
2 — Spinning melt 5 — Spinning nozzle 8 — Precipitation/ spinning bath 11— Drawing
3 - Spinning solution 6 — Filaments 9 — Take-up device 12 - Post-treatment

Fig. 3.2 Production principles of synthetic fiber production

spinning process. Utilizing concurrent or countercurrent principles, the conditioned
air causes the solvent to diffuse from the solidifying polymer, in relation to the
filament orientation direction and at adjusted flow rates. Due to the volume
decrease, a negative pressure is created within the fiber material structure, leading
to a deformation of the cross-section. The flow rate of the hot air depends on the
delivery speed and the physical properties of the solvent, such as explosion limit or
evaporation relation. In wet spinning, the filaments pressed from the spinning
nozzle coagulate in a chemical or precipitation bath. The diffusion of the solvent,
accompanied by osmotic processes, is typical of this process. The diffusion of the
solvent in the precipitating agent increases the polymer concentration and, by
extension, causes the coagulation and solidification of the filament. On the other
hand, some of the solvent is displaced by the precipitating agent. Especially in the
interphases a boundary structure is created, which strives to achieve a round cross-
sectional form. The targeted variation of the spinning solution composition allows
the design of a variety of different fiber cross-sections. Repeated washing and
drying are necessary post-treatments in wet spinning to remove any solvent
remaining in the filament.

Dry spinning is primarily used to produce filaments from polyacrylonitrile
(PAN), acetate (CA), and polyvinyl chloride (CLF). Wet spinning processes are
utilized to manufacture filaments from viscose (CV), cupro (CUP), but also poly-
acrylonitrile (PAN) and polyvinyl chloride (CLF).
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3.2.1.2 Drawing/Stretching

In the un-drawn state, the low orientation of the macromolecules gives the spun
filament a high deformability and low strength. The alignment of the chain mole-
cules in the longitudinal direction of the fiber begins during the drafting part of the
spinning process. A specific orientation of the macromolecules in relation to the
fiber axis contributes to achieving the required properties. This structural influenc-
ing is realized by drawing and stretching processes. Figure 3.3 shows the basic plot
of the yarn count-related stress and strain in dependence on the draw ratio, exem-
plified by PA filaments.

The draw ratio, also referred to as degree of stretching, is determined by the
speed ratio of take-up and delivery devices. In contrast, the preceding spinning draft
is defined as the relation of take-up speed and the average filament speed upon
leaving the nozzle. Drawing, which usually takes place above the glass temperature,
consists of the following processes:

» Fiber length increase at simultaneous fiber cross-section decrease,

» Alignment of the structural fiber elements in the direction of the force,

» increase of the number of crystalline areas by means of post-crystallization,

» unwinding of polymer chain loops and decrease of distance between structural
fiber elements,

¢ reduction of inhomogeneities, and

¢ increase of interfibrillar, amorphous polymer chains (according to model by
Prevorsek, Fig. 3.7 in Sect. 3.2.3.2).

During these processes, a bottleneck effect, similar to tensile testing, can occur
(Fig. 3.4).

The increasing demand for higher productivity and high quality of filament yarns
inspired the process-stage integration of drawing into the melt spinning process.
Depending on the draw ratio, the macromolecules display various degrees of
orientation, from which a classification of filament yarns can be derived, as in
Table 3.2. In low oriented yarns (LOY) and partially oriented yarns (POY), the
desired remaining orientation is achieved in subsequent processes. In LOY yarns,
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Table 3.2 Classification of melt-spun filament yarns by their degrees of orientation [3, 4]

Designation Yarn take-up speeds (m/min) Yarn elongation (%)
LOY low oriented yarn Up to 1,800 200-300

MOY medium oriented yarn 1,800-2,800 200-300

POY pre(partially) oriented yarn 2,800—4,200 70-220

HOY high oriented yarn 4,000-6,000 50-70

FOY full oriented yarn >6,000 20-50

drawing is followed by plying or texturizing, while POY yarns are treated with
combined processes, such as drawn plying, drawn spooling, drawn texturizing, and
warp-yarn drawing. Beyond these, other material-specific combinations are
possible.

3.2.1.3 Post-treatment

To create requirement-adapted properties, the spun filaments can be subjected to
various post-treatment processes. This creates a desire fiber length or crimp, which
is stabilized, for instance, by heatsetting. For these processes, various methods are
available, which are particularly relevant for the manufacture of spun yarns. Here,
only post-treatment methods relevant for the production of fiber-reinforced plastic
composite semi-finished products are discussed.
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To achieve optimal operation characteristics of filament yarns made of synthetic
fibers during production and unimpeded processing on textile machines, certain
auxiliary agents from aqueous solution or emulsions are applied to the filament
yarns. If the agents are applied to un-drawn filaments, they are referred to as sizings
or spinning preparations, while avivages (post-sizings) are applied after drawing.

The filaments touch a roller covered with a sizing coating, or a finger furnished
with a sizing agent coat. There, they take the spinning preparation, which has to
meet requirements regarding the realization of yarn cohesion, near-temperature-
independent and consistent friction behavior during drawing and, if applicable,
texturizing, resistance to corrosion and depositions on the yarn guides, anti-static
effects, possibility of thorough washing, and chemical neutrality. Another method
used for high-speed spinning due to the homogeneous sizing application is to
prepare individual filaments using a fine dosage pump. To improve homogeneity,
the sizing agent can be foamed up for multi-yarn systems.

The requirements to be fulfilled by the avivage are similar to those of sizing
agents. Avivages are supposed to smoothen the fiber surface, realize a certain fiber-
fiber adhesion, prevent electrostatic charging, and ensure an adjustable adhesion
with the matrix in the case of fiber-reinforced composites. For avivage application,
a number of methods are available, roller and revolving-screen application, dipping
application, or spraying among them.

The use of filament yarns with a more or less strongly crimped structure is
of secondary importance for the manufacture of semi-finished products for fiber-
reinforced composite materials. Hybrid-yarn production by air texturization
is a special case. Here, the aim is to homogeneously intermingle two or more
fiber material components, one of which, as a thermoplastic component, assumes
the matrix function in the finished composite material. In contrast, texturization
in general serves to create a permanent crimping and impart a voluminous
character similar to that of wool on the originally straight and smooth filaments
of a filament yarn. Usually, this involves mechanical/thermal processes (e.g. false-
twist, torsion, stuffing-box crimping procedures) or chemical/thermal processes
(e.g. bi-component processes).

3.2.2 Fiber Parameters

The characterization of textile fiber materials relies on geometrical parameters as
well as properties closely related to fiber geometry and of crucial importance
regarding processing and application characteristics of these materials. The use of
parameters like fiber length, fiber cross-section, fiber fineness (yarn count, see Sect.
2.2.2.3), fiber crimp or twist, and topography or surface design, allow a compre-
hensive description of fiber geometries, which are random in natural fibers, but
specifically adjustable in synthetic fibers.

To determine the geometric parameters, a number of methods are available and
the most significant and relevant ones are mentioned in this section and, in more
detail, in Sect. 14.3.
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3.2.2.1 Fiber Length

The extension of an individual textile fiber in a fully stretched position without
strain loading represents the fiber length. As changes in humidity cause changes in
length in some fiber materials (e.g. wool, PA), this parameter always has to be
determined in experiments under atmospheric conditions. Furthermore, previous
mechanical strains (e.g. tearing, pressing) can release latent, time-dependent ten-
sions in connection with moisture effects, causing changes in length. For further
processing, especially in secondary spinning, knowledge of fiber length distribution
is crucial to achieve high-quality fiber cohesion in the spun yarn [5].

Natural fibers have a finite length for natural growth reasons, with a classifi-
cation being necessary between short fibers (especially cotton) and long fibers (stem
fibers, leaf fibers, fruit fibers, e.g. flax, jute, coconut, sisal). Most long fibers are
“technical fibers” distinguished by fiber bundles formed from several elementary
fibers by pectins.

As mentioned in Sect. 2.2, silk (e.g. made by the Bombyx mori silkworm moth)
holds a special rank regarding fiber length. The entire fiber length of a single silk
cocoon can be up 4,000 m, of which 1,500 m can be fiber material fit to be reeled for
processing in reel silk spinning. In natural fibers, the crucial factors influencing
fiber length are, for instance, the kind of plant (including genus, type, species,
provenance), climatic growth conditions, and the manner of harvesting and prepar-
ation, are also the reasons for great inhomogeneities and differences in quality.

Due to the technologies used in their production, synthetic fibers are theoreti-
cally of unlimited length. The filaments produced in a range of spinning processes
are shortened to the lengths and length distributions required by their respective
applications, using various means of cutting or converting. The fiber length to be
produced, including the fiber length distribution of the spun fibers conform to the
required combination with natural fibers or other types of synthetic fibers, the
respective yarn production technology, or other processing methods used during
composite component production, e.g. fiber-reinforced concrete, fiber-sprayed
concrete.

The basic separation principles listed in Table 3.3 are the groundwork for
various technologies to produce fibers of requirement-adapted length (spun fibers).

Table 3.3 Separation principles for spun-fiber production [5]

Fiber

Separation principle Method Technology lengths
Force effects in fiber cross- | Cutting Knife or spiral cutting drum in a defined
section direction (radial) method cutting converter
Force effect in longitudinal | Stretch- Difference of radial speed between | Broad
fiber direction (axial) breaking delivery and take-up roller pairs in | random

method the stretch-breaking machine distribution
Radial and axial force Air-blowing | Flowing medium inclined toward randomly
effects process the fiber axis distributed
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3.2.2.2 Fiber Cross-Section

The cross-section created by a perpendicular cut through the fiber in cross-wise
direction represents the fiber cross-section and illustrates structural traits of the fiber
interior and surface. Fiber cross-sections are preferably created with a microtome
and viewed microscopically under polarized light. The cross-section shapes of
textile fibers are extremely varied and influence the processing behavior (primarily
in secondary spinning) and application characteristics [2, 5].

Natural fibers, with the distinctive cross-sections, which are characteristic for the
respective fiber material and which, like fiber length, depend on a number of
conditions, are easily identified by their fiber cross-section and other special traits.
Cotton fibers, for instance, display kidney-shapes cross-sections, while those of the
elementary flax fibers are polygonal in cross-section, with central lumina (cavities).
Sheep’s wool has an oval to round cross-section with an external scale structure,
clearly visible in a longitudinal view. Boiled silk, as an elementary rope (hank), has
irregular, rounded, triangular or multiangular cross-sections.

The cross-sections of synthetic fibers are adjustable to the respective require-
ments and applications. Usually, melt-spun fibers from PA, PES, PE, PP, and other
polymers, as well as fibers made from glass, quartz and metal, have round cross-
sections. The realization of special fiber cross-sections (e.g. star-shape, ribbon-
shape, corner-shape profiles) as solid or hollow profiles is achieved by using
specially-shape nozzle holes in the spinning nozzles. Special attention has to be
paid to wear effects on the nozzle holes, as these can cause cross-section defor-
mations, resulting in significant quality losses. Synthetic fibers produced with
solvent spinning processes change their shape after exiting the round spinning
nozzle. Fibers created by dry spinning usually form dumbbell-, kidney-, x-, or
y-shapes cross-sections, with a less pronounced corrugation or overlap
distinguishing them from wet-spun fibers. In the latter, the selected composition
of the spinning bath and the timing of the individual sub-processes (coagulation and
regeneration) allow an objective influence on the fiber cross-sections. If the two
sub-processes are running parallelly, filaments with a core-sheath structure are
created, as the regeneration in the sheath section takes place at a point when the
coagulation in the core is not yet completed. This is especially true for viscose
production with strongly overlapped fiber cross-sections. If the regeneration is
performed after coagulation, more rounded and less overlapped fiber cross-sections,
as well as fibers (e.g. modal fibers) with a relatively homogeneous supramolecular
structure across the fiber cross-section are created [5].

In some individual production methods of solvent spinning, the round cross-
section is retained after coagulation. In a few rare cases, profile nozzles are used [2].

Apart from requirement- and process-related microcavities (gas volume
completely surrounded by fiber substance) and pores (gas-filled indentations in
the fiber surface), as well as the purposeful creation of air-filled channels running
axially through the fiber (accessible from outside on one or both sides), synthetic
fibers usually are compactly structured on the inside [6].
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Multi-component spinning methods allow the production of synthetic fibers
consisting of several components. The polymers are provided in side-by-side,
corelsheath, or islands-in-a-sea, separation-type, or multilayer-type arrangements,
and can generate special fiber material properties and, by extension, special fiber
types, e.g. fiber crimping and material combination for reinforcement and matrix
fiber [2]. Multi-component fibers in a separation-type matrix/fibril arrangement
offer a possibility to produce microfibers with yarn counts smaller than a decitex.
This is equivalent to fibers whose cross-section dimension is smaller than 10 pm.
For this, a component is either dissolved in a solvent, or a splitting after a targeted
force effect is induced by cooling after the spinning process, or by the introduction
of tensile forces, tearing the adhesive points.

3.2.2.3 Fiber Yarn Count

Apart from the cross-sectional form, the diameter is also used for the character-
ization of textiles fibers with round cross-sections, e.g. for glass filaments. For
further characterization of textile fiber materials, the textile-physical variable of
yarn count is used. Yarn count, according to the standard Tex system, is the quotient
of mass and length. Due to the small cross-section dimensions of fibers and
filaments, the mass is usually related to a fiber length of 10,000 m. From this, the
statement of fiber yarn count in decitex (1 dtex =1 g/10,000 m) is derived. In Sect.
2.2.2, the reasons for introducing this textile-specific variable depending on length
and mass, influenced by cross-section area and density, as the various yarn count
systems are detailed.

3.2.2.4 Fiber Crimp/Torsion

Fiber crimp refers to the in-plane or spatial course of the fiber [7]. To assess the
crimp, quantitative descriptions of the crimping form (e.g. crimping arch count per
unit of length, arch length, arch height, degree of curl, crimp) and statements
regarding the stability under mechanical and thermal loads (e.g. crimp rigidity)
are made. Torsions are rotations around the fiber axis in Z or S direction occurring
naturally in cotton fibers. Crimp and torsion are important for the processing of
fibers into yarns, as well as for the application characteristics like strength, han-
dling, and bulkiness. Therefore, a specific texturization of the fibers or filaments is
necessary [6, 8].

Without specific efforts before or during production, synthetic fibers do not
exhibit crimp. The basic principles for deflecting the fiber axis described below
allow the purposeful setting of desired crimp effects (Texturizing) of a fiber [9]:
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1. Stress build-up within the previously balanced fiber by means of external force
effects, usually under higher temperature effects, followed by positional
stabilization

« by means of stress relief (heatsetting), or
* by maintaining the deflection by means of additional force effects,

2. Relief of existing internal stresses

e within one fiber or filament with different structural units due to
molecular mobility and positional stabilization by establishing balance
(e.g. bicomponent method), or

e between fibers or filaments with different structural properties, caused by
external force effects due to the shrinkage of a component, and subsequent
positional stabilization by force effects (e.g. differential shrinkage process).

Regarding (1) The basic principle of mechanical/thermal processes is the
sequence of deformation, fixation, and reforming, with a possible inclusion of a
previous heating step. Depending on the manner of mechanical deformation, a
classification is made into twist-, stuffing-, blade-, gear-, and knit-fixing processes.
False twisting is the most common method in practical application.

Regarding (2) Due to inhomogeneous stresses caused by molecular and supra-
molecular structures in the cross-section, sheep’s wool fibers, as well as bicompo-
nent fibers specifically synthesized during production, and viscose fibers with
differently pronounced core-sheath structures exhibit structure-inherent crimp.

3.2.2.5 Topography

Topography describes the surface design (micro-morphological structure) of the
fiber materials, which can be characterized by the form of the indentations due to
pores, breaks, tears and fibrils. Topography analyses are based on microscopic and
physical-chemical examinations aiming for qualitative or quantitative statements
[10]. The topography of textile fiber materials influences the properties of the textile
semi-finished product with regard to gloss, handling, and especially to the inter-
actions with preparation agents and matrix systems.

The topography of textile fiber materials is very diverse. In natural fibers, it
varies primarily because of respective growth conditions and preparation methods.
Their topography can be modified specifically by special finishing measures. Before
drying, cotton has a round fiber cross-section and an almost smooth and structure-
less surface. Drying processes change these fiber parameters into a kidney-shaped
cross-section and a surface showing pronounced grooves. A treatment with sodium
hydroxide solution (mercerization) causes the fiber to swell, creating a round cross-
section and a smooth surface. Wool has a distinct flake structure, with imbricately
arranged flakes pointing at the tip of the hair. This surface can also be modified in
order to reduce felting.
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For solvent-spun fiber materials, electron-microscopic examinations show
noticeable grooves and micropores in the fiber surface. Furthermore, PAN, for
instance, displays a fibril structure consisting of rough fibrils (fibril bundles) with
cross-section sizes of ca. 1 pm, and capillary fibrils (cross-section dimensions of
ca. 10 nm) integrated into them, leading to a very distinctive topography. This is
caused by coagulation, solvent discharge, and drawing processes [6].

Melt-spun fiber materials are mostly smooth and barely structured, unless
non-identical substances like delustring agents are integrated. Electron-
microscopically, fine fibril-like longitudinal stripes are visible on the surface of
PA. As in solvent-spinning, drawing influences the formation of such fibril-like
structures [6].

Changing the topography of organic and inorganic synthetic fibers can be done
by means of a variety of methods. Especially for the utilization of textile fiber
materials in composites, research and development offer a wide field of activity,
with priority on the prevention of fiber damages, the adjustable fiber/matrix adhe-
sion (see Chap. 13), and the economy of the processes.

3.2.3 Molecular and Supramolecular Structure of Textile
Fiber Materials

The quality and properties of textile fibers result from the chemical composition
and the formation/production process, which is followed by voluntary or involun-
tary modifications and specific finishing treatments. The primary initial materials
for textile fibers are natural or synthetic organic polymers, but also inorganic
substances like glass, rocks, or metal. Natural organic polymers (biopolymers)
consist of the main components polysaccharides, polypeptides, or polyisoprenes,
and are “pre-synthesized”. Based on plant cellulose or plant/animal proteins,
synthetic fiber materials are created from natural organic polymers by solution
and subsequent regeneration of the biopolymers. Synthetic organic polymers are
created by methods of organic chemistry, which are used to connect individual
components. Fiber-forming synthetic polymers for the production of textile fiber
materials are distinguished by the following characteristic traits [1]:

e optimal (usually high) molecular weight at narrow molecular weight
distribution,

« linear macromolecule shape, preferably without branching or cross-linking

« bonding types of varying energy:

— homopolar: covalent bonds in chain direction of the macromolecules,

— inter- and intramolecular interactions,

— partially crystalline structure: all states between “non-oriented” (amorphous)
and “highest state of orientation” (crystalline) are possible,
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» possibility to create concentrated solutions or resistant melts as fiber spinning
base materials, and
 dyeability and finishing ability

The formation of natural fibers is more or less strongly influenced by growth
conditions, which interact with environmental conditions, impacting supramolecu-
lar (physical) structure and fiber geometry. The production processes of synthetic
fibers, on the other hand, are based on the specific transfer of a polymer solution or
melt into a fiber form, followed by drawing and fixation. The design of these
processes offers the possibility to achieve required properties with regard to supra-
molecular structure, yarn count, and topography, as well as adjustable mechanical
fiber parameters.

Building on the knowledge of molecular and supramolecular structure, fiber
materials with tailor-made properties can be produced, especially for technical
purposes. To correctly interpret these properties and utilize them optimally, suffi-
cient knowledge of the structural design is indispensable.

3.2.3.1 Molecular Structure

More than 1,000 atoms contribute to the structure of fiber-forming polymers. The
macromolecules resulting from the covalent bonding of the monomers as a result of
the three reaction mechanisms have a relative molecular weight of at least 10,000.
The reaction mechanisms are given in simplified form in Fig. 3.5 and explained
below.

e In polymerization, monomers containing double bonds are turned into long
polymer chains in a chain reaction without discernible stages. This happens
without rearrangements or elimination of molecular constituents. Fiber materials

Polymerization

Monomer A Polymer

Polycondensation

[ E [=] — [T (NI

Monomer A Monomer B Polymer By-product
Polyaddition

Bl - [e] - B - ] —[E[=le]

Monomer A Monomer B Polymer

Fig. 3.5 Principle illustration of reaction mechanisms
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made from PAN, CLF, polytetrafluorethylene, PE, and PP are synthesized by
polymerization.

» Polycondensation progressively connects hetero- and homogeneous molecules
into a polycondensate, while dissociating side products (e.g. water, short-chain
alcohols). This requires at least two reactive groups per monomer.
Polycondensates are primarily produced by ester formation (e.g. PES) and
carboxylic acid amide formation [PA, Aramid (AR)].

» Polyaddition, which works progressively and without dissociations, first creates
short molecule chains of a few monomers (oligomeres), which can react with
one another or with longer chains. The monomers have at least two reactive
groups each and react by shifting atoms and electron pairs. This reaction
mechanism is used to produce fiber materials from polyurethane elastomere
(EL).

The molecular structure describes the chemical structure of macromolecules and
is characterized by the parameters constitution, configuration, and conformation. A
comprehensive representation from [1, 6] will give an overview for the sake of
basic chemical understanding.

The constitution describes type and arrangement of chain-atoms (of the mono-
mer units) as well as the type of bond connecting them, the type, position, and
polarity of the functional groups, and the molecular weight or degree of polymer-
ization as well as the molecular weight distribution.

The monomers introduce “repeating units” or monomer units into the macro-
molecules. The smallest, ever-repeating unit is referred to as “structural element”.
The structural element can be larger, smaller or of equal size as the repeating unit. If
the polymer is formed from a single type of monomer, a homopolymer is created. If
several different monomers are used, heteropolymers (copolymers) are formed. If
the build-up reaction involves bifunctional monomers, the primary valence linkage
is made to a linear, chain macromolecule. Branched or crosslinked polymers are
created by using tri- or polyfunctional monomers, which usually are unsuitable for
fiber formation. Depending on the initial monomers and the build-up reaction,
specific binding links are created in the macromolecules, influencing the supramo-
lecular structure (intermolecular interactions) and fiber material properties like
hydrolytic stability and strength. Functional groups and their accessibility in the
binding links and on the side groups of the polymer backbone, as well as on the end
groups on main and side groups are of crucial importance for chemical reactivity.
These are acid carboxyl groups (—COOH), basic amino groups (—NH,), and
chemically relatively inert but polar hydroxyl (—OH) and nitrile (—CN) groups.
The length of the macromolecules is an important parameter of the fiber-forming
polymers for the processing and application properties and is designated with the
molecular weight or the degree of polymerizations (Eq. 3.1).

M

P = (3.1)
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P Degree of polymerization
M (g/mol)  Polymer molecular weight
My (g/mol) Monomer molecular weight

Due to different molecular weights and lengths of the macromolecules, resulting
from the formation processes, detailed examinations regarding the spinnability
usually rely not only on the most frequently used parameter of average degree of
polymerization, but also on molecular weight and the distribution of polymerization
degrees. The various measuring methods result in different average values
(e.g. averages of number and weight). The number average is determined by
Eq. 3.2, and the weight average by Eq. 3.3 [11]:

. :% (32)
M. — Z}Zflié %iX:A,Zn[ x M? .
' Zmi Zn,- x M; :

M, (g/mol) Number average of molecular weight average values
M,, (g/mol) Weight average of molecular weight average values

M; (g/mol)  Relative molecular mass of a narrow molecular fraction
n; (mol) Number of molecules of the molecular fraction

m; (g) Total mass of all molecules of the molecular fraction

In practice, molecular inconsistency is crucial for all statements regarding the
length of the chain molecules and their length distribution (Eq. 3.4) [11]:

—1 (3.4)

U (—) Molecular inconsistency

Configuration (tacticity or stereoregularity) refers to the spatial orientation of
substituents around a certain atom. The linkage of the monomers during the
synthesis reaction defines the spatial structure, without considering rotations of
single bonds. A transformation of different configurations is therefore only possible
by breaking and re-forming chemical bonds. If the substituents are statistically
distributed spatially, polymers are referred to as atactic and in the presence of an
ordered structure, they are termed tactic or stereoregular. If the substituents are
regularly present on the same side of the plane defined by the C-C skeleton,
isotactic polymers are created. A regular change of the spatial direction of the
substituents leads to syndiotactic polymers (Fig. 3.6a).

Conformation describes the preferred spatial position of the groups of atoms
possible due to the free rotation of C—C bonds, e.g. in helical conformation
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Fig. 3.6 Possibilities of configuration and conformation in fiber materials (according to [1])

(Fig. 3.6b). The spatial position is expressed by the angle of rotation and the energy
level depending on it. Different conformations of a certain energy level can be
transferred into one another without dissociating chemical bonds. An easy transfer
is realizable if small potential barriers (difference between the highest maximum
and the lowest minimum) exist. This facilitates mobile and flexible macro-
molecules, great bond lengths between the chain-atoms, a high number of compe-
ting layers at identical substituents, as well as low or small substituents.
The flexibility of the polymers and the mobility of the chain segments influence
melting temperature, melting viscosity and crystallization behavior, and therefore,
indirectly, all properties (e.g. strength, rigidity) related to the crystalline states.

3.2.3.2 Supramolecular Structure

The supramolecular structure of fiber-forming polymers is a term for the organi-
zation and spatial position of the individual molecules to each other, which are
influenced by the conditions during fiber formation processes and subsequent
processing (e.g. drawing). Only the combined effects of several macromolecules
lead to the specific polymer properties of the textile fiber materials.

Entropy, which causes the entanglement tendency of the macromolecules and
strives to achieve maximum disorder, and the energy caused by the interactions
between the molecule chains are equally responsible for the formation of macro-
molecular solid bodies. Higher energy leads to the formation of strong
intermolecular interactions, resulting in the creation of polymers with high degrees
of orientation, which are usually suitable for fiber formation. The supramolecular
structure is influenced by the intermolecular interaction, the packing of the macro-
molecules, the degree of orientation of the crystalline domains and molecular
segments, individual chains and aggregates (loose, weakly bonded connection of
ions, molecules and other particles) in the non-crystalline areas.
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The supramolecular states of orientation of fiber-forming polymers, therefore,
contain the crystalline and amorphous fraction as well as the colloidal structure.
The crystalline fraction is determined not only by the packing of the chain structure,
but also by crystallite quantity (depending on the crystallize dimensions, lattice
structure, and thermal stability), crystal system, and degree of crystallinity. The
glass temperature characterizes the amorphous fraction as much as density and
orientation or stretched position, as well as the related chain refolding and concen-
tration of the amorphous molecules. The colloidal structure, which is created by the
spatial arrangement of crystalline and amorphous section, is characterized by fibrils
or paracrystalline layer lattices, the interphases between amorphous and crystalline
areas, and by the creation of microvacuoles and cavities [1, 6].

The following explanation of the parameters aims to help the understanding of
the structure/property relation of fiber materials [1, 6].

Intermolecular interactions are effective forces of attraction and repulsion,
created by the reciprocal approximation of macromolecules. Depending on the
mobility and possibly extant side groups, as well as on external conditions like
temperature and shear forces, the macromolecules strive to achieve a position
characterized by the energy minimum, preferably the crystalline state. The deter-
mining intermolecular interactions for the structure and properties of textile fiber
materials include dispersion forces (PES, PE, PP), directional forces (PES, PAN),
n-electron interactions (PES), and hydrogen bonds (CO, CV, SE, PA, EL). The
intensity of the interactive forces between the molecules is responsible for their
cohesion and, thus, for fiber-material-dependent mechanical parameters like
strength and rigidity.

Fiber density is the quotient of mass in a certain volume and depends largely on
the conformation, the volume of extant side groups, and the degree of orientation.
Furthermore, it is influenced by the process conditions, as these affect the distances
between the macromolecules. Macromolecules without side groups and in all-trans
conformation are packed more densely than a-helix and macromolecules with large
substituents or with atactic configuration. The fiber density increases within a
chemically defined (equal) polymer with increasing degree of crystallinity. Due
to structural differences, average and extreme values for crystalline and amorphous
sections are usually mentioned in relevant tables. The fiber density affects proper-
ties like mechanical parameters (e.g. strength), swelling capability, or moisture and
dye absorption, but also fiber volume count in fiber composites for lightweight
construction purposes.

The crystalline structure, which is important for the degree of crystallinity
(fraction of crystalline sections), is the strict spatial orientation of chain-atoms or
chain links of several linearly stretched or parallelly folded macromolecules at
maximum effective inter- and intramolecular interactions and formation of the
highest-possible degree or orientation. Here, the prerequisites for the formation of
stable crystalline sections are a densely packed, three-dimensional orientation of
the chains as well as a change of the internal energy to an energy minimum. The
smallest, periodically repeating crystal unit is the elementary cell, which is defined
by its limiting surfaces and their angles to each other.
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The temperature and orientation conditions during the manufacturing influence
the usually imperfect and two-phase process of crystallization of fiber-forming poly-
mers. In general, thermodynamic balance is not achieved during crystallization, and
kinetic inhibitions occur, which prevent a complete crystallization, as does the
presence of different chain lengths and chain loopings. The crystallization can be
separated into the phases of primary crystallization (nucleation growth into morpho-
logical structures) and secondary crystallization (increase of the degree of order).

Due to the complexity of the crystallization process and the resulting supramo-
lecular structures, various authors have developed structural models contributing to
better understanding of the structure and derived properties. The three-phase model
for synthetic fiber materials by Prevorsek [12] (Fig. 3.7) is based on elements of
previous models and describes not only a crystalline and an amorphous phase which
represents molecules primarily connecting crystalline sections, but also a second
amorphous phase. This phase consists of stretched, unoriented chains in the
interfibrillary space.

In summary, it can be said that the crystalline state of fiber-forming polymers in
dependence on the molecular (chemical) structure and the crystallization conditions

Fig. 3.7 Structural model Micro-fibril
for synthetic fiber materials,

exemplified by PA / I \
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(temperature, orientation) is greatly influenceable and adjustable to product require-
ments. The degree of crystallinity, which can be characterized by various means
and can reach more than 90 %, determines the mechanical properties, like strength,
resistance, deformation behavior, and sorption behavior.

The orientation is the alignment of macromolecules or macromolecule segments
in non-crystalline (amorphous) sections, of crystallites or crystalline sections, and
of fibrils in a preferred direction, i.e. in the direction of the acting forces (here, this
is the fiber axis direction). To determine the degree of orientation, methods are
available which state the degree of alignment of the fiber construction elements in
fiber axis direction as average value. In practice, statements are made regarding the
degree of drawing or the draw ratio.

In non-crystallizing polymers, the orientation is continuous and incomplete, in
which stabilization is ensured by external stresses, cooling under glass transition
temperature, interlinking, or the removal of solvent. In crystallizing polymers, the
orientation effect is largely fixated by the crystallites, and orientation is realized
suddenly and completely. As fiber-forming polymers feature amorphous and crys-
talline sections, the following effects are assumed during orientation: the ratio of
crystalline and amorphous sections in the micro-fibrils decreases in favor of
non-crystalline macromolecules filling the interfibrillary space (amorphous sections
B in Fig. 3.7). The growth of the interfibrillary space in width primarily increases
strength properties.

The reasons for the monaxial orientation of the macromolecules during fiber
production are:

e primarily elastic stretching deformation of the polymer melt or solution in the
entry area of the nozzle

e shear deformation during passage through the nozzle channel in spinning,
resulting in a partial neutralization due to relaxation processes,

 stretch deformation as a result of the drawing during solidification

« monaxial stretching in the solidified state during the post-spinning processes

The specifically adjustable process of monaxial stretching can be used to modify
fibers as required by the applications allowing the tailor-made realization of
component-related fiber properties.

3.2.4 Surface Preparation for Textile Processing

At the surface between the textile fibers and the substances coming into contact
with them, interactions take place which depend on the respective materials and the
distance between them. The occurring interactions, e.g. covalent bonds, coulombic
interaction, dispersion forces, and hydrogen bonds are varied and of different
strength. The forces and interaction energies related to an area unit result from
multiplying the forces or energies occurring between the individual molecule
groups by the number of the interacting molecule groups present in the area unit.
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To determine these, a number of methods for the characterization of the individual
force components are used, e.g. by making statements regarding the type and
surface density of functional groups by means of the Fourier transform infrared
spectroscopy (FTIR), photoelectron spectroscopy (ESCA, XPS), or zeta potential
measurements. The free surface energy determined by contact angle measurement,
as well as the zeta potential (fiber charge) are considerably influenced by surface
modifications of the fiber materials, e.g. by introducing functional groups or
applying preparation agents and textile auxiliaries [10].

The application of spinning preparations or avivages during or after fiber
production is absolutely necessary for the further textile processing (see
Sect. 3.2.1.3). The absorption of these textile auxiliaries dissolved or dispersed in
water is determined by the zeta potential of the fiber material. Knowledge of the
fiber charge allows an optimized selection and addition of the textile auxiliaries.
The usually negatively charged fibers adsorb the cation-active additives much
better than anion-active additives.

The application-adjusted use of textile fiber materials in the form of filaments,
yarns or fabrics, as reinforcement fiber in fiber-reinforced composites requires
knowledge of the properties and behavior of the matrix systems in relation with
the fiber materials. On the other hand, knowledge regarding the interface created
between fiber surface and matrix is indispensible. The mechanical strength of a
component is defined by the adhesion between reinforcement fiber and matrix. In a
large number of applications (e.g. in heavy-duty components), a strong bonding of
the reinforcement fibers to the matrix is absolutely vital. For other applications
(e.g. crash and ballistics protection), a less strong adhesion is advantageous, as a
greater energy conversion is achieved by a detaching interface than by “too
excellent adhesion” [13]. The targeted modification of the fiber surface helps
realize chemically utilizable anchoring points.

The following approaches to surface modification for high-performance fiber
material are the current state of the art and research (see Chap. 13):

 functionalization during spinning:

— coating with special sizing consisting of film formers to protect against
mechanical damages, adhesion agents to specifically encourage fiber/matrix
adhesion, and processing agents (e.g. wetting agents, softening agents, static
inhibitors) in aqueous solution or more rarely in organic solvents [13—15],
and

— surface oxidation on carbon fiber materials (wet, dry, and anodic oxidation)
followed immediately by coating with special sizing [16]

« functionalization by chemical processes after spinning:

— impregnation with aqueous resin systems, and
— impregnation with bifunctional adhesive solutions
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» chemical/physical methods after spinning, primarily for synthetic fibers:

— plasma treatment,
— fluorination and oxyfluorination (also relevant for carbon fibers), and
— electron beam treatment

Apart from high-performance fiber materials, natural fibers are also used in the
fiber-reinforced composite industry. Here, too, interface issues play an important
role, as the natural plant fibers are strongly hygroscopic. Possibilities to design the
interface include, for instance, the finishing with silanes and the coating with
functionalized polypropylenes [15].

3.3 Reinforcement Fibers

3.3.1 Introduction

In composite materials, at least two components with various functions are com-
bined. By selecting the material combinations, the advantageous properties are
combined with each other. The fiber materials, which display better tensile
strengths, higher Young’s moduli and lower strains than the matrix materials, are
the reinforcing, load-bearing components in the composite, determining to a large
extent, the mechanical properties of the composite.

A number of textile fiber materials is available for the use as reinforcement fiber.
Reinforcement fibers display not only good mechanical properties at low density
(usually <3 g/cm?), they also offer great functional characteristics and can be
classified into high-performance fibers and high-strength fiber. High-performance
fibers are fibers with extremely high levels of physical and chemical properties.
High-performance fibers include glass fibers (GF), carbon fibers (CF), and aramid
(AR) fibers. For applications with moderate mechanical requirements, as in mem-
branes, high-strength polymer fiber materials like PES and PA can be used. These
serve as coating substrates, for example for Teflon coatings. In sections with
relatively low mechanical requirements, synthetic and natural standard fibers can
be used for reinforcement. Flax and sisal are used to exemplify this. Here, it has to
be noted that the mentioned synthetic fibers (e.g. PES, PA) in fiber-reinforced
composites in which the high performance fibers preferentially make up the rein-
forcement component can also be used as thermoplastic matrix system. This is
explained in detail in Sect. 3.4.

The most important reinforcement fibers in composite production are glass
(especially E-glass), carbon, and aramid fibers. Therefore, the focus of the follow-
ing remarks will be on the production, structure, and functional properties of these
fiber materials. The details concerning other reinforcement fibers not yet used
widely in practice will finish this section. As the further textile processing of very
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stiff and sometimes extremely brittle fiber materials is a special challenge, exem-
plary technological properties are highlighted.

The gathered specific values are from various sources. Research has shown that
there are no clear boundaries for the classification between carbon and aramid fiber
materials. Therefore, deviations within the sources and from other sources can
occur, despite diligent selection.

3.3.2 Glass Fiber Materials

Glass is a member of the group of inorganic-non-metal materials. It consists
primarily of finely powdered, iron-free, and highly pure quartz sand and soda
(sodium carbonate) and/or potassium carbonate as flow agent, and other additives
depending on the type of glass and the respective application. Fiberglass is a group
of technical glasses with tailor-made chemical and physical properties, consisting
of the raw materials such as quartz powder (silicon dioxide), limestone (calcium
carbonate), colemantite (borate mineral), kaolin (kaolinite), and other finely dosed
oxides (e.g. boron and aluminum oxides, calcium and magnesium oxides). It
optimally matches requirements for the processing into glass fibers. Glass fibers,
whose melt composition differs significantly from the melts of solid glasses, are the
general term for glass fibers, micro-glass fibers, insulating glass fibers, silica fibers,
and hollow glass fibers, with the focus here being on glass fibers producible as
filaments or spun fibers [17].

3.3.2.1 Production of Glass Filaments and Fibers

A large number of special melt spinning methods for the production of textile glass
fibers is available. The classification of the production can be based on the initial
materials or with regard to the technology used in fiber formation.

In 90 % of all production cases (97 % for E-glass) glass filaments are produced
by nozzle drawing (Fig. 3.8), which is a direct spinning procedure. One exception is
the production of glass filaments with diameters of 7 pm (maximum). Here, the
two-stage process is used, in which the melt is produced from pre-produced glass
pellets. In direct spinning, the initial materials are dosed and mixed depending on
the respective glass fiber type. The blend is melted in a special melting system
(e.g. a unit melter) at ca. 1,400 °C and kept at temperature range of 1,250-1,350 °C
for further processing. A feeding system allows the melt to flow to the drawing
nozzles, which work at temperatures of 1,200 °C. The melt exits the bores in the
nozzle bottom, which consists of platinum/rhodium alloys. Depending on the
desired filament diameter and the realizable take-up speed, the diameters of the
nozzle bores vary between 1 and 2 mm. Drawing nozzles with 400-2,400 bores are
used, test runs have been made with 4,800 bores. After leaving the nozzle, the
filaments are mechanically taken up continuously at high speeds, e.g. by means of
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quickly rotating spools. The take-up speed for filament diameters >14 pm is about
1,200-1,500 m/min. At smaller diameters (<10 pm), 3,000-3,600 m/min are feasi-
ble. By setting the take-up speed, the desired filaments are tapered to the desired
diameter (5-24 pm). To prevent broken filaments due to active take-up forces, the
filaments also pass through a cooling unit (cooling fins made from copper or silver).
To ensure a safe further processing, the filaments solidified in the short cooling face
are coated with a sizing by a roller system (sizing rollers). The sizing material has to
be selected with regard to the further processing steps or the projected application of
the textile semi-finished product. Textile auxiliaries are available for the processing
of glass fiber materials and their later use in textile applications, for instance in
protective gear against heat and fire, for filters or home textiles. This includes
adhesive-free textile sizing, e.g. based on starch, plant oils or cationic wetting agents,
lowering fiber-fiber friction by ensuring good yarn cohesion or improving the sliding
properties between fiber and yarn guide during textile processing. For the use of
textile semi-finished products on the basis of glass fibers in fiber-reinforced compo-
site applications, the applied textile sizing has to be removed, usually by heat
treatment, as it would otherwise negatively impact the fiber/matrix composite for-
mation. As a rule, adhesive-containing layers are used for composite materials, since
these meet the process-engineering requirements and ensure optimal fiber/matrix
adhesion. The adhesion promoter selection (e.g. organosilane compounds) consider-
ably influences fiber/matrix adhesion and must therefore be adjusted to the respective
matrix system. Before winding on suitable bobbins, the filaments are gathered and
may be provided with a low twist. Roving production immediately after spinning is
an exception in this case [15, 17-19].

95 % of all glass staple fibers are produced using the drum drawing process
(Fig. 3.9), which is a two-step process, the first step of which consists of processing
the blend of initial materials into pellets. These are the base material for the second
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Fig. 3.9 Schematic representation of drum drawing

phase, which contains the actual spun glass fiber production. In the spinning
nozzles, the pellets are melted, using an electrical resistance heating operating at
temperatures between 1,000 and 1,200 °C. The melt escapes the openings of the
platinum nozzle bar, which can have between 250 and 1,000 bores per bar
depending on the requirement. A rotating drum draws the glass droplets created
at the openings into filaments of 8—11 pm, at variable speeds of up 3,500 m/min.
The sizings, which are adapted to the later application, can be applied immediately
after the nozzle or by means of the take-up drum. For the continuous production of
spun fibers, cooled-down glass filaments (the produced fibers have a length of
2 cm—1 m) are removed mechanically from the drum by means of scrapers or
knifes. The fibers are gathered by a longitudinal opening in the fixed-position
spinning funnel, where they are vortexed by a rotating closed tube. Afterwards,
they are processed into a fiber yarn by a yarn production process. The mechanical
and pneumatic protective twisting is followed by the winding of the spun glass fiber
roving onto cylindrical cross-wound packages, which is then delivered to the
subsequent processing stages [17, 18, 20, 21].

The drawn-rod method, in which precisely calibrated glass rods are the base
material, allows the production of glass filaments and spun glass fibers.

In the manufacture of glass fiber materials, especially of glass filament yarns for
use in composite applications, the selected sizing plays a special part. To influence
the properties of the interface between fiber and matrix in accordance with the
product requirements, established sizing systems are modified, tailor-made systems
are newly developed, and possibilities are created to integrate additional functions
into the sizing, e.g. by means of carbon nanotubes [22-24].
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3.3.2.2 Structure of Glass Fiber Materials

Since the quick cooling of the melt during glass filament production prevents
crystallization, the fiber-forming components cannot form regular crystal lattices,
resulting in an isotropy, i.e. a directional independency with regard to the arrange-
ment of the molecules (Fig. 3.10a) and the properties. The formation of the
amorphous state is essentially dependent on the cooling speed and the temperature
range of the melt, and influences the properties of the glass fiber types as much as
the chemical composition does.

With regard to the textile glass fibers for use in fiber composites, only silicate
glasses will be discussed in detail. These glasses consist of the two components
silicone dioxide (SiO,) as network former and the network-filling silicates or
borates. The basic building element of the network, the SiO, tetrahedron, is
shown in Fig. 3.10c. Due to the lack of oxygen atoms, the formation of Si—-O-Si
bridges causes polymerization resulting in the formation of high-molecular sili-
cates, in which several SiO, tetrahedrons share a single oxygen atom. In multi-
component glasses, such as textile glass fibers, the quartz glass network is modified.
The suitable cations to be integrated according to glass fiber type, have to change
the network by cleaving the Si—O-Si bridges. The resulting structure is given
schematically in Fig. 3.10b and is determined by the metallic oxides used as
network modifiers. A distinctive characteristic and the reason for the high strength
and elasticity module values are the three-dimensional covalent bonds between
silicon and oxygen. The network modifiers (e.g. Na,0, K,0, CaO, BaO, PbO) are
not glass-forming, but property-affecting oxides [15, 17].

Due to the versatility of the textile glass fibers, chemical compositions based on
the DIN 1259 (page 1) and ISR R 2078 standards have been summarized in the
literature. These compositions are given in Table 3.4 for selected reinforcement
fibers.

Sio, Filament  Silicone OOxygen @ Sodium
a) Isotropic structure b) Two-dimensional ¢) Three-dimensional
structure model depiction of the

SiO, tetrahedron

Fig. 3.10 Structural models of glass fibers (according to [17]). (a) Isotropic structure.
(b) Two-dimensional structure model. (¢) Three-dimensional depiction of the SiO, tetrahedron
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Table 3.4 Chemical composition of selected glass fiber types [12, 17, 18, 25, 26]

Components

(mass %) Type E Type AR Type R Type S Silica | Type M
SiO, 50.0...56.0 |60.9...62.0 |60 62.0...65.0 [99.9 |535
Al,O3 12.0...16.0 |- 24.0...25.0 |20.0...26.0 |- -
CaO 16.0...25.0 |4.8 6.0...9.0 - - 13.0
MgO <6.0 0.1 6.0...9.0 10.0...15.0 |- 9.0
B,O3 6.0...13.0 |- - <1.2 - -

F <0.7 - - - - -
Na,O 0.3...2.0 14.3 0.4 <l1.1 - -
710, - 10.2 - - 2.0
K,O 0.2...05 2.7 0.1 - - -
Fe,05 0.3 - 0.3 - - 0.5
TiO, - 6.5 0.2 - - 8.0
ZnO - - - - - -
CaF, - - - - - -
LiO, - - - - - 3.0
SO; - 0.2 - - - -
BeO - - - - - 8.0
CeO - - - - - 3.0

The following overview primarily contains main components present in the
individual glass fiber types besides SiO,, and the outstanding derived applications
[13, 18, 27]:

E-glass

AR glass
R glass
S glass

Silicate
M glass

Aluminum borosilicate glass with less than 2 % alkali oxides for
general plastic reinforcement and electrical applications, most common
glass fiber type

Alkali-containing glass with an increased level of zirconium oxide,
alkali resistance for use in concrete reinforcement

Aluminosilicate glass with added calcium and magnesium oxide, high
mechanical requirements even at high temperatures

Aluminosilicate glass with added magnesium oxide, high mechanical
requirements even at high temperatures

High SiO, mass content ratio (>>99.9), very high temperature resistance
Beryllium—containing glass, high Young’s modulus, used for the
highest mechanical requirements

3.3.2.3 Functional Properties of Glass Filaments

Textile glass fibers for composite applications are characterized by excellent
mechanical properties, such as high tensile strength at low elongation and low
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density, which are almost identical in both transverse and longitudinal direction of
the fibers due to isotropy. It is noteworthy that the strength of textile glass is higher
than that of a monolith. In addition, the strength of the textile glass increases with
decreasing fiber diameter. The reason is suspected to be the type of fracture
initiation. Occurring mechanical damages (e.g. cracks, notches, splittings, stages)
create defects inside and on the surface of the fiber. With reduced fiber diameter, the
occurrence of continuity disturbances is lessened, resulting in a strength increase
[15, 28, 29].

If the tensile strength of a glass filament is determined immediately after
solidification, it can be observed that it will be ca. 20 % above the tensile strength
of filaments taken off a bobbin. The elongation is fully elastic, and the stress-strain
behavior to failure is linear. In comparison to other high-performance fibers,
especially carbon fibers, glass fiber have a lower Young’s modulus (ca. 70—
90 GPa). For the use in composite materials, which require extremely high rigid-
ities, conventional glass fiber types are unsuitable. For this special area of applica-
tions, a high-modulus fiber (M glass) was developed, particularly for military
utilizations [15].

For the application of glass filament yarns, it has to be kept in mind that the high
strength of the individual filaments does not directly equal the strength of yarns or
rovings. The experimentally determined tensile strength of a yarn or roving is
smaller than the calculated strength of the sum of the included individual filaments,
as these are not loaded simultaneously and evenly during testing, which causes a
premature damage of single filaments. This behavior is usually countered by the
targeted utilization of preparation agents. Therefore, the strength in the composite
can be approximated to the summary strength of the individual filaments, provided
that the processing does not excessively damage the fibers.

Apart from the parameters given in Table 3.5 for many technical applications of
lightweight construction, knowledge of the long-term behavior under stresses and
loads matching the life time of the component is essential. This is required to
estimate relaxation effects and creep behavior over a multi-year life time of the
fiber composite materials. In tests on glass filament yarns under endurance stresses,

Table 3.5 Ranges of mechanical properties of glass filaments made from selected glass types
[17,27, 30]

Parameter Type E Type AR Type R
Density (g/cm?) 252 ...2.60 2.70 2.50...2.53
Young’s modulus (GPa) 72...77 76 83...87
Tensile strength (MPa) 3,400 ... 3,700 2,000 4,400 ...4,750
Elongation at break (%) 33...438 2.6 41...54
Parameter Type S Silica Type M
Density (g/cm?) 245...2.55 2.00 2.89

Young’s modulus (GPa) 75...88 56 ...66 87 ... 115
Tensile strength (MPa) 4,300 ...4,900 800 4,750 ... 4,900
Elongation at break (%) 42...54 1.5 4.0
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hour- and day-long observations revealed relaxation occurrences under constant
tensile forces as well as retardation appearances under constant elongations [31].

Based on these findings, recent research efforts include extensive fundamental
experiments over the course of months to examine the long-term behavior of AR
glass filaments for use in textile concrete. During the pre-stressing phase, an
irreversible length increase of the filament yarn takes place. The reasons are to be
found in the orientation of the individual filaments along the tensile force direction,
and in the resulting local stress peaks, which can cause the local failure of
individual filaments by exceeding the tensile strength. The ensuing creep of the
filament yarn leads to changes in length. These elongation growths occur in
addition to the generally occurring elongations and come to circa 0.3 %o during
the examination period of several months at permanent loads of ca. 50 % of the
maximum tensile strength. In relation to the occurring elastic short-time elongation
from the loading, this is equal to a temporal increase (€creep) Of the order of 3-5 %.
This time-dependence of the elongation of AR glass filaments of 640 tex is shown
exemplarily in Fig. 3.11 [32].

The mechanical properties of glass fibers change under environmental and
chemical influence. Storing R and S glass under standard conditions and in distilled
water, for instance, decreases their tensile strength by 10-25 %, in E glass by 20—
35 % [15, 17, 25]. The influence of the duration of exposure to water or humid air on
tensile strength is shown in Fig. 3.12. Alkali-free glass fibers or glass fibers with
low alkali content, i.e. glass fibers without or with low content of alkali oxides, are
more resistant to water. The effect of water damages the fiber surface. The existing
Si—O and Si—O-Si bonds are polar and as a result capable to form secondary and,
possibly primary valence bonds, which derives from the bonding of water and
cationic compounds to glass surface. Here, not only molecular water, but also free
or bonded OH groups can be integrated into the glass structure. These reactive
hydroxyl groups can react with the water on the fiber surface, and leads to a further

Fig. 3.11 Temporal 10
development of yarn
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decrease in strength. However, they can also be used for the chemical bonding of
adhesives, to improve composite properties [15].

The influence of acidic (e.g. sulphuric acid, hydrochloric acid) or basic media
(e.g. sodium hydroxide solution) can also reduce strength dramatically (by up to
30 %), depending on the glass fiber type. This applies especially to alkali-free and
low-alkali types. Under long-term exposure to basic media, the fiber substance is
ablated until it dissolves [15, 17, 33-35].

High requirements with regard to thermal properties and combustibility are set
for the use of textile glass fibers in the fiber composite field. Glass fibers have the
following relevant parameters: linear coefficient of thermal expansion o
(a=5x 107% K1), specific heat capacity ¢ [c =840 J/(kg K)], and thermal con-
ductivity A [A=0.85 to 1.0 W/(m/k)] [17].

Other significant factors are the changes of strength under extreme short-term
temperature loads, and the permanent load limit. Depending on the glass type, glass
fibers do not lose strength under temperatures up to 200 °C (E glass) or above
(250 °C for R and S glasses). At higher temperatures, strength will deteriorate even
at short exposure durations, due to the occurring structural changes. This goes hand
in hand with significantly decreased loading capacity in later applications [36—
38]. This is shown in an example in Fig. 3.13, left-hand side. Silica fiber materials
are an exception to this, as they are thermally loadable to 1,000 °C without
considerable strength deterioration. The influence of temperature on the Young’s
modulus is given exemplarily in Fig. 3.13, right-hand side.

The strength losses and Young’s modulus deteriorations originate from the high
temperatures causing a desizing, which leads to water absorption and hydrolytic
degradation in glass fibers [15]. On the other hand, the “frozen” (solidified)
structure approaches that of compact glass, which also results in strength losses.

Due to consolidation of the individual filament in the yarn, coating the glass
filament yarns demonstrably improves the mechanical properties. Coated yarns
have a significantly higher strength than uncoated yarns, while their Young’s
moduli are almost identical. Research efforts [39] aim to specify the material
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Fig. 3.13 Tensile strength and Young’s modulus of glass filaments under temperature loads
(according to [25], cited in [15])

behavior resulting from coating under various conditions. Among other things, the
behavior under thermal stress is analyzed, in order to investigate the effects
resulting from the used coating systems and to develop further suitable coating
recipes. The effects on the mechanical and thermal characteristics were extensively
examined on AR glass filament yarns with an organic coating from carboxylated
styrene-butadiene copolymers (SBR) and compared to the uncoated reference
material. In the uncoated material, the strength remains nearly constant up to
500 °C. At a further temperature increase, continuous strength deterioration occurs,
caused by the beginning phase transition of the glass into the fusion state. The
SBR-coated yarns show much higher strengths up to a temperature of ca. 300 °C,
after which the thermal degradation of the applied coating begins. Due to the
resulting heat release, further exposure to temperature accelerates the strength
decrease, which is still on a higher level than in the uncoated yarns. Only at a
temperature above 700 °C, the yarn is almost completely damaged. In all cases, the
yarns exhibit a near-constant modulus of elasticity at temperatures under
ca. 500 °C. This modulus only starts to decrease slowly at further temperature
increases. This is due to the phase transition of the material, and is an indirect
measurement for the damage to the yarn cross-section area [40].

The electrical properties of glass fibers are characterized by a high specific
electrical resistance p in dependence of the temperature [p = 10" Q cm (T =20 °C),
p=10" Q cm (T=250 °C), p=10"" Q cm (T=450 °C), p=10" Q cm
(T=700 °C), low permittivity € (¢=35.8 to 6.7 (at 10° Hz)], and a dissipation
factor tan & at 10® Hz with (20-35) x 107* [17].

3.3.2.4 Textile Glass Products and Applications

Glass fiber materials in the form of glass filament or spun glass fiber yarns offer a
wide range of economic applications. Far more than 80 % of glass filament or spun
glass fiber yarns are used to reinforce plastics. In Europe, the production amount of
glass-fiber-reinforced plastic in 2010 was ca. one million tons [41]. Due to the
advantageous cost-benefit ratio, E-glass filament yarns are the primary
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reinforcement material, which makes them the most common high-performance
reinforcement fibers.

In the following, only a few application examples for textile glass will be given.
Different glass filaments in combination with textile production methods, type and
geometry of fiber reinforcement, and selection and modification of the matrix
systems offers a multitude of possibilities to optimize the functional value of
glass-fiber-reinforced composite materials (such as glass-fiber-reinforced plastics),
for instance for force-absorbing components in machine and plant engineering or in
textile concrete.

Apart from the application in high-performance composite materials, textile
glass fibers are used as reinforcements for industrial functional parts
(e.g. grinding wheels, belts, clutch linings), as filters in dust removal technology,
as insulation for thermal and electrical protection, as textile membranes, imperme-
able membranes and plaster reinforcement in construction, and as decoration and
wallpaper material.

3.3.3 Carbon Fiber Materials

Fibrous carbon materials are pyrolytically produced from organic carbon com-
pounds in the form of whiskers (monocrystals) or fibers. Based on the fiber structure
and orientation of the crystallites, a distinction is made between isotropic fibers
without identifiable preferred orientation, and anisotropic fibers with distinctive
layer planes oriented parallel to the fiber axis. The strength of isotropic carbon fiber
materials is relatively low, which makes them suitable for fillers, strings, and
packings for thermal insulations, instead of composite materials. All further
remarks below apply to anisotropic fibers consisting of at least 90 % carbon.

3.3.3.1 Production of Carbon Filaments

The production of carbon fibers by controlled pyrolysis requires initial materials
that meet high requirements regarding spinnability, infusibility, low carbon loss
during thermal degradation, and easy restructuring of the carbon skeleton into a
graphite structure, as well as retention of the fiber form. Therefore, PAN, pitches,
and, to a lesser degree, viscose are available as resources [15, 18]. The production
of carbon fibers is based mainly on two methods, which rely on similar processes
for the thermal degradation of the initial materials, which are referred to as pre-
cursors, to realize a very high carbon content (Fig. 3.14).

The spinning of the precursor is followed by the process stages drawing,
stabilization (oxidation), carbonization, and graphitization, all of which influence
the properties and aim to achieve maximum alignment of the synthesized graphite
layers in longitudinal direction of the fibers to ensure extremely high mechanical
characteristics. Here, the quality of the precursor materials and the selected process
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Fig. 3.14 Carbon fiber production (according to [42], cited in [43])

temperatures considerably influence the extremely high strengths or extremely high
Young’s modulus. For the further processing and the successful application, surface
treatment is indispensible.

To produce carbon fiber materials based on mesophase pitch (MPP), residues
from petroleum refining, as they accrue in the primary distillation of coal tar, are
used. The useable pitch has to be thoroughly refined before being processed into
MPP, to comply with the extremely high purity requirements. During thermal
treatments at 300-500 °C, their density makes mesophase spherulites sink and
allows their separation from the isotropic matters and other solid material particles.
The pitch forms liquid crystals and begins to polymerize. This state is referred to as
mesophase pitch, which is melted by a spinning extruder and pushed through the
spinning nozzles for fiber production. The stretching aligns the macromolecules
along the fiber axis and adjusts the required filament diameters and yarn count. To
ensure the retention of the fiber structure, the anisotropic pitch fiber is stabilized by
air oxidation at 200-350 °C, making it incombustible. Depending on the respective
process parameters, carbonization and graphitization are performed under a pro-
tective gas atmosphere (nitrogen or argon, for instance) at temperatures ranging
from 1,000 to 2,000 °C, or up to 3,000 °C. The objective selection of process
temperatures allows the realization of tailor-made mechanical properties. Thus,
fibers can be produced specifically with high strength or extremely high Young’s
moduli. As MPP-based carbon fibers only lose a small part of their weight and
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retain ca. 80 % of their substance, the process stages can be shorter than in the
carbon fiber manufacture on the basis of PAN. However, MPP-based carbon fibers
are particularly sensitive to compression forces [15, 18, 43].

For the production of carbon fiber materials on a PAN basis, a polymerization
reaction is used to synthesize the precursor polyacrylonitrile (Fig. 3.15, left-hand
side) from acrylonitrile and up to 15 % comonomer. The use of comonomers is
required due to the strong exothermic reaction, although they contaminate the fiber
material by impacting the structure negatively. Therefore, the aim is the utilization
of pure PAN (Fig. 3.15, right-hand side) as a precursor fiber. The following factors
are the dominant influences on quality: the spinning solution, regarding homo-
geneity, purity, and used solvent, the coagulation conditions as well as the degree of
stretching, and the stretching temperature of the PAN precursor fibers. Their
settings define the molecular orientation of the polymer chains and are responsible
for possible defects in the filament, which are transferred on to the carbon fibers to
be produced. Highly stretched and therefore highly oriented PAN without defects is
most suitable for the production of carbon fibers. These PAN precursor fibers are
the initial material for further process stages, whose sequential scheme is illustrated
in Fig. 3.16 [15, 18, 43].

The first process step is the thermal stabilization under tension of the PAN
precursor fibers by an oxidation process, which can be performed in several
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Fig. 3.15 Chemical structure of PAN (/eft: PAN with comonomers, right: pure PAN as precursor
fibers)
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Fig. 3.16 Production sequence of PAN-based c