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4.8

Nonwoven Fabrics

R. M. BROUGHTON, JR.
P. H. BRADY

1. INTRODUCTION

A fabric is a unit of solid matter, generally
composed of fibers, and is essentially two-
dimensional in shape (i.e., large area but small
thickness). Because of its small thickness and
fibrous nature, a fabric is usually flexible. The
word nonwoven is not very descriptive in that, at
best, it describes what fabric is not. Nonwoven
usually implies that the fabric has been formed
by a procedure other than weaving, knitting,
braiding or tufting. Weaving, knitting, braiding
and tufting are considered conventional methods
for the production of fabrics, so the term non-
conventional fabric is sometimes used for those
formed by other methods. A reasonable defini-
tion of a nonwoven fabric is a fabric made di-
rectly from a web of fiber or film, without the
intermediate step of yarn manufacture (neces-
sary for weaving, braiding, knitting or tufting).
Although paper also fits this definition, it is not
traditionally considered to be a nonwoven fabric.
Frequently, woolen felts are also excluded from
the nonwoven definition.

Often, the word fabric is omitted in the descrip-
tion of nonwoven materials, and they are simply
referred to as nonwovens. A schematic definition
of nonwoven processes is shown in Figure 4.65.

A composite fabric (several fabric com-
ponents combined into a single fabric) is usually
considered to be a nonwoven if one of the com-
ponents qualifies by definition. Because of
manufacturing and product similarities between
nonwovens and paper, a nonwoven fabric is often
considered as an intermediate form between
paper and conventional textile fabrics. Table 4.5
shows a description of textile fabric properties
and paper properties. As may be expected, non-

woven fabric properties are frequently inter-
mediate between that of paper and conventional
textiles.

1.1 Why Nonwovens?

In general, nonwovens compete with textiles
or paper in already established markets. One
might wonder why companies would undertake
to produce nonwovens. Cost advantages have
been one of the many reasons. The production of
a nonwoven blanket, for example, requires less
fiber, labor, equipment, and time than the
production of a woven blanket. To illustrate the
time savings, Table 4.6 shows the production
speeds of various textile fabric manufacturing
operations. Of course, the nonwoven blanket is
substantially less durable, but with proper care
in washing, the nonwoven can last five to ten
years, and that is sufficiently durable to satisfy
most customers. Other textile companies have
envisioned nonwovens to be a profitable way of
disposing of waste fiber from conventional tex-
tile manufacturing operations. Even yarns and
fabrics can be chopped and pulled apart to make
suitable raw material for some nonwoven
production.

Paper companies have a different motivation
for moving toward nonwovens. Paper is a rela-
tively low-priced commodity. Any change which
will allow for the production of a more fabric-
like material generally increases the value of the
commodity, and thereby its profitability.

In most cases, the cost of a nonwoven article
is less than a commensurate, conventional tex-
tile. However, if the nonwoven product has been
designed to be disposable, the cost per end-use
may actually be higher. Obviously, considera-
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FIGURE 4.65 Major steps in nonwoven and conven-
tional fabric manufacturing.

tions other than cost are important in justifying
the selection of a nonwoven product. The ad-
vantages offered by a nonwoven product depend
on the end-use and the competing product as
shown in Table 4.7.

1.2 Markets for Nonwovens

Table 4.8 presents a list of various end uses for
nonwoven fabrics and their production methods.
The total of nonwoven products consumed in the
U.S. in 1986 was 1.15 billion pounds having a
total value of about 1.8 billion dollars. This is
almost double the volume consumed ten years
earlier. This represents an increase of about 7%
per year. A 1994 listing of the top 40 nonwovens
companies worldwide allows an estimate of the
1993 U.S. sales of nonwoven roll goods at about
$2.2 billion, with worldwide sales over $6 billion
[6]. This represents mill value of the nonwoven
fabric rather than the retail value of the products
made from these nonwoven materials. Also
omitted from these 1993 statistics are the pro-
ducers of glass mat (roofing and insulation), and
those manufacturers who use all of their non-
wovens production internally in the manufacture
of other products.

Deciding which of these products should be
called industrial fabrics is not a simple process.
Fabrics used in automobiles are sometimes con-
sidered as industrial fabrics even though some of
them actually qualify as upholstery. Carpet com-
ponents, particularly backing fabrics, are in-
cluded in some lists of industrial fabrics, but not
in others. A coated fabric used for rainwear

TABLE 4.5 Comparison of Paper

and Textiles.
Paper Textiles
Cheap More expensive
High production rate Low production rate
Short fiber Long fiber
Simple structure Complex structure
Smooth surface Textured surface
Dense Bulky
Inextensible Some extensibility
Able to hold sharp folds Non-creasing
Stiff, little drape Flexible, drapes easily
Relatively non-porous Porous
Low wet strength Wet strength is essential
Low tear strength High tear strength

TABLE 4.6 Productivity of Fabric

Forming Methods.
Linear Speed
Process {m/hour)
Weaving 5-40
Knitting 100
Mechanical web formation 3,000
Spunbond 4,500
Papermaking 50,000

TABLE 4.7 Advantages of Nonwovens.

Nonwoven
End Use Competes with Advantage
Drapes Woven fabric Cost
Blinds, shades Woven fabric,  Cost
aluminum,
Carpet backing Woven jute Cost, supply
Wall covering Paper, paint Strength, wear
Packaging Paper Strength
Linings Woven fabric  Cost
Fusible lining Woven fabric ~ Application ease
Filter media Woven fabric  Performance
Bandages Woven fabric ~ Cost, perfor-
mance
Surgical wear Woven fabric  Reduced infec-
tion
Wipes Paper Durability, less
lint
Wiper Woven fabric  Disposable, cost
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4.8 Nonwoven Fabrics 143

TABLE 4.8 End Uses and Production Methods of Selected Nonwovens [7].

Fabric End Use Production Method

Cover stock Card, air lay, wet lay, spunbond
Interlinings/interfacings Card, spunbond, spun laced

Filtration All types

Surgical fabrics Composite, spunbond, melt-blown, spun laced
Wipes/towels All types

Coating/laminating Card, air lay (needled), spunbond, spun laced
Bedding/home furnishings All except wet lay

Durable papers Spunbond

Geotextile/construction Wet lay (roofing), spunbond/needled (drainage)
Other All types

would be a consumer product, while the same
fabric used for a tent or tarp would be an in-
dustrial fabric. There does seem to be general
agreement that filtration products, medical tex-
tiles, coating and laminating substrates, and
geotextiles all qualify as industrial textiles.

2. CLASSIFICATION OF NONWOVENS

Nonwovens can be broken into groups based
on the fiber type, method and type of reinforce-
ment, web preparation, and method of bonding
between fibers. The presence of reinforcement
implies a composite structure. Table 4.9 is a
classification scheme for nonwoven fabrics.
Other schemes have been proposed, but, this one

TABLE 4.9 Classification of Nonwovens.

By...
Fiber
Chemical type Rayon, polyester, etc.
Physical form Filament, staple, file, foam
Web formation Mechanical
Fluid: air, water
Electrostatic
Film extrusion
Monomer casting
Bonding of fibers Mechanical: needle, fluid
Chemical: adhesive, self
Reinforcements None
Filaments
Fabric
Foam

is more favorable because a nonwoven fabric
usually finds one place where it definitely fits
within the system.

Many of the properties of a nonwoven fabric
are derived directly from a similar property in its
fibers. The translation of fiber properties into
fabric properties is dependent upon the geometri-
cal arrangement of the fibers in the fabric and the
properties of any adhesive or other bonding
agent present. The methods of producing a non-
woven fabric depends upon the form of the raw
material. Nonwoven textiles are usually made
from fibrous materials, and therefore, most of
this section will center on the production of
fibrous webs. In order to be considered a non-
woven, a film must either be treated to make it
fiber-like, or the film must be combined with
fibrous material. Likewise, a sheet of foam is not
considered a nonwoven unless combined with
fibrous materials.

3. PRODUCTION OF NONWOVENS

There are two major steps in the manufacture
of nonwovens: web formation and bonding of
fibers in the web.

3.1 Web Formation

Figures 4.66 through 4.69 show some of the
mechanical methods of nonwoven fabric forma-
tion. All of these methods involve the use of
rotating, wire covered cylinders to pick up in-
dividual (staple) fibers, and transport and deposit
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them in a sheet or batt form. A typical roller-top
or flat-top card produces a web too thin to be used
in a single layer form for most applications.
Consequently, card webs from multiple cards are
often stacked or the web from a single card is
folded in a crosslapper form to create a multi-
layered batting.

A card usually operates to align fibers in the
direction of web travel (machine direction or
MD). Card webs have a higher strength in the
machine direction than in the cross-machine
direction (CD). The ratio of MD/CD strength
may be as high as 10/1. If the web is crosslapped,
the orientation is changed from the direction of
web travel to the cross direction. There is some
dispersion of fiber orientation as the web con-
veyance continues while the web is being folded
(Figure 4.68). Still there is a high ratio of
CD/MD strength in crosslapped webs. Through
the addition of extra cylinders or rollers, some
cards allow for the manipulation of roll speeds in
an attempt to minimize the fiber alignment. A
garnet is a card-like machine, but having a
heavier wire than a typical card. It is designed to
tear yarn and small pieces of fabric into in-
dividual fibers and form a web or batt.

The most effective way of minimizing fiber
alignment is to sweep the opened fibers from a
wire wound roll (either card or opening system)
into a stream of air, and then condense the fiber
on a slowly moving screen or perforated drum.
This type of product is referred to as an air-laid
web. Normal cards with add-on air handling and
condensing attachments were often constructed
in-house in yarn manufacturing operations to
allow the production of a marketable product
from manufacturing waste. As the products be-
came more sophisticated and profitable, ma-
chinery specifically for air laying was designed.
Air-lay machinery is now offered by a variety of
companies including Rando Machine Co.,
D.O.A., and Fehrer. Figure 4.69 shows the inter-
nal operation of a typical air-lay machine.

Air can also be used as a dispersing medium
for continuous filament fibers. This type of
process, producing a spunbonded material, links
the fiber manufacturing and web formation
processes into a single operation. A schematic of
a spunbond process appears in Figure 4.70. If
continuous filament fibers are allowed, or forced

4.8 Nonwoven Fabrics 145

to fall through the air and land on a moving
conveyor, a nonwoven batt will be produced. A
large number of filaments (perhaps from multi-
ple spinnerettes) are required to produce a web
of reasonable width, and care must be taken to
promote random dispersion of the filaments. The
use of electrostatics may be used to keep the
filaments separated and dispersed in the web.
Bonding of the fibers (usually thermal bonding
or needlepunching) is done in line before take-up
of the batt.

Melt blowing is similar to spunbonding, ex-
cept that a high velocity stream of air is used to
force the filaments away from the spinnerette
face (Figure 4.71). The air stream can attenuate
the fibers to a degree of fineness smaller than
typically extruded textile fibers. The fibers (nor-
mally less than one denier) are deposited onto a
moving condenser/conveyer belt and bonded
before take-up. This type of process allows for
the creation of a web having a very fine pore
structure and large surface area. Such fabrics are
generally suitable for absorption and filtration
applications.

Air is not the only fluid which can be used to
deposit a fibrous web onto a condenser screen.
Paper has been produced for centuries by
suspending fibers in water and then draining the
suspension through a condensing screen (Chap-
ter 12.0). The high density, viscosity and surface
tension of water (compared to air) causes wet-
laid nonwovens to be very dense in structure
compared to those which are air laid. Wet-laid
fabrics have some directional character, being
stronger in the machine direction than the cross
direction. The directionality (usually less than
carded systems) is introduced when the fiber
suspension is accelerated by contact with the

\
bl

:MELT EXTRUDER [

FIBER ATTENUATION i

| BONDING
! HEATED CALENDER
AND DISPERSION ——— i~

DEVICES

(_Jconvevor taBLel ) ({ ) L/-
~—
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FIGURE 4.70 Spunbond process.
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FIGURE 4.71 Melt blowing process.

moving screen. The greater the acceleration to
machine speed, the greater is the directionality
in the fabric.

A second major difference between wet-lay
and air-lay systems is that in the wet-lay system,
water must be removed in a drying zone. Several
geometries of the condensing zone are possible.
Fourdrinier, inclined wire, and cylinder machines
are typical of the various types of machinery in
use. Figures 12.2 and 12.3 (Chapter 12.0) show
schematics of Fourdrinier machine. After forma-
tion, water is removed from the web by gravity,
vacuum extraction, pressing and finally by heat-
ing.

Paper is typically made from fibers which are
less than 0.25 inch in length. Textiles normally
use fibers which are an inch or more in length.
When flexible fibers of longer than an inch in
length are suspended and stirred in water, they
tend to become entangled. Only through very
high dilution ratios can long fibers (0.5 to 1 inch)
be processed on a paper machine. The processing
of fibers longer than one inch is impractical on
ordinary paper machines. A variety of saturation
substrates, containing glass fiber or mixtures of
wood pulp and other fibers are made on paper
machines. These mixtures of wood and other
longer fibers are often used to create absorbent
wiping materials. Glass fiber mats produced on
wet-lay machinery are used for roofing products.

Some production processes bypass the fiber
manufacturing step and produce a flat sheet
(film) directly. Since some porosity is usually
required of a fabric, a flat, impervious film
would not likely be considered to be a fabric.
However, if there are a sufficient number of

holes in the film, making it porous and flexible,
it may qualify as fabric. There are two manufac-
turing processes which can produce a film having
sufficient flexibility and porosity. These are the
fibrillated film process and a process originally
developed by Smith and Nephew Ltd., which
embosses and then stretches the film until it rup-
tures in its thin spots. The embossing may, in the
extreme, punch holes in the film. A diagram of
the fibrillated film extrusion process appears in
Figure 4.72.

If a film of polyolefin is stretched to a high
degree in the machine direction, it develops
strength in that direction, and weakness in the
cross-machine direction. If the film is then
mechanically worked, splits may appear along
the machine direction, causing the film to be-
come more like a web of fiber. The splitting (or
fibrillation) process can be accelerated by either
abrading the film along the machine direction,
passing the oriented film over a pinned or bladed
roller, or extruding the film onto a profiled roller,
which has grooves parallel to the machine direc-
tion. A highly embossed film, or a film with an
array of holes punched in it tends to form a
porous network when stretched biaxially. This
may produce a fine netting, or even a tough
plastic netting suitable for fences and sieves.

In the extrusion of film, the polymer is
processed through an extruder equipped with a
thin, flat die. It is possible to start the production
of a film from a monomer spread on the surface
of a solid or liquid. In this case, the monomer is
polymerized directly into the film shape. This
technique is particularly useful when producing
microporous films or film coatings on substrates.
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FIGURE 4.72 Fibrillated film process.

Such processes are sometimes referred to as
monomer casting.

Flocking operations involve the perpendicular
arrangement of short fibers on a substrate sheet
(Figure 4.73). Velvet is an example of a woven
fabric with short fibers perpendicular to the
fabric surface. Flocking attempts to reproduce a
velvet appearance by gluing short fibers on end
to a fabric substrate. The fibers can be made to
stand on end either by vibration of the sheet, or
by electrostatics which cause the fibers to fly
through the air, impinging end first into the glue
on the fabric surface. Patterning possibilities are
introduced when the glue is applied in the desired
pattern on the fabric surface.

A particularly ingenious, nonwoven produc-
tion method involves the direct extrusion of a
fabric. Two concentric circles of spinnerette
holes which rotate in opposite directions can
produce a web that appears similar to a loosely
woven, bagging material. The cylindrical ma-
terial is frequently used for food packaging.
Larger versions, when split, can be used for net-
ting, fencing and geotextile grids. This method
of production is referred to as the Netlon process.
A schematic diagram of the process is shown in
Figure 4.74.

3.2 Fiber Bonding

When fibers are laid down in a batt without the

interlacing provided by knitting or weaving, the.

batt has little strength. The entanglement of
fibers, or the addition of a bonding agent is
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FIGURE 4.73 Flocking.

Q-0

Rotating concentric spinnerettes

Stretch

ring
//7

/;, X /
f( A\
20N

X X /\/\\ p
L5 />< /\\/\(\

7 N/
% \\/\( W
XN N AN

FIGURE 4.74 Netlon process.
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FIGURE 4.75 Needlepunching.

necessary if strength is to be developed. Fiber
entanglement can be provided by either need-
lepunching (Figure 4.75) or by hydroentangle-
ment (Figure 4.76).

In needlepunching, barbed needles are pushed
through the web. The barbs catch fibers on the
surface of the batt, and push them into the center,
densifying the structure and producing strength
through entanglement. The machine requires a
bed plate to support the web as the needles
penetrate, and a stripper plate to strip the fabric
off of the needles as they are withdrawn. Nee-
dling can be done from both sides of the fabric,
and penetration of needles does not have to be
perpendicular to the sheet structure.

Hydroentanglement employs fine jets of water
to push fibers from the surface toward the inte-
rior of the fabric. A more powerful jet may
produce an apertured fabric, while less forceful
jets tend to produce entanglement without com-
pletely penetrating the fabric. As with the need-
lepunching process, the batt must be supported

g HIGH PRESSURE WATER

/ h \ /
| ) CONVEYOR |
h N S

during the impingement of the water stream. The
size, spacing, and height of the knuckles on the
conveyor or plate surface have a major influence
on ability of the fibers to entangle, and the ap-
pearance of the fabric. In general, a stream of
water does not exert as great a force on fibers as
that produced in needlepunching. Therefore,
hydroentangled structures are usually less dense
and more flexible than those produced by need-
lepunching. Hydroentangled nonwovens are
often referred to as spun laced fabrics. Hydroen-
tanglement has an advantage over needlepunch-
ing in that it can be used to bond relatively thin
fabrics.

An alternative to mechanical entanglement to
provide structural integrity to a nonwoven
material is the addition of an adhesive to bind the
fibers together. The adhesive may be included as
either a secondary treatment, or in the form of
adhesive-containing fibers which are manufac-
tured into the structure. Adhesives in the finished
fabric are solid like the fibers they bind together,
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FIGURE 4.76 Hydroentanglement.
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and are frequently applied to the web in solid
form (powders or fibers). Because only liquids
can stick to a solid surface (like a fiber), for the
batt's fibers to be bound together by the ad-
hesive, it must exist as a liquid at some predeter-
mined moment while in the batt. A liquid state
can exist in several forms: melts, solutions,
emulsions, suspensions, pastes and foams. The
form of the liquid is directly related to the process
used for application and bonding of the fibers.

The application of liquid adhesives (sub-
sequently solidified in the batt) may involve
spraying, dipping and squeezing, printing, *‘kiss
roll’’ or foam application. Figures 4.77—4.81
show schematics of representative application
techniques (many system geometries are pos-
sible). An unbonded fiber batt is too fragile to
survive most dipping and printing processes, so
open-mesh screens may be used to support the
batt through the bonding machinery. Alter-
natively, light needle tacking may be used to
provide some mechanical integrity. Liquid ad-
hesives applied in molten form (hot melts), may
be sprayed or printed from heated rolls, and
require only cooling to solidify and bind the
fibers together. For adhesive solutions and dis-
persions, a solvent must be removed, usually
requiring an oven for evaporation (or curing in
the case of thermosetting adhesives).

The use of solid adhesives usually avoids the
problems of solvent removal incurred by the use
of adhesive solutions, emulsions, etc. Activation
of the solid adhesive usually involves heating a
thermoplastic material above its melting point;
although softening by solvents or solvent vapors
isoccasionally used. Figures 4.82 and 4.83 show

GRAVURE PRINTING OR
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/~ " Rubber Roll
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\ ]
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FIGURE 4.77 Spray application of adhesives.

two application methods for powdered solid ad-
hesives. Adhesive powders tend to migrate or
even fall out of the web as it moves along a
conveyor until after the activation step. Small
particles, fluidized bed application, and electro-
statics may help in avoiding migration.

Solid, thermoplastic fibers may act as an ad-
hesive in batts of higher melting fibers. The
adhesive fibers are mixed with other fibers
during batt formation and require only heating to
produce bonding. A fiber adhesive tends to
remain dispersed in the batting, thus avoiding the
migration problems associated with powders. A
particularly elegant example of adhesive fiber
application is the bicomponent fiber, in which a
low melting glue is combined with, or coats a
much higher melting point material. Figure 4.84
shows a sheath-core bicomponent fiber alone and
in a web.

At least one commercial manufacturing pro-
cess uses solvent vapor activation of the fiber to
produce a ‘‘glue’” layer on the surface of each
fiber in a batting, causing them to stick together.
This process, known as the Cerex process is very
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FIGURE 4.78 Printing of liquid adhesives.
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FIGURE 4.83 Electrostatically assisted powder adhesive application.

specific for a particular solvent and fiber type
(HCl vapor and nylon).

Except for vapor-activated adhesives, all solid
application processes require heating at some
point during the process. Thermoplastic ad-
hesives must be heated to cause flow and stick-
ing. Adhesive/solvent systems require heating to
remove the solvent after adhesion. Heat may be
applied from hot, circulating fluids (usually air,
shown in Figure 4.85), heated and rotating

cylinders (Figure 4.86), or radiant (infrared)

sources (Figure 4.82). Microwave/RF heating
has also been investigated for use in bonding.
Thermoplastic adhesives may be activated by

Core Fiber

(High Melting}
Sheath Coating
(Low Melting)

either convective, conductive, or radiant heating
methods. Passing the web over a heated cylinder
(conduction) can provide the required heat, but
also compresses the fabric (pressure is an essen-
tial ingredient in this type of bonding). A calender
with engraved roll provides point bonding, while
a smooth roll tends to bond the entire area (Figure
4.86). Hot air can be forced through the fabric
(convection) to melt the adhesive without pro-
ducing excessive compression. Infrared heating
(radiant) also minimizes compression, but works
best on relatively thin or low-density materials.
Ultrasonic energy can also be used to fuse
materials, usually in a point bonded pattern.

Bonding Sites

Core Fiber

Exposed Non-binder Fibers

FIGURE 4.84 Sheath-core bicomponent fiber alone and in batting.
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FIGURE 4.85 Through-air thermal bonding.

Several factors are important in determining
the effectiveness of an adhesive in a given fabric:

o distribution of adhesive in web

¢ viscosity of adhesive while in the liquid
state

¢ specific adhesion to fiber

e physical and chemical properties of
adhesive (particularly T;, solvents)

o adhesive stability to environment

The distribution of adhesives can range be-
tween the extremes of complete saturation of the
structure, to bonding only at inter-fiber intersec-
tions (Figure 4.84). Area and point bonding are
terms sometimes used to describe the distribution
of the bonding sites. One of the characteristics
that distinguishes fabric from paper or film is the
ability of fibers to move with relative inde-

Mechamcal Pressure

v&

Heat Energy
Input

" Bonded Web
> to Take-Up ra
a or other P

7~ Process /
N s Note:

\ /
\/\/\ 7
¥4

ﬁeb Containing
Thermoplastic Fibers /

pendence in the structure. Application of any
adhesive interferes with fiber movement. Small
islands of bonding separated by unbound areas
provide for fabric-like properties. Bonding only
at fiber intersections (as with the sheath/core
bicomponent fibers) may also produce textile-
like properties, provided that the intersections
are not too numerous. As an adhesive begins to
fill the spaces between fibers, the structure
begins to behave more like a fiber reinforced
plastic than a fabric.

The viscosity of the adhesive while liquid
within the web is significant. As viscosity in-
creases, the ability of a given material to flow is
reduced. Absent proper flow, the adhesive will
not sufficiently wet the surfaces that are desired
to be bonded. Low viscosity materials, which
would readily flow, may migrate to the bottom,
or even out of the sheet under the force of gravity.

/

/

rd

s

or Adhesive

\ g/
\7\_) Pressure Roll

L\\

/‘\\(_jh\ Heated Roll

The pressure roll may be heated
Either roll may be engraved

FIGURE 4.86 Calender bonding.
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Some materials adhere well while others do
not. Obviously, a desirable adhesive property is
adherence to the batting fibers. Similarities in
chemical polarity, or the matching of solubility
parameters usually permits adequate adhesion
between two materials.

Most adhesives are amorphous solids (except
when a semicrystalline fiber is itself an ad-
hesive). The strength of the adhesive in its solid
form is obviously important in determining the
strength of the resulting bonded fabric. Adhesive
strength may be usually increased through an
increase in molecular weight of the adhesive.
Aside from molecular weight, the property
which dominates the behavior of amorphous
polymers is the glass transition temperature (7).
An amorphous material with a T, well below its
end-use temperature will behave as a flexible,
stretchable elastomer. If the 7, is above the end-
use temperature, the material will be stiff and
rigid. The T, for most typical adhesives ranges
from about —100°C to +100°C.

Other important considerations in the selec-
tion of adhesives are color, odor, ease of applica-
tion, stability in the environment, and the
physical and environmental safety aspects of any
required solvent. The ideal stability for most
materials is complete stability during use, and
instability and degradation as soon as it is dis-
carded. A fabric must be stable to its use environ-
ment, but after use, biodegradability is usually
considered helpful in minimizing the environ-
mental impact of solid waste. The recovery and
reuse of materials is increasingly important, but
is usually difficult for intimately mixed materials
like fiber and adhesive blends. Calender bonded
thermoplastics of a single fiber type are ideal
recycling candidates.

3.3 Reinforcement of Nonwovens

If a desirable, nonwoven fabric is too weak to
be used in a particular application, it may be
strengthened by the incorporation of yarn, film,
foam, or other reinforcements. In some cases,
the reinforcement actually serves as the binding
agent holding the nonwoven together, and the
fabric could not be made without the reinforce-
ment. For example, a flocked fabric cannot be
produced without the substrate, so the sub-

4.8 Nonwoven Fabrics 153

strate/reinforcement is an integral component.
Likewise, if an unbonded batt of loose fibers is
passed through a sewing or knitting machine, the
stitching will hold the batt together in a sheet
known as a stitch-bonded fabric. The stitching
yarn literally holds the fabric together, but rein-
forcement is not an adequate description of its
purpose. The fabric is an open mesh interlocked
yarn structure in which the interstices have been
filled with nonwoven fiber batt. The absence of
any adhesive bond between fibers gives these
structures textile aesthetics missing from many
other types of nonwoven fabrics. A wide variety
of fabrics can be produced by stitch bonding
technology. The process names for this technol-
ogy include Mali® and Arachne®.

4. PROCESS SELECTION

Selection of the appropriate process technol-
ogy for production of a nonwoven product may
range from the simplest to the most complex
ventures. For the company with waste fiber to
dispose of, and surplus carding capacity, the ad-
dition of crosslapping and bonding may allow for
the production of a material suitable for simple
applications like sound insulation or upholstery
padding. Conversely, the production of a clean
room air filter or disposable apparel for protect-
ing military personnel from chemical and
biological threats, may require a process en-
gineered specifically for the production of that
product.

The raw materials required, or available, may
dictate which manufacturing process options are
feasible. Fibers of only 0.5 inch length are not
likely candidates for carding or needlepunching.
On the other hand, fibers over one inch in length
would not be very suitable for a wet-lay process.
The presence of thermoplastic fibers may allow
the use of calender or ultrasonic bonding.

A filter for removing fine particles is likely to
require very fine fibers for its construction. The
incorporation of very fine fibers may then dictate
the use of the melt blowing process. Filtration of
stack gasses from coal fired boilers requires
fibers and binders (if present) that resist both heat
and acidic vapors. These requirements might
dictate a needlepunched sulfar batt, or a ther-
mosetting, heat resistant binder.
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TABLE 4.10 Industrial Applications of Nonwovens.

Abrasives

Acoustic materials
Agricultural covers
Athletic mats
Protective apparel
Automotive
Bandages

Brake linings
Thermal insulation
Envelopes

Ceiling tiles
Erosion control
Drainage (geotextile)
Roofing shingles
Roofing felt

Filters

Papermaker’s felt
Pond liners

Road bed *“support™
Flooring

Tents

Paint applicators
Upholstery padding
Upholstery separators
Instrument wrap
Computer disks
Reinforced plastics
Synthetic leather
Home, industrial wipes

Lofty or dense construction, large denier fibers, binder holds both fibers and abrasive
Dense to moderately lofty, often contain an impermeable film layer

Lightweight, thin, controlled porosity depending on temperature

Lofty, resilient, relatively thick

Limited porosity, restrict the passage of particles, liquids, gases

Liners, carpet, mostly needlepunched, colored

White, sterilizable, frequently hydroentangled

Resin impregnated, heat resistant

Glass, mineral wool, specialty fibers, moderate loft, mostly air laid, resin bonded
Typically spunbonded polypropylene, betier tear resistance than paper

Typically resin bonded fiberglass, non-flammable

Temporary —biodegradable, inexpensive; permanent— environmentally resistant
Acts as a filter to keep soil out of draihage channel, bulky, environmentally resistant
Wet-laid fiberglass, some resin bonding, saturated with asphalt

Typically polyester spunbonded or needled felt, moderate loft, saturated in situ

For oil, gas, food, air, etc. Loft and porosity depend on the materials to be filtered.
Highly engineered product in terms of porosity, pore size and material chemistry
Smooth needled layer on top of woven conveyor belt used in paper manufacture
Provide cushion to prevent puncture of the plastic liner

Needled heavyweight felt; provides permanent separation between soil and ballast
Base material for asphalt or vinyl saturant in flooring for kitchens, etc.

Strong, water repellent, frequently layers of different fabric types

Flocked or specially needled materials

High resilience, moderate to low loft, sufficient to support sitting or reclining person
Thin spunbonded or carded and resin bonded, separates layers of materials

Keeps surgical instruments sterile, similar to barrier fabrics, very water repellent
Extreme product uniformity required

Glass or specialty fibers saturated with plastic resin (frequently thermosets)
Relatively dense, frequently needled, saturating substrate for vinyl or polyurethane
Bonded, reinforced air-laid pulp, or melt blown calender bonded absorbent sheets

While many of these decisions are primarily
based in common sense, the selection of the best
materials and manufacturing processes to use in
a particular situation require extraordinary atten-
tion to detail.

5. INDUSTRIAL APPLICATIONS OF
NONWOVENS

As mentioned earlier, the classification of

products into industrial or consumer products is
quite subjective. The authors have surveyed a list
of nonwoven products compiled by Holliday and
have selected a good cross section of industrial
nonwoven fabrics [8]. The list appears in Table
4.10 with some comments about these products.
Obviously Table 4.10 omits many of the in-
dustrial nonwoven products, but it should give
the reader an idea of the diverse industrial ap-
plications of nonwoven products.
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2. REVIEW QUESTIONS

1. Reproduce Figure 4.1 on a computer using
a computer aided design (CAD) or any draw-
ing software program.

2. Discuss the major differences between
woven, knit, braided, tufted and nonwoven
structures.

3. What type of fabric structure (i.e., woven,
knit, nonwoven, braided, tufted) has better
resistance to each of the following:

abrasion

tension

compression

shear

bending

impact
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4. Match the proper terms from the list with the
statements that follow.

Terms

. Winding (spooling)
. Warping

. Slashing

. Drawing-in

. Repeater End

. Cause Analysis
. Abrasion Resistance
. Creep Speed

. Shed Timing

. Shed Geometry
. Woven Fabric

. Package Quality
. Variability

. Section Beam

. Size Box

. Encapsulation

. Braided Fabric
. Draw Warping

. Section Warp

. Cloth Fell

. Reed Plan

. Leasing

. Lost End

. Tying-in

. Creel

Product of the warping process
Process used to replenish a warp of
the same style

The interlacing of a pick relative to
beat-up

A broken warp yarn embedded in a
beam

Term used to describe the beginning of
the cloth

Two yarn systems interlaced at 90
degrees with fabric produced parallel
to the warp direction

Ends per dent and dents per inch
Technique used to determine reason
for yarn failure

Filament yarn process to provide
better end-to-end dye uniformity
The configuration of warp yarns
resulting from their manipulation by
multiple harnesses

— Most important warp yarn property
enhancement

P
OO 00T N R W~
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A loom beam made up in sections
arranged side by side

Measurement of degree that size
encircles warp yarn

Entering of ends through weaving
elements

Process where warp stripe patterns are
developed from different solid colored
sheets of yam

Passing of cord through a yarn sheet
in order to separate sheet from sheet
or end from end

Usually a more important statistical
consideration than the ‘‘average
value’” of a yarn property

Phrase used to describe slowing of
slasher

Combining yarns from single-end
packages onto a beam

As or more important to good weaving
as yarn quality

Increases the length of yarn on a
single-end package by combining
smaller packages, spliced end to end
Warp yarn that breaks over and over
during weaving

Section of the slasher where chemicals
are added

Two yarn systems interlaced at 90
degrees with fabric produced 45
degrees to either yarn direction
Section of the slasher where section
beams are placed

. Why is yarn preparation and slashing neces-

sary for weaving? Explain.

What are the main factors to consider when
selecting a sizing agent for a particular yarn?
How does the yarn structure (i.e., ring spun,
open-end, air-jet spun, friction spun) affect
size pickup?

Match the proper terms from the list with the
statements that follow:

Terms

N Nh W -

. Tucked Selvage
. Cotton Count

Construction
Weft Density

. The Fabric Weave
. Weft Yarn
. Drop Wire
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. Shedding Motion
. Heddle

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

Harness

Reed Number
Take-up Motion
Multi-Phase
Temples

Whip Roll
Let-off Motion
Reed

Beat-up Motion
Weft Selector
Picking Motion

Component that dictates color stripes
in the filling direction

Component of the beat-up that
controls ends per inch (epi)
Component of the let-off that
maintains desired tension on warp
yarns by removing slack when
necessary

Provides warp yarn as needed for
weaving to continue

Houses heddles that control warp
yarns that weave alike on a cam or
dobby loom

Yarn system perpendicular to
selvages

Produces double weft density at the
fabric edge

Loom motion that controls weft density
Causes loom to stop if warp yarn
breaks

The order of interlacing between ends
and picks

Inserts weft yarn into shed

Holds fabric to same width as warp in
the reed

Picks per inch

Causes the reed to reach the fell of the
cloth

Motion that controls the weave pattern
Weaving machine with simultaneous
weft insertions

The number of hanks per pound
Dents per inch

ends per inch (epi) X picks per inch
(ppi)

Weaving element that controls an
individual warp end
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9. Compare the warp shedding control mech-

10

11.

12.

13.

14.

anisms for design flexibility and loom speed.
Explain the effects of entering order and
lifting order on fabric structure. -

What are the advantages of shuttleless looms
over shuttle looms?

What are the major parameters to control
woven fabric construction? Explain the ef-
fect of each.

Can you weave a monofilament filling yarn
with air jet loom? Explain why.

Match the proper terms from the list with the
statements that follow.

Terms
Types of Knit Fabrics
. Weft

. Single

. Jersey

. Double
Rib

. Interlock
Purl

. Tricot

. Raschel
10. Warp

WO AW~

Descriptions, Definitions or Functions
11. Clearing

12. Cut

13. Course

14. Dial

15. Float

16. Stitch Cam

17. Guide Bar

18. Pattern Chain

19. Land

20. Overlap/Underlap

Weft knit with alternating courses of
face and back loops

If a needle doesn’t rise to this position,
it makes a tuck

Weft knit made on two sets of needles,
any gaiting

Component in warp knit machine that
puts yarn on needles

Gaiting with all needles of both sets
unable to knit one yarn

Moving warp yarns across the needles
Warp knit made on spring beard
needles
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17.

18.

19.
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Type stitch formed if a needle is not
activated

Yarns interlooped in the fabric length
direction

One horizontal row of loops in a knit
fabric

Setting of this determines courses/inch
in weft knits

Yarn system interlooped in the fabric
width direction

The system of weft knit needles that
forms back loops

Machine direction yarns interlooped
with latch needles

Placing a previously formed loop over
closed beard

‘Weft knit on one set of needles with
tucks or floats

Causes yarns to be moved across
needles

Weft knit with alternating wales of
face and back loops

Another word for gauge or how
wales/inch is controlled

__ Single knit with only knitted loops
Discuss the application areas of knit fabrics
in industrial textile markets.

Explain the main differences between weft
and warp knitting.

Compare the woven and knit fabric struc-
tures for

e clastic recovery

o extendibility

¢ shape retention

e drapeability

¢ modulus

What are the differences between 2-D and
3-D braided structures?

Match the proper terms from the list with the
statements that follow:

Terms

. Primary Back
. Surface Pile

. Bed Plate
Row

Pile Height
Latex
Looper

. Slats

PNOU R W

20.

21.

22

9. Secondary Back
10. Loop Pile

11. Cut/Loop Pile

12. Stitch

13. Stitch Robbing
14. Needle Bar

15. Knife

16. Scroll

A vertical line of tufts made by a
single needle

Type pile made with knives and slats
How a low loop is made in carpet pile
Electronic high/low pattern device
Takes yarn from needle to form
surface pile

Length of yarn above the primary
backing

A single line of tufts in the
cross-machine direction

Part of the carpet on the ‘““down’’ or
““under’’ side as it is produced at the
tufting machine

Works against side of looper to form
scissors action

Gauge of this determines rows per
inch

Rate of take-up on this determines
stitches per inch

Secures the secondary backing and
locks in tufts

Pile height is changed by adjusting
position of this

Final carpet component added at back-
coating

Yarn feeding device that provides yarn
displacement for individual needles at
each stitch

__ Type carpet made with no knives
Explain the reasons for the differences
between paper and textiles listed in Table
4.5.

Describe the following processes:

e air lay

e spunbonding

e melt blown

¢ hydroentanglement

What are the factors to consider when select-
ing a production process for a particular
nonwoven fabric. Explain.
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17.1

Fiber Properties‘and Technology

S. ADANUR

The major properties of textile fibers that have
important industrial textile usage are included
in this chapter. There are many synthetic fibers
of the same generic class, manufactured by dif-
ferent companies. For those fibers which are
reasonably well known or widely used, proper-
ties are listed generically and by trade names.
Fibers with lesser known trade names are
grouped under their proper generic class, with
ranges of values being given wherever possible.
The continual introduction of new man-made
fibers makes it a genuinely impossible task to
present a tabulation which will remain up-to-
date for any reasonable length of time. Fiber
names, types, and properties are constantly
changing. Therefore, caution should be exer-
cised in using the numerical data presented in
the following tables. This chapter also discusses
the significance of fiber properties as they in-
fluence the performance characteristics of yarns
and fabrics.

Appendix 4 lists the characteristics, industrial
uses and manufacturers of generic man-made fi-
bers and trade names. Figure 17.1 shows longi-
tudinal and cross-sectional photographs of
selected industrial fibers.

1. REFRACTIVE INDEX

The refractive index (n) of a substance is
defined as the ratio of the velocity of light in a
vacuum to the velocity of light through the
substance. Because of the molecular orientation
within fibers, the speed of light along the fiber
axis is usually different from that transverse to
the fiber axis. The greater the amount of orien-
tation and degree of crystallinity, the greater
will be the difference between the refractive in-

dices which are parallel with, and transverse to,
the fiber axis. The difference is called the “bire-
fringence.” For all fibers except Saran® the par-
allel index . is greater than the transverse in-
dex n,, and so the birefringence is always
positive. Refractive indices are useful for identi-
fying fibers and, in research, indicating the
nature of molecular order in experimental
fibers. While refractive index may influence
fiber luster, the effect of fiber crimp and the
state of aggregation of fibers in yarns and yarns
in fabrics are of far greater significance in ob-
taining or preventing fabric luster. Except as it
is a measure of molecular order, which in turn
may influence the tensile and elastic properties
of fibers, refractive index is of no special signif-
icance in the industrial textile picture., Table 17.1
lists refractive indices and birefringences of
natural and man-made fibers.

2. DENSITY (SPECIFIC GRAVITY)
OF FIBERS

Table 17.2 lists densities of fibers. Density is
defined as the ratio of a substance’s unit volume

weight to that of water at 4°C.

3. FIBER FINENESS AND DIAMETERS
Table 17.3 lists fiber diameters (um) based on

filament deniers for selected fibers.

4. FIBER STRENGTH AND TENACITY

While it might be desirable to catalog the ab-
solute breaking strengths of individual fibers,
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Name Photomicrographs

Asterisk denotes Cross section, 500X
trademark Longitudinal, 250X

Polyester

*A.C.E.
*Compet
Allied

* Dacron
Du Pont

*Fortrel
Wellman

4DG

Eastman

*Tairilin
Nan Ya Plastics Corp.,
America

*Trevira
Hoechst Celanese

FIGURE 17.1 Photomicrographs of man-made ﬁbefs (courtesy of McLean Hunter Publishing Co.).
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Photomicrographs

Name
Asterisk denaotes Cross section, 500X
trademark Longitudinal, 250X
Carbon . .
*Thornel
Amoco
Nylon
Nylon 6 .
Nylon 6,6
Lyocell
* Tencel
Courtaulds
Rayon
*Fibro
Courtaulds

Cuprammonium

FIGURE 17.1 (continued) Photomicrographs of man-made fibers (courtesy of McLean Hunter Publishing Co.).
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Photomicrographs

Name
Cross section, 500X

Asterisk denotes
(rgc?er:iarkeno ° Longitudinal, 250X

Rayon
North American
Rayon Corp.

*Saran
Pittsfield Weaving

Acetate
Acetate

Sulfar

*Ryton
Amoco
(Licensed by Phillips)

‘ Acrylic

* Acrilan
Monsanto

*Creslan
*MicroSupreme
Cytec

FIGURE 17.1 (continued) Photomicrographs of man-made fibers (courtesy of MoLeah Hunter Publishing Co.).
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Name

Asterisk denotes-
trademark

Modacrylic

* SEF

Monsanto

Olefin

Polyethylene

Hercules .

* Herculon
Hercules

*Marvess
*Alpha

. Amoco

*Essera,

*Marquesa Lana,
: *Pation lli

Amoco

*Spectra 900
*Spectra 1000
Allied

FIGURE 17.1 (continued) Photomicrographs of man-made fibers (courtesy of McLean Hunter Publishing Co.).

Photomicrographs

Cross section, 500X
Longitudinal, 250X
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Name Photomicrographs

Asterisk denotes-: Cross section, 500X
trademark Longitudinal, 250X

*Fibrilon
Synthetic Industries

Spandex

*Glospan/
Cleerspan, S-85

Globe

* Lycra
Du Pont

Glass

Glass

Aramid

* Kevlar
Du Pont

FIGURE 17.1 (continued) Photomicrographs of man-made fibers (courtesy of McLean Hunter Publishing Co.).
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Name
Asterisk denotes
trademark
* Nomex
Du Pont
Fluorocarbon
* Gore-Tex
W. L. Gore
* Teflon
Du Pont
Polybenzimidazole
PBI

Hoechst Celanese

Photomicrographs

" Cross section, 500X
Longitudinal, 250X

FIGURE 17.1 (continued) Photomicrographs of man-made fibers (courtesy of McLean Hunter Publishing Co.).
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TABLE 17.1 Refractive Indices and Birefringences of Fibers ([1], Fiber Manufacturers’ Data).

Refractive Index
. Birefringence

Fiber Parallel (n.) Transverse (n,) (n. ~ n,)
Acetate 1.479 1.477 0.002
Acrylic 1.525 1.520 0.004
Aramid

Nomex® 1.790 1.662 0.128

Kevlar® 2.322 1.637 0.685
Asbestos 1.5-1.57 1.49 0.01-0.08
Cotton, raw 1.580 1.533 0.047
Cotton, mercerized 1.57 1.52 0.05
Fluorocarbon 1.37 - -
Glass 1.547 1.547 0.000
Modacrylic 1.536 1.531 0.005.
Novoloid 1.650 1.648 0.002
Nylon v

Nylon 6 1.568 1.515 0.053

Nylon 6,6 1.582 1.519 0.063
Niytril 1.484 1.476 0.008
Olefin

Polyethylene 1.556 1.512 0.044

Polypropylene 1.530 1.496 0.034
Polycarbonate 1.626 1.566 0.060
Polyester )

Dacron® ©1.710 1.535 0.175

Kodel® 1.632 1.534 0.098
Cuprammonium rayon 1.548 1.527 0.021
Viscose rayon 1.547 1.521 0.026
Saran 1.603 1.611 —-0.008
Silk ] 1.591 1.538 0.053
Spandex 1.5 - -
Triacetate 1.472 1.471 0.001
Vinal 1.543 . 1.513 0.030
Vinyon (PVC) 1.541 1.536 0.005
Wool 1.556 1.547 0.009
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TABLE 17.2 Density of Fibers [1,2].

Density

Fiber (mg/mm3)
Polyester

ACE® 1.38

Compet® 1.38

Dacron® 1.34-1.39

Fortrel® 1.38

Tairilin® 1.38

Trevira® 1.38
Thornel® carbon

High strength 1.77

High modulus 1.77

Ultra-high modulus 1.96
Nylon 6 . Ll14
Nylon 6,6 - 1.13-1.14
Tencel® lyocell 1.56
Viscose rayon 1.52
Cuprammonium rayon 1.53
Saran 1.62-1.75
Acetate 1.32
Ryton® sulfar 1.37
Acrylic 1.17
Modacrylic 1.35
Niytril 1.20
Polyethylene, low density 0.92
Polyethylene, high density 0.95
Polypropylene 0.90
Spectra® olefin 0.97
Lycra® spandex 1.2
E-glass, single filament 2.54-2.69
S-glass, single filament 2.48-2.49
Glass, multifilament 2.5
Aramid

Kevlar® 1.44

Nomex® 1.38
Fluorocarbon

Gore-Tex® 0.8-2.2

Teflon® 2.1
Polybenzimidazole . 1.43
Asbestos 2.1-2.8
Flax 1.54
Cotton 1.54
Novoloid 1.28
Polycarbonate 1.21
Silk 1.35
Vinyon (PVC) 1.40
Wool 1.31

cross-sectional shapes and areas of fibers can
vary widely. When subjected to a tensile force,
the total strength of a fiber is dependent upon
both its intrinsic ability to remain intact and
upon its dimensions. The absolute value of a

17.1 Fiber Properties and Technology ~ 563

fiber’s strength may be meaningless until it is
related to its cross-sectional area or its linear
density, i.e., weight per unit length. As is the
custom with all engineering materials, fiber
breaking strengths can be listed on a pounds per
square inch (psi) basis. More commonly, how-
ever, the textile trade uses the term “tenacity” to
describe strength on a grams per denier (gpd)
basis. This is because it is easier to determine a
fiber’s or yarn’s weight per length than its weight
per cross-sectional area, because yarn weight is
an important textile physical and economic fac-
tor. Since denier is based upon weight per unit
length, it is obvious that tenacity is influenced
by the specific gravity of the fiber, while
strength per unit area is not. The relationship
between these properties is:

tensile strength (Ib per sq. in. or psi)
= 12,800 X tenacity (grams per deénier or gpd)
X specific gravity (17.1)

In Table 17.4 tensile strengths are listed in psi
and grams per denier for various fibers. The
relationship between tex and denier is:

denier
9

tex = 17.2)

Textile fibers are relatively light, therefore
they can be highly efficient on a strength-to-
weight ratio basis. High tenacity nylon, for ex-
ample, with a specific gravity of 1.14 may have
a tenacity of 9 grams per denier (81 grams per
tex) as compared with a high strength steel
(500,000 psi) or about 3.5 gpd. On a cross-
sectional area basis, high tenacity nylon has a
strength exceeding 100,000 psi.

While textile fibers may have high tenacities,
often the corresponding strength of the textile
fabric is disproportionately lowered, due to the
inefficient translation of fiber strength into yarn
strength and yarn strength into fabric strength.
This is particularly true with staple fibers.
Because of non-uniform fiber lengths, interfiber
slippage, random fiber orientation within the
yarn, and the helical path of fibers due to yarn

Page 00034



564 FIBER PROPERTIES AND TECHNOLOGY

TABLE 17.3 Fiber Diameters of Various Textile Fibers [3].

T ——
Denier Viscose Rayon Acetate and Vinyon Nylon Polyester Olefin
1 9.6 10.3 11.1 10.1 12.5
2 13.6 14.5 15.7 14.3 17.7
3 16.7 17.8 19.3 17.5 21.7
4 19.3 20.6 22.3 20.2 25.0
5 21.6 23.0 24.9 22.6 28.0
6 23.6 252 27.3 24.8 30.7
7 25.5 27.3 29.5 26.8 33.1
8 27.3 29.1 31.5 28.6 35.4
9 28.9 30.9 334 30.4 375
10 30.5 32.6 35.2 32.0 39.6
12 33.4 35.7 38.6 35.1 43.3
14 36.1 38.5 41.7 379 46.8
16 38.6 41.2 4.5 40.5 50.1
18 40.9 43.7 47.3 429 : 53.1
20 43.1 46.1 49.9 453 56.0

twist, only a part of the theoretically available
strength, based upon the number of fibers in the
yarn cross section, will actually result in the
yarn.

Cotton has a tenacity of about 3.0 to 4.9 gpd
(27 to 44 gpt). Because it exists only as staple,
its fiber strength is not completely convertible
into equivalent yarn strength, the efficiency of
the conversion being on the order of magnitude
of 50%. Thus, cotton yarns usually have tenac-
ities not in excess of about 3 gpd (27 gpt). The
competitive advantages of multi-filament high
tenacity rayon, nylon, or other synthetic yarns
become obvious.

It should be apparent that strength per se is
not the only criterion by which the performance
of textiles should be judged. Textile yarns and
fabrics are normally used because they have
flexibility and moderate strength, coupled with
the ability to deform or strain under load,
thereby absorbing energy, and the ability to
recover or retract when the load is removed.
Many other chemical and physical properties
will influence the ultimate selection of the fiber
and the yarn and fabric into which it is con-
verted.

5. FIBER BREAKING ELONGATION

Table 17.5 lists breaking elongations or strains
which fibers can undergo up to the point of fail-

¥

ure. As a general rule it can be stated that an in-
verse relationship exists between fiber strength
and elongation. For natural cellulosic fibers,
linen and ramie are stronger but have lower
elongations than cotton; the animal fibers are
much weaker but have greater elongations than
the cellulosics. Glass fibers are very strong but
very brittle, i.e., they have low elongations. In
the manufacture of man-made fibers, for a par-
ticular generic type, a range of inverse strength-
elongation values is normally obtainable. Thus
nylon can be made with a tenacity of 9 gpd (81
gpt), an elongation of 12% or S gpd (45 gpt) and
an elongation of 30%.

6. FIBER LOAD-ELONGATION
DIAGRAMS

Figure 17.2 shows fiber tenacity (gpd) versus
percent elongation diagrams. Often such dia-
grams are popularly but somewhat erroneously
called “stress-strain” curves. Actually the tenac-
ity scale should be converted to a pounds per
square inch (psi) scale in order to produce a true
stress versus strain diagram. A variety of fibers
with a wide range of tenacity-elongation dia-
grams is available. The selection of a fiber for a
particular purpose, of course, is dependent
upon many property requirements. The shape of
a fiber’s load-elongation diagram, initially and
after the fiber has been cyclically loaded and
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TABLE 17.4 Tensile Properties of Fibers [2].

Breaking Tenacity (gpd) Tensile Strength
Fiber Standard Wet (psi)
Polyester '
A.C.E® and Compet®
Filament—HT 8.3-9.0 9.0 135,000-160,000
Dacron®
Staple and tow 2.4-7.0 2.4-7.0 39,000-106,000
POF 2.0-2.5 2.0-2.5 33,000-42,000
Filament—RT 2.8-5.6 2.8-5.6 50,000-99,000
Filament—HT 6.8-9.5 6.8-9.5 106,000-168,000
Fortrel®
Staple series 400—RT 4.8-6.0 4.8-6.0 85,000
Staple series 300—HT 6.0-6.8 6.0-6.8 102,000
PO filament 2.0-25 2.0-2.5 80,000-88,000
Tairilin® v
POY 2.0-3.0 2.0-3.0 33,000-42,000
Staple 4.5-7.0 4.5-7.0 80,000-102,000
Trevira® '
Staple 3.5-6.0 3.5-6.0 41,000-~105,000
POF 2.0-2.5 2.0-2.5 33,000-42,000
Filament—HT 7.2-8.2 7.2-8.2 118,000-140,000
Thornel® carbon
High strength 24.1 24.1 550,000
High modulus 213 21.3 500,000
Ultra-high modulus 10.8 10.8 270,000
Nylon
Nylon 6
Staple 3.5-7.2 62,000-98,000
Monofil. and filament—RT 4.0-7.2 3.7-6.2 73,000-100,000
BCF—RT 2.0-4.0 1.7-3.6
Filament—HT 6.5-9.0 5.8-8.2 102,000-125,000
Nylon 6,6 '
Staple and tow 2.9-72 2.5-6.1
Monofil. and filament—RT 2.3-6.0 2.0-5.5 40,000-106,000
Filament—HT 5.9-9.8 5.1-8.0 86,000-134,000
Tencel® lyocell—HT 4.8-5.0 3.8-4.2
Rayon
Fibro®
RT—Multi-lobed 23 1.1
IT-0.9 den or 0.25 in and up 3.0 1.5
Cuprammonium, filament 1.95-2.0 0.95-1.1
Rayon
Filament—RT 1.9-2.3 1.0-1.4
Filament—HT 4.9-5.3 2.8-3.2
Saran®, monofilament 1.2-2.2 1.2-2.2 15,000-27,000
Acetate, filament and staple 1.2-14 0.8-1.0 20,000-24,000
Ryton® sulfar, staple 3.0-35 3.0-3.5 35,000-40,000
Acrylic
Acrilan®, staple and tow 2223 1.8-2.4 30,000-40,000
Creslan®, staple and tow 2.0-3.0 1.6-2.7 30,000-45,000
MicroSupreme, staple 2.0-3.0 1.6-2.7 30,000-45,000
SEF® modacrylic, staple 1.7-2.6 1.5-2.4 29,000-45,000
(continued)
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TABLE 17.4 (continued).

Breaking Tenacity (gpd) Tensile Strength
Fiber : Standard Wet (psi)
Olefin
Polyethylene
Monofilament, low density 1.0-3.0 1.0-3.0 11,000-35,000
Monofilament, high density 3.5-7.0 3.5-7.0 30,000-85,000
Herculon®
Staple 3.5-4.5 3.5-4.5 41,000-52,000
Buff filament 3.0-4.0 3.0-4.0 35,000-47,000
Marvess® and Alpha®
Staple and tow 2.0-5.0 2.0-5.0 60,000-100,000
Multifilament 2.5-5.5 2.5-5.5 20,000-50,000
Essera®, Marquesa Lana®, Pation® III
BCF 2.5-3.5 2.5-3.5 30,000-40,000
Staple 2.5-4.0 2.5-4.0 30,000-45,000
Spectra® 900 30 30 375,000,000
Spectra® 1000 35 35 425,000;000
Fibrilon®
Staple 2.5-5.5 2.5-5.5 12,000-60,000
Fibrillated 3.5-5.0 2.5-5.0 40,000-60,000
Multifilament—RT 2.5-5.5 2.5-5.5 20,000-50,000
Spandex .
Glospan®/Cleerspan, S-85, multifilament 0.7 11,000
Lycra®
Type 126, 127 1.0 11,000-14,000
Type 128 0.8
Glass
Single filament—E-glass 15.3 15.3 450,000-550,000
Single filament— S-glass 19.9 19.9 650,000-700,000
Multifilament 9.6 6.7 313,000
Aramid
Kevlar®
Kevlar 29/Kevlar 49 23 ’ 21.7 425,000
~ Kevlar 149 18 340,000
Kevlar 68 ) 24.0 425,000
Kevlar HT (129) 26.5 490,000
Nomex®, staple and filament 4.0-5.3 3.0-4.1 90,000
Fluorocarbon
Gore-Tex® 3.0-4.0 3.0-4.0 85,000-115,000
Teflon® .
TFE multifil., staple, tow, flock 0.9-2.0 0.9-2.0° 40,000-50,000
FEP, PFA monofilament 0.5-0.7 0.5-0.7 14,000-20,000
PBI, staple 2.6-3.0 2.1-2.5 50,000
Asbestos ' 2.5-3.1 80,000-300,000
Cotton 3.0-4.9 3.3-5.39 59,500-97,000
Silk 2.4-5.1 1.75-4.01 38,500-88,000
Wool 1.0-1.7 0.85-1.44 16,500-28,000
Steel 3.5 3.5 512,500

HT: high tenacity.

POF: partially oriented filament.
POY: partially oriented yarn.
RT: regular tenacity.

IT: intermediate tenacity.
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TABLE 17.5 Breaking Elongation, Elastic Recovery, Stiffness and Toughness of Fibers [2].

Breaking
Elongation (%) Average  Average
—_— Stiffness Toughness
Fiber Standard Wet  Eiastic Recovery (%)  (gpd) (gpd)
Polyester
A.C.E.® and Compet®
Filament—HT 13-22 13-15 77 at 5%; 75 at 10% 55-56 0.7-0.9
Dacron®
Staple and tow 12-55 12-55 82at3% 12-17 0.2-1.1
POF 120-150  120-150 1.3-1.8
Filament—~RT 24-42 24-42 76 at3% 10-30 0.4-1.1
Filament—HT 12-25 12-25 88at3% 30 0.5-0.7
Fortrel® :
Staple series 400—RT 44-55 44-55 1.3-1.8
Staple series 300—HT 24 24
PO filament 120-150  120-150
Tairilin® ;
POY 120-170  120-170 1.3-1.8
Staple 28-6 28-55 88at3% 10-30 0.3-1.5
Trevira® ‘
Staple 18-60 18-60 67-86 at 2% 7-31 0.28-1.50
57-74% at 5%
POF 130-145  130-145 - 1.3-1.8
Filament~HT 10-20 1020 99at1% 54-77 0.35-0.55
Thornel® carbon
High strength 1.6 1.6 100 1,500
High modulus 1.0 1.0 100 2,300
Ultra-high modulus 0.38 0.38 100 3,000
Nylon
Nylon 6
Staple 30-90 42-100 100at2% 17-20 0.64-0.78
Monofil. and filament—RT 17-45 20-47  98-100 at 1-10% 18-23 0.67-0.90
BCF-RT 30-50 30-60
Filament—HT 16-20 19-33  99-100 at 2-8% 29-48 0.75-0.84
Nylon 6,6
Staple and tow 16-75 18-78 82at3% 10-45 0.58-1.37
Monofil & filament—RT 25-65 30~70 88at3% 5-24 0.8-1.25
Filament—~HT 15-28 18-32 89at3% 21-58 0.8-1.28
Tencel® lyocell-HT 14-16 16~-18 30 0.34
Rayon
Fibro®
RT—Multi-lobed 18-22
IT—0.9 den or 0.25 in and up 18-22
Cuprammonium, filament 8-14 24-28
Rayon
Filament—RT 20-25 24-29
Filament—HT 11-14 13-16
Saran®, monofilament 15-25 15-25 95 at 5-10% 5-10 0.165-0.265
Acetate, filament and staple 25-45 35-50 48-65at4% 3.5-5.5  0.17-0.30
Ryton® sulfar, staple 35-45 100 at 2%; 86 at 10% 10-20
Acrylic
Acrilan®, staple and tow 40-55 40-60 99at2%;89 at5% 5-7 0.4-0.5
Creslan®, staple and tow 35-45 41-50 6-8 0.62
MicroSupreme, staple 30-40 30-40 6-8 0.62
SEF® modacrylic, staple 45-60 45-65 100at1%;95at10% 3.8 0.5
(continued)
567

Page 00038



TABLE 17.5 (continued).

Breaking
Elongation (%) Average  Average
_—_ Stiffness Toughness
Fiber Standard  Wet Elastic Recovery (%) (gpd) (gpd)
Olefin
Polyethylene
Monofilament, low density 20-80 20-80 Upto95at5% 2-12 0.3
88 at 10%
Monofilament, high density 10-45 10-45  Up to 100 at 1-10% 20-50
Herculon®
Staple 70-100 70-100 96 at 5%; 90 at 10% 20-30 1-3
Buff filament 80-100 80-100 96a at 5%; 90 at 10% 20-30 1-3
Marvess® and Alpha®
Staple and tow 60-100 80-98 90-93 at 5%; 83 at 10% 3-10 1.5-4
Multifilament . 20-50 85-99  92-96 at 5%; 87 at 10% 12-25 0.75-3.00
Essera®, Marquesa Lana®, Pation® III
BCF 40-60 40-60 90 at 5%; 65-90 at 10% 5-10 0.9-1.05
Staple 30-450  30-450 ;
Spectra® 900 3.6 3.6 1,400
Spectra® 1000 2.7 2.7 2,000
Fibrilon® !
Staple 30-150 30-150 93 at5%; 85 at 10%
Fibrillated 14-18 14-18 85 at5%; 75 at 10%
Multifilament—RT 30-100 30-100 95 at 5%; 85 at 10% 12-25 0.75-3.00
Spandex
Glospan®/Cleerspan, $-85, multifilament 600-700 99% at 50% (S-7) 0.17 (§-7)
98% at 200% (S-5) 0.05 (S-5)
Lycra®
Type 126, 127 400-625 97 at 50% 0.13-0.20 2.00
Type 128 800 99 at 200%
Glass
Single filament—E-glass 4.8 4.8 100 320 0.37
Single filament— S-glass 5.3-57 5.3-5.7 100 380 0.53
Multifilament 3.1 2.2 100 310 0.15
Aramid !
Kevlar®
Kevlar, Kevlar 29/Kevlar 49 4.0/2.5 4.0/2.5 100at1%,2%, 3% 500/900
Kevlar 149 , 1.5 100 at 1% 1,110
Kevlar 68 3.0 100 at 1%, 2% 780
Kevlar HT (129) 33 100 at 1%, 2% 755
Nomex®, staple and filament 22-32 20-30 70-120
Fluorocarbon .
Gore-Tex® 5-20 5-20
Teflon®
TFE multifil., staple, tow, flock 19-140 19-140 1.0-13.0 0.15
FEP, PFA monofilament 40-62 40-62 7.0 0.10-0.12
PBI, staple 25-30 26-32 9-12 0.40
Cotton 3-7 74 at 2%; 45 at 5% 60-70 0.15
Silk 10-25 92 at 2%; 51 at 10% 60-116 0.4-0.8
Wool 25-35 25-50 99at25%;63at20% 4.5 0.35

HT: high tenacity.

POF: partially oriented filament.
POY: partially oriented yarn.
RT: regular tenacity.

IT: intermediate tenacity.
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FIGURE 17.2 Typical tenacity versus elongation diagrams of fibers (courtesy of McLean Hunter Publishing Co.).
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FIGURE 17.2 (continued) Typical tenacity versus elongation diagrams of fibers (courtesy of McLean Hunter Publish-
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FIGURE 17.2 (continued) Typical tenacity versus elongation diagrams of fibers (courtesy of McLean Hunter Publish-
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‘unloaded at loads below rupture, is important in

terms of the fiber’s influence on such fabric
properties as breaking and tear strength, energy
absorption, dimensional stability, and abrasion
resistance.

7. VISCOELASTICITY

Examination of fiber load-elongation dia-
grams shows that they are normally “non-
Hookean,” i.e., they do not obey Hooke’s law
which states that the strain (elongation) is lin-
early proportional to the applied stress (load).
Figure 17.3 for a typical polyester, for example,
shows an original region OA which is approx-
imately linear. Point A is called the “propor-
tional limit.” Beyond this point, region AB devel-
ops where additional incremental loads produce
proportionately larger increases in elongation,
due to the propensity of the fiber to “creep,” or
slowly elongate under load. A slope change
occurs at point B, followed by a stiffening re-
gion BC where additional loads beyond B cause
smaller changes in elongation. Finally there is a
second flow region CD.

Textile fibers and other high polymers such as
rubbers, elastomers, films, and plastics which
exhibit such varying “stress-strain” properties
are stated to be “viscoelastic.” The molecular
and structural nature of these materials is such

5-

(<] »

TENACITY
(GRAMS PER DENIER)
N
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that during selected periods of progressive load-
ing, they may function in a perfectly “elastic” or
“spring-like” manner. During other periods of
loading a “viscous flow” or creep type of defor-
mation occurs. These two mechanisms most
often act in varying contributory amounts at the
same time and thus produce a viscoelastic type
of stress-strain response.

The above description pertains to the applica-
tion of a tensional force in one time loading to
rupture. If a specimen is strained (elongated) to
a value below rupture and the strain producing
force is then removed, a strain recovery will
usually take place. Repeated load applications
and removals produce strains and recoveries
which are dependent upon the material’s vis-
coelastic properties. The phenomenon becomes
complex, giving rise to hysteresis [Figure
17.10(b)]. The elongation recovery or “repeated
stress” characteristics of fibers is discussed later
in the chapter. They are of great significance
because they influence such properties as fabric
dimensional stability, wrinkle resistance, abra-
sion resistance, and energy absorption.

8. ELASTIC MODULUS

The ratio of stress to strain is called the
“modulus” of a material. High modulus mate-
rials are stiff; they show small elongation under

o 5 10

5 20 25 30

% STRAIN

FIGURE 17.3 Analysis of a typical polyester tenacity-elongation diagram.
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load. Low modulus materials are extensible;
they show high elongation under load. “Young’s
modulus” is defined by ASTM as the ratio of
change in stress to change in strain within the
elastic limit of the material. The ratio is
calculated from the stress, expressed in force
per unit cross-sectional area, and the strain, ex-
pressed as a fraction of the original length.
Young’s modulus is of great value to the en-
gineers utilizing wood, structural steel, and
concrete since these materials are used below
their elastic limits, and small deformations
under load can be calculated with a reasonable
degree of precision. The textile engineer and
technologist also make use of this ratio, but
because load-elongation diagrams of textiles are
not usually linear over their entire use range,
the “tensile modulus” of a fiber is not a constant
and should be used only under conditions where

it is properly defined. ASTM also lists the fol-
lowing moduli definitions for textile materials:

o initial modulus: the slope of the initial
straight-line portion of the stress-strain
curve

e chord modulus: the ratio of the change
in stress to the change in strain between
two specified points in the stress-strain
curve

8.1 Determination of Initial Modulus

In the case of a fiber exhibiting a region that
obeys Hooke’s law (i.e., has a linear region), a
continuation of the linear region of the curve is
constructed as shown in Figure 17.4. The inter-
section point B is the zero-strain point from
which strain is measured. The initial modulus is
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FIGURE 17.4 Construction of initial modulus for materials with Hookean region [4].
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FIGURE 17.5 Construction of initial modulus for materials with no Hookean region [4]. )

determined by dividing the stress at any point
along the line BD by the strain at the same point
(measured from point B). Point C, the point
where line BD first touches the stress-strain
curve is the tangent point.

In the case of a fiber that does not exhibit any
linear region (Figure 17.5), a tangent K’B’ is
constructed to the maximum slope. Point B’ is
the zero point from which strain is measured.
Point C’, the point where line K'B’ first
touches the stress-strain curve, is the tangent
point. The initial modulus is determined by
dividing the stress at any point along line B’K’
by the strain at the same point (measured from
point B’).

8.2 Determination of Chord Modulus

In a typical stress-strain curve, a straight line

is constructed through the zero-stress axis, such
as zero strain point A ” and a second point, such
as 10% strain, point M” (Fi%ure 176). The
chord modulus is determined by dividing the
stress at any point along line A"M” (or its ex-
tension) by the strain at the same point.

Figure 17.6 also represents a straight line con-
structed through any two specified points, point
Q” and point R”, other than zero and 10%
strain. In this case, the line extends through the
zero stress axis at point B”. This intersection is
the zero strain point from which strain is
measured. The chord modulus can be deter-
mined by dividing the stress at any point along
line Q”R” (or its extension) by the strain at the
same point (measured from point B”). -

The modulus is also called the “stiffness” of
the material since the higher the modulus the
greater the resistance to deformation.
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STRESS

STRAIN £

FIGURE 17.6 Construction of chord modulus [4].

Since engineering stress is given in pounds
per square inch, modulus units for engineering
materials normally are reported as psi per unit
strain, or simiply psi. Again, because conve-
nient textile nomenclature uses the denier

system, Young’s moduli of fibers are reported as

grams per denier per unit strain, i.e., the hypo-
thetical tenacity required to strain the filament
100% , presuming strain extended at a rate equal
to that of the initial slope of the stress-strain
curve. The modulus (stiffness) is usually re-
ported simply as “grams per denier.” Moduli of
major textile fibers are given in Table 17.5. Ex-
tensible fibers such as wool, acetate and acrylic
have low textile moduli. Nylon and polyester
can be drawn to varying degrees so that their
moduli may have varying ranges (on the aver-
age, polyester slightly higher than nylon). Glass
at 300 has a high modulus. However, carbon,

Spectra® olefin, and Kevlar® aramid fibers have
moduli far above the range of other textile
fibers. This is why these high modulus fibers,
yarns, or fabrics are used in plastic laminates
where minimum distortion under load is re-
quired. However, because of their high modulus
and inability to deform under load (i.e., brittle-
ness), excessively high stress concentrations
may be induced in these fibers, and they may
fail. In other low modulus fibers, the high
strains resulting from the application of the non-
uniform loads reduce the stress concentration,
and the fiber can remain intact. This, among
other reasons, is why high modulus fibers have
net found wide use in textile fabrics where
repeated flexing and abrasion, both being ex-
amples of non-uniform loading, are required. In
uses where deformations are necessary, particu-
larly under impact conditions, low modulus ma-
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terials are advantageous, for the material will
then extend rather than permit the buildup of an
excessive force.

9. TOUGHNESS OR
ENERGY ABSORPTION

The load-elongation diagram is a measure of
work done or energy absorbed by the filament.
This property is also called “toughness.” Units
normally are grams per denier (or tex). Table
17.5 lists energy absorption capacities® of the
various fibers.

Figure 177 shows that equal areas (i.e., ener-
gies) under a load-elongation diagram can be
obtained via many different paths. For example,
the area bounded by OBC is equal to OB'C’;
but for Case I it is obtained via high strength
and low elongation, while for Case II the
strength is lower but the elongation is higher.

Except in those cases where energy must be
absorbed with a minimum amount of deforma-
tion or elongation in the specimen, in order that
the material maintain its dimensional stability, a
combination of load bearing and elongation
capacities is usually desirable. For example,
glass is strong but its elongation is too low to be
a good energy absorber. Wool is weak but is
quite extensible, and so can absorb significant
amounts of energy. However, because its load

supporting capability is low and because the’

wool yarn, cord or fabric would become highly
distorted, normally it is not used for industrial
purposes. Cotton, high tenacity rayon, and es-
pecially polyester and nylon are tough, and
hence have been widely used in ropes, conveyor

LOAD

ELONGATION
FIGURE 17.7 Energy absorption diagram.
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belts, bagging, webbings, tents, awnings, and a
wide array of industrial uses where a combina-
tion of lightness, strength, and toughness is re-
quired. Such end items usually are used many
times, and therefore a further requirement is
that they can repeatedly deform and absorb en-
ergy under load, and retract when the load is
removed.

10. ELONGATION-RECOVERY
PROPERTIES

If a vertically suspended textile fiber is dead-
loaded with a weight equal, for example, to
about half of its breaking load, the fiber will im-
mediately elongate a fixed amount (Figure 17.8,
part A). This elongation from 0 to 1 is called the
“instantaneous elastic deflection” (IED). If the
weight is then left hanging on the fiber for many
minutes or hours, the fiber will continue to
elongate or “creep” at a slow rate from 1 to 2
(part B). If the weight is then removed, the fiber
will immediately and instantaneously recover or
spring back by an amount approximately equal
to the original IED. The recovery (from 2 to 3,
part C) is called the “instantaneous elastic
recovery” (IER). If the weight is then kept off,
the fiber will tend to “creep back” and return to
its original length. The amount which it re-
covers (3 to 4, part D) is called “primary creep”
or “creep recovery.” The amount by which it
fails to return to its original length (4 to 0), is
called “secondary creep” or “permanent set.”
Diagrammatically, the elongation versus time
curve is depicted in Figure 17.9.

The instantaneous elastic deflection obeys
Hooke’s law, which states that the strain (elon-
gation) is linearly proportional to the applied
stress. Thus, if progressively increasing weights
are hung on the fiber, the resulting IED’s will be
proportional to the applied loads and a linear
load-IED diagram results. The creep portion of
the elongation is the viscous effect referred to
earlier. While, in practice, textiles may be dead
loaded under a constant force, more oftén they
are subjected to a heterogeneous combination of
repeated below-rupture stresses and strains.
When a specimen is progressively loaded to a
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FIGURE 17.10 Three types of elasticity.

level below its rupture point, and then the load
is progressively removed, one of the three types
of load-elongation-recovery diagrams shown in
Figure 17.10 will result.

Figure 17.10(a) depicts a truly Hookean ma-
terial where the strain (elongation) is propor-
tional to the applied stress (load) over the entire
curve. Only instantaneous elastic deflection and
recovery exist, thus producing a straight line for
both loading and unloading, the two lines being
superimposed at all points. Such a condition
represents “perfect elasticity.”

Figure 17.10(b) represents a condition where
the strain is not proportional to the load, thus
creep causes additional elongation. However,
all the creep is primary, and upon load removal,
complete recovery takes place, but via a path
different from the loading curve, thus producing
a “hysteresis” area. The primary creep recovery,
while complete, is delayed and requires a longer
recovery than the original loading time to be
completed. Such a condition represents “com-
plete elasticity” Figure 17.10(c) also represents a
condition where the strain is not proportional to
the load, thus creep causes additional elonga-
tion. Here, however, secondary as well as pri-
mary creep exists. Upon load removal recovery
is incomplete, and a “permanent set” repre-
sented by O-X results. Such a condition repre-
sents “imperfect (and incomplete) elasticity.”

Significance of Elongation-
Recovery Properties

The abilities to deform upon load application
and recover upon load removal are two of the

most important properties which textile fabrics
must have. Several pertinent examples are cited.

(1) Ability to absorb energy repeatedlf/—In
order to be repeatedly useful, pump dia-
phragms, aircraft arrestation cables, con-
veyor belts, tire cords, fire hoses, crane
slings, and the like must be capable of
retracting absorbing energy. This is ac-
complished by the materials’ elongation
under load. If a fabric is to be used more
than once, it must be capable of retracting
to its original dimension after use in order
that it again will have the ability to absorb
an equal amount of energy on second or
subsequent uses. If most of the elongation
is non-recoverable secondary creep, the en-
ergy absorption capacity on a subsequent
use will be significantly reduced to the
point where failure may result.

(2) Ability to maintain dimensional stability-
A tarpaulin, truck cover, auto seat cover, or
tent may be subjected to deforming forces
resulting from handling, or wind and
weather. Its ability to deform or “roll with
the punch” on load application, and return
to its original dimension on load removal is
necessary if the fabric is to be capable of
absorbing stresses and strains repeatedly
without becoming distorted and out-of-
shape. In the case of conveyor belts, while
high modulus-low elongation fabrics are
usually demanded to keep “stretch” to a
minimum, nevertheless the ability of the
material to “give” slightly under load and
recover upon load removal is a prerequisite.
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(3) Wrinkle resistance—When fabrics are
creased, yarns and fibers are bent in a man-
ner such that some portions are in compres-
sion, and others are in tension. Creases
which develop will be removable as a func-
tion of the ability of the fibers to recover
from the imposed strains.

(4) Abrasion resistance—As will be discussed
later in the chapter, a fabric’s abrasion re-
sistance is governed in part by the capacity
of its fibers to absorb energy repeatedly at
stresses below rupture. The fibers must be
able to deform under the force produced by
the abrasive action and to recover when the
force is removed. Then, upon a subsequent
abrasion stroke, the fibers again can deform
and absorb energy without failure.

Table 17.5 shows the percent recovery of
fibets which have been strained by varying
amounts. After being strained 2%, staple Nylon
6, upon load removal, will recover to its original
unstrained dimension. The Nylon 6 is thus said
to recover 100% from the 2% strain. After 3%
strain, regular tenacity Nylon 6,6 recovers 88%.
This recovery capability, coupled with its high
energy absorption permits it to repeatedly ab-
sorb large quantities of energy, thus accounting
for nylon’s excellent abrasion resistance.

1}

11. RATE OF RECOVERY PROPERTIES

The more quickly and completely a fiber re-
covers from an imposed strain, the more nearly
perfectly elastic it is. The ratio of the instan-
taneous elastic deflection to the total deflection
may be used as a criterion of elasticity. The inte-
grated closeness from a theoretical graph of
perfect elasticity versus elongation is also used
as a criterion under the term “elasticity index.”

12. BENDING, COMPRESSION,
SHEAR, AND TORSION STRAINS

In addition to tensile forces and strains, there
are four other types of deformations to which
engineering materials including textiles, may be

subjected. These are simple compression, shear,
torsion, and bending (Figure 17.11).

One of the outstanding attributes which a tex-
tile fiber must have is flexibility. In fact, this re-
quirement probably should be included as an in-
tegral part of the definition of a textile fiber. The
ability of the fiber repeatedly to bend and re-
cover without failure is vital for most fabric
uses. The stiffness of a textile fiber or any struc-
tural beam, is directly proportional to its elastic
modulus, and to the fourth power of its di-
ameter. The modulus is governed by the intrin-
sic nature of the fiber substance, i.e., the ar-
rangement of atoms in the molecule, the amount
of crystallinity, and the molecular orientation.

Organic fibers, in general, have stiffness
moduli in the range of 10 to 200 grams per
denier (Table 17.5). Rubbery or elastomeric
materials have moduli of about 0.1 to 0.5 gpd.
Glass, metals, and ceramics are in the range of
250 to 350. Conventional organic fibers have
sufficient flexibility for most textile uses when
their diameters are in the 10 to 70 micron range.
In order for glass, ceramic, and metallic fibers
to enjoy equal flexibility, they must be of even
smaller diameter because of their higher
moduli. Furthermore, the stiffness increases in
direct proportion to the fourth power of the di-
ameter, and so it becomes obvious that high
modulus fibers must be drawn to very fine di-
ameters if they are to be sufficiently flexible to
perform as textiles. Furthermore, the specific
gravities of glass, ceramics, and metals are con-
siderably higher than the organic polymers.
Therefore, inorganic fiber diameters must be
small, not only to attain flexibility, but also to
reduce fiber weight.

In simple compression, forces act in opposi-
tion to the direction they assume for tension. In
the case of textiles, unless the fiber, yarn, or
fabric is very short; true and complete compres-
sion does not exist, for the fiber will buckle and
bending will result. This produces tension on
the outside portion of the fiber and compression
on the inside. Similarly, torsion and shear
forces are negligible in flexible textile fibers,
since the initial development of such forces pro-
duces strains in the material of such a magni-
tude that the forces immediately become ten-
sional.

Page 00053



i

B 2

r-f-=--——=m==-=FA

~—  ORIGINAL
----- — AFTER EXTENSION
F = EXTENSION FORCE

TENSION

- - -~

COMPRESSION

———— ORIGINAL
------- AFTER SHEARING
" F1 SHEARING FORCE

SHEAR

-

-
1
]
]
]
]
]
]
i
M
------------- - \
\
Al
= -
, —__——
/
L -
ORIGINAL
AFTER BENDING

FIGURE 17.11 Types of forces and resulting strains.

M s BENDING FORCE

BENDING

AFTER COMPRESSION
F = COMPRESSION FORCE

an

N

- o
. -
-
-
~—”

|

— o 2 e

AFTER TORSION °

M* TORSIONAL FORCE

583

Page 00054



584 FIBER PROPERTIES AND TECHNOLOGY

13. LOOP STRENGTH

Table 17.6 lists fiber loop and knot strengths.
~ The loop strength test consists of looping one
length of a fiber through another loop as shown
in Figure 17.12, and elongating the loops until
rupture occurs. As the rupture elongation in-
creases, the loop strength efficiency also in-
creases. The reason being that in low elongation
brittle fibers, high stresses are quickly built up
and tensile failure occurs. High elongation fibers
can extend rather than fail, and a more efficient
break ultimately results. When a fiber is bent
around itself, a tension strain develops on the
outside and a compression strain on the inside.

1

JAW 3X1"

JAW 3Xx1"

1

FIGURE 17.12 Loop strength test.

The greater the rupture elongation, the greater
is the ability of the fiber to bend without failing.

High modulus fibers have low loop strength
efficiences and weak, extensible fibers have
higher efficiencies. Remember, however, that a
less efficient, but originally stronger, fiber may
have a higher absolute loop strength than a more
efficient weaker fiber. Cotton has a remarkably
high loop strength accompanying its nominal
elongation. Aramids, nylon and polyester being
tough, strong fibers, exhibit high absolute loop
strength,

14. KNOT STRENGTH

Knot strengths of several fibers are listed in
Table 17.6. The knot test consists of making a
simple overhand loop (Figure 17.13) and then
subjecting the specimen to a tensile pull. The
general efficiencies (i.e., the ratio of knot to
tensile strength) of knot strengths are about the
same as for loop strengths, and for the same
reasons.

Loop and knot strengths of yarns and cords
are functions of the intrinsic fiber properties
and the geometry of the yarn or cord structure.
The actual formation of a knot can cause se-
lected fibers, depending upon their position
within the yarn, cord, or rope, to be bent into a
configuration so that the resulting strain exceeds
the fiber’s rupture elongation, and therefore
some fiber breakage occurs. Other fibers in the
knot are not so strained, and so complete failure
of all fibers is avoided. The higher its rupture
elongation the greater is the opportunity for the
fiber to be strained without failure. After a knot
is formed in a yarn and it is then subjected to a
loading force, the necking down or compacting
of the knot into a smaller, denser structure can
also produce excessive strains in certain fibers,
depending upon their position. All of the fibers
within the knot are not subjected to the same
amount of strain. This maldistribution of
stresses and strains among the fibers causes
some to fail prematurely. The load they were
carrying then is transferred to the remaining in-
tact fibers. However, this added load may then
exceed the capacity of the adjacent fibers and
they, too, fail. Thus, the failure proceeds from
fiber to fiber and the entire cord or rope fails.
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TABLE 17.6 Fiber Loop and Knot Strengths [2].

Fiber Loop Strength (gpd) Knot Strength (gpd)
Polyester
A.C.E® and Compet?®, filament—HT 6.0-7.0 5.0-6.0
Dacron®
Staple and tow 2.1-6.4 2.1-6.4
Filament—RT 2.5-5.2
Filament—HT 5.6-5.8
Fortrel®
Staple series 400—RT 4.4-5.6
Staple series 300—~HT 5.6-6.0
Tairilin®, staple 2.0-5.6
Trevira®
Staple 1.2-5.6 2.0-5.6
Filament—HT 4.4-6.7 4.0-6.3
Nylon
Nylon 6 .
Monofil. and filament—RT 3.8-5.6 3.8-5.5 ,
BCF—RT 2.0-3.0 2.0-3.0
Filament—HT 5.1-10.1 4.8-6.7
Nylon 6,6 ,
Staple and tow 3.7-5.9 3.7-5.9
Monofil. and filament—RT 2.0-5.1 2.0-5.1
Filament—HT 5.0-7.6 5.0-7.6
Tencel® lyocell—HT 2.2-2.6 2.1-2.3
Cuprammonium rayon, filament 2.15-2.25
" - Saran®, monofilament 0.7-1.1 1.0-1.7
Acetate, filament and staple - 1.0-1.2 1.0-1.2
Acrylic
Acrilan® 1.9-2.6
Creslan®, staple and tow 1.9-2.3
MicroSupreme, staple 2.5-3.0 .
SEF® modacrylic, staple 1.6-2.5
Olefin
Polyethylene
Monofilament, low density 1.0-2.5
Monofilament, high density 2.54.0 2.5-4.5
Herculon®
Staple 3.0-4.0
Bulk filament 2.5-3.5
Glass, multifilament 4.0 0.9
Aramid
Kevlar®
Kevlar 29/Kevlar 49 10.5 7.6
Nomex®, staple and filament 4.0-5.0
Fluorocarbon
Gore-Tex® 2.5-3.3 2.5-3.3
Teflon® TFE multifil., staple, tow, flock 0.8-1.4 0.8-1.4
Cotton, mercerized 2.5

HT: high tenacity.

POF: partially oriented filament.
POY: partially oriented yarn.
RT: regular tenacity.

IT: intermediate tenacity.
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f
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" FIGURE 17.13 Simple knot test.

The same mechanisms described above for fi-
bers in a yarn, or strands in a rope, exist with
respect to individual filaments. Here the cells or
fibrils of a natural fiber, or the molecular chains
or crystals in natural or man-made fibers, may
be considered to be similar, with respect to the
fiber, as are fibers with respect to yarns. Indi-
vidual fibrils are strained non-uniformly and
failure ultimately results. The lower the elonga-
tion capacity of the units making up the fiber,
the less the opportunity for elongation balance
adjustment, and the lower the knot and loop
strength efficiency.

15. FRICTION

In textile processing, fibers or yarns move
relative to each other, or over metal or ceramic
parts and frictional forces are generated. Card-
ing, drafting, combing, spinning, winding,
weaving, and finishing are all influenced by
friction. Spun yarn strength and elongation,
fabric smoothness and “hand,” abrasion resis-
tance, tendency to generate static dimensional
stability, and seam slippage are also dependent
upon this important property.

When one body slides over the surface of
another, a resistance to the relative motion is de-
veloped which is called “frictional force,” or
more simply, “friction.” Static or starting fric-
tion is the force which opposes the tendency of
a body at rest to start to slide over another. Ki-
netic friction is the force which opposes the mo-
tion of two surfaces sliding by each other. When
the frictional force F is divided by the normal
force N which develops between the two sliding
surfaces, the resulting quotient is called the fric-
tion coefficient (Figure 17.14):

_F
EF=N

(17.3)

where

p = coefficient of friction
F = frictional force
N = normal force

The friction which develops in textile pro-
cessing or use can be fiber-to-fiber or fiber-to-
other material surfaces. Therefore, in listing
friction coefficients it is necessary to specify the
two materials involved. The direction of rub-
bing of fibers or yarns, whether longitudinally
or transversely, will influence friction coeffi-
cients. Even the directions of longitudinal mo-
tion along a fiber can and do produce significant
and useful differences in frictional effects. For
example, the ability of wool to felt is partly at-
tributable to a greater resistance to sliding mo-
tion in the tip-to-root direction of the fiber,
rather than from root-to-tip. The difference is
called the differential friction effect (DFE). The
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FIGURE 17.14 Frictional forces between two sliding
surfaces.

scale structure of wool and other fur fibers is

considered to act as a ratchet which allows mo- ‘

tion in one direction, but resists it in the other,
thus producing DFE (Figure 17.15).

16. ABRASION AND
WEAR RESISTANCE

It is necessary to define these two terms at the
outset. Textile technologists generally agree that

1. 2. - 3.

4.
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the “abrasion” is confined to the pure action of
rubbing, as exemplified by most of the standard
abrasion machines (Chapter 20.0, Textile Test-
ing) which function on the basis of a repetitive
rubbing or abrasive action. The term wear is
employed in a much broader sense and encom-
passes all of the interacting factors which may
cause fabrics to fail; for example, rubbing, flex-
ing, snagging, impacting, stretching, twisting,
and exposure to chemicals, wind, sunlight,
weather, wetting, drying, heating, and the like.

Much time and effort have been expended;
the technical literature is replete with articles,
and the industry is constantly faced with the
problems of predicting the abrasion and wear
resistance of new fibers and fabrics. The prob-
lems are complex. They include the selection of
laboratory abrasion test methods and specifica-
tions, determination of the intrinsic abrasion re-
sistance of new candidate fibers, the influence
of yarn and fabric geometry, and the degree to
which laboratory abrasion and other physical

5. 6. 7.

FIGURE 17.15 Surface of various fibers: 1. wool, 2. cashmere, 3. mohair, 4. camel, 5. mink, 6. cotton, 7. rayon (cour-

tesy of Albany International).
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tests correlate with service performance. It is
beyond the scope of this book to discuss in great
detail and review the work of the many people
who have engaged in research in this important
area of textile technology. However, the follow-
ing sections discuss the concepts which various
investigators have proposed with respect to the
intrinsic abrasion resistance of textile fibers and
other materials. The influence of yarn and
fabric structure on abrasion resistance and a
description of laboratory abrasion testers is
given in Chapter 19.0, Fabric Propertles and
Technology.

The criteria selected to judge abrasion or
wear resistance must be based upon the fabric’s
function. For example, for a tarpaulin, mainte-
nance of breaking and tear strength is required.
Changes in fabric thickness, weight, water
permeability, electrical resistivity, surface luster,
color, air permeability, the initial appearance of
broken threads, or formation of a hole, are other
criteria that are used or have been considered.
Probably the three most widely used laboratory
criteria are:

(1) Direct visual comparison of fabric ap-
pearance against a known standard, after
both the test sample and the standard have
been abraded for a selected number of
cycles

@ Determination of the number of abrasion
cycles required to form a hole or for the
fabric tp fail

(3) Determiination of the strength loss caused
by a selected number of abrasion cycles or,
more properly, a graph of abrasion cycles
versus strength loss

Abrasion Mechanisms

Backer [5] proposed three mechanisms which
may develop dunng the abrasion of a textile
fiber:

(1) Smooth frictional wear such as occurs
when two smooth metal surfaces are rubbed
together—This kind of abrasion would be
typified by sliding a fabric over a polished
wooden table.

(2) Surface cutting or grinding of the fiber by a

sharp abradant of small particle size
relative to the fiber diameter—This action
would be typified by rubbing the fabric with
a fine piece of emery cloth, and is repre-
sentative of the way many laboratory abra-
sion testers abrade fabrics.

(3) Fiber rupture or slippage caused by rubbmg
the fiber with an abradant where the parti-
cle size is large compared with the fiber di-
ameter—The fiber is then caught and
plucked like a violin string. The fiber may
be broken, or partially or completely pulled
away from its neighbors in the yarn and
fabric, thus producing a disrupted ap-
pearance.

In addition to fiber degradatlon or attrition,
these mechanisms particularly the third, can
significantly alter the positions of the yarns in
the fabric, cause the fabric to distort, and other-
wise change the fabric structure. Backer also
pointed out that transverse rubbing action
across a fiber can produce tension within the
fiber.

Hamburger [6] examined the influence of the
tensional repeated stress properties of fibers on
abrasion resistance. He states that abrasion is a
repeated stress application caused by the
cyclical application and removal of stresses of a
low order of magnitude. For the fiber to be
abrasion resistant, it must be capable of repeat-
edly absorbing the energy imparted to it by the
abrasive action. Therefore, it must have the
ability to elongate under load application, and
recover to its original dimension upon load re-
moval. This ability to deform and recover com-
pletely is govérned by the relationship between
instantaneous elastic deflection, primary creep,
and secondary creep. Since secondary creep is

removed during the first (or second or few)

loading (abrasion) cycles, the energy repre-
sented by secondary creep contributes little to
abrasion resistance. Hamburger proposes that
intrinsic abrasion resistance is correlative with
the energy absorption of “mechanically condi-
tioned” fibers free of secondary creep. He lists
five fiber properties requisite for high abrasion
resistance:

¢ low elastic modulus
¢ large immediate elastic deflection
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® high ratio of primary to secondary creep
¢ high magnitude of primary creep
¢ high rate of primary creep

Hamburger determined an “energy coeffi-
cient” which is a measure of the fiber’s resid-
ual energy absorption after secondary creep
has been removed, and a “durability coeffi-
cient” which is a laboratory measure of the
rate of loss of fiber strength with abrasion
cycles. A linear correlation between these two
factors appears to exist, and demonstrates that
apparently abrasion resistance is dependent
upon the repeated capacity of the fiber to absorb
energy. ‘

Susich [7] observed that staple yarns were
always more severely abraded than correspond-
ing multifilament yarns. He stated that although
- high elastic energy of fibers is the main factor
necessary to prevent inherent abrasion damage,
yarn extensibility, surface, and friction must
also be taken into account.

In a general assessment of fiber abrasion re-
sistance, it appears reasonable to state that types
6,6 and 6 nylon are most outstanding in their
abrasion resistance. Polyester fiber is often
considered as second only to nylon. Cotton has
good abrasion resistance, and probably follows
behind nylon and polyester. Since cotton is
stronger when wet than dry, this is an added
advantage which most other fibers do not have.
Its wet strength and toughness give cotton ex-
cellent wet as well as dry abrasion resistance,
and explains why cotton fabrics are still used
in industrial applications. Wool, because of
its high elongation and recovery properties,
has remarkably good abrasion resistance. The
acrylic fibers, viscose, acetate and regen-
erated protein fibers probably follow about
in that order. Polyvinyl alcohol, polypropyl-
ene, and polyethylene all appear to be in the
range approaching nylon for abrasion resis-
tance.

17. MOISTURE ABSORPTION
PROPERTIES

All of the natural fibers, as well as the re-
generated cellulosic and protein fibers, are

17.1 Fiber Properties and Technology ~ 589

20

COTTON AT 25°C.

MOISTURE REGAIN 9,
o

o 20 40 60 80 100
RELATIVE HUMIDITY 9%

FIGURE 17.16 Relative humidity versué percent mois-
ture regain of cotton fiber.

1

hygroscopic; that is, they have the ability to ab-
sorb water in the form of vapor or liquid. Hy-
groscopic material will absorb moisture from,
or release moisture to, the surrounding air until
an equilibrium moisture content is attained.
Figure 17.16 shows a plot for cotton of percent
moisture regain, defined below, as a function of
progressively increasing relative humidity. If a
dry fiber is brought to equilibrium in an in-
creasingly humid atmosphere the water content
at any relative humidity will be less than that
which would result from bringing the fiber to
equilibrium from a wet condition. Thus, Figure
17.16 shows moisture absorption and desorption
curves which superimpose only at the 0 and
100% rh values, an area of hysteresis resulting
when fabrics are conditioned from the dry ver-
sus the wet side. The moisture content of a tex-
tile material will influence its weight, its gen-
eral dimensions, and many of its physical
properties.

The amount of moisture is usually determined
by weighing a specimen on a balance of proper
sensitivity, bone drying in an oven at about
220°F and reweighing the bone dry specimen
(Chapter 200, Textile Testing).

Percent moisture content is defined as the
weight of water calculated as a percentage of the
original weight of sample:
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% moisture content

__ original weight — bone dry weight
- original weight

X 100

(17.4)
Percent moisture regain is defined as the

weight of water calculated as a percentage of the

bone dry weight:

% moisture regain

__ original weight — bone dry weight

bone dry weight x 100

17.5)

17.1 Standard Moisture Regain
of Fibers

Because many textile materials vary in physi-
cal dimensions, weight and properties as a func-
tion of their moisture content, it is necessary to
describe precisely the water content of the air
with which the textile is in equilibrium if a
property is to have any meaning. In the United
States, standard atmospheric conditions are
65% relative humidity and 70°F (21°C). Table
177 lists moisture regains of the various fibers
when brought to equilibrium under these condi-
tions of humidity and temperature. All other
physical properties of fibers, yarns, or fabrics
given in this book are the values obtained at
standard conditions unless otherwise desig-
nated.

17.2 Commercial Moisture Regains
for Fibers

Depending upon conditions of harvesting or
manufacturing, hygroscope fibers can vary
widely in moisture regain with a concomitant
variation in true fiber weight. Therefore, for
economic reasons the purchase or sale of cot-
ton, wool, rayon, etc. must be based upon a
standard amount of moisture. The normal prac-
tice is for a laboratory, often an independent or-
ganization agreeable to both buyer and seller, to
measure the average moisture regain of the en-
tire fiber lot. The actual weight of the lot is then

corrected to a standard regain agreed upon by
the trading parties. Table 17.8 lists accepted
commercial regains established by the separate
industries for their fibers. Because of the fiber
price per pound, and the size of the lots, the re-
gain must be determined accurately. Proper
selection of the test sample so that it is in fact
truly representative of the lot is of equal impor-
tance.

The “as received” weight of a lot may be cor-
rected to the accepted commercial regain weight
by the following formula

100 + R.

We=W10 TR R (17.6)

where

W. = lot weight calculated to accepted com-
mercial regain

W, = lot weight “as received”

R. = percent accepted commercial regain

R, = percent regain of “as received” lot

The bone dry weight of a lot may be corrected
to the accepted commercial regain weight as fol-
lows:

100 + R.

oo 17.7)

W. = W,

where W, is bone dry weight of lot.

18. FIBER SWELLING PROPERTIES

Table 17.9 lists the swelling properties of
fibers when immersed in water. Upon wetting,
most hygroscope textile fibers exhibit a slight
increase in length and a considerable increase in
diameter and cross-sectional area. The in-
fluence of all of these interacting effects on
fabric air and liquid permeability and on shrink-
age are discussed in Chapter 19.0, Fabric Prop-
erties and Technology on “Cover Factor,’
“Fabric Density and Packing Factor,” “Air
Permeability,” and “Water Repellency” Since
hygroscopic fibers themselves do not shorten
upon wetting, fabric shrinkage must be caused
by other mechanisms.
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TABLE 17.7 Moisture Regain of Fibers [2].

Moisture Regain (%)

Fiber 70°F, 65% rh 70°F, 95% rh
Polyester
A.C.E® and Compet®
Filament—HT 0.4
Dacron®
Staple and tow 0.4
POF
Filament—RT 0.4
Filament—HT 0.4
Tairilin®, staple 0.4 0.6 .
Trevira® : :
Staple 0.4 0.6
POF 0.4 0.6
Filament—HT 0.4 0.6
Nylon
Nylon 6
Staple 2.8-5.0 3.5-8.5
Monofil. and filament—RT 2.5-5.0 3.5-8.5
Filament—HT 2.8-5.0 3.5-8.5
Nylon 6,6
Staple and tow 4.0-4.5 6.1-8.0
Monofil. and filament—RT 4.0-4.5 6.1-8.0
Filament—HT 4.0-4.5 6.1-8.0
Tencel® lyocell-HT 11.5
Rayon
Fibro®
RT-—-Multi-lobed 11 27
IT-0.9 den or 0.25 in and up 11 27
Cuprammonium, filament 11
Rayon
Filament—RT 11
Filament—HT 11
Saran®, monofilament 0 N/A
Acetate, filament and staple 6.3-6.5 14
Ryton® sulfar, staple 0.6
Acrylic
Acrilan®, staple and tow 1.5 3.5
Creslan®, staple and tow 1.0-1.5 2.0-2.5
MicroSupreme, staple 1.0-1.5 2.0-2.5
SEF® modacrylic, staple 2.5

(continued)
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TABLE 17.7 (continued).

Moisture Regain (%)

70°F, 95% rh

Fiber 70°F, 65% rh
Olefin
Polyethylene
Monofilament, low density Negligible Negligible
Monofilament, high density Negligible Negligible
Herculon®
Staple 0.01
Bulk filament 0.01
Marvess® and Alpha®
Staple and tow -0.1
Multifilament -0.1
Essera®, Marquesa Lana®, Pation® III
BCF 0.01-0.1
Staple 0.01-0.1
Spectra® 900 Negligible Negligible
Spectra® 1000 Negligible Negligible
Fibrilon®
Staple 0.01 0.01
Spandex
Glospan®/Cleerspan, S-85, multifilament Less than 1
Lycra®
Type 126, 127 1.3
Glass
Single filament—~E-glass None Upt0 0.3
Single filament--S-glass None Upto 0.3
Multifilament None Up to 0.3
Aramid
Kevlar®
Kevlar 29/Kevlar 49 4.3 6.5/6.0
Kevlar 149 1.2 2.3
Kevlar 68 43
Kevlar HT (129) 4.3
Nomex®, staple and filament 4.5 7.5
Fluorocarbon
Gore-Tex® 0 0
Teflon®
TFE multifil., staple, tow, flock 0 0
FEP, PFA monofilament 0 0
PBI, staple 15 20
Asbestos 1.0 3.0
Cotton 8.5 15
Silk 11 25
Wool 16 29

HT: high tenacity.

POF: partially oriented filament.
POY: partially oriented yarn.
RT: regular tenacity.

IT: intermediate tenacity.
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TABLE 17.8 Commercial Moisture Regain

Values of Fibers [8].
Moisture

Fiber Regain (%)
Acetate (secondary) 6.5
Acrylic 1.5
Aramid, for

Plastic reinforcement 3.5

Filtration fabrics and safety apparel 4.5

Reinforcement of rubber goods 7.0
Azlon 10.0
Cotton

Natural cotton yarn 7.0

Dyed cotton yarn 8.0

Mercerized cotton yarn 85
Flax (raw) 12.0
Fluorocarbon 0.0
Glass 0.0
Hemp 12.0
Jute 13.75
Linen 8.75
Metallic 0.0
Modacrylic

Class I 0.4

Class II 2.0

Class III 3.0
Nylon (polyamide) 4.5
Olefin 0.0
Polyester 0.4
Ramie

Raw 7.6

Scoured 7.8
Rayon (regenerated cellulose) 11.0
Rubber 0.0
Saran 0.0
Silk 11.0
Spandex 1.3
Triacetate (primary) 3.5
Vinal 4.5
Vinyon 0.0
Wools (all forms) 13.6

19. WET FIBER STRENGTHS

Table 17.4 lists wet and dry fiber tenacities.
Natural cellulosic fibers such as cotton, are 10
to 15% stronger when wet than when “dry”
under standard conditions. This is of obvious
advantage in end uses where fabrics are apt to
become wet.

The natural cellulosics are the only fibers
presently known whose wet strengths exceed
dry strengths. The natural animal fibers, in-
cluding silk and wool, have wet strengths which

17.1 Fiber Properties and Technology ~ 593

are 75 to 90% of dry strengths. Regenerated cel-
lulose fibers such as viscose and cuprammo-
nium rayons have wet strengths in the order of
45 to 60% of dry. The wet strengths of high
modulus rayons range from 60 to 75% of dry.
The modified cellulosics, such as acetate, also
have wet strengths which are 60 to 80% of
dry. Because many of the hydrophilic (water ab-
sorbing) hydroxyl groups in these fibers have
been replaced by more hydrophobic (water re-
sisting) acetate groups, the tendency for such
fibers to absorb water is less, and so they are
somewhat less sensitive to strength losses when
wet.

As a general rule it can be stated that, for
man-made fibers, the lower their moisture re-
gains and liquid water absorption capacity, the
less sensitive they are to wet strength losses.
Thus nylon 6,6, with a moisture regain of 4.5%
(Table 17.7), has a wet strength of about 85-
90% of dry, while Dacron® polyester, with a re-
gain of 0.4 % has a wet strength just about equal
to its dry strength. While the general rule is
valid, care should be exercised in its employ-
ment, for the nature of the polymer also in- .
fluences the strength loss upon wetting.

Wet Yarn Strengths

Because cotton has higher strength when wet
than dry, it follows that yarns made from cotton
will also be stronger at higher moisture regains
as well as when wet. This is in fact the case, the
increase for wet yarns being on the order of 25
percent. In addition to the intrinsic wet fiber
strength increase, wet cotton fibers swell
radially, thus causing a denser packing of fiber
against fiber. The total frictional force increase
reduces fiber slippage and so a stronger yarn
results. For natural animal, regenerated cellu-
losic and synthetic fibers, generally the ratio of
wet-to-dry yarn strengths is about the same as
their respective wet-to-dry fiber strengths.

20. WET FIBER
BREAKING ELONGATIONS

Table 17.5 lists wet rupture elongations. As a
general rule, for both the natural and re-
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TABLE 17.9 Fiber Swelling Properties.

Length Increase Diameter Increase Cross-Sectional Area
Fiber (%) (%) Increase (%)
Glass - - 0
Nylon 6,6 high tenacity 1.2 1.9-2.6 1.6-3.2
Polyethylene, low density - —_ 0
Dacron polyester, regular 0.1 0.3 0.6
Lycra spandex Approx. 1.0 Approx. 1.0
Viscose rayon, regular 3-5 25-52 50-113
Viscose rayon, high tenacity - - 50
Cuprammonjum rayon 4 32-53 56-62
Acrilan acrylic - - Approx. 5
Orlon acrylic 0.2 2.4 4.8
Acetate : 0.14 9-14 -
Cotton, raw 1.2 14-30 40-42
Cotton, mercerized 0.1 17 24-46
Flax - - 47
Jute 0.37 20 40 .
Ramie - — 37 (bleached)
Silk 1.7 16-20 19 ‘
Wool 1.2 16 25

generated hydrophilic fibers, the water absorbed
may be considered as a plasticizer. The fiber’s
modulus is reduced and the total elongation-to-
rupture increases. The increase for the natural
cellulosic fibers, e.g., cotton, is small.

The regenerated cellulosic fibers normally
have appreciably greater wet elongations than
dry. Usually the greater their wet strength loss,
the greater' will be their rupture-elongation
gain. For example, the high modulus rayons
have higher wet strength than do the regular
rayons, their wet elongations are concomitantly
lower, and therefore they have better wet dimen-
sional stability. The synthetic fibers are more
hydrophobic and are therefore less sensitive to
water. Thus there is little difference in the wet
and dry strength-elongation properties of the
acrylics, the polyesters, the polyolefins, and the
like. Nylon, being somewhat hydrophilic, is
proportionately sensitive to water.

21. EFFECT OF RELATIVE
HUMIDITY ON TENACITY-
ELONGATION DIAGRAMS

For all fibers except cotton, tenacities and
moduli are lower and elongations are higher
as relative humidity increases. Obviously the

greater elongation resulting from the plasticity
of wet fibers can either by recoverable or non-
recoverable. For natural fibers the wet recovery
properties often equal or surpass the dry prop-
erties, having high instantaneous elastic recov-
ery, high primary creep recovery, and low per-
manent set. The regenerated hygroscopic fibers
usually have poorer recovery properties. The
hydrophobic synthetic fibers, being insensitive
to water, show little or no change.

22, THERMAL PROPERTIES OF FIBERS

The influence of heat on the properties of
fibers is of paramount importance with respect
to textile processing as well as use. All of the
natural fibers and the regenerated cellulosic and
protein fibers are non-thermoplastic. They do
not soften with heat, but instead char and
decompose. Most synthetic fibers and the modi-
fied cellulosics such as acetate, are ther-
moplastic and have specific melting points.

Thermoplasticity in a fiber can be advanta-
geous or disadvantageous, depending upon
processing or requirements. Because of their
cross-linked molecular structure, cotton and
wool are essentially temperature insensitive and
so do not soften in the 200-300°F range, nor
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stiffen at temperatures below freezing. Thus
they can be ironed with relative safety, and do
not significantly shrink, stretch, or lose strength
at elevated temperatures. For processing or end
uses where plasticity is necessary, water and/or
steam are used rather than heat as the plasticiz-
ing means.

The thermoplastic fibers are temperature sen-
sitive. As temperature increases, strength nor-
mally is lowered, rupture elongation may in-
crease, and the tensional modulus thus is
reduced. Unless the fiber is permanently
damaged by heat, the effect often is reversible.
As the fiber cools it may reassume its original
properties. However, the heat exposure may
produce a permanent thermal shrinkage with an
accompanying increase in rupture elongation
and a decrease in both strength and tenacity.
This shrinkage is removable only by restretch-
ing the fiber at an elevated temperature. Ther-
moplasticity is an attribute when it is desired to
heatset the fibers within the yarn and fabric,
i.e., to make them conform permanently to the
position and form into which they are placed, or
where the fabric itself must then be molded or
reshaped. Thermoplasticity is a disadvantage
when a fabric becomes excessively limp or
tacky or shrinks or distorts at high tempera-
tures, or becomes stiff and brittle at low temper-
atures. -

Heat may influence the properties and func-
tions of textiles in many ways. Important criteria
to consider are (1) softening, melting, or decom-
position temperatures; (2) tendency of the fiber
and fabric to shrink when heat-relaxed, or
stretch when heated and tensioned; (3) ability of
the fabric to be heat set; (4) ability of the fabric
to function properly at elevated temperatures in
one time or in repeated use; and (5) ability of
the fabric to function properly at room tempera-
ture (or some other lower temperature) after ex-
posure at high temperature for a given period of
time.

Table 17.10 shows the effect of heat on fiber
properties of various fibers. Normally for a tex-
tile fiber to be industrially useful it should not
become tacky or soften below about 300°F.
Upper temperature limits depend upon end-use
requirements, and upon the ability of the finish-
ing plant to provide a temperature which can

171 Fiber Properties and Technology 595 ...

heat set the fabric in order to stabilize it and to
remove wrinkles and distortions. »

Table 13.2 (Chapter 13.0) lists the commer-
cially available high temperature fibers and
Table 13.3 gives their properties.

23. EFFECT OF HEAT ON THE TENSILE
PROPERTIES OF FIBERS '

Two subjects must clearly be separated for the
influence of heat upon fiber properties:

(1) Tensile properties of fibers tested at ele-
vated temperatures

(2) Tensile properties of fibers tested at room
temperature after exposure to elevated tem-
peratures for selected time periods

The former indicates the capability of the
fiber to perform at the required elevated temper-
ature. The latter is often used as a criterion of
heat degradation resistance.

Fabric degradation by heat normally is a
function of temperature, time, relative humid-
ity, and air circulation. Since many heat
degradation processes involve oxidation, the
greater the air circulation the greater will be the
amount of oxygen which comes in intimate con-
tact with the fiber, and the more rapid will be
the degradation. Of course, for those fibers
which are insensitive to oxygen, this factor is of
no consequence.

For those industrial textile uses where the
item will be subjected to a tension at an elevated
temperature, it is important that the fiber does
not become soft and extensible at that tempera-
ture. Glass is generally used for heat insulation
and heat resisting applications. While it does
not begin to lose strength until 600°F, its abra-
sion resistance is poor, and it cannot be used
where prolonged flexing or rubbing is required.
Protective silicone finishes improve the abra-
sion resistance of glass fabrics, making them
useful in certain applications, for example, high
temperature resisting gas filtration fume bags.
Nylon is strong and tough, but it degrades
rather quickly at elevated temperatures in the
presence of air, and this limits its high tempera-
ture use. For example, when exposed at 350°F
for 6 hours, 210 denier type 6,6 nylon yarn loses
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TABLE 17.10 Effect of Heat on Fiber Properties [2].

Fiber Effect of Heat
Polyester
A.C.E® _Softens at 464°F. Melts at S00°F.
Compet® Melts at 488°F.
Dacron® Sticks at 440 to 445°F. Melts at 482°F.
Fortrel® Melts at 478 to 490°F.
Tairilin® Sticks at 440-450°F. Melts at 485-495°F.
Trevira® Softens at 445 to 465°F. Melts at 495°F.
Thornel® carbon Does not melt. Oxidizes very slowly in air at temperatures above 600°F.
Nylon
Nylon 6 Melts at 419 to 430°F. Slight discoloration at 300°F when held for 5 hr. Decom-
poses at 600 to 730°F.
Nylon 6,6 Sticks at 445°F. Melts at 480 to S00°F. Yellows slightly at 300°F when held for

Tencel® lyocell

Rayon
Fibro®

Cuprammonium
Rayon
Saran
Saran®
Acetate
Sulfar
Ryton®

Acrylic
Acrilan®,

-..Creslan®
MicroSupreme

SEF® modac;:ylic

Olefin
Polyethylene
Herculon®

Marvess® and Alpha®
Essera®, Marquesa

5 hr.
Does not melt. Loses strength at about 300°F and begins to decompose at about

350°F under extended periods of exposure.

Does not melt. Loses strength at 300°F and decomposes at 350 to 464 under ex-
tended periods of exposure.

Does not soften, stick or melt. Decomposes at 350°F under extended exposure.

Does not melt. Loses strength at 300°F and begins to decompose at about 325°F.

Melts at 240-280°F; will not support combustion; self extinguishing.
Sticks at 350 to 375°F. Softens at 400 to 445°F. Melts at 500°F.

Outstanding resistance to heat (melts at 285°C). Excellent resistance to aerial ox-
idation, most chemicals. Retains 70% + original strength to 400°F for 5,000 hr.

Does not melt.

Sticks at 420 to 450°F. Safe ironing at 300°F.

Does not melt. '

Does not melt. Boiling water shrinkage equals 1%. Excellent resistance to shrink-
age in dry heat. At 390°F, 5% shrinkage.

Low density softens at 225 to 230°F, melts at 230 to 250°F. High density softens
at 240-260°F, melts at 225 to 280°F. Low density shrinks 5-8% at 165°F,
50-60% at 212°F. High density shrinks 3-5% at 165°F, 8-12% at 212°F.

Softens at 285 to 330°F. Melts at 320 to 350°F. Decomposes at S50°F. Zero to
5% shrinkage at 212°F; 5 to 12% at 265°F.

Fiber softens at 300-320°F. Melts at 320-340°F. Decomposes at 550°F.

Softens at 285-340°F. Melts at 325-340°F. 0-5% shrinkage at 212°F. 5-12%

Lana®, and Pation® III shrinkage at 265°F.
Spectra® Melts about 300°F.
Fibrilon® Fiber softens at 290-310°F, melts at 320°F, and decomposes at 550°F.
596
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TABLE 17.10 (continued).

597

Fiber Effect of Heat
Spandex
Glospan®/Cleerspan, S-85 Good dimensional stability. Sticks at 420°F.
Lycra® Good dimensional stability. Can be heat set. Sticks at 347-392°F. Melts at 446°F.
Glass None burn. At 650°F, E holds 75% tensile strength; S 80%; multifilament 50%.
E softens at 1,350 to 1,611°F; melts at 2,050 to 2,160°F. S softens at 1,560 to
1,778°F; melts at 2,720°F.
Aramid
Kevlar® Difficult to ignite. Does not propagate flame. Does not melt. Decomposes at about
900°F.
Nomex® Does not melt. Decomposes at 700°F.
Fluorocarbon .
Gore-Tex® Extremely heat resistant. Can be safely used from —350°F to +550°F. Melts at
. 620°F.
Teflon® E
TFE Extremely heat resistant. Safely used at —350°F to +550°F. Melts at 620°F.
FEP,PFA Extremely heat resistant. Continuous use temperature: FEP, 400°F, PFA 500°F.
PBI Will not ignite. Does not melt. Decomposes in air at 860°F. Retains. fiber integrity
and suppleness upon flame exposure. High char yield. H ’
Asbestos Weight loss 0.5 to 1% after exposure at 1,400°F for.2 hours. Stable up to
1,490°F.
Cotton Yellows at 250°F, decomposes at 300°F. '
Silk Decomposes at 300°F. Rapid disintegration above 340°F.
Wool Decomposes at 275°F, chars at 570°F.

54% of its original strength. Dacron® polyester
has better heat aging resistance, losing only 8%
when exposed under the same conditions.

24. FIBER FLAMMABILITY

Several terms related to the burning behavior
of textiles are defined by the ASTM as follows

[9]:

e combustible textiles: “a textile that will
ignite and burn or that will give off
vapors that will ignite and burn when
subjected to external sources of ignition”

¢ flame resistance: “the property of a
material whereby flaming combustion is
prevented, terminated, or inhibited
following application of a flaming or
nonflaming source of ignition, with or
without subsequent removal of the
ignition source”

¢ flammability: “those characteristics of a
material that pertain to its relative ease
of ignition and relative ability to sustain
combustion”

e flammable textile: “any combustible
textile that burns with a flame”

o heat resistance: “the extent to which a
material retains useful properties as
measured during exposure of the
material to a specified temperature and
environment for a specified time”

¢ inherent flame-resistance: “flame
resistance that derives from an essential
characteristic of the fiber from which
the textile is made” v

¢ non-combustible textile: “a textile that
will neither ignite nor give off vapors
that will ignite when subjected to
external sources of ignition”

¢ non-flammable textile: “any combustible
textile that burns without a flame”

Cotton and other cellulosics, as well as cellu-
lose acetate, will ignite readily and are not self-
extinguishing. Once they are ignited, they will
continue to burn, even when the igniting flame
is removed. Silk, wool, and all the other animal
fibers will burn, but are self-extinguishing.
Synthetic organic fibers have varying degrees of
flammability depending upon their composi-
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tions. Nylon 6,6 is stated to be moderately diffi-
cult to ignite and self-extinguishing. Glass does
not burn. Carbon does not melt but oxidizes
very slowly in air at temperatures above 600°F.
Kevlar® aramid is difficult to ignite, does not
propagate flame and does not melt. It decom-
poses at about 900°F. Nomex® aramid does not
melt and decomposes at 700°F. Gore-Tex® and
Teflon® are extremely heat resistant. They can
be safely used from —350°F to +550°F. PBI
will not ignite nor melt but decomposes in air at
860°F. It retains fiber integrity and suppleness
upon flame exposure. \
Because burning is an oxidation process, for
those fibers which will burn, the type of yarns
and fabrics into which they are manufactured

will directly influence the burning rate. Dense,

heavy fabrics will not burn as readily as will
lofty, open, thin, or brushed pile fabrics. For
these latter types, the oxygen in the air can sur-
round each fiber and accelerate the burning
rate. Here, if the fibers are combustible and
finely dispersed, a rapid flash burning can de-
velop. In addition to the intrinsic flammability
of the fiber, and the textile into which it is
manufactured, precaution must be taken to in-
sure that a fabric finish or coating applied to im-
part a certain property do not produce a
dangerously .flammable fabric.

24.1 Flammable Fabrics Act

In 1953, the U.S. Congress passed the Flam-
mable Fabrics Act to ban easily ignitable fabrics
and wearing apparel from the market. The Act
stated that “no article of wearing apparel or
fabric subject to the Act and Regulations shall
be marketed or handled if such article or fabric,
when tested according to the procedures pre-
scribed . . . is so highly flammable as to be
dangerous when worn by ‘individuals. ” These
were mainly brushed or high pile cellulosic
fabrics used occasionally in such garments as
sweaters and children’s costumes.

In 1967, the Act was amended to cover in-
terior furnishings as well as fabrics and all
wearing apparel which present an unreasonable
risk from fire. In 1972, an Act of Congress es-
tablished a new Consumer Product Safety

Agency. In 1973, responsibility for both issuing

- and enforcing flammability regulations was

transferred from the Commerce Department to
the Agency.

The flammability standard described in the
Act states, “Any fabric or article of wearing
apparel shall be deemed so highly flammable
within the mean . . . of this Act as to be danger-
ous when worn by individuals if such fabric or
any uncovered or exposed part of such article of
wearing apparel exhibits rapid and intense burn-
ing when tested under the conditions and in
the manner prescribed in . .. ‘Flammability
of Clothing Textiles, Commercial Standard
191-53. ” This standard specified the methods
for testing fabric flammability and classifies
fabrics as follows.

Class 1. Normal Flammability

These textiles are generally accepted by the
trade as having no unusual burning character.

¢ textiles that do not have a raised fiber
surface, but have a time of flame spread
in the test of 3.5 seconds or more

e textiles having a raised fiber surface that
have a time of flame spread in the test
of more than 7 seconds or that burn
with a surface flash (time of flame
spread less than 7 seconds) provided the
intensity of the flame is insufficient to
ignite or fuse the base fabric

Class 2. Intermediate Flammability

These textiles are recognized by the trade as
having flammability characteristics between
normal and intense burning. Textiles having a
raised fiber surface that have a time of flame
spread in the test of 4 to 7 seconds, inclusive,
and the base fabric is ignited or fused.

Class 3. Rapid and Intense Burning

These textiles are considered dangerously
flammable and are recognized by the trade as
being unsuitable for clothing because of their
rapid and intense burning.
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o textiles that do not have a raised fiber
surface, but that have a time of flame
spread in the test of less than 3.5 seconds

¢ textiles having a raised fiber surface that
have a time of flame spread in the test
of less than 4 seconds, and the base
fabric is ignited or fused

The chemical textile industries have expended
large amounts of money and effort in developing
flame resisting finishes for apparel, decorative
and industrial fabrics. By law, curtains, draper-
ies and other textiles in public buildings must be

17.1 Fiber Properties and Technology ~ 599

methods are explained in Chapter 20.0, Textile
Testing. Flame retardant finishes are included
in Chapter 5.0, Section 5.1.

25. RESISTANCE OF FIBERS TO
MILDEW, AGING, SUNLIGHT
AND ABRASION

Table 17.11 lists mildew, aging, sunlight and
abrasion properties of various fibers. Wool and
cotton tend to turn yellow with age. Where nec-
essary, bleaching the cotton with hypochlorite

flameproof. Fire and flame resistance test

TABLE 17.11 Resistance of Fibers to Mildew, Aging, Sunlight and Abrasion [2].

Fiber

Resistance to Mildew, Aging, Sunlight and Abrasion

Polyester
A.C.E®

Compet®
Dacron®

Fortre]®
_ Tairilin®
Trevira®
Thornel® carbon
Nylon
Nylon 6
Nylon 6,6
Tencel® lyocell
Rayon
" Fibro®
Cuprammonium
Rayon
Saran
Saran®
Acetate
Sulfar
Ryton®
Acrylic

Acrilan®

SEF® modacrylic

Creslan® and MicroSupreme

Excellent resistance to mildew; good to abrasion, aging and sunlight with some de-
terioration after prolonged exposure to sunlight.

Excellent

Not weakened by mildew. Excellent resistance to aging and abrasion. Prolonged
exposure to sunlight causes some strength loss.

Excellent resistance to mildew, aging and abrasion. Prolonged exposure to sunlight

causes some strength loss.

Excellent resistance to mildew, aging, abrasion. Excellent resistance to sunlight,
but prolonged exposure causes some strength loss.

Not attacked by mildew. Excellent resistance to aging and abrasion. Excellent re-
sistance to sunlight, but prolonged exposure causes some strength: loss.

Excellent resistance to mildew, aging, and sunlight. Poor abrasion resistance.

Excellent resistance to mildew, aging and abrasion. Prolonged exposure to sunlight
causes some degradation.

Excellent resistance to mildew, aging and abrasion. Prolonged exposure to sunlight
causes some deterioration.

Attacked by mildew. Good resistance to aging, sunlight and abrasion.

Attacked by mildew. Resistance to aging, sunlight and abrasion is good. Long ex-
posure to sun yellows some intermediate rayons; aging deteriorates them.
Attacked by mildew. Stable to aging. Not affected by sunlight. Good resistance to

abrasion.
Attacked by mildew. Good resistance to sunlight, abrasion and aging.

Not attacked by mildew. Good resistance to aging, sunlight and abrasion.
Impervious to aging. Good resistance to mildew discoloration and sunlight (some
lose strength from long exposure). Fair abrasion resistance.

Excellent resistance to mildew, aging and sunlight. Fair abrasion resistance.
Excellent resistance to mildew, aging and sunlight. Good resistance to abrasion.

Excellent.
Excellent resistance to mildew, aging and sunlight. Good resistance to abrasion.

{continued)
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TABLE 17.11 (continued).

“‘Fiber Resistance to Mildew, Aging, Sunlight and Abrasion
Olefin .
Polyethylene Not attacked by mildew. Good resistance to aging, sunlight and abrasion.
Herculon® Not attacked by mildew. Good resistance to aging, indirect sunlight and abrasion.

Can be stabilized to give good resistance to direct sunlight.

Marvess® and Alpha® Not attacked by mildew. Good resistance to aging and abrasion. Stabilizers provide

Glospan®/Cleerspan, S-85

Lycra®
Type 126,127
resistance,
Type 128

good resistance to sunlight fading.
Excellent resistance to mildew, aging and abrasion. Some loss of strength with

Not attacked by mildew. Good resistance to aging and abrasion. Stabilizers provide

Spectra®
long exposure to sunlight.
Fibrilon®
good resistance to sunlight fading.
'Spandex

Excellent resistance to aging and abrasion. Sunlight exposure causes mild dis-
coloration but no loss of physical properties.

Mildew, aging: no effect. Strength loss from prolonged sunlight. Good abrasion
Excellent abrasion and aging resistance.

Glass Not attacked by mildew, although binder may be affected by it. Excellent resis-
tance to aging and sunlight.

Aramid
Kevlar® Excellent resistance to mildew and aging. Prolonged exposure to sunlight causes
o deterioration, but fibers self-screening. Good abrasion resistance.
Nomex® Excellent resistance to mildew and aging. Prolonged exposure to sunlight causes
some strength loss. Good abrasion resistance.
Fluorocarbon
Gore-Tex® Excellent resistance to mildew, aging, sunlight and abrasion.
Teflon® Not weakened by mildew. Excellent resistance to aging and sunlight. Good abra-
sion resistance.
PBI Good resistance to mildew and aging. Prolonged exposure to sunlight will cause

darkening and some loss of tensile strength. Good abrasion resistance.

or peroxide, and the wool with sulfur dioxide or
peroxide will remove the yellow color. Exclu-
sive of any microbial or mildew degradation,
weathering and sunlight cause a slow but pro-
gressive loss in strength and serviceability for
cotton and rayon. Acetate is probably more re-
sistant than rayon. Wool generally has good re-
sistance to sunlight, weathering, and aging.
This appears quite logical when one considers
the natural environment of sheep.

25.1 Mildew and Rot Damage

The terms mildew, rot, and decay are vari-
ously used to indicate growth upon or damage to
textiles by microorganisms such as fungi and
bacteria. The major types of fungi affecting tex-
tiles are the molds such as penicillium and
aspergillus, and the soil molds such as actino-
mycetes. Bacteria which cause textile damage

are most frequently of the bacillus or rod type.
The terms decay and mildew are usually asso-
ciated with damage by fungi, and rot with bacte-
rial damage.

Since microorganisms require water and
warmth to flourish and spread, all of the natural
and regenerated hydrophilic vegetable and ani-
mal fibers are susceptible to microbial dam-
age. Cotton, linen, viscose and cuprammonium
rayons, and other cellulose based fibers, are
subject to breakdown where, via a process
called glycolysis, the cellulose is converted by
the enzyme cellulase to cellobiose. This is then
converted to glucose which serves as the food
for the microorganism. Mildew is often mani-
fested in cotton and other cellulosics by a musty
odor, the formation of discolored and black
areas, fabric tendering, and ultimately complete

‘decay. Some mildews produce brightly colored

spots, and often fluoresce strongly in ultraviolet
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light. Therefore, an inexpensive ultraviolet or
“black light” lamp is a useful tool for mildew
identification.

Wool, other animal fibers, and regenerated
proteins are usually not quite so sensitive but
they, too, can be decomposed by specific bacte-
ria, actinomycetes, and molds which attack ker-
atin through the production of proteolytic en-
zymes by these organisms. The intact cuticle
and epicuticle of the wool fiber are relatively in-
ert to such enzymes, hence such attack is more
rapid on wool which previously has been
mechanically or chemically damaged.

Mildew most often develops when textiles are
folded and stored for lengthy periods in a warm
moist atmosphere. A relative humidity of about
82% for cotton and 85% for wool is required
for mildew and mold growth. Bacterial require-
ments are higher. Wool must ordinarily be ex-
posed to a relative humidity of approximately
95%, or must have a moisture content on the
order of 20% to support active bacteria growth.
Temperatures of 75 to 100°F are optimal for
most microorganisms. Local condensation can
start mildew growth, occasionally at a relative
humidity which is lower than expected. Once
started, mildew can absorb water hygroscop-
ically from the air or from local condensation
and continue its growth. This is why packaged
or folded fabrics, without adequate ventilation,
will sometimes mildew in relatively “dry”
rooms.

Synthetic fibers have chemical structures not
found in nature. Therefore, microorganisms do
not attack them. Most synthetic fibers have little
or no tendency to absorb water, a necessary
component required by all microorganisms if
they are to survive. Clearly, this is another
reason why synthetic fibers are mildew resis-
tant. Even a slight modification in the chemical
structure of a natural or regenerated fiber may
be sufficient to preclude microbial attack. The
nylons, polyesters, acrylics, and all other com-
pletely synthetic fibers are completely imper-
vious to mildew growth and attendant damage.
A word of caution is necessary. Often synthetic
yarns may be sized, or fabrics finished, with
natural gums, starches, waxes or the like that
are susceptible to mildew growth. This may
make it appear that the fibers themselves are be-
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ing attacked. Tests usually show that while the
fiber may be stained, it suffers no actual de-
terioration and strength loss; only the finish is
attacked.

25.2 Insect and Rodeﬁt Damage

Basically the same comments made above for
mildew and rot damage hold for insect damage.
The natural fibers are susceptible to damage by
carpet beetles, cockroaches, ants, silverfish,

and moth larvae. The synthetic fibers usually

are not attacked. Many insects will eat natural
fibers. They may cut through synthetic or other
fibers which are not attractive as food in order
to liberate themselves or reach an attractive
food source, or they may eat an unattractive
fiber which is coated or contaminated with an
attractive material. Thus, while synthetic fibers
normally are not subject to insect damage, they
can be damaged under specific environmental
conditions. Rodents, in cases of extreme hunger,
may attempt to eat cellulose or keratin base
fibers. They probably will not eat synthetic
fibers, but might damage them by gnawing.

26. CHEMICAL RESISTANCE
OF FIBERS

Table 17.12 lists the effect of acids, alkali sol-
vents, and special chemicals on various fibers.
Because of the many fibers and many chemi-
cals, it is impractical to list all of the effects.
The “state of aggregation” (i.e., position and ori-
entation) of fibers in yarn, and yarn in fabric,
the chemical concentration, temperature, and
length of exposure time also influence reaction
rates and extents of degradation.

Cotton and rayon have fairly good resistance
to weak acids, for example, but are severely
damaged by even dilute solutions of strong acids
such as sulfuric and hydrochloric. These cellu-
losic fibers have good resistance to strong alka-
lis. Mercerizing strength caustic (20% sodium
hydroxide) will swell the fibers and can ulti-
mately degrade them.

Wool shows high resistance to weak and
strong acids, but is disintegrated and dissolved
by alkalis. Bleaching must be accomplished on
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TABLE 17.12 Che}nical Resistance of Fibers [2].

Fiber

Effects of Acids and Alkalis

Effects of Bleaches and Solvents

Polyester
A.C.E®

Compet®

Dacron®

Fortrel®

Tairilin®

Trevira®

Thornel® carbon

7

Nylon
Nylon 6

Nylon 6,6

Good resistance to organic acids. Good re-
sistance to inorganic acids at room tempera-
ture; moderate resistance at 212°F. Disinte-
grates in concentrated hot alkalis.

Excellent resistance to acids.

Good resistance to most mineral acids. Dis-
solves with partial decomposition in concen-
trated solution of sulfuric acids. Good re-
sistance to weak alkalis. Moderate resis-
tance to strong alkalis at room temperature.
Disintegrates in strong alkalis at boil.

Good resistance to most mineral acids. Dis-
solves with partial decomposition by con-
centrated solutions of sulfuric acid. Good
resistance to weak alkalis and moderate re-
sistance to strong alkalis at room tempera-
ture. Disintegrates in strong alkalis at boil.
Good resistance to most mineral acids; fair
resistance to concentrated sulfuric acid.
Good resistance to weak alkalis; moderate
resistance to strong alkalis at room tempera-
ture. Disintegrates in strong alkalis at boil.
Excellent resistance to mineral and organic
acids at room temperature. Good resistance
to weak alkalis at room temperature. Good
resistance to weak alkalis at room tempera-
ture. Moderate resistance to strong alkalis,
depending on concentration, temperature
and time.

Excellent resistance to acids and alkalis,
even at high concentrations and tempera-
tures. Strong oxidizers will degrade fiber. -

Strong oxidizing agents and mineral acids
cause degradation. Others cause loss in
tenacity and elongation. Resists weak acids.
Soluble in formic and sulfuric acids. Hydro-
lyzed by strong acids at elevated tempera-
tures. Substantially inert in alkalis.

Unaffected by most mineral acids, except
hot mineral acids. Dissolves with partial
decomposition in concentrated solutions of
hydrochloric, sulfuric and nitric acids. Solu-
ble in formic acid. Substantially inert in
alkalis.

Excellent resistance to bleaches and other
oxidizing agents.

Excellent resistance to bleaches and other
oxidizing agents. Generally insoluble except
in some phenolic compounds.

Excellent resistance to bleaches and other
oxidizing agents. Generally insoluble except
in some phenolic compounds.

Excellent resistance to bleaches and other
oxidizing agents.

Excellent resistance to bleaches and oxidiz-
ing agents.

Inert to all known solvents. Poor resistance
to hypochlorite.

Can be bleached in most bleaching solu-
tions. Generally insoluble in organic sol- -
vents. Soluble in some phenolic compounds.

Can be bleached in most bleaching solu-
tions. Generally insoluble in most organic
solvents. Soluble in some phenolic com-
pounds.

602
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TABLE 17.12 (continued).

Fiber

Effects of Acids and Alkalis

Effects of Bleaches and Solvents

Tencel® lyocell

Rayon
Fibro®

Cuprammonium

Rayon

Saran
Saran®

Acetate

Sulfar
Ryton®

Acrylic
Acrilan®

Creslan® and
MicroSupreme

SEF® modacrylic

Similar to cotton. Hot dilute or cold concen-
trated acids disintegrate fiber. Strong alka-
line solutions cause swelling and reduce
strength. Can be mercerized.

Similar to cotton. Hot dilute or cold concen-
trated acids disintegrate fiber. Strong alka-
line solutions cause swelling and reduce
strength.

Hot acids or high concentrations tend to dis-
integrate fiber. Strong caustic solutions tend
to swell fiber and reduce strength.

Similar to cotton. Hot dilute or cold concen-
trated acids disintegrate fibers. Strong alka-
line solutions cause swelling and reduce
fiber strength.

Generally good resistance to acids and most
alkalis. Sodium hydroxide and ammonium
derivatives, in conjunction with heat, cause
discoloration.

Deteriorates in concentrated solutions of
strong acids. Unaffected by weak acids.
Strong alkalis saponify into regenerated cel-
lulose.

Outstanding resistance to acids and alkalis
except hot concentrated sulfuric acids and
concentrated nitric acid.

Good to excellent resistance to mineral
acids. Fair to good resistance to weak alka-
lis; moderate resistance to strong, cold sotu-
tions.

Generally good resistance to mineral acids
and weak alkalis. Moderate resistance to
strong alkalis at room temperature.
Resistant to most acids. Good resistance to
weak alkalis; moderate resistance to strong,
cold alkalis.

Attacked by strong oxidizing agents. Not
damaged by bleaches. Generally insoluble in
common organic solvents.

Attacked by strong oxidizing agents. Not
damaged by hypochlorite or peroxide. Gen-
erally insoluble except in cuprammonium
and a few complex compounds.

Not affected by solvents. Insoluble in com-
mon organic solvents. Damaged by normal
concentrations of hypochlorite or peroxide
bleaches. :
Attacked by strong oxidizing agents. Not
damaged by bleaches. Genera]ly insoluble in
common organic solvents.

Generally good resistance to bleaches and
solvents. Esters and ethers may be
detrimental in varying degrees.

Attacked by strong oxidizing agents. Not
damaged by mild hypochlorite or peroxide
bleaching conditions. Soluble in phenol,
acetone, concentrated and glacial acetic
acid.

Excellent resistance to all solvents at high

temperatures.

Good resistance to bleaches and common
solvents.

Unaffected by dry cleaning solvents. Can be
bleached with sodium chiorite.

Good resistance to bleaches, dry cleaning
fluids and most common solvents.

(continued)
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TABLE 17.12 (continued).

—
Fiber

Effects of Acids and Alkalis

Effects of Bleaches and Solvents

Olefin
Polyethylene

Herculon®

Marvess® and
Alpha®

Essera®,
Marquesa Lana®,
Patlon® III

Spectra®

Fibrilon®

Span&ex
Glospan®
Cleerspan, S-85

Lycra®
Type 126,127

Type 128

L

Low density: excellent resistance to acids
and alkalis, with the exception of oxidizing
agents. High density: excellent resistance to
acids and alkalis, with the exception of ox-
idizing agents.

Excellent resistance to most acids and alka-
lis with the exception of elevated tempera-
ture exposure to chlorosulfonic acid, con-
centrated nitric acid and certain oxidizing
agents.

Excellent resistance to concentrated acids
and alkalis.

Excellent resistance to most acids and alka-
lis with the exception of elevated tempera-
ture exposure to some acids.

Excellent resistance to most acids and alka-
lis, with the exception of elevated tempera-
ture exposure to some acids.

Excellent resistance to concentrated acids
and alkalis.

Resistant to mild acids and alkalis. Is
degraded by strong acids and alkalis at high
temperatures.

Good resistance to most acids. Slightly yel-
lowed by dilute hydrochloric, sulfuric acids.
Good resistance to most alkalis.

Resistant to mild acids and alkalis.
Degraded by strong acids and alkalis at high
temperatures.

Low density: resists well below 150°F.
Swells in chlorinated hydrocarbons at room
temperature. Soluble at 160 to 175°F. High
density performs generally the same but not
as pronounced.

Resistant to bleaches and most solvents.
Some swells in chlorinated hydrocarbons at
room temperature and dissolves at 160°F
and higher. Others swell only at elevated
temperatures. i

Resistant to bleaches and most solvents.
Chiorinated hydrocarbons cause swelling at
room temperature and dissolve fibers at
160°F and higher.

Resistant to bleaches and most solvents.
Some hydrocarbons will cause swelling at
room temperature. Some solvents will dis-
solve above 200°F.

Resistant to most solvents, good resistance
to bleaches. Some hydrocarbons cause
swelling, especially at elevated tempera-
tures.

Resistant to bleaches and most solvents.
Chlorinated hydrocarbons cause swelling at
room temperature and dissolve fiber at
160°F and higher.

Good resistance to deterioration by
bleaches. Discolored slightly by
hypochlorite bleach. Resistant to solvents
and oils except glycols.

Hypochlorite bleaches discolor. Can use
perborate. Good resistance to most solvents,
oils.

Good resistance to discoloring. Strength loss
by hypochlorite bleaches.
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TABLE 17.12 (continued).

605

Fiber Effects of Acids and Alkalis Effects of Bleaches and Solvents
Glass Resists most acids and alkalis. Unaffected.
Aramid

Kevlar® Good resistance to dilute acids and bases. Should not be bleached. Excellent solvent
Degraded by strong mineral acids and, to resistance.
lesser extent, by strong mineral bases. Best
chemical resistance from Kevlar 149.

Nomex® Unaffected by most acids, except some Unaffected by most bleaches and solvents
strength loss after long exposure to except for slight strength loss from exposure
hydrochloric, nitric and sulfuric. Generally to sodium chlorite.
good resistance to alkalis.

Fluorocarbon
Gore-Tex® Essentially inert to acids and alkalis. Essentially inert to bleaches and solvents ex-
cept for alkali metals at high temperature
and/or pressure. :
Teflon® Essentially inert to acids and alkalis. Most chemical-resistant fiber known. The
only known solvents are alkali metals and
certain perfluorinated organic liquids at tem-
peratures about 570°F.
PBI Excellent resistance to most acids and alka- Unaffected by most bleaches and solvents.
lis. Some strength loss with strong alkali at )
elevated temperatures. Excellent organic
solvent resistance.

the neutral or acid side. Certain reducing agents
are employed to modify the wool by rupturing

sulfur-sulfur bonds. The wool is then more

“plastic” and can be set into a desired shape.
Reoxidation then reforms the bonds and the
fiber then maintains its new configuration.

All of the natural fibers are unaffected by the
common hydrocarbon and aromatic solvents.

The polyesters have good resistance to most
mineral acids and to weak alkalis, but are dis-
integrated by strong hot alkali. They have good
resistance to oxidizing agents and to most or-
ganic solvents except phenols. Generally speak-
ing, the polyesters are considered to have better
chemical resistance than the polyamides. The
acrylics and modacrylics generally have ex-
cellent chemical resistance. They have excellent
acid resistance, fair alkali resistance and are im-
pervious to many solvents. The modacrylics are
softened or dissolved by certain ketones. Saran
has excellent acid and alkali resistance although
it is sensitive to ammonia. It is unaffected by
most common solvents, but is degraded by cer-
tain esters and ethers. Polyethylene and poly-
propylene have excellent acid and alkali resis-
tance, but are sensitive to alkaline oxidizing

agents. Their general chemical and solvent re-
sistance is high. They are normally soluble in
hot chlorinated hydrocarbons.

27. ELECTROSTATIC PROPERTIES
OF FIBERS

Both in processing and in use, the generation
of static electricity on textile materials is at least
a nuisance, and can be expensive or dangerous.
During conversion of fiber to yarn and yarn to
fabric, the large fiber surface areas are condu-
cive to generating and holding electrostatic
charges. These charges develop as the result of
fiber to fiber, fiber to machinery, or even fiber
to air friction. Most textile fibers are good or
excellent electrical insulators; hence, electric
charges cannot be conducted away. So the inten-
sity of charge increases until fibers or yarns, all
with the same charge, repel each other with ac-
companying “wildness” of fibers which then
will not process properly. If the charge on the
fibers is opposite to that on card clothing, draft-
ing rolls, or other machinery parts, the fibers
will stick to those parts of the machine oppo-
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sitely charged, and processing may be slowed
down or stopped. Static generation by conveyor
belts and the like operating in areas where there
are solvent fumes may be dangerous because a
discharge spark may cause explosion and fire.

Truly distilled water is a relatively poor elec-
trical conductor, but natural waters which con-
tain even small quantities of soluble mineral
salts are excellent conductors. Those fibers
which have high moisture regains usually do not
present quite as many static problems as do
those which are impervious to water. If the
relative humidity is sufficiently high, almost all
textile fibers can be processed without electro-
static difficulty. As the humidity decreases,
processing problems increase, usually geomet-
rically with the synthetic hydrophobic fibers be-
ing the first to cause trouble. The polyesters,
acrylics, olefins, and the polyamides having the
lowest moisture regain are most likely to de-
velop static charges. Rayon, silk, wool, and cot-
ton can absorb water and hence can dissipate
charges more easily. However, at low relative
humidity all fibers may show processing diffi-
culty. The textile industry, therefore, makes
wide use of humidification during carding,
combing, spinning, and weaving. Combing or
spinning oils, warp sizes, and other processing
chemicals usually contain anti-stats to eliminate
the static problem. Static also may be elim-
inated by running the material over alpha parti-
cle radioactive sources which ionize the sur-
rounding air.

Chemical anti-stats usually contain polar
groups within their molecule. These act as con-
ductors to prevent charge buildup or to conduct
away any charges which do develop. Anti-stats
also may be nothing more than humectants or
water absorbing materials. The ionized water
present on the textile will dissipate the static
electricity. While generally an inverse relation

exists between moisture regain and charge
buildup, the intrinsic nature of the fiber
polymer substance may also have a great bear-
ing on static forming characteristics.

28. ELECTRICAL RESISTIVITY

Proper evaluation of the electrostatic proper-
ties of a fiber or fabric requires that all of the
mechanisms for charge generation and dissipa-
tion be considered.

To pass a steady flow of electric charge, or
current through any material requires a voltage.
Ohm’s law states that the ratio of applied voltage
to current flow is called the electrical resis-
tance. The lower the resistance, the more easily
the current will flow. Flow can take place
through either the volume of the material or
along its surface, and the resulting resistances
are called “volume resistance” and “surface re-
sistance,” respectively. Materials with high re-
sistance will build up and hold electrostatic
charges because the current cannot flow easily
and allow the charge to leak off. Thus, a direct
relationship normally exists between a fabric’s
surface or volume resistance and its tendency to
build up a bothersome electrostatic charge.

Since water (other than distilled) is a good
conductor, surface and volume resistances for
all fibers are essentiaily inversely functional
with moisture regain. Large changes in resis-
tance result from small changes in regain. Many
hydrophobic fibers may have high volume resis-
tances because they are impervious to water.
Their surface resistances may be propor-
tionately lower, however, because they have thin
or even molecular layers of water adhering to
their surfaces. Methods for measuring re-
sistivities are given in Chapter 200, Textile
Testing.
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17.2

References and Review Questions
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dards, Vol. 701, 1993.
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Mechanics of Fabric Abrasion,” TRJ, Vol.
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dards, Vol. 702, 1993.

REVIEW QUESTIONS

1. Define refractive index. What is the signifi-

cance of it?

2. What is tenacity? List all the fibers based

on their tenacity values. Which fiber is the
highest and which fiber is the lowest?

10.

11.

12.

13.

14.

15.

. Is there any relation between fiber breaking

elongation and its tenacity? Explam

. Explain viscoelasticity.

Define modulus. What are the different
modulus definitions? Explain the signifi-
cance of each. Give examples of fibers that
should be tested with different modulus
methods because of their properties.

What is toughness? Explain the signifi-
cance of it for industrial textiles.

Discuss the significance of fiber elonga-
tion-recovery properties. '

. What methods are used to measure the

loop and knot strength? How do loop and
knot strength affect the performance of in-
dustrial textiles?

Does the fiber friction depend on fiber sur-
face properties? Explain.

Why are abrasion and wear resistance criti-
cal for industrial textiles? Explain.
Explain how percent moisture content and
percent moisture regain are determined.
Which fiber has the highest moisture re-
gain?

What is the effect of moisture and humidity
on fiber strength?

Explain the effect of heat on tensile proper-
ties of fibers.

Why is resistance of fibers to mildew, aging
and sunlight important? Explain.

What is the significance of electrical prop-
erties of fibers?

607

Page 00078



19.2

References and Review Questions
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Fabrics,” Annual Book of ASTM Standards,

Vol. 7.02, 1993.

ASTM D 1777, “Standard Method for Mea-
suring Thickness of Textile Materials,” An-
nual Book of ASTM Standards, Vol. 702,
1993.

Backer, S. and Tanenhaus, S. J., “The Rela-
tionship between the Structural Geometry of
a Textile Fabric and Its Physical Properties,”
TRJ, Vol. 21, 1951.

.“ASTM D 1388, “Standard Test Methods for

Stiffness of Fabrics,” Annual Book of ASTM
Standards, Vol. 701, 1993.

REVIEW QUESTIONS

Derive the fabric cover factor equation
19.1). ‘

Define packing factor. How is it calcu-
lated?

. Define fabric porosity. What is the signifi-

cance of fabric porosity in industrial appli-
cations?

. What is “crimp interchange”? Explain the

648

10.

11.

12,

13.

14.

15.

effects of a typical heat setting process on
warp and filling crimp.

. Define “resilience.” What is the physical

meaning of it?

How can you control thermal conductivity
of fabrics by altering fabric structure? Ex-
plain. '

. What are the industrial applications in

which fabric air permeability plays an im-
portant role? Explain.

. What are the advantages and disadvantages

of waterproof functions in protective cloth-
ing?

. What kind of information can one get from

a biaxial stress test? What is the signifi-
cance of this test?

Is bursting strength critical for geotextiles?
Explain.

Explain the importance of impact proper-
ties in ballistic fabrics and textile compos-
ites.

How can you control fabric tear by fabric
design? Explain.

What is the significance of abrasion resis-
tance for industrial fabric applications?
What are the factors that affect fabric stiff-
ness? Give application examples of indus-
trial textiles where stiffness provides ad-
vantages and disadvantages.

Explain how one can improve the proper-
ties of fabrics by blended or combination
structures.
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