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Deformation modes

Mechanical E o
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properties I R,
= Uniaxial deformation (tensile, compressive) W;!#ﬁ"” o

multiaxial deformation (torsion, bending).
= Simple deformation (no cycles)

cyclic deformation
= Static (fime independent) deformation

dynamic (time dependent)

impact (extreme short time) deformation
s Ultimate deformation (to break)

non destructive deformation t
s Isothermal deformation ey 4

non isothermal deformation &% ==

\
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* Range of validity of linear viscoelasticity is very narrow
(deformation limit is less than 1%). Practically all experiments
are above this limit. Therefore, the evaluated parameters are not
material constants.

* Under influence of external forces, the fiber structure
permanently changes (change of orientation, crystallinity etc.).

* Polymeric fibers — during formation processes subjected to
severe temperature and deformation actions. Thermal and
deformation history have (due to “memory effects”) certain
influence on the results of mechanical experiments.

e Structural changes responsible for change of mechanical
(viscoelastic) behavior of fibers are often not directly
experimentally evaluated.
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Stress

 Stress is the thermal resistance of a material to the distorting
effects of an external load. The total resistance is equal to the
external load. This resistance is known as Stress.

» Stress (o) can be equated to the load per unit area or the force (F)
applied per cross-sectional area (S) perpendicular to the force;

O__F
K

o = stress [Pa] i.e. Pascals = Newtons per m?; or [psi] = Ibs of force per in?
F = applied force [Newton] or [Ibs of force]
S = cross-sectional area [m?] or [inch?]

. . | |
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Relative load (F,) is load per unit fineness or the
force (F) applied per fineness (T) of fiber or yarn

T = fineness [Tex]
p= fiber density [ kg m-3]

Mutual relations o =F *p [MPa]=[N/tex]*[kg/m’]
F =c/p [N/tex] =[MPa]/[kg/m’]
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Stress
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 Whenever a stress (no matter how small) is applied to a
material. A proportional dimensional change or distortion
must take place. Such a proportional dimensional change
(intensity or degree of the distortion) is called strain (g)
and is measured as the total elongation (Al) per unit
length of material due to some applied stress.

= strain [-]
T Al= total elongation [m] or [inch]
e | |, = original length [m] or [inch]

H H
t.: I
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e

Draw ratio A

&=

True deformation £* « dl |
de =— |

[

dl = differential elongation
Mutual relations

=In (A))=In (e¢+1])

True deformation is always lower that strain
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=
 Elastic strain (deformation) is /
dimensional change that exists only
while the initiating stress is applied and epsilon
disappears immediately upon removal .
of the stress. Shomse fubomsk

* The applied stresses cause the atoms to
move from their equilibrium position.
All the atoms are displaced the same

“ Energy 1o breok

Stress (o)

amount and still maintain their relative R
geometry. Hooke'’s law

* When the stresses are removed, all c=E*¢
atoms return to their original positions E= elastic modulus
and no permanent deformation occurs. (stiffness
(conformation  changes leads to characteristics)
reversible deformation up to 15%). Energy to break (U.)

U,=05*E*g,’

(toughness
characteristics)

Properties of Fibers_KMI-VV Dr. Mohanapriya Venkataraman, M.Tech., M.F.Tech., Ph.D.



TECHNICAL UNIVERSITY OF LIBEREC  YOU ng's MOd U I us
Faculty of Textile Engineering m

™\

e E!/%

* Young’s Modulus E (or the
elastic modulus) is an material
characteristic. It is the ratio of
stress to strain (the measure of
resistance to elastic
deformation) for ideal elastic
material. In the case of fibers,
the modulus is replaced by
initial modulus as the straight-
line portion of the stress-strain For isotropic materials, the modulus E

Stress

>

strain

curve. connected with shear modulus G and all
directional compressive modulus K.
E _
3(1-2%*v) 2(1 + 2v) 2G
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Poisson’s ratio is the ratio of the transverse contraction strain to the Iongltudlnal
extension strain in the direction of the stretching force. The definition of poisson’s
ratio contains a minus sign so that normal materials have a positive ratio:

transverse contraction Er S-S,
= =——— Where &, =

- longitudial extension £ S,

v — Poisson’s ration (for fibers 2.0 < v £4.05)

E — Strain
Fiber volume chf'-mges due to deformation are:
I =(1-v*e)* *(1+e)~(1-2v)*¢

o

* Poisson’s ratio is related to Young’s Modulus E and the Shear Modulus G
according to; E = 2G(1+v).

* For V/Vo=1, v=0.5 - rubber, liquids. For V>Vo, v<0.5.

* Fiber volume increases during deformation. More elongation than lateral
contraction.

Properties of Fibers_KMI-VV Dr. Mohanapriya Venkataraman, M.Tech., M.F.Tech., Ph.D.



TECHNICAL UNIVERSITY OF LIBEREC
Faculty of Textile Engineering @ Shear MOdUIUS
= The shear modulus, G (also known as the rigidity

modulus) is defined as the ratio of shear stress
to engineering shear strain on the loading plane:
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where:

Tyy = shear stress

v = shear strain
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Plastic deformation :—T

Plastic deformation (or plastic strain) Rate of deformation is
is a dimensional change that does ~ proportional to applied
not disappear when the initiating stress. Proportionality
stress is removed. factor is called viscosity.

Strain
The state of stress just before plastic [ )

strain begins to appear 1s known as

the pl'OpOl‘ﬁOHGl limit. or elastic f germanerfr
= o2 : i eformation
limit, and 1s defined by the stress ¥
: : : =
level an-d the cort esponding value Shear Shear —
of elastic strain. oty o T b
HE
s I

Properties of Fibers_KMI-VV Dr. Mohanapriya Venkataraman, M.Tech., M.F.Tech., Ph.D.



[

TECHNICAL UNIVERSITY OF LIBEREC
Faculty of Textile Engineering 0

sigma

Plastic body deformation

» During tensile straimmg and constant rate of deformation  epsijon

deldt=1k

1s dependence between stress and strain constant (curve 1).

do/dt=k

= During ftensile strammg and constant rate of loading 1s
dependence between stress and stramn of 1deal plastic body
concave (curve 2).

o=\2%k*e*p
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Stressed into
Plastic Region,
stress, o A Elastic + Plastic

Stress Removed,
Plastic Deformation
Remains

>
—» Eﬁ strain, &

plastic strain
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Tensile characteristics of fibers

m Analysis of stress- strain curves

J  Glossy polymer or

0.4 - semicrystallire polymer
below T, ;
~ Semi-crystalline pelymer
- < bove T,
Breaking & gl
force FB or O-B Break @
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O _Strength 1s defined as load (at break) F, [N/tex] or
stress at break o, |GPa].

= Extensibility 1s deformation to break &, [%o].

= Relative strength /. = P/T [N/tex]. Standard fibers have
relative strength in units of [¢N-dtex™!] = [g-tex™!]

= Break length /, - length [m]. at which will fiber break

due to 1ts own mass.
o

Fp:fr*;}*S {Tp:ff’z‘p IT:;:'IOOO*F;
Deformation work W/[J] If"—jF*fff v, *Up

Deformation energy U, U, fr:r

Fp load at break
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. strength Breal:: Wet Wet br(:ak
Fiber [cN-dtex ] elongation strength elongation
[%0] [%] of dry [%]
wool 1-2 2040 8090 25-50
cotton 2.74.3 3—-10 100-110 3.6-12
VISCOSE 2-3 15-30 44-72 2040
acetate 1.3 2045 60-70 30-50
PA 6 3.7-5.2 25-40 85-90 20-50
PA 6.6 3.7-54 2540 8590 20-50
PES 4.1-4.5 19-23 100 19-23
PP 2.7-6.3 25-75 100 25-75
PAN 2.0-2.9 20-28 8090 26-34
Kevlar 19 4 100 4
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Fibers in glassy state and glass or ceramic fibers
exhibit typical brittle fracture

Majority of synthetics fibers produced by melt
spinning exhibit ductile fracture

High strength fibers as aromatic polyamides
and PBO exhibit axial splitting.

= Fibers spun from solvents and micro porous
fibers (containing network of micro voids)
is typical granular fracture
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17 At sufficiently low temperatures 7< 0,8 T fibers are breaking
by brittle fracture in the places of local défects. The shape of
stress strain curve (dependence of stress on defonnanon) 1S
linear with modulus E. Strength at b11ttle fracture 1s expressed

by empiric relation
Sk o, =30*3/E?

Fiber are in the glassy state when polymeric segments are
vibrating around mean positions.

. At temperature T = 0,8*T " the plastic deformation start and
stress strain curve exhibits concave bend. During fiber failure
the cracks appear. Fibers are in transition state where the
diffusion type movements of polymeric segments arise (small
scale movement).

o
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Temperature dependence - I
>
e

3. At glass ftransition temperature 7 " the marked plastic
deformations are arising or appearance of neck drawing. Stress
strain curve has typical sigmoid shape and yield region. This
temperature corresponds to state when segmental mobility of
polymeric chains are creating local free volumes enabling e.g.
diffusion of penetrants through fiber body.

4. At temperatures sufficiently above T 4 the quasi viscous flow
appears and failure is typical for plastic materials. Fiber is i the
rubbery state (entropic deformation) or in the state of elastic
flow.
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Viscoelastic deformation

Plastic deformation is
usually accompanied by
some elastic strain. The
phenomenon of elastic
strain and plastic
deformation in a material
are called visco elasticity
and visco 1D/asl'/'(:/'ty,
respectively.

The magnitude of plastic
strain, when it does appear,
is likely to be much greater
than that of the elastic
strain for a given stress
Increment.
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s Partially reversible and time dependent.
s Deformation 1s modeled as combination of elastic and plastic

terms.
Typical stress strain curve during s
loading and unloading 1s dependent on gj
fume. §7

e, 1s fotal deformation,

e, 1s plastic deformation

(e,- €,) 1s elastic deformation 613 e
(e,- ;) 15 viscoelastic deformation |
) e
epsilon
H H
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Viscoelastic properties

constant ime section
isochronous section

Polymer fibers exhibit time
dependent behavior. The
stress and strain induced by
load are function of time. The
stress-strain-time response
can be determined by loading
of fibers at a constant stress
(creep) or a constant strain
(stress relaxation or
isometric). It is possible to
construct isochronous curve
as stress strain dependence
at constant time.
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Time dependent response

Load - time dependence .
Elastic response

ty Time [ Lty Time [
fa) b
Viscoelastic response .
Plastic response
= =
tq lime [ P g lime [ P
il

il
| I |
.t
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A
-
'E
Dependence of stress =
on time at constant ;E.
) o
deformation e
2
|
time
e=e
O 7))
de 2
dt .

time
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A
. v
Dependence of §
deformation on time %
at constant stress
(load) i >
time
5
O =0 0 =
g
do 0 S
- &
dt = -
time
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» Linear viscoelasticity -
behavior is independent on the
stress level and time and obey
linear relation between stress

and strain .

= Nonlinear viscoelasticity -
behavior will not obey linear
relation between stress and

strain

« Transition from linear to
nonlinear viscoelasticity
appears at low stresses.
Corresponding strain is often
around 0.5 %
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For 1deal case of linear viscoelasticity is relation between stress,

deformation and time described by linear differential equation of

n-th order with constant coefficient (combination of springs and

pistons).

a, *o+a, *E+...+aﬁ +d g:bﬂ *e+b, 48 +..+b «de
dt dt’ dt dt”

where a. and b. are coefficients
containing moduli £ and viscosities 77

ey

Ay

SLress —

Boltzmann superposition
o,(f) = &(1)
o,(1) = &(1)

strain R

0,(1) ~o,(1) = &) +&(1)
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Dynamic analysis
0<o6<n/2

\/

v'

Let the response of material to sinusoidal tensile deformation
having frequency @ i1s investigated. Cyclic straining

(dependence on time t) 1s defined as
e=¢csm(wt) de/dt =we® cos(wr)

Hookean solid (no phase shift) o(7r)=E * &(r)
c(t)y=E*¢g, *sm(o*t)=0c, *sm(w *1t)
Newtonian liquid (phase shift 90 °) o (r)=n*de(t)/dt
o(t)=n*o*¢,*cos(w*t)=n*o* g, *sin(o™*t+ 7 /2)
o(t) =0, *sm(e*t+x/2)
Viscoelastic body (phase shift 3) €(f) =0 °(D'sin(wt) + D "cos(ar))
o(t)=o0,*sm(@*t+0) o (1) = e°(E 'sin(wt) + E "cos(wr))
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Dynamic mechanical analysis
(DMA)

EnviconmentalChamber

DMA Thermal Scan

=——=Storage Modulus == Loss Modulus =—=Tan Delta
10" -
Glassy | Glass Transition,  Rubbery | Melt Flow
Zone I Zone : Plateau I Zone 50
£ ) ' l l .
5 10°— ' '
‘5 1 I
=] L] 1 |
s : : — 1.5
1 I "
-] 1 I [}]
-; 106 — 1 I T
3 ! l g
= 1 I +
.g 1 | 1.0
=
8 10¢ — ' \
w10 ‘ | N
g | 1 |
I I I — 0.5
I
™ 1 1 1
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DMA also works in TMA mode.

Temperature (°C)
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Elastic o ! 5 Complex
Dynamic moduli-1 9=¢r csd ) Ty
Plastic
c''=ag, *smo 5\ >

The time-dependent properties of materials are
characterized by storage £ "and loss moduli £, and the
storage and loss compliances D "and D~

' vy : ' ;0 ~
E=0c/&"=("/8")cos(8) D =(&"/c")cos()
E =0 /&"=(0°/&")sin(8) D =(&°/c")sin(d)
For anisotropic materials are these quantities dependent on the
direction. It 1s suitable to introduce complex modulus E* and

complex compliance D*. The simple relations are valid
E'=0,/e"=E +iE D =D +iD
i1 I
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Dynamic moduli ‘ RTINS
Interpretation o

The storage modulus 1s equivalent to real
part and loss modulus to the

imaginary part of complex modulus. - —
The same 1s valid for compliances. s ' T 280
The elastic part (storage modulus £°) 1s s, [laesstoc-Tnds
proportional to the energy fully = N A o
o / e |
recovered per cycle of deformation el o foamt
s = 2 s ? .‘ A ) :

The 1maginary component, £ 13 ™y AGER -
proportional to the mnet energy g“‘“ 7N TN o
s . ~ O wxl— / \ - 10,2182
dissipated per cycle in the form of [ | | [ i\ A [
heat 20 /,r % =1 'iﬂ,lﬂﬁ 8

. ssest -/ — 1T
The dynamic storage modulus £’ 1s the 4 / LY \_/\io,.,.,
component which is imn-phase with the  «s / e om0t
applled Straln and E . 1S the o 4573 6266 7950 $6,52 11345 130,38 147,31 16424 1l1,\1;;%“"
component, which 1s 90° out-of-phase. TR
mm
g M|
H@E
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Loss tangent \& .
5
=
Tangent of phase angle tg ) (loss tangent, damping factor) is defined
as tg6=E /E tg6=D"/D

For solids, which are purely elastic, tgd equals zero. Low damping
materials such as metals and quartz conform fairly closely to the
this 1deal, while polymers have values of & of the order of several
degrees. From the expression of the complex modulus in complex
plane the following relations are derived

~JET+E" E = ‘E‘|cosa‘ E = |E"sin§ =0 ®

E:\E‘

Measure of dissipated energy is loss factor 720 = If(!).f"E'
where n" is viscosity of fibrous structure and w 1s frequency of
cyclic loading.
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Glass transition temperature -

N
T, T

. . E M
= The amorphous polymers under increasing temperatures obey

transition from glass to rubbery state.

= This transition appears in some temperature interval called glass
transition region.

= Mean temperature of this glass transition region defines glass
transition temperature 7. At this temperature the total volume 1s
increased more malka(fIy The melting pomnt 7,, i1s here not
unique.

= The semicrystalline polymers . which contain the amorphous and
crystalline parts are both T and 7,, defined from changes of total
volume changes.

= Above 7 the polymer becomes rubbery and capable of elastic or

plastic deformation without fracture.
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E[Pa)4
E o
Glass transition temperature - ||
\'\
E, b—- ‘“\T}h‘— _—-——\\}
= In polymers, 7, is often expressed as 7 T . T

the temperature at which the Gibbs free energy is such that the
activation energy for the cooperative movement of 50 or so
elements of the polymer is exceeded. This allows molecular chains
to slide past each other when a force 1s applied.

= With thermoplastics polymers . the stiffness of the material will
drop due to this effect.

= Tg can be significantly decreased by addition of plasticizers into
the polymer matrix. Smaller molecules of plasticizer embed
themselves between the polymer chains. increasing the spacing
and free volume, and allowing them to move past one another
even at lower temperatures. For partially hydrophilic polymers i1s
polasticizre weter as well.
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« Temperatures of sudden
changes of p{llysical
: properties (phase or
Melti ng tem pe rature thermal transitions) are
closely connected with
fiber macromolecular

‘-ﬁber T. [°C] T,, [°C] chains segmental mobility.
Ivethvl s 20 ] 145 = The phase transitions of I.
polycthyrene - - and II. order are most
polypropylene -18 170 mteresting .
PA 6.6 Y 756 = First order phase transition
: - N 1s characterized by change
PA 6 65 220 of state (gas, liquid. sohd)
7 Change from solid to
EES 67 amortni 256 liquid 1s called melting
PVC 80 190 and corresponding

temperature 1s melting
temperature 7,,

The melting point of a crystalline solid is the temperature at which it changes stae
from solid to liquid. Amorphous polymers have not this phase change temperature

clearly defined
i1 I
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Free volume

= Total volume of amorphous polymers V,, 1s composed from
chains volume ¥, and free volume Ve

= Below glass transition temperature 7 the macromolecular
segments are vibrating around speci%c equilibrium positions.
The volumes ¥V, and V;are increasing by the same rate.

= AtT, the energy supplied to segments 1s sufficient to overcome
energetic barrier of internal rotation around covalent bonds .
These rotations are called segmental mobility.

s Above T ¢ the segmental mobility causes markedly faster
increasing of V7
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neutral axis

Bending stiffness

Bending stiffness — governs the
handling, comfort, and conformability of

a fabric.

The most important factors affecting

bending stiffness are: shape of the fiber i
S, tensile modulus E, fineness T and Flexural rigidity FR

density p of fiber . [N mm?Z] force to

Generdall , the Pri]ghler thedfinerésss% ﬁr rt]heh bend fiber about

modulus or the lower density, the higher : -

the bending stiffness. J neutral axis to unit
curvature (r=/

For example, polyester has a higher
modulus than nylon, and it is stiffer
material. Polypropylene, with a lower
de_.fr}swy than nylon, S“DLij;II‘-.j h?veta higher
stiffness, assuming all other factors are : _
equal. Circular fiber S=1

| |

-

. . -
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Bending stiffness - I -

—
Monofilament materials N
are much stiffer than _@_F —v—
multifilament. /) 1 —r >

With all other factors Cror . =1 j@i

constant, the bending @ E g
stiffness of a monofilament of an

Heliow S« 55
fineness 7 will be roughly » . { T):
times greater than a ' ——
multifilament with 7 filaments Racerc se102

of fineness 7/neach. The use Sis related to the radius of
of multifilament yarns and/or  gyration (&) of fiber cross section

finer fibers in the yarn (cross section area A) about axis
produces a more flexible of bend
structures. S 4% g¥)2/ 4
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T e Y OFLBERES  Surface characteristics

e Revolutionary developments have been
made through utilization of the friction
phenomenon for creating special Grossestions) shaps
adhesion effects and  through
modification of surface texture for
achieving special thermal and moisture
and transfer characteristics.

* The parameters that could be changed
during the spinning process:

- Surface area, fiber cross section
#Scanning electron microscope), crimp,
iber orientation and surface roughness
(Scanning electron microscope, confocal
microscope, etc.).

* Altering fiber surface at the nanolevel -
without influencing key physical
characteristics.

Surface finish Fiber crimp

\
\
3
\
\
\
\

)
\
i Surface area
I

Lubricant

Fiber orientation

!
!
1

) . Surface roughness
Surface wetting \

Surface treatments and fiber wetting
Surface characterization parameters

Surface characterization parameters and surface
treatments of synthetic fibers.
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Abrasion element

Abrasion resistance K

Whenever fibers rub against — tewion: N

themselves or other structures, Pulleys

abrasion resistance assumes an important role. A high value is
usually desirable

The abrasion resistance of a fibers is influenced by several
factors:

= [he fineness of the fiber (the lower the fineness, the lower
the resistance).

= The orientation of molecules in the fibers (the higher the
orientation, usually the lower the resistance).

= [he surface coefficient of friction (the higher the friction,
the lower the resistance).

-
Tension 2

y
ja)
ma
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