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ABSTRACT.

The dynamic mechanical properties of rod like polymer specimens,
plastics, and rubbers have been studied in some detail during the last
decade. Nevertheless, comparatively less information is available
on fibres of normal teutile counts. This project, therefore, was
undertaken with a view to investigating the dynamic mechanical properties
of gseverl aantural and syntbetic fibres of normal textile counte ever a
wide ranre of ftenmperature and /or humidity. For this purpose tvo

rperimental techniques have been developed in the Fibre Science laho-

ratory at the University ef utrathelyde.

One of the experimental technigues is similar to that used by
, . ... 40 e e ‘ . . . .
Meredith and Tau'~ for measuring the dynamic bending properties of dry
fivres in wvacuo over a range of temperature. Certain modifications in
the design of the appsratus have been nade in order to minimise conduction
losses through the fibre mounting systen so that in vacuo the ternperature
recorded by the sensing clement was as close &s possible to the tempersture

of the fibre.

The other experimental technique is similar to that employed by
Yoshino and Takayanagi75 for measuring the dynanic tensile properties of
films and monofilaments. To make dynamic tensile nmeasurements pLossible
on fibres of normal textile counts and fibres from tyre cords over a wide

ranzge of tempersture and/or humidity the apparatus was designed in the



laboratory and nade in the work shop with {iner strain gauge systems and

other necessary accessories,

A detailed description of the spvaratus and working procedures

have been given in the tliesis.

lieasurenents were carried out on several fibres like wool, silk,
Fibrolane, ramie, Fortisan, viscose rayon, acetate, Tricel, Acrilan 16,
Orlon, three types of polypropylenc, eight types of nylen 66, Terylene,

Dacron and finally three types of »olyblend fibres.

The results are discussed in the light of the information availabl
to date on dynamic mechanical properties, NMR spectroscopy and infra-red

spectroscopy on high polymers.,

Optical, physical and tensile properties of some of the synthetic
fibres have also been studied to find the correlation of these propertie:

with the observed dynanic mechanical proverties.

Pinally the effect of heat setting of Acrilan 16, nylon <6 type 90
and Terylene on the optical, physicel and niechanical properties of these

fibres have been studied.
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INTRODUCTION
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INTRODUCTION
1. General Introduction.
The physical properties of high polymers at any given temperature
are determined to a great extent by the internal mohility of the
chainsg of which they are composed} It is therefore of considerable
practical, as well as theoretical, interest to know the types of
molecular motions present in a given polymer and how these motions are

related to the composition and structuxre of the polymer as well as to

the tem.erature.

Three of the most useful physicael methods for studying internal
motions in polymers chains are nuclear magnetic resonance, (NNR),
dielectric dispersion ard dynamic mechanicsl measurements. Dynamic
mechanical methods consist  of measuring the in phase and out of
phase deformational responses of a polymer specimen subjected to an
anplied alternating stress. Dielectric methods consist of measuring
the response of dipoles in a material to oscillating electric fields.
Nuclear magnetic resonance method consists of measuring the response
of a material to?émall radio frequency magnetic field while the specimen
is maintained in a strong steady magnetic field. In many ways it is
analoﬁhs to dielectric dispersion measurements in that they both
measure a resonance phenomenon between the dipoles and applied field.
In dielectric measurements electric dinoles and electric fields are

involved, while in NMR measurements, magnetic dipoles and magnetic
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fields are involved. However, one of the most importent dif-
ferences between the two methods concerns the dipole rotation which

is brought to resoneonce with the applied oscillatory field.

In dielectric measuremcnts, the dipole oscillating under the
action of the electric field consists of a group of atoms, and its
rotation is restricted by the viscous contacts with the neighbouring
molecules. The characteristic features of the dipole dispersion

curve are determined almost entirely by these viscous forces,

In nuclear magnetic resonance measurements however, the dipoles
are the nuclei of the atoms, and rotation of nuclear dipolescan take
place through the rotation of the nucleus of the atom, In general,

the atom itself does not move and hence, no viscous forces are involved.

The dielectric dispersion of polar polymers is a valuable tool
for determining the rate of motion of dipoles. Nevertheless, the method
is apvarently restricted to polymers where the main chain contains
judiciously placed polar groups. However, there are no such restriction
in the nuclear mametic rescnance method and it is becoming apvery
y

popular technique for stuqhng segnental mobility in »olar and non polar

polymers.

A study of physical properties of high polymers can never bhe
complete without zn understanding of the fundamental molecular structure

of long chain polymers. For such a study, however, recourse im made
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to the well established x-ray diffraction technigue and to the more

radical infra-red spectroscopic technigue.

2. ‘Vigsoelastic Properties.

The classical theory of elasticity deals with mechanical
properties of perfectly elastic solids, From Hooke's law for such
golids the stress is always directly proportional to strain but is in-
dependent of the rate of strain. The theory of hydro-dynamics,however,
deals with the properties of viscous liquids, for which in accordanee
with Wewtontg law the stress is always directly proportiomal o rate
of strain but is dndependent of strain itself. These theoriés are
idealisations and any real solid shows deviations. from Hooke's law
under suitably chosen conditions, and it is also probably true that
any real liguid would show deviations from Newton's law if subjected to

sufficiently precise measursoments,

There are two inmportant deviations. Firstly, the strain in a
solid or the rate of strain in liguid may not be directly proportional
to stress but may depcad cn stress in a more colplicated way as is
familiar when the elastic limit i1s exceeded for a solid. Secondly,
the stress may depend on both the strain and the rate of stréin to-
gether with higher time derivatives of strain. Such time dependent
behaviour of materials reflects a combination of liquid-like and solid-

like characteristics snd is therefore, called viscoelastic.
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If in a given experiment the ratio of stress to strain is a
function of time alone, and not of the stress, the viscoelastic behaviour
of the material is said to be linear. Its mechanical properties can
be duplicated by & model consisting of a suitable combination of springs
that obey Hooke's law and viscous dash-pots (i.e. pistons moving in

0il) which obey Newton's law (Fig 1).

|

=l

(a)

Fig.1l. (a) Voigt Fodel (Spring and dash-pot in parallel)

(v)

(b) Maxwell Model{Spring and dash-pot in series)
3. Dynmanic mechanical measurements.

When a viscoelastic material is subjected to sinusoidally oscil-
lating stresses of small magnitude so tuat the viscoelastic behaviour
of material is linear, the strain will also alternate sinusoidally, but
will be neither exactly in phase with stress (as it would for a perfectly
elastic solid) nor:“VQ out of phase (as it would for a perfectly
viscous liquid) but will %e some where between O and T2, as shown in

Pig. 2.
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Fig.2. a) Relation between ginusocidal stress and strain

(b)  Vector diagram.
This behaviour is represented in equations 1 and 2

e:eo Sint;’t e P e v e e (1)

where ey 1s dynamic strain amplitude and ) is the angular frequency
of vibration, and

f = f_ sin (Dt 4+ &) cesereas (2)
where fy is the amplitude of stress and & is the loss angle

Equation 2 can also be vritten as

f=1f (cos &6 sin Wt + sin & cos ) t) cevensss (2a)
Equation (2a) iﬁplies that the stress in this case can be decomposed
vectorially into two components. One is in phase with strain and the
other?’ /2 out of phase.

Defining E! as the ratio of the component of stress in phase
with strain to the strain (storage modulus) and EM as the ratio of the
component of stress out of phase with strain byT?/Z to the strain (loss

modulus), then

f=e (Bt sinwt + B" coswt) vevess.. (2D)
and E! = B¥ cos & , E" = E* gin & ceorenss (3)
where Eﬁis defined as the ratio of stress amplitude to strain amplitude

i.e., fogeg;



Therefore, B = E 2 + Eﬁ2 ; coeeeeos (4)
and
tand = B" / B!,
vhere tan § is called!the logs tangent 'or'! dissipation factor'and
O is the phase angle between stress and strain (Fig. 2b)
Introducing the operator i, equation (4) may be written as
/ B* / = |' + iEY, where / E* / represents the absolute value

of the complex number (B! + il"),

The dyaomic mechanical measurements at any given frequency thus
provide two independent quantities, the storage modulus and loss modulus.
The modulus, however, may be a shear, a Ycung's (bending or tensile),
or a bulk modulus depending upon experimental equipment. The dissipétion
factor is a very useful parameter (dimcnsionless) and is proportional
to the ratio of energy diséipated per cycle to the maximum potential
energy stored during each cycle. These properties are very sensitive
to phsse transitions, crystallinity, cross-linking, phase separation and
molecul ar agyregation and nmary other features of molecular structure of
nolymer chains and the morphology of the bulk materisls. In the study
cf the structure of high polymers, as mentioned earlier, the rnost far
reaching technigues in current use are thosc o dynamic mechanical testing,
infra~-red spectroscopy, and nuclear magnetic resonance (NMR) soectroscopy.
These techniques, particularly when studied cojointly over a wid@-ﬁgmperét

range, ave capable of giving some insight into the probable behaviour of



the amorphous components in polymers.,

However, in order to exploit the full potentialities of dynamic
mechanical tests alone, measurements should be made over a wide range
of temperatures and frequencies and probably humidities as well. Since
no gingle instrument can possibly cover a range of frequcncies say
10"5 to 104 cps8., . many types of instruments have been used by various
research vorkers. These instruments for fibres, yarns, and films range
from the less sophisticated torsion pendulum to the more sophisticated
pulse propagation technique involving the use of an expensive and
elaborate electronic equipment. Nevertheless, much useful information
nay be obtained in a short time by measuring the dynamic nechanical
properties at a fixed frequency and over a wide range of temperature
and/or humidityes. With this object in mind the vresent investipation
of fibres was carried out on two instrumenﬁy} one capable of measuring
the dynamic bending properties of dry {ibres over a range of temperatures
at frequencies between 50 - 400 ops, and the other capable of measuring
the dynamic tensile properties of fibres over a range of temperatures

and/or humidityes at a frequency of 20 cps.

Before dealing withi the actual experimental »rocedure involved in
the present investigations, it may be useful to discuss some hasic theorie

of mechanical propertics and review the relovant literature thereon,
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4, Chemical bonding : Molecular motion : Segmental rclaxation s
Inergy dispersion.

The theories presented in this chapter are based on those proposed

3 4 2

. 2
by some of the research workers like Gordon , Ferry , Buechey

90

, Wielson

@podman7, TobolskyG, Yasaka Wadae, and Treloar

- The mobility of a polymer chain is the collective mobilities of
its individual bonds. The bonds can be visualized as tiny flexible
stecl springs between pairs of atoms, springs vhich vibrate, and when
vibrated too strongly nay strain to breakingy point, moreover, the springs
rotate about their axes and bend and waggle. The vibrating and
bending motions are known to occur with frequencies of about lﬂll or SO
revolutions per second. These modes interact with and abéorb the
energy of electromagnetic vibrations in the infra-red and far infra-red

regions and spectral studies provide the key to their understanding.

Howevcr, rotation about the bonds in the back bone of a high

polymer is the most important mode of moleculer motion in determining
ohysical and mechanical properties of polymers. According to the recent
theory. of rotation and rotational isomerism, all bond rotations have to
overcome cerbaln energy barriers opposing their course, even the so calleéd
free-rotations postulated in organic chemistry, Belov a certain tenpor-
sture, “depending on the height of tho energy barrier, complete rotation
is 'frozen out! of molecular mecchanics and only torsional vibrationsbetween

insuperable barriers remain in the bond under consideration.




Compounds containing C = C bonds give rise to cis and trans isomers

which are stable at ordinary temperature because of the hisgh energy
barrier required to over come the anti-rotation barrier inherent in the
electronic structure of C = C bonds. The low barriers in the rotation
about single C - ¢ bonds usually only become effcective at liquid aixr
temperature in preventing rotations, so that isoners cannot be isolated
at normal temperatures. However, with reinforcement of the barrier by
steric hinderancc to rotation by suitable substitution wi$h big groupings
enablescompounds to be resolved into isomers stable at room tempcrature.
Superimposed on the electronic structure and the steric hinderance
harriers, a third kind of barricr in tthform of dipole forces is also
effective. The rate at which such a process takes place (X) in
isolated molecules is rcleted to the absolute temperature by the
Arrhenius equation.

K - e~ B/RT e (5)

where K = energy of activation

A = a constant

il

R = gas constant.

Because of the shape of the exponentirl function, equation (5)
does, of course, predict thot there is a considerable range of
temperature over which rotation becomes progressively more pronounced,

rather than a sharp critical tempcerature at which it sets in suddenly.
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Yhile this is true of gases, in condensed phases (1iquids and or solids).
however, sharp transitions are encountered. This is because in ligquids

and or solids the molecules are packed close togethcr and therefore affect

.

each others rotational barriers.

The foregoing account of rotational transition in ordinary small
molecules, though very brief, makes it clear thet such transitions will
occur when high polymers are hcated to melt (in the case of melting
polymers) or vice versa. These transitions include crystal melting,
first order crystallinc transitions, glass trinsitions and secondary
glass transitions. The propertics of poly crystalline materials must
obviously be determined by the structure as a whole (of both crystalline
and non-crystalline components). Houover, there are certain features
of the mechanical behaviour that are influenced mainly by the non -

crystalline components. It i1s accepted that because the chainsg, in

the amorphous polymers or in the non-crystalline parts of crystalline
pelymers, are less coustreinced than those in a close packed lattice,

they are more readily ablce to undorgo local vibrationsl and rotational
movements with correspondiny configurational changes. Therefore, such
movenents will readily occur when fibres are subjected to mechanical
stresses. For each msterinl there is a characteristic short region
of temperaturc above which the amorphous substancc is ductile but bclowr wh:
it has a substantially glassy charactery this region is termed the second-

order (or glass) transition tomperature, T, » and it is found to occur

2



110

for most common synthetic fibres somewhere between -40O and 1500 C
varying somewhat in each case with the diagnostic method used and the
degree of crystallinity and orientation already prescnt. It has been
fre
generally assumed thnt,transition temperature ng'm@resents a point
above which significont local segmental motions become possible, and
this view is sup orted by prowing evidence from NMR investigations,
which provide a neans of following changes in the position of bonded
hydrogcen atoms. On the other hand, molecular motion of a lover
order called secondary slass transitions nre perceptible in certain
wolyners even down to —18063. The interpretation of these changces
is the central problem of much of the research on the amorphous regions.
The smaller moleculnr motions detectoed by MMR at very low temperatures
are being ascribed to oscillations or partial rotations of certain small
groups in the amorphous regions, these motions becoming complete only

at higher temperaturcs.

Transitions duc to moleculer motion in the non-crystalline regions
atre also observed for many natural fibres like cellulose, wool, and
silk. Just vhich segments or parts of segments thet are responsible

for such transitions, hovcver, is at present far {rom clecr.

The natural relaxation rates at any given temperature assooiated
with deformations in a volymer involving segmental motiong in the non-

crystallince resions, lead to svecial rate~dependent effeonts.




12.

This occurs when the applied forces are large enough to cause
deformation faster than those which can be accommodated by the natural
relaxation rate of segments. This is explained by the fact that
dynamic moduli exceed the static ones. The effect of rate of loading
at small deformations on physical properties can be conveniently studied
by imposing sinusoidal vibrations of various frequencies on the specimen.
, fﬂc..
At cach tomperature therc is then a resonant frequency, ot which/imposed
the frequency matches the average time taken by o segmental jump. In
dynamic mechanical testing when the applied frequency matches the
average segmental relaxation rate of the polymer chains, maximu:
absorption of energy tekes place. Such energy absorption injglass
transition region results in tan & rising to a peak. The foss maximum
pealk 1s obtainable either as the temperature is varied at fixed
frequency {segmental Trequency variable, applied frequency fixed), or
a8 the frequency is varied at constant temperature (apnlied frequency
variable, segmental frequency fixed) Fig.3% illustrates this with typical

tenperature and frequency scales.

The dynamic elastic moduli rise from a low value in the rubbery
state to a high velue in the glassy state, either as the frequency is
raised or as the temperature is lowered. In the zl..ss transition

'y

region the rate of chanmre of moduli is o maximum.

Similar cnergy dispersions due to sccondary glass transitions are

perceptible at lower temperatures or higher frequencies.
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It is apparent from Fig.3, that the temperature at which a loss
maximum appears will shift with frequency or vice versa. Nielsonljr
has calculated the shift in temperature of maximum danping for a decade
change in frequency, as a function of energy of activation. His values
show that the higher the energy of activation or the lower the reference
temperature, the smaller is the temperature shift in the damping peak.
Nielgon's calculated values are in general agrecment with the existing
cxperimental data on mechanical dispersion of gemi-crystalline polymers
o b w8 _ .
compiled by Yasaka Wada . In thc glass transition regions where the
energy of activation is generally high, most common polymers have a shift
. o o .
of about 7 - 87°C for a dccade change in the frequency. The sccondary

peaks have o smaller eneryy of activation and correspondingly larger

shifts occur in the temperature maximum with change in freguency.

TYPICAL TEMPERATURE SCALE IN °C AY SOME FIXED FREQUENCY
60 70 80 90 100 to iZlG 150
[ i l} I 1
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Fig.3. Relaxation behaviour of polymers (schematic)®.

Curve A, energy loss. Curve B, Young's modulus..Both curves are
functions of temperature (upper scale) or frequency( lower scale),
The vertical line denotes the dynamic glass-to-rubber transition.
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5.Criteria for Primary and Secondary Dispersions,

The primary dispersion or dispersion due to glass transition

being caused by movements of large sections of chain molecules in the
_amorphous phase, may be expected to follow the following criteria
proposed by Yasaka WadaS.

(1) The loss peak height should increase with increase in the
fraction of the amorphous phase.

(2) The activation energy should be relatively large, say several
tensKCd./'mole as estimated from that of perfectly amorphous polymers,

owing to the large unit of motion.

(3) The thermal expansion curve should have a point of discontinuity
in slope (Tg) in the viecinity of the loss peak temperature at very low
frequencics.

(4) Tg should be roughly two-thirds of the crystalline melting
point Tm , when measured in absolute temperature scale. This relation-
ship, however, is only an emperical one, but has been confirmed for

many substances exhibiting the glass transition.

The mechanism of the secondary dispersion has not yet been fully
understood. Howover, many research workers attribute the secondary
dispersion of a specific polymer to the rotation of a specific group
of atoms in a chain molecule. Tentatively, it is at least valid to
say that the secondary dispersion comes from local motion of segments

in the amorphous phase, and the dispersion mry be expected to cbey the
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following criteria.

(5) The loss peak should increase with increase in the relative
amount of the amorphous phase.

(6) The dispersion should be observed at lower temperatures than
the primary one.

(7) The activation energy should be smaller than that of the

primary dispersion, roughly estimated as tenlﬁﬁﬂ./mole or S0.

It is now generally rgreed that gsemi~crystalline polymers exhibit
a more complex dynanmic mechanical behaviour than was formerly believed.
Since the facts reveal a very wide region of temperature, extending over
a range of at least 16ﬁOC, and frequently as much a8 BOOOC, in which
relaxation process accompanied by changes in elastic moduli occur, it
may be interesting to mention a rather extreme point of view of Treloar9.
e feols "particularly when two or more distinct relaxation processes
can be resclved, the question of which, if any, of the observed processes
should be regarded as the glass transition becomes arbitrary, if not
meaningless. Wiﬂbournlo has worked on the basis that the glass
transition is the process corresponding to the onset of mobility of the
nain polymer chain., Such a definition, puts the onus on the inter-
pretation of the observed properties rather than the properties theme-
selveg, and leads, on Wilbourn's own admission, to many difficultiesa
He further goes on to say thet "From a purely phenomenclogical stond

point, no absolute criteria for discriminsating between observed
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transitions is possible, and it appears to the writer (Treloar) that

the concept of glass transivion, though valuable as a help in interpreting
the gencral pattern of bchaviour, is not nececsarily applicable to the
detailed fine structure of the relaxation spectrum, and provides no

information that is not slready available in the experimental data'.
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LITERATURE SURVEY

The field of dynamic mechanicel testing of »olymers is fairly new,
but it has been considered to be one of the most important technigques

from both practical and scientific stand pointg.

Since the effect of tomperature and/or humidity on dynamic bending
and tensile properties has bcen the subject of study in the present
investigation, 1t may be useful to review briefly the work of some of
the research workers on this subject.

1. Dynamic bending properties.

Peircell was the first to usc a free vibration method to neasure
the flexural rigidity of cotton fibres through Searle's double pendulum

technique.

i2 . . . .

Warburton = obtained higher values of bending modulus of horn Feratin
in absorption than in desorption over a range of O to 50% regain. He
also observed that the variation of bending modulus with regain was very

: . : 13

nuch greater than that of tensile modulus as observed by Woods but
comparcd favourably with the variation of torsional rigidity as measured
1 L2
by Speakman 4

15 .
Lochner 7 observed that for wool and cellulose acetate fibres under
forced vibration in o vacuum, the damping capacity in bending was higher

than that in torsion.

The dynamic bending modulus and damping capacity of wool, untreated,
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. . . . . 16
acid carbonised, and carbonised and naturalised were measured by Lincoln’,

Van Wyk17

established that the dynamic bending modulus of wool,
mohair and human hair reduced to o third of their values, from dryness
to saturation. The shape of the curve relating bending modulus to
absorbed water was found fo be similar to that of torsional rigidity.
He reports thet duc to fibre swelling the stiffness of the fibres was

reduced by approximately one half of the extent to which the bending

modulus was reduced on the absorption of vater,

Horio et a118 ohserved that o direct linear relationship existed
between the dynamic bending modulus and the orientation of the fibre as
measured by double refraction. The 1l99s tangent also increased
linearly with orientation at low freguencies but became independent of
orientation above 9 cps. This was ascribed to the increase in number
of secondary bonds with orientation. At low frequencies these bonds
cause internal friction, but at high frequencies they behave ag fixed

pointe due to their inability to respond to rapid changes.

19

Horio and Onogi™

0

using forced vibration technique obtained a value
of 3.3 161 dyn/cm2 for the bending riodulus of cellulose acetate filaments,
It was also noted that the modulus was independent of frequency over a range
of 45 to 11,000 cps.

The influence of air damping on resonant frequency wvas calculated

) '
vith the help of equations deduced by Stokes“o, by Karrholn andehr6d9r2}
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Experimertal verification was performed on model circular viscose rayon
using cantilever vibration method. It was shown that Young'!s modulus
by bending was 1.5 times that by stretching. Values of thc moduli for
wool, nylon and human hair were obtained. They obgerved two rescnant
frequencies around the principké axfs of inertia in the case of the
elliptical hairs and the ratios of these frequencies werce equal to the
‘ratios of the axes of the ellipse. In another paper K':g.rrrholm22
revorts the dynamic bendinz nodulus for viscose rayon filaments with
different amounts of formaldehyde content. A moxinun value of the
nodulus was observed ot about 5% fixed formaldehydc content. Her

results indicated that below 5%, the number of cross-links increased

steadily, where as above 5% the length of the cross-~link was greater.

Z

Okajima and Suzuki2) used a vibrating reed method to mecasure the
bending rmodulus of viscose rayon. The mean resonant frequency of four
readings taken at right angles to one another was used to calculate the
bending modulus. The four resonant freguencies obtained st right angles
to one cnother were, of course, dependent on the shape of the fibre

cross scction.

Schr%der24 has descrited a simple mechanical device to determine
the dynarmic bending stiffness of single fibres. Tyre cord rayon vas
found to be less stiff than cotton fibres used in tyre cords. lHowever,
due to~inherent characteristics of cotton the stiffmess values showed

a larger scatter.
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Wakelin25 has reported that the dynamic bending modulus incregsed
by a factor of 3.5 for nylon 66 moncfilaments and 5.8 for Dacron mono~
filaments for a one to six increase in the draw ratio. At the same
draw ratios, thc gquasi-static tensile modulus was generally lower than
the dynamic bending modulus, the difference being greater for nylon 66
than for Dacron and being morc pronounced at the low draw ratios,

This has been attributed to the effect of stress relaxation. For a
homogeneous isotropic material with a Poisson's ratio of 6,5., the

ratio of the Young's modulus to three times the shear modulus should be
unity. However, this retio was found to be about 3 for nylon 66 and
greater than 5 for Dacron at a draw ratio of 6. These results, along
with those obtained at lower draw ratios, indicate that both filaments

bhecane progressively more anisotropic with drawing.

Marlow26 found the dynamic bending modulus of nylon 66 monofilaments
to increase linearly with increasing draw ratio. His values obtained
at 2u -~ 2000 cps were slightly lower than the dynamic tensile modulus
obtained at 0.1 cps by Adams'zT: This considerable measure of

agreement is considered as indicative of the equality of the moduli of

compression and extension in bending.

a
Kawaguchiz8 using[vibrating reed method has studied the dynamic
/8
rnechanical behaviour of dry undrawn monfilaments offnumber of nolyamides,
over a temperature range —14OOG to 200°C at atout 100 cps. He obscrved

four dispersion regions characterised by loss peaks at _1200, H4OO,+9OOC
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and near the melting temperature. It is believed that the high
temperature X peak reflects the onset of chain mobility accompanying
the crystalline melting process, and the c&ﬂpeak occu#gng at about

9000 ig ascribed to the motion of large chain segments caused by the
breaking of inter-molecular bridging in the amrrphous regions. Since
the properties of the proton groups in the molecular chain have been
found to influence the B dispersion at ~4OOC, it is attributed to the
segrnental motion involving non-hydrogen bonded amide groums. The y
peak at ~120°¢ is attribuied to the onset of co-operative movement of

CH2 groups.

The mechanical digpnrcisn of va?;ous polyamides has been most
fully investigated by Woedward, Griﬁsman and Sauer29o All their
experiments were carried out on rods of zbout 12 cm length and 0.6
cm diameter using a modified transverse beam apparatus. In earlier
studies carried out over —19300 to about 25700 range ?Q all the polya~
mide samnles investigated were found to exhibit three damping peaks
around -103°¢, -23°¢ and 77°%C (¥, £ and of peaks respectively) and at
the highest temperﬁature an upswing in the mechanical loss or damping
was also observed. These changes were accompanied by decreases in
the dynamic modulus going from lower to higher temperatures. However,
in a later investigationBl they demonstrated that thorough drying of
polyhexamethylene adipamide at elevated temperatures under vacuum caused
the/? peak in the ~2500 region to disappear, implying that the water

contents of some of the samples previously studied were ill-defined.
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However, their recent investigations™ were carried out on five
volyamides at resonant freguencies ranging from 100-2000 cps at

temperatures in the -17500 to 17706 region. Speciments of polyhexame~
thylene adipamide conteining 0, 0.9, 3.3 and 6.4 wﬁ% water were also studiec
and they found with increasing water content, the ¥ loss peak and assoc-
iated modulusg dispersion at m]OBOC in dry material decreased, the ¢« loss
peak and modulus dispersion at 97°C in dry material shifted to lower
temperatures reaching a value of 700 for'6.4% water, a third damping
peak @ appeared at ~330 to -28°C and the modulus in the ~1230 to —2300
region incressed while above and below this the reverse wasg true. A

polyhexamethylene adipamide specimen containing 10.5 wﬁ% methanol exhibited

only one broad peak at about ~18° to -1300.
The molecular interpretation given to these results is as follows:

The prinoipd@,mechanical loss peak and associated modulus change

in the 270 to 9700 region for polyamides has been attributed to segmental
motions in the amorphous regions as a consequence of the breaking up of
hydrogen bonds (or polar forces of attraction) between chains. It is
believed that their results for the series of polyhexamethylene adipamide
specimengs containing verious amounts of water is in agreement with this
interpretation. This view is also further supvorted from their
investigations that replacing the protons on the amide groups with

relatively non-~polar substituents, such as methyl groups from methanol,
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disrupts and or decreases the interchain bonding and thus lowers the
transition temperature. The damping peak in the ~3BOC region for
2 polyhexamethylenc adipamide specimen containing water has been at-
tributed to sesmental motions in the amorphous regions involving the

co~operation of methylene groups and non-hydrogen bonded amide links.

The domplete disappearance of thep peak in the heat treated dry
specimen has been attributed to an increase in ordering and hydrogen
bridging in the amorphous region.

The ¥ peak and modulus dispersion in the —1080 to »lOBOC region

has becn explained as due to segmental motion in the amorphous rezions

%2

of a small number of methylene groups between amide groups. In the
e

specimens containing water the decrease in]f‘peak is thought to be due

to interference of cthe water molecules with the moving hydrocarbon

gegments. It is also interesting to learn from their results that

increase in water content in poly hexanethylene adipamide apjiears to

incrnase the rigidity of the polymer chains in the —1250 to ~2§OC range.

32

Kgwaguchi” ™ has measured the dynamic mechanical properties of

A
polyethylene tereﬁthalaﬁe as a funtion of temvcrature at -70O to +15000
at 100-200 cps, ~ using a cantilever wvibration method. He obhserved two
transition regions, one around 90O to 120°C and the other around ~4OUC.

With increasing degree of crystallinity and orientation the transition

peak at 9000 shifted to a higher temperature, vhere as the transition
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peak at ~4OOC showed a tendency to shift toward lower {emperature.

Also with increasing degree of crystallinity the temperature dependency
of elastic modulus at room temperature and the valuce of the loss maxima
at ~4OOC decreased. With changes in water content of the material
the height of the low temperature peak increased, but the temperature

at which the maximum occurfed remained unchanged.

33

Kline and Sauer”” using rod like speciments of polyethlene terephk-
thalate (PET, density 1.%86 g/em , crystallinity 52%) studied the
effect of radiation and moisture on dynamic mechanical properties in
the range of temperature ml930 to 25700 and frequency range from 100
to 1300 cycles/sec. For un-irradiated  ET as received three principad
dispersion regions have been reported; a low temperature damping peak
nesr —3500, a loss peak near 1O7OC and above 20700 the damping again
wag found to rise as the region of crystalline melting was approached.
L corresponding dArop and or inflection was noted in elastic modulus
for each of these temperature regions. When the water content of the
specimen as received (N.3%) wus reduced they observed an increase
(slightly) in height of the low temperature damping and possibly a
shift to a slightly higher temperature of the peal. The main peak
near 1O7OC, however, changed little if any in size. The final

transition in the ternperature region of 1?70 to 20700 showed a slight

shift in both damping and modulus data to still higher temperature,

probably as a consequence of increased crystallinity.
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When the water content of the sample was increased to more than
0.8% beyond the dried WaterAcontent value, the low temperature peak
( —2500) increased some what in value from that of the unconditioned
sample. They also observed that the primary damping peak shifted
noticeably to a lower temperature with added water and the area under
the peak also decreased. The inflection point in the modulus curve,
which appeared at a higher temperature forfgried sample, as compared

with the unconditioned sample now appeared at a lower temperature con-

gistant with the shift in the damping peak,

Comparing their findings with those of Ward54 and Thompson35 they
conclude that the damping peak near 10700 is associated with the motion
of large number of segments in the amorphous regions, probably involving
at least the phenylene carboxyl bond in addition to the glycol residue.

Since Reddish36

has also noted in his dielectric measurements that this

peak shifts to lower temperatures with added water content it is thought
to be analoé&s to the ghift in the glass~rubber transition peak of nylon
66 with added water and or other small molecules. In nylon 66 however,

the temperature shift is greater and this probably is thought to be due

to greater amount of watcr that nylon absorbs under similar conditions.

Dutch, Hoff and Reddish37 have made o comprehensive study of the
dynamic mechanical and dielectric properties of acrylic polymers (poly
methyl metha-acrylate, poly methyl ~oL~chloroacrylate) and find these

two properties to be intringically correlated.
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They have proposed the hypothesis that each of several mechanical and !
dielectric dispersion regions found in a given polymer is associated
with a definable stiuctural feature, i.e., a group of atoms in the
polymer, such that each group gives rise to a mechanical dispersion
and, if polar, also to a dielectric dispersion in the same temperature
and frequency rangej; 1t should also be possible to trace the same
dispersion from one polymer to another, provided they all contain the

same group.

¢

Hoff, Robinson and Wiybourn

38

carried out further investigations

onl dynamic mechanical properties of a scries of polymethacrylics and
polychloroacrylig over a wide temperature range at about 200 cps using oo
cantilver vibration method. The main softening region is shown to

be influenced by the presence of polar atoms in both the main and side
chains and by spvatial size and flexibility of the side chains.

The secondary dispersion ocouiﬁng Just below the main softening region
1s shown to be associsted with rearrangements of the polar ~C0,0-

groups in the side chains. Some nevelow temperature transitions
revorted, one of which at ~BOOC is characteristic only of poly~cyclohexyl
methacrylate and polycyclo~hexyl-chloroacrylate and they attribute it

to intramclecular flexibility within the cyclo-hexyl ring.

Another process is reported to occur at about -15000 for those polymers

whose side chain alkyl components possess sufficient flexibility to

enablc them t take up more than one spatial configuration. Such
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flexibility is shown to be characteristic of the n~propyl,n-butyl,
sec~butyl esters in both series and of the B-~chinroethyl, ncopentyl

carbinyl, and stearly esters in the poly methacrylic series.

39

Sauer et al subjected rod loke specimens of corystalline and
amorphous polypropylene to transverse vibrations and measured the
dynamic mechanical properties from ~100°C to near melting point. Three
dispersions were observed -~ a high temperature transition associated
with large scale motion of polymer chains, -~ a room temperature trangi-
tion associated with primary glass transition of the amorphous phase

of the polymer, and a low temperaturce transition attributed to the
onget of small scale chain motion in the amorphous regions. The low
temperature transition occurred at about ~50°C in amorphous polypropylene
compared with -110°C in polyethylene. This difference is attributed
to the hinderance of main chnin rotation caused by the presence of a

methyl group on alternatc carbon atom in polypropylene.

40

Meredith and Hsu' have gtudiced dynamic bending properties over

a8 range of temperature from —7OOC to +17OOC of singlc textile filaments
of nylon 66, Berylene, Orlon and viscose rayon in dry state under vacuun
using an electrostatic mcthod. They observed maximum loss modulus at
—BOOC, +11500 for nylon 66, at ~60°¢ +l5500 for Terylene, at TOOC and

110°¢C for Orlon and ~20°C znd QOOC for viscose rayon. Applying the rate

process theory to these transition regions they have calculated the
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activation energies. They conclude that the value of activation
o
2nergies they have obtained support their interpretation tha%/low
fha
temperaturc transition is associated with segmental motion and/high

temperature transition involves breasking of secondary bonds, e.g.

hydrogen bonds in nylon 66,

2. Dynamic Tensile and Torsional properties.

41

Meyexr and Lotmar subjected some natural fibres to forced
longitudanal vibrations by an ac¢0ustio method, At high frequencies
they report that the dynamic young's modulus of linen, ramie and

hemp increased slightly with increasin; static tension.

Tipton42

neasured the dynamic meduli of several yarns and mono -
filaments under standard laboratory conditions and various static and
dynamic strains. {e renorts that the modulus generally increased
with static strain and decreased with dynamic strain. The increase
of dynamic modulus with increasing static strain in monofilaments, is
attributed to increased moleculaxr orientation. At very small static
strains, Tipton observed small initial drops in modulus and attributed
these to increase in moisture regain which occur on straining a yarn.
Highly twisted yarns, however, did not exhibit a Jrop in modulus, but an
increase and this was attributed to lateral compression of fibres and

a resultant lowering of regain. Tlhic decrease in modulus with

increasing dynamic strain is thought to-be due to the fact that the
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forces of contact between adjacent fibres in a yarn increase and tend
to cause movement and slippage amongst a greater rumber of fibres.

45

Palandri '™ using forced longitudinal vibration, found that the
dynamic young's modulus of yarns made from long fibres, was independent
of dynamic strain amplitude and of frequency above 100 cps in the range

20 to 2U0 cps. In yarns made from short fibres the dynamic Young'!s

modulus was found to decrease with increasing dynamic strain amplitude.

The dynamic elastic modull of cellulose fibres and rayons were
measured as a function of extension by de Vries44 at 69% RH and QUOC,
the modulus remained fairly constant up to a certain critical extension
and this varied as to whether viscose, acetate or rayon was under exami-
nation. Beyond the critical extension the modulus increased for all
materials but the rate of incresse depended again on the material under
test. He found that the decrease in compliance ( l/modulus) was
proportional to the increase in the natural strain. His results
suggested a correlation between the dynamic modulus and the chain molecule
orientation. | de Vries45 further established a relationship between
dynamic elastic modulus and birefringence of viscose] agetate and cup-
rammonium rayons. He reports that beyond a certain yield value of extensi
the modulus was equivalent to the birefringence as a measure of the

orisentation of the filament.

Hamburger46 found that for viscose rayon, cellulose acetate and nylon
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yvarns, the dynamic Young's modulus increased with static strain only

beyond the yield point.

Fujino et a147 measured the viscoelastic properties of viscose,
acetate and cuprammonium rayons, silk and nylons under a static tension
of 0.4 gm per denier and dynamic strain amplitude of less than 3% using
several longitudinal vibration methods to cover a freguency range of
several decades. Iin general they found that the storage modulus was
constant over the frequency range 2 = 10_1 up to 2 x 105 cps and
increased slightly in the supersonic range.  The loss modulus,however,
increased at both ends of the frequency range. They concluded that
for textile fibres the anomalons dispersion is not as great as that of

various rubber like materials in the same frequency range.

48

Kawail and Tokita' measured the dynamic Young's modulus of silk at
8°¢ and it % r.h. over a freguency range of 2 to 14 x 102 cps and found
- 10 2 !
the modulus of 9.8 x 1C dyn/cm remained constant.

Dunell and Dillon49

measured the dynamic modulus and energy losses

of single fibres of viscose and acetate rayons, silik, feather keratin

and nylon using a forced leagitudinal method. They found that stcrage
and loss meduli were independent of- frequency in the range 1 to 100 cps

and the measured values of energy dissipated per cycle were proportional to

lthe square of the dynamic amplitude in accordance with theoretical pre~

dicticn.
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Lyons 50 noted that for cotton and viscose rayon cords, the loss
modulus was not independent of large dynamic strain amplitude.
Between 65 to 360 cps at a dynamic strain amplitude of 0.3%. the
dynamic modulus was independent of frequency. The dynamic Young's

modulus was, however, found to decrease with increasing dynamic strain

amplitude.

Chaikin and Chamberlain’’ found that the dynamic elastic modulus

at 100 Kecps was four times as great for viscose rayon and Tenasco and
about two and a half times as great for wool, human hair and nylcn,as
the static modulus. Higher values at higher rates of strain were
atrributed to the fact that weak secondary onds had no time to break
and the stress was transferred directly to the main chain, while at
lower rates of strain the mechanism of déformation is the unfolding of
mclecular chain in the non-crystalline regions, which involves the
rotation c¢f segments of the chains around single bonds having barriers of
low energy of activat on at slow rates of deformations the secondary bondse
broke under applied stress. They also observed that by raising the
r.h. from 25 to 65% at room temperature there was a significant decrease
in Young's modulus of viscose rayon and human hair, while in nylon the

decreasc was smaller,

2 . . . . . .
Asmussen and Andersen5 using longitudinal vibrations on cellulouic

fibres found that the dynamic Young's modulns was higher than the static

modulus. From their investigations they report that humidity has a
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lesser effect on the dynamic than on the static modulus.

53

Andersen observed that the dynamic Young'!'s modulus of viscose rayon
and cotton in the frequency range of 25 to 40 cps was much less affected
by changing relative humidity that the static modulus. By increasing
the static strain the modulus of cotton was affected by humidity, while
rayon was unaffected. Increasing temperature caused a fall of both

the static and dynamic moduli of rayon. Poxr cotton however, only

the static modulus was found to increase.

54

Ballou and Silverman”' used a sound velocity method for determining
the tensile meduli of viscose and acctate rayon,nylon and other yarms at
frequencies of 10 Kcps. They report for viscose rayon a decrease in
modulus with increasing humidity and temperature. Finishes in feneral
had little effect. However, boiling in socap solution tended tc lower

the modulus.

55

Dunell and Price”’” report that the curves of dynamic Young's modulus

and loss factor against temperature for viscose rayon are nearly similar
ohie

in shape to those for|high polymers. Percentage increase in modulus

and changes in energy loss factor for viscose rayon were much smaller.

flynamic Young's modulus increased by 40% ags the temperature was lowered

from O to ~8000, and a well defined energy loss maximum was observed at

m4OOC. This was ascribed to the wotation of CH,OH side chains which did

2

not involve breaking of hydrogen bonds.
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Tokita56 reports a mechanical dispersion peak in dry viscose
rayon at 80°¢. At 65% RH, hovever, the dispersion was found to occur
at 6500 and the energy of activation for the segmental motion in the
amorphous parts was found to be about 190 Kcal/mole, The water molecules
absorbed in[}ibrous structure are supposed to be playing the role of a
plasticizer. He observed no loss maxima for viscose rayon in the
firequency range 0.047 cps to 100 Keps. He also reports that the
mechanical behaviour of viscose rayon is not affected much by the

degree of crystallinity (70-~75%).

Russel and van Kerpe157 used a torsion pendulum technigque to
determine the dynamic rigidity modulus and damping of cellulose sgcetate
and cellulose ftriacetate. Damping peak and associated modulus changes
were observed at 175°C and ~48°C for triacetate and 195°C and ~55 % fer

s=condary acetate.

Tha
Tne effect of azetyl content on[high temperature transition was

58

studied by Nakamura” and his results were in agreement with the findings
of Russel and van Kerpel that the transition temperature decreased with
increagsing acetyl content. At audio frequencies Nakamura also found
a mechanical loss peak at 6OOC for cellulose triacetate and he considered
this peak to correspond with the BOOC transition reported in the dilato-
metric measurements. However, he observed no peak in the secondary

acetate curve which could be correlated with the 5500 trangition observed

in the dilatometric methods.
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Tekita and Kanamura”” studied the effect of cross-linking on the
dynamic prcperties of viscose rayon and cellulose acetate at 6€% r.h,
They report that when the cross-linking agents are long chain molecules,

the intermwlecular spaces in cellulose ar: widened and the dipole inter-
action of the strong polar hydroxyl groups between molecules are partly
relieved and a small amount of cross-linking agent is sufficient to

cause a decrease in the dynamic Young's modulus, loss tangent and

apparent energy of activation for the dispersion region.

Using a torsional pendulum, Mackay and Downes6o made measure-
ments on the dynamic modulus of rigidity of wool fibres during the process
of sorbing and desorbing, water (from the vapour phase).
They report that when a large increase is made in the relative humidity
gurrounding a wool fibre, its dynamic torsional rigidity goes through
a minimum value considerably less than the final equilibrium value.
This is true for all e®cept very gradual increaseg in humidity. The
temporary reduction in rigidity modulus is attributed to the transient
stresses produced as a result of differential swelling during the pene-~
tration of the water "front" into the fibre and these stresses are berieved

to cause temporary rupture of bonds which contribute to the rigidity.

Ree et a161 working in the frequency range 1.75 to 31.5 cps
observed that the internal friction of Saran was dependent on frequency.
Thev also observed a maximum in the value of internal friction around
14.800. The dynamic and static moduli of Saran wasge found to increase

sharply below 1700.



35,

Smith§62 and co~workers measured the dynamic modulus of Orlon yarn at
different 1ates of strain varying Jrom 1% to 300,000% per minute. ITn
the low range of frequency they observed an increase in the dynamic

modulus and the modulus was constant above 10 Kcps.

Byring e%b a153 subjected pulyamide filaments to forced vibration
over a frequency range of 0.06 to 6 cps and a temperature range of

0 to 6500. The energy loss was found to be independent of frequency
but it decreased exponentially with increasing temperature at constant

frequency.

The effect of crientation on the dynamic Young's and shear moduli
at 66% r.h. was investigated by Adamsz7. The dynamic modulus wag
observed to very linearly with draw ratio above 1.4. The shear

modulus decreased with draw ratio below 4C% r.h, while at relative hunid-

ities above 40% an increase in shear modulus was observed.

Tokita56 in his investigations on nylon 6 under standard laboratory
conditions found that in general, an increase in frequency increased the
dynamic Young!s modulus, and it tended to approach a limiting value above
100 Kcrs. Samplos of dilferent crystaliinity approached nearly the
same value of 2.2 .1@10 dynes/fmz, indicating that the dynamic modulus
at frequencics higher than 100 Keps was independent of the degree of

crystallinity. However, in the frequency range 0.l cps to 100 Kcps

#eincroase in the dynamic modulus with drawirg was considerable, and this
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was attributed to the orientation of crystallites. Fixther, it was
foand that increase of degree of crystallinity and drawing results in
shifting the dispersion region, as a whole, to longer time regions, and
the shapesof the spectra of relaxation times were almost independent of
the degree of crystallinity, while the heights of the peaks reduce with
the degree of mechanical drawing. These facts are atdributed to the

steric rinderance against the segmental motion.

Ogawa et a164 have studied the effect of heat treatment or the
dynamic mechanicael properties of Amilan (a Nylon 6 type pulyamide fibre).
They found heat conditioning for 1 hour at temperatures between 80° ard
1€0°C increases the dynamic Young's modulus and the internal friction
decreases with increasihg temperature of heat treatment.

This was attributed to the increasing degree of crystallinity. For heat
treatment above 160°C the reverse was found to be true, and below 80°¢

the dynamic mechanical properties were unaffected.

Dole et a165 report that the glass transition temperature of nylon
66 and nylen 6 changed from 4700 for the amorphous polymer to above 7500

for the drawn fibre.

Feidino et a166 examined the viscoelastic properties of several
high polymers using lorgitudiaal vibrations. They report that in-
creasing the draw ratio increased the dynamic tensile Young's medulus.

This effect is attributed to latersal bonding between chains in the amorphous
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region3 and not to the develonment of crystallisation,

Kawaguohi67

measured dynamic parameters of nylcn and Terylene
filaments and compared the results with the predicted thenry. The
degree of orientation rather than crystallisa*tion was thought to be fRe
principal factor affecting the mechanical properties. It was proposed
thet the Young's modulus would iacrease to a maximum value of 5 times
that of the isetropic body as the draw ratio was increased. On the
other hana, the torsional modulus would decrease with increasing draw

ratio, the completely oriented amorphous polymer exhibiting zero

torsional modulus.

Thompson andWoods35 have measured the dynamic tensile moduli
A
and mechanical loss factors of polyethylene teregthalate filaments in
different states of orientation and crystallinity between -80°¢ and

5 cps to 104 cps. They have shown that at 1 cps

180°C and froa 10
the main transition temperature peak shifts from 800 to 12500, with
increasing crystallinity, its apparent activation energy meanwhile falls
from 182 Kcal/mole to 97 Kecal/mole, However, a second transition at
about —4000 with an apparent activation ensrgy of 17 Kcal/mole is leas

affected by crystallinity. At ghat tirne of publication, they gave

three possiltle inteirpretations for these transitions:
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‘1) Since the dielectric experiments of Reddish’ suggested
that the dipole obscrved in the low~temperature transition was that
of a terminal~-OH group, it might be inferred that the corresponding

mevchanical process was due to the mobility of chain end~groups, the

upper transition being due to mcbility in the main chain,

(ii) The upper transition in polyethylene tereﬁ%halate may be
due to rotations in the stiff aromaiic part of the chain, while the
lower transition nay be due to rotations in the less rigid alipnatic
part, This need not be inconsistent with the dielectric data, for
this second mode of movement might only be discernible electrically
waere the O groups act as pointers. The principa@»arguments in
favour of c¢his interpretation are firstly, it seems unlikely that the
end-group mobilicy could produce a mechanical less process comparable
- ia wmagnitude with the main upper transition, while it seems more reason-
able to suppose that a secondary force of main chain flexibility could
do so, and secondly, that if rotations in the stiff p~phenylene group
provide hign temperature transition, rotation in the more mobile ethylene
group should, following the ideas of Deutsch, Hoff and Reddish57 give

another transition some where lover down the temperature scale.

(1ii) The p~phenylene link may be rigid, so that all rotations
occur in the alipahatic part of the ohain, Then the lewer transiticon
might indicate the onset of partial rotation, and the upper transition

the onset of fuller rotation. In this scheme eaech transition is
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still welated to a mede of flexibility, but the modes are distinguished
by different extents of freedom in the same boads, rather than by the

on set of rotations in different bonds.

Ward34 studied the molecular structure and the mechanical proper-
ties of a series of polyethylene terephthalate polymers using dynemic
mechanical technique, nuclzaar magnetic resonance spectra, infra-red
spectra and x-ray diffraction. For these polymers three transitions,
«, P a,pd ¥ were nbserved; <& corresponding to the melting point, 5

cﬁmff_’ s . . .
¥ the glass transition. Consgiderstioh of his dynamic loss
results alone were thoaght to suggest that the T‘transition&\(low
temperature) is connected with motions in the aliphatic part of the chain
and the ﬁ transition is connected in some way with the phenylene carboxyl

bond.

From WM results, however, he shows that theYtransition is restricted
to very small inter molecular motions, whereas the /3 transition is
assoclated with consicerable motions of the molecules in the amorphous

regions.

From infra-red data ke has suggested that an additional preferred
configuration of the 0 «~ CH2 - CH2 ~ @ group exists in the amorphous
regions of the polyethylene terephthalate. Since crystallisation
sets in above the p transition he thinks it may be reasonable to imply
that this transition is associated with at least this configurational

change.
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£loo from a detailed x-ray and opbical examination of single
crystals of cyclic triX (ethylene terephthalate) he suggests that in
the cyelic trimer molecules the carboxyl groups are placed in the cis
pogitions with respect to the benzene rings. Thus, configurational

changes may also involve the phenylene carboxyl bond.

Taking into account «ll thecse data, Ward concludes that the ¥
trangition involves some very restricted rotation of the glycol residue
and the f transition a considerable rotation of this residue, also

involving paraphenylene linkages in the amorph~is material.

Nohara68 also has studied dynamic mechanical properties and
nuclear magnetic resonance spectrdn of Terylene, .gylon ard other plastics.
Tn the temperature range —7000 to +200°C he observed that the p~phenylene
group in Terylene was undergoing hindered rotations at about 110°¢ whereas

the two methylene groups still rotated at lewer temperatures.,

Price et al €9 have investigated the dymamic mechanical properties
of nylen, polyethylene and viscose and acetate rayons over a frequency
range of 5 to 50 cps by forced longitudinal vibration method. They
report that the dymamic mudulus increases with decreasing the humidity
from 98% to 28% roh. They report that tne dissipation energy per

cycle, decreased with decreasing reiative humidity,

Quistwater and Dunnell70 measured the dynamic modulus and energy
loss for nylon 66 at 5500 over a wide range of humidity by forced longitudine

vibration method.
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The freguency range covered was about 3 to 30 cps. They observed dis-
persion ¢f mechanical properties with changing humidity, the maximum in
the loss factor, tan §, oocmﬁng at about T70% R.H. TA*3mall variation of
energy dissipation with change in frequency observed was such as to suggest
that the dispersion region extends over a wide frequency range and that
at low humidity an energy loss maximum could be expected at a frequency
below one cycle per second. They propose that increase in the amount
of water absorbed by nylon with increasing relative humidity leads to
plasticization of the fibre and consequent increase in freedom of motion
of chain segments in the amorphous region of the fibre. From the data
of BullYl and Forward72 et al they have calculated moisture regain
values (moles of watcer absorbed per base mcle of nylon ( ~CO (GH2)4

CONH (CH2)6 NH ~ ) and find the maximum energy loss to ocour at about
0,5 mole of water per base mole of nylon. Nylon 66 chains which are
most favourably oriented in crystalline array can form two hydrogen
bonds per base mole of nylon with neighbouring chains. In the amorphous
regiwn, there will be apprecialblyg fewer than two hydrogen bonds per base
mole and Quistwatz2r and Dunnell argue that the 0.5 mole of water absorbed
at maximum energy loss should be more than sufficient to break existung
hydrogen bonds in the amorphous regiors. They however, feel that new
hydrogen borcs could form at points where water has not been absorbed,
and significant increase in the freedom of wotion of chains in the
amorphous area may come only after a substantial fraction of the @arboxyl

and amino groups are associrated with absorbed water molecule.
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Since watzr is known so attack only the amorphous regicns, it can be
reasonably supposed that in the amorphous regions something nearer one than
one~half mole of water per mole of nylon is absorbed at maximum energy
lors, Thererorce, following Schmieder and Wolf73 and Tokit356 they
postulate that the observed energy digsipation in nylon is associated with
the motion of molecular seguents in the amorphous region. As this
motion becomes freer because of the decrease in thz possibility of
hydrogen bonding between chains in the amorphous region with increase

in water absorption, the amount of encrgy dissipated increased with
increasing extent of internal movement. Simul taneously, however, the
force required to produce internal movement decreases with decreasing
chain interaction and sets a maximum on energy dissipation by this
particular mechanism. If the chain interactions are sufficiently
weakened, the energy loss decreased below this maximum, The decrease in
modulus they observed accompanying the above process is consistent with

the idea of chain interaction becoming weaker with absorbed water.

14

The same authors extended their work by measuring the same pro-~
perties at 920 and 6003 over the same humidity and frequency range
(10"4 to 10° cps). The dynamic tensile modulus at 9°C was independent
of frequency  at relative humidities lower than 60% but increased with
increasing frequency at higher humidities. The tensile modulus was

gimilarly affected by frequency : at 6OOC. At this temperature a

well defined meximum in the energy luss was abserved, similar to that
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obtained »reviously av 3500 but at a some-what lowver mciscure content.
This effect, however, is expected cince increase in temperature witl
moisture cortent would facilitate segmental motion to a greater extent
then would increase in moisture content alone. A maximum in the energy

loss (not well defined) was also observed at 900 and 100% r.h,

75

Yoshino and Takayana.:i constructed a mechanical tan & meter of
direct reading type and measured the dynamic mechanical properties of
oriented crystalline polyethylene teraphthalate, isotactic polypropylene
and poly=-acrylonitrile fibres over a range of temperature at 100 cps.
They observed tan & pecks at -5500 and + 14000 for polyethylene tere-
phthalate, and 10500 for poly acrylonitrile fibres., TFor poly-propylene

however, a rise in tan & was observed at 20°C and at about 14000. o

Recently Crissman et 3176 made measurements on dynamic mechanical
properties of varbus wlymers in the —267O to 2700 temperature range
at resonant frequencies of about lO4 cps by using longitudinal vibration
apparatus. The polymers they studied include polyethylene, nylon 66,
three polymethacrylate esters, and five poly-&-olefins and related
polymers. From their observation they conclude that polymethyl-meth
acrylate and polyethyl-methacrylate indicate low temperature relaxation
processes(-267oc and ~221%% respeotively) involving configurational re-
arrangements in the hydrocarbon portion of the ester side group. Their

data provide no evidence for mechanical loss processes associated with
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hindecred rotation of the mair chain methyl groups in the poly-methacrybdate
esters or polypropylene. Very week relaxation processes or loss plateaus
are reported to have been observed in the-ZﬁOOCregion for polypropylene,
polyvinyl chlorice, »oly (d, 1- propylene oxide), poly isobutyl methacrylate
and possibly nylon 66, while for poly-4-methyluentane-1l a sizeable peak is
repoxvted at ~24800. However, they conclude that the mechanisms
respensible for these loss peaks are not yet understood. No relaxation
phenomenon was obscrved beloW'—196OC for either polyethylene or poly-
butene~1. For poly (d, l-propylene oxide) a loss maxima at -196°C

to —15500 is reported, which is associated with probable chain motions

accompanying the methyl reorientation process.

AtsucKonda et a177 hava recently measured dynamic viscoelastic
properties of drawn and heat treated samples of polyethylene terephthalate
fibres,.

From their observations they concludeé that:

(1) The peak temperaturc of tan® does not always increase with
increasing crystallinity (different from *he results of Thomson and

Woods55).

(2) The peak value of loss tangent decreases with increasing
crystallinity but, when the crystal.iinity is larger than about thirty
vercent, the peak-value depends more on the method and temperature of

heat treatment.



45.

(3) The lower the temperature of heat treatment the smaller is
the size of the crystalliites and as a result molecular chains in amorphous
parts owing to restriction by many small crystallities are strained more,
and the effect of straining becomes much more pronounced than the cry-

stallinity itself, especially, when the crystaillinity is large.
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EXPERTMENTAL
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EXPERIMENTAL

1. The Effect of Temperature on Dymamic Bending I'roperties of Dry
FPibres in Vacuo.

(i) Introduction.

A fibre in the form of a cantilever can be forced laterally into
resonance by several methods, e.g. electro-mechanical, electrostatic,
acoustic etc. In the present investigations on the dynamic bending
properties cf dry fibres, in vacuo, over a temperature range of —7OOC
to 18000, an electrostaetic method similar to the one used by Mcredith

40 78

and HSu'~ and Kubie' ™ was adopted. Thz experiments were carried out

in vacuo to avoid the aneccessity for corrections due to air damping.

The besic principle of this method consists of a clamped fibre in
an electrostatic ficld betwzen two electrodes, brought to resonance by
super imposing on the electrodes an alternating ficld of the right
frequency supplied from a variable frequency oscillator. The succass
of this method depcnds on the fibre acquiring full charge from the

electrostatic field.

To determine the dynamic bending modulus and the loss tangent, it
is necessary to know the resonance frequency, the band width and alsc

th2 length, shape frctor and mass of specimen.
(ii) Description of Apparatus and Instruments

From the circuit diagram in Fig.4 it will bc seen, that the fibre
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placed between the two electrodes is raised to a negative potential by
a high tension DC source, and is subJected to an alternating voltage
applied to the electrodes from the Muirhead decade oscillator through

a step up transformer.

The applied DC voltage is not very critical but highcr voltages are
undesirable in vacuo, as they would tend to produce sparks across the
electrodes. In the present experiments 120 volts DC was found suitable
for all fibres. The AC voltage however,depends on the fibre dimznsions.
In general a fully charged fibre recquires 5 to 50 volts to give a reason-
able amplitude of vibration. An electrode spacing of 3 to 4 mm was

found satisfactory for all fibres.

In the dry state at roow tvemperature, synthetic fibres owing to high
electrical resistance are difficult to charge. However, if heated to
about 100°¢C they rick up charge easily and thereafter retain the charge

well at all temperatures.

Under given experimental conditions the resonance frequency increases
with decrease in specimen length, Althouagh, in theory, the upper limit
of freguency is determined by the natuvral frequency of the support
carrying the fibre, in practice it is not possible to attain this limit.
Befomr this limit is reached the fibre will have become too short for
accurate measurements. The lower limit, however, is set by the

amplitude of vibration which decreases with increase in fibre length.
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In the present experiments the frequency range was confined to 50

to 600 cps.

Since the dynamic bending properties of fibres are measured in dry
condition under vacuum, an air tight system carrying the fibre mounting

head and an arrangement to create vacuum in the systzm are necessary.

As idndicated in Fig. 5 the mounting head is a B. 19 ground glass
come carrying the two electrodes, a central rod with a fibre mounting
clip at the end and the two wires of the thermocouple. These are
fitted through appropriate holes made in the cone and are sealed off
with epoxy resin and gset at 166°C, The electrodes are made of brass
foil (2 x 3 mm in area) and are placed 3 to 4 mm apart. The rods

that carry the electrodes are enamelled 18 swg copper wires.

The central rod however, was made of fine cuartz tube which carries
a, fibre mounting clip at one end. The other end of the quartz tabe
fits into the 18 swg copper wire just protruding from the B 19 cone
serving as a connecting lead to the battery. The fibre mounting
¢lip is comnected to this lead by means of a very fine copper wire wound
round the quartz tube. This precaution was taken in order that con-
duction loss through the central rod is negligihle. A 36 swg copper
constantan thermocouple wire, of sufficient length (to minimize conduction
losses), was coiled round the quartz tube and its junction was placed

as cloge t0 the fibre as possible to register the temperature of the
Tibres.




The temperature sensing junction of the thermo couple was wrapped with
a fine polypropylene monofil in order to ensure that the fibre and the
thermocouple junction absorb nearly the same amount of heat radiation

in vacuo.

It was necessary to place the fibre well in the middle of the heating
or cooling tube about 8" lonz, In earlier experiments however, a
faileare to observe this precaution resulted in apparent under estimation
of the temperature recording. This was later found to be duc to high
conduction losses through the wires of the thermocouple and also

probably through the fibre holdex.

The thermocouple used in the experiments was independently calibrated
against steam (100°0) and agesinet sublimation point of solid carbon. dioxide
(~78.5°C)c One Junctioh of the thermocouple was maintained at 0°c
using ice.PThe emf generated by the thermocouple was read on the Pye
scalelamp galvanometer (No.7901/5). Later the temperature calibration
curve for the tenperature range of ~80°C %o 200°C was worked out hy

79

sxtrapolation using standard tables 7.

The refrigerating unit was a Townsen and Mercer minus seventy
thermostat bath. Using solid cerbon dioxide as the cooling agent and
petrol@um ether (B.P, 80° to 100°C) as the heat transfer medium the

temperature was thermostatically controlled from 20°C to m?OOU.

The cooling tube (Fig.6) has a B. 19 ground glass socket at the top
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to take the mounting head. The side vertical arm in the tube connects
the system to a vacuum pump. The fibre was left inside the tube over
PQO5 under vacuum for a sufficiently long time (24 hours) to ensure dry
conditions before immersing the tube in the bath and lowering the
temperature. The temperature of the fibre registered by the thermo-
couple inside the tube was read from the galvanometer. The refrigerator
has a double window through which the vibrating fibre was viewed using

a lownpower microscope. Stroboscopic illumination from a Philips
Stroboscope, PR 9105/02 was used to define the limits of vibration

more clesarly. Driving a stéam of room air at the window ensures

clear viewing of the fibre, by avoiding condensation of moisture on the

window at low temperatures.

For measurements above room temperature a vertical glass tube shown
in Fig. 7 was used. The glass tube was first covered with a layer of
aluminivm foil and asbestos paper and then wound uniforikly with nichrome

Wregpiny

resistance wire. It was further heet insulated bx/successive Jlayers of

asbestos string.

The heating tube wag also fitted with a B.19 ground glass socket at
the top to take the mounting head and a small side axrm near the bottom
to connect it to a vacuum pump. A small flask with P205 was fitted to
the ground glass joint at the bottom end of the tube to engure dry

conditions inside the tube. The aluminium foil was earthed to prevent

accumulation of static charges on the heating tube.



Two opposite windows at the appropriate place on the tube were left
uncovered to enable viewing the fibre through €he microscope and as

before the fibre was stroboscopically illuminated.

Heat was provided to the tube by supplying the coils with the out
put of a full wave rectifier. The temperature of heating was con-
trolled by means of a continuously variable transformer (220 - 250 volts
ac) that fed the rectifier circuit. The use of the rectifier was
to eliminate the possible interference of the heating current with the

alternating voltage used for exciting the fibre.
(iii) Experimental procedure

All fibres used in this investigation unless otherwise méntioned
were condilioned in the heating tube over onq in vacuo, for 10 minutes,

-

at 180°C - 190°C under a small load of 2 mg/deniex.

The fibre, after heat conditioning, was cocled under load (2 mg’
denier) to room terperature. The mounting head was then gently removed
from the heating tube by releasing the vacuum and the fibre was cut
between the electrodes to the required length with a pair of fine scissors.
The mounting head was placed back in the heating tube and the vacuum was
again restored. By heating the fibre again to the required temperature
(50 to 10°C below the heat conditioning temperature), the measurements
of resonance frequency and band width were made at 50 to 10°¢ interval

as the temperature was steadaily lowered t¢ room temperature.
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In this way the cpecimen was cooled to room temperature through the

transition region in about 2 to 2% hours.

At room temperature the mounting head was transferred to the

. for 10 to 12 hours to

cooling tube and left under vacuum over PZOS

ensure dry conditions. Measurements were then made in cold bath
adopting the same procedure as above, while cooling the specimen steadily

to the lowest temperature.

In thegse experiments vacuum was maintained to 0.015 mm of Hg by using

a two stage Bdward's vacuwn pump and measured using a Pirani guage.
(iv) Quantities measured and methods of measuremant.

The quantities measured in these experiments were the resonance
frequency, the band width, and the length and mass per unit length of

the specimen.

Thie resonance frequency is the natural frequency of the fibre when
the amplitude of vibration goes through e maximum and was read directly
from D 890-A Muirhead Wigan decade oscillator. The Muirhead oscillator
is incorporated with a 2 kc¢ crystal oscillator for calibration of the
instrument to a very high degree of precision. The amplitude of
vibration was measured with a micrometer eye piece reading 0.0425mm/
division in a low power microscope ( x10 magnification and 2" objective

1ens§).
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The band width is the difference between the two frequencies that
straddle the resonance frequency where the ampiitude of vibration is
1ﬂf2 or T0% of the maximum. All measurements were made at the

fundamental mode of vibration.

After the temperature experiments were over, the length of the fibre
was measured at 20°C in the cooling tube using a travelling microsgcope

~

reading gt 10 microns,

To determine the weight of the fibre, ituls cut off the holder using
a razor blade andwis weighed on a modified double cantilever balance at
20°¢ and 65% RH. The balance could weigh to 0.035 microgrammes. Since
it wizs not alvays possible to cut the fibre flush to che holder, the
residual length on the holderwis measured tc calculate the actual length

of the fibre that is weighed.

2. The Bffect ¢f Static and Dynamie Strein, Temperature and/or Humidity
on Dynamic Tensile Properties of Fibres from Tyre Cords.

(1) Introduction.

In the dynamic hending experiments on fine fibres in air there is
considerable damping of the lateral vibrations. Karrholm and Schrgder21
have shown that the band width at resonance is affected for fibres of
Adiameter less than 300 - . Meredith and Hsu4o have worked out in
detail the theoretical corrections for air damping. For tine fibres

the magnitude of this corregtion is, however, large.
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In the dynamic tensile experimente, where sinusoidal forces are
applied longitudanally to the fibre, air dampiag has no influence.
Therefore the study of ihe effeect of temperature and humidity on the
dynamic mechanical properties of fibres from tyre cords were made on
a mechanical tan & meter of the direct recording type similar to that

employed by Yoshinc and Takayanagi75n

The principle of their tan & meter is "To fix both ends of the
sample to two strain gauges of unbonded type. One of the strain gauges
is used to transform the sinusoidal displacement into an electrical
quantity proportional to the displacement and the other is transducer of
the generated force. The absolute values of these electrical vectors
represehting force and displacement are adjusted to unity (full scale of

volt meter) and vector reduction is achieved by opposing the out-puts of

the two strain gauges. By this operation the value of tan & can be
directly read off the voltmeter. Regulation of the magnitude of the
A e

difference/vector 18 &n@ﬁka&m$; conveniently by controlling the DC input
of the strain gauges. The dynamic tensile modulus is calculated from
the ratio of the input voltages of the strain gauges vz/vi. When out-~
put voltages are regulated to unity the dynamic tensile modulus

E!' = K (vz/vl), wherc K i1s a constant relating tc the dimensions of

samples and strain gauges",
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(1i) Description of apparatus and instruments.

The arrangements in the tan & meter of the force and displacement
sensing units Tl and T2 respectively, are shown in Fig. 8. Each unit
consists of four unbonded elements A, B, C and D of swg 50, Karma
resistance wires. The wires that are approximately 10 cm long are
silver soldered te brass tabs made from 1/2" length and 1/16" diemeter
bracs tubing. The tabs are soft goldered to binding posts on Tuflon
boards with elements A, B, and C mounted slack. The binding posts
rroject 4" from the Tuflon board to avoid chaffing of the elements against
the board. Wires D are the force and displacement sensing elements

in the two units T], and T2 respectively. The sensing elements D

are mounted in their respective units with 240 sag which gives them a
meohanicai advantage of more than 2. The force or the displacement

to be measured is applied to the respective centres of the elements through
thin glass rods of 1 mm diameter. The tuflon boards are housed
compactly into two boxes made from Perspex to avoid any damage from

external source to the very delicate unbonded elements.

An opening is provided in the centre of the Tuflon board in the unit
Tz’ fo accommodate the electromagnetic transducer (felephone mouthpieoe)
B. The transducer E is mounted on two bolts F to an angled brass
metal which is fixed to the Tuflon board by means of screws. The bolts
F are provided with rubber washers to damp the vibrations from the frane

of the transducer.
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]

A gless rod G, 4 cm long bent in the form of g coil in the centre for
threading the element D is fixed vertically with Durofix to the centre

of the diaphgram, and the top end of the glass rod bent in the form of

a hook, is used for mounting the fibre. Required tension is agpplied

to the element D by manipulating the bolts F that carry the transducer.
The tension on this element should be such that it remains taut when sinusoidal

vibrations from the transducer are imposed on it.

The units Tl and T2 are also provided with metal flanges, K, at the
sides for mounting them on two vertical rods. In Fig.8 they are seen
mounted on two vertical rods, J, on a tripod H. The tripod is made
of a 10" dia. metal plate and is fitted with a micrometer I, from beneath
the plate through a hole in the centre. The micrometer reads to 0,001
ems and the miermmeter stud projects 2 cm above the metal plate. The
strain gauge unit T2 that is free to slide in the vertical rods, J,

rests on the mierometer stud, and a ball bearing is embedded beneath

unit T2 to ensure point contact with the flat surfaed of the stud.

The uwnit T., however, can be secured firmly to the vertical rads,

19

J, at any required height by means of screws provided on the side flanges
K. A glass rod, N, suspended from the centre of the force sensing
element, serves to mount the specimen between the units Tl and Tz.

Using the micrometer, unit T, can be lowered with respect to unit Tl

2

to subject the specimen to required static strain.
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The circuit diagram for the strair gauge portion of the apparatus
is indicated in Fig.9 The four elements A, B, C and D in each uwnit
are connected in the form of a Wheatstone bridge. Since it is diffioult
to solder elements of equal lengths, the bridges are brought to near
balance by adding swg 36 Karma resisfance wire of short length to the
appropriate arm of the bridge. Resistors M and N are used for fine
and co@rse balance respectively. G and H are single pole silver
contact 11 position rotary switches for manipulating the bridgesjinto

balance,

The 10v battery B, and the 2v battery B2 supply DC voltages to the

1
bridge units T1 and TQ, respectively. The fine and codrse variable
registors Vl Ry a?d Yi"R2 in the bridge circuit T, and V2 R, and

V2 RQ in the bridge circuit T2 respeetively, are used for regulating the
input voltages to the two bridge units. The 1.5v battery B'is used
exclusively when the bridges are being checked for their balance or for
the response of their elements D (e.g. DC output/volt DC input/gram load
or DC output/volt DC input/unit strain). The two three-~way single
pole switches Al and A2 enable selection of the appropriate f€ source to
the bridees to be nade as required. The input DC voltages to the two
units are measured on the two DC vcltmeters Vl and V2 incorpurated in the
cirruit. The DC output of the two bridges, are also conducted through

the switch A to a Pye scalelamp galvanometer, which can be brought inso

operation when required.
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If a specimen that is under static strain between the two units Tl
and T2 is subjected to longitudinal vibrations by driving the electro-
magnetic trensducer by an oscillator, AC voltages will be produced in the
two units. The AC output voltages from the two units will be proportional

to the respective DC input voltages to the bridges and also in T to the

19

dynamic force applied to the force sensing element through the specimen
e

and in T2, to[dynamio strain applied to the strain sensing element by

the transducer. It will be noted from Fig.8 that because of the

geometry of construction of the two elements D in units Tl and T,, the

o9
force sensing element and the strain sensing element work in opposite
phases, Therefore, inherently, the AC output from *he two gauges will

ba 180° out of phase with each other. The specimen between the two
gavges will however introduce an additional phase difference, the magnitude

of which will depend on the characteristic viscoelastic response of the

specimen to dynamic tensile testing under given experimental corditions.

31w82

3
[

woen aj=ap, [aq-8p|= 2sin 8/2 wtans

Fig. 10. Vectorial representation of the output voltages from

Tl and T2



Fig. 10 is a vectorial representation of the output voltages from
T1 and T2 and aq and a, are proportional to force and displacement
respectively. If aq and a, are adjusted to unity and the two signals
are mixed then the reduced vector /za,:L - &E/iﬁ'uﬂl5 is obtained.  The
mixing of the two signals is conveniently brought about by conducting
the output voltages tco the three-~way, two pole change over switch C.
(Fig. 9). In positions 1 snd 2 the switch C' picks iy voltages from

Tl and. T? respentively. In position 3, however, because the signals

ave opposed only the residual voltage of the two signals is picked up.

The main structural feature of this apparatus is that the vector
reduction is conducted without pre-amplifying the respective electrical
output from the two strain gauges proportional to force and displacement.
By this method the possibiiity of iutroducing experimental error due to
vhase shifting effect from the amplifier is avoided. However, in order
to make this possible, it is necessary to amplifyf;ery small output

voltage (less than one micro volt) by using a tuned amplifier of the

highest sensitivity.

Iu the »resent investigatioﬂ?b—788~A low frequency anedsser with a
sclectivity (Q -~ factor) of 50 and a voltage gain 90 dBE 3 g4B was used.
The awplified AC voltages were measured on a sensitive valve voltmeter
(Marconi T 7 2600), The block diagram of the tan & meter is shown

in Fig.1l1.



60,

Svabilized
nower supoly

yaa o P S
Driver Coeilletor

+3
=

4

Y

\ ch-nes selective e
over, Valve

| - sS4 I amnliTier 3
ms switch ampiiliex voltmetar

[

~

kv

TMig,11. Block diagram of the tan & meter.

The electromagnetic transducer was driven at 20 cps by the Muirhead
decade oscillator (D - 890 ~ A). The AC outputs of T, and T, were
amplified to 1 volt (full scale of volt meter) by regulating the respective

DC inputs to the two strain gauges.

By turning the change over switch to position %3 tané was read

directly on the voltmeter.

(1ii)  Instrument calibration

¥or the strain gauge T

19
o= el/flv1 EMBaeeseenoas (5) where F is the dynamic force
in gm3s e is the Ac output from the gauge and vy is the DC input to
the gauge. fl is the force calibration factor four the gauge Tl ans

is defined as the Ac voltage output per volt DC input per gram force.

Similarly, for the gauge T

25‘
e
Al = e~ ol suseen.n (6)  where o1 is the dynamic dis-
LoV
placement in cm, &5 is the AC output from the gauge Tz, A is the DC
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fe

input tofgauge. f, is the displacement calibration factor for the

gauge T2 and is defined as the AC voltage output per volt DC input per

unit displacement.
4 A 'f/auvuv\_

If the length f in cms and the area of cross section A in om%/are

known, then the dynamic tensile modulus E! will be equal to

{ o/ ch
ol Z-AFT -Ew gms/ chl . ot eesecsee (7

e area of cross section A in equation (7) can be substituted by
fe

-g?- where m is the mass/unit length and @ is dengity of/speoimen.
Since the AC output voltages & and e, are adjusted to unity for
measuring tan & from equations 5, 6 and 7.
. 2 e R 2 g
E=——-—a—-—¢ Mmlw" grﬂs/cm. o .' *® 08004 (8)
£, M Y

It will be noticed that in the determination of both tan & and E!,
absolite values of the output voltages of the two gauges are not
necessary, Rela*tive values of these guantities are sufficient for the

calculations.

However, the accuracy of determination of the value of E' depends on

1 and Voo In the

instrument described here input DC voltages are read to 0.05 of a volt

the accuracy of measurement of the input DC voltages v

and this is found to be satisfactory for the defermination of dynamic

tewsile modulus. The calibration factors fl and f, for the gauges

2

Tl and T2 were determined by usihg a fine eoiled spring of known dis-

plaoement/gm load. The spring (in this instance 0.0128 om/gm load)
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was mounted between the gauges under a sufficient static strain to keep
it taut. It was then subjected to longitudinal yibrations at 20 cps
under a small dynamic strain amplitude of 0,02 mm, The input DC
voltages vy and V5 required to produce unit AC output voltage from gauges

Tl and T2 respectively were determined. They were v

when el = 92 = L,

From equations 5 and 6

£ - I ! . gn/om’,
£, AN ¢ Vo B ceeens .. (9)
subgtituting for ¥, A l, Vi and v2
£
§§ = 7,5, 102 gm/om
1

By using the spring between the two gauges the phase difference
between the output voltages ey and e, should ideally be zero. On the
tan & meter described here, tan & for the spring was less than 0.0025
for measurements made below 0.02 mm of dynamic amplitude of vibration.
However, above 0.02 mm up to 0.045 mm of dynamic amplitude, due to in-
herent characteristics of the gauge construction the error in tané
increases from 0.0025 to 0,0l. Therefore, small corrections for tan &

values is necessary [or eXperiments conducted above 0,8amm of dynamic

amplitude.

The load at yield point for a swg 50 Karma resistance wire is reported

to be about 28 gms.
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However, the response of the *two gauges to loading is linear up to 30 gms,
and this is considered to be the maximum load that can be applied to the
Zauges. The displacement of each gauge for 20 gms load measured

through a microspope was found to e 0.27 mnm.

Tne Pye scale lamp galvenometer was glso used for measuring the
DC dutput voltage of eack gauge per volt DC input per gm load.
The gauges produce 4 ‘xv/volt inpuf/gm load. The load on the specimen
at any time during fhe experiment is oconveniently measured on the galva-
noueter, by reading the DC output of the force gauge Tl for a unib DO
input.

The dynamic amplitude of vibration of the transduser was found to

increase linearly from O to a maximum of 0.045 mm by increasing the

oscillator output from O to 40 volts.

The output signal of gauge T, was checked for sine wave characteris-

2
tics on an oscilloscope. Mo distortion in the signal was notioed when

the amplitude of vibrationuwis increased from O to 0.045 mm.

In the tan & meter the restriction on the choice of frequency of
vibration is set by the resonance frequencies of the strain gauge units

and transducer. Un the present instrument the resonance frequencies

of the strain guage units (Tl and Tz)and transducer was 80 cps and.

500 cps, respectively. Therefore, a frequency vibration of 20 cps

was found satisfactory in the present investigations.
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(iv) Bxperimental procedure.

The investigations on dynamic tensile properties, unless otherwise
mentioned, were carried out mostly on 2 cm length filaments taken from
tyre cords. The ends of the filament were mounted on two small glass
hooks with epoxy resin and left to set in an oven at about 60O for 30
minutes. The mounted filaments were later conditioned for 10 to 12

hours at 20°C and 65% RH in a conditioned room.

The length o1t the specimen was measured on a tiravelling microscope
reading to 10 microns. The mass/unit length of the specimen was
caculated by weighing a bunch of 2 cm filaments (approximately 50) on
a micro balance at 20°C and 65% RIH. The density of the specimenswere

measured in a density gradient tube at 20°C and 0% RH.

The effect of static strain and dynamic strain was investigated on
nylon 66, Dacron and viscose rayon in a conditioned room at 20°C and

65% RH.

The glass hooks carrying the specimen were mounted on to glass hooks

N and ¢ (Fig.8) between the gauges T, and T, on the apparatus.

gtatic strain was applied in steps from 1, 2, 3....6% of the specimen
length., At each strain the specimen was allowed at least 1 hour for

relaxation before the start of the dynamic experiments.

For the measurements of E!' and tan & the specimen was subjected to
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Jongitudinal vibratioh of 0.02 mm dynamic amplitude and these measure-

ments at any one temperature need lesc than one minute. The force

gauge Tl in the apparatus described above is not sensitive enough to
record the dynamic tensile modulus of rayon (1.5 denier) at 1% static

strain.

Since the amplitude of vibration that is possible on this instrument
is only up to 0.045 mm, three lengths of filamentsg 1, 2 and 3 cm were used
to study the efiect of dynamic strain over a range of 0.0ﬁ% to 0.43%,

. . "
when the static strain on nylon and Dacron was 2% and on rayon 9%.

To study the effect of RH at 20°C the apparatus was covered with &
bell jar and made leak proofl by using silicone grease between the metal
plate H (Fig.8) and the bottom of the bell jar. Salt solutions in
petri dishes were used to maintain RH from 30% to 93% inside the bell
Jar. The humidity inside the system was recoyded using a thermocouple
hygrometer. Since the systen was leak proof it was possible to attain

equilibrium conditions at any humidity within 30-40 minutes.

For dry conditions P205 was used inside the Jjar and measurements

of B! and tan § were taken after 12-18 hours. However, no regording

device was used to assess dry condition.

To study the effect of temperature and humidity on dynamic tensile
properties cf fibres, a Gallenkamp conditioning oven was adapted. The

original metal door of the conditioning oven was replaczd by a Formica
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faced block board door. On the out-side of the door a fibre enclosure
A, and the units Tl and T2 were nounted as inddcated in TFig.l2. Similar
to the arrangement in Fig.8 unit T2 supported by the two vertical rods
rests on the micrometer stud 3-4 cms below A, and unit Tl is secured

to the vertical rods %-4 cms above the fibre enclosure A. Glass rods
fom.

N  and ijznits Tl and T2 respectively are.drawn through 1/8” holes

provided in the centre of the enclosure and the specimen is mounted

inside the enclosure between the rods N and G . The access to

the specimen is through a small door in front of the enclosure A.

Precautions were taken tc see that the rodsN and G are absolutely in

line with each other by aligning the units T. and T, as required using
<

1
the adjustable screws. (Fig.12). In order to minimise the escape of
steam through the-%” holes at high temperature and humidity the holes
were reduced in size using split card boardpieces leaving Just enougn
room for the glacs rods to move freely without touching the sides.Room
air was blown ints unit T1 to avoid condensation of steam rising from
the enclosure A during the experiment,
The fibre enclosure A is a cabinet made <f Tuflion. The inside of
the cabinet is built in the form of a U-shaped tunnel. (Fig.l2a) terminating
at the back of the door in an inlet and an outlet opening. A fan is
fittel near the inlet opening inside the conditioning oven to circulate

the conditioned aix from the oven through the fibre enclosure. Since the

enclosure is exposaed to room conditions outside the door, it was heat
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insulated to avoid condensation of moisture inside the Tuflon cabinet.
The temperature and the humidity inside the cabinet were recorded using

a thermometer and a thermocouple hygrometer, respectively.

The (Gallenkamp conditioning oven is an insulated copper chamber
desigﬁed to maintain O to 100% RH and any desired temperature from ambient
up to a maximum of 100°¢. The conditioning oven is provided with a
motor driven fan for circulation of air inside the chamber. Wet and
dry bulb thermometers are also provided, which thermostatically control
the input of heat and moisture into the oven and maintain the required

temperature and humidity.

Since the highest temperature attainable in the Gallenkamp con-
ditioning oven is only lOOOC, for experiments up to 15006 in dry
condition, a dry oven was used. The dry oven was a cabinet (17" x 10"
x 10") made of heat resistant Sindanyo board. It was fitted to the
ingide of the door behind the fibre enclosure A. (Fig.l2a). The
temperature in the oven was regulated by a variable transformer feeding
two 200 watt heaters. Dry conditien inside the oven was obtained by
using P205, but no recording device was used to assgess dry condition,
Circulation of hot dry air through the fibre enclosure was maintained by a fan.
Access to the dry oven was through the back panel which was fitted to
the cabinet on winged nuts. During the temperature and humidity exper-
iments the back panel of the dry oven was left open inside the Gallenkamp
eonditioning oven, and during dry temperature experiments, only the dry oven

was used independent of the Gallenkamp oven,
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3. Heat Setting and Dynamic Mechanical Properties of Some Synthetic
Pibres,

(1)  Introduction

In the present investigation the cffect of heat setting on dynamic
mechanical properties were studied on nylon 66 (type 900), Terylene and

Acrilan 16.

(ii) Methods of heat treatment of nylon 66 type 900, Acrilan 16

and Terylene.,

Heat setting was carried out on nylon 66 (type 900) under three
different conditions :
(1) Under 10% extension set at 15000 for 1 hour,,
(2) Under 10% cxtension set in boiling water at 10°C for 1 hour,
(3) Set at 150°C for 1 hour under zero tension.
And Ac¢rilan 16 was heat set under the following conditions,
(1) Under 10% extension set at 130° and 150°C in an oven for 1 hour.
(2) Under 10% oxtension set in boiling water at 10°C for 1 hour.
(3) Set at 150°¢ for 1 hour under zero tension.
Terylene was, however, set vnder zero load and under 200 mg/denier load

at 180° for 1 hour.

For applying the required cxtension on the filaments a frame with

fixed and movable jaws as shovn in Fig.l3, was used.
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T,

o, © O

Mg.l3. Stretching frame,

A parallel bundle of filaments gripped by the fixed jaw A and
the movable jaw B were extended to the required extension by moving the

jaw away from A to the requircd distance by means of the screw C.
4. Mechanical and Other Physical Properties of Some Synthetid Fibres.
(1)  Introduction

Tensile properties, physical density and birefrirgence of some of
the fibres were measured using well established techniques. These
experiments were carried out, in order to examine the correlation between
mechanical, physical and optical properties of some synthetic fibres,

especlially after heat setting.

(ii) Tensile tests on Acrilan 16 normal and heat set, nylon 66

types A, B, C and type 900 normal and heat set, Dacron and rayon.

Tensile tests were carried out un some samples at 20°¢ and 65% RH
on the TM~-M Instron at a constant rate of traverse. The gpecimens 1 cm
lons were mounted on cardboard with epoxy resin which was allowed to

set at 80°C for about 30 minutes. The cardboard was provided with 1 cm
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windows for easy mounting of the specimen.
All samples were allo-ed approximately 20 scconds to break and 10 to
15 tests were carried out for each sample.
(iii) WMeasurement of physical density of Aerilan 16 normal and.
heat set, nylon 66 nypes A, B, C and BII, and type 900
normal and heat set, Terylene normal and heat set, Dacron,

rayon and polyblend types BH BHB,and BH

2’ 4°
The densities of some of the samples were measured using a density
gradicnt column similar to the one described by Jones 81. The low and
the high density liquids were prepared by mixing pure liquids of carbon
tetrachloride and xylene and the density of each mixture was measured by
means of hydrometers. (Glass floats of known density were used to check
the calibratinn of the column so prepared, a theoretical @alibration
beirg obtained using the formula,

~Ah/v
Ph=e e e s

where Ph is the proportion of low density liquid in the Golumn and

v is the initial volume of low density ligquid in the mixing chamber.

ve ov o. (10)

All measurements were made at 20°C under dry condition and dry
condition in the density column was obtained by using P 05. To free
the samples from any moisture, they were boiled in xylene for a few
minutzs before introducing them into the column. Readings were taken

after equiliprium condition was attained,
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(iv) Measurement of optical birefringence &f nylon 66 types
A, B, C, BHl and type 900 normal and heat sct, Terylene
normel and heat set,; Dacron and Polyblend types BHZ’ BH,, and

5
BH,.

4

Birefringenne of some of the nylon 66 and Terylene fibres were
measured vsing Mercers method.

As described by Quynn and Steelegif Mercers method is to be used
the following requirements must be met.

(1) obliquely outting into wedge-like stumps a continuous yarn
containing large number of filamente.

(2) counting the interference lines in the area of the oblique
cross section ( i.e. on the surface of the wedge) of fine denier fibres.

(%) measuring the lost fraction of the wave length lag (not the
total lag) by a suitable technique (e.g. by using a quarter-of-the wave
length plate and a rotatable analyser).

In the present investigation oblique cross sectionsof fibres of
length 0.% to 0.5 mm were obtained by threading the filament yarn into
a viece of cork and cutting the cork into thin slices of 0.3 to 0.5 mn at
approximately 450 to the yarn axis using a sharp razor blade. The fibre
sections were then carefully removed from the cork slice on to a slide
and mounted in liquid paraffin. The mounting liqui%?gg;t not, however,

gswell the fibre.
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Birefringence measurements were made on a polarizing microséope
using sodium light. The vibration plane of polarizer was oriented
into the 9000 position and that of the analyser into 0 degree position.
The vibration plane of the quarter-of-the-wave~length plate was set
parallel to the polarizer. For measurements, one fibre lying with
the oblique area upwards, was picked out at a time and the interference
rings were counted with crossed polaroids with the fibre stump set at
450. The last wave length lag was measured by turning the analyser so
as to make both interference rings that arc neares* the fibre centre
melt into each other. The angle of compensation found thus is ot ,
Tinally the {ibre diameter d was measured with great accuracy on the
microscope.

The birefringence wag then obkained using the formula.

(& +180, n)A

Birefringence = 3 R ¢ B )

where d the diameter of the fibre ils expressed in mpm or AO, and XA is
the W%&VG length of mono-chromatic light expressed in the same units,

and n is the number of ihterference rings.



CHAPTER IV. RESULTE AND DISCUSSION



T3

RESUL™S AFD DISCUSSION

1. The Dynamic Bending Modulus

40

Meredith and Hsu . made a rigorous analysis of the theory of
vibration of viscoelastic bars and applied the theory to fibres, to
obtain the standard expression for the dynsmic bending modulus in terms
of measurable experimental quantities. They have shown that the dynamic

bending modulus is,
3 .2 .4 2
' By = 1.295m Q" 1 £ / m e (12)

where € is the density (g cmB), 1 is the specimen length (cm)
fo is the resonant frequency (cycles / sec) in the fundamental mode of
vibration, m is the mass per unit length (g/cm) and € ' is a shape
factor given by
er L ATX / G
where I is the moment of inertia of a cross section about an
exis perpendicular to the »lane of bending and A is the area of cross-

section.

For a fibre of circular cross section the shape factor is unity
and for fibres of non-circular cross section the shape factor differs from

unity.

In the present investig.tion it was found that most fibres (which
are not circular in cross-section) resonate at two different frequencies

on two principel axes that are not mutuvally perpendicular.
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If the resonant frequencies are too close to each other (as in specimens
which are very nearly circular e.g. nylon) it is not possible to resolve
the band width accurately. In such circumstances fibres that are com-
pletely circular or decidedly elliptical have to be carefully chosen for

dynanic bending experiments.

Okajima and SuzukizB, however, seem to have been successful in re~
solving four different resonance frequencies in four different directions
perpendicular to each other in a plane in single filaments of commercial
viscose rayon. They used a rotatable clamp attached with Q test
filament and driven to vibration by a transducer. From their observations
they have concluded that the arithmetic mean of the maximum and the
minimum values of the resonance frequencies is to be used to calculate
the absolute value of dynamié bending modulus and discuss the theoretical

reasons for doing so.

AN
In the present investigation(electrostatio method has been used

for exciting the test specimen to resonance, and the test specimens were
as fine as 15 to 20 f ., In this method since there is no control
over the plane of bending of the test specimen,the resonance frequencies
for fibres of non-circular cross-section could not be resolved in
directions mutually perpendicular in a plane. The non-~circular fibre
was found to resonate 8 two different frequencies on two prinoip@é axes

that were not mutually perpendicular. The values of resonant frequencies



75

thus observed are represented in the results for some fibres.

The velues of dynamic bending modull - calculated in this work for
specimens of non-circular cross section using the expression (1) could
therefore, only be regarded as representing an approximate magnitude of

the modulus and not the absolute value.

However, if one assumes that the shape factor of the fibre does
not change oun heating, the relative value of the bending modulus defined
¢ B
a.s b /é' E!bZO (where the shape factor cancels out) serves as a
useful parameter in studying the effect of temperature on relative
dynamic bending modulus.

of. Dynamic bending properties and temperature at O% RH.
Vf C’tu?l#ﬂ:fu% on fha
The results of the effeot/dynamic bending properties over a range
ﬂ (e wfl-f@'fb
of --70O to 180°C at frequ@ffect/dynamidX)ops of several dry fibres in
vacuo obtained in the present investigation have been graphically re-
presented in Figs. 14 to 22. Some of the data for individual runs
and mean values of tan § and relative bending modulus for each type of

fibre hawebeen tabulated in Tables 1 to 1X in the hope that it may be

ugeful for any future calculation.

The densities quoted, unless otherwise mé@ntioned, are assumed

densities of dry fibres obtained from literature: W00185’ silk84,

85 85 87 85

Fibrolane 7, rami986, Fortisan -, acetate ', Tricel ~. The densities

of the rest of the fibres used in tlilg investigation were determined under
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dry conditions at 20°¢ using a density gradient tube.

It is apparent from the results presented here, and from the work

of other research workers discussed in the literature review that
limited information obtained from dynamic measurements alone, is quite
inadequate for a detailed interpretation of the observed effects at a
molecular level. In the limited time available for a research project
of the type presented in this thesis, one cannot be too ambitious to
plan elaborate experiments to obtain a fuller understanding of the ob-
served phenomenon in dynamic experiments. A compromise has to be sought
and it is believed that the results presented in this thesis give: . first
hend information on the behaviour of textile fibres and fibres from tyre
cords to dynamic stresses and strains under various conditions of tem-
perature aud/or humidity. It will be noticed from the literature
revievw thet very little similar information is available on fibres, al-
though nuch useful information is available from the work of Vard et al
and Woodward et al on rod like polymers. The discussion in this chapter
will be divided into four sections dealing withg

(1) Pretein fibres

(2) Cellulosic and regenerated cellulesic fibres

(3) lodified regenerated cellulosic fibres

(4) Synthetic fibres
and the results will be discussed in comparis;on with the information

aveilable to date from the worl reported by other research workers.
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(1) Protein fibres - Wool : Silk : and Fibrolane.

Fig., 14 indicates graphically the effect of temperature in the
range -60°C to + 19OOC on the relative bending modulus and loss tangent
of dry wool, silk and I"ibrolane fibres in vacuo. Tables 1, 11 and 111

show some of these findings tabulated.

All the three protein fibres in the range of temperature investi-
gated show multiple transitions e.g. for wool a shoulder around +9OOC
and a distinct maximum in the loss tangent curve at about + 14005 for
silk a shoulder around +15000, and three small loss tangent peaks at
about 1O6OC, 3500 and ~6OOC; and for Fibrolane a small loss tangent
peak at about 11400 and a distinct loss tangent peak around 10°C. The
rising loss tangent curve for wool and Fibrolane from -20° to 66600
does perhaps indicate a loss maximum below the range of temperature

investigated in these experiments.

The relative bending modulus curves for Fibrolane and silk over the
range of temperature investigated are similer and seem less sensitive
compared with the multiple transitions exhibited on the loss #angent curves.
The relative bending modulus curve for wool, however, is different from
that of silk and Fibrolane. The change in r.odulus above and below 20°¢
is much steeper for wool and also there is evidence of a sharp fall in
modulus from -10° to 2OOC, which can be associated withi the loss peak

around 1400.
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fn
Coasistent with/high degree of crystallinity (about 80 %) reported
for silk88 the value of ¢! E'bPO for silk is found to be 10.8. lﬂlo dynes/
cm2, whereas for wool and Fibrolane the value of ¢ 'Ii! is found to be

b20

5.3 . lOlO dynes/omg.

In gencral, it may be said that inspite of the structural com-

89

plegity of wool with a helical structure for o~ Keratin 7 with twenty

or more amino acidsj the silk with a comparatively simpler chemical
constitution than wool and with fully extended poly peptide chains which
do not assume coiled configuraticn, although in crystalline regions may

90

lie in closely packed pleated sheets” , and Fibrolane with a simpler

chemical constitution than wool and silk, and consisting of 2 crystallites

91

and conparatively random amorphous domain’™, all the three protein fibres
investigated show similar multiple transition behaviour. The transition
temperatures for wool and Fibrolane lie closer together, whereas, in the

highly crystalline silk the transition temperatures seems to occur at

higher temperadbunres,

At this stege it may be sufficient to say, that the high temperature
transitions observed in the three protein fibres are probably due to the
freeing of lrrger segments in the side groups and the low temperature
transitions may be due to motion of smaller segments in the side groups

and/or motion of segments in the main chains of the polymer.

It may be useful to note from Tables 1 and 11 the consistent nature
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of these transitaon temperatures exhibited in loss tangent values

even in natural fibres like wool and silk.
(ii) Celluscsic and regenerated cellulosic fibres.
Ramie, Fortisan and Viscose.

In Fig.l5; the effect of temperature in the range ~60° to 19000
on the relative bending modulus and l»ss tangent of dry ramie, Fortisan
and viscose rayon fibres in vacuo are represented graphically. lSome of
the data of individual runs have also been tabulated in Tables IV, V and

V1 respectively.

The cellulosic fibre ramie and the regenerated cellulosic fibres
Fortisan and viscose rayon show two small loss peaks in the range of
temperature investigatéd, e.g. for ramie a peak around 10500 and another
at 20°C: for Fortisan around 920 and at QOO; for viscose rayon however,

one around 148°C and another around 58°C.

The high value of bending modulus( € 'B! ) for ramie and Portisan

b 20
e.g. 24 to 79 . 1010 dynes/cmz for ramie and 52 . 1010 dynes/cm2 for
Fortisan,reflect the fact that these materials are stiff and have a high

degree of crystallinity. For ramie and Fortisan the reported valuesof

the

degree of crystallinity are TQ% and SQ% respectively determined by}x—ray

method 92
d95.

T
and 95% and 8%% respectively determined by [acid hydrolysis

metho Tor the textile viscose rayon, however, the value of

¢! E‘b o0 = 9.3 . 1010 dynes/cm2 and the reported values of degree of
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i

92

crystallinity are BQ% and 68% by x-ray and acid Hydrolysis93 mnethods,

respectively.

From Fig.1l5 it will be noticed that the relative bending modulus is
more temperature dependent for Fortisan and viscose rayon than for ramie.

40

Meredith and Hsu'~ report two weak loss peaks for viscose rayon at
9000 and at —ZOOC, They attribute the high temperature peak to break-
ihg of hydrogen bonds and the motion is thought to be impeded by the stiff

nature and bulky structure of cellulose chain molecules. Tokita56

how-~
ever, reports a dispersion at 80°¢C for dry viscosz rayon monofilaments
and this dispersion was found to shift e o lower temperature when the
moisture content was increased showing thereby thet OH groups are associ-~
ated with this phenomengwn. Dunell and Price55 llave observed a well-
defined maximum in energy loss around —5500, By taking the maximum
slope of the log E!' or lug B" v s. T ~L curve (where B' and E" are the
dynamic storage and loss modulus respectively and T is the absolute
temperature) in the temperaturc region ~20% and -60°¢ for viscose rayon,

Dunell and Price have estimated the values of the averaged activation

energy for the relaxation processes involved applying the relations

E 2.7R d log E!
= o — X e —
act 5 i1/1)
or
E.or _ __dlogn!
act = 2,3R a1/

Values estimated in this way are reported to be 400 oal/mole and 1100
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cal/mole, respectively. These activation energy values are low
compared with Mark's estimate of the molar cohesion energy of cellulose
per 5 ﬁ, of chain of 6200 cal/mole based on the assumption of a cordin-
ation number of four for each ohain94. This leads them to suggest that
the flow, or relaxation, unit responsible for the transition at -550C

in viscose rayon, is either a single glucose regsidue in an amorphous
region where the effective co-~ordination number is much less than four,

or a —CHEOH gide chain whose flow motion does not involve the breaking

of a hydrogen bond.

95

In a recent letter Wahba’~ reports to have observed a transitiuvn
at about 2400 for dry as well as wet cellophane in hisg studies on vari-

ation of refractive indices with temperature.

From the results of ramie, Fortisan and viscose rayon, presented
in this thesis it is, as yet, difficult to conclude why low stretch
viscose rayon which is known to have a lower optical orientation factor
(0.54) compared with that of Fortisan (high stretch viscose rayon 0.88)
or of ramie (0.97) should exhibit transition at higher temperatures.
Crystallites which may probably vary in size in diffe®ently stretched
rayonsgé.and their restraint to segmental motions in the remaining non-
crystaliine regions needs to be studied in detail for a fuller under-

gtanding of the different transition behaviour in Fortisan and viscose

rayon.
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(iii) Modified regenerated cellulosic fibres.
Acetate and Tricel.

The effect of temperature in the range ~60° to +1YOOC on the
relative bending modulus and loss tangent of dry cellulose acetate and
triacetate in vacuo are graphically represented in Fig.l6. Tables V11

and V111 show the data for individual rTuns.

It is apparent from Fig.l6, that secondaxy acetate and Tricel
exhibit multiple transition phenomenon characterised by, (1) two small
loss peaks one around BSOC and another around ~55OC and in addition a
shoulder around -20°C for secondary acetate, and (2) two distinet loss
peaks around —5300 and OOC and in addition three shoulders around BOOC,

115°¢ and 150°C for Tricel.

The relative bending modulus curves for the two fibres over the
temperative range are essentially similar. Once agein the smooth
featurcless drop in the bending modulus withh temperature probably supports
the view that the dissipation factor is more sensitive to molecular

motion than the dynamic modulus.

The value of bending modulus at 20°¢ v m! 120 for acetate
(7.3.1010 dync/cm2) is slightly higher than the value for Tricel (4,8 to

6.9.10%° dyn./omz).

From dilatcmetric studies on cellulose acetate and triacetate

Mandelkern and Flory97 report transitions at 60°¢ and 120°C for the former
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58
and BOOF and 10500 for the latter. In similar experiments, Wakamura’

also reports to have observed transitions corresponding to those reported
by Mandelliern and Florygf.
571

From dilatometric measurements Russel and
‘ _ o) o, .
Van ¥erpel”', hovever, observed transitions at 55°C and 115 C in secondary

acetate and at 4OOC, 1200C and 15500 in cellulose triacetate.

From dynamic experiments at audio frequencies Nakamurass observed
a damping pecak at 120°C for cellulose acetate and at 60°¢ and 180°¢
for cellulose triacetate, while Russel and Van Kerpe157 observed damping
pesks at -38°C, 130°C (shoulder) and 195°C for acetate and at -48°C,
100°¢ (shoulder) and 17500 for cellulose triacetate, Although therc
is a considerable spread in the results renorted by various workers,they
generslly believe that the low temperature transitions in the ~4OO t0o
~60°¢ region are associgbted with the mobility of acetate groups, vhile
the high temperature transitions in the 1750 to 19500 region are associa-

ted with the movement of groups of atoms in the anhydroglucose chain.

. . 9
Recently, from dilatometric measurements Daane’ﬂ et al reported tO
have observed four glass transitions in cellulosc 2.5 acetate below 13000,

©, 90°%, and 114°C with probable errors of about = 3°¢.

0
st about 157, 50
They believe that the presence of multiple glass transitions suzgest a
variety of molecular mechanisms. The lovest transition temnperature

would be that at which thce number of configurations approaches = minimum

value. As temperature increases through succeeding transition targes,
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the number of configurations and the free volume increases in a co-
operative manner. further they add, consideration of molecular
structure shows that one could ascribe one transition to main chain
motions and other transitions to the motion of the acetate groups

(seperately or co-operatively).

The above mentioned arguments put forward by several research
workers to the observed multiple transition phenomenon in secondary and
tertiaryacetate reyons, however logical they may be, are purely specu-
lative and by no means conclusive. In such polycrystalline material,
multiple %ransitions probably represent the varying degrees of order
betwecn the non-crystalline phase and the crystalline phasec. From the
obsecrved dynamic bending properties of acetate and Tricel fibres in the
present investig tion, one may only say that the prcesenteof a greater
number of bulky acetyl groups in the latter apparently shifts the peaks in
the loss tangent curve té lower temperaturcs and yet both fibres exhibit
the same modulus temperature relationship in the ranze investigated.

iv. Polyacrylonitrile fibres.
Acrilan 16 normal and heat set, #nd Orlon.
In Pig.1l7 the effect of tempcrature in the range —700 to 12000, on
the relative bending modulus and loss tangent of dry fibres of Orlon,

Acrilan 16, Acrilan 16 set in boiling water at 100°C for 1 hour under 10%

extension and Acrilan 16 heat set at 13000 for 1 hour under 10% extension,
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in vacuo ha#kbeen graphically illustrated. As before, Tables IX show

the data for individual runs.

It is apparent that Orlcon exhibits a distinct main transition
around 112°C (Fig.17) and a minor one around 65°C. There is also some
evidence of a2 shouldcr around -20°¢. Unlike natural fibres and raydac,
in synthetic fibres there is a gharp drop in the modulus associated with
glass transition temperature. Im Orlon it will be noticed that in
raising the temperature from 20° to 120°C the modulus drops fron 1010
to 1O9 dynes/omzw Therefore,the loss peak at 112°¢ for Urlon can be
ascribed to glass transition pesk involving the motion of large segments.

The two resonance frequencies at 20°¢ for the two principal axes of

vibration for Orlon are given in Table IX

D The value of € 'E!

b20
calculated using the exovression (12) and the resonsnce frequencies is

10 10

thus found to vary between 12.4. 107 and 22.16. 10 dynes/omz.

Meredith and Hsu4o observed similar behaviour in Orlon and report
a nain and & minor lass tangent peak, at 120°¢C and 7500 respectively.
They ascribe the loss tangent peak at 12OOC to motion of hydrogen bonds
vhich nay he expected between the CN groups of one chain molecule, and
the CH group of an adjacent molecule. The minor loss tangent peak how-
ever, is thought to be duce to the motion of segments involving rotation
of main chain molecules in the non-~crystalline region which are not

hydrogen bonded.
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This interpretation is not totally convincing because of the
poor x-ray diffraction pattern, the crystal structure of poly acrylonitrile
has not yect been definitely determined. There seems to be differing
opinion amon research workers in the fiéld of x-ray and infra-red studies

99,100
regarding the determination of the structure of poly acrylonitrile

101,102,103, 104. 04 et al, from infra-red spectral studies

Tadokcrol
on poly acrylonitrile and dauuterated poly acrylonitrile conclusively
exclude the possibility of hydrogen bonding between CN and CH groups.
Under these clrcumstances, the above interpretation of the observed
mecl.anical dispersions in acrylonitrile fibres at a molecilar level is

open to criticism.

It is interesting to note the dynamic mechianical behaviour of

Acrilan 16 (Fig.17) Acrilan 16 is reported105 to be produced from a
polymer composed principally of acrylonitrile. A small amount of

other substances (not reported) is supposed to be present in the polymer
which contributes o the good processibility and dyeability of the fibre.
Acrilan 16 does not melt, but is reported to decompose before melting.

This probebly is the rcason why it has not been possible to establish a
major loss tangent peak around 900 to 11000, even though the tan &

continues to rise sharply -t temperatures above lOOoC. In dynamic bending

experiments the fcrilan 16 fibres rere getting bent above 110°C and hence,
it was not possible to resolve the loss tangent values above this tempera-

ture.
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Similar to Orlon, although not a minor peak, at least a shoulder is
visible for Acrilan 16 around 6500. Apparently, there is no associ-
ated inflection in the relative bending modulus curve around this
tenperature. This is probably duc toc the facc that the drop in modulus
with temperature (above room temperature) is very hish for the acryloni-
trile fibres and any small inflection in modulus curve associated with

minor segmental motions is not noticeable.

Heat setting of Acrilan 16 in boiling water at 100°¢ or at 1300C
in an oven under 10% extension does seem to have some effect on the
dynamic mechanical properties. A slight shift in both 1oss tangent
and relative bending modulus curves towards lower temperature is notice-~

able in both the heat treatments.

This effect apparently is more for the dry heat set fibre than for
the fibre set in boiling water. However, the shoulder at 6500 for
nornal Acrilan 16 shifts down to 5500 for the dry heat set Tibre com-
pared with the shift ‘o BOOC for the fibre set in boiling water. It
may be useful to mention that stretching Acrilan 16 to 106 and heat
setting it for 1 hour in the oven at 15000 instead of lSOOC results in
complete relaxation of the stress in the fibres which acquire crimp,and

hence develop bulk. Heat setting Acrilan 16 fibres in general seemrs

to decrease the dynamic bending modulus at 2000 (Table IX).

From the load extension curves and physical density values indicated
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in Fig.4@ And Table XVII respectively, it will be seen that the initial
modulus (also Table XVIII), the stress at yield point and the density
values for heat set Acrilan 16 arc in general higher compared with normal
Acrilan 16. The density value of Acrilan 16 Leat set at 15OOC under
1% extension is lower than that set at the same temperature under zero
tension. The breaking lead a7l the breaking extension of heat

get Acrilan 16 scem dependent on the condition of heat setting.

The effect of heat setting of Acrilan 16 on the dynamic bending
properties as obscrved in che present investigations are contrary to
which 1s expected. This effect cannot, however, be attributed to
posgible degradation duc tc heat treatment sincce the observed changes in

tensile behaviour do not exhibit this effect.

(V) Polyclefin fibres.

Polypropylene types A, B and C.

The effect of temperature in the range ;4000 to 13000 on the
relative bending madulus and loss tangent of three dry polypropylene fibres
AyB and € in vacuo hasebeen illustrated graphically in Fig.1l8 Table X
shows the datla for individual mwms. ‘These fibres were conditioned
under a small load of 2 mg/denier for 2 hours in vacuo over P205 at 140°C.
FProm the density and birefringence values shown in Tab.e XVII it

nay be said that polypropylene A and B have apparently the same % crysta—

11linity and orient@tion, where as polypropylene C has a slightly lower
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crystallinity snd higher orientation.

This may also be seen from the dynamic bending results: in the
range of temperature covered only one peak in the loss tangent curve at
about 1700 for polypropylene A and B and 2500 for polypropylene C with

an associated rapid decrease in the relative bending modulus is observed.

10 dyn/om2 is,

however, lower than thut observed for polypropyLene B, 4.9 .1010 dyn/omz.

The value of €! E‘b2O at 2OOC for polypropylene A 3.9. 10

Below room temperature upto about -4OOC dynamic bending modulus for

sample B remains higher tnan for sample A. The value of dynamic
hending mndulus éﬁﬁﬂbzo at 20°C for nolyprupylene C is 5.48 .1010 dyneq/
cm2. The observed differences in the dynaric nechanical behaviour

of the three samples may be due to differences in tacticities, which

however, cannot be concluded from the above resulits.

The dynamic mechanical propertices of amorphous and crystalline

polypropylene over the rangc m19606 and 162°C range at 100-2200 ops have
139.

been invesvig: ted by Sauer et o They report to have observed at

least whree transitions located at —3300, 2700 and 162°C for a sample

with room temperature crystalliaity of 75~80%. Other dynamic mechanical

studies of this polymer have also been reported Ly Baccareda and ButtalPG

! s
Miqbo nlO, Iuus, McCrum and MoGrewlO7, Stichter and Mandellloa and
McDonald and"\.j_,mluf)°

Nuclear nagnetic resonance measurements have been extensively made
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on polypropylene by several workers.108’109’110’111’112’113’39’1‘

There appears to be general agreement with regard to the general features
of the nuclear magnetic resonance spectra. The curves all show two
steep portions, one around —17300 and the other around 27OC where a com—
posite signal begins to appear. It has been concluded that there is
good correlation between the temperature of the dynamic mechanical
transition and that of the line narrowing in thz nuclear magnetic reson-
ance experiments. The gless vransition peak around 2700 has been
gencrally accepted as due to segmental motions in the amorphous regions
involving long sections of chains. The rise in the damping and the
sharp fall in modulus near 162°C for the crrstalline polypropylene has
been ettributed to the increase in chain mobility accompanying the

procegses of crystalline melting,

The dynamic mechanical data presented here suggest that in the
temperature range covered there is good agreement in the location of the
glass transition pea's and the rising damping curve thereafter compared
with those reported by other workers. The differences in behaviour
observed for samples A,B and C as mentioned earlicr are probably due to
differences in tacticity between samples and this however, is not con-

clusive from the data prescnted here.
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(vi) Polysmids fibres.

The dynamic bending results of several types of nylon 66 fibres
and one of rayon fibre taken from tyre cord yarns and onc of nylon 66
fibre from type 200 textile yarn are indicated in Figzs.19 and 20, All

. .y o) . . ,
nylon 66 fibres were conditioned at 170°C for 10 minutes in vacuo over

1205 and under a small load of 2 mg/denier. The rayon {ibres,however,
ey . e O
vere also conditioned wnder similar conditions but ot 200°C. The

results of individual runs are indicated in Tables X1 and X1l. nylon

66 fibres although they arc considered to be circular, are not quite so,

as exhibited vy the two resonance fregquency values at 20°¢ corresponding

to two principal axes of bending (not mutually perpendicular) given in

the tables. The two resonance frequencies, 1f too close together inter-
ferewith the determination of the band width, especially, at the transition
region where the band width is large. Therefore, fibres before heat
conditioning were carefully selected and tested at room temperature for
the two frequencies, to choose cnly those whose differences in resonance
frequencies in the two principal plancs of bending are either sufficiently
large or nil. This difficulty, of coursg does not arise in rayon

fibres which are decidedly non-circular in cross-section, and the difference
between the two regonance frequencies of the two principal planes of

bending is invariably large (Table XllE).
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From the tand and the relative bending modulus vs. temperature

plots in Figs.1l9 ond 20, it vill be noticced for the several types of

dry nylen 66 fibres in the ranse of temperature ~TOOC to +160°C investi-

gated, only one transition around 120° to 13500 is observed. This

observation ig in agrcement with the observations of WOodward29 et al.
However, the glass, transition temperaturc for nylon 66 rod like polyamide

specinen reported by Woodward et al is only in the region of 80°¢ com-
pared with that reported in thic work for fibres 120O to 135OC. This
difference is obviously due to the high orientation and probably also

high degrec of crystallinity of nylon 66 fibres. This is indicated

by the birefringence and density values determined for some of the samples

(Table XVII ).

Referring to Fig.l9, the difference in the dynamic mechanical
behaviour of fibres from textilce yarn nylon 66 type 200 and from tyre
cords nylon 66 types 300 and 600 is clesrly seen. The less peaks for
the fibres from tyre cords are dispersed over a rmuch larger range of

. . o] .
temperaturce with the loss peax occuring around 126 C compared with the

loss peak at 122°¢ dispersed over a much smaller range of tenverature
for the fibrce from textile yarn. Associated with the loss pneak the
gsharp fall in modulus occurs at a lower temperaturc for nylon 66 type

200 than for the other two fibres. The value of relative bending

modulus at 20°C for nylon 66 types 200 is also lower than for nylon 66
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types 300 and 500, {Tables XI). Although no additional information

than what has already been given is available for these three types

nylon 66 fibres, it may be justifiablc to presume that the differences

in behaviour in dynamic bending propertics, observed for these fibres

are not only due to the difference in the crystallinity and orientation,
between tyre cord fibroes and textilce fibres but also duc to difference

in the nolecular weisht of the three samples. A higher nmolecular weight
materisl with longer polymer chains would causc more hindcrancoe  to
segmental motion than a lower molecular weight naterial. Such a
hinderance would be depicted by the broad dispersed nature of the mechanical

damping peak.

The mechanical danping behaviour of fibres from tyre cords of nylon
66 types A, B, G and BH; (Fig.20) over the glass transition range are
different compored with those of nylon 66 types 300 and 600, The former
exhibit much sharper transition peaks, types B, C, and BHl around 12500
and type A at about 15200. Inspite of this differonce in the damping
behaviour the drop in bending nodulus with increasing temperaturc is
similar between type A end type 600, For type 300 the drop in the
bending modulus occurs at a slipghtly higher temperature than rest of

the fibres, whereas for types B, €, and BH. thce drop in the bending

1
rodulus occurs at o slightly lower tormperature than for types A and 600.

The modulus temperaturc relationship is onc of the important factors in

tyre cords. It may be readily scen by comparing the modulus tempoerature
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relationship of various types of nylon 66 with rayon, why 'flat spots!'
occur in tyrcs reinforced with nylon cords and not with rayon cords.
Conpering the opticel bircfringence and physical density values of nylon

66 types A, B, ¢, and BH, (Table XVII) with the dynamic mechanical data

1
there appears to be o jood correlation between the degree of cry:ztallinity
and/or orientation with the glass transition pea'tr observed for these
fibres. Hylon 66 type A, which has a high density value of 1.15
g./om5 compared with other typec nylon 66 fibres, as expected, shows a
different mechanical behaviour, also Fig.43. It has high initial
moduluz and breaking strength but a low extension (Table XVIII). How-
ever, good tyre cord yarns should possess high strength, combined with
high brcaking extensibility and rather lov moduli of elasticitys the
ability to withstand rcpeated flexing and compression without large
reductions in strength and the ability to be deformed without sub-
stantial 1ossﬁbr0p0rties in the manufacturc of compact cords for rubber-
reinforcenent. ‘Thercfore, higher slass transition temperature, in
fibres used in tyre cords iz desirable oHroviding the workin:: ranse of
modulus is alsc shifted to a higher temperaturc i.e., the sharp drop in

modulus associsted with the glass transition temperaturce should occur at
a higher termperature. Howevor, vhen the performance of a tyre cord is
considered in ~eneral with respect to the end use o which it is put
(e.g. Tractor, Aeroplane and car tyres etc)., many desirable properties
have to be studics(as mentioned above) of which dynamic mechanical

propertics is but one.
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(vii) Tolyestcr fibres.

Tecrylene normal and heat set, and Dacron.

The effceet of temperaturc in the range of -60°¢ to 180°C on the
dynamic bending propertics of dry fibresc of Terylene normal and heat set,
and Dacron are indicated in Fig. 21 and 22. The results of individual

rung are indicated in Tables XITIT and XIV.

Terylene and Dacron exhibit two mechanical dispersions and associated
drop in modulus in the region of 150°C and -20°C to -40°C. These
observetions ere consistent with thosce reported by other workers which
has been reviewed in the literature survey (chaptcr 11).
However, it 1s intercsting to note thiit Dacron fibre frow tyre cord and
Terylene fibre from textile yarn which have optical birefringence values
of 0,1854 and 0.1828, respectively and density velucs 1.3%83% and 1.373
g/om5 (Tablo XVII) both exhibit similar glass transition peaks at 150°C.
But{seoondary transition peal for Dacron has a higher value and occurs at
o higher temperature (~20°C) compared with that of Terylene (-40°C).

he dynanic bending moduli at 20°C for both Dacron and Terylene fibres

10

awx €' It = 10.8 .10 dyn/om.

20
Heat sctting Terylene fibres under 200 mg load/denier, and zero load,

for 1 hour in the dry oven at lBOOC, apparently increasesg coystallinity

as shown by density valucs 1.393g/om3, and as expected the orientation

of tre fibre he t set under 200 mg loud/Donier, increascs as shown by the
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birefringence values vhich increase from 0.1828 to 0.209. thereas in
the fibre heat set under zero load disorientation occurs, as shown by

the birefringence value which decreases from 0.1828 to 0.173. The
glrss transition peak for both heat set fibres occurs at about the same
temperature 14700 cormparcd with 15000 for the normal Terylene.ézzrzhe
logs peak value is lower for the fibre heat set under load and is higher
for the fibre hect set under zero load compared with the loss peak valuc
of the normal fibre, The secondary dispersion for the fibres heat
sct under load and zero load occurs at —BOOC and. -SOOC compared with
—4000 for normal Terylene. As before, the secondary loss peak value
for the fibre heat set under zero load is higher than for normel Terylene
but is uwnaffected for the fibre heat set under load. The dynamic bending
medulus at 2000, tor the fibres heat sct under load and zero load are

10 1

€|, =10,86 .10°0 dyn/on® and 8.2 10

0 2 .
B20 dyn/om_ respectively.

(viii) Rayon fibre.

The c¢ynamic bending properties of dry Rayon fibre from tyre
cords over a range of temperature ~60°¢ to 180°%C Qe represented in Fig.

20, The results are also shown in Table XIIE

I+t %11l be noted that beecause of the non-circular crogs-sectional

. 0
shape of rayon, two resonance frequencies have been noted al 20°C Table

XIIE, corresponding to two principal planes of bending. The values of

dynamic bending modulus in the two planes of bending for dry fibres of

10

rayon fron tyre cords at QOOC, gt range from 26,9 .10 to 36.2 dynesﬁmg

020
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It is interesting to note that no inflections or peaks in the tan
curve were observed for these fibres as compared with those observed for
Fortisan =nd Viscosc rayon (Fig.15). The value of tan § in the range
of temperature investigated is lower for rayon than for Fortisan and
viscose rayon. The drop in modulus with increasing the temperature
from 20°C to 180°¢ is considerably snaller than the drop in moduli

obscrved in nylon 66 and Dacron in tho same ranze of temperature.

(ix)  Tolyblend fibres. Tyves Bl :BH3 and BH 4

The dynanic bending properties of dry polyblend fibres in the range of
-60 to 17000 are graphically represcented in Fig.22. The rcsults of
individual runs are also indicated in Tables XIV. Since the chenical
constituents of thesc fibres have not yet been made known, the results
represented here are only neant as & guidc to the dynamic mechanical
properties of thesc newer fibres for tyre cords compared with those of
nylon 66, Dacron and rayon. The optical birefringence and density
values for these fibrcs are given in Table XVII. Both sanples BH,and

2

B, exhibit a distinct glass transition region around 140O to 14500 and

3
loss pcak value for BH2 ig slightly lower than that of BH:, and are con-
parable with those encountered in nylon 66. However, the loss peak

0 . .
for sample BH, occurs around 1%357°C and the peax value is higher compared

4

with the rest of the fibres from tyre cords.

A low temperaturc transition for samples BH2 and BH5 is apparen’d
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around -60°" to ~7000 and —BOOC, respectively, with an associated drop

in the moduli. A low temperaturc transition for sample BH, is probable

4
helow —7000° The vaiues of dynamic bending moduli at 20°¢ for samples

10

BH2 and BH, which are 7.2 .101O and 7.6 .10 dyn/cm? respectively are in-

3
between the modulus valucs observed for nylon 66 and Dacron. The
intercsting point to note here iz, thit althoush the transition temperature

and thce nodulil of samples B, and BH, are higher compared vith nylon
2

5
the relative fall in the dynamic bending rodulus in the temperature

o =0° i 1 - m
ranze 20°C to 150°C is about the same as that for nylon. Therefore,
for the two polyblend sarples BH2 and BH5 the worlking modulus range
over the temveraturc scale has not increased withh the shift in the
transition pesk. Taking into account the optical, physical, and
dynamic mechanical properties of the sanples BH, and BH3 onc ray cone
£

clude the samplces are probably a polyamide, polyester blends whereas

these properties for the sarnple BH, are much nearer those of nylon 66.
4 A

B Tiffect of Static and Dynamic Strain on Dynamic Tensile Properties.

Nylon 66 typc A, Dacron snd Reyon.

The results on the effect of static and dynamic strain on dynamio
tensile propertics are represented graphicelly in Figs.23, 24 and 25,
for the samples nylon 65 type 4, Dacron and rayon. It will be noted
thet with an increase in static strain from 1 to 5% in nylon and Dacron
and 2 to €% in Rayon at 20°C at 6%RH and under a dynanic strain cmplitude

of approximately 0.1% the logs tangent for all the three fibres remains
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constant, butTaynamic tensile modulus increases sharply at low static
strains and tonds to reach a limiting value. It is therefore, apparent
that energy loss also increases with increase in static strain. The
sharp increase in dynamic tensile modulus with static strain is attributed
to the unfolding of the structure in the non-crystalline regions resulting

in increascd orientation which reaches a liniting vrlue at higher strains.

However, for these fibres dynamic tensile modulus and tan§ are
Tound to Le independent of thoe dynamic strain amplitude in the range

between 0.1% to 0.5% Figs. 23b, 24b, and 25b.

4 Dynenic Tensile properties and Relative humidity.

Nylon 66 types A, B and C, nylon 6, Dacron, Acrilan 16, and rayomn.

The effect of varying the relative humidity from Zero to 93% at

ZOOC, on the dynamic tensile modulus ond tan & of nylon 66 types A, B
Aevilantt,

and C, nylon 6, DaoronJand Yayon cre indicated in Figs.26, 27 and 28,
It will be noted that in nylon 6 fibres a distincet dispersion occurs
at about 85% RH, whereas in nylon 66 fibres (types A, B and C) a dis-
persion is apparent above 90 or 95% RH. A1l the nylen fibres show a
decrease in the dynamic tensile modulus with an increase in RH. The
differences in behaviour noticeable between sanzples A, B, and C are at-
tributed to the differences in the degree of crystallinity between the

thrce types of fibres as shown by their density values (Table XVII).

These findings are consistent with the observed differences in tensile(Fig.4
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and dynamic bending properties of nylon 66 fibres types A, B and C.
The observations on nylon 66 presented here are in agreement with those
reported by Quistwater and Dune1174° which has been reviewed in the

literature survey.

Dacron and Acrilan 16, also show similar dispersion to nylon 66
and nylon &6 but around 70% or TBﬁ and their dispersion peaks are, however,
ruch smaller. Considering the differences in thc moisture regain of
these fibres (Table XIX) it appears that the presence cf water decreases
indermolecular cohesion and therefore, sesmental mobility increases

depending on the amount of moisture absorbed by the fibre,

The results on rayon fibre Fig.28 show that apparently two dis-
persion regions exist, one around 30% RH and another above 90% RH. A
sharp changc in the dynamic tensile modulus associated with these dis-
persions may also be noted. An increasc in static strain from 3% to
6% on rayon Tibres increascs the tensile moduli over the range of RH
investigated, but the dispersions on the loss tangent curve appear to
move teoward lower humidities. This is probably due to the fact that
by increasing the static strain on the fibre, mechanical strain energy
ig imparted to the system and therefore, water molecules can now disrupt
the intermolecular bonds more easily and increase segrnental mobility
at a lower regoain, The two dispersions obscrved in rayon fibres by

changing the relative humidity from O to 95% may be attributed to the
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directly and indirectly absorbed water molecules in non-crystalline
region. The directly absorbed water would initially free some seg-
ricnts in the molecular chain which acquire greater mobility as the

process of moisture absorption continues.

5e Dynanic Tensile properties, Temperature and/or Relative Humidity.

Nylon 66 types A, B, C, BH, and type 900 normal and heat sct,

]

Dacron, Acrilan 16, Rayon and Folyblend types BHZ’ BHB, and BH4.

Pigs.29 @ 35 indicate the results of measurements of dynamic
tensile properties of uylon 66 types A, B, and C and 900, Dacron,
Acrilan 16 and rayon over a range of temperature ZOOC to 9500 at 85%,
65% and 45%, and over a rangc of temperaturc 80° to 150°C at (% RH.Sihgle
filaments from tyre cords of 2 cm length (except for Acrilan 16 and rayon)
werc used for the dynamic tensile experiments which were carried out at
a constant frequency of 20 cps with the fibres subjected to Z% static

strain and ©.1% Jdynamic strain.

At high temperatures the modulus of .crilan is very low and there-~
forc on the oresent apparatus dynamic tensile measurements could not be
carried out on 8 denier single filament of Acrilan 16. However, with
two filaments of 2 cm.length fixed to the apparatus parallel to each
other and subjected to Z% static strain and 0.1% dynamic strain it was
possible to cover a wide range of tenperature and humidity. Since rayon

fibres were of finer denier, two fiilaments of 2 em length were fixed to
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the apparatus parallel to each other as for Acrilan but were subjected
to 3% static strain and 0.1% dynamic strain. On nylon 66 types A, B,
snd C, experiments were carried out on two fibres each, in order to
establish the reproducibility of the experimental technique. It will
be seen from Tables XV that reprcducibilitv of the results using the
experimental technigue described earlier is good. On nylon 66 type 900
dynamic tensile propertics at O% R over 80°C to 145OC, have also been

studied under 2% and 4% static strains (Fig.3%2).

A,h.C
Referring to Figs.2% to 32 nylon 66 types/ and type 900 show loss

tangent poaks (mlass transition) betyreen 1080 to 11500 at O% RH. With
increase in moisture content tne glass transition peak shifts towards
lower teuperature and the height of the loss tangent peak is affected

by the absorbed moisture which is dependent on the ambient conditions

of temperature and relative humidity. This findinge is consistent

with those reported by Woodward29 et al for rod like specimen of nylon
66. It is interesting to note that with the fibre A which has higher
density than types B, C and type 900 the loss peaks at all humidities
occur at a higher temperaturess This was also found to be truc in the
dynamic bending experiments at O% RH.

The effect of density can also be noted in the tensile behaviour of

thesc nylon 66 fibres shown in Figs.41l and 42. Nylon 66 type A exhibits
a higher initial modulus and breaking stress and a low breaking extension

compared with the other nylon 66 fibres.
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The sensitivity of the position of the glass transition peak
observed at about 108°C to 11500 to the water content of the nylon polymer
may indicate a connection witl: the amide linkages in the non-crystalline
region. Since dynamic tensile experiments at different relative
huwnidity below 20°C were not carried out in the present instance, the
[5 damping peak around —3300 for »olyhexamethylene adipamide, samples
containing water reported by Woodward et a129 could not be studied.
Woodward et al interpret that in polyamides the ot peak (j7lass transition
peak) is associated with semmental motions in amorphous regions as a
consequence of the breaking up of hydrogen bonds (or polar forces of
attraction) between chains, and the B peak Qggcondary glass transition

fr
peak) inrspecimen containihg water is associated with segmental motions
in the amorphous regions involving the co-operation of methylene groups
and non~hydrogen bonded amide links. Such an interpretation, although
logical, assumes the cxisftence of hydrogen bonded and non-hydrogen bonded
anide linkages in the non-crystalline parts of polyamide polymer merely
to explain the observed phenomenon in dynamic mechanical measurcments.
However, thore seems to be no support for such an assumption fror the

infra-red and NMR studies reporteda by other workers.

From the vwork of Hollidayll5 it may bhe recalled that the 3300 om“1

bonded NH band changes only gradually in intensity and frequency as the

tenmperature is raised from 100°C to 200°C and the changes become more
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narked above 2OOOG although no break in NH band is obscrved. Trifan

and Terenzi116 have estimatced that no more than one percent free WH groups
is present in a series of nylons including even odd members. Miyakell7
has also investigated different types of nylons and has concluded from
guantitative estimate of optical densities, that the amide groups form

hydrogen bonds almost completely, irrespective of the number of methylene

£TouUps .

Recently Glick and Phillips118 have studied the proton megnetic
resonance spectra of variously treated nylon 66, They report thot the
broad line NMR spectra of all samples consisted of a superimposition of
a broad and narrow component at all temperatures studied, *1630C to
15700. Dried nylon and dried deuterated nylon afforded indemtical
NMR gpectra. This identity has been interpreted as indicating a
possible electrostatic rather than overlap description of hydrogen bonds
in amorphous regiohs. Additives such as water, deuterium oxide,
methanol, and deuterium methoxide, have been found to lower the tempera-
ture ot which the narrow conmponent line width further reduced. Such
an effect, however, is consistent with othoer studies that indicated such
additives were associated with hydrogen bonds in amorphous regions of
the onolymer. This effcet, apoecare? to saturate at a concentrotioh of
additive equal to that of the amide functions in thce amorphous regions.
Contrary to their earlicr studies, it has been resorted that therc is

little difference if any between MR spectra obtained withh samnles containing
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proton additives and those with appropriatcly substituted deuterium

additives,

Amidst such controversies it appears that from only dynamic bending
and tensile data on nylon 66 over a range of temperature and humidity
presented here, it would be futile to conclude and to attribute the
observed transitions in nylon 66 to motions of specific molecular groups

or segments.

Referrin: to Fig.3%2 it may be interesting to note the heights and
the positions of the glass transition peak at O% r.h. for nylon 66 type
900 at static strains 1%, 2% and ¢% yhich occur at 1120, 109O and 107OC
respectively, the heights of the peaks decreasing with incrensing statie
strain. As expected the dynamic tensile moduli in the temperature
range investig-ted are higher at higher static strains. The shift in
the transition peal to slightiy lower temperature with increasing static
atrain in the range investigated nay be attributed to the higher mechanical
cnergy imparted to the system with straining and therefore, less ad-~

ditional thermal energy 1is required to activate the segments to rotate.

I'ig.33 indicates the cffect of temperature and/or hunidity on the
dynamnic tensile properties of Dacron. In the temperaturc range investi-
gates, only one dispersion pcal at about 14500 for the dry fibre was
observed, In the present investigations dynamic tensile experiments

. Cms s : -0 0
at different humilities were not carried out above 95 C and below 20 C




.uu

i TK.... = :
SaangeJedusg, i

L +

S

T

fr— o

[ S OO IS N L - PR S UGN

R R Pl N < > - + s el et e
TR

VOIS g

IR D
R

[E BRI I

- e—binc bl

s

St
o 4k

g

ek e

[ iy

o

By




106.

and thercfore, the effect of moisture content on the glass .ransition
and secondary ~lass transition peaks could not be studied as studied by
Kline and Sauer. However, fron the dynamic tensile modulus and
loss taﬁgent values over a rangc of temperature at different humidities
represented in Fig.33 one can conclude that the effect of moisture on the
dynamic btensile properties of Dacron is comparatively less than that on
nylon 66. At higher humiditios if the experiments were carried out
at higher temperatures the glass transition peai: might occur at a slightly
lower temperature than 14500 as reported by Kline and Sauer33, Fronm
z
the extensive work of Ward)4 and others on the segmental motion of
nolytheylene terephthalate polymers using dynamic mechanical technigue,
nuclear magnetic resonance spectra, infra-red spectra and x-ray diffraction,
revicwed in the literature earlier, the glass transition peaks of poly-
ethylene terephthalate fibres obsurved in the present investigwation in
dynanic bending and tensile experiments may probably be attributed to
considerable rotation of the glycol resldue also involving paraphenylene
linkages in the non-crystalline parts of the fibre. The low temperature
secdndary transition peak observed in the dynamic bending experiments
may be attributed to some very restricted rotation of the lycol residue.
The position of these two dispersions in different polyethylene tere-
phthalate fibres is, however, affected by the previous history of the

material (e.g. heat treatment, orientation etc).
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The differences in the temperature location of the glass transition
peaks for dry fibres of nylon 66 and Dacron between dynamic bending and
tensile experiments dxe attributable to the difference in frequency(about
a decade) adopted in the two experimental techniques in the present

4

investigations. From Nielson's "™ theoretically calculated values, and
Yasaka Wada'sa compiled data, 1t may be secen that for most common

. . . o
polymers a shift in the glass transition peak tempcorature of about 7

to 8°C occurs for o decade change in {reguency.

Pig. 34 indicates the effect of temperature and/or humidity, on

the dynanmic tensile properties of Acrilan 16, Consistent with the rcsults
of the dynamic bending experiments (IFig.17) it has not been possible to
establish a major loss tangent peak around 90O to 110°C at % RH in
the dynanic tensile experiments. However, it may be secn that tan &

continues to risc sharply (Fig.34) with a corresponding drop in
rodulus above 100°C exhibiting a rubbery behaviour at that temperature.
Tt is also interesting to note that this rubbery response in Acrilan 16
occurs at lower tomperatures with increase in moisture content.
Comparin;: the moisture regain of Acrilan 16 with nolyamide and polyester
fibres (Table XIX) it becomes obvious that the presence of water decreases
intermolecular cohesion and therefore, segmental mobility increases
depending on the amount of moisture absorbed by the fibre. Since
Acrilan Tibres absorb comparaivively more ameunt—ef water than polyester

fibres and less amount of moisture than :olyamide fibres, the effect of
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nolsture on the dynaric mechanical properties of ascrilan fibres lie

betreen polyester and volvanidice fibres.
¥ X

Unlike in the dynanic bending experinents, here no shoulder in the
loss tangent curve cround 6500 is visible for Acrilan 16. Similar to
the argunents presented eariier, from these results along it is not vos-
sible to attribute the behaviour of Acrilan 16 fibres in the glass/rubber
region to motions of specific molecular groups or sepgnents The sensit-
ivity of the loss tangent arnd dynaic nodult.. values around 80° to 110°¢
to moisture conternt may indicate that segncntal motion in the glass/rubber
regsion involve the rotation of nolar Sroups.

The results of the dynanic tensile propertics of rayon fibres over
2 range of temperature at Aifferent humidities @¥ererrescented in Fiz.35.
Although terperature has a corparatively snaller effect on the dynanic
riechanical properties of dry rayon fibros than on dry nylon 65 and Dacron
fibrazes, hunidity has = nore marked effect on rayon fibres. This finding
ig congistent with the high moisture rezain in yeyon fibres at any given
conditions. It will Me noted t-at no dispersion. veaks were observed in the
rayon fibre investizsted in the preseul instance over the wide range of
tenperature and hunmidity. Yowever,with incressc in hunidity the loss
tanent values rise rather sharply % lower termperature comparcd with
dry fibre. Associated with these rising tendencics of loss tangent values
& drop in Ltue dynamic tensile moauli ray also be noted. & srmall shouldex
at about 5200 at 855 r.h. is visible which is not observed at other

humidities. These findin~s are consistent
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with those rceported by TokitaEé for myon monofilaments except that
Tokita obscrved a dispersion peak at 80°C for dry viscose rayon,which
shifted to 6506 at 65% RH. The absence of dispersion peak may bhe
duc to differences in crystallinity, size of crystallites and/or
orientation between the viscose rayon samples used by Tokita and the

fibres from tyre cord rayon used in the present investigations.

It may be interesting to note the tensile behaviour of rayon
fibres Fig.41l compared with nylen 66 and Dacron. Rayon fibres have a
low breaking stress and low brealling extension. As mentioned earlier
high breaking stress and high breaking exter:sion is one of the desirable
properties in tyre cords. Mowever, the choice of tyre cords for

tyres depend: on the end use of the tyre itself.

The effect of temperaturc, in the range 70O to 15000 on the
dynarnic tensile propcrtics of polyblend fibres types BHQ, BH5 and BH4
at % RHaYe indicated in Fig.36. The dynamic tensile properties of

nylon 66 type BH. a¥e also shown in the same figure for comparison. It

1
will be noted that the effect of temperature on these fibres measured
in dynamic bending experinents Fig,22 are in general agreement with
those measured in dynanic tensile experiments. Slightly low tempera-—
tures registered for the transition peaks in dynamic tensile experiments

aye attributed as nentioned earlier to the differences in frequency (about

a decade) adopted in the two experimental techniques. As observed in
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the dynamic bending experiments the dynamic tensile moduli for samples
BH2 and BH3 are higher at all temperatures in the range investigated

compared with corresponding values for the nylon sample BH,and the poly-

1

blend sample BH4.
6 Effect of Heat Sctting on Dynamic Tensile Properties.

Nylon 66 Type 900.

The effect of heat settiag on the dynamic tensile properties of
nylon 66 type 900 are indicated in Figs.37, 38, and 39, (onditions of
heat treatment of these fibres are shown in Table XVI and measured
values of optical birefringence and physical density are shown in Table
XVIL, It will be noted from the bhirefringence values that disorient-
ation occurs in fibres heat set at 15000 under zero tension, whereas
orientation increases when the fibres are heat set either in the oven
at 15000 or in boiling water at 100°¢ for one hour under 10% extension.
The physical density, however, incrsascs (therefore, the crystallinity
increases) under all three conditions of heat setting. The effect of
crystallinity and orientation is also reflected in the tensile behaviour
of these¢ fibres FMig.42. The fibres hent set for once hour at 15000
or in boiling water at 16°C under 10% extension show higher breaking
stress and lower brealking extension, whereas fibres heat set at 15000
for one hour under zero tension show lower breaking stress and higher
breaking extension compared with normal fibres. Fibres heat sct under

zero tension also show a lower initial modulus compared with fibres heat
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set under eoxtersion but show a slightly higher initial modulus than
normal fibre. This is duc to fact that hest setting wnder zero tension
has increased crystallinity and has reduced orientation compared with

the normal fibre.

From Figs.37, 38 and 39 it ig interesting to note that the tempera-
ture of the glass transition peak of nylon 66 type 900 at various humidi-
ties is affected by the condition of heat treatment. The transition
temperatures at different humidities for both samples heat set at 15000
for 1 hour under 10% extencion and under zero tension occur around similar
temperatures (also shown in Tables XVIII) which are higher than those
observed for normal nylon 66 type 900 fibre. The corresponding heights
of the peak for the sample heat set under zero tension show ain increase
compared with normal fibre, whereas for the sample heot set under éxtension
the peak heights decrcase, Since the orientations of the two samples
arc different and the densities are nearly the same it may be concluded,
as in Terylene Fig.21 in dynamic bending experiments, that increase in
orientation apart from increasing the dynamic tensile modulus ovef the
range of temperature investigated reduces energy losses in nylon 66 over
the transition region.

The fibres heat set under 10% extensions in boiling water show still
higher transition temperatures at different hunidities (except at O?b RH)
compared with fibres heat set in e oven at 15000 under extension and

under no tension. [t is interesting to note thet the birefringence and
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e~
density values for the fibres heat set in ¥ oven and in boiling/under

10% extension are about the same. Therefore, the increase in the
transition tcomperature observed at all humidities in the range investi-
gated for fibres hest set in boiling water is atitributed to the larger
size of crystallites that are possibly formed in nylon 66 in the presence
of water. It is thought that although the overall orystallinity
between thce two heat set samples may be the same, the presence of water
in onc samnle would increase molecular mobilify of‘the chains to
reorient easily and therefore form larger crystallites. Slightly
lower transition temperature of 11500 at Q% RH for the fibre set under
10% extension in boiling water at 1OOOC, compared with 120°¢ for the

o P SV
fibre set under 10% extension/fat 15000 is probably due to the effect of

unsetting in the former at temperature above 100°¢.
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TABLE I A.
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Fibre 1.
Egﬁferature ?iioizzz ¢ ofs tan § Relative P?ndz?g !
e G _ frequenoy £,0/s) " |Moduwlus L'b/ B 20
185 448.5 0.022 0.76%
172 454 0.015 0.81
159.5 459.5 0.0124 0.822
146 465 0.0116 0.841
13%3% 470.5 0.01 0.861
120 475.5 0.0098 ¢.88
106.5 480,25 0.0116 0.9
99 482.5 0.0128 0.91
92 484.5 0.0134 0.913
18 48945 0.0138 0.9%2
64 493.75 0,014 0.948
50 498.5 0,0148 0.967
42 501 0.0176 0.98
25 503.5 0.019 0.99
27.5 504.5 0.0216 0.997
20 507 0.024 1
15 510 0.0258 1.015
9.5 513 0.0242 1.035
6 516.5 0.0224 1.045
-6 524.5 0.019 1,07
-18 528.5 0.0168 1.09
~24 532 0.0164 1.1
-42 539.5 0.0194 1.132
~54.5 544 0.023% 1.15%
~67 548.5 0.0274 1.173%

Pibre dimensions.
Length = 0.549 cn.

Mass/Unit length = 22,7 Fg/cm.
Density € = 1.305 gm/cm3

It
€'Elhoo

= 5-46 .10

10

dynes/cmz.
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TABLE I B.

WOOLs Dynamic bending properties and Tenperature.

Pibre 2.
Terperature Resonant ton § Relative bend-
O frequency ing kodulus
e £y o/ E'B/E'y 00
185 306,5 0,022 0.725
172 312.75 0,015 0.755
159.5 317.5 0.013 0.778
146 322 0.0122 0,8
133 329 0.012 0.834
120 523475 0.012 0.859
106.5 337.5 0.0124 0.878
99 33%9 0.0138 0.89
92 341 0.0144 0.897
78 544 0.015 0.913
64 347.25 0.0156 0,951
50 35045 0,017 0,948
42 353 . 0.0184 0.96
35 355 0.0209 0.972
275 35745 0.022 0.99
20 360 0.024 L
15 362 0.027 1.0%
9.5 %6405 0.025 1.025
6 366 0.02%6 1.0%9
-6 372 0.02 1.07
-18 275 0.0174 1.086
-24 3775 0.0168 1.1
-30 379 00,0174 1.109
42 383% 0.0198 1.13%2
=505 386 0,023 1.152
-67 389 0.0274 1.173

Fibre dimensions: Length = 0.6 cm, Mass/unit length = 20,22 pg/cm.
Density = 1.3%05 gm/om3

G'E'Y 55 = 5.117. 10%° dynes/cmz.

b2
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TABLE IC.
WOOL: Dynamic bending properties and Temperature.

Mean values.

Temperature tan 8 Relative bend=-
o ¢ ing Modulus
B'o/E' 00
185 ‘ 0,022 0.76
172 0.0155 0.78
160 , 0,013 0.8
150 | 0.0115 0.82
140 0,0105 0.84
130 0.0105 0.86
120 0.0108 0.875
110 0.0118 0.89
100 0.013% 0.9
90 0.014 0.915
80 0.0145 0.925
70 0.015 0.94
60 0.015 0.95
50 0,016 0.96
42 0.0175 0.97
35 0.0195 0,98
27.5 0,0218 0,99
20 0.0245 1
14 0.0265 1.02
10 0.025 1.0%
5 0.0225 1.04
0 0.021 1.055
-5 0.0195 1..07
-10 0.0185 1.08
~20 0,017 1.09
-30 0.017 1.1
20 0.0185 1.12
-50 0.021 1.135
-60 0.025 1.155
e‘E'bZO = 5.3.1010 dynes/cm2.
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SILK3 Dynanic bending properties an' Tenperature.

Fibre 1,

T%pperature Resonant tan § Belative bend~
C frequeney ing Modulus

£, ofs. B'Y/E'y

140 199 0.028 0,92

133 199.8 0.025 0,928

126 200.4 0.02% 0.93%3

120 201 0.0194 0,939

114 201.9 0.'0192 0.948"

106.5 202.6 0.0185 0.955

92 203%.6 0,017 0.964

78 204.6 0.0164 0.973

64 205, 4 0.0157 0.98

50 206.2 0.0153 0.989

35 207,2 0.015 0.998

20 207.4 0.0114 1

6 208,17 0.0102 1.008

-8 209.2 0,0l 1.017

-18 210 0.0095 1.e25

~30 210.2 0.0088 1.026

-42 210.6 0.0094 1.03%

~54.5 211.6 0.0093 1.04

~67 212.4 0.0085 1.048

Pibre dimensions:

Length = 0.5 cm.

Density =
1t
&'l b

il

20

1.35% gm/cmg.

10.98. 10%°

Mass/unit Llength

2

dynes/cn .

= 1.43 pg/cn.




STLK: Dynamic bending properties and Temperature

TABLE IT B
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Pibre 2.

Temperature Resonant tan 8§ Relative bhend-
O frequency ing modulus

f()o/s E'b/E' o4

185 201 0.027 0.85

179 201.75 0.022 0.8567

172 202.75 0.0208 0.8654

159.5 205.2 0.0204 0.8857

143 206.5 0.019 0.8974

140 208 0.0157 0.9103

133 208,75 0.014% 0.9175

126 209.6 0.013 0,924%

120 210.25 0.0128 0.9303%

114 211 0.,013%4 0.9367

106.5 211.5 0.0125 0.941

92 212.75 0.0104 0.9523%

18 214 0.0092 0.96%4

64 215 0.0086 0.9723

50 215.5 0.0086 0.9768

35 216.9 0.01 0.99

20 218 C.0074 1

6 219 0.0062 1,009

-6 220.15 0.0061 1.017

~18 221 0.0064 1.025

-30 221,775 0.0076 1.035

~42 222.95 00,0084 1.046

~54.5 22%.1 0.0083 1.047

_6[*_ 22%3.% 0.0076 1.047

Fibre dimensions:

Length = 0.5 cm.

Mass/Unit length = 1.57 pg/cm.
Density = 1.353 gm/cm5

e T L
€'E 00

- 11.08. 10'0 dynes/cr’.




118

TABLE II C.
SILK: Dynamic bending properties and Temperature.
Fibre 3.
Temparature Resonant tan & Relative bend~
Oc frequency ing modulus
£ _ofs. E'b/B' o5,
185 225,75 0.0216 0,83
179 227.75 0.01816 0.84
172 230 0.0174 0.855
159.5 233%.5 0.0162 0.883
143 234 0.0154 0.885
140 236 0.012 0.9
133 237 0,011 0.91
126 238 0,0106 0.92
120 2%9.75 0.0106 0.9%
114 240.5 0.0106 0.93%7
106.5 241.25 0.0108 0.94
92 24245 0.00¢8 0.952
78 243,775 0.009 0.96
64 245 0.0086 0,971
50 245.75 0.0086 0. 977
35 247.25 0,009 0.99
20 248.4 0.0051 1
6 249 0.005 1.002
-6 250 0.0052 1.013%
~18 250.5 0.0058 1.018
~30 251 0.0069 1.02
wdh2 251.65 0, 0085 1.022
-54.5 252.5 0.009 1.0%%
~67 255 0.0078 1.055

Pibre dimensionss

Length = 0.4 cm.

Mass/Unit length = 1.5 mz/om.
Density = 1.353% gm/cc.
e B! = 10.34 10%° c1ynes/cm2.

b20
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~ Mean values.

TABLE IT D.

Dynamic bending properties and Temperature.

b20

Temperature tan & : Relative bend-
" O ; i?g m?dulus

o ) E'0/B 00

185 0.03 0.84

1.80 0.0275 0.85

170 0.025 ; 0.87

160 0,024 ; 0.89

150 0.0225 | 0.9

140 0.,0205 0.915

130 0.0175 , 0.935

120 0,0155 j 0.94

115 0.015 ! 0.942

106 0.0155 § 0.95

100 0.0145 ; 0.952

90 0.0135 ) 0.96

80 0.013 i 0.965

70 0.0125 : 0.97

60 0,012 0.98

50 0.012 | 0.985

40 0.012 ; 0.99

35 0.0125 ; 0.992

30 0.011 , 0,995

25 0.01 . 0.998

20 0.009 : 1

10 0.008 : 1.005

0 0.0073 i 1.01 i
~10 0,007 | 1.015 ;
20 0.0073 g 1,02 1
~30 0.008 ’ 1.025
~40 00,0085 ' 1.03 i
~50 0.0092 1.035 ;
~60 j 0.0095 1.045 )

IR, = 10,8, 10°0 dynes/cn°.
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T'IBROLANE: Dynamic bending properties and Temperature.
Fibre 1. e ‘
Temperature Resonant tan & Relative bend-
’ frequency ing modulus.i
1
f‘oc/s. E'd /B g
185 203% 0.04 0.83 ‘
179 207 0.03%6 0.845
172 210.6 0.03%2 0.863
166 214 0.028 0.875
159.5 217 0.0238 0,885
153% 218.5 0.021 0.892
146 220.25 0.02 0,9
140 221,15 0.0186 0,905
1%3 20% 0.0157 0.91
126 225.5 0.0118 0.918
120 227.75 0.012 0.928
114.5 229 0.0126 0.935
106.5 250.5 0.,0117 0.941
92 033 0.01 0.95
78 235, 5 0.0088 0.96
64 257.5 0.01 0.968
50 240 0.012 0.978
35 242.6 0.0144 0.99
20 245.5 0.017 1
5.5 247.5 0.0192 1.01
-6 250 0.0162 1.02
-18 252 0.016 1.037
-30 255.25 0,017 1.04
-42 258 0.0194 1,052
~54.5 260, 5 0.02%4 1.062
-67 262 0.028 1.07

Fibre dimensionss

Length = 0.508 cn

Mass/Unit length = 3.5 yg/cm.
= 1.29 gn/cc.

= 5.2 1010 dynes/c:m2

Density

1
€'By 0
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TABLE IIT B.
FIBROLANE: Dynarmic bending properties and Temperature.
Fibre 2.

R e

Temperature Resonant tan § Relative bend~
s OC frequency ing modulus
e A /B,

185 2%3% 03031 0.83

179 037 0.0248 0.8475

172 240,5 0.02204 0.867

166 2435 0.0188 0.376

159.5 245.5 0.018 0. 885

153 247.5 0.0174 0.892

146 250 0.016 0.9

140 252.5 0.01%5 0.91

133 256 0.013%2 0.922

126 258 0.014 0.93

120 260 0.0146 0.936

114.5 261 0.0148 0.94

106.5 262 0.014 0.945

92 264 0.0131 0.95

18 266.5 0.013 0.955

64 269.25 0.0131 0.97

50 272 0.0136 0.98

55 274.75 C.015 0.99

20 277.5 0.017% 1

5.5 280.5 0.0193 ©.01

- 283,2 0.0184 1.021

~18 286 0.0172 1.031

-30 288.5 0.0177 1.04

~42 291.5 0,022 1.051

~54.5 294, 7 0.024 1.065

-67 299 0.028 1.078

Fibre diménsions:

Len¢ th= 0,485 cn.

Mass/Unit length = 3.87 pg/ecn.
Density = 1.29 gm/cc.

E'E‘bzo = 5.83, 1010 d;ynes/omz.
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298.9

0.0274

TABLE IIT C
FIBROLAINE: Dynamnic bending properties and Temperature.
_ Fibre. 3, o e |
Temperature Resonant tan & Relative bend-
Oq frequency ing m%dulus

£ o/s. E'b/E ),
185 232 0.037 0.83
179 235 0.033 0.845
172 237.5 0.0282 0.852
166 240 0.023%6 0,.R862
159.5 243 0.02 0.872
153 246 0.0198 0.885
146 248 0.0175 0.89
140 252 0.015 0.905
133 256.6 0.013%65 0.922
126 257.5 0.0144 0,925
120 259.5 0.0152 0.93%2
114.%5 260.5 0.015% 0.937
106.5 262 0.013 0.94
92 264.5 0.0119 0.95
78 067 0.0116 0,06
64 269.5 0.0125 0.968
50 272 0.0147 0.977
35 275 0,0169 0.987
20 278.5 0.0185 1
5.5 281.7 0.0199 2,01
-6 283,5 0.01905 1.02
-18 286.7 0.0183 1.0%2
-30 289.45 0.0183 1.04
~42 292.4 0.02 1.05
-h4.5 295.5 0.0237 1.062
Y

1.075

Fibre dimensions:
Length = 0.45 om.

Mass/unit length

3.47 pg/cm.

Density = 1.29 gm/cm5

e'pt
By

o0 = 4.865. 10

10

dynes/omz.
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TABLE IIT D.
FIBROLANE: Dynamic bending properties and Temperature.

Temperature tan 8 Relative bend-
" Ogy ing Modulus
E'B/E'y00
185 0.036 0,84
179 0.0313% | 0.85
172 0.02686 0,86
166 0,0235 - 0.87
160 0.0206 0.88
153 0.0194 0.89
146 0.,0179 0.9
140 0.0158 0.91
133 0.0142 0,92
126 0.01%4 0,93
120 0.0139 0.935
114.5 0.0142 0.945
110 0.013%5 0.945
105 0.013 0.95
100 0.0125 0.95
90 0.0115 0.96
80 0,011 0.965
70 | 0.0112 0.97
60 0.012 0.975
50 0.013 0.98
40 0.0145 0.59
30 0.016 0,995
20 0.0175 1
15 0.019 1.01
5 0.0195 1.015
0] 0,019 1,02
~10 0.0175 1.03
-20 0.017 1.035
~30 0.,0175 1,04
~40 0.0195 1.05
~50 0.022 1,055
60 0,0255 1,06

G'E'b2o = 5,3, 101O dynes/omz.



RAMIE: Dynamic bending properties and Temperatursy

TABLE IV A.

124.

Fibre 1.

Tenmperature Resonant dan & Relative hend-
" % frequency ing modulus
v f\sc/s, E'b/E'bzo
146 191 0,019 2.87
133 194.35 0.0143 0.9

120 195.7 0.0118 0.91
106.5 197.5 0,012 0.93

92 199 0.0115 0.94

78 200.5 0.0095 0.96

64 202 0,0093 0.97

50 202, 7 0,0093 0,98

35 204.15 0.0103 0,99

20 205.1 0.0117 1

6 205.5 0,011 1.01

-6 206.5 0.0095 1.015
@18 208 00,0088 1.03
~30 209 0.01 1.04
~4.2 210 0.0128 1.05
~54, 5 212 0.0158 1.07

Fibre dimensionss
Length = 0.7 cmn,

Density @ = 1.553 gu/ond

ot
€'Bho0

= 24,1, 10

10

dynes/cn12

Mass/unit length = 4 mg/cm.
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TABLE IV B.
RAMIE: Dynamic bending properties and Temperature.
Pibre 2,
Temperature Resonant “tan g Relative bend
O frequency ind modulus
£,0¢/s E'b/E'bZO
146 574 0.0125 0.785
133 585 ¢.01025 0,81
120 595 0.0085 0.84
106.5 60%,2 G,00975 0.87
92 612 0.,0105 0.89
78 620 GC.0095 0.915
64 627 0.00925 0.94
50 633 0.00925 0.955
35 640 0, 0105 0.975
20 648 0.01225 1
6 660 0.01225 1.03
-6 673. 7 0.0L1 106
-18 681 0.009 1.1
~30 690 0,01 1.125
~42 69745 0.0127%5 1.16
~54.5 706 0.01575 1.18

Fibre dimensions:

Length = 0.528 cm

Mass/unit length = 4.06 wug/cm.
Density = 1.553 gn/cn
10

e'E’bzo = 78.89. 10 dynes/cmz.
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TABLE IV C.
RANIFB: Dynamic bending properties and Temperature.
Fibre 3.
Temperature Resonant “tan8 Relative bend-
o frequency ing modulus
C 2t '

£ cfs. B'b/E', 5
146 338 N, 019 0.89
133 342.3 0.01425 0,91
120 34644 0.0105 0.935
106,5 348.65 0,01 0.95
92 350.7 0.00925 0.96
78 352465 0.0085 0,97
64 554..3 0.00825 0,98
50 3555 0,008 0.985
35 356475 0.00825 0.99
20 358.25 0.00925 1
6 360.25 0.009 1.01
~6 361.5 0.008 1,015
~18 363,75 0.00775 1.03
~30 366 0.0085 1.04
-42 371 0,011 1.07
=545 376 0.014 1.1

Fibre dimensions: length = 0.622 cm. Mass/Unit length = 4.56 pg/cn,
Density = 1.553 gm/cm3

€'B',o = 25.75. 1070 dynes/on’.
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TABLE IV D.

Ramies Dynamic bending properties and Temperature

Mean values.

Temperature teng Relative bending
" BN
b20
146 0,017 . 0.85
140 0.0145 0.86
130 0.0118 Nn,.88
120 0.01C5 0.9
110 0.0105 0.91
105 0.0115 0.918
100 0.011 0.922
90 0.01 0.935
80 0.0095 0.94
70 0.009 0.96
60 0.0085 | T 0.97
50 0.0088 0.975
40 0.009 0.98
30 0.01 0.99
20 0,011 1
10 0.01 1.01
0 0,009 1.02
-10 0.0085 1.03
~20 0.0085 1.045
~30 0.009 1.06
=40 0.011 1.08
~54 0,015 1,11
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TABLE V A,
PORTISAN: Dynamic bending properties and Temperature.
Fibre 1,
Temberature Resonant ton & Relative bend-
’ O frequency ing modulus

%) c/s. E'b/E’b2o
146 276.5 0.0295 O.T24
133 283%.5 0.0255 0.778
120 290 0.021 0.836
106.5 294.5 0.0163% 0.84
92 298 0.016 0.86
78 504 0.0l12 0.894
64 309 0.00975 0.924
50 311.5 0.00875 0.9%9
35 315.5 0.01 0,963%
20 321.5 0.015 1
6 325.5 C.,0133 1.025
-6 329 0.01% 1.047%
-18 332.5 0.C1375 1.07
~30 336 0.016 1.09
~42 340 0.019 1.12
-54.5 344 0,022 1.145

Fibre dimensions:
Length = 0,49 cm.
Mass/unit length = 1.11 yg/om

Density = 1.52 gm/cm3

= T
eBh o0

- 49,82 10"

0

dynes/cmz.
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TABLE V B.
FORTISAN: Dynamic bending properties and Temperature.
Fibre 2.
Temperature Resonant " tan8 Reletive bend
: OC grezyznoy é?%/g?dulus

o ’ b20
146 234 0,031 0.745
133 240.5 0.026 0. 79
120 246.5 0.02 0.93%
106.5 252 0,0163 0.865
92 256 0.0165 0.89
78 267 0.013%3 0.92
64 26345 0.0105 2,945
50 266.5 0.009 0.97
35 26845 0.0093 0.98
27 271 0.017 1
6 27345 U, U155 1.02
~6 275.5 G.0153 1.035
~18 278 0.01675 1.055
~30 280.5 0.019 1.075
-42 283 0.022 1.09
~54.5 285 0.025 L.l
Pibre dimensionss
Length = 0.524 cm,
Mess/unit length = 1.1 pg/cm.
Density = 1.52 gm/cm3

~ ! 1
e’ Blyog

- 46,28, 100 dynes/on”.
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TABLE V C.

I'ORTISAN: Dynawic bending propertics and Tenperature.
Fibre 3.
Temperature Resonant tan § Relative bend-
e frequency ing modulus

£ o/s. E'b/E" 50
146 290 0,033 0.745
133 295 0.027 0.775
120 304,5 0.021 0.33
106.5 309 0.0165 0.85
92 %1% 0. 015 0.87
78 319.5 0.0123 .91
64 325 0.0083 0.94
50 329 0.,0075 0.97
35 532 0.0083 0.98
20 335 0.01075 1
6 3%8 0.0083 1.02
-6 3l 0.008 1.04
~18 3473 0,01 1,05
-30 345 0,012 1.06
42 348 0.015 1.08
~54.5 351 ¢.02 1.1

Fibre dimensionss
Length = 0.5 onm.
Masq/unit length = 1.1,ug/om.
1.52 gm/cma
58,64 10™°

I

Density
QIE!

I

2
b20 dynes/cm .
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FORTISAN: Dynamic bending properties and Temperature.

Meoan values

°

Termerature tanf Relative bend-
OC ing lModulus
B'B/B' 50
146 0,0305 0,73%
140 0.028 0.765
130 0.02%5 0.8
120 0.02 J.8C
114 0.0175 0.8%
107 0,015 9.87
100 0.014 0.86
92 0.015 0.88
80 0.0125 0.91
70 0.01 0.93
60 0.0085 0.95
50 0.008 0.965
20 0.0085 0.98
3C 0.0105 0.7
20 0.013 1
10 0,011 1.01
0 0.01 1.03
~10 0.01 1,045
~20 0.011 1.06
~350 0.014 1.08
20 0.017 1.1
~50 0.02 1.12
~5445 0.0215 1.13
G'E'bzo = 51.56.1010 dynes/om2,

131,
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TABLE VI A.
VISCOSE:s Dynamic bending propertics and Temperature,
Fibre 1.
Temparature Resonant tan & Relative bend
- I frequency ~ihg modulus |

fo c/s. E'b /E$b20
192 324 0.,0468 0.65
185 307 0.0425 0.66
172 329 0.0357 0.67
159.5 334 0.0%15 0.07
147 339 0.0285 0.72
140 3467 0.0245 0.732
133 351.7 0.022 0.76
120 361.25 0.0175 0.805
106.5 367.5 0.014 n.83
92 37544 0.011 0.87
78 381.5 0.009 0.9
70,5 385.5 00,0085 0.91
64 387.3 0.0083% 0.925
56,5 388. 8 0,0086 0.935
50 391 0.0075 0.942
35 396.75 0.008 0.97
27.5 400.5 0.0085 0.99
20 433 0,009 1
6 406.5 L0104 1.02
~6 410.75 0.013 1.04
-18 415 0.0175 1,26
~30 419.5 0.0225 1.08
~42 425 0.0275 1,111
~54.5 433.5 0,033 1.16
-67 440,'7 0.039 1.2

Fibre dimensionss
Longth = 0.474 cr.
Mass/Unit length = 6.66 Mg/cnm.

Z
Density = 18 gm/cm)

St
& Elog

= 8.96 1010 dynes/cmz.




TABLE VI B.
VISCOSE: Dynamic bending properties and Tenperature.

Fibre 2.

133.

Temperature Resonant tan 8 Relative bend-
On frequency ing Modulus
foo/s. E'D/E' 0
185 302 0,046 0.66
172 306 0.C417 0.67
159.5 316 0.0358 0.685
147 316.5 0.0318 0.712
140 323 0.025 0.75
133 326.5 0.022 0. 76
120 535 0.018 0.8
106.5 341.8 0. 0145 0.83
92 3475 0.0115 U.86
78 353 0.0095 0.89
70.5 355.8 0.009 0.9
64 358.2 0.0088 0.915
56.5 358.5 0.009 0.92
50 363,2 0.0075 0,94
35 268 0,008 C.965
27.5 370.35 0.0085 0.985
20 37444 0.009 1
6 3775 0.01 1.02
-6 382.6 0.0125 1.042
~18 386 0.0165 1,06
~30 390.25 0.021 1.084
~42 295.5 0.026 1.111
-54.5 402 0.031 1.15
=67 409.5 0.037 1.2

Fibre dimensions:

Length = 0.5 cm, _
Mass/Unit length = 6.66 pz/on,
Density 1.51 gm/om5

e! E'b = 9,55 lﬁlo dynes/cmz.

20




TABLE VI C

VISCOSE: Dynamic bending properties and Temperature.

Mean values.

134.

Temperature tah8 Relative bend~
on ing Modulus
E'®/B' 00
190 0.0465 0.65
180 0.0425 0.67
170 0.0375 0,685
163 0.,0345 0.69
157 0.03%25 0,71
147 0.03 0.7%
140 0.025 0.75
130 0.0215 0.775
120 0.018 0.8
110 0.0155 0.82
100 0.013 0.84
GO 0.0115 0.86
80 0.01 0.89
70 0.009 0.91
64 0.0085 0.925
56 0.009 0.94
50 0.0075 0.95
40 0.008 0.97
30 0,008 0.98
20 0.009 1
10 0.0095 1,01
0 0.0115 1,03
-10 0.014 1.05
~20 0.0175 1.07
-30 0,0215 1.09
-40 0.0255 1.11
-50 0.0% 1,145
-60 0.035 1,18
e B - 9.255. 10'° dynes/an’.

b20



TABLE VIT

A

1%5.

Acetates Dynamic bending properties and Tenperature.
Pibre 1.
Temgfrature. Resonant tan 8 Relative bend-
' c frequency ing modulus
£ c/s E'b/E',
172 226 0.05 0.62
159.5 234 0.0442 0.663
146 241.5 0.0%76 0,701
133 248.5 0.0325 0.755
120 253,75 0.,0298 0.78
106.5 259.5 0.027 .81
92 265 0.025 0.85
8 270 J.0244 0.885
64 274.5 0LE52 0.915
50 279.3 0.0266 0.945
A2 280 0,0275 0.95
35 284 0.0282 0.98
27.5 235,5 0.028 0.99
20 287.5 0.0279 1
6 293%.5 0.0288 1.04
-6 300 0.0296 1.09
~18 301.5 V..324 1.1
~50 306,.5 0,0306 1.14
~42 310.5 D,0316 1.7.65
~48.5 312.5 0.0%2 1.18
~54.5 314.5 0.03%26 1.2
~67 318.5 0.03%08 1.23%

Fibre dimensions:
Length = 0.521 cm.
Mass/Unit length = 6.15 pg/cm.

7
Density = 1.33 gm/om)

EVE'bzo = Te2 1010 &ynes/cmz.
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TABLE VII B
ACETATE: Dynamic bending properties and Temperature.
Fibre 2.
Tempgrature Resonant Relative bend-
C frequency tand ing modulus

£ ofs. B'b/E'y o0
172 L77.5 0.0558 0.525
159.5 188.5 0.0526 0.59
146 197 0.047 0.648
133 204 0.92393% 0.69
120 2CY 0,0346 0.73
136.5 214 0,03%08 0,765
92 220 0.0278 r.81
78 226 0,025 0.85
64 231 0.026 0.89
50 235.5 0.0296 .92
42 2%9 0.0318 0.95
35 242.5 0.035 0.98
27.5 245.5 0,03%28 0.99
20 245. 0,0306 1
6 249 0.03%2 1.03
-6 254.5 0.0%36 1.08
~18 256 0.034 1.09
~30 25945 0.0%46 1.12
~42 264.,5 0,0266 1.165
~4845 267 0.0375 1.19
~E4.5 269.5 0.03%84 1.21
-67 275.5 0.03%6 1.26

Fibre dimensions:
Length = 0.565 cm,
Mass/Unit length = 6.15 M3/cm

Density ;1.53 ?-/cm3
e'EB' = T.1 10%° dynes/cm2




TABLE VII C

137.

ACETATE ¢ Dynamic bending propertics and Temperature,
Tibre 3
Temperature Resonant tand Relative bend-
°a frequency ing modulus
£, ¢fs. E'Y/E' o
172 224..5 2.0536 0.58
159.5 235 0.048 0.645
146 244.5 0.04 07
133 252 0.0318 0.74
120 253.5 0.0% 0.78
106.5 265 0.029 .82
92 268.5 0.0278 .84
78 273 0.0274 0.86
64 278.5 0.0283 0.905
50 282.5 0.0314 ¢.932
42 284, 5 ¢.033%8 0.94
35 2875 0.035 .97
27.5 289.4 0.0328 0.98
20 292.5 0.0306 1
) 296.75 0.031 0.03%
) 503 0.,03%2 1.08
~-18 3C7.5 C.0324 1.1
-30 312.5 0.0326 1.12
-42 318 0.0%33 1.18
~48.5 320.5 0.034 1.2
=515 323 0544 1.22
Fibre dimensions:
Length = 0.525 on. Moss/Unit length = 6.17 ug/em,
Density =1.33 g/cm3
! 10 2
&R oo = 7.5 10 dynes/om




TABLE VII D.

ACETATE: Dynanic bending properties and Temperature.

Mean values.

138.

Temperature tan § Relative bend-
-%a ing modulus
172 0.0525 0.575
160 0.047 0.625
150 0.0425 0.665
140 0.0385 0.7
130 0.03%5 0.7%
120 00,0315 0. 7€
110 0.029 0.79
100 0,027 0.82
90 0.0256 0.84
80 0.025 N, 865
70 0.0256 0.89
60 0.027 0.915
50 0.n285 0.94
40 0.03%05 0.96
35 0.032 0.97
25 0.03% 3.99
20 0.0295 1
10 0.029%5 1.025
0 0,0305 1.05
-10 0.0315 1.075
~27) 0,032 1.1
-30 0.03%2 1.125
~40 0.031 1.155
~50 0.034 1.19
e 0,034 1.225
¢ I'E! ==%3.Hﬂodmm#mf.

20



"RICEL: Dynamic bending properties and Temperature.

TABLE VIII A

139.

Tibre 1.
Termp ~rature Resonant ton 8 Relative bend-
%a frequency ing modulus
£ ¢/s E'b/B 00
156 134 0,0615 0,63
159.5 136 0,059 U.65
153 138.5 0,056 0.Ci5
146 171 0H1hH 0.7
110 143 0.044 0.72
133 145.8 0.0415 0.5
126 147.5 0,04 0.757
120 149.5 V. 0%6 0.787
114 151 0.032 0. 804
106.5 152.5 0.031 0.82
92 155.5 0,031 .85
85 156.7 0.031 0.868
73" 158, 0.03% 0.88
70.5 159 0.0285 .89
64 160.5 0.027 0.91
57 161.5% 0.0265 0.92
50 162.5 0.128 0.93%
35 165.5 0.03 0.963
27.5 166.5 0.031 0.977
20 168.5 0.0%25 1
6 170.3 0.03%5 1.021
-5 172.3 0.03%5 1.041
-18 174.3 0.034 1.07
~%2 177 0.0%2 1.1
-42 180 0.0%25 1.14
~54.5 181.2 0.036 1.16
-6 183. 0.03%3 1.18

Fibre dimensions:
Length = 0,475 cm.

Mass/Unit length = 2,04 mg/cm.
Dengity = 1.30 g/om5

AN
€'Eln0

= 4.83%2. 10

10

dyn/ch.



TRICEL: Dynaric bending properties and Temperature.

TABLE VIII B,

140.

Fibre 2.
Tempcrature Resonant tan§ Relative bend-|
- % frequency ing Modusus
fo ¢/s. E'b/E'bzo
166 133 0.061. 0.565
159.5 135 00,0585 0.625
153 137.5 0.055 0.637
146 141 0.051 0.667
140 144 0.0425 0.69
133 147.8 0.041 0.725
126 15D 0,039 0.743
120 152.5 0.03%5 0.765
114 154.5 0.0%1 0,782
106.5 156.5 0.03%05 0.802
g2 160 (. 0305 0.83%5
85 161,5 0.03 0.847
78 163 0,029 0.865
T0.5 164.8 0.0275% 0,88
64 166 0.0265 0.895
57 168 0.026 0.91
50 169.5 0.027 N,925
35 170.5 0.0295 0.946
27.5 174.5 0. 031 0.573
20 177 C.03%2 1
6 181 0.035 1.021
-6 18%.5 0.036 1.041
-15 185.8 0.033 1.072
~30 185.8 0.03% 1.1
42 188.2 0.0315 1.13%5
~54.5 190.7 0.034 1.6
-67 193 0.031 1.18

Fibre dimensions:
Length = 0.507 cm.

Mass/unit length = 2.04 ug/cn

Density = 1.30 gm/om3

CtE! o0 = 6.9 10

b

10
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TABLE VIII C.
TRICKEIL:¢ Dynanmic bending properties and Temperature.

HMean Values.

Temperature tan & ' Relative bend-
OC ing Modulus
E'D/BY 54
166 0.0615 ' 0.59
160 0.059 0.62
153 0,0555 0.64
146 0,051 0.67
140 0.0434 0.69
130 0.0405 0.73
120 0.03%55 : 0.76
110 0.03%05 0.79
100 0.03 0.82
90 0,03 0.84
80 0.03% 0.86
70 0.028 0.89
60 0.0265 0.9
50 0.0275 0.93%
40 0.029 0,945
30 0.0305 0.97
20 0,0%25 1
10 0.034 1,02
0 0.07% 1.04
~-10 0.035 1.06
20 0.03%% 1.08
-30 : 0.0315 1.1
=40 0.0%15 1.13
~50 0.03%4 1.15
55 0.03%5 1.16
~67 0.03%2 1,18




ACRILAYN 16:

Normal Pibre.

Dynamic bending properties and Temperature.

Table IX A.

142.

Temper%ture Resonant tan 8 Relative bend-
¢ frequency ing Modulus
fo c/s. E'B/EY o
131.5 60.5 0.485 0.0475
129.5 67 0.51 0.058
110 137.5 0.312 0.245
106.5 154 0.26 0.308
103 172.5 0,24 0.385
102 171.5 0,198 0.38
98 184.5 0.168 0.44
95.5 190.5 0.163 0.47
9345 195.5 0.148 0.495
89.5 206 0.1%6 0.55
87 211 0.1%2 C.578
84 216 0.12 0.605
80.5 222 0,117 0.638
76 229.5 0.1 0,68
73 234.5 0,098 0.712
68 240.5 0.094 0.75
63.5 246 0.0895 0.782
57 253 0.075 0.83
51 256.8 0.072 0.855
44.5 263 0.0685 C.89%
40 266,5 0,062 0.92
33 271.1 0.0555 0.945
27.5 27442 0,052 0.975
20 2178 0.045 1
8 284 0,03%52 1.04
-5 289 0.0277 1.08
~13 292.1 0.0238 1.1
~25,5 296,25 0.0185 1.14
-37 298.8 0.0154 1.16
~48 300.9 0.0118 1.17
~60 302.5 0.0112 1.18

Fibre Dimensions:

Length = 0,702 cms

Dengity = 1.1845 grhoc.

&'R! = 11
b20

.9 10

dynes/ on12

Mass/Unit length 8.9 hz/cn.
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TABLE IX B.
ACRILAN 163 Dynamic bending propertices and Temperature.

Heat Sct at 130O for 1 hour under 1% extension.,

Temp%rature Resonant “ban 8 Relative bend
C fregquency ~ing Modulus
£ o/s. E'D/E' 5
110 17 0.39 0.152
107.5 83% 0,362 0.177
104 98.5 0.289 0.25
101 105.5 ‘ 0.252 0.285
96 121 0.19 0.375
92 130 ' 0.1615 0.43
87 142 0.141 0.52
82 150 0.1265 0.575
76 158 0.114 0.64
71 164 0.0975 0.69
63%.5 ' 172 ‘ 0.09 0.755
55 177.8 0.86 0.81
49 181.8 0.077 0.85
A2 186.7 0.07 0.89
35 190.5 ‘ 0.06% 0.93
26.5 195 0.055 0.975
20 197.4 0.05 1
17.5 198.4 0,044 1.01
5.5 202 0.04 1.03%
i 206,% 0.028 1.09
-19,5 209 0.024 1.12
-29.5 211 0.0208 1.14
~42 213 0.014 1.16
~54.5 214.75 0.0117 1.18
~63 216 0.0925 1.2

Fibre dimensionss
Length = 0.725 cms  Lass/Unit longth = 6.25 pz/cm.
Density = 1.187 gm/cc.

0

G‘E‘bzo = 9,74, 101 dynes/cmz.




TABLE IX C

144.

ACRILAN 16: Dynamic bending properties and Temperature.

Set in boiling weter at 100°C for 1 hour under 10% extension.

Temperature Resonant tan § Relative bending
O frequency Modulus
f()c/s E'0/E' 0
110 8T7.5 0.3%4% 0.226
105.25 93 0.28 0.255
100 108.5 0.193 0.35
95 124.5 0.1465 0.466
88 135.8 0.1265 0,545
82,5 142.5 0.105 0.6
78.5 148 0.0965 0.648
75 151 0.093% 0,672
69 156.5 0.083 0,722
60 162.6 0,079 0.78
55 166.4 0.077 0.82
2.5 167.65 0.0762 0.84
50 169.7 0.0765 0.85
44.5 173.5 0.0658 0.89
55 77.75 0.059 0.93
28 181.7 0.055 0.975
20 184 0.047 1
6.5 183,2 0.037 1.045
-5 191.4 0.0324 17.08
~20.5 19:..8 0.0257 1.12
-29.5 196.7 0.0203% 1.14
-47% 198.9 0.014 1.16
~54 200.4 0.C11 1.19
~63.5 201.7 0,01 1.2

Fibre dimensions.

Length = 0.8 cn. Mass/unit length = 9.16 uz/cn.

Density = 1.186 g]cul

€D,y = 8.36. 1010 aynes/en.




ORLON: Dynamic bonding propertices and Temperature.

TABLE IX D.

145.

Terperature Resonant “wan S Relative bend-
0 frequency ing Modulus
¢ £. of E'b/E!
0 020
124 84 0,214 0.0915
122.5 86.5 0.23%5 0.095
120.5 90.5 0.25 0.103
118.5 95 0.274 0.107
116.5 100.5 0.23% 0.1%3
112 111 0.3%06 0.173
108 126 0.28¢ 0.182
106 132 0.266 0.226
102 153 0.235 0.305
98 165 0,194 0.355
93 183 0,186 0,435
91 193 G166 0.485
87 199 0.161 0.512
79.5 213.5 0.136 0.59
T4e5 221 0.12 0.63%5
70.5 228 0.11 0.675
65.6 234.5 0.115 0.715
6% 2%8.2 0.11 0.74
60 242,3 0.1 0,765
50 253 0.086 0.83%
42.5 261 7.0766 C.885
37 265 0.066 0,91
29 272 0.0595 0.96
20 277.5 0.053 1
10 283 0.046 1.0%
0 287 0,042 1.06
-10 291 0.04 1.09
20 2924 0.036 1.12
~30 296 0.03 1.14
~40 299 0.025 1.16
~50 301 0.022 1.175
~60 502.5 0.02 1.185

Fibrc dimensionss

Length = 0.53%5 cms Mass/uniﬁ length = 2.8 pg/cm.
Density = 1.17 gm/cm)

Resonant frequency at 20°¢ = 277.5 and 371 cps.

e’ E'b = 12,4.10 and 22,16 1010 dynes/cmz.

20
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TABLE X A,

POLYPROPYLENE A: Dynamic bending properties and Temperature.
Fibre 1.
Tgm@prature Resonant and Relative bend-
> 6 frequency ing Modulus

fo c/s. E'b/E' o
126.5 137.2 0,094 0.24
120 143 0.086 0.26
106.5 152 0.071 0.295
92 162 0.058 0.3%%5
78 172.5 0.049 0.38
T0.5 179 0.048 0.41
64 187.5 0.05 0.45
57 194 0.053 0.48
50 198 0.059 0.52
42 21% C.CT1 0.58
35 227.5 0.1 0.66
27.5 250 0.11 0.8
20 280 0.131 1
18 285.5 0.13%4 1.04
1%.5 30% 0.128 1.17
6 326 0.1 1.%6
0 365 0.07 1.56
b 366 0.05 1.7
~18 383 0.04 1.87
~24 390 0.03%7 1.94
=575 399 0.0%6 2,04
Fibre dimensions:
Length = 0.50% cms Mass/Unit length = 3.4 mg/cm.

Density = 0,92 g/om3

e'E‘bEO = 3.989.10:L

0 dynes/cmz.



147.

TABLE X B
POLYPROPYLENE A: Dynarmic bending properties and Temperature
Fibre 2.

Temperature Resonant tan& Relative bend-
oc frequency ing Modulus
fo ¢/s. E'b/E'bzo
12645 157 0,094 0.24
120 143 0,086 0.26
110 148 0.075 0.28
106.5 151 0.0715 0.29
92 163.5 0.059 0.3%4
78 173 0.05 0.38
70,5 177 0.0485 ‘ 0.4
64 181.5 0.05 0.42
57 187.8 0,053 0.45
50 198 0.0575 0.5
42 218.8 0.068 0.56
35 237.5 | 0.095 ; 0.64
27.5 24745 0.11 , 0.78
20 280 0,1305 1
18 288 0.134 1.06
13.5 309,5 0,128 1.18
6 322 0.095 1.3%6
0 348 0.07 | 1.54
-6 365 0.0525 1.7
~18 373 0.041 1.87
24 390 0.038 1.94
~5T7e5 400 0.0365 2,06

Fibre dimensions: Length = 0.5 cms Mass/unit length = 3.4 ug/cm.
Density = 0.92 g/om3

e'E'bZO 5.9.1010 dynes/cmz.

il




148.

TABIE X C
POLYPROPYLENE B: Dynamic bending proverties and Temperature
Fibre 1.

Tenperature Resonant ‘ tan§ Relative bend-
OC ire%;:ncy %?%/ﬁ?dulus
0 ’ Y 120
120 154 0,086 0,2
114 160 0.078 0.21
106.5 165.6 0.072 J. 2%
9 176 0. 065 0.26
90 185.5 0.058 0.29
75 212 0.05 0.345
70.5 216.8 N0.N48 0,395
60 23443 0.05 0.46
A5 266 0,064 0.595
42 272 0.97 0.62
39.5 284 0.074 0.68
55 292 0.09 0.72
27.5 314 0.11 0.83%
20 345 0.13 1
1%.5 593 0.13 1.3
6 432.5 0.096 1.57
-6 469.5 0,052 1.85
~12 478 0.044 1,93
22 | 491 0.038 2,05
~28 50% 2,036 214
=35 505 0.034 2,15

fibre dimensions: Length = 0,543 cme Mass/unit length =’5.6dpg/cm.
Density = 0.915 g./cmD

.
E'E'bzo 4.954.10“0 dynes/cmz.




TLBLE X D,

POLYPROPYLENE B: Dynenic bending properties and Temperature

149.

Fibre 2.
Temperatvre Resonant tan & Relsative bend-
°a frequency ing Modulus

foc/s° E'D/EY o

120 198 0.086 0.22

114 207 0,078 0.24

101 215 0.066 G.26

92 227 0. 058 0.29

78 261.5 0,052 0.38

66 278 0.05 0.4%5

60 286 C.C5 0.46

49 307.5 0.06 0.53

45 319.5 0.064 0.57

39.5 3%6.5 0.074 0,637

35 357 0.09 0,72

29 319 0.106 0,805

24.5 400 0.12 0.9

20 422 0.132 1

10 490 0.116 1.3%4

-6 51645 0.086 1.87

~-16 595.5 0.04 2

=21 613 0.036 2,1

-30 620 0.031 2.15

~35 625 U, 031 2.18

Fibre dimensions: Length = 0.47 cm: Mass/unit length = 6 ug/on.

Density = 0,915 g./cmg.

G'E'bgo = 4.,9. 1010 dynes/cmz.




TABLE X E

150,

POLYPROPYLENE A AND B: Dynamic bending properties and Temperature.

Mean values.

TPemperature fang Relative bending Modulus

- Oq E' b / B! 120.

A B

126.5 0.094 0.24 0.21
120 0.086 0.26 0,22
110 0.075 0.28 C.2%
100 0.066 Cel 0.26
90 0.058 0.3%% 0.3
80 0.052 0.36 0.33
T0 0.048 0,4 0.3%8
60 0.05 0.45 0.45
50 0.058 0.52 0.5%
40 0.074 0.¢2 0.64
30 0.103% N.78 0.78
20 0.13% 1 1
10 0.116 1.26 1.%4
0 0.07 1.55 1.66
~10 0.045 1.75 1.85
-~20 0.03%8 1.87 1.96
-30 0.034 1.96 2.1
=375 0.0%%5 2.05 2.2
e—'-—E-’.bZOA - 3.94. 10°° dynes/ox:12.
éﬁ—%' B = 4.9. 1010 dynes/cmz.

b20



TABLLI: X T

151.

POLYPROPYLENE Cs Dynanic bending properties and Temperature.

Tenperature Regsonant tan & Relative bend-~
% frequency ing Modulus

£ c/s B'D/E' 00

85 46 0.11 0.22

76.5 52 0.094 0.28

72 57 0.086 0,32

66.5 59.2 N.N8 0.36

61 62.7 0.076 0.4

50 67.2 0.06 0.47

42.5 76,3 0,068 0.6

35 80.2 0.09 0.67

27.5 91 0.12 0,86

23 97 0,12 0,98

20 98 0.11 1

17.5 100 0.1 1.04

16 109.25 0.792 1.25

6 118.5 0.064 1.46

1 123 0.056 1.57

~6 135 0.047 1.74

~12.5 13%4.5 0.042 1.88

-18 136 0.0%9 1.92

~24, 138 0,038 1.98

Fibre dimension: Length = 2.03%: Mass/unit length = 77.8 n;/cm.

Density = 0.905 g,/cma.

C’E'bzo = 5.48.1010 dynes/cm2°




Type 200,

TABLE XTI A.
NYLON 66¢ Dynamic bending properties and Termperature,

152,

Terngerature Resonant tan &- Relative bend-
C frequency ing iodulus.
i‘oc/s. Elb/E!b20.
150 1%5 0.C508 0,288
145.5 139,35 0.0695 0. 306
139.5 14%.85 0.0785 0,%25
135 148 0.084 C.%45
130 153%.7 0.091 0.374
126 156.8 0.0975 0.386
122 160.9 0.1 0. 408
116 171 0.095 0.46
111 179.4 0.085 0.508
105 186.2 0.0795 0.548
95.5 201.6 0.0595 0.64
88 213%3.1 0.03%56 0.715
81 221.5 0.0253% 0.775
76 225 0.0195 0.8
70 230 0.0156 0.83%5
6%.5 23%.5 0.0128 0,86
55 237.6 0.0101 0.89
46.5 241.1 0.209 0.92
38,5 244 0.009 0.94
30 246.9 0.009 0.96
2% 2477 0.009 0.99
20 052 0.009 1
6 258.6 0.009 1.05%
-6 62 0.0108 1.06
~18 266 0,012 1.09
-30 269 0.0141 1.12
~42 272 0.0165 1.14
~54.5 276 0.02 1.17
67 279 0.025 1.2

Fibre dimensions:
Length = 0,563 cm,

M~ss/unit length = 7 pg/en.

Density = 1.14 g./omﬁ.

IRt - 4.85. 10™°

20

dynes/cmz.




153.

TABLE XI B.
NYLON 66: Dynamic bending properties and temperature.
Type 300.
Temperature Resonant tan & Relative bend-
- 9% frequency ing Modulus

£ e/s. E'b/B' 50
153 156 0.C54 0.3%28
147 161.8 0.074 0.354
140.5 166.2 0.084 0.3%8
135.5 174.3 0.092 Co4l
130.5 176.5 0.0965 0.42
127 180,9 0.098 0.44
124.5 186.7 0.0975 0.47
121 188.7 0.097 0.48
118 192.5 0.095 0.5
113 201.95 0.088 0.55
110.5 204.4 0.083% 0.565
104 212.95 0.0695 0.612
38,5 220 0.045% 0.65
94 225.9 0.0408 0.69
89.5 231.6 0.0%2 0.72
82 240.6 0.0208 0.785
76 244.55 0.0176 0.8l
69 249.85 0.0148 0.84
62.5 25%.3 0.0142 0.862
55 25T7.1 0.012 N,895
45.5 261.7 0.01 0.925
23,5 264.75 0.009 0.95
28 269.5 0.0093% 0.93
20 275.4 0.0095 1
6 279.% 0.0097 1.03
-5 28%.4 0.0113 1.06
~2% 289.25 0.0121 1.1
~34 294 0.015 1.14
~48 296,11 0.0178 1.16
~54 299 0.02 1.18
-63.5 » 303 ‘ ’ 0.02% 1.2%
Pibre dimensions: Lepgth = 0,56 cms Mass/unit length = 7 Mg/cm.

Density = 1.14 g./cm .

E’E‘bzo = 6.1.10

dynes/cmz.



TABLE XI C.

154.

NYLON 66: Dynamic bending properties and Temperature.

Type 600,
Temperature Resonant “tan Relative bend-
- O frequency ing Modulus
£ ofs. B'/E' .
155.5 137 0.08 0,29
149.5 1%9.6 0,086 0.3
146 144 0.092 0.32
140 147,5 0.798 J.3%5
135 15%.25 0.10L 0.%6
131.5 156.4 0.102 0.376
127 161.25 0,107 0.4
124 165.7 0.107 0.42
117.5 174 0.104 0.465
111 184.6 0.098 0.52
104.5 196 0.089 0.59
100 201.5 0.0785 0,625
94 211.9 0,0615 0.69
90 214.9 0.,0512 .71
85 002,7 0,031 0.765
80.5 227.2 0,022 0.795
75 230, 5 0.01.9 0.82
69 235.2 0,013%6 0.85
635 238 0.0118 0.87
=% 242.8 0.0102 0,91
4% 247 0.00975 0.94
34 249 0.00965 0.955
30 251.8 0.0095 0.975
20 255 0.009 1
6 259 1.7085 1.3
-5 262.4 0.00875 1.06
~18 266.4 0.0124 1.095
~28 269.5 0.013%4 1.11
~40 27%.2 N.N146 1.15
~48.5 275 0,017 1.16
~63,5 28L1.7 0.023%4 1.22

Fibre dimensions:

Length = 0.6 cm : Mass/unit length = 6.68 u3/cm.

Density = 1.14 cm5

G’E'bzo = 6,6. 10

10

dynes/cmz.




155,

TABLE XII A,

WYLON 663 Dynamic bending properties and Temperature

Type Ao
Temperature Resonant tan & Relative bend-
Ca frequency ing lModulus
£ c/s. B'Db/E', 5,
160.5 151.4 0.064 0,27
155 155.2 0.071 0.285
151 158, 4 ¢, 0782 0.296
147 161.% 0.0868 0.308
14%.5 166.5 0,096 0.3%26
136.5 172.8 G.103 0.35
133 177.8 0.107 0.3574
129 182,25 0.106 0.4
127.5 187.2 0.101 0.415
122 195.5 0.092 0.45
117.5 205 0.078 0,496
114.5 208 0.074 0.51
1.10 218 0.064 0.56
106 224 0.055 . 592
102 231.3 0.04354 0.63
98 238 0.0%82 0.67
90 248 0.027 0.73
835.5 254 0.0232 0.76
80 257.85 0.C2 0.785
4 262.4 0.0152 0.812
69 265.5 0.014 0.8%
58 272.6 0.0106 0,86
47 277.65 0.009 0.9L
37 282,72 0.0085 0.94
26.5 286.9 00,0084 0.975
20 290.9 0.00825 1

Fibre dimensions:
Length = 0,53 cm:  Mass/unit length = 5.74 pg/en.
Density = 1.15 gm/cms, fo at 20°C = 298 and 291 cps.

cIE - 6.486. 1000 and 6.144. 1070

2
20 dynes/cn”.



156.

TABLE XITI B.
NYLON 663 Dynamic bending properties and Temperature.
Type B.
Temperature Resonant tan § Relative bend-
o frequency ing Modulus

fc c/s. E'D/E', o,
151 157.6 0,078 ¢.272
146 164.2 0.0854 0.292
143.5 166.5 0,0915 0,324
140.5 169 0,095 0.314
135.5 175 0.103 0.335
132 180,85 C.108 0.358
126.5 189.5 0.114 0.394
121.5 199.3 0.1135 0.43%5
117 205 0.107 0.46
112 217 0.092 0.508
108 224 0.0855 0.55
104 233 0.075 0.595
100 240.4 0, 0655 0.63%6
94 249 0.05 0.68
88 259.5 0.038 0e7%5
30 267 0.0225 0.782
75 271L.7 0.019 0.808
68 276 0.01485 0.8%5
63.5 281.H 0.C1l24 0.85
54 286 0.0105 0.89
44 291 0.01 .93
24 295.2 0.0095 0.955
2'f 297.5 0,0099 0.97
22 299.8 0.,00935 .08
20 302 0.0095 1

Pibre dimensions:
Length = 0,535 cm:

Wass/Unit length = 6.8 ug/om.

Density = 1.43 gm/cm3

£ at 20°¢ = %14 and 302 cps.
o = 6+233.10

€'l

10

and 5.768. 1010 dynes/cm2.




NYLOY 663 Dynamic bending properties and Temperature.

TABLE XITI C.

157.

Type C.
Terocrature Resonant tan & Relative bend-
0 .
C frequency ing Modulus
fg c/s. E'b /E'bzo
153 135.8 2,081 N.266
148 138.6 2. 7886 0.277
141.5 145.7 0.797 0.305
1354 153 2.114% 0.33%9
128 160.7 0.121 0.372
123.5 1692.8 n.118 0.414
120 174.8 0.113 0.442
115 184.1 0.104 0.492
109 195.3% 2.032 0.552
105 201.5 0.0845 0,586
96.5 213.5 0.761 D.658
91 222.4 0.05 0.72
85.5 208 N.0377 0.754
80 2%2.15 0.125 0.78
T4 2%6.3% 0.,N21 0. 808
61 244 0.N131 0.862
52 248.1 0.0113% 0.896
42 252.6 0.0095 0.925
34 255.5 0.00862 0.945
26.5 258.4 0.0085 0.965
20 263 0.008 1
17 264.2 0.0076 1.01
9e D 267 0.0075 1.C3
0 270 0.0085 1.055
~-10.5 273.25 0.0095 1.08
~21 275.8 0.0117 1.1
~30 278.3 0.0129 1.12
~40 281.5 0.01425 1.14
-9 285.5 0.0196 1.18
-60 291.85 0. 0254 1.23
Fibre dimensions: Length = 0.575 cm: Mass/unit length = 6.8 ug/cn

Density = 1.142 gm/cc.

£ at 20°C = 271 and 263 cps.
- It o .194,
GR!0 = 6.194.10

10

and 5.834.1010 dynes/omg.




HYLON 663 Dynamic bending properties and Temperature.

Type BH

TABLE XIT D

158.

1
Te%perature Resonant tan & Relative bend-
C frequency ing Modulus
£ ofs. E'b/E'bzo
149 13%0.2 J.N96 0.254
146 131.2 0.799 C.257
14% 135.5 0.10% 3.274
137.5 140.4 0.11 0.294
134 144.5 C.115 C.308
130 150 0.12 0.33%5
125 156 0.125 (. 363
120 163.5 0.126 0.4
114 174 0.102 0.452
106 190 0,083 0.54
98 205.7 0,061 0,63
94 211 C.0475 0.665
89 218 0.0367 0.708
84.5 20%,2 0.031 0,742
75 231 0.,0208 0.8
68.5 235.6 0.0153% 0.85
56.5 242,5 0.0124 0.875
47.5 246,9 0.C975 C.91
38 251 0.0955 0.94
31 25%.4 0.087 0.96
26.5 255,.,9 0.078 0.975
25.5 257 0.078 0.9C5
20 259 0.08 1

Pibre dimensions,

Length = C.585 : Mass/unit length = 6.8 pg/cm.

Z
Density = 1.142 g./cm).

o
f, at 20 C = 246 and 259 ops.
= 5.46.10

L
©'Blon

10

and 6.05.10

dyn/om2.




RAYON: Dynamic bending properties and Temperature.

TABLE XII K,

159.

TPerperature Resonant tan§ Relative bend-
0n frequency ing Modulus
- c/s. E‘b/E'bzo
180 025 0.0525 0.6
170 2%/ 0.0465 0.65
160 259 0.04 N,68
151.5 244 V. V344 0,705
141.5 249.5 0.,0297 GoTd
13,5 253,75 0.,0248 - 0,765
124 2575 0.0217 0.785
120.5 259.1 €.0197 ¢.8
114 061.4 0.0182 0.815
106 26444 0.0161 0.83%
99 2672 J. 035 0.855
92 269.25 0.0122 0.86
86 271.45 0.,0118 N.875
80.5 27%,8 0.011 0.89
73 276.65 U.N101 0.915
64.5 78,5 0.2094 0.925
53 281.5 0.00816 0.94
44.5 284 0. 2072 0.96
30 287 0.008 0.98
20 290,15 0.00825 -
11 292.7% 0.C1025 L.015
1 29%.9 0.0109 1.022
-9 296.% 0,0135 1.0%
-17 298.,5 0,0168 1.06
~29 301.8 0.02%2 1.03
-~40 305.% 0,03 1.11
~47 308.15 0.03%5 1.13
~54 310.8 0.0373 1.145
~61 31%.8 0.038% 1.17

FPibre dimensions:

Lengt

h

= (,H% cm

Density = 1.519 gm/omi.
f, at 20°C = 290.15 and 249.6 cps.

(’.!E'

b2

0= 36.21. 10

10

and 26.88,10

iass/unit length = 1.7 yg/cm.

dynes/om2.




TABLE XIIT A.

160.

TERYLENE: Dynamic bending properties and Temperature.
Normal.
Tempeg9ture Resonant tan & Relative bend-
¢ frequency ing Modulus
fa o/s. E‘b/E'bzo
183 103.5 0,078 0.13
175 112 0,098 0.154
170 115.5 0.1125 C.163
166 121 (1,124 0.18
159.5 131.4 0,.49 0. 21
155 144.8 0,161 0.256
149 157.5 0.166 0.%08
146 162.4 0.164 0,322
138 177 0,146 0.388
135 191.5 0.125 0.448
130 206 0.207 0,52
125 225 0.072 0.62
119 255.9 0. 049 0.68
115 244 0.0%3%2 0.73
110 250.7 0,024 U.TT
106 255.5 0.0157 C. 79
98 260.8 0.0152 0.83
89.5 26543 0.0102 0,86
18 269.3 0.008 C.89
63.5 27%5.5 G.0095 0.915
50 277.5 0.0132 0.94
36.5 280.7 0.0196 0.965
27 285.4 0.024 0,975
20 286 0.028 1
T-5 290.5 0.03%44 1,03
~7.5 295.5 0.0425 1.06
~14.5 301.8 0.0448 1,11
~2445 308 0.052 1.16
~32.5 314 0.054 1.2
~42 320,5 C.C56 1.26
-52 328 0.052 1.31
~63 335 0.048 1.37
~T70 342 0.044 1,43
Fibre dimensionss Length = 0.45 cm, Mass/unit length = 2.58 Mg/cm.
Density = 1.373 gn/om”.
E'EB' 0 = 10,8.10° dynes/omz.




161.

TABLE XIII B,
TERYLENE: Dynamic bending properties and Temperature.
Heat set at 180° for 1 hour, under 500 mg. load.

Termerature Resonant tan&; Relative bend-
% frequency ing Modulus
f()c/s. E'b/T' 0
159 109 0.12 0,22
153 115.5 0.13%9 U.24
148.5 124.5 0...5 0,285
143 124.5 1B 0.335
139.5 142 0,142 V.57
1351 154 U.128 0.43%5
129.5 166.5 0,02 0.505
124 175.5 0.084 U.562
120 185.5 0.0625 U. 63
110 198.5 0.0552 0.72
105.5 202.5 ; 0.025 _ 0.75
97 209.% 0.0143 U.8
88 2.%.9 » 0.0124 0.82
TTe5 T 217.9 0,011 0.87
69 220.6 0.0108 , N.89
61.5 222.85 ’ 0.Uul075 ¢, 9l
53 224.8 0.0115 Nn,93
4445 226,55 0.0145 0.945
33 229.4 0.0209 .97
27 230.8 C.0225 0.98
20 , 23%.5 0,026 1
12 235 0.03 1.018
1 238 0.0376 1.04
-6 241.% 0.044 1,06
~15 246 0.049 1.11
-22 249.5 0.0522 1.14
~30 254.3 0.0542 1.19
=41 260.5 0.05 1.24
~48 264.8 0.0472 1.29
=545 268,2 0. 0455 1.3%2
-63,5 271.9 0.,0415 1.35
6T 273.5 0.04 1.37
Fibre dirensionss Length = 0.5 cmns Mass/unit length = 2.4 ug/cm.
Densgity = 1.393% gm, cmB.
@'E'bzo = 10,86, 1010 dynes/cmz.




162,

TABLE XIIT C

TERYLENE: Dynamic bending properties and Temperature.

Heat set at 15000 for 1 hour under zero load.

Temperature Regonant tan§. Relative bend-
- O frequency ing Mcdulus
£ c/s. B'b/EY o0
162.5 83 0.12 0.187
158 86,3 0.,1345 0.202
152 93 0.15 C,235
148.5 98. 5 C.176 0.264
144 105.5 0..8 0.28
130.5 112 0.17 0.34
133 124.5 0.137 0.42
129.5 131.5 0.129 0.47
125 142 0.0985 0.55
119 151.9 0.0725 0.625
113 160 0.05 0,692
107 165.6 0.036 0.742
97 173 C.015 0.812
87.5 177 C.0113% 0.85
76 181 0.011 £.89
66 18%,25 0.0104 C.912
56 185 0.0108 .93
44.5 187 0.0323% 0.95
38 188.1 0.0149 (.96
25 190.65 C.0226 0.985
20 192,2 0.029 1
6 195.3 0.0384 1.04
-6 199.5 0.049 1,08
~19.5 204 0,054 1.13
~31 209, 4 0.0575 1.185
42 214.4 0.058 1.25
~54.5 220.5 0.06 1.32
~70 226 0,057 1.%38

Fibre Dimensions. Length = 0,515 cm: Maqs/unit length = 2.435ﬂg/0m,

Density = 1.39% gm/om5.
¢ IE! 8.2,10%"

hi

120 dynes/cm2.




TABLE XTIV A,

163,

POLYELENDs Dynamic bending properties and Temperature.

Type BH,,.

Temperature Resonant tan & Relative bend+
Q4 frequency ing Modulus
£ o/s- B0/ o0
164 152 0.076 0.215
160.5 156 - 0.083% ).226
157 160 0. )9 0.238
152 166.4 n.096 0.256
149 17,5 J. 1 J.272
145 174.5 J.106 0.28
141.5 182 0.11 0.295
134 195 0.104 0.354
130 202 0.101 0.3%8
124 212 J.GI94 0.418
118.5 227.5 0.087 0.48
110 244.5 00,0695 J.56
102 251 0.0612 0.63
98 268.5 0.058 0.67
88 285.8 0. d35 .76
8L.5 292 0,227 0.79
75 299.6 0.02 0.83
68 504 0,01315 J. 86
59 310 0.0128 .89
50 315 0,017 0,92
42,5 317.6 0.107 0.94
35 321.3 0.0124 0,96
28 32%.9 0.013% 0.975
20 328 0.016 1
13 329.5 0.0165 1.01
5 3351 0,0172 1.02
-5 330 0.0242 1.04
-12 558 0.0272 1.06
~2%.5 342.5 0,03% 1.09
-33%.5 548,5 0,034 1,13
-44 354,5 0.,03%82 1,17
~55 362 0,04 1.22
-63 368 0.0422 1.26
~07.5 374 0,044 1.3

Fibre dimensions: Length=0.57 cms Mass/unit 1ength=6.8}1g/cm.

Density
IRt
C'E b

= 1.215 gn/cn

0= 7.224.107 dynes/cm

2



164.

TABLE XIV B,
POLYBLEND: Dynamic bending properties and Temperature.
Type BH“‘S'
'I‘emgerature Resonant tan & Relative bend-
¢ frequency ing Modulus

£, ofs. E'b/B' 5
160 110 0.1 0.18
157 113.5 0.1145 0,192
150 121.8 0.12 0.22
146 125.9 N,125 0.235
144 13%1.35 0.126 J.258
1729 140.2 J.123 0.294
131.5 153.5 0.112 Je 35
124 165,7 0.099 0.41
120 172.8 0,792 0,445
115 181 J.C78 0.49
111 187.5 0.07 0.525
104 195.5 0,058 DY
100 24,8 0.051 0.625
95.5 210 04045 0.66
88 222 0,232 0.735
80.5 231 0,222 0,795
73 236.7 0.016 0.84
63.5 241.5 0.0124 Q.87
54 24545 0,0106 2.9
45.5 249 00,0104 0.925
33 253.5 0.009 0.955
26,5 256.2 0.0148 0.982
20 259.9 0.0162 -
6 264.25 0,0208 1,04
-5 267.2 0.0262 1.06
-16.5 271.85 0.0272 1.1
~20.5 2735 0.0278 1l.12
~26 2772 0.0315 1l.14
-35.5 280.5 0.03%2 1.17
~57 289 0.03% 1.24
-65 . ' 291.5 0.0%3 1.27
Fibre dimensions: Le%gth = 0.6 cm: Mass/unit length = 6.8 ng/cm.

Density = 1.21 gm/om

~ it
€'EL,

o = 7-58.20™0 aynes/on’.



165.

TABLE XIV C.
FPOLYBLEND: Dynamic bending properties and Temperature.
Type BH4.
Temgerature Resonant tan & Relative bend-
c frequency ing Modulus

£ e/s. E'b/E'bzo_
160 88.5 0.11 0.135
152 93 0.4 0.15
146.5 105 0..16 Je19
140 10 Je19 7.2
136 113 0.197 0.22
129 134.5 0,186 N,312
124 145.5 0.165 0.%65
120 15% 0.14 0.408
114 168.75 0,11 0,494
108,5 179 0.0895 0.56
100 196,3% 0,051 N.665
96.5 202,2 0.0%96 0.71
88 210.7 3. 0246 0.77
80.5 216.6 0.0184 0,81
70 219.3 0.0137 .83
62.5 225.1 0.1065 J, 88
5% 228,.2 0.00875 J.91
47 230.1 0.007 0.93
40 232,3% 0.0085 294
30 2357 J.00765 0.965
20 240.5 0.00915 1
14 24%.4 0.0095 1.012
~Te5H 246.1 0.00975 1.042
~14 248.2 0.00965 1.062
~23%3.5 250.1 0.012 1.08
~3%3.5 252.5 0.01425 1.1
-41.5 254.5 0.0157 1.12
~-55 258.4 0.0163 1.16
~63.5 260.6 0.023 1.18
Fibre dimensions: Length = 0,592 cm: Mass/unit length = 6.8 pg/om.

Density = 1.152 gm/oma.

Aol
e¢'E b

oo = 5566, 10

10 dynes/omza



TABLE XIV D.
DACRON: Dynamic bending properties and Temperature.

166.

Temperature Resonant tan & Relative bend-
ol frequency ing Modulus
£, ofs. E'b/Efb20
180 97 0.1 0.13%
176.5 100 0,112 0.138
170 107.5 0.126 0.16
160.5 124.5 0,152 0.215
154 133 0.165 0,244
152 142.5 J.17 .28
147 152 0.164 0.32
140 172 0.14 0.41
132 201.5 0.11 0.56
125 216.5 0.08 .65
120 225 0.0h 0.7
112.5 233 0.0258 0.75
108 237 0.021 N.78
100 242.5 G.0124 0.815
95 245.2 J.0114 0.83%2
81.5 250 (.J108 0.862
71 253.3 0.9103% V. 885
60 256 00,0117 0,91
49 259 0.0135 < )93
40 261 0.0153% 0.942
36 264..3 0.022 C.955
26 266 V. 0287 0.98
20 269 0,032 1
10 273% 00,0402 1,025
c 278 0.048 1.07
~11.5 288 0.0556 1.142
~21 297 0.0605 l.22
~32 306 0,06 1.29
~40 310 J.052 1.33
~49 AN 0.044 1.39
~58 523 0.0372 1.44

Fibre dimensions: Length = 0.595 om: Mass/unit length = 6.5 pg/om.
Density = 1.383 gm/on”,

i
€200

= 10.83.10'0 dynes/cn’.



NYLOW 66 Type As

TABLE XV A

167.

Dynamic tensile properties,Temperature and

Relative humidity.

Fibre 1.

% RoIl. Temperature wn § Dynamic tensile
O Modulus 5

) Wl&odmw#mn.

93 0.1 3.4
87 0.085 3.5
79 0.075 3,65
72 0.065 4.85

45 66 0.06 A
56 0.055 4e3
46 0.045 4e6
40 0.04 4.8
32 0.035 5.2
20 0,03 6.6
88 0.053 315
80 0.0575 543
72 0.065 5.4
64,5 0.07 3¢5

65 60 00,0675 3,55
55.5 0. 065 3.6
50 0.0625 575
Al 0.06 3.9
35 0.0525 4.2
27 0.045 4.8
20 0.0425 5.8
91.5 0,0575 2.6
82 0.0525 2e7
69 0.0575 2.8
57 0.0625 2.95

85 50 0.07 3
45 00075 5‘1
39 0.08 3,2
34 0.075 3.4
%0 0.07 3.65
27 0.065 4
20 Oq06 i'a-.6




TABLE XV B

168.

MYLON 66 Type is Dynamic Tensile vroperties, Temperature and

Relative humidity.

Fibre 2,

% R, Tenperature tan. § Dynanic tensile
o Modulus
¢ E’lO18 dynes/cmz.
143 0.0425 3.25
140 0.045 3.3
135 0.05 5435
130 0.06 B34l
125 0.07 3.5
122 0.075 3.6

0 120 0.0825 %.65
118 0.09 3.7
114 0.0975 3.8
110 0.085 4
108 0,08 Aol
105 0.0725 4.3
100 0.06 4.5
95 0.0525 Ao
90 0.045 5
85 0.0375 He25
80 0.03 5.55
95 0.0675 3¢5
90 0.0775 5.6
87 0.085 3.8
89 V.075H 2
75 0.0675 4e?2
70 0.0625 4.35

45 65 0.0575 4.5
60 0.255 b6
55 0.0525 4.8
50 0.0475 4.9
15 0.745 5e1
40 0.0425 Ded
35 0.0375 5.5
30 0,035 5.8
25 0.0325 6.3




TABLE XV B.
COMTINUED:

169.

Y5 . 0.05 2.8
90 ; 0.0525 2.95
85 0,055 3.1
80 0.06 3.2
75 0.0625 3.3
70 0.0675 3.45
65 0,0725 3.55

65 60 00,0675 3.7
55 0.065 3.8
50 0.06 349
A5 00,0575 4405
40 0,055 4,2
35 0.05 Lai
30 0.0475 4465
25 0,045 5
20 0.0425 5e7
95 .05 2.6
90 0.0475 2.65
85 0.045 2.7
80 N, 045 2.6
5 0.045 2,85
70 0.0475 5

85 65 0,05 3,05
60 0.0525 3.1
55 0.05% 3.2
50 0.06 3,25
40 0.075 3.5
55 0.,3675 5.6
30 0, 0625 3.8
25 0.0575 Aol
20 0.055 4.5




170

TABLE XV C.

NYLON 66 Type B: Dynamic tensile properties, Temperature and
Relative humidity.

Tibre 1.
% RH. Temperature tan 6 Dynamic tensile
°q Modulus >
e B110Yymes/on”,
1¢5 0.075 3.3
120 0.085 3,55
117.5 0.09 3.7
115 0.095 3.8
113 0.l 4
110 0.105 4.1
107 0.105 4.3
0 100 0.0925 4.7
95 0.0825 5
90 0.075 5435
85 0.07 5.6
80 0,06 5.8
76 0.055 6.1
67 0,045 6435
62 0,04 6.4
55 0,035
50 0.03
93 0,05 2.95
88 0.055 3
80 0.0625 342
T3 0.0675 3.5
45 58 0.0625 3.8
60 0.0575 4.35
50 0.05 5,2
40 0.04 5.7
%0 0.0%5 6
20 0,04 6,1




TABLE XV C.
CONTINUED.

171.

90 0.055 2.6

85 0.0575 2.6

80 0,06 2.7
73 0.065 2,75
65 0.0725 2.85
‘ 59 0.0775 2.95
L 65 53 0.0775 3,2
. 50 0.0725 3.3
45 0.0675 3.

40 0.0625 Le2

35 0,06 L6

30 0.0475 449

20 0.045 5.1

95 0.04 245
90 0,0375 2435

80 0.0375 2.4

70 0 04 2.4

85 60 C.045 2.5
55 0.05 2.5

48 0.0575 2.6
A2 0.065 2.75

35 0.0775 2.8

30 0.085 3,1

20 0.875 %.6




TABLE XV D.

172,

NYLON 66 Type B: Dynamic tensile properties, Temperature and

Relative humidity.

Fibre 2.
% RH Temperature taa § Dynamic tensile
O Modulus o
E'1010 dynes/cm
141 0 045 %al
137 0.05 543
133 0,055 3.4
130 0 06 3.5
126 0,065 3.6
122 0.07 3.8
117 0.0775 4
0 113.5 0,08 4e2
110 0,08 4.3
107 0.075 4.45
102 0,065 4.65
100 0,06 4.8
95 0.0525 5
90 0,045 5.3
85 0.0375 5¢5
80 0.03 5.8
95 0.05 3.1
87 0.055 3.2
80 0.0625 344
5 0.0675 3.6
70 0.065 3.9
65 0,06 £a2
45 60 0,0575 4.55
55 0.0525 4.85
50 0.05 5.1
47 0.0475 5¢3
40 0.0425 5.6
35 0.04 5.8
30 0.0375 5.9
25 3,035




TABLE XV D.
CONTINUED:

173,

95 0.05 2.4
90 0,0475 2.5
85 N.05 2.6
80 0,0525 2.7
5 0.055 2.8
70 0.06 2.9
65 0.0625 %
65 60 0.0675 542
56 0.07 3.3
50 0.065 3.5
45 0,06 3.7
40 0.0575 4
35 0.055 4.2
30 0.0525 4o
20 0.05 4.9
95 D.04 2
90 0.0375 2.1
85 0.035 2.15
75 0.0375 2.2
70 0.04 2.2
65 0.0425 2,2
85 60 0.045 2.3

55 0.05 2.35
50 0.055 2.4
45 0.0625 2.45
40 0.07 2.5
55 0.075 2.7
30 0.0825 2.8
27 0.09 b
20 0.0875 3.4
17 0.08 3.5




TABLE XV E.

174

MYLON 66 Type C: Dynamic tensile propertics, Teuperature and

Relative humidity.

Fibre L.

GRH. Tergerature o § Dynandc Tensile
o Modwlus 5

Br10il dynes/cn”.

133 0.07 504
128 0.075 3.4
121 0.0825 3,55
114 0.02 348
110 0.095 4
106 0,09 4.2
101 0.0825 4edb

) 95 0.075 4.8
20 0.07 5¢1
87 0.065 535
83 0.06 5.55
185 0.05% 5.7
74 0,05 5 e 9
70 0.045 6
65.5 C.04 6.1
60 0.035 6.15
93 0.06 5el
87 0.06% 3.2
83 0.0675 543
76 5 0.0725 504
Tl 0.0475 3,6

45 67 0.0625 %49
60 0,055 £.2
55 0.05 4o
50 0.045 AT
45 0.04 5
40 0.075 5¢3
30 0.0275 5.8
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NYLOW 66 Type C: Dynawmic tensile properties, Temperature esnd

Relative humidity.
Fibre 2. 7
% RH Terperature tan 8 Dynamic tensile
s modulns .
¢ E’lg18 dynes/cma‘
142 0.04 5.1
136 0.04% 502
132 0.05 3¢3
127 0.0575 3.4
123.5 0.0625 3.5
120 0.0675 3.6
0 117 0.0725 5.8
114 0.08 3.9
108 0.0775 4.2
103 0.065 4eH
100 : 0.06 4.65
95 0.0525 4.9
90 0.045 5.2
87 0.04 5.4
80 0.0325 5T
95 5 0.055 3
90 : 0.06 5.1
85 : 0.0625 3.2
80 : 0.0675 5.4
&5 15 0.0725 5045
7C 0.0675 3.7
64 0.06 4
57 0.0525 o d
59 0.035 5eli
32 0.03 5.8
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TaBLE XV ¥

CORTINUED
95 0.0525 2.5
90 0.05% 2.55
85 0.0525 2.65
80 0.055 2.7

5 0.0575 2.8

70 7.0625 2.9

5 62 0.07 3.1
55 0.0675 5.3
50 0.065 3,45
A%.5 9.0575 3,8
38 0.0525 i)
52 0.0475 | 4.4
27 0.045 | 4.6
20 0,045 4.7
95 0,0375 2.1
50 0.035 2.2
85 ' 0,0375 2.25
80 0.04 2.3
70 0.045 2.t

85 64 0.0475 2.5
57 ' 0.0525 2.65
51 0 0575 2.0
43 0.065 3
p 0.075 5.4
30 0,08 3.55
26 0.085 3.7
2% J. 08 3.8
20 0.075 3.95
17. 0.07 A
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T/BLE XVI.

HEAT SETTING COIDIUIONS.

Fibre types

Treatnent.

ACI‘il&n 16Ae L] .. L
Nylon 66 type 9004 ..

Acrilan 168.. . ..
Aerilan C .o oo oo

Wylon 66 type 900B ..

Acxrilan D .. vo  ea
Nylon 66 type 900C ..

Terylene A.. .. .o

Terylene B .. .. .

T O > b
ddeat set at 150°C in an oven for 1 hour
under 105 extension and slowly cooled to

room temperature.
. o)
Similar trestment as above but at 130 °C

Heat set in boiling water at 100°¢ for
.1 hour under 10 extension and then cooled
and dried at 20°C and 65% RH.

Oy
Heat set at 150°C in an oven for 1 hour
.under zero tensio.un and slowly cooled to

room tempersture.

.Single filariens he.t set at 180°C for
1 hour ower P,05 in the apparatus(bending)
under 200 mg.load/Denia and cooled to

roory teriperature
- 0. .
Jlert set ot 1807C in an oven for 1 hour

under zero tension and slowly ccoled to

room tempernture.




keasured values of Coptical birefringence and Density.

TABLLE XVIT,

179.

Fibre type.

| Optical Birefringence

at 20°C & 659 Rif.

Densigy g,’/cm3
at 20°C & (5 RH. |

Acrilan 16
Acrilan 104
Acrilan 16B
Aerilan 16C
acrilan 16D
Polypropylene A
Polypropylene B
Folyuropylene C
Nylon 66 A
Nylon 66 B
¥ylon 66 C
Tylon 66 BH
Nylon 66 type 900

-7
Ly

£
o/

lon 66 type 900 B
¥ylon 66 type 900 C}

Terylene
Terylene A
Tervlene B
Dacron
Rayon
Polyblend B,
Tolyblend BH,
FYelyblend BH

3
4

rlon 66 type 900 Af

0.025%
0.025 *
0.029 *
0.0672
0,0672
0.0675
0.0656
0,0664
0.066%
0.068%
0.0642
0.1828
0,209
0.173
0.1854

0.104
0.1025
0.0686

1.1845
1.179
1.187
1.186
1.1845
N.92
0.915
0.905
1.15
1.143
1.144
1.142
1,144
1.147
1.149
1..485
1.373
1.593
1.393
1.383%
1.519
1.215
1.21
1.152

* determined by the Becke line method of refractive index
neasurements using polarised lizht,.




FEY TC TABRLLS XVIIT A & B,

FIBRE TYIHE ¢CCDuE’

Acrilan 16
Aerilan 16, heat set at 150°C for 1 hour
~under 10% extension.

Acrilan 16, heat set at 1%0°C for 1 hour
under 10% extension.

Acrilan 16, heat set in boiling water at
1007C for 1 hour under 106 extension,

Acrilan 16, heat set =t 150°¢ for 1 hour
under zero tension.

Folypropylene A
Polypropylene B
Polyproonylene C
Nylon 66 type A
Nylon 66 type B
Nylon 56 type C
Nylon 66 type BH,
Nylon 66 type 906

Nylon 66 type 900, heat set at 150°C for
1 hour vnder 109 extension.

Nylon g6, type 900,heat set in boiling water

at 100°C for 1 hour under 10% extension.

iylon 66 tyoe 900, heat set at 150°C for
1 hour under zerc tension.
Dacron
Rayon
P'olyblend type BH2
Polyblend type BH3
Polyblend type BH4

1

K.

O @ 1 Oy \n

10
11
12

13

15

16
1T
18
19
20
21

Mo

180.



TABLE XVITI A.
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Optical, I'hysical and Mechanical »roperties of some synthetic fibres.
tCode| Optical ‘ Density | Initial moﬁalug rigld point at Breaking peint at
fNo. birefgingence s/cm ;F‘lolgdvnes/cr | 20 C & 659 R EOOC 65% RiI, B

at¥20_C & ' at 20°¢ &?9§f20 C & stress L@m§3t8n51on otress ?_Ex?en—
65% R, 5 Ri. - 65% RH. 10 dyn/ow 107 dyn/an} sion.

, |

1. 01,1845 | 3.5 L 1.15 | 3.5 2,35 50

2. 1.179 5.15 1.3 3.5 2.4 a2

3. 1.187 5.15 1,36 | 3.5 - 0.54 31

Lo 1.186 5.15 1,18 3 2,49 37

5. 1.1845 | 3.75 1.8 | 3.5 2.3 46

6. | 0.025 0.92 |

7. 0.025 0.915 i

8. 0.029 0.905

9. | 0.0672 1.15 1.2 e S WY 14,5
10. 0,0672 1.143 2.95 8.2 16.5 8,55 21.6
11. 0.0675 1.144 3,25 16.5 L 9.25 24

12. ®,0656 1.142

13. 0,8664 1.144 2.5 8.5 16.5 8.8 25.5
14. 0.068% 1.147 3.3 8.7 12 L 9.3 40,4
15, 0.068% 1.149 3,3 9 12 9.4 19

16, 0.0642 1.1485 2.775 7.6 20 8.35 28.7
17. | 0.185¢ 1.385 | 5.4 7.8 | 15 8.5 18.6
18. 1.519 14.25 - 1.5 1 7.5 15.6
;19. 0.104 1.215
%20. 0.1025 1.21
;21. 0.0686 1.152
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TABLE XIX,

lodgture regain of some Man-made fibres.

Tyne of fibre. f Temperaturef _ 75: R d.
% 40 | 65 75 | 90
. 21 0.9 1.4 1.7 2,1
Acrilan 16 35.6 1 0.9 1. 1.7 2.4
21 2.4 3.9 4.5 6.5

Nylon 66

yron 35.6 2.9 3.7 5.0 7.3
. o1 0.3 0.3 0.4 0.4
volyester 35,6 | 0.2 0.3 0.4 0.5
Tiscose Tayon o1 8.8 12.1 15,% 20.8
e 35,6 8.4 12,4 15.6 25,1
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SUMMARY 22D CONCLUSICH.

The —ork that is presented in this thesis has been ained at
determining the dynamic mechanical properties of several natural and
synthetic fibres of normal textile counts over a wide range of temperature
and/or humnidity. ['or this purpose two experimental techniques heve
been developed in the Fibre Gcience laboratory at the University of
Strathclyvde. One of the experimental techniques used for measuring
the dynardc bending groperties of dry fibres in vacuo is similar to that
used by Lieredith and HsuAO, but vith certain minor nodifications in the
design of the fibre holder made of quartz rod carrying a suitable metal
clip for mounting the fibre. The use of the quartz rod was to minimise
conduction losses through the fibre mounting unit. The basic principle
of this method consists of a clawmped {ibre in the foxrm of a cantilever in
an electrostatic field betweenrn two electrodes, brought to resonance in the
transverse direction by superimposing on the electrodes an alternating
field of the rizht frequency supvlied from a variable frequency oscillator.
On this apparatus dvnamic herding properties of dry fibres can be measured
at 50 - 600 cps fairly quickly and ver: accurately over a wide range of
terperature but, when dealing with norral ftextile counts the measvrements
heve to be made in vacuo to avoeid corrcction for dam ing. leredith and
Hsu have worked out theoreticel correction for damping, nevertheless the
nagnitude of correction is larger than the quantities that one ig interested

in measuring.
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Thisg means of course, thet it is difficult by tlis method to obtain

accurate results other thuan ia dry state.

Tne other experimental technique used for measuring the dynamic
mechanical properties of fibres of normal testtile counts over a wide
range of temperature and/or humidity is similar to that ermployed by

49,

Yoshino and Takayanag The principle of this method is to fix
both ends of the sample to two strain gauges of unbonded type. One
of the strain gauges is used to transforrn the sinuscidal displacenmcent

vlacetent and the

R

inte =n electrical quantity proportional to the dis
other is a transducer of generated force. Thie absolute values of these
electrical vectors reoresenting force and displacemcnt are adjusted to
unity (full scale of deflection on voltmeter) znd vector reduction is

achieved by changing the connection of the output. . circuit of the two

strain gauges. By tuis operation the vslue of tand can he direcetly
read off thie volineter. Zegulation of the nagnitude of the vector is

brourht about conveniently by controlling D¢ input of the gtrain gauges.
The dynramic tensile modulus is calculated from the ratio of the input

v
voltares of the strain causes  2/V When output volteges are regulated

1
. . . . : v X
to unity, the dynanic tensile nmodulus E' = k ( 2/V1), where k is a constant
meKpdl
relating tc the dimensions of salples and strain gauges. In this/sinoe

lmuscldal forcszs sre a> lied longitudinall: Yo the fibre air damping has

ne influencc. Therefore, dynauic tensile properties can Le studied very
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accurately over a wide range of ternperature and humidity.

Since Yoshino arnd akayangl made dynamic tensilec measurenments on
polymer filis, the electricel strain gauge system they used for detecting
the in~-phase and out of phase deformational responses of the specimen
subjected to an alternating stress was rather coarse (250 gms.maximum
load) and hence was not sensitive enough for handling normal textile counts
It will therefore be appreciated that an apparatus had to be designed
and built rith very fine strain sauges (20 gms.naxirum load) in order to
nake neasurenents possible on fine textile counts. vYoviever, it may
be useful to mention that since this -rort began Japanese workcrs have
introduced an apparztus into the rarket suitable for fine textile counts
called 'Vibron! which works on similar principle &o the one described

above.

In sumnarising the resulte it should be mentioned that nuch
information on the dynanic mechanical properties over a vide range of
tormerature and humidity of soverai textilie fibres and fibres from tyre
cords has been obtained in “hig wor't which wes hither to not available in
great detail. The results on tyre cord fibres are expected to be of
sisnificant practical veluc in tho developnent of better trwe cord

reinforcen.nt.

The "0k on dynanic bendiny propertics on dry fibres in vacue at
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50 = 600 cps over a range of temperaturc from -700 to 17000 has been
concentrated on several zroups of fibres e.g. Protien, Cellulosic and
regenerated cellulosic, nodified regencrated cellulosic, polyacrylonitrile,
nolyolefin and finally polyamide, polyester and polyblend fibres. Protien
fibres such as wool, gilk snd Fibrolane, cellulosic end regenerated
cellulosic fibres such as ramie, Fortisan - nd viscose rayon and modified
regenerated cellulosic fibres nanely, acetate and Tricel have been

studied. Included in the synthetic fibres studied are Acrilan 16,
Orlon, three types of polypropylene, ecight types of nylon 66, Terylene,

Dacron and three types of nolyblend fibres.,

Myl 66, Acrilan 16 ané Terylene fibres heat set under various conditions
have also been studied. A1} the results have been graphicelly

represented and discussed in the preceding chapter,

The salient feature in these results lsg that each group of fibres
shows characteristic response to dynanic mechanic:l festing over the
range of temperature studied. This res onze ray he seen to cecur
congistently even in natural fibres like wool, ®illk and ramiec. Although
the multisle transition phenomena in polycrystalline rmaterials observed
by this method alone avenot fully susceptible to interpretation at a
molecular level nevertheless, ther forim a useful basis for further work
using the current techniques of infra~red spectroscopy and nuclear nagnetic

resonance spectroscopy.
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LT

In the shudy of the structure of high polyrers these three far-reaching

techniques are the uost pouvular to date.

From the results it +3ill be noticed thet the slass trensition

temperature for fibhres are considerably higher than thos reported for

2 . .
nolymer rods 9. e.g. for dry nylon 66 fibres the glass transiton

Jm
0 420 . . cr ;
terperature occurs at about 1207 to 135°C, wherc aa for nylon 6¢ rods i
0 . . .
reported to occur at about 807°C. This difference is of course,
attridbutableto hizh de ree of corientgtion and crystallinity in fibres

compared with rod

[69]

The other features that are noticeable are that the dynanic
recnanical vroperties of polar polymers are cxtremely sensitive to moisture
At 8%% RH the glass transition peal for nylon 66 fibres oceur slmost at
roon temporature. Tiis behavicur of nylon 66 fibres is comparable with
thet cf dry polypropvviene fibres waich also exhibit a glass transition
neak around room terperature. It is further evideat fron the dynamic
nicchanical behaviour of rayon, nylon 06, Acrilan 15 and Dacron that at
tenseratures above room temperature segmental motion increaseg with moistur
regain and polar polymere which heve higher moisture regains exhibit glass
transition veaks at comparatively Lowey temperatures than polymers vith
1over molsture regain. Since mlezs transition peaks arc generally
assnciated with sharp changes in moduli, wnder wet conditions the working
rrodulus ranee over the témperature scale will be poor for fibres with

high noisture regain. Therefore, 1t 1s apparent that under wet

*
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conditions tyres reinforced with Dacron cords would show better dynamic
mechanicel performance thearn those reinforced with rayon or nylon cords.
Hovever, jpood response of tyre cords to dynarmic stresses and strains over
a ranse of temperature sad hunidity le bubt one of the rany desirable
properties in deciding the choice of fibres for tyre cord manufacture. In
this respect the new polyblend fibres wlhiich sro possibly being developed

for tyre cords secn to combine the properties of polyamides and pelyssters
¥y P POLy £

and therefore nay prove suitabls for the manufacture of better tyres that
do not vroduce 'flat spots! (as in tyres reinforced with nylon cords) and
show better performance under various weather conditions. Since the
composition of these fibres have not yet been nade xnown, it is as yet
early tvo predict the potentislities of these newer fibres for tyres.
Finally it should be mentioned that nylon 66 fibres heat set in
boilinzg water at 100°C for one hour under 106; extension show glass tran-—
gition peaks and associated changes in noduli at higher temperatures over
the range of terperature and hunidity investigated. This behaviour is
attributed to the largzer size of crystallites that are possibly formed in
nylon 66 in the presence of -ater. The effect of heat setting on the
dynamic nmechanical propertics of Aerilan 16 and Terylene are not as marked

as in nylon 66.
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