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ABSTRACT

The dynamic bending properties of dry wool, silk,
Fibrolane, ramie, Fortisan, acetate fibre, Tricel, two
types of Acrilan and polypropylene were invegtigated in
vacuo, over a temperature range of - 70°C to + 170°C.

An electrostatic technique was used, wherein
fibres are sustained in lateral vibration by an applied
alternating voltage from an audio frequencyoscillator.

Transition phenomena, characterised by rapid
changes in dynamic elastic modulus, accompanied by peaks
in the loss modulus-temperature curve, are discussed in
relation to the molecular structures of the fibres. High
temperature transitions were generslly the result of
gsecondary bond breakdown in non-crystalline regions,
while low temperature transitions were due to main or
gide chain gctivities in non-crystalline regions.

Further support for a "coiled-coil" &K ~keratin
wool gtructure is established, and a "coiled-coil"
B-keratin structure is proposed for Fibrolane. A
comparison of the protein fibres with nylon 66, shows
the latter to be more closely related to silk in some
regpects, and to wool and Fibrolane in others.

Lack of experimental evidence of hydrogen bond
breakdown in ramie and Fortisan is explained, Particularly

by a comparison with viscosge rayon.



Acetate fibre and Tricel showed marked resemblances
in their dynamic responses to temperature, but the
influence of hydrogen bonding in the former was still
detectable.

Significantly different dynamic responses of two
chemically identical types of Acrilan are related to a
difference thought to exist in their respective manufac-
turing processes. A modification to a previous
interpretation of the response of the chemically related
Orlon is prdposed.

Three transitions in polypropylene could not all be
assoclated with similar transitions in polyethylene. A
helical chain configuration, methyl groups and lack of
branching in the former, were thought to be largely
responsible.

The dynamic bending properties of wool, nylon 66 and
viscose rayon at 20°C were investigated in a partial
vacuum, over g range of 0 to W% relative humidity. Fibre
internal friction is calculated‘by applying a factor which
corrects for the effect of external damping caused by the
Presence of water wvapour.

Changes in the elastic and loss moduli are discussed
in terms of molecular structure, and in the case of wool
and viscose rayon, with special regard to the two-phase

sorption process.



A method for predicting the location, and
estimating the magnitude of a loss modulus peak of
nylon at different temperature-humidity conditione« is
suggested.

A good correlation between temperature and
humidity experiments is obtained with regard to

dispersion mechanisms.
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LIST OF SYMBOLS

A area of cross section; constant .
El dynamic modulus.
E2 dynamic loss modulus.

E® cdmplez modulus.

Ep Eppgoq dynamic bending modulus at 20°C.

Fl correction factor for moisture swelling.

I moment of inertia about a line perpendicular
to the plane of bending and passing through
the neutral axis.

K dimensionless parameter of m.

K dimgnsionless parameter of m.

L 0.577 + lnm.

T temperéture.

U molecular activation energy.

Y

flexural rigidity.

/
Y,  flexural rigldity of fibre with shape factor &£

!
Yo flexural rigidity of fibre with shape factor £,
c congtant: 1.875 for the fundamental mode

of vibration.

e strain.

e, dynamic gtrain amplitude.
£ stress.

fo dynamic stress amplitude.
1 J1



w

4av,

Wo

Boltzmann's constant (1.379 x 10-'16 ergs/degree) .
length.

(J@;ﬁfﬂ) 8 » fibre mass.

b np
mass per unit length.

reaction rate

time

raetio of the density of water vapour to the
fibre densgity.

loss angle.

shape factor for irregular cross sections.
shape factor for circular cross sections.
coefficient of internal friotion (ratio of out of
phase component of stress to the rate of change
of strain).

coefficient of viscosity of air, water wvapour.
resonant frequency in vacuo (c/4).
bandwidth in vacuo (e/4).
fibre density.

dengity of air, water vapour.
angular frequency (radians/sec.).
resonant angular frequency in air, partial
vacuo (radians/sec.).

resonant angular frequency (radians/sec.).

AW, bandwidth in air, partial vacuo (radians/sec-).



1.
INTRODUCTION

The‘term ''" dynamic bending properties!'" infers the
modeg of response‘of materials to periodic variations of
bending stress or strain. The stress or strain is
usually varied sinusoidally with time. The determination
of the dynamic prbperties, in general, of textile materials,

is of two-fold importance:

1) in the understanding of molecular processes which

undérlie the response of polymers to mechanical
forces. The information derived therefrom, when
combined with that obtained from static or quasi-static
investigations, serves to give a broader basis on which
to expound a more complete theory of the rheological
behaviour of fibres.  The results of the study of the
dynamic elastic and viscoelastic components as functions
of frequency, temperature, and humidity, help to define
both the magnitude and nature of the molecular barriers
resisting forces of deformation, and the relative contri-
butions of the elastic and viscous components of the total
strain, during deformation. Perhaps the most important
aspect of dynamic investigations is that they do provide
a means of identifying the relative contributions of

"the elastic and viscous components of a viscoelastic
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material such as a fibre.

2) in assessing the suitability for purpose of the
fibres to their end uses. Materials are often
subjected to sudden shocks, impacts, loads or are other-—
wise deformed under higﬁ rates of loading such as in tyre
cords, fan beltings and parachute materials, and must
possess the necessary mechanical properties to withstand
these conditions. In contrast to the severity of these
conditions, certain materials are required to possess
good draping and handling qualities, in which case the
bending properties of the comnstituent fibres might be
expected to bear some relationship to those of the

finished article.

Thus the dynamic properties of fibres yield useful
theoretical information, which may also be put to practical
use. Like eny other physical properties, the dynamic
mechanical behaviour must be measured, and the quantities

used to characterise this behaviour are now discussed.

Characteristics of Dynamic Mechanical Behaviour

The two quantities used to characterise dynamic
mechanical behaviour are elastic modulus and internal

friction which represent the elastic and viscous responses
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respectively of a viscoelastic material such as a fibre,
to a deformation. In the case of the elastic component
the energy imposed is conserved, and is in phase with the
displacing force, while in the case of the viscous compon-
ent, the imposed mechanical energy is dissipated as heat,
and is out of phase with the displacing force by rl'/2
radians. The two quantities combined give the complex

modulus and the relationship may be expressed as
@t 1E2
where EX is the complex modulus
E, 4is ‘the dynamic modulus
> is the loss modulus

i is the operator.
The derivation of this relationship is outlined below.

Assuming small deformations, thereby avoiding non-
linear effeets, such as powers of strain or rate of
strain higher than the first, the wvalue of the strgin in
the specimen at any particular moment, responding to a

sinusoidally varying displacement is given by
e‘ = e: Sinwt .....I......(1)

where e is the dynamic strain amplitude
W is the angular frequency
t is the time
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The stress at ﬁhiSIPOint will have a certain phase lead §
and is given by
| £ = £ sin(wt + §) N ¥-3)
where fo is the stress amplitude
~ & 1is the same angular frequency
§ is the loss angle.
This may be rewritten
f = £, sinut cos§ + £ coswt sin§ eeeo(3)
which indicates that the stress actually conmists of two
components, I cos § in phase with strain, and

o -
n
£y sin § out of phase with strain and lagging by /2

radians. -
' fo cos §
Let E, be the elastic component, of size ——— ...(4)
%
£, sin §
Let E, be the viscous component, of size ————— ... (5)
€o
£,
Let E* be the total modulus and equal to =2
e
o

then substituting in equation (3)

f = eOE1 Sinwt . + e°E2 co&wt ..-.......-(6)
. E £
From(4) 1 _ 2. g%®_ _ _ hence E, = EXcos § .....(T)
cog § e,
E £ '
(5) —% "2 _ 5% _ _ _ hence E, = EXsin { ..... (8)
gin § e

(o}
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From (7) E12 = E"2 cog® §
(8) E22 = EX? gin?{
(7)+(8)  EX? = E12 + E22

Introdueing the operator i , this may be re-written

E’=E1 + i,

The Internal Friction

The loss modulus E2, which represents the internal

fricfional loss, can be expressed in several ways.

By defining the coefficient of internal frictiom, -
a , as the ratio of the out of phase component of the
stress to the rate of change of strain, and hence dividing
the second term in equation (6) by the differential of

es gin w t,

E2 5
= — and = W
") w 2 "

Another expression is the loss tangent, tan $ which by
dividing equation (8) by equation (7) gives:

)
Ey

Hence loss modulus in terms of loss tangent is given by

ta.n‘:

E, = E1tan$

Although not used in this investigation two further methods
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of measuring internal frictibn deserve mention. One is
the specific damping capacity which is defined as the
ratio of the energy dissipated per cycle of vibration td
the strain energy when the strain is a maximum and is

equal to 2Ttan § .

The other, known as the logarithmic decrement and
equal to Ttan § , is used in free vibration experiments.
It is obtained experimentally from the natural logarithm
of the ratio of the amplitudes of successive oscillations,

as the amplitude diminishes.

The Dynamic Bending lModulus

Hsul made a rigorous analysis of the theory of

vibration of wviscoelastic bars and applied the theory to
fibres, to obtain the standard expression for the dynamic

bending modulus, which is used in this investigation.

i,e. ) El= Ic4 .14‘ 002 ........“......(9)
where E, is the dynamic bending modulus(dyneg/c@?.

P is the density in gm/cc.

I is the moment of inertia of the cross
section about a line perpendicular to
the plane of bending and passing through
the: neutral axis.

¢ is a constant for the fundamental mode
of vibration and has the value 1.875.

1 is the length in cm.

Wo is the resonant frequency in radians/
secangd
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This equation can now be transformed into quantities
which are experimentally more easily measurgable. It

may be written in the form

g - le20513 pZ1%y o2 (10)
l ] ® & 00 00 00 000
$m
where V, = frequency in cycles/second (al resonance)
- &' = a shape factor depending on the
ceross sectional shape.
m, = mass/unit length (gm/cm. )
The derivation is thus:
E, = ‘Aél: ¢ 14 002
1 Ic
, 2
Since &) = RVBY_  and for a eircular cross section I = %ﬁ

D o 41T
E, = L
1 A . 1.875

16m°2p2 . 1% vo®

7 . 1% 4Ry 2

Ap 1.875%
=3 4 2
_ 16T o 2 1= Yo
= 1.875% ¢ Tmp

1.295T1° 0% 1% Vo?

-

ml

L]

/
The shape factor & is introduced in the denominator to

account for a moment of inertia differing from that of a
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circular cross section. The proof for the relation

= ;l where Il is the moment of inertia of an irregular
cross sgction, about an axis perpendicular to the plane pf
bending and passing through the neutral axis, and I0 is the
moment of inertia of a circular section will follow
(See ''Shape Pactor, p.69).

The loss tangent is expressed as the ratio ——ELILQ—

where A V , is the difference between two frequencies °
straddling the resonant frequency VY o, at which the
amplitude of vibration is —T%EF_ of that at resonance.

These quantities are directly measurable experimentally.

The foregoing discussion serves to explain some
parameters of dynamic properties, and in particular those
with which this investigation is directly concerned. In
order to present a broader basis on which to interpret the
results of the investigation, further fundamental aspects

are discussed.

Some Basic Theories of Mechanicgl Properties:

Dynamic Mechanical Properties and Phase Tramsitions.

With regard to the understanding of molecular
processes responding to external forces, the following
theory, based on that of Maxwellz, may be advanced.

When a polymeric material such as a fibre is

subjected to a static stress, the strain can take place
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by one or mora of several mechanisms. The most rapid
fesponse is that of bending of the bond angles along the
polymer chain. If there ﬁere no other forces involved
which restrained this motion, it should take place
instantaneously. Another method of deformation is by the
uncoiling of chains and chain segments. In the unstressed
condition, the polymer chains are considered to be in a
randomly coiled configuration, moving about their lowest
energy positions under the action of thermal agitation.
When a stress is applied, it tends to uncoil the chains
from their normal configuration. This uncoiling is
resisted‘by secondary bonds between chain segments. In
order that these bonds break, they must reach their
activation energy under the combined action of applied
stress and thermal agitation. Therefore the breaking and
reforming of bonds is time dependent. The rate at which
suéh a process takes place (r) varies with‘the absolute

temperature (T) according to the relationship

e~V
where A = a constant

U = molecular activation energy of the
bonds involved

]

k Boltzmann's constant

A third mechanism by which chain molecules can deform is
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by chain slipping and again the same°process of reaching
the activation energy of the bonds involved takes place.
This type of deformgtion is not recoverable upon removal

of the stress. Chain-chain slipping does not take place
when the chains are held together by primary chemical bonds
such as chemical cross links, or by crystallites acting as

cross links between chgins.

The above gives an indication as to the type of
response which may be expected when a fibre is subjected
to a continually increasing applied static stress, at a
constant humidity and temperature. When small forces,
which do not involve the above mentioned third form of
deformation are applied, significant molecular responses
may be observed, if a dynamic force is applied in any
particular direction relative to the fibre axis and the
frequency is varied over a very wide range. Similar
phenomena may be observed as the temperature or humidity
to which the material is exposed is varied, and these are
discussed later in terms of transition phenomena with

particular reference to their effects on the loss modulus.

Before so doing it may be advantageous to discuss
phase transitions in general, and the mechanisms by which

they take place.
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While such transitions, as indeed all important
properties of polymers, depend on the motions which their
bonded atoms undergo, under the action of thermal,
mechanical and other forces, the general discussion is
confined to thermal agitation for the sake of clarity.
The theories advanced are based on those proposed by

Mark3 and Gordon4.

Phase changes or transitions may thus be defined
as phenomena which occur as the complex molecular structure
of a polymer is altered by external agencies, thereby
conferring different mechanical and other properties on
the individual phases. They are in principle equilibrium
phenomeha, which can be reproduced reversibly regardless
of whether the critical transition temperatures are

approached from higher or lower temperatures.

Molecules in fibre forming polymers, as in all states
of aggregation, unlike our crude and lifeless models of
them, are endowed with thermal motion. The types of
motion to be found, before breakdown of the main chains,
are rotational in the case of chain segments, and vibrational
in the case of secondary bondé. Such movements are normally
arrested in the crystalliné domains, while it is precisely
the arresting or freezing of the motions in amorphous

regions which gives rise to transitioms. The rotational
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movements may be visualised as large oscillatory move-
ments about bonds which have to eurmount energy barriers
to facilitate this movement. At low temperatures, free
volume space is reduced and rotations are frozen, a process
which is aided by the number,type and strength of the
secondary bonds in the structure. The vibrational move-
ments of the secondary bonds may be visualised as similar
to those of tiny flexible steel springs being stretched and
released repeatedly. As the disturbing force increases,
the bonds will ultimately yield. Conversely, these bonds
will re-unite as the disturbing force diminishes. The
transition due to secondary bonds will normally occur at

higher temperatures than that due to segmental motioms.

It is not to be imagined that only two transitions
can be observed as a fibrous polymer is cooled (from below
melting point in the case of melting polymers). It often
occurs that with decreasing temperatures, a different
arrangement of the centres of gravity of individual mole-
cules or a different orientation becomes more stable. This
leads to the existence of various polymorphic phases which

may be separated from each other by transition points.

Certain polymers in the melt, when cooled, have
individual molecules which form strong bonds with each other

before they have time to assume the relative geometric
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arrangement required for the formation of the densest
3-dimensional lattice and a glassy type polymer results,
which exhibits what is commonly termed a glass transition
at a certain eritical temperature. Below this temperature,
rigidity is introduced into the molecular system, while
above, the polymer is rubbery. Glass transitions are
realisable in some polymers. In others, however, such
as highly cross linked materials (e.g. phemolics) and,
more commonly found in textile fibres, rigid materials
(e.g. cellulose), bond dissociation energies are lower
than rotational barriers. Pyrolysis will then occur

before a rubbery stage can be reached on heating.

A glass transition in such " amorphous' 1linear
polymers as have been described, is regarded as taking
place in the following manner. (Tobolsky5 draws a very
striking analogy of the process). Since the wriggling
segmental motion is due to thermal energy and the existence
of free volume, as the temperature is reduced the free
volume becomes very small compared with the thermal energy
barrier heights for rotational and translation jumps of
the polymer segments to take place. At a critical temper-

ature or within a narrow temperature range, the wriggling

and diffusional motions of the polymer molecules are
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frozen, and the polymer segments and atomic groups can
make only vibrational motions as in an ideal solid. The

polymer has now entered the glassy state from the rubbery

state.

Summarising, it is reasonable to say transition
Phases are many and varied. These reflect the fact that
the gradual consolidation of a three dimensional network
in which the indi#idual units have a shape departing widely
from spherical symmetry and are attracted to each other by
a variety of relatively weak, anisotropic forces, is a
complicated and multistep procéss of settling down to an
ultimate arrangement of highest consolidation through a

series of states of intermediate stability.

To exemplify phase changes more precisely, transition
Phenomena with reference to the dynamic Young's modulus and
loss modulus, as affected by temperature and frequehcy
changes are discussed. While polymorphic characteristics
may be expected, in order to avoid complexity, only two
Phase changes are considered; one due to a generalised
segmental motion, the other due to arbitrary secondary

forces. Humidity effects are also discussed.
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Frequency Transitions (at constant temperature and relative
humidity) .

It has earlier been implied that on the application
of a small static stress, an uncoiling of the main chains
in the amorphous regions is resisted by secondary bonds
between them which will eventually yield completely.
(Molecules in crystalline domains are relatively unaffected
due to their high degree of packing and subsequent strong
interactive forces). If the direction of the disturbing
stress is reversed, and the frequency of this reversal is
gradually increased the characteristic vibration of the
secondary bonds will come into effect and, due to insuffi-
eient time for large relaxations, the tendency to relax
diminishes. On further increasing the frequency, a rate
of stress reversal will be reached at which and beyond
which, these bonds will behave rigidly, being unable to
adjust themselves to the rapidly changing stress: This
gradual change from viscoelastic to elastic behaviour is a
transition phenomenon. It also explains why the dynamic
Young's modulus is greater than the static Young's modulus
- the strain responding to a given stress becoming smaller

as the resisting force of the bonds becomes greater.

The molecular chain segments flow quite freely at

low frequencies. As the imposed "elastic wvibration"
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increases in frequency, it will also eventuaily match the
average relaxationvfrequency of the molecular chain Segr
ments. (Relaxation frequency is defingable as the average
rate at which rotational jumps of molecular chain segments
occur.) At and beyond this frequency,the motion of the
molecular chain segments will be arrested, and a second

high frequency transition is realised.

On passing through these transitions the rate of
increase of dynamic Young's modulus is greatest because it
is in these regions that the secondary bonds, and chain
segments respectively become rigid, and due to the resist-

ance offered to the disturbing stress the strain is smaller.

The loss modulus, being a measure of the internal
friction, is proportional to the stress resisted by the
secondary bonds and chain segments times their respective
displacements, or the energy dissipated. Below each
transition frequency, the resistance to stress is negligibly
small, while the displacement of the structural elements is
relatively large. Above each transition frequency, when
motions are arrested, the resistance to the disturbing force
is large and the displacement negligibly small. The product
in each case will therefore tend to be small in comparison
to that at transition frequencies where there is both con-

siderable resistance and displacement prior to "freezing".
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Hence at these transition frequencies, the energy dissi-
pated and hence the loss modulus will pass through a

maximam.

TPemperature Transitions (at constant frequencies and relative
hunidity).

At sufficiently high temperatures, the thermal energy
to which the secondary bonds in the amorphous regions, are
subjected, causes their rupture at a point where their
dissociation energies are reached. On cooling the bonds
will tend to reform, until a stage is reached where they are
rigid. This change will give rise to a transition. On
further cooling, the molecular chain segments which have
flowed with ease at elevated temperatures will eventually
be arrested as the free volume spgce and rotational barriers
are reduced and increased respectively. A second low

temperature trgnsition is realised.

The effect of the high temperature transition on
dynamic elastic modulus and loss modulus‘ is similar to that
of the low frequency transition while the low temperature
transition has a similar effect to that of the high frequency
transition. 1Indeed, it has been shown by Onogi and 1
that the low temperature and high frequency transition in

polyvinylidene-vinylchloride fibres exhibit equal loss
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maxima and that below the low temperature transition the
dynamic modulus is equal to that above the high frequency

transitione.

When the secondary bonds are relaxed, their
resistance to stress is small, and as their gradual
congolidation continues, the dynamic modulus and loss
nodulus will increase. The dynamic médulus will pass
thréugh a maximum rate of increase at the transition
temperature while below this temperature the dynamic
modulus will continue to increase, but at a lesser rate
until the low temperature transition is reached. This is
due to the fact that the stress is transferred more to
the molecular chain segments which flow freely and show
little resistance. As'the motions of the chain segments
become restricted on further reducing the temperature,
the resultant strain to an applied stress becomes smaller
and the rate of increase of dynamic madulus reaches a

maximum as the low temperagture transition is realised.

The loss modulus for the same reasons described in
the case of frequency transitions, passes through a

maximum at the high and low temperature transitioms.

Figs.l and 2 typify the dependence of dynamic

modulus and loss modulus on frequency and temperature.
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The Effect of Humidity

When moisture is absorbed by a fibre, it is normally
the result of water molecules penetrating into the amor-
phous regions. The action of the molecules is to break
apart existing secondary bonds and if a transition is to be
realised and represented by a maximum in the loss modulus
curve, it will be due to a gradual increase in dissipated
energy, as the stress imposed upon the bonds increases, and
a subsequent drop in energy dissipated when bond resistance
has been overcome. Again an arbitrary secondary bond has
been considered, because it is known that several types

7 states that the molecular

exist. For instance Feughelman
forces holding wool together which are affected by the pres-
ence of moisture are Van der Waals forces, salt linkages

and hydrogen bonds. Thus it maj be expected that more than
one transition can exist, or that these separate transitions
are combined by one occurring immediately after another,
with a certain amount of overlap. Alternatively,a transi-
tion may not be realised since unlike a temperature or fre-
quency range, the humidity range is limited, namely between
0% relative humidity and 100% relative humidity.  Working
with horn keratin, which will be expected to show similar

characteristics to wool, Warburton8 found that the logarith-

mic deecrement increased gradually from 0% to 15% regain, and
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rather more quickly thereafter, but a maximum did not occur.
Quistwater and Dunell9 on the other hand produced a curve

for nylon 66, in which the loss modulus had a maximum at
60% relative humidity, while Kawai and Tokita'® founa that
polyvinyl alcohol showed a point of inflection between 25
and 65% relative humidity, the loss modulus being relatively
constant at a low value below 25%, and relatively constant

at a higher value above 65% relative humidity.

The other mechanism by which a loss maximum occurs,
is the arresting of molecular chain segments in the amorphous
regions. Again considering a generslised segmental motion,
as moisture is adsorbed not only will it tend to break the
secondary bonds, but it will occupy free volume which had
previously been available for bond rotation. Again, since
the humidity range is confined, it is to be expected that
either a second loss maximum will occur, or a single maximum
consisting of two components, one due to the secondary bonds,

the other to segmental motion.

The dynamic modulus will generally decrease with
gradual moisture adsorption, as many workers (e.g. van wyk11,

8, Speakman12) have found to be the case.

Warburton
Meredith!> describes the fall of torsional rigidity of
several fibres, with increase in regain as being consistent

with the idea that this fall is caused by the breaking of
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hydrogen bonds between chain molecules in the non-crystall-
ine regions, and that at saturation regain one molecule of
water is bound to each accessible polar group which would
otherwise be linked to a similar polar group in a neighbour-
ing chain molecule by means of amhydrogen bond.

Speakman12

‘attributes the fall in the rigidity of
wool to the breaking of hydrogen bonds between CO and NH
groups of neighbouring chain molecules, as water is absorbed.
I+t is possible from Feughelman's hypothesis, to relate this
fall to salt linkages and Van der Waals forces being broken
as well as to the breakage of hydrogen bonds. It would
further be expected that as in a temperature or frequency
transition, a maximum rate of change of dynamic modulus

accompanies a maximum in the loss modulus, if such is to be

realised in humidity experiments.
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Literature Survey

It appears to be little more than a decade since
the first studies of the dynamic bending properties of
fibre forming or filamentous materials were carried out,
while for more than twenty;five years, considerable
research has been devoted to the general dynamic behaviour
of such materials. Tensile and torsional properties
yield useful information, and in order to have a complete
dynamic theory, must be considered together with bending
properties. To provide a maximum of useful information,
the following chapter therefore makes reference to static,
and, in greater detail, to dynamic investigations
involving the three main types of mechanical deformation
and the effects of varying frequency temperature and

humidity conditions.

The Tensile and “orsional Deformation

of Polymers and Textliles.

l. Static Deformations.

Natural, Regenerated and Synthetic Fibres.

The stiftness-temperature behaviour of various

tllaments, including viscose and acetate rayon and synthetics,
14
was 1lnvestigated by Brown , where stifiness referred to the
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modulus at 1% strain. All filaments, with the exception
of viscose rayon showed a second order transition tempera-
ture which was associated with the amorphous phase. Below
the transition temperature, the polymer chains exhibited a
high resistance to deformation, their segments being
relatively immobile. Above this temperature, the chains
were mobile in the amorphous regions but those in the
erystalline regioms were immobile and exerted an imter-
mediate stiffness.

Bryant -and Walterl5

used an Imnstron Tester to
measure the stiffness modulus of a wide range of wet and

dry fibres, including wool, cotton, viscose and acetate
raycni polyethylene, acrylics, and polyesters. The swelling
action of water was found to lower the glass transition
temperature and a correlation between the value of the

glass transitiom temperature of dry fibres and the extent

of the lowering of this temperature in water was drawn.

It was attributed to a dependence on secondary bonding

along the polymer chains.

The initial tensile modulus of cellulose fibres was

measured by Guthrie16

over a temperature range of 22° to
100°cC. While the effect of moisture was to greatly
reduce the modulus, temperature had only a secondary effect

on wet fibres. Synthetic fibres, however, were extremely

sensitive to temperature changes.
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Suleimanova and Kargin'' found that cellulosic
vfibreé were highly deformable due to their molecular
stfucture. The different deformabilities of the various
cellulosic fibre types were attributed to differences in
orientation and packing of the chains. Moisture was
found to have considerable effects on the mechanical
~properties.

The tensile properties of silk, nylon and Vinyon

were investigated by Kaswell18

at temperatures ranging
from -70 to +70°C.  The initial Young's modulus of nylon

was four times as great at -57°C as at 21°¢.

7“Rigby19 found that Young's modulus and stress
relaxation of dry wool fibres were independent of tempera-
fure in the range 10 to 80°C at strains of 1 to 20% and
Young's modulus was independent of the rate of straining
over the range 0.75 to 250% per minute.

Peters and Woods20

s, who examined the change of

initial Young's modulus of wet and dry wool with tempera-
ture over the range 0° to 100°C, observed an increase in
modulus with decreasing temperature, the rate of increase

being smaller towards both ends of the range covered.

Bueche21 determined the initial modulus of poly-

ethylene at several temperatures between 30° and 140°¢C
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and observed a sharp drop at about 120°¢. He proposed
a theory relating modulus to crystallinity with varying
temperature, a fall in modulus being accompanied by a

decrease in crystallinity.

2. Dynamic Deformations.

a) Natural and Regenerated. Pibres

22 .
Meyer and Lotmar appear to be the first to have

subjected fibres to forced vibrations by means of an
acoustic method. At high frequencies, they found that
the dynamic Young's modulus of linen, ramie and hemp

increased slightly with increasing static tension.

The dynamic tensile moduli of twenty three yarns
and their dependence on static and dynamic strain, were
measured by Tipton23. The modulus generally increased
with static strain and decreased with dynamic strain.

In the case of monofilaments, the increase in modulus

with increasing static strain was ascribed to an increase
in molecular orientation. Small initial drops in modulus,
at very small strains, were said to be due to increases in
moisture regain, which occur on straining a yarn. Highly
twisted yarns did not exhibit a drop in modulus, but an
increase which was attributed to a lateral compression of

fibres and a resultant lowering of regain. The decrease
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in modulus with increasing dynamic strain was attributed
to the fact that the forces of contact hetween adjacent
fibres in a yarn increase and tend to cause movement and

slippage amongst a greater number of fibres.

Palandrizu, using a forced longitudinal vibration
method, found that the dynamic Young's modulus of yarns
made from long fibres, was independent of dynamic strain
amplitude and of freguency above 100 ¢/s in the range
20 to 200 ¢/s. 1In the case of yarns mede from short
fibres, the dynamic Young's modulus was found to decrease

with increasing dynamic strain amplitude.

The dynamic elastic moduli of cellulose fibres and
rayon were measured as a function of extension by de Vries25
at 65% relative humidity and 20°C. The modulus remained
fairly constant up to a certain critical extension, which
varied according as to whether viscose, acetate or Lilienfeld
rayon was under examination. Beyond this extension, the
modulus increased for all materials but the rate of increase
again depended on the material under tests. The decrease
in compliance (l/ﬁodulus) was proportional to the increase
in the natural strain. The results of the dynamic experiments
suggested a correlation between the modulus and the chain

26

molecule orientation. de Vries further established a

relationship between the dynemic elastic modulus and
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birefringence of viscose, acetate and cuprammonium rayons
such that, beyond a certain yield value of extension, the
modulus was equivalent to the birefringence as a measure

of the orientation of the filament.

Hamburger27 found that for viscose rayon, cellulose
acetate and nylon yarns, the dynamic Young's modulus increased
with static tension beyond the yield point, but rémaine@
constant up to the yield point.

By means of several longitudinal vibration methods
Fujin028 et _al meésured the viscoelastic properties of
viscose, acetate and cuprammonium rayons, silk and nylon 6,
under a static tension of O.)} gm. per denier and dynamic
strain of less than 1%. Generally speaking the real part
of the complex dynamic modulus was constant over the

L 40 2 x 10° o/s. with only a

frequency range 2 x 10~
slight increase in the supersonic range. The imaginary
part of the complex modulus seemed to increasg at both
ends of the frequency range. It was concluded that for
any textile fibre the anomalous dispersion is not as

great as that of various rubber= like materials in the

same fregquency range.

Kawai and Tokitaz9 measured the dynamic Young's

modulus of silk at 8°C and 71% relative humidity. Over
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a frequency range of 2 to 14 x 102 c/s., a constant value

10

of 9.8 x 10 dynes per sq. cm. was obtained.

Dunell and Dillon®°

measured the dynamic modulus

and energy losses of single fibres of viscose and acetate
fayons, silk, feather keratin and nylon by a forced long-
itudinal vibration method. Both factors were independent
of frequency in the range 1 to 100 ¢/s. Measured values

of energy dissipated per cycle were found to be proportional
to the square of the dynamic strain amplitude in accordance
with theoretical prediction.

Lyon831, however, noted that for cotton and wviscose
rayon cords, the loss modulus was not strictly independent
of the dynamic strain amplitude at large values of the
latter. In the frequency range of 65 to 360 c¢/s, and at
a dynamic strain amplitude of 0.3%, no significant
dependence of the dynamic Young's modulus om frequency
was observed, but with increasiﬁg dynamic strain amplitude,

the dynamic Young's modulus was found to decrease.

Chaikin and Chamberlain®®

found that the dynamic
elestic modulus at 100 kc/s. was four times as geat for
viscose rayon and Tenasco and about two and a half times
as great for wool, human haif and nylon, as the static

modulus. Higher values at higher rates of strain were

attributed to the fact that weak secondary bonds had no
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time to break and the stress was transferred directly to
the mechaniam of deformalion is
the main chains, while at lower rates of strain they—were
dae o the unfolding of molecular chains in the non-
crystalline regions, which involved rotation of segments
of the chains around single bonds having low activation

energy barriers; at slow deformations, the weak secondary

bonds broke when stress was applied.

Asmussen and Andersen>’ found that the dynamkc
Young's modulus was higher than the static modulus, when
investigating the effect of longitudinal vibrations on
cellulosic fibres. Humidity had a lesser effect on the

dynamic than on the static modulus.

Andersen’? observed that the dynamic Young's
modulus of viscose rayon and cotton in a frequency range
of 25 to 40 c¢/s. was much less affected by changing
relative humidity than the static modulus. By increasing
the static strain the modulus of cotton became much more
humidity dependent, while the rayon was unaffected.
Increasing temperature caused a fall of both the static
and dynamic moduli of rayon, but only the static modulus

of cotton increased.

A sound velocity method was employed by Ballom and
Silverman35 t0 determine the tensile moduli of viscose and

acetate rayons, nylon and other yarns at frequencies of
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10,000 ¢/s. Viscose rayon showed a decrease in modulus
with increasing humidity and temperaturey; finishes in
genersl had little effect, although boiling in soap solu-
tion tended to lower the modulus.

It was also observed by Chaikin and Chamberlain®®

that for viscose rayon, human hair and nylon, a significant
decrease in Young's modulus occurred in the case of viscose
and humaen hair, while nylon showed a smaller decrease as

the relative humidity was raised from 25 to 65%.

Dunell and Price36 produced curves of dynamic Young's
modulus and loss factor against temperature for viscose |
rayon, which were similar in shape to those for high
polymers. The percentage increase in modulus and changes
in energy loss factor were much smaller, however, in the
case of viscose rayon. Young's modulus increased by 40%
as the temperature was 1owerednfrom 0 to -80°C, and a well
defined energy loss maximum,. ascribed to CHZOH side chains,
which did not involve breaking of hydrogen bonds was
observed at -40°C.

Tokita®'

discovered another dispersion in dry viscose
rayon at 80°C. As the relative humidity was increased, the
temperatures at which the dispersion occurred shifted to

lower values. At constant temperature of 20°C and relative
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humidity of 66%, and over a frequency range of 0,047 c¢/s.
to 100 k¢/s., no loss maximum was found.

Russel and van Kerpel38

used a torsion pendulun
technique to determine the dynamic rigidity modulus and
damping df cellulose acetate and cellulose triacetate.

Damping peaks and associated modulus changes were observed

at 175°C and —485 fbr triacetate and 195°C and -55°C for
acetaté, while the remainder of the two curves took similar
shapes. The variation in temperature of the high temperature

39 who

transition with acetyl content was studied by Nakamura
found, in agreement with Russel and van Kerpel?%hat the
transition temperature decreased with increasing acetyl
content. Nakamura, working at audib frequencies also
found a mechanical loss peak at 60°C in the case of cellu-
lose triacetate and considered this to correspond with the
30°C transition which is obtained in dilatometric measure-
ment. He found no peak in the secondary acetate curve,
which could be correlated with a 55°C transition obtained

by dilatometric methods.

0 experimented with modified

Tokita and Kanamaru4
viscose and acetate rayons and found that the dynamic
torsional modulus of the viscose was almost constant with
temperature over the range 25 to 90°C but tended to drop

above 60°C. Curves representing internal friction showed
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two peaks at 40°C and 65°C for the viscose and 30°C and
50°C for the acetate.

Torsional oscillations were used by Mackay and
Downes41 to determine the effect of the sorption process
on the dynamic rigidity of dry wool, suddenly exposed to
an atmosphere of 61% relative humidity. An almost
immediate drop in rigidity occurred which was explained
by the faet that the outer part of the fibre had reached
equilibrium while the inner part had not, and fibre
diameter was consequently relatively unaltered. Moreover
a transient stress had arisen from the differential swell-
ing during penetration. Subsequent to the drop, the
inner fibre swelled and modulus increased continuously
with humidity. Where the fibre was not subjected to
such sudden humidity changes, the sige of the dip was
greatly reduced, and modulus gradually decreased with

increésing humidity.

b) Synthetic Fibres

Ree et al.*? observed that internal friction of
Saran fibres altered with frequency in the range 1.75 to
31.5 ¢/s. They further observed that internal friction
increased as temperature decreased from 44° to 14.800;

below which it decreased. Both the dynamic Young's
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modulus and the static modulus increased sharply below
17°C at which temperature a second order transition
probably occurred.

43

Smith and co-workers™  measured the dynamic

modulus of Orlon yarn at rates of strain varying from 1%

to 300,000% per minuté. The dynamic modulus increased
with frequency in the lower ranges, but became constant
above 10 kc/s.

Eyring et al.44

subjected polyamide filaments to
forced vibration over a frequency range of 0.06 to 6 c¢/s.
and é temperature range of 0 to 65°C. The application of
a sinusoidally varying strain to highly orientated fila-
ments resulted in an energy loss per cycle which was
practically independent of frequency but decreased almost

exponentially with increasing temperature at constant

frequency.

The dependence of dynamic Young's modulus and shear
modulus of nylon 66 monofilaments on théir degree of orienta-
tion Was‘investigated by Adams?5 Young's modulus at 66%
relative humidity was the same for draw ratios 1 and 1.4,
but thereafter increased continually with draw ratio. At
humidities greater than 40% relative humidity, shear
modulus increagsed with draw ratio, while at lower humidities

it decreased with draw ratio.

Using a longitudinal vibration method, Pujino et al?s
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examined the viscoelastic properties of several high
polymers and found that the effect of increasing the draw
ratio was to increase the dynamic tensile Young's modulus.
The effect was attributed to lateral bonding befween chains
in the amorphous regions and not to the development of
crystallisation. Kawaguchi47 measured dynamic parameters
of nylon and Terylene filaments and compared results with
those predicted from theory. The degree of orientation
was aséumed to be principally responsible for affecting

the mechanical properties, while the influence of crystall-
isation was negligible in comparison. It was proposed
that Young's modulus would increase to a maximum value of

5 times that of the isotropic body as the draw ratio was
increased. On the other hand, the torsional modulus would
decrease with increasing draw ratio, the completely
orientated amorphous polymer exhibiting zero torsional

modulus.

Thompson and Woods48 measured the dynamic tensile
modulus and loss factor of polyethylene terephthalate fila-
ments having different degrees of crystallinity. At a
frequency of 1 c¢/s. the main transition temperature rose
from 80°C to 125°C, with increasing crystallinity. A
second transition at about -40°C, was observed, which was
less affected by changes in crystallinity of the polymer. -

Kawaguchi49 examined a series of polyethylene terephthalate
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filaments over a temperature range of -70 to 150°C and a
frequencyArange of 100-200 é/%. The main softening region
at 120°C was influenced by the degree of crystallinity
while two mechanical loss maximaa 80°C and -40°C were

also observedy the latter decreased in height and moved

to lower temperatures as crystallinity increased. The
effect of increasing the water content of the polymer

was to increase the height of the low temperature loss
maximum, without affecting the temperature at which the

phenomenon occurred.

The éame author5o studied the dynamic and loss
moduli of a series of polyamides and related polymers
over a temperature range of -140 to 200°C. At least
four dispersion regions were indicated, characterised by
peaks in the loss tangent curve; at -120, -40, +90°C and
near the melting temperature. The a peak reflected the
onset of motion of large chain parts, caused by breaking
of intermolecular bridges in the amorphous regions. The
data on the B process supported the view of Woodward et 31.51
that it is the result of segmental motion involving non-
hydrogen bonded amide groups. An attempt was also made to

correlate the area under the § peak with the density

of amide groups in the series of polyamides, but further
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work was neeessary to draw firm conclusions. It was
further observed that in general the magnitude of elastic
modulus rose with an increase in amide group concentration.

Schmieder and Wolfo2?°9

investigated the frequency
and temperature dependence of several high polymers in
dynamic torsional experiments. For crystalline polymers
such as polyamides and polyethylene they found three loss
peaks. A peak above room temperature was aséribed to
motion of the activated amorphous segments, while the low
temperature peaks were said to be due to the rotation of

CH2 links in the amorphous regions.

Woodward and co-workers5l

studied nylons 66 and 610,
and a copolymer in the audio frequency range and at temp-
eratures of -=193°C to near the melting point. Dispersions
were observed in all cases at 225, 77, -23 and -77°C., The

a peak was due to chain mobility in the crystalline regions;
the a' peak was atitributed to the onset of motion of large
chain parts, the B (second order transitioh) to segmental
motion involving amide groups in the amorphous regions
which are not hydrogen bonded. The dependence of the

peak on the polyamide tested and its proximity to the low

temperature peak of polyethylene and certain methacrylate

esters, was in agreement with a proposal that it was caused
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by the onset of co-operative movement of the CH? groups

between amide linkages in the amorphous part.

WoodwardAgj_gl?4 investigated specimens of poly-
hexamethylene adipamide containing between O and 6.4% by
weight of water, over a wide temperature range. It was
found that with increasing water content, the loss peak
and associated modulus dispersion at -100°C in the dry
material decreased; +the loss peak and modulus dispersion
at 100°C in the dry material shifted to lower temperatures
reaching a value of 7°C for 6.4% water content. A third
damping peak appeared at about -30°C, and the modulus in
the -120 to -20°C region increased while above and below

this range the reverse was true.

Price gi_gl?5 investigated the dynamic mechanical
properties of nylon, polyethylene and viscose and acetate
rayons, by a forced longitudinal vibration method in a
frequency range of 5 to 50 ¢/s. The dynamic modulus
increased with decreasing relative huﬁidity which was
lowered from 98 to 28%. It was found that the dissipation
of energy, per cycle, increased with increasing relative
humidity.

Quistwater and Dune119 measured the dynamic tensile
and loss modulus of nylon 66 filaments at a constant

temperature of 3500, and over a range of 11 to 96% relative
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humitidy. The tensile modulus increased with decreasing
relative humidity, but was only slightly dependent on the
frequency over the range covered. The loss modulus was
effectively independent of frequency at relative

humidities between 50 to 60%. At lower humidities a
decrease in energy loss and at higher humidities an increase
in energy loss, occurred with increasing frequency. At an
arbitrary value of & = 100 sec.”™  the values of the loss
parameter and temsile modulus were plotted against relative
humidity. A maximum in the energy loss (Om = Ez) lay at
60% relative humidity. Plotting loss tangent against
relative humidity, the maximum shifted to 20% relative
humidity. Small variations of energy dissipation with
changes in frequency were such as to suggest that the
dispersion region extended over a wide frequency range and
that at low humidity, an energy loss maximum could be
expected at a frequency below 1 c/s. It was thought that
an increase in the amount of water absorbed by the polymer
with increasing relative humidity, led to a .plasticisation
and consequent increase in freedom of motion of chain

segments in the amorphous regions of the fibre.

The same anthors56 extended their work by measuring
the same properties at 9° and 60°C over the same humidity

and frequency range (10"4 to 10° c/s.). The ‘dynamic
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tensile modulus at 9°C was independent of frequencies at
humidities lower than 60% but increased with increasing
frequencies at higher humidities. The tensile modulus
wes similarly affected by frequency at 60°¢. At this
temperature, a well defined maximum in the energy loss was
observed, similar to that obtained at 3500 but at a some-
what lower moisture content. This effect was expected
if both the increase in temperature and moisture content
facilitated segmental chain motion, and if such motion
produced increased energy dissipation up to a point at
which fuither increase in ease of motion corresponded to
such a decrease in intermolecular forces that energy loss
#ecreased again. If a maximum occurred in energy loss at
900, (it was not well defined), it was near 100% relative

humi dity.

The dynamic mechanical and electrical properties of
polyethylene were measured over a wide temperature range by
Robinson and Oakess7. Peaks at -100, O and 70°C were
associated with movement of certain CH2 links in the main
polymer chains, side chain mobility and large scale mobility
of the polymer chains in both the crystalline and amorphous
phase, respectively. Temperature differences between
mechanical and electrical loss peaks were observed and

attributed to the fact that the former were obtained at
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200 c/s. and the latter at 11,000 c/s.

o8 investigated the dielectric properties of

Reddish
polyethylene terephthalate over'a wide frequency range
(1021::0,107 ¢/s.) and a temperature range of -80 to 180°C.
Three dielectric processes were identified, and it was

suggested thalt one of these is correlated with mechanical

and thermal properties of the polymer and is therefore due to

the relaxation of dipoles.in the main polymer chain. A second

process was attributed to the presence of OH groups and a

third which occurred at low frequencies and high temperatures

was associated with the conduction of charge through the

material.

Ward59 employed a nuclear magnetic resonance method to
study polyethylene terephthalate and related polymers which
contained in the glycol residue, between four and ten
methylene groups. A temperature range of =180 to 200°C
was covered. Second moment data from both the single broad
absorption below the glass transition temperature, and the
broad component of the composite signal above the glass
transition temperature suggewmted that most of the methylene
groups in the structure (i.e. even the crystallites)-

underwent hindered rotations at high temperatures.

The nuclear magnetic resonance absorptive and dynamic

mechanical properties of Terylene, nylon and plastics were

60

student by MNohara. In the temperature range - 70 to 200°C
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it was observed that the p-phenylene group in Terylene
was hindered at about 110°C, whereas the two methylene

groups still rotated at lower temperatures.

(¢) Rubbers, Plastics and other filamentous Polymers

Ecker61

surveyed and interpreted theories of the
high elasticity of macromolecular substances, and referred
to methods of measuring plastic-elastic behaviour of high

polymers by means of forced longitudinal vibrations.

Nolle62’63 used five methods to study the changes
in dynamic Young's modulus and loss tangent,over a frequency
range of 0.1 ¢/s. to 100 k¢/s. and a temperature range of
-60 to 10000, of various rubber-like materials. Young's
modulus increased with decreasing temperature and increasing
frequency, while there was no indication that it was a
function of amplitude when measured by a vibrating reed
method, with the exception of natural rubber whose resonant
frequency depended strongly on the amplitude of vibration.
In general there were temperature regions in which the loss
tangent showed maximms , which were accompanied by maximum
rates of change of moduli in the same temperature region.
Dynamic modulus approached a maximum value as the temperature

became very low and frequency very high.
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The frequency and temperature dependence of the
elastic losses of natural rubber, polyvinyl chloride
(P.v.C.) and butadiene-styrene co-polymers (G.R.S.) were
studied by Sack gﬁ_g;.64 who used three vibrating reed
methods. Natural rubber at temperatures above 20°C and
P,V.C., exhibited frequency independent losses, the
mechanisms of which were not fully clear. The results
for rubber beléw 20°C, and for G.R.S. were explained by
a relaxation theory. The behaviour of the elastic losses
also reflected the existence of second order transitions

below which rotation of chain segments were hampered.

The shear wave velocity and attentuation of G.R.S.
Butyl, Hevea, Hycar and Paracril rubbers were measured by
Cunningham and Ivey65 in a frequency range of 0.2 to 7 mc/s.
and temperature range of -60 to 20°¢. To a fair approxi-
mation in the rgnge investigated it was concluded that the
real and imaginary parts of the dynamic Young's modulus
were three times the corresponding values of the dynamic
shear modulus. It was found also that the classical
Stokes' assumption that the bulk viscosity was negligible
in comparison to the shear viscosity, was reasonable for

some, but not all the rubbers.

Fukada®® showed that the calculated values of
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dynamic shear modulus and loss tangent from ereep experi-
ments with polymethyl methacrylate agreed satisfactorily

with those observed.

Maxwe112 investigated polymethyl methacrylate and
his results indicated that over a temperature range of -20

to 80°C, and a frequency range of 6 x 1074

to 1.6 x 10° c/%.,
three relaxation mechanisms were involved.

Gordon6

7 found a main peak at 160°C when examining
the same polymer, while at 70°C, a shoulder in the energy
curve occurred and was attributed to the C02Me side chains.

Yamamoto and Wada68

studied the dynamic Young's
modulus and loss factor of polymethyl methacrylate, poly-
styrene, nylon 6 and a polyester over a temperature range
of =70 to 90°C, at very high frequencies. The § transi-
tion in polymethyl methacrylate produced a loss factor
dispersion at -20°C.
Kawaguoh169 found that the dynamic and dielectric
properties of polycaproamide were intrinsically correlated.
Over a range of -60 to 200°C, three dispersions were
observed. A change in dynamic modulus and the associated
loss maximum at 80°C was attributed to hydrogen bonding
while one observed at -45°C was associated with dipole

interaction between amide links.

Deutch, Hoff and Reddish’C studied the dynamic and




44.

dielectric properties of wvarious acrylic polymers and

found these also to be intrinsically correlated. They
proposed the hypothesis that each mechanical and "dielectric
dispersion region in a given polymer was associated with a
defineable structural feature i.e. a group of atoms in the
polymer such that each group gave rise to a mechanical
dispersion and if polar, also to a dielectric dispersion

in the same temperature region. The possibility of tracing
the same dispersion from one polymer to another,provided
they all contained the same group, was suggested.

Hoff, Robinson and Willbourn''

detected four disper-
sions in acrylic ester polymers. The main softening
process was associated with slipping of chain segments past
one another and was shown to be influenced by the shape and
size of the side chains. The presence of polar atoms in
both side and main chains, by influencing the interchain
cohesive forces,had their effect on the main séftening
region. A secondary maximum was influenced by side chain

flexibility; +two low temperature processes at -30 and

-150°C were similarly influenced.
Sharpe and Maxwelll2 attempted to relate shear
modulus, Young's modulus and Poisson's ratio for various

plastics. Generally, at 30°C, agreement between predicted

and experimental values of Poisson's ratio was reached. It
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was observed that polystyrene approached the theoretieal
value of Poisson's ratio of a true elastic solid, while
cellulose triacetate butyrate approached that of a liquid.

Newman75

measured the dynamic Young's modulus of
crystalline polystyrene over a temperature range of 20 to

160°C. A maximum in damping was found at 120°C.

According to Sauer and Kline74 polystyrene exhibited
a large rise in internal friction at 80°C and an accompanying
drop in modulus. Molecular movement involving entire
chains was thought to be responsible. No loss peaks were
evident in the temperature range covered. Teflon and
polypropylene showed two peaks, a room temperature peak and
dispersion regions at -75 and 100°C respectively. The low
temperature peak in the case of Teflon was associated with
alternative configuration of the main C-C links in
amorphous regions between crystallites and was indicative

of a glass like transition.

Sauer gj_g;.75 subjected rod like specimens of
crystalline and amorphous polypropylene to transverse
vibrations and measured the dynamic elastic modulus and
internal friction over a temperature range from -L00°C to
near the melting point. Three dispersions were observed

- a high temperature transition associated with large scale
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motion of polymer chains, a rdom temperature fransition
associated with the primary glass transition of the amor-
phous phase of the polymer, and a low temperature transi-
tion attributed to the onset of small scale chain motion

in the amorphous regions. The low temperature transition
occurred at about —50°C in amorphous polypropylene, and
-110°C in polyethylene.  This difference, it was suggested,
was a result of hindrances to main chain rotation caused

by the presence of a methyl group on every other carbon

atom.

Bacecareda and Butta76 determined the dynamic elastic
modulus and damping characteristics of several polythenes
having different degrees of crystallinity, over a tempera-
ture range of -T70 to +50°C and at frequencies of between 5
and 30 k¢/s. A transition temperature at -24°C, independ-
ent of the degree of crystallinity was noted, being sharper
the mofe amorphous the material. At temperatures above
this, Young's modulus increased with increasing erystallin-
ity in the case of uncross-linked or weakly cross-linked
polymers. This was attributed to overlapping of
crystallites which under these conditions formed a more
rigid framework than the molecular segments in the amorphous
regions. Below the transition temperature, Young's modulus

seemed to be lower in the more crystalline than in the more
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amorphous sampleé. It was suggested that this could be
due to strbngervintermolecular forces existing in the glass
like state of the amorphous regions.

Dynamic torsional measurements by Nielsen77 on a

number of polyethylene co-polymers showed that the temper-
ature of the o transition decreased from over 100°C for the
pure polymer to 0°C for a co-polymer containing 26.7%

vinyl acetate. A B peak was detected at -25°C, which was
independent of the quantity of vinyl acetate while a low
temperature peak at -110°C increased in height or temper-
ature with increasing amounts of co-polymer.

78 studied the effect of the extent of

Kline et al.
chain branching of polyethylenes on the various dispersions
found between =193 and 107°C by driving rod like specimens
in their transverse modes. The a dispersion at 97°C
shifted to higher temperatures with decreased branching in
accord with the shift in melting temperature with degree of
crystallinity. The B transition at -43°C decreased in
magnitude with decreased branching and for polyethylene
which has negligible branching, it was almost entirely
absent. This suggested a direct relation between the
number of branch points and the size and shape of the

peak. The ¥ dispersion region near -103°C was sharper

and shifted to higher temperatures with decreased branching:




48,

this was attributed to a narrowing of the relaxation
times associgted with the movement of a small number of

CH2 units.

The effect of cross-linking polyethylene by means
ef pile radiation was studied over a temperature range of
-193 to 177°C by Deeley et al.79 Definite changes in the
dynamic modulus were observed. Three mechanical loss
peaks, at ~108, -8 and 82°C were noted. The low temper-
ature peak increased in height and peak temperature as
dosage increased but at higher dosages a marked decrease
in the damping occurred. The peak at -8°C decreased in
height and shifted to higher temperatures while the 82°C
peak,attributed to the melting of the crystalline portions
of the sample, decreased in height and shifted to lower
temperatures as irradistion dose increased.

Irradiated polyethylene was also investigated by
Butta and Charlesburyol.  Threée distinct transitions were
found associated with the glassy state (ng softening of
amorphous regions (TS> and melting of the crystallites (%n).
With increasing dosage, vadecreased, Tg increased; while
TS showed a minimum value for a rediation dose equal to
the critical wvalue. At temperatures ebove the melting point
of the crystallites Tm, lightly cross-linked samples showed
rubber like elasticity, but highly cross-linked samples

showed the same dynamic behaviour as highly cross-linked
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amorphous material.

Schmieder and Wolf”2?°J conducted dynamic torsional
experiments on a series of rubbers, amorphous and crystall-
ine polymers includihg polyethylene, polyvinyl chloride,
polyisobutylene and polyamides. Three damping peaks were
observed in polyethylene and polyamides§ low temperature
peaks were attributed to rotation of CH2 groups in amorphous
regions, and the high temperature peaks to strains on
amorphous segments which consequently had diffusional
motion. Amorphous polymers showed transition regions and
a second, lower temperature dispersion caused by side chains.
When long and mobile side chains were present a third demp-
ing peak occurred.

81 measured the elastic, shear, torsional

Koppelman
and longitudinal wave moduli of plasticised polyvinyl
ehloride over a frequency range of 10'1vto 4 x 10% ¢/s. The
dispersion regions of the different moduli were found to be
at different frequencies, and thus the relaxation behaviour
depended upon the type of stress applied. The relation
between the moduli outside the dispersion regions (but not
within) could be explained by simple elastic theory. It
was also found that the distribution of relaxation times

was displaced to higher frequencies in the case of shear

modulus, than in the case of compression modulus. At
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temperatures above freezing point the inner structure and
apparent activation energy changed considerably with
temperature, while at higher temperatures the changes were

smaller and the chain segments probably moved more freely.

Fitzgera1d82 measured the complex shear modulus of
polyvinyl stearate between 50 and 5,000 c¢/s. and found
several sharp resonances in the compliance. The apparatus
consisted of two small discs of the sample clamped between
metal surfaces and subjected to sinusoidal dynamic vibration
in a direction perpendicular to the static clamping stresses.
Using the same apparatus, Sheldon83 measured the complex
shear compliance of fractionated poly n-dodecyl methacrylate.
A method of reduced variables gave superimposed curves for
the real and imaginary components of the complex compliance,
against frequency, and for creep compliance against time,
except for an anomaly below -28°C, interpreted as due to
crystallisation of the side groups.

It was shown by Kawai and Tokita'®

that the dynamic
Young's modulus of amorphous films of polyvinyl alcohol
increased only slightly as the relative humidity was raised
to 35%, whereafter, a rapid decrease occurred, while the
loss tangent was almoét constant up to 25% and increased
rapidly up to 65% relative humidity above which it remained

relatively unaltered. The interpretation of the response
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of dynamic Young's modulus was that water molecules were
initially attracted to the C-H radicals in the amorphous
regions, but at higher humidities the existing hydrogen

bonds were broken.

Shinohara84 investigated the temperature‘dependence
of the torsional rigidity and loss angle of graft polymers
of nylon 6. All samples showed a relaxation peak at 80°c¢.
A second peask was observed which increased in height as
the degree of grafting increased. It was thought probable
that the two peaks of the graft co-polymer were due to the
onset of segmental motion of the trunk nylon polymer and

the grafted vinyl polymer.

An electrostatic form of vibroscope was employed by
Stauff and Montgomery85 to determine the effect of air
damping on resonant frequencies of forced vibrations of
stretched glass filaments, by observing the shift in
frequency with reduced or increased atmospheric pressures.
It was found that the finer the filament the greater the
shift in resonant frequency between that measured in air
and that in a vacuum. The frequency shifts agreed well
with those predicted from Stokes' theories. The torsional
modulus of glass was found to be dependent on the atmosphere

86

in which it was measured, by Eischen~ . This dependence

was attributed to changes in the surface energy.
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The Plexion of Textile Materials

1. By Static Methods

a) Natural, Regenerated and Synthetic Fibres

Sen87

measured the static bending modulus of a
fringe of jute fibres by clamping them at one end and
causing a deflection at the other with an applied load.
With a similar technique, Khayatt and Chamberlain®C found
that wool had a slightly lower bending than tensile
modulus, and that the effect of descaling the fibres was
to reduce both moduli by similar amounts; and Roder89
measured the flexural rigidity of a variety of fibres
including viscose and acetate rayons, Orlon, Dacron and

polyamides.

9O,established a method of measur-

Kawakami and Ikeda
ing the flexural rigidity of filaments,their system being
based on the theoretical treatment of the bending of a
beam by T. Bousinesq. Reliable values in the denier range
1.5 to 15 were obtained with silk, nylon and glass filaments.

91 92

Carlene and Prins used loop methods to determine
flexural rigidities of yamrms. Carlene investigated the
variation of flexural rigidity of viscose rayon with mass

per unit length, while Prins showed that the flexural
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rigidity of a yarn was equal to the sum of the flexural
rigidities of the individual filaments in an unsized yarn

of low twist.

Isshi93 described a bending tester for fibres, yarns
and fabrics, which measured bending moments. The bending
moment of cotton yarns showed steep initial increases but
later tended to fall with curvature. The bending moment of
cotton fabrics had a slight convex tendency to the curvature,

and increased nearly in proportion to the breadth of fabric.

Dynamic and static methods for determining flexural
rigidity and bending moduli of viscose rayon and Perlon were

employed by Friedermann94

who concluded that the bending
modulus of Perlon, while independent of denier, increased
with increasing draw ratio. Dynamic methods yielded higher
values for flexural rigidity than static methods, the ratio
of these values varying according to the particular type of

Viscose or Perlon under test.

2. By Dynamic Methods

a) Natural and Regenerated Fibres
95

Peirce used a Searle's double pendulum to measure

the bending modulus of cotton fibres in a fringe. Using

o0

a free vibration system, he found values of 27 x 1 and

14 x 1010 dynes per sqg.cm. for the dynamic bending moduli

.
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of dry and wet cotton respectively.
];.oc:}merg6 made the first exﬁeriments on the dynamic
bending properties of single fibres. For wool and acetate
in forced vibration, the damping capacity was greater in
bending than in torsion.  Absolute values of dynamic
bending modulus for quartz, acetate, ardil, nylon and

casein are quoted.

The dynamic bending modulus and damping capacity of
wool, untreated, acid carbonised, and carbonised and neutral-

o7 at different moigture

ised, were measured by Lincoln
regains. Bending modulus was found to decrease with
increasing regain, while damping capacity increased almost
linearly with increasing regain. The damping capacity of
dry wool was found to be unaffected by carbonising
treatment, while wool at 10% regain showed a much higher
damping capacity when carbonised than when untreated or

when carbonised and neutralised.

van Wykll

established that the dynamic bending moduli
of wool, mohair and human hair were reduced to one third of
their values, from dryness to saturation. The shape of

the curve relating bending modulus to adsorbed water was

found to be similar to that of torsional rigidity. It was
shown that due to fibre swelling the stiffness of the fibres
was reduced by approximately one half of the extentto which

the bending modulus was reduced on the adsorption of water.
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Warhurtons

recorded slightly higher results for

the bending modulus of horn keratin in adsorption than

in desorption over a range of O to 30% regain. The varia-
tion of bending modulus with regain was very much gregter
than that of the tensile modulus as observed by W’oods98

but compared better with the variation of torsional
rigidity as measured by Speakman99. Dusenbury g3;51.100
compared the dynamic elastic properties of goose feather
barbs and down filaments by means of a vibroscope. The
extensional properties, the bending and torsional moduli,

of the former were found to be greater. The effect of air
'damping was found to be relatively small but significant in
the determination of eress seetionel-eres—and bending
modulus, but the observeable effects in the case of torsion
were much smaller. It was observed that the effects on
cross sectional area, bending modulus and torsional modulus
caused by drying the samples from 65 to 0% relative humidity,

were much greater than those caused by air damping.

Guthrie !0

and co-workers investigated the bending

and torsional rigidities of several fibres including viscose
rayon, nylon, Terylene, Orlon etc., the former by both static
and dynamic methods, the latter by only a dynamic method.

The values of dynamic bending rigidities were higher than

those obtained in static experiments, while for most fibres,
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the tensile modulus lay between the dynamic and static
moduli of bending. Certain continuous filaments yielded
higher bending and lower torsional rigidities than their
respective staples. Values of 4.4, 4.6, and 10 x 1010
dynes per sq.cm. were oObtained for the dynamic bending
moduli of wool, Fibfolane and the acrylic X51 respectively

under conditions of 65% relative humidity and 20°C.

The influence of air damping on resonant frequency
was calculated with the help of equations deduced by Stokes,
by Karrholm and Shrgder1oz. Experimental verification was
performed on model ecircular viscose rayon using a cantilever
vibration method. It was shown that Young's modulus by
bending was 1.5 times that by stretching. Values of the
moduli for wool, nylon and human hair, were obtained. Two
values of resonant frequency were recorded around the prin-
ciple axes of inertia in the case of the elliptical hairs,

the ratios of these frequencies being equal to the ratios

between the axes of the ellipse.

Karrholm'?3 studied the effect of varying amounts of
formaldehyde added to viscose rayon on the bending, stretch-
ing and torsional moduli, and found that a maximum valﬁe for
each was obtained for a 5% formaldehyde content. The
results indieated that below 5%, the number of cross~links

increased steadily, whereas above 5%, the length of the
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cross—link was greater.

104 ysed a vibrating reed method to

Ckajima and Suzuki
measure the bending modulus of viscose rayon. The mean
resonant frequency of four readings taken at right angles
to one mnother was used as a basis from which to calculate
the bending modulus.

105 described‘a simple mechanical device

Schroder
which determined the dynamic bending stiffness of single
fibres. Tyre cord rayon was found to be less stiff than
cotton fibres used in tyre cords, but the latter showed a
larger scatter over 10 readings. This was attributed to

the irregularity naturally inherent in the cotton.

Horio et a1.106

measured the effect of frequency

over a range of 20 to 200 ¢/s. on the bending modulus and
viscosity coefficient of round viscose filaments. Modulus
increased slightly with frequency, the dependence becoming
more prominent as the orientation of the cellulose increased.
This dependence was consistent with relaxation mechanisms

and a slight increase in moduius witin frequency could have
suggested.an energy dispersion at low frequencies (below

1l c/s.) and at high frequencies (above 10% c¢/s.). The loss
tangent increased linearly with orientation at frequencies

up to 90 q/s., above which it was independent of orientation.

It was proposed that with increasing orientation, the larger
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number of cross-bonds caused higher resistance to echain
slippage at low frequencies, while at higher frequencies,
they could not adjust themselves to rapid changes, and
behaved as fixed parts of the chain segments.

107

Horio and Onogi used a forced vibration technique

to obtain a value of 3.3 x 1019

dynes per sq.cm. for the
bending modulus of cellulose acetate filaments. It was
also noted that the modulus was independent of frequency

over a range of 45 to 11,000 c¢/s.

(b) Synthetic Pibres

Wekelin et al. ® found that as the draw ratio
increased from one (undrawn) to six, the bending moduli of
nylon 66 and Dacron increased by factors of 3.5 and 5.8
respectively. It was concluded that the higher the draw
ratio, the less isotropic the materials remained, since the
ratios of Young's modulus to three times shear modulus were
5 and 5 for the nylon and Dacron filaments respectively
while for homogeneous, isotropic materials having a

Poisson's ratio of 0.5, this ratio, should be unity.

Marlow109 compared the effect of draw ratio on the
bending modulus of nylon filaments with the tensile modulus
obtained by Adams*°. The considerable agreement between

the two sets of results indicated that in bending, the
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modulus of compression was not very different from the
modulus of extension. Marlow worked at audio frequencies,
while Adams worked at 0.1 ¢/s.

Onogi and Ando11o

used the vibrating reed method to
measure the flexural rigidities of filaments, yarns and
fabrics. Flexural rigidity and Young's modulus of fila-
ments were unaffected by commercial softeners and the
modulus of elasticity of yarns was 0.02 to 0.025 times

that of the single filaments. Thus the softener did appear

to reduce the rigidity of yamms.
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EXPERIMENTAL

The basic principle involved in dynamic bending
experiments consists of forcing a fibre in the form of a
cantilever into sustained lateral vibration and measuring
the resonant frequency and the bandwidth. There are

several ways of doing this e.g.,

(1) by attaching one end of the fibre to the diaphragm
of a telephone earpiece (c.f. Guthrie et a1.101
and Lincoln97), or to an electromagnetically excited clamp

(c.f. Karrholm and Schrgder102),

or to a piezo electric
gramophone cutting head (cf. Lochner96). In such cases

the clamped end of the fibre is usually mechanically driven.

(2) by mounting the fibre rigidly and placing in a sound

field (c.f. Lochner96) or alternating electrostatic
field (c.f. Wakelin gi_g;.108). In such cases a disturbing
force is exerted along the fibre length. Lochner96 showed
experimentally that the latter methods were better in that
the shift in resonant frequency due to air friction was

smaller.

In the present investigation, an electrostatic method
is used, in which the free end of a negatively charged fibre

situated between two electrodes is caused to vibrate by an
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alternating voltage. The effect of temperature iﬁ the
range -70 to 170°C on the resonant frequency and bandwidth
of bone dry fibres was observed in the first series of
experiments which was performed in vacuo. In the second
series, the resonant frequency and bandwidth of fibres at
constant temperature and in a humidity range of 0% to

90% relative humidity were measured, at reduced pressures
which were governed by humidity. All measurements of
resonant frequency are made in the fundamental mode of

vibration.

Apparatus and Instruments: Changing Temperature - Qﬁ
Relgtive Humidity

The Mounting Head. (see figure 3): This consists of a

non-porous disc of Bakelite, into which and below which, is
fitted a ground glass plug of about 2 cm. diameter at its
broader end, and joined to the Bakelite disc by means of
Araldite cement to give a heat and moisture resistant,
vacuum tight joint. Copper wires (18 s.w.g.) which connect
the electrodes to the circuit pass through and are fixed to
the Bakelite top, again with Araldite. The spacing of the
electrodes is adjustable by simple bending, a distance of 2
to 3 mm. apart being suitable to give reasonably sized

vibration of most fibres. A eopper-constantan (40 s.w.g.)
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+thermocouple, whoée hot junction is situated in close
proximity to the mounted fibfe, and measures the tempera-
ture inside the glass vessel also passes through the
Bakelite top, is similarly sealed with Araldite, and is
positioned behind a central earthed copper wire (18 w.w.g.)
on to which the fibre is mounted by means of Durofix.

This material is used in preferance to mechanical clamping
to avoid distortion of the fibre cross-section. Durofix
has the added advantages of being heat and moisture resist-
ant, quick drying, and if carefully applied, of allowing
clean emergence of the fibre from its point of fixation

and consequent accuracy in the measurement of fibre length.
The earthed copper rod is sealed to the Bakelite top with
Araldite, or where its vertical movement is required, with
sealing wax. Vertical movement is obtained by manual

ad justment and at the desired position the rod is secured
by means of a screw inserted horizontally in the Bakelite

top.

At the bottom end of the ground glass joint, a fitted
Bakelite disc acts as a guide and stabiliser by means of
appropriate holes drilled into it, to the electrodes,

central rod and thermocouple wires.

Fibre Excitation: The mounted fibre, with its free end

situated between the electrodes, is charged to a potential
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of 120 volts by means of a dry battery in the electric
circuit (see figure 4). A step-up transformer amplifies
the voltage from a Jackson Audio Frequency Oscillator,
modified by fitting condensers in series, to read to an
accuracy of 0.1 ¢/s. at 100 ¢/s. and 0.25 ¢/s at 400 c/s.
The voltage can be varied to a maximum of 400 volts, but
it was found that fine denier fibres vibrated with suffi-
ciently large amplitudes at 50 volts, while thicker wool

and ramie fibres required 150 volts, in vacuo.

The frequency range was confined to one of 100 c¢/s.
to 400 ¢/s. although the method would work satisfactorily
from 30 to 1,000 ¢/s. The lower limit is set by the
amplitude of vibration, which decreases with increasing
fibre length at a constant applied voltage. Since high
frequencies require short fibre lengths, the upper limit
depends upon the shortest fibre length which can be

satisfactorily measured.

Heating System: The mounting head is inserted into the

top end of a vertical glass tube fitted with a ground glass
Joint and a side arm near the bottom of the tube which is
connected to the vacuum pump. The tube is heat insulated,
by successive layers of asbestos paper and asbestos string.
A ground glass joint at the bottom end of the tube has a

flask annexed to it, which houses the phosphorus pentoxide
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required to dry specimens.

Heating is provided by supplying the output of a
constant voltage transformer (230 volts) through a variac
(by means of which temperature can be quickly altered from
room temperature to 170°C) and a bridge type full wave
metal rectifier, to heating coils which consist of Nichrome
resistance wire uniformly wound around the glass tube.

The purpose of the rectifier is to eliminate possible inter-
ference of the applied alternating voltage used to excite
the fibre, by the electric field from a 50 ¢/s. alternating

current in the coils.

Insulation is provided by a layer of asbestos paper
(between the glass tube and the resistance wire) and
successive layers of asbestos string. An earthed piece of
metallic paper between two layers of string prevents the
accumulation of electric charges. The unit is assembled
in such a way as to have two windows ( % "x % ") on opposite
sides, to enable viewing of the fibres. By directing a
stream of cool air at the assembly, it can be rapidly cooled

from high to room temperature. (See figures 5 and 54).

Cooling Unit: Temperatures down to -70°C are reached by

means of a Townsend and Mercer Minus Seventy Thermostat

Bath which uses so0lid carbon dioxide as the cooling agent
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and petroleum ether as the heat transfer medium. The
bath has a double glass window at the front through which
the fibre, now removed to a second glass tube is viewed.
The "cooling" tube (see figure 6) has a ground glass joint
at its top end to accommodate the mounting head and a
vertical side arm which is connected to the vacuum pump.
Phosphorus pentoxide is housed at the lower end of the
tube which throughout the high temperature experiment is

connected to the vacuum system.

Viewing often becomes difficult at very low tempera-
tures as the petroleum ether tends to become cloudly amd
condensed moisture forms on the surface of the window.

This was ovércome by directing a stream of room air at the

lower end of the window.

Fibre Selection, Preparation and Conditioning

Selection: By careful microscopic examination, straight
fibres of uniform thickness are selected for use in the
Vibration experiments. Consequent calculations of Young's
moduli demand these prerequisites, since they are based on
the vibration or bending of straight and uniform bars.

Some difficulty is encountered with wool and ramie but

suitable specimens up to about 1 cm. in length were obtained.
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this temperature for 10 minutes. This removes internal
strains and enables the effect of temperature to be clearly
shown. The tensioning weight is then quickly removed and
after replacing the mounting head in the heating system,
resonant frequency is checked at successive time intervals
to ensure that no moisture has been adsorbed during the
removal of the weight. Measurements of resonant frequency
and bandwidth are taken at 5 to 10°C intervals as the
temperature is lowered speedily, about two minutes being
allowed at each temperature to allow the fibre to reach
equilibrium with its surroundings. At room temperature,
the mounting head is transferred to the cooling tube and a
similar procedure is adopted until the lowest temperature
in the experiment is reached. All measurements of resonant

frequency and bandwidth are made in vacuo.

Quantities Measured and Methods of Measurement

' Resonant Frequency: The free end of the fibre is viewed

with a low power microscope (2.5 x 15 in. magnification
and 2" objective lens). The frequency at which the ampli-
tude of vibration is a maximum is the resonant frequency,
and is read directly from the audio-frequency oscillator.
The amplitude of vibration is measured against a scale in

the eyepiece, having 100 divisions, of 0.05 mm. each.
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Bandwidth: At two frequencies straddling the resonant

frequency, the amplitude of vibration is —— of the

/2

maximum. The difference between these two frequencies

is the bandwidth.

To facilitate viewing of the vibrating fibre, a

Philips Stroboscope (Type PR9103) is employed.

Fibre Length: After the temperature experiments are com-

pleted, the length of the fibre is measured at 20°C while
in the cooling tube. The low power travelling microscope,

which reads to 0.01 mm., is again employed.

Fibre Weight: The fibre is removed from the central

copper rod by means of a razor blade and is conditioned for
24 hours at 20°C and 65% relative humidity. It is then
weighed on a modified double cantilever balance which reads
to 0.02 microgrammes. The actual length of fibre weighed
is the difference between the total length and the residue
remaining on the copper rod on removal of the fibre. The
mass per unit length is calculated by proportion and the
dry value is obtained by applying the appropriate correc-

tion factor for moisture regain113.

Fibre Cross-Section: After weighing, a three-stage method
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is used to identify the cross-sectional shape. (When
desired, areal dimensions are measured by means of a 400 X

microscope with a square eyepiece scale)

1) attaching the fibre to a rotatable arm (see figure 6A )
and viewing horizontally at different points along

the length and from different angles.

2) bending the arm through 90° and focussing vertically
on the fibre +tip. An accurate idea of fibre shape

and dimensions is obtained.

3) removing the fibre, drawing it through a conical

hole in a cork, and adopting a similar procedure to
that of Steffens114. The mounting medium is UHU, a clear
and uniform quick drying adhesive, not unlike Durofix. The

fibre is readily identified and readings confirm those in
stage 2) gxcepl in Ethe case of fine Fbres of uniForm cross seclioa
where The shape may be confused with imperfecTions in the moor\Tu\j
mecdcliom.. In suck insTances, r\e_ao(u\cjs from. srajes 0D ana 2-) are. vsed.
Shape Factor: The formula for the flexural rigidity of a

fibre bending about a neutral axis is given by

7 - z’fz.@ N o &
411
where Y = flexural rigidity
A = cross-sectional area
E, = bending modulus
s’ = a shape factor depending on the

cross-sectional shape.
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Since the flexural rigidity is defined as the couple
required to produce unit curvature

Y = E1I where I is the moment of inertia

2 —
. £'A '_o4n I
Thus I = &S—=- and E =
41 42
A% ‘
(Note: for a circular cross-section, I = o and £ = 1.)

Consider two fibres of the same material and of
equal cross—séctional area, one irregular in shape and
having a shape factor & eand flexursl rigidity Y,, the
other circular in shape and having a shape factor EZV and
flexural rigidity Y. The bending moduli Ej will be the

Same.

Then since Y1 = E1I1 and Yo = E1I0

where I1 and IO are the respective moments of inertia

of the irregular and circular cross sections

Y1 11 &
T - T - from equation (11)
0 o 0
/ ‘ I
tut & = 1 IR P |
o I

o

de Witt Smith'1? approximates the actual shape to the most
similar shape of which the moment of inertis can be conven-
iently calculated. To illustrate the magnitudes and the

range of shape factors which may be expected, his data are
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given in Table 1.

Apparatus and Instruments : Changing Humidity -~ 20°C

The Mounting Head: The assembly is similar to that used

in the temperature experiments with the exception that the
ground glass plug is about 2.5 cm. at its broad end (and

the unit consequently larger) and does not require a

thermocouple.
Fibre Excitation: The fibre is driven as in the tempera-
ture experiments. Higher voltage output is required to

give reasongble amplitudes of vibration, which are diminished

by external damping, especially at higher humidities.

The Humidity Chambers (See figure 7): A central horizontal

glass tube with side arms, connected to the vacuum pump,
accommodates a further six vertical glass tubes, into five
of which, mounting heads are fitted. In this way five
fibres can be tested simultaneously. The vertical glass
tubes have ground glass joints at the top to accommodate
the mounting heads, and side arms with high pressure rubber
tubing (about 2 inches in length) sealed to them by sealing
wax. High vacuum silicone grease 1s used to ensure a

vacuum tight seal between the free end of the rubber tubing
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Shape Factors of Typical Fibre Cross-Sections

Ratio
Sha major Beam Section Dimensions Formula Shape
P minor Resembling actual
axis Fibre Section Microns M. of I Factor
o A
v nat
e D) Feme @
» a=10.56 Tradb
< b > 3
a h=14.51 bh
D o — -} { v=29.0 [N 0.2
v
¢ b >
h = 11.85 bh? 0
CD 3.05 ——1- b = 35.55 12 - 54
s h = 10.26 bho
3.88 E— b = 41.04 12 0.26
b» A h = 12-97 3 3
1.1 d_ -t w E=25.94  BE * BTy 4y
* v b= 6.48 12
¢« B .
A
b/:,’ h = 11085 3 3
1.10 _ s~ h H= 23.7 BH’ + bh 1.04
v, b = 11.85 12
<o > B =11.85
h= T7.75 B@_B_ :
7.00 I3 - b = 54.25 1o 0.15
. LY -
- o - n(a,b-a 3p,) O.
@ '3""’*’ ‘(83 11 app;ox.
(zu,) v
O
SR bh 1.5
B ”)féiif&" R 36 approx.




FIG. 7
HUMIDITY  CHAMBERS

(NOT SHOWING MOUNTING
HEADS IN B AND HYGROMETER
INC.)

~

PRESSURL
THIRING

_y R GLASS TUBKS
= WITH SATURATED
SOLUTIONS

8 .
A—J
=
‘ A CONNECTING
5
O:“
: C GLASS TUBL
WITH HYGROMETER,
A D TAP
o ==
=

TO vACLULUM

PUMP

TO MERCURY
MANOMETER_




T2.

and the side arms of the horizontal tube. The vertical
tubes are thus easily removable. The desired humidity is
obtained by using an appropriate saturated salt solution
which is contained in the bottom of the tubes A recording
Hygrometer (Gregory electrolytic) is fitted into the sixth
tube, which is centrally placed, to check the humidity.

Fibre Selection, Preparation and Conditioning

Selection and Preparation:- as in temperature experiments.

Conditioning: Mounted fibres are conditioned for 48 hours

at room temperature and in vacuo over phosphorus pentoxide.
Dryness is checked by the resonant frequency method as
before. 24 hours are allowed for the fibre to reach
equilibrium with its surrounding medium for all relative

humidities above 0%.

Procedure

The resonant frequency and bandwidth of the dry
fibres (0% relative humidity) in vacuo, are noted. The
pressure is also measured by means of a mercury manometer,
which is closed at one end, the height difference being
read with a cathetometer (2.5 x 15 in. magnification and

2 in. objective lemns) to an accuracy of 0.01 mm. The tubes
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with the fibres are removed from the central horizontal
tube, Z§H“%2§§Bay to exclude the possibility of moisture
adsorption by the fibres from the atmosphere. This
ensures that the complete set of readings from O to 90%
relgtive humidity is obtained on the adsorption cycle. .
(A room atmosphere of 65% relative humidity to which,
without the above necessary precaution, the fibres would
be exposed, would mean that on going from O to 10% reldgtive
humidity for example, in the run, the fibres may adsorb
sufficiently to neéessitate desorption before equilibrium
regain is reached during conditioning at 10% relative

humidity).

A second auxiliary set of vertical tubes, containing
a saturated salt solution to give the appropriate relative
humidity (e.g. zinc chloride 10%), and having standard
ground glass stoppers in place of mounting heads is now
attached to the central tube. The pressure in the system
is reduced by means of the vacuum pump, which is disconnected
from the system only when reactions aue to boiling of the
solution have ceased. The mounting heads are then safely
transferred to the system without fear of contamination by
droplets of the solution on re-application of the vacuum
pump.  The pressure is again reduced until the lowest

possible pressure is regched, whereupon the system is
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Isoluted by means of a tap, and the vacuum pump disconnected.
After 24 hours in partial pressure, measurements are record-
ed as before, and the process is repeated up to the highest

humidity.

Quantities Measured and Methods of Measurement

Resonant Frequency and Bandwidth:- as in temperature

experiments.

Pibre Length, Cross-section and Specific Gravity: The

fibre length and cross-section of the 3 fibres to be
examined are measured at 20°C, 65% relative humidity.
Values at remaining humidities are got from data given by
King116 for specific gravity, Speakman99 for fibre length,

8

and Warburton- for diameter in the case of wool.

In the case of nylon, the data by Starkweatheranr.117
for specific gravity, and Abbott and Goodings'1'° for length
and diameter are used, while for viscose, the data of
Meredith13 for length and diameter and the same author119

for specific gravity are used.
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Calibrations and 'Instrggent Checks

Audio-Preguency Ogscillator: The modified Jackson

Oscillator was standardised and calibrated against a
Standard Muirhead (Type D-0650-B) Oscillator by Lissajous

figures.

Waveforms The alternating voltage across the electrodes
was analysed on a Cathode Ray Oscilloscope and found to be

sinusoidal throughout the frequency range 100 to 500 c/s.

Thermocouples The thermocouple is calibrated om a Scalamp

Galvanometer against a Standard Mercury Thermometer above
room temperature. The temperature read from the galvan-
ometer, plus the room temperature gives the actual temper-
ature. A 8tandard Alcohol Thermometer was used directly

to read temperatures below room temperature.

Yacuums: In temperature experiments, pressures were

recorded on a Pirani (Type 7-2A4) Vacuum Balanced Gauge.

In humidity experiments, pressures were recorded
on a mercury manometer, as described earlier. The

manometer was standardised against a Macleod Gauge.
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Investigations and Results

Single fibres were used throughout the investigations,

their sources and characteristics being given below.

. Average fineness
Bibre (microgrammes/cm. ) Source
+ Wool, Lincoln 24.6 Staple fibre, 40's quality,
length 5~-15"!
5ilk, 1.3 tex 1.2(11)/s/20 t.p.m.
‘ ' yal’n. '
Fibrolane 5.7 tex 25/2/150 x 2/5/120
| Tepe.ls yarn.
Ramie . 8.5 ~ staple fibre, length 3-7" .
% Viscose rayon 2.7 tex 11(40)s/96 t.p.m.
yarn.
Fortisan \ 1.6 tex 200(1100)/2/100 t.p.m.
yarn.
Acetate fibre 6.5 tex 33(50)/s/62 t.p.m.
yarn.
Tricel | 13.6 staple fibre, average
length, 4-8.'",
82 -
% Acrilan A 3.6 staple fibre, average
length, 1lR4n |
32
ftAcrilan B 37 staple fibre, average
length, 1&4&n
32
® Nylon 66 3.8 tex 11(34)/2z/30 t.p.m.
- yarn.
Polypropylene 4.8 tex 22(40)/3/56 Tepome.
yarn.

+ Used in both temperature'aﬂd hunidity experiments.

# Used in humidity experiments only.
Other fibress: used in temperature experiments only.

¥ ™wo chemically identical forms of Acrilan, but products
of differing manufacturing processes.
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Temperature Experiments

A1l temperature experiments are performed in vacuo,
thereby eliminating effects caused by air damping. Before
proceeding it is therefore necessary to establish what
vacuun pressures must be attained before external damping
effects can be completely ignored. A convenient method
of making such a study is to observe the amplitude of
fibre vibration at resonance as the pressure of the medium

surrounding the fibre is reduced.

Effect of Pressure on Amplitude.

Dry specimens of wool and Portisan are examined in
successive experiments. The vacuum pressure is obgerved
from the Pirani gauge and noted, and at each pressure the
amplitude of fibre vibration at resonance is measured.

The results in Table 2 show that for each fibre the ampli-
tude increases with decreaée in pressure until a pressure
of 0.02 mm. mercury is attained, below which the amplitude

remgins constant.

Karrholm and Schroder'©? deduced that the influence
of air damping decreases with increasing fibre diameter
using circular viscose filaments while Stauff and Mont-

gomery85 regched a similar conclusion using stretched glass




Table 2
Effect of Pressure on Amplitude

Pressure, mm.Hg. Amplitude of Vibration at
Resonant Frequency, mm.

Eortisanzooc 0.150 : 1.10
0.080 ‘ 1.45
0.055 1.62
0.038 1.70
0.028 ‘ 1.85
0.022 1.92
0.018 2.00
0.015 2,00
0.010 2.00

W°°1ZO°C‘ - 0.032 1.025
0.025 1.030
0.020 1.032

0.017 | 1.032
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filaments. Since Fortisan is the second finest filament
-used in thié iﬁvestigation, and only slightly heavier
than silk, it is reasonable to assume that no fibre
tested is subject to amplitude variations below 0.02 mm.
mercury. As a precautionary measure, subsequent
temperature experiments are performed at 0.0l mm. mercury

pressure.

It has previously been implied that where large
deformations are involved, non-linear effects in the
specimen may occur. Clearly, the amplitude of vibration
at the free end affects the amplitude of dynamic strain
at the fixed end. It is therefore necessary to establish
whether the dynamic bending modulus and loss tangént are
affected by different defledtions of the free end of the

fibre.

Effect of Amplitude on Dynamic Bending Modulus

and Loss Tangent.

Dry specimens are forced into resomnance at which
point measurements of resomant frequency and bandwidth
are made. The amplitude of vibration of the fibre is
recorded. By imcreasing the voltage output from the
audio-frequency oscillator, the amplitude of vibration is
enlarged, and the same readings are taken. Table 3

illustrates that over a reasonable temperature range the




Table 3.
Effect of Amplitude on Dynamic Bending Modulus and Loss Tangent g

Amplitude, mm. Resonant Frequency, c¢/s Loss Tangent

Wool. Length = 0.92 cm.

88°¢
0.550 179.3 0.0175
0.825 180.0 0.0180
0.925 179.5 0.0175
38°¢
0.350 188.6 0.0257
0.550 189.0 0.0250
0.650 189.0 0.0254

Fortisan Length = 0.60 em.

165°¢
0.650 166.3 0.0460
1.000 166.4 0.0450
1.400 166.5 0.0450
121°¢
0.800 187.4 0.0225
1.300 187.3 0.0218
1.750 187.3 0.0220
84°¢ |
0.800 198.2 0.0130
1.200 198.3 0.0129
1.650 198.3 0.0130
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amplitude of vibration does not affect the resonant
frequency (and hence the dynamic bending modulus) or the
loss tangent. Sufficient accuracy can be achieved by
vibrational amplitudes of 0.5 mm. (10 eyepiece divisions),
while a convenient maximum amplitude of 1.5 mm. (30 eye-
piece divisions) is governed by the spacing of the
electrodes. Hence, for the purposes of this investigation,
the dynamic parameters are independent of the amplitude of

vibration.

The effect of frequency on dynamic properties may be
quite considerable as has been previously indicated, and
with respect to the ﬁresent investigation, three factors

must be taken into consideration.

1) As the dynamic properties vary with temperature, so
do the natural frequencies of specimens under

observation change; consequently the imposed frequency

required for resonance will be subject to a corresponding

variation.

2) Considering two filaments of the same material, then
providing their physical dimensions are identical,

they will have exactly the same resonant frequencies.

However, it is indeed a rare phenomenon that such a situa-

tion should exist, and in consequence different samples of
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the same material will have different resonant frequencies.

3) Add to this the fact that when taking samples from a
group or bundle, without rigidly controlling the length
of specimen, further differences in resonant frequency will

occur.

It is plain therefore that a range of frequencies
will be covered for each fibre tested, and it is necessary
-to determine whether or not the dynamic bending modulus

and energy loss are dependent on frequency.

Effect of Preguency on Dynamic Bending Modulus

and Loss Tangent.

The resonant frequency, bandwidth and length of a dry
fibre are measured in vacuo. A portion of the fibre
is severed, and the measurements are recorded once more.
The process may be repeated several times, but since the
audio frequency oscillator is accurate only in. the’ range
100 to 400 c/s., a wide range of fibre lengths cannot be
covered. It is found thaﬁ within this range the product

of length and the reeipresslt—ef—the square root of resonant

frequency is relatively constant. Such variations as do




8l.

occur may be attributable to smail, inherent irregularities
in the fibre., The fact that straight lines.passing

through the origin are obtained suggests,however, not only
that the dynamic bending modulus is independent of fre-
quency in the range 100-400 c/s., but also that the inherent
irregularities, with carefully selected fibres, may be very

small.

Values of loss tangent for several of the fibres are
relatively constant and show no definite tendency either

to increase or decrease at different frequencies.

The results, (Table 4 and figure 8) are in accordance
with prediction since frequency dispersions occur over
very wide ranges. The results of Fujino gj_g;.zs (Table 5)
indicate this quite élearly. - Dynamic Young's modulus was
independent of frequency except in the superéonic range,
where it showed a tendency to rise while the loss tangent
tended to increase at very low and very high frequencies

except in the case of silk.

Those variables which may arise as a consequence of

experimental conditions and techniques may be summed up thus:

1) Measurements of dynamic properties will be accurate
provided a vacuum pressure of less than 0.02 mm.
mercury is employed.

2)  Within the range of amplitudes of maximum vibratim




Table 4

 Effect of Frequency on Bending Modulus and Loss Tangent

Length, 1, Resonant _l_ 1. /;L Loss
cm. Frequency Tangent
o/s. . Vv, 5
Wool 0.69 286.8 0.060 11-50
0.77 225.0 0.066 11.65
0.87 182.6° 0.073 11.98
1.08 121.1 0.091 11.93
Silk 0.43 172.4 0.077 5.60
0.45 155.8 0.081 5.65
0.50 121.0 0.091 5.58
~Fibrolane 0.50 258.0 0.063 8.00
: 0.56 210.3 0.071 7.98
7 0.72 127.3 0.089 8:05
" Ramie 0.52 256.0 0.063 8.30 0.0075
4 0.59 196.5 0.073 8.10 0.0076
0.70 134.5 0.087 8.09 -
FPortisan 0.50 343.3 0.054 9.25 0.0120
0.70 180.5 . 0.97% .58 0.0140
0.80 133.2 0.087 9.18 0.0101
Acetate Fibre 0.48 33%0.0 0.055 8.72 '
0.62 177.3 0.075 8.30
0.70- 149.0 0.082 8.50
Tricel 0.57 324.0 - 0.056 10.23%
0.68 227.0 0.066 10.29
0.83% 157.1 0.080 10.30
dcrilan A 0.55 240.0 0.065 28.50 0,0475
0.63 182.0 0.074 8.40 0.0465
0.76 121.0 0.091 8.35 0.0478
Acrilan B 0.56 258.0 0.061 9.10 0.0475
0.66 182.0 0.074 8.90 0.0435
, 0.82 120.0 0.092 8.90 0.0435
Polypropylene 0.60 225.0 0.067 9.00
0.64 210.0 0.069 J.54
0.84 121.0 0.091 9.25
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Table 5.

Effect of Frequency on Dynamic Properties

at 20°C and 65% Relative Humidity.

Static Dynamic Young's
Fibre Stress, Modulus . Loss Tangent
10%aynes/cm? 1O1Odynes/cm2
1 100 100 1 100 100
¢o/s c/s ke/s ¢/s c/s ke/s

Viscose Rayon 6.3 135 14 14 0.05 0.03 0.045

Cuprammonium 6.7 19 19 21 0.045 0.03 0.05
Rayon :

Cellulose 4.1 5 5 6 0.03 0.03 0.04
Acetate

Raw Silk 5.1 16 15 15  0.02 0.02  0.025

Deguumed $ilk 5.4 12 13 15  0.05 0.05  0.03

Nylon 6 4.1 '5 5 6 0.09° 0.075 0.10
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0.5 mm. to 1.5 mm., resonant frequency and bandwidth can be

recorded with accuracy and free from non-linear effects.

3) Dynamic properties are independent of frequency

within the range 100 to 400 c¢/s.

The effect of temperature may now be studied provided

that the above conditions and limitations are realised.

The Effect of Temperature on Dynamic Bending

Properties.

The effecf of temperature on the resonant frequency
and bandwidth of 10 fibres (nylon and viscose rayon are
investigated only in humidity experiments) is measured
according to the procedure previously described; di.e. by
conditioning a dry fibre for ten minutes at the highest
temperature of the experiment and taking measurements at
small temperature intervals down to the lowest temperature.
This conditioning ensures that irreversible dimensional and
structural changes do not take place in the subsequent
experiments performed below the conditioning temperature,
and that the transitions which may take place are truly
reversible, regardless as to whether the critical transi-

tion temperatures are approached from higher or lower
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temperatures. (This was verified with wool, Acrilan,
and polypropylene fibres, by measuring the dynamic
paregmeters on an increasing temperature cycle immediately
following the decreasing temperature cycle. Without
conditioning, such reproducibility, as was obtained with
these fibres - neglecting small experimental errors - may

not be obtained, especially with thermoplastic fibres.)

The results are shown in Figs.9 to %2 and Tables 6
to 53. Figs.9-18 deal with the effect of temperature on
loss tangent, and Figs.19-28 deal with the effect of

temperature on relative bending modulus.

The relative bending modulus is the ratio of the
square of the resonant frequency at a given temperature to

the square of the resonant frequency at 20°¢.

Fig.29 shows the effect of temperature on mean loss
tangent for a number of fibres. Two or more specimens of
each fibre (designated Fibre 1, 2, etec.), were tested for
dynamic behaviour. Differences in the location and height
of maxima and minima in the loss tangent curve were
observed. The means of both location and height were
calculated from the experimental data. The shapes of the
mean loss tangent curves between maxima and minima were

also estimated from experimental data.

Fig.30 shows the effect of temperature on the mean
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Effect of Temperature on Dynamic Properties

Table 6.
WOOL. FIBRE 1.
Temperature Resonant Bending Loss Loss Relative
Frequency, Modulus, Tangent Modulus, Bending
. dynes/ dynes/ Modulus
°c c/s em®x101° em x1010
170 187.5 2.91 0.0204 0.0595 0.730
162 189.1 2.96 0.0172 0.0518 0.736
151 191.8 3.06 0.0161 0.0494 0.764
142 194.6 3.20 0.0136 0. 0435 0.789
133 196.4 3.25 0.0131 0.0425 0.801
126 198.4 3.27 0.0120 0.0393 0.806
119 199.9 2.33 0.0109 0.0370 0.820
108 201.3 3.37 0.0087 0.0292 0.8%1
101 202.7 2.46 0.0092 0.0318 0.853
94 203.6 3.51 0.0112 0.0%392 0.865
88 204.9 3.54 0.0124 0.0439 0.874
17 206. 4 3.59 010124 0.0446 0.885
69 207.7 2.63 0.0129 0.0465 0.896
60 208.9 3.69 0.0142 0.0525 0.910
50 211.7 3.78 0.0147 0.0556 0.934
40 214.2 2.87 0.0140 0.0543% 0.955
34 214.8 3.91 0.0159 0.0622 0.965
0 215.4 3.94 0.0172 0.0678 0.973
27 216.0 3.96 0.0172 0. 0681 0.975
22 218.5 4.05 0.0183 0.0740 0.999
1 221.0 4.06 0.0222 0.083%1 1.002
1/2 221.0 4,06  0.0230  0.0935 1.002
-5 222.6 4.11 0.0210 0.0862 1.018 .
-16 224.5 4.20 0.0200 0.0840 1.040
=27 227.0 4.28 0.0199 0.0850 1.060
=35 228.2 4.37 0.0210 0.0919 1.080
-42 228.6 4.4% 0.0223 0.0988 1.095
-55 231.1 4.47 0.0215 0.0962 1.104
-65 2%3.0 4.52 0.0215 0.0968 1.116
Fibre Dimensions: Length = 0.76 cm. Mass/unit length = 23.2
mi crogrammes/
Density = 1.305 gm/cc. Shape C::)14 5 ot

Shape factor (minor axis)= 1. 104 |

2
Eb ogog = 4.05 x 1010 dynes/cm.

Footnote: The numbers against cross-sectional shapes give the

dimensions in arbitrary units for all fibres in

- temperature experiments. A




Table 7

WOOL
FIBRE 2
Temperature Resonant Bending Loss Loss Relative
Frequency, Modulus, Tangent Modulus, Bending
dynes/ dynes/ Modulus
O¢q e/s cn®x101° cm®x1010
170 162.7 3.37 0.0293 0.0985 0.716
166 164.7 3.44 0.0248 0.0852 0.730
154 16715 3.53% 0.0232 C.0815 0.749
151 167.7 3.54 0.0230 0.0815 0.749
146 169.4 3.65 0.0211 0.0771 0.775
138 170.4 3.70 . 0.0197 0.0729 0.786
128 173.3 3.78 0.0190 0.0718 0.803
116 175.7 3.92 0.0187 0.0732 0.832
113 175.9 3.97 0.0179 0.0711 0.842
105 176.3 4.01 0.0155 0.0621 0.850
97 177.8 4.04 0.0176 0.0712 0.856
88 179.3% 4.09 0.0178 0.0730 0.865
79 180.3% 4.16 0.0197 0.0819 0.884
69 181.6 4.21 0.0208 0.0875 0.892
61 183.2 4.28 0.0220 0.0950 0.908
52 185.0 4.35 0.02%0 0.1000 0.922
38 188.1 4.49 0.0253 0.11%5 0.95%
32 189.2 4.59 0.0256 0.1175 0.975
22 192.6 4.69 0.0305 0.1040 0.995
16 193.3 4.72 0.03%28 0.1590 1.002
10 193.8 4.74 0.0322 €.1550 1.004
4 195.8 4.80 0.0296 0.1420 1.040
-5 197.1 4.90 0.0256 0.1251 1.062
-21 199.5 4.96 0.0233 0.1152 1.064
-30 199.8 4.97 0.0212 0.1052 1.068
-36 202.4 5.10 0.0212 0.1069 1.084
-46 202.8 5.22 0.0260 0.1355 1.110
-51 203.4 5.2% 0.0290 0.1514 1.112
=57 203.5 5.24 0.0314 0.1648 1.113
-63 203.5 5.24 0.0314 0.1648 1.113

Fibre Dimensions:

Density = 1.305 gm/cec.

Shape factor (minor axis) = 1.19

E

b 20°0C

= 4.71 x 1010 dynes/cm.2

Shape

D 16

19

Length = 0.92 cm. Mass/unit length = 31.8

microgrammes /

Cle.



Table 8

WOOL
FIBRE 3
Temperature Resonant Bending Loss Loss Relative
Frequency, Modulus, Tangent lodulus, Bending
dgnes/ dgnes/ Modulus
°¢ ¢/s cm®x101° cm®x101 9
155 250.6 3.5 0.0200  0.0706 0.826
148 254,73 3.5 0.0180  0.0643 0.835
138 257.4 3.64  0.0153 0.0560 0.850
131 259.3% 3.67 0.0128 0.0471 0.858
126 261.8 3.75 0.0115 0.0431 0.878
119 264.7 3.86 0.0101 0.0390 0.902
105 266.8 .91 0.0094  0.0366 0.916
97 268. 1 $.97  0.009%3 0.0370 0.927
92 269.0 3.98 0.0099 0.0394 0.929
87 269.5 4.01 0.0095 0.0381 0.9%6
81 270.2 4.03  0.0092  0.0371 0.945
17 270.8 4.04 0.0099 0.0400 0.946
70 271 .1 4.05 0.0101 ¢.0409 0.948
63 272.3 4.06  0.0106 0.04%1 0.950
57 273.0 4.08 0.0123 0.0503 0.954
51 2735.6 4.13% 0.0138 0.0571 0.965
46 275.4 4.17 0.0121 0.0505 0.977%
41 277.9 4.22 0.0112 0.0472 0.985
36 278.0 4.22 0.0112 0.0472 0.985
30 278.8 4.24 0.0110 0.0466 0.991
26 279.2 4.26 0.0114 0.0485 0.997
19 280.0 4.27 0.0120 0.0512 1.000
11 281.0 4.29 0.013%2 0.0566 1.004
1 282.4 4.%6 0.0135 0.0588 1.020
-2 284.0 4.20  0.01%3  0.0585 1.030
-11 285.7 4.44 0.0128 0.0570 1.040
-18 287.3% 4.44 0.0120 0.0530 1.041
-26 288. 4.53 0.0129 0.0583 1.060
33 289,2 4.59 0.0138 0.063% 1.075
~10 290.6 4.61 0.0148  0.0682 1.078
-46 291.7 4.64 0.0156 0.0724 1.085
-52 292.2 4.66 0.0155 0.0721 1.090
-59 293.9 4.68 0.0154 0.0721 1.095
~64 294.5 4.70 0.0158 0.0745 1.110
-69 295.6 4.70  0.0157  0.0738 1.110
Fibre Dimensions: Length = 0.70 cm. Mass/unit length = 24.2
microgrammes/cm.
Density = 1.305 gm/cc. Shape O 13
16
Shape factor = 1.232
minor axis)
E = 4.27 x 1019 dynes/cm.2

b 20°C



Table 9

WOOL
FIBRE 4
Temperature Resonant Bending Loss Loss Relative
Frequency, Modulus, Tangent Modulus, Bending
dynes/ dynes/ Modulus
°¢ c/s em?x1019 em®x101°
164 228.2 3.34 0.0221 0.0736 0.748
154 231.3 3.66  0.0181 0.0663 0.820
147 232.0 3.72  0.0165  0.0615 0.832
138 234.4 3.76  0.0146  0.0549 0.822
131 2%5.5 3.82  0.0137  0.052% 0.855
125 237.0 3.87 0.0135 0.0522 0.868
120 258.1 3.89 0.0126 0.0490 0.870
113 239.2 $.94  0.0125  0.0493 0.883
104 221.1 $.98  0.0125  0.0490 0.891
98 241.9 4.0; 0.0117 C.0471 0.902
90 243.0 4.0 0.0148 0.0603% 0.912
85 244.5 4.11 0.0164 0.0674 0.921
78 245.1 4.14 0.0183% 0.0759 0.927
68 247.6 4.20 0.0191 0.0802 0.941
56 249.5 4.26 0.0204 0.0855 0.955
50 250.0 4.31 0.0232 0.0998 0.965
a4 250.8 4.53  0.0166  0.0720 0.968
37 251.5 4.36 0.0149 0.0650 0.978
31 252.8 4.40 0.0147 0.0647 0.985
27 253.3% 4.44 0.0179 0.0795 0.995
21 254.8 4.46 0.0196 0.0874 1.000
18 255.2 4.46 0.0204 0.0910 1.000
1 256.0 4.47 0.0228 0.10%8 1.002
1 256.8 4.51 0.0246 0.1108 1.012
-5 257.5 4.55  0.0188  0.0855 1.020
- 8 258.1 4.37 0.0172 0.0786 1.023%
-14 258.1 4.37 0.0165 0.0755 1.023
-25 259.8 4.59 0.0190 0.087 1.031
33 260.5 4.61 0.0232  0.1070 1.0%3
-15 261.3 4.63  0.0242  0.1118 1.040
-5 262.8 4.6  0.0240  0.1125 1.052
=57 26%.5 4.70 0.0240 0.1126 1.054
-63 265.8 4.82 0.0241 0.1168 1.080
—68 266.3 4.96  0.0241 0.1191 1.092
Fibre Dimensions: Length = 0.75 cm. Mass/unit length = 26.0
microgrammes/cm.
Density = 1.305 gm/cc. Shape O 13.5
16

Shape factor (minor gxis) = 1.19

10 2
= ! cm.
By 5000 = 4.46 x 10 ynes/



Table 10.

WOOL
FIBRE 5
Temperature Resonant Bending Loss Loss Relative
Frequency, Modulus, Tangent Modulus, Bending
dynes/ dynes/ Modulus
°c c/s cm?x1010 cn®x10'°
140 274.8 3.10 0.0160 0.0497 0.780
132 277.4 3.22 0.0125 0.0403% 0.811
125 280.8 3.28 0.0120 0.0394 0.825
115 282.7 3.32 0.0117 0.0%89 0.8%5
106 285.6 3.40 0.0118 0.0401 0.856
96 288.5 3.48 0.0128 0.0446 C.874
87 290.4 3.52 0.0132 0.0465 0.885
78 292.2 3.56 0.0139 0.0495 0.895
68 294.9 2.63 0.0139 0.0505 0.914
60 297.1 3,69 0.0135 0. 0500 0.927
50 300.3% 3.76 0.0126 0.0474 0.945
43 302.5 3.82 0.0155 0.0592 0.960
34 304.7 3.88 0.0160 0.0621 0.975
29 06.2 3.94 0.0161 0.063%5 0.990
24 307.3 3.95 0.0170 0. 0671 0.993
20 09.1 3.97 0.0210 0.0835 1.000
110 %11.3 3.0 0.0246 0. 0986 1.005
0 313.5 4.05 0.0262 0.1061 1.015
-10 313%.7 4.11 0.0260 0.1075 1.030
-20 317.9 4.17 0.0258 0.1075 1.042
-30 321.5 4.30 0.0232 0.0996 1.078
-20 324.2 4.35  0.0219  0.0955 1.090
=50 ' 325.8 4.48 0.0226 0.1012 1.111
-60 328.0 4,62 0.0232 0.1071 1.116
Pibre Dimensions: Length = 0.64 cm. Mass/unit length = 23.6
microgrammes/cm.
Density = 1.305 gm/cc. Shape <::> 13

15
Shape factor (minor axis) = 1.23

0 2



Table 11

WOOL Mean Values
Temperature ' Bendlng Modulus, Loss Modulus,
°¢ 1010 dynes/cm. 1010 dynes/cm
160 3.29 0.0708
150 3.39 0.0631
140 3.48 0.0575
130 3.51 0.0530
120 3.59 0.0468
110 3.67 0.0431
100 3.74 0.0438
90 3.77 0.0486
80 3.82 0.0600
70 3.88 0.0661
60 3.97 0.0675
50 4,05 0.0649
40 4.10 . : 0.0639
30 ' 4.18 0.0690
20 4.29 0.0818
10 4,33 0.1005
0 4.38 0.1055
-10 4.43% 0.0980
-20 - 4.48 0.0842
-30 4.54 0.0831
-40 4,56 : 0.0870
- =50 - 4.61 0.0935

-60 4.67 0.1098




Table 12.
SILK. FIBRE 1

Temperature Resonant Bending Loss Loss Relative
Frequency, Modulus, Tangent Lodulus, Bending
dynes/ dynes/ Modulus
°c c/s cm?x1010 cm®x1010
135 117.1 10.75 0.0280 0.3015 0.893%
127 17.4 11.05 0.0251 0.2781 0.919
115 118.0 11.18 0.0214 0.2391 0.930
107 118.4 11.24 0.0201 0.2256 0.9%5
98 118.9 11.36 0.0192 0.2180 0.944
92 119.0 11.36 0.0186 0.2110 0.944
86 119.3 11.40 0.0182 0.2076 0.948
77 119.8 11.42 0.0180 0.2060 0.951
69 120.1 11.53 0.0181 0.2090 0.956
63 120.3 11.57 0.0182 0.2110 0.958
57 120.3 11.57 0.0180 0.2085 0.958
50 120.6 11.59 0.0173 0.2010 0.960
43 120.9° 11.65 0.0164 0.1911 0.970
36 121.3 11.81 0.0164 0.1939 0.982
o 121.6 11.84 0.0176 0.2086 0.985
22 122.5 11.92 0.0183 0.2184 0.992
19 123.0 12.04 0.0189 0.2280 1.004
10 123.3 12.10  0.0286 0.3462 1.010
0 122.3 12.10  0.0286 0.%462 1.010
-10 122.2 12.06 0.0295 0.3560 1.005
-20 123.3 12.10 0.0281 0.3400 1.010
-30 12%.53 12.10  0.0256 0.3100 1.010
-40 123.8 12.12 0.0285 0.3%461 1.012
-50 12%.9 12.12 0.0292 0.3542 1.012
-60 124.1 12.20 0.0290 0.3540 1.020
Fibre Dimensions: Length = 0.44 cm. Mass/unit length = 1.1
microgrammes/cm.
Density = 1.353 gm/cc. Shape > 2
8

Shape factor (major axis) = 0.312

10 2



Table 13.

SILK
FIBRE 2
Temperature Resonant Relative Loss
o Frequency, Bending Tangent
C c/s Modulus
138 214 .1 0.950 0.0122
131 214.7 0.955 0.0099
125 215.4 0.962 0.008
119 215.9 0.965 0.0081
111 216.6 0.970 0.0072
105 217.0 0.971 0.0067%
99 217.5 0.974 0.0041
95 217.7 0.977 0.0055
89 218.0 0.983% 0.0057
82 218.2 0.986 0.0061
76 219.0 0.991 0.0058
67 219.% 0.995 0.0054
60 219.3 0.995 0.0050
54 219.5 0.996 0.0049
45 219.7 0.999 0.0054
37 219.7 0.999 0.0054
29 220.0 1.000 0.0054
18 220.0 1.000 0.0082
10 220.6 1.008 0.0121
0 220.9 1.010 0.0128
=22 221.2 1.020 0.0133
-30 222.4 1.025 0.0141
-40 223%.0 1.027 0.0147
-50 223.0 1.027 0.0147
-57 223.2 1.03%39 0.0152
-62 221.2 1.020 0.0181




Table 14.
SILK

FIBRE 3.

Temperature Resonant Relative Loss

o Frequency, Bending Tangent
c c/s Modulus

150 118.2 0.935 0.0140
140 118.6 0.943 0.0110
132 118.9 0.950 0.0098
122 119.4 0.955 0.0076
112 119.8 0.961 0.0057
104 120.1 0.970 0.0057
100 120.3 0.972 0.0057
92 120.6 0.977 0.0049
86 120.9 0.980 0.005%
76 121.4 0.990 0.0055
68 121.5 0.991 0.0056

61 121.7 0.992 0.005
48 121.9 0.996 0.0049
39 122.0 0.998 0.0050
29 122.0 0.998 0.005C
17 122.4 1.010 0.0090
4 122.9 1.015 0.0107
-5 123.2 1.017 0.0110
-17% 125.5 1.020 0.0118
-24 123.2 1.017 0.0125
-47 124.3 1.024 0.0158
~59 124.3 1.024 0.0158




Table 15.

SILK
FIBRE 4.
Temperature Resonant Relative Loss
o Frequency, Bending Tangent
¢ c/s Modulus
140 208.8 0.895 0.0245
130 211.5 0.902 0.0202
123 ‘ 212.1 0.910 0.0196
113 212.8 0.912 0.0160
108 213.3 0.920 0.0157
102 214.2 0.924 0.0176
96 214.7 0.929 0.0187
89 - 215.3 0.942 0.0175
83 216.0 0.951 0.0174
79 216.4 0.953 0.0165
T4 216.8 0.957 0.0159
70 217.4 0.964 0.0158
65 218.0 0.970 0.0168
60 218.8 0.980 0.0177
55 = 219.3 0.985 0.0181
50 220.2 0.990 0.0195
44 220.5 0.995 0.0192
37 221.1 0.998 0.0175
31 221.5 0.999 0.0167
22 221.7 0.999 0.0161
16 222.0 1.002 0.0170
7 : 222.6 1.007 0.0197
0 223.0 1.010 0.0198
- 8. 222.7 1.009 0.0205
-18. 222.7 1.009 0.0215
-28. . : 223.0 1.010 0.0215
-34 223.0 1.010 0.0220
‘44*ﬁ 22308 _10024 000225

”54 ’ 223. 1-024 000228




Table 16.

SILK
FIBRE 5.
Temperature Resonant Relative Logs
o Frequency, Bending Tangent
C c/s Modulus
152 114.4 0.930 0.0223
147 114.7 0.9%2 0.C216
140 114.9 0.934 0.C202
130 115.5 0.940 0.0176
125 115.7 0.945 0.0163
115 116.4 0.957 0.0159
106 116.9 0.962 0.0161
98 117.2 0.972 0.0164
90 117.6 0.978 C.C158
81 117.7 0.979 0.0155
72 118.0 0.982 C.0158
65 118.2 0.990 C.C162
58 118.4 0.992 0.0170
51 118.5 0.994 , C.0170
42 118.6 0.996 0.0176
34 119.0 0.998 0.018%
26 119.1 0.999 0.0139
16 119.2 1.000 0.02C6
8 120.0 1.004 0.0212
5 120.2 1.008 0.02;2
-5 120.4 1.012 0.0274
-15 120.6 1.015 C.0287
-35 120.8 1.020 0.0314
-45 121.0 1.024 0.0385
-60 121.0 1.024 0.0335




Table 17.

SILK
FIBRE 6.
Temperature Resonant Relative Loss
o Frequency, Bending Pangent
o c/s Modulus
134 135.6 0.910 0.0184
128 134.8 0.912 0.0175
119 135.0 0.914 0.0145
109 135.9 0.924 0.0129
102 136.7 0.939 0.0112
94 137.1 0.948 0.0111
86 137.3 0.950 0.0117
81 137.6 0.952 0.0110
15 137.9 0.954 0.0101
67 148.2 0.960 0.0096
60 138.5 0.962 0.0088
50 138.9 0.970 0.0100
43 139.2 0.975 0.0102
36 139. 0.980 0.0101
30 139.7 0.982 0.0100
24 140.1 0.990 0.0100
17 141.; 1.002 0.0132
8 141. 1.004 0.0148
0 141.9 1.006 0.0156
-10 142.0 1.008 0.0156
=20 142.0 1.008 0.0162
-30 142.2 1.010 0.0169
-40 142.4 1.012 0.0175
-50 142.7 1.015 0.0186
-60 144.0 1.040 0.0191




Table 17A

SILK . '
FIBRE 7 Bending ModuluszooC only.

Fibre Dimensions:

1.54 microgrammes/cm.Shape (O 3}
8

Mass/unit length

0.439 DENSITY = 1363 aﬂ/ho

Shape factor
(major axis)

Length, Resonant frequency, c¢/s E, x 1010 dynes/cm.2
cm. (major axis)

0.49 138.7 11.9
0.38 229.8 12.0

0.30 363.0 - 11.7

PSPPSRI - WU CU NI S ST E SR MBI



Table 18

SILK Mean Values
Temperature Bending Moduluys, Loss Modulus,
°c x 1010 dynes/cm? x 1019 dynes/cm?
150 10.82 0.2332
140 10.93 0.2051
130 . 11.08 0.1829
120 11.16 0.1692
110 11.30 0.1520
100 11.41 0.1162
90 : 11.48 - 0.1295
80 11.60 0.1450
70 . 11.65 0.1311
60 11,71 0.1079
50 11.78 0.1360
40 11.86 0.1400
30 11.92 0.1242
20 11.95 0.1591
10 11.99 0.2034
0 12.09 0.2320
-10 - 12.10 0.2005
-20 12.11 0.1521
=30 12.13 0.1560
-40 12.16 0.2486
-50 12.19 0.2905

—-60 12.27 0.3380




Table 19
FIBROLANE. TFIBRE 1

Temperature Resonant Bending Loss Loss Relative

Frequency, Modulus, Tangent MNodulus, Bending

dynes/ dynes/ Modulus

°c em®x1010 em®x1010

150 262.5 4.02 0.0233% 0.0940 0.795
143 270.8 4.24 0.0232 0.0980 0.8%9
138 272.8 4.27 0.0215 0.0916 0.846
130 276.0 4.42 0.0203% 0.0896 0.874
122 276.6 4.44 0.0196 0.0870 0.876
111 279.85 4.52 0.0136 0.0615 0.895
103 282.85 4.61 0.0129 0.0595 0.914
95 28%.8 4.65 0.0120 0.0559 0.922
87 286.8 4.73 0.0111 0.0526 0.935
80 287.7 4.76 0.0119 0.0567 0.943
T4 288.7 4.80 0.0136 0.0654 0.950
67 289.6 4.85 0.0121 0.0586 0.960
58 290.3 4.89 0.0112 0.0548 0.969
50 292.6 4.95 0.0127 0.0679 0.980
42 293.2 4.98  0.0132  0.0658 0.985
32 294.8 5.01 0.0140 0.0701 0.992
27 295.3 5.05 0.0146 0.073%6 1.000
19 295.5 5.07 0.0260 0.1320 1.004
8 296.6 5.08 0.0304 0.1541 1.007
-2 297.7 5.09 0.0303 0.1541 1.008
~-13 298.8 5.10 0.0302 0.1531 1.010
-23 299.4 5.10 0.0295 0.1502 1.012
-36 300.5 5.17 0.0273 0.141C 1.025
-46 305.5 5.31 0.0287 0.1540 1.052
-56 307.1 5.42 0.0311 0.1685 1.072

Fibre Dimensiong: Length = 0.47 cm. Mass/unit length = 5.6
microgrammes/cm-

Density = 1.29 gm/cec. Shape CIRCULAR

Shape factor = 1

E = 5.05 x 1010 dynes/em.2

b 20°C




Table 20.

FIBROLANE
FIBRE 2
Temperature Resonant Bending Loss Loss Relative
Frequency, Modulus, Tangent Modulus, Bending
dynes/ dynes/ Modulus
°g en®x10'° em®x10'0
139 126.6 4.00 0.0205 0.0820 0.824
129 128.0 4.04 C.0153 0.0619 0.83%2
119 129.7 4.21 0.0133% 0.0560 0.866
109 130.8 4.26 0.0119 0.0517 0.876
101 131.5 4.33% 0.0110 0.0476 0.890
93 132.5 4.3%9 0.0109 0.0486 0.904
85 133.9 4.44 0.0120 0.0534 0.916
75 134.6 4.52 0.0126 0.0569 0.9%1
65 135.8 4.59 0.0119 0.0546 0.945
57 136.3 4.64 0.0106 0.0492 0.955
48 137.3 4.70 0.0099 0.0466 0.969
38 138.2 4.78 0.0099 0.0474 0.984
0 138.9 4.84 0.0104 0.0504 0.996
21 139.2 4.86 0.0134 0.0651 1.000
12 139.4 4.87 0.018 0.0910 1.002
0 141.8 4.95 Q.0215 0.1062 1.020
<10 143.5 5.05 0.0237 0.1193 1.042
-20 144.4 5.20 0.0236 0.1225 1.070
-30 145.3 5.28 0.0246 0.1300 1.090
-40 146.0 5.34 0.0269 0.1435 1.100
-50 147.3 5.44 0.0277 0.1505 1.120

Pibre Dimensionsg: Length = 0.67 cm. Mass/unit length = 6.7
microgrammes,/ cm.

Density = 1.29 gm/cc. Shape (:::) 8
A 10

Shape factor (minor axis) = 1.25




Table 21

FIBROLANE
FIBRE 3
Temperature Resonant Bending Loss Loss Relative
Frequency, Modulus, Tangent Modulus, Bending
dynes/ dynes/ Modulus
°a c/s cu®x101° ca’x1019
106 127.2 4.40 0.0120 0.0528 0.895
99 128.6 4.5% 0.0100 0.0457% 0.921
90 129.6 4.57 0.0092 0.0421 0.932
80 131.0 4.69 0.0091 0.0429 0.955
70 131.5 4.74 0.0092 0.04%8 0.965
62 132.4 4.79 0.0096 0.0463% 0.975
52 132.9 4.83 0.0120C 0.0580 0.983
44 133.8 4.86 0.0089 0.043%5 0.990
37 134.1 4.90 0.0089 0.0435 0.998
29 134.4 4.91 0.0090 0.4460 1.000
20 134.4 4.91 0.0132 0.0648 1.000
9 134.9 4,92 0.0168 0.0826 1.002
0 135.2 4.95 0.0194 0.0560 1.010
-10 136.2 5.06 0.0200 0.1012 1.0%2
=21 137.2 5.12 0.0203 0.1080 1.044
-30 127.9 5.18 0.0210 0.1090 1.058
-41 138.3 5.21 0.0209 0.1085 1.062
=51 139.3 5.26 0.0210 0.1100 1.075

Dimensions of fibre unavailable.

i
il




Table 21A

FIBROLANE
FIBRE 4. Bending Moduluszooc only.

Pibre Dimensions: ILength = 0.56 cm. Mass/unit length = 6.32

microgrammes./
cm.

8
Density = 1.29 gm/cc.  Shape (:) 9

Shape factor = 1.125 Resonant frequency = 213.5 c¢/s.

(minor axis) (minor axis)
E, = 5.33x 1019 dynes/cm.2
Table 21B
FIBROLANE

FIBRE 5. Bending MOdquBZOOC only

Fibre Dimensions: ILength = 0.58 cm. Mass/unit length= 4.70
microgrammes/
[GAPY 4

64
Density = 1.29 gm/cc.  Shape (:)7

Shape factor (major axis)1 = 0.955
Shape factor (minor axis)2 = 1.075

164.4 B, ,= 4.65 x 10'0 dynes/cm.?
010

Resonant frequency1

dynes/cm.2

Resonant frequency, = 172.6 Ey o= 4.42 x 1



Table 22.

PIBROLAND iiean Values
Temperature Bending Modulus, Loss Modulus,
°c x 1019 dynes/cm.2 x 1019 dynes/cm?
140 4.04 0.0889
130 4.15 0.0781
120 4.26 0.0684
110 | 4.34 0.0600
100 4.4% 0.0512
90 4.52 0.0466
80 4.57 ‘ 0.0491
70 . 4,6% 0.0541
60 4.71 0.0518
50 4.78 0.0483
40 4.83 0.0512
30 4.87 0.0662
20 4.91 0.0845
10 » 4.94 0.1064
¢ 4.97 0.1198
-10 ' 5.04 0.1221
-20 : 5.10 , 0.123%34
=30 v 5.18 0.1247
=40 , 5.22 0.1317

~50 5.31 0.1405




Table 2% .

RALTIE. 2IBRE 1.
Temperature Resonant Relative Loss
o Frequency, Bending Tangent
C c/s Modulus

172 267.7 0.700 0.0450
164 272.4 0.723 0.0436
154 v 279.3 0.760 0.0384
143 287.4 0.805 0.0%63
132 290.9 0.828 0.0298
122 294.5 0.846 0.0272
113 298.5 0.874 0.0240
101 301.0 0.888 0.0221
92 302.9 0.898 0.0182
82 305.7 0.910 0.015%
71 308.5 0.930 0.0133%
60 313.3 0.960 0.0124
42 318.1 0.990 0.0108
34 319.5 0.997 0.0103
24 520. 1.000 0.0105
13 321.5 1.003 0.0108
5 - 322.0 1.005 0.0110
-.5 322.0 1.005 0.0111
~24 323.6 -1.012 0.0120
-45 325.2 1.030 0.01352
-55 325.9 1.032 0.0145
-65 326.0 1.03%2 0.0150




Table 24.

1B
FIBRE 2
Temperature Resonant Relative Loss
o Frequency, Bending Tangent
¢ c/s. Modulus
170 285.0 0.745 0.0295
154 290.9 0.780 0.0281
147 293.4 0.801 0.0216
138 297.9 0.820 0.0201
128 . 302.5 0.839 0.0159
120 307.1 0.866 0.0128
111 210.5 0.886 0.0106
98 313.5 0.896 0.0086
86 317.4 0.926 0.0066
72 321.4 0.950 0.0047
56 324.5 0.966 0.0028
43 326.8 0.988 0.0027
30 329.0 0.995 0.0027
25 g29.9 0.998 0.0027
20 30.2 1.000 0.00%6
11 331.0 1.002 0.0026
0 331.5 1.004 0.0027
-8 332.2 1.010 0.0033
-18 232.5 1.012 0.0040
-28 333.0 1.014 0.0042
-35 333.3 1.017 0.0054
-15 333.% 1.017 0.0053
-55 23.6. 1.020 0.0072
-65 ;52.8 1.021 0.0074




Table 24A

RAMIE
TIBRE 3. Bending ModuluszooC only,
Length = 0.68 cm. Mass/unit length = 3.1 microgrammes / cm. !
Density = 1.553 gm/cc. Shape D 4.02 :
Shape factor (major axis)1 = 0.574 7 ;
Shape factor (minor axis)2 = 1.750 f
Resonant frequency, = 180.0 c¢/s. '
Resonant frequency, = 362.0 ¢/s.

Epq = 34.0x 1010 dynes/cm.2

Eyp = 27.5 1010 dynes/cm.2 ;

Table 24B
RAMIE -

FIBRE 4. Bending Modulus, 404 and'Loss Tangentzooc only.

Length = 0.93 cm. Mass/unit length = 11.05 microgrammes / cm.

Density= 1.553 gm/cc. Shape CESJB 5.5
10.
Shape factor (major axis)1 = 0.55

Shape factor (minor axis)2 = 1.82
Resonant frequency, = 253.5 ¢/s
Resonant frequency, = 318 ¢/s.

Eq = 36.5 x 1010 dynes/cm.2
Eyp = 75.6 x 1010 dynes/cm.2

Loss Tengent, = 0.0075
Boss Tangent, = 0.0076
RAMTE ' Table 24C |
FIBRE 5. Bending Modulus,,0, only
Length = 1.06 cm. Mass/unit length = 11.50 micro
Density= 1.553 gm/cec. Shape
Shape factor (major axis) = 0.31
Resonant frequency (major _ 114.0 o/s.

axis)

_ 10 2
BypgOq = 44:3 x 10 dynes/cm.




Table 25

WIS ean Values

Temperature Bending Kodulus Loss Modulus
%¢c x 1010 dynes/cm.2 x 1010 dynes/cm.?
160 25.30 0.8850
150 25.92 0.7951
140 26.72 0.7030 |
130 27.55 0.6238 |
120 28.25 0.5600
110 29.04 0.4882
100 29.90 0.4335
90 30. 51 0.3845
80 31.12 0.3434
70 31.82 0.3091 ,
60 32.35 0.2799 =
50 | 32.80 0.2785
40 33.10 0.2310
30 33.36 0.2200
20 33.70 0.1851
10 33.78 0.1900
0 33.90 0.1910
-10 34.08 0.2080
20 34.20 0.2248 !
-30 34.35 0.2580 i
~40 34.40 0.2908
-50 34.50 0.3380




Table 27.

FORTISAN
PIBRE 2.
Temperature Resonant Relative Loss
o Frequency, Bending Tangent
C c/s Modulus
162 195.1 0.665 0.0510
145 206.6 0.741 0.0381
130 213.6 0.796 0.0%41
114 220.5 0.846 0.0218
104 225.3 0.883 0.0160
89 228.1 0.904 0.0115
71 231.8 0.938 0.0065
58 233.5 0.950 0.0058
48 235.4 0.962 0.0048
39 2%6.1 ' 0.969 0.0040
30 237.0 0.978 0.0048
25 238.0 0.985 0.0048
19 240.6 1.002 0.0039
6 241.0 1.009 0.0031
- 6 241.5 1.006 0.0047
-15 241.9 1.008 0.0047.
-33 242. 1.013% 0.0054
-53 243.0 1.018 0.0078.
-61 243.0 1.018 0.0069.
-65 244.0 1.025 0.0090:.

SN
R
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Table 27A

FORTISAN
PIBRE 3. Bending Modulus, o, and Loss Tangent,,0, only.

Length = 0.80 cm. Mass/unit length = 1.50 microgrammes/
Density = 1.52 gm/cc. Shape (:) 1.47
I
<47

Shape factor (minor axis) =1

cn.

Resonant frequency (minor axis) = 133.2 c¢/s.

E, = 30.3 x 10'° aynes/cm.?

Loss Tangent = 0.0101

Table 27B
FORTISAN
FIBRE 4. - Bending Nodulus,,0, only.
Length = 0.76 cm. Mass/unit length = 1.80 microgremmes/cm.
Density =

1.52 gm/cc. Shape C:) 6
7

0.856

Shape factor (major axis)1
Shape factor (minor axis)2 = 1.160

136.6 ¢/s.
148.2 c/s

Resonant:fre@uency1

Resonant frequency2

37.0 x 1010 aynes/cm. 2

b1

O10

33.0 x 1010 dynes/cm.?

b2

[P



Table 28

FORTISAN Mean Values
Temperature Bending Modulus, Loss Modulus,
°¢c x 1010 dynes/cm? x 1010 dynes/cm?
160 21.91 1.0290
150 23.02 0.8810
140 24.18 0.7649
130 25.29 0.6709
120 26.31 0.5878
110 27.20 0.5161
100 28.21 0.4515
90 29.08 0.3900
80 29.84 0.3308
70 .30.61 0.2790
60 31.40 0.2260
50 32.08 0.1681
40 32.43 0.1510
30 32.80 0.1208
20 33.20 0.1080
10 33.39 0.1080
0 33.45 0.1090
-10 33.60 0.1148
-20 33.67 0.1392
-30 33.72 0.1763
~40 - 33.77 0.2210
-50 0.2705

] 33.81




Table 29
ACETATE FIBRE.. FIBRE 1.

Temperature Resonant Bending Loss Loss Relative

Frequency, Modulus, Tangent Modulus, Bending

dynes/ dynes/ Modulus

°c c/s cm?x1010 cem®x1010

144 237.0 2.39 0.0445 0.1065 0.704
132 242.8 2.48 0.0359 0.0891 0.732
123 247.2 2.59 0.0348 0.0900 0.765
112 251.5 2.68 0.0328 0.0878 0.790
100 261.1 2.81 0.0%0% 0.085% 0.828
90 261.8 2.91 0.0276 0.0804 0.855
78 263.8 2.97 0.0246 0.0730 0.874
69 266.7 3.03 0.0208 0.0650 0.892
59 269.2 3.09 0.0232 0.0717 0.910
49 272.5 3.17 0.0237 0.0750 0.930
39 276.5 3.29 0.0271 0.0892 0.960
29 279.0 3.32 0.0315 0.1045 0.976
23 280.7 3.3%6 0.0317 0.1061 0.990
20 282.6 339 0.0320 0.1085 1.000
4 285.5 3.46 0.0336 0.1160 1.020
-4 287.3 3.50 0.0340 0.1190 1.05%@Q
-14 290.6 3.51 0.03%52 0.123%2 1.052
-25 292.8 5.61 0.0352 0.1269 1.064

Fibre Dimensions: Length = 0.53 cm. Mass/unit length = 7.6
mi crogrammes/cm.

5
Density = 1.330 gm/cc. Shape 5 <::? 5

Shape faetor = 1.57

2
By 950% = 3-39 X 1010 aynes/cm.




Table 30.

ACETATE FIBRE
FIBRE 2.
Temperature Resonant Relative Loss
o Frequency, Bending Tangent
o c/s Modulus
145 211.5 0.680 0.0449
138 216.0 0.713 0.0402
128 220.7 0.740 0.0302
119 225.0 0.769 0.0278
109 227.9 0.796 0.0260
103 229.3% 0.803 0.0247
99 1.2 0.815 0.0240
91 %3 1 0.833 0.0228
84 235.7 0.846 0.0225
78 2 6 8 0.859 0.0227
T 239.2 0.875 0.0240
65 2 43.5 0.906 0.0257
54 245.9 0.924 0.0261
47 246.9 0..930 0.0256
39 247.7 0.940 0.0269
30 251.7 0.966 0.0277
25 - 253.5 0.984 0.0280
20 256.2 1.000 . 0.0282
10 257.5% 1.004 0.0320
-10 260.7 1.038 0.0%40
-20 261.8 1.042 0.0%BS
-30 262.2 1.045 0.0376
-40 262.9 1.048 0.0378
-50 264.0 1.062 0.0380
-60 266.0 - 1.090 0.0380
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Table 32
ACETATE FIBRE

FIBRE 4.
Temperature Resonant Relative - Loss
o Frequency, Bending Tangent
c c/s Modulus

140 128.6 0.690 0.0400
131 132.2 0.730 0.0342
118 135.2 0.76 0.0302
107 137.6 0.79§ 0.0281
99 143.0 0.855 0.0256
91 145.2 0.879 0.0252
81 146.3 0.898 0.0271
73 147.7 0.912 0.0275
63 150.6 0.940 0.0278
52 151.7 0.961 0.0278
42 152.9 0.975 0.0280
32 154.2 0.995 0.0292
25 154.8 0.997 0.0204
17. 155.0 1.000 0.0317
8 155.4 1.004 0.0328
-2 155.8 1.009 0.0340
-12. 156.2 1.021 0.03558
-22. 157.5 1.032 °°°§6°
-32. 158.6 1.042 0.0370
~42. 159.0 1.045 0.0272
-52. 161.0 1.071 0.0573

G e T y !
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Table 324
ACETATE FIBRE Iable 324

FIBRE 5. Bending ModuluszooC only
Length = 0.48 cm. Mass/unit length = 5.7 microgrammes /cm.
Density = 1.330 gm/cc. Shape 10
Shape factor (major axis)1 = 0.50
Shape factor (minor qxis)2 = 2.00
Resonant frequency, = 164.0 ¢/s
Resonant frequency, = 330.0 ¢/s.

E 3.42 x 1010 dynes/cm.2

b1
0 2

: Table 32B

ACETATE FIBRE , =

‘FIBRE 6. Bending Modulus,,0n, Only
Length = 0.54 cm. Mass/unit length = 6.08 microgrammes /cm.
Density = 1.330 gm/cc. Shape 6

Shape factor (major axis)1 = 0.50 8
Shape factor (minor axis)2 = 2.00

Resonant frequency, = 127.1 ¢/s.

Resonant frequency = 252.6 ¢/s

E 2.94 x 1010 dynes/cm.?

b1

Epo

ACETATE FIBRE Table 32C
FIBRE 7. Bending Modulus,,0, only

2.98 x 1010 aynes/cm.?

Length 0.53 cm. Mass/unit length = 6.7 microgrammes/cm.
Density = 1.330 gm/cc. Shape {:} 10
7

Shape factor (minor axis) = 1.43
Resonant frequency (minor axis) = 269.0 c/s.

E. =3.98 x 1010 dynes/cm.?

b




Table 33

ACETATE FIBRE Mean Values
Temperature Bending Modulus, Loss Modulus,
°¢ x 1010 dynes/cm? x 1010 dyneq/cm?
145 2.35 0.1074
140 2.38 0.1020
130 2.48 0.0920
120 2.58 0.0834
110 2.69 0.0789
100 2.76 - 0.0750
90 ' 2.84 | 0.0708
80 2.97 0.0680
70 3.02 0.0692
60 3.08 0.0802
50 3.14 0.0831
40 : 3.22 0.0864
30 3.29 0.0900
20 3.36 0.0975
10 3.39 0.1062
0 O 3.42 . 0.1104
-10 3.44 ‘ 0.1152
-20 3.46 0.1195
-30 3.49 0.1219
-40 : 3,52 | 0.1240
. =50 3.56 0.1263




Table 34.

TRICEL FIBRE 1
Temperature Resonant Bending Loss Loss Relative
Frequency, Modulus, Tangent Modulus, Bending
dynes/ dynes/ Modulus
% c/s cu®x1010 em®x1010
145 124.8 3.10 0.0500 0.1550 0.635
135 129.6 3.32  0.0444  0.1472 0. 680
127 133.9 3.57 0.0405 0.1445 0.730
117 126.0 5.70  0.0376  0.1389 0.756
107 1%8.5 3.83  0.0%61 0.1388 0.78
97 1%0.6 5.95  0.0335  0.1%12 o.sog
87 143.3 4.09 0.0283 0.1155 0.826
79 144.8 4.17 0.0258 0.1075 0.853
68 145.7 4.31 0.0268 0.1152 0.881
57 149.0 4.41 0.0270 C.1190 0.902
47 150.7 4.50 0.0314 C.1411 0.920
37 152.0 4.60 0.0330 0.1516 0.940
29 153.3% 4.69 0.03%2 0.1558 0.958
20 157.1 4.90 0.0328 0.1605 1.000
10 158.7 4.98 0.03528 0.1630 1.020
-1 159.1 5.00 0.0328 0.1640 1.025
-11 160.0 5.07 0.0%31 0.1680 1.040
-20 161.0 5.07 0.033%6 0.1702 1.040
-30 161.5 5.12 0.0352 0.1800 1.050
-40 163.0 5.25  0.0357  0.1875 1.075
~50 165.8 5.28  0.0%85  0.2038 1.081
-60 164.9 - 5.36 0.0403 0.2160 1.098
Fibre Dimensions: ILength = 0.83 cm. Mass/unit length = 13.2
microgrammes/em.
12

2/
Density = 1.30 gm/cc. Shape

Shape factor = 1.2

By 20°¢

= 4.9 x 1010 dyneS/cm.2

12



Table 35

TRICEL
FIBRE 2.
Temperature Resonant Bending Loss Loss Relative
Frequency, Modulus, Tangent Modulus, Bending
dynes/ dynes/  Modulus
°c e/s em®x1010 em®x1019
128 116.8 3.31 0.0402 0.1330 0.736
128 118.6 3.45 0.0367 0.1263 0.765
118 121.1 3.61 0.0%20 0.1153 0.800
110 123.3 5.68 0.0291 0.1070 0.815
100 124.5 3.80 0.0262 0.0998 0.844
91 126.0 3.88 0.0246 0.0954 0.861
81 128.2 4.04 0.0242 0.0976 0.896
73 129.4 4.10 0.0238 0.0975 0.910
63 130.6 4.15 0.0232 0.0963 0.920
57 131.8 4.26 0.0247 0.1050 0.946
47 133.1 4.35 0.0247 0.1072 0.965
37 134.6 4.44 0.0250 0.1108 0.985
30 135.2 4.49 0.0262 0.1178 0.996
20 136.0 4.50 0.0274 0.1230 1.000
10 136.6 4.52 0.0308 0.1390 1.005
(Y 142.2 4.54 0.0317 0.1438 1.009
-11 143.7 4.55 0.0327 0.1488 1.010
-20 144.9 4.56 0.0341 0.1555 1.01
-30 145.8 4.57 0.0350 0.1600 1.01
-40 146.8 4.58 0.0476 0.2170 1.017
-50 148.9 4.59 0.0471 0.2200 1.020

Fi i i : = 0. cm. Mass/unit length = 15.0
bre Dimensions: Length 735 / 5 020 gramme sdem.

Density = 1.30 gm/cc. Shape C:::3 9
17

Shape factor (major axis) = 1.88

E

10 2
b 200¢ = 450 x 10 dynes/cm



Table 36.

TRICEL
PIBRE 3.
Temperature Resonant Relative Loss
o Frequency, Bending Tangent
c c/s Modulus
140 137.0 0.653 0.0506
132 140.6 0.688 0.0465
120 145.1 0.730 0.0380
106 150.2 0.785 0.0347
98 152.0 0.800 0.0340
90 153%.2 0.820 0.0322
78 157.8 0.864 0.0274
63 162.4 0.911 0.0272
51 162.9 0.933% 0.0284
41 166.5 0.964 0.0312
31 169.5 0.997 0.0314
21 169.9 1.000 0.0350
10 171.4 1.016 0.0378
0 173.2 1.035 0.0398
-10 175.0 1.052 0.0298
-30 177.6 1.082 0.0?92
=40 178.5 1.100 0.0390
=50 181.0 1.120 0.0405




Table 37.

TRICEL
FIBRE 4~

Temperature Resonant Relative Loss

o Prequency, Bending Tangent
c c/s Modulus

150 229.7 0.715 0.0410
143 232.3% 0.740 0.0365
134 _ 236.5 0.756 0.03%48
124 239.3 O0.777 0.0340

114 244 .1 0.810 0. Ogg
100 250.6 0.852 0.0280
90 252.2 0.865 0.0277
80 257.5 0.891 0.0264
70 - 259.1 0.911 0.0231
60 262.1 0.9%1 0.0243
49 .265.5 0.954 0.0256
37 267.4 0.970 0.0280
27 269.9 0.985 0.0300
22 271.6 0.996 0.0300
10 272.4 1.003% 0.0%OO
0 273.2 1.008 0.0280
-10 274.9 1.038 0.0297
-36 279.8 1.064 0.0305
-62 284.5 1.100 0.0332
-69 . 284.5 1.100 0.0317




Table 37A

TRICEL
FIBRE 5. Bending ModuluszooC only
Length = 0.62 cm. Mass/unit length = 12.2 microgrammes /cm.
Density = 1.30 gm/cec. Shape £3 15
8
Shape factor (major axis)1 = 0.58
Shape factor (minor axis)2 = 1.88
Resonant frequency, = 183.0 ¢/s
Resonant frequency, = 358.2 ¢/s

By, = 5.0 x 10'° dynes/en.?

B, = 5.5 x 10'0 dynes/cm.?

FIBRE 6. Bending ModuluszooC only
Length = 0.65 cm. Mass/unit length = 13.7 microgrammes /cm.
Density = 1.30 gm/cec. Shape EJ 16
Shape factor (major axis)1 = 0.56 9
Shape factor (minor axis)2 =1.78
Resonant frequency, = 178.3 c/s.

Resonant frequency, = 350.3 ¢/s.
Epqg = 485 x 1010 dynes/cm.2

TRICEL Table 37C
FIBRE 7. Dynamic Bending ModuluszooC and Loss Tangentzooo onl;,r.ET

010 dynes/cm.2

Length = 0.72 em. Mass/unit length = 14.00 microgrammes /

chl.t
Density = 1.30 gm/cec. Shape CDO % |
| 16 |
Shape factor (major axis) = 0.59
Resonant frequency (major axis) = 272.5 ¢/s.

E = 5.55x 1010 dynes/cm.2

Loss tangent = 0.0251




Table 38

TRICEL FIBRE Mean Values
Temperature Bending Modulus, Loss Modulus,
°¢c x 1010 aynes/em® x 1010 dynes/cn?
150 3,33 0.1582
140 | 3.50 0.1500
130 3,63 0.1418
120 3.75 0.1335
110 3.07 0.1272
100 4,06 0.1270
90 : 4.28 0.1277
80 . 4.39 0.1248
70 4.46 0.1228
60 4.57 0.1240
50 4.67 0.1300
40 . 4.80 ~ 0.1382
30 - 4.90 0.1461
20 5.05 0.1615
10 5.09 0.1720
0 5.15 0.1734
-10 5.23 0.1740
-20 5.30 0.1749
-30 ‘ 5.37 0.1779
-40 5.46 0.1850

-50 5.55 0.2059




Table 39
ACRILAN A. PIBRE 1.

Temperature Resonant Relative
o Prequency, Bending Tangent
c c/s Modulus
144 166.0 0.235
140 185.0 0.292
131 21%.5 0.389
123 238.0 0.478
110 265.0 0.596
105 280.0 0.669
97 289.0 0.705
86 304.2 0.784
67 14.6 0.836
57 226_,5 0.902
49 1.4 0.930 0.
40 ; 4.2 0.951 0.
39 339.9 0.980 0.
20 43.5 1.000 0.
10 266.5 1.120 0.
0 367.6 1.140 0.
- 9 7100 10160 0.
- =19 72.1 1.180 0.




Table 40.

ACRILAN A
RIBRE 2
Temperature Regonant Relative Loss
Frequency, Bending Tangent-
°c e/s Modulus
139 128.0 0.275 0.218~
133 137.0 0.314 0.210
121 166.5 0.469 0.147
113 182.0 0.561 0.138
104 190.0 0.610 0.118
98 203.0 0.695 0.096
90 205.8 0.710 0.079
71 222.9 0.836 0.067
58 228.5 0.875 0.05
49 233.8 0.915 0.053
44 23T7.5 0.951 0.048
33 239.0 0.960 0.045
25 240.5 0.971 0.044
13 248.2 1.020 0.041
1 252.0 1.060 0.03%6
-40. 255.8 1.090 : 0.032.
—~22- 257.1 1.110 0.026
3T 259.0 1.120 : 0.023
46" 260.7 1.130 0.022
55 263.3% 1.150 0.021




Table 41.

ACRILAN A
FIBRE 3.
Temperature Resonant Relative Loss
o Frequency, Bending Tangent
¢ c/s
144 129.2 0.245 0.240
135 140.3 0.288 0.198
130 159.0 0.372 0.156
121 179.3 0.476 0.136
110 197.6 0.575 0.129
99 214.0 0.672 0.90
87 221.0 0.722 0.095
76 231.0 0.784 0.08
66 235.0 0.810 0.071
57 241.5 0.854 0.061
49 247.0 0.894 0.057
39 249.2 0.910 0.054
29 255.1 0.959 0.058
23 257.3 0.971 0.05
16 265.0 1.020 0.049
8 268.5 1.060 0.048
-1 271.3 1.080 0.045
-7 2'14.2 1.090 0.040
-15 275.0 1.100 0.035
-25 275.5 1.120 0.034
-35 275.5 1.120 0.0%4
-42 278.6 1.130 0.051
-54 279. 1.140 0.0%0




Table 41A
ACRILAN A

FIBRE 4. Bending Moduluszooc and Loss TangentzooC only

Length = 0.59 cm. Mass/unit length = 3.80 microgrammes /cm.
Density= 1.135 gm/cc. Shape CIRCULAR
Shape factor 1.0

Resonant frequency = 204.0 c¢/s.

Ey = 7.95 x 1010 dynes/cm.2

Loss tangent = 0.0415.
Table 41B
ACRILAN A -
FIBRE 5. Bending ModuluszooC only

Length = 0.65 cm. Mass/unit length = 3.50 microgrammes /cm.
Density= 1.135 gm/cc. Shape  circuLar

Shape factor 1.0

Resonant frequency = 165.0 c¢/s

E, = 7.75 x 10'° aynes/cn.?

Table 41C
ACRILAN A -_—
FIBRE 6. Bending Modulus,,0q only

Length = 0.495 cm. Mass/unit length = 3.4 microgrammes /cm.
Density= 1.135 gm/cec. Shape  ciIRcuLAR |
Shape factor 1.0

Resonant frequency = 270.0 ¢/s

E, =7.20 x 1010 dynes/cm.?




Table 42.

ACRILAN A - Mean Values
Temperature Bending Modulus Loss Modulus
°¢ z 1010 dynes/cm? x 1010 dynes/cm?
140 2.02 0.4651
130 . 2.63 0.5000
120 3.55 0.5507
110 4,44 0.5710
100 5.10 ~ 0.5700
90 | 5.31 0.5005
80 - 5.65 0.4370
70 5.91 0.4020
60 o 6,22 0.3791
50 ' 6.55 0.3660
40 6.91 _ 0.3468
30 : T.21 0.3410
20 7.44 0.34%0
10 - - T.58 - 0.3145
0 " 7.65 0.2640
-10 C7.79 0.2552
-20 7.99 0.2396 .
=30 . 8.8 0.2318
~40 s ~0.2300

~50 - 8.75 0.2278




_ Table 43 .
ACRILAN B. FIBRE 1

Temperature Resonant Relative Loss
o Frequency, Bending Tangent
C c/s Modulus
144 176.2 0.242 0.2442
140 200.4 0.310 0.2102
130 240,2 0.446 0.1625
122 27345 0.579 0.1502
114 28545 0.627 0.1422
107 300.4 0.697 0.1254
98 %10.6 0.745 0.1004
90 17.5 0.779 0.0972
81 328.4 0.835 0.0904
75 224.2 0.866 0.0636
64 242,8 0.927 0.0502
57 246.5 0.935 0.0522
49 249.0 0.945 0.0514
40 351 .9 0.953 0.0482
34 35542 0.971 0.0406
26 357 .2 0.990 0.0392
20 259.0 1.000 0.0374
14 364 .0 1.020 0.0374
6 367 .4 1.040 0.0370
2 66 -2 1.040 0.0540
-5 %55.4 1.040 o.ogoo
-12 567 .7 1.040 0.0292
-22 68.5 1.044 0.0275
-28 268.5 1.044 0.0236
-34 371.1 1.062 0.0220
-22 372.2 1.064 0.0195
-50 37%.1 1.076 0.0167
-58 37%.1 1.076 0.0167
-64 274.1 1.080 0.0150




Table 44.

ACRILAN B
FIBRE 2.

Temperature Resonant Relative Loss

o Frequency, Bending Tangent

c ¢/s Modulus

144 115.6 0.225 -——-

142 120.2 0.245 0.2102

134 125.4 0.313 0.2002

124 . 159.2 0.430 0.1750

115 - 177.0 0.536 0.1642

108 190.% 0.616 0.1100

101 200. 0.688 0.1002

94 205.6 0.716 0.078

86 211.4 0.765 0.068

77 217 .4 0.805 0.0686

7 ‘ 220.0 0.828 0.0624

6 222.0 0.840 0.0616

61 223.5 0.855 0.0495

53 227.0 0.885 0.0484

47 231.0 0.921 0.0485

40 234.0 0.935 0.0482

34 236.0 0.951 0.0452

19 213.0 1.000 0.0452

13 261.0 1.014 0.0444

2 264.0 1.018 0.0452

-8 263.0 1.018 0.0436

-15 266.5 1.020 0.0349

-21 266.0 1.020 0.0292

-31 266.8 1.020 0.0280

-30 268.6 1.022 0.0270

-53 - 269.5 1.023 0.0265




ACRILAN B

Table 45.

FIBRE 3
Temperature Resonant Relative Loss
Frequency, Bendin Tan t
°c c/s Mbdulug g
142 104.0 0.184 0.2104
132 109.0 0.247 0.1905
124 125.0 0.275 0.1602
108 171.0 0.505 0.120
93 191.0 0.642 0.092
67 213.3 0.794 0.0742
57 220.3 0.850 0.0604
47 226.5 0.895 0.0564
35 230.5 0.906 0.0482
24 235.5 0.970 0.0442
16 241.5 1.020 0.0415
7 249.5 1.082 0.0385
- 252.5 1.104 0.0380
-14 255.5 1.124 0.0355
-21 256.0 1.140 0.0350
-10 257.5 1.146 0.0280
-50 258.5 1.160 0.0275




Table 46.

ACRILAN B
FIBRE 4
Temperature Resonant Relative Loss
o Frequency, Bending Tangent
C c/s. Modulus
14% 134.0 0.185 0.2052
13 170.2 0.298 0.1754
120 208.2 0.444 0.1652
110 226.0 0.525 0.1136
101 246.1 0.624 0.1094
91 263.6 0.715 0.0847
82 269.6 0.749 0.0732
T4 278.4 0.794 0.0695
64 288.0 0.850 0.0594
55 293.7 0.876 0.0550
46 298.6 0.911 0.0422
38 306.9 0.964 0.0385
31 311.1 0.990 0.0370
1. 313.2 1.010 0.0286
3 314.3 1.012 0.0296
-7 17.6 1.024 0.0295
-16 219.5 1.040 0.0280
-22 322.7 1.050 0.0270
-31 22.8 1.050 0.0252
-240 %24.8 1.080 0.0242
47 326.0 1.090 0.0281

e 33y




Table 46A
ACRILAN B

FIBRE 5. 3Bending Modulus, 0, and Loss Tangent,n0, only.

Length = 0.66cm. Mass/unit length = 3.81 microgrammes / cm.
Density= 1.135 gm/cc. Shape CIRCULAR ‘
Shape factor 1.0 .

Resonant frequency = 181.0 c¢/s.

E, = 9.30 x 1010 dynes/cm.2
Loss tangent = 0.0435

Table 46B
ACRILAN B
FIBRE 6. 3Bending Modulus,,0, and Loss Tangentzboc only.

Length = 0.5%5 cm. Mass/unit length = 3.72 microgrammes/cm. |
Density= 1.135 gm/cc. Shape CIACULAR |
Shape factor 1.0

Resonant frequency = 279.7 c¢/s.

Ey = 9.45 x 10 dynes/cm.2
Loss tangent = 0.0394

Table 46C
ACRILAN B —_—
FIBRE 7. . Bending Modulus,,0, only

Length = 0.61 cm. Mass/unit length = 3.72 microgrammes/ cm. |
Density= 1.135 gm/cc. Shape 6 (:3 6 ;
7

Shape factor 1.18
Resonant frequency = 212.2 c/s.

B, =7.90 x 1010 dynes/cm.2



Table 47.

ACRILAN B Mean Values
Temperature Bendlng Modulus, Loss Modulus,
°c 1010 dynes/cm 1010 dynes/cm?
140 2.32 0.4710
130 3.19 0.5182
120 4.00 - 0.5593
110 4.82 0.5790
100  5.85 0.6020
90 6.52 5 0.5808
80 7.03 0.4982
70 T.41 0.4591
60 7.89 0.4359
50 5 8.22 0.4190
40 8.6 0.4088
30 9.00 0.3990
20 | '9.29 : 0.3910
10 o . 9.37 | 0.3812
0 ©9.45 0.3490
-10 _ i 9.60 0.3308
=20 a 9.69 0.2914
-30 . - 9.84 0.2610
-40 ; 9.96 0.2578

-50 | 10.12 0.2420




Table 48.
POLYPROPYLENE. FIBRE 1

Temperature Resonant Bending Loss Loss Relative
Frequency, Modulus, Tangent Modulus, Bending
dynes/ dynes/ Modulus
°¢ e/s em?x1010 cm?x1010
91 143.2 1.59 0.0643% 0.1025 0.342
87 145.0 1.64 0.063%6 0.1040 0.348
81 150.7 1.75 0.0626 0.1085 0.376
75 155.2 1.86 0.0620 0.1150 0.402
69 160.2 1.97 0.0598 0.1178 0. 427
64 167.0 2.20 0.0671 0.1472 0.464
58 173.8 2.33 0.0695 0.1620 0.500
50 183.1 2.58 0.0770 0.1985 0.555
43 199.6 3,05 0.0785 0.2394 0.656
35 213.7 2.50 0.0790 0.2760 0.752
29 226.6 3.61 0.0874 0.3160 0.776
24 235.1 4.25 0.0910 0.3870 0.91
15 261.5 4.85 0.1010 0.4900 1.04
5 270.6 5.68 0.0750 0.4260 1.220
-4 274.2 5.74 0.0660 0.3782 1.230
-14 285.0 6.06 0.0635 0.3840 1.302
-24 29%.8 6.43 0.0580 0.3730 1.382
-33 300.9 6.70 0.0575 0.3850 1.440
=43 304.8 6.90 0.0495 0.3418 1.480
-53 309.9 T7.04 0.0556 0.3910 1.520
-63 312.3 7.18 0.0576 0.2140 1.540
Pibre Dimensions: Length = 0.61 cm. Mass/unit length = 5.8
microgrammes/cm.
Density = 0.90 gm/cec. Shape  CIRCULAR.

Shape factor 1

2
Eb 20oc = 4.65 x 1010 dynea/cm.



Table 49.

POLYPROPYLENE
FIBRE 2.
Temperature Resonant Bending Loss Loss Relative
Frequency, Modulus, Tangent MNModulus, Bending
dynes/ dynes/ Modulus
°¢ c/s cm®x1019 cm®x1019
96 168.7 1.80 0.0875 0.1575 0.410
90 172.8 1.89 0.0850 0.1610 0.429
82 180.5 2.07 0.0723 0.1500 0.470
74 193.5 2.3%8 0.0655 0.1560 0.541
64 207.9 2.78 0.0640 0.1780 0.632
56 219.7 3.06 0.0685 0.2098 0.696
49 225.2 3.21 0.0695 0.223%2 0.729
40 247.1 3.94 0.0702 0.2762 0.884
30 262.4 4.37 0.0700 0.3060 0.993
20 263.3% 4.40 0.0950 0.4170 1.000
10 267.0 4.53 0.1020 0.4610 1.030
0 278.0 4.84 0.0890 0.4310 1.110
-10 285.0 5.10 0.0665 0.3%90 1.160
-20 298.0 5.55 0.0640 0.3550 1.260
Fibre Dimensions: Length = 0.57 cm. Mass/unit length = 5.5
microgrammes/cm,
Density = 0.90 gm/cc. Shape CIRCULAR.

Shape factor = 1.

f 10 . 2
: Eb 200C = 4040 X 10 dY-‘neS/mc



Table 50

POLYPROPYLENE
FIBRE
Temperature Resonant Relative Loss
o Frequency, Bending Tangent
o c/s Modulus
96 129.5 0.410 0.0717
90 132.7 0.422 0.0607
84 137.3 0.455 0.0576
77 142.0 0. 486 0.053%6
70 146.0 0.513 0.0510
57 159.1 0.608 0.0515
52’ 166.5 - 0.665 0.0555
41 169.1 0.700 0.0560
17 206.6 1.020 0.0710
9 235.1 1.200 0.0800
1 243.7 1.390 0.0750
-7 252.1 1.500 0.0630
-15 256.1 1.520 0.0497
-24 - 258.9 1.540 0.0482
-32 261.5 1.560 0.0440
-54 271.8 1.660 0.0424
-60 273.2 1.670 0.0491




Table 50A
POLYPROPYLENE
FIBRE 4. Bending Modulus, 0, only.

Length = 0.52 cm. Mass/unit length = 3.50 microgrammes /

cm.
Density = 0.90 gm/cec. Shape CIRCULAR,
Shape factor 1.0

Resonant frequency = 258.9 ¢/s.
Ey = 4.55 x 1019 dynes/cmn.2

Table 50B
POLYPROPYLENE

FIBRE 5. Bending Modulus,q0q only.
Length = 0.57 cm. Mass/unit length = 5.6 mierogrammea/ cm.
Density= 0.90 gm/cc. - Shape CIRCULAR
Shape factor 1.0
Resonant frequency = 376.4 ¢/s.

E, =4.T2x 1019 dynes/cm.2



Table 51.

POLYPROPYLENE lesn Values
Temperature Bending Modulus, Loss Modulus,

°¢ x 1010 dynes/cm? x 1019 dyneq/cm?

95 1.23 0.0914

90 1.35 0.0931

80 1.60 0.1065

78 ' 1.90 0.1198

60 L 2.21 0.1442

50 2.62 0.1731

40 3442 0.2109

30 3.83 0.2730

20 4455 0.39¢8

10 470 0.4112

o 5,00 0.3900

-10 5430 0.3578

-20 5.69 0.3301

-30. T 6412 0.3306

-40 , 6.72 0.2620

-50 o 7.22 0.3720

-60 7027 0. 4006

-70 . ' . T7.35 , , 0.4361




Table 52.
Bending Moduli, Loss Tangents and Loss Moduli at 20°C.

Eb Loss E2
dynes/cm? x 10 Tangent dynes/am?® x 101°

Remie 33.7 0.0055 0.1851
Fortisan 33.2 0.00325 0.1080
Silk 11.95 0.0134 0.1591
Acrilen B - 9.29 0.0420 0.3910
Acrilan A 7.49 0.0464  0.3470
Tricel : 5.05 0.0320 0.1615
Fibrolane 4.9 0.0172 | 0.0845
Polypropylene 4.55 0.0870 0.3960
Wool 4.29 0.0190 0.0818

Acetate Fibre 3.36 0.0290 0.0975




Table 53.
Mean Loss Tangents (Maxima).

Tempegature Loss Temperature Loss Temperature Loss

¢ Tangent o¢ Tangent o¢ Pangent
Wool Silk Fibrolane

06  0.0141 %117 0.0145 68 0.0120

106 0.0170 80 0.0125 -3 0.0243
24  0.0241 47 0.0119
0 0.0192

Acetate fibre Tricel

%105  0.0282 %98 0.0310
% 60 0.0260 *14 0.0339

* 11 0.0310

Acrilan A Acrilan B Polypropylene
z x x

102 0.1150 80 0.0710 51  0.0662
20  0.0464 x5 0.0391 12 0.0898

x Shoulder.
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relative bending modulus. These cuvves were derived in a

similar manner to those of Fig.29.

FPig.31l shows the effect of temperature on the mean
bending modulus. In the case of wool and Fiborlane fibres
which had been examined over the complete temperature range,
the mean bending modulus at any temperature could be
calculated from the observed resonant frequencies and fibre
dimensions. (The data for Fibrolane were, however,
supplemented to determine the bending modulus at 20°C more
accurately, in the same manner as that outlined below).

In the case of the other fibres it was not always possiblé
to obtain the fibre dimensions. Separate experiments were
therefore conducted to find the bending modulus at 20°C
only, which was calculable when the required dimensional
data had been obtained. The mean bending modulus at any
temperature could then be derived from the product of the
nean bending modulus at 26°C and the mean relative bending
modulus at the required temperatures in the range. To
Supplement zlready available data, the Loss tangents of
fibres iﬁ these separate experiments were also determined,

whenever possible.

Pig.32 shows the effect of temperature on the mean

loss modulus. The mean loss modulus at temperatures within

“the range covered is obtained from the product of the
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derived mean bending modulus and the derived mean loss

tangent.

The data from which curves are produced are recorded
in tabular form in the order, wool (Table 6), silk,
Pibrolane, ramie, Fortisan, acetate fibre, Tricel, Acrilan

A, Acrilan B and polypropylene (Table 51).

The derived data of bending modulus and loss
modulus from which bending and loss modulus curves are
produced, and which are labelled " mean values" , are
given for wool in Table 11, silk in Table 18, Fibrolane
in Table 22, ramie in Table 25, FPortisan in Table 28,
acetate fibre in Table 33, Tricel in Table 38, Acrilan A
in Table 42, Acrilan B in Table'47 and polypropylene in
Tablé ol. Where only the bending moduli at 20°C were
determined, the necessary data are recorded in sub-tables,
e.g. silk, fibre 7, Table 174, Pibrolane, fibre 4, Table 21A,}
Fibrolane, fibre 5, Table 21B, etc. In some instances,

as stated earlier, the loss tangent was also recorded.

Fibre dimensions: Where available, the fibre

dimensions are stated. The length, mass per unit length,
resonant frequency and shape of the fibre were determined
experimentally. The shape factor was calculated by the
method previously described. Shape factor (major uxis)

or shape factor (major axis)y and resonant frequency (major |
|
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axis) or resonant frequency1-refer to the fibre vidbrating
about its major axis, while by substituting the term

"minor axis", the same notation is used for the fibre
vibrating about its minor axis. Most fibres will have

two principal axes and vibrate at two different resonant
frequencies, about these éxes. While the resonant fre-
quencies are independent of the polar position of the cross
section in relation to the disturbing force (the electrodes)
the amplitudes of vibration at the two resonant frequencies
are dependent on the polar positioning. The explanation
lies in the fact that the disturbing force can be resolved
.into two components and the fibre vibrates in two different
directions according to the two principal axes120. It
sometimes happens that the two resonant frequencies are so
close (e.g. in the case of almost symmetrical cross sections
having only a small difference in the lengths of the princi-
pal axes) that the bandwidth cannot be measured, and a new
specimen must be employed for the dynamic experiments.
Fibres whose cross sections are circular or correspond to

the shape of an equilateral triangle, will vibrate only in

one plane.

The densities quoted are the assumed densities of

116 .2..121
the dry fibres obtained from literature - wool '~, silk ™',
122 124

Pibrolane , ramie123, Fortisan122, acetate fibre



122 125 126

Tricel y Acrilan A and B » and polypropylene .

The bending modulus is generally denoted by E1
but the bending modulus of dry fibres at 20°C is denoted.

more specifically by Eb or Eb20°0‘

Lastly, Table 52 gives the values of bending moduli,
loss tangents and loss moduli of all fibres tested, at
20°C, while Table 53 gives data relating to Pig.29

(mean loss tangent - temperature).

Thermal EXpansion.

As a fibre is heated or cooled, it will be subject
to changes in length and cross-sectional arca. It would
be expected therefore that the values of dynamic bending
moduli gnd loss moduli of the various fibres, will be in
error. Considerable research on the thermal expansion of
high polymers has been carried out, including work on the

1,38,127,128,129,130,131.
polymers concerned in the present investigation.

Polypropylene is the most deformable fibre, with
temperature, having a coefficient of cubical expansion of
9.4 x 107 cc,/cc,/°C below the melting point™ - (this is
in fact the value for polyethyleme but will give a fair
approximation) and a linear expansion of about 1.5 x 10~%

Cmy/bm7/°0.130 Preliminery calculations show that at 85°C
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the bending modulus will be in error by approximately 5% and
at -50°C, by a similar amount. Acrilan exhibits the second
largest response to temperature having a coefficient of cross-
sectional expansion of 4.1 x 10~%4 sq.cm./sq.cm./%C above 87°¢C
and 1.3 x 10”7 sq.cm./sq.com./°C below 87°C'.  The linear
expansions are 0.48 x 1074 em. /em. /°C above 87°C and 0.22 x
1074 em./cm./°C below 87°¢129, (These in fact are values for
pure polyacrylonitrile which would not be expected to differ
greatly from the actual values for Acrilan.) Preliminary
calculations show that at 15000, an error of approximately

4% and at -50°C, of about 2% occurs, in the bending modulus.
The expansion coefficients of the other fibres are smaller
still, and the error further reduces, to within experimental
error. Moreover, the closer to room temperature, the smaller
the error due to thermal expansion becomes and while for the
purposes of this investigation the anomalies are of no
consequence, in the case of Acrilan and polypropylene, and
within experimental error for the other fibres, should a very
accurate value of bending modulus be required at a particula¥d
temperature, it would appear that a correction for thermal
expansion would only be necessary below a relatively low

temperature, and above a relatively high temperature.

Thus, in practice, the shapes and heights of both

the bending and loss moduli curves may be regarded as true,
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without correction for thermal expansion.

Mumidity Experiments

The effect of humidity on the resonant frequency
and bandwidth of wool, nylon and viscose rayon is measured
according to the procedure previously described. - At 0%
relative humidity, the vacuum pressure must be maintained
at less than 0.02 mm. mercury, as in temperature experi-
ments, and similar precautions regarding the amplitude of
vibratkon are taken as in temperature experiments. At
other humidities, the vacuum pressure is dependent on
humidity and a correction factor for the damping due to the
Vapour pressure is applied, in order to determine the
energy loss of the fibre alone, while the amplitude of
Vibration is controlled within the necessary limits

throughout.

The technique employed, allowed five fibres to be
investigated simultaneously (in temperature experiments,
the Townsend and Mercer Bafh limited the technique to a
single fibre at a time). Since in temperature experi-
ments, wool gave the most variable results, and the
"modified" regenerated cellulose fibres were less consistent
than the fully synthetics, it was decided to examine two

wool and two viscose fibres, and only one of nylon.
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The results are recorded in Figs.33 to 35 and Tables
54 to 59B.
Figs.33, 34 and 35 show the effect of relative humidity
on the loss tangent, bending modulus and loss modulus
respectively, of wool, nylon and viscose rayon.
Table 54 presents the data for the effect of relative
humidity on wool (fibre 1).

55 humidity on wool (fibre 2).

56 humidity on hylon.

57 humidity on viscose rayon (fibre 1).

58 humidity on viscose rayon (fibre 2).

Table 59A presents the means of the data in Tables 54

and 55, while Table 59B presents the means of the date

in Tables 57 and 58.

Pigs.33, 34 and 35 are thus derived from Tables 56, 59A
and 59B and represent mean values of the dynamic properties
(except in the case of nylon where only one specimen was

investigated).

Fibre Dimensions.

These are presented in a similar manner and with
similar notations as in temperature experiment data. The

factor P, is discussed in the following paragraph.

Swelling.,

A consequence of moisture absorption by fibres is an
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