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BSUMMARY

The tensile properties of some new textile yarns
have been studied with particular reference 0 the effect
of temperature and rate of strain applieaticn on the
stress-strain behaviour. The work has been split into

. two parts covering different types of material.

In part 1, an Instron tensile tester was used to
investigate the effect of strain rate and temperature on
the ‘stress-strain properties of two samples of poly-
propylene yarn. Differences in behaviour occurring
between the samples were expleined by measurements 6f
structural properties such as isotactic index and average
.molecular weight. Results were compared with data from
the literature on an isotactic polypropylene yarn. The .
‘method of reduced variasbles has been used to apply time-
temperature supe;pasiﬁion and obtain eomposiﬁe curves
reduced to a_staﬁdard refefenee temperature. This was
done for the ultimﬁtebstress and strain values and values
of stress at lower st;aina expressed és the tensile
modulus. A similar superposition was obtained from

gtress relaxation data.

hutakaad I 3



In part 2, five samples of synthetic poly-
urethane elasgtomeric yarns and one sample of natural
rubber yarn have been studied under different conditious.,
The stress-strain curve;;foughness, Schwartz value,.
elastic recovery‘and-stress relaxation properties have
been meagured and compared. The stress-strain curve

of one of the synthetic yarns was studied at'different
.tamperatures énd initial strain rates. Unlike poly-
propylene, the same superposition could not be applied
to all the data in thie case. The equivalenée of

changes in time and temperature alters With increasing

strain as the molecular orientation alters.

Yarns of completely different structure have
been studied and it has been shown that time-temperature
superposition éanAbe applied, in a restricted fqrm, to
a non~linear semi-crystalline material. It is therefore
possible bo obtain data necessary to characterise the
behaviour of a matérial over several deca@es of
1ogaritﬁmic time using a single instrument of a type

used in normal tensile tegting procedure.
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PART I POLYPROPYLENE



L.T THTRODUCTION

Textile fibres have been used for mapny’ centuries
for o wide variety of purposes,  The anclend Egyptiaﬂﬁ knew
how to0 weave sabtisfactorily and, in faect, some {ine examples
of thelr work arxe preserved to this days Untll vecently
howevers the manufachuring processes have been developed
and carried on in whal can only be described as lgnorance
of the fundanentel properties of the materials helng
handled. TLven in the present dey, when we consider research
technigues o have reached an adveanced slbage, meuy processes
in the fleld of textile tbechuology ave not fully understood
or 40 not reap the benefdlt of the fmndamﬁﬁtgl knowledge

already avallable.,

Certainly one resson for this slow progress is
the aunber of outside lnfluences which can affect the
behaviour of & £ibre. Vost fibre~forming materdals ave
viseoelastic eryetalline polymews with preferential
ovientetion of the cryetallites along the fibre amis.

The @hﬁﬁiﬁﬁl properéies of such mabterials are often
inter-related and are affected by such variables as
(1) Tempevature.- Heat caumes & change in the internal

vigeosity or flow propeviies snd will affect welaxation




e

and creep. and associated dynamic mechanical properties..

The basic micreerysballine structure of such palymsrm<ia
affected and a change in density. due to re-~orientation or
changes in erystallinity mey raaﬁlﬁa The thermal history
of the material is thereéfore iwmporbant.

(2) Humiﬁi%y@ . By far the largeat'peresﬁtage of Fibres
uaed‘aamméreially ara hydrophilic and are therefore
affected by moisture in the surrounding air. In some cases
small changes in relative humldity have a greater eéffect on
propertieé than emall chenges in~ﬂem®eratureg

(3) Time. Roth the previous varisbles affect rate
processes within the material., Superimposed on this is
the external time factor applied by the measuring instrument
and governed by the method used. Not only is the rate at
which the teet is carried out and its duration imporbant,
but the speed with which a measurement can be made or the
regponse time of the recorder must be borme in wind.

(4) Sample variability., This is an obvious cause of

an apperent change in behaviour, yet it is the one most
often ignored or given least abtention. Watural textile
materiale in particular are notoriovsly variable. Their
growth is affected by their geographical situation, climate,

disease and other environmental conditions. Man has




, greater control over the synthetic materials and they are
generally more unifoxm; though still far from perfect.
It is,; therefore, necessary to take precautions against
obteining an unrepresentative result when measuring the
properties of these materiale:, Statlstical methods must

be used for both sampling and analysis of results.

Thus the meagured value of a property affected
by the viscoelastic nature of textile materials has little
meaning unless the conditions under which the measurement

was made are known or taken into account.

Such is the case when measuring the tensile
properties.  Strength, whether it be tensile, loop,
.tear, burst, yield or ultimate, is one physical propexrty
which has found wide application as a measure of uniformity
and a tool of quality control for textile materlals in
fibre, yarn and fabric form. It was not until control
linits became more precise, with the advent of new
materials, improved methods and increasing competition,
that the effect of test conditions on the valu?s obtained
became important enough to be eignifiéantm The initial
problem was avolded by stendardising the test conditions
but interest developed in measuring quentitatively the
changes cauged by variations in these conditions.



The time effect was the first to be studied
since it can be easily controlled and measured over a
limited range on standard vesting equipment.

Peire;153*3 and co-workers did some of the early

work related particularly to cotton and found that the
breaking load increased in prapbrtian to the 1aga£ithm of
the rate of loading: This relationship was established,
over the restricted range of three decades of logarithmic
time, in fibre, yarm and fabric foxm. Both Bellinsan4
and Enﬁwistleg noted & slmilar relationship ian viscosge

rayon yarns.,

Special techniques have been used to ex%end the
time range over which the effect can be measured beyond
that possible using conventional testing machines.,
Congtant 1aaéing6 and high speed lupsot methods have
been used to obtain informgtion al very long and very
short tlmes respectively:  There are a wide varlety of
methode by which impact loads can be applied totextile
yerns and fabrics. Among them are longltudinal impact
by a freely ﬁalling weight§7 by a weight pneuwmatically
or hydraulically propelled®’? or by direct impact of a
flywhﬂella*ll’la o a’ballisticzﬁenduluml%?l4 Transverse



impact15 by a bullet or similar migeile has also been used
successfully 40 measure tensile properties ab high gpeed.

M@reditha'la made measurements on cotton yarn
ot normel Gest speeds, producing resulbs in sgreement with
Peiprce. Then,using high speed techniques,he found that
the seume relationship held over LU decades of 1égarithmio
time with only slight differencies due to the various

test methods used. In a 1at§t-paper}o

viscose and
acetate rayon, silk and nylon yarns were studied at high
strein rates., With the exception of acetate rayon, the
initial modulus was found to increase linearly with the

logerithm of the rate of elongation.

SmiﬁhIT and co-workers obtained stress-strain
carves ab ratés of straining of up to TO00 per cent per
second for several textile yarns and compared them with
curves produced at conventional testing speeds.,
Generally, it was Tound that the yield stress was
approximately proportional %o the logarithm of the rate -
10

of olongation in agreement with Meredith.. 1t has

also been shanla that this relationship holds for strees
at a given strain beyond the yield point.  Although
most writers note a similar trend in the breaking stress,

with the excepiion of cotton it has not been correlated,



probably due to the effect of apparently unprediciable
variations in the breaking strain. Eellin&an,4 however,
did establish a di?@ét relation between the breeking
stress and the rate of lnading for ViﬂcOse raymn yarn

by ueing a simple regression. @quation.

Thue, with a few exceptions, a simple general
rélationship has been egtablished between the time factor
and stress in a textile material, although the propor-

tionality may Aiffer between mglerials.

'IﬁAwas reelised that, while the rate of testing
affected the stress in a material by exteimsal means,
temperature would affect it by alﬁe§ing the rate processes
within the fibre. An increase in the rate of stressing
or straining camses a corresponding increase in stress at
a given strain beocauze less time is allowed for relaxation
to take plaece, An increase in btemperaturé, however,
will dncrease the raive of relaxation and theprefors cause
a decrease in sgtress at a given &train, provided the
speed of testing remsine wnaltbered. An increage in
temperature therefore has a similar effect to a decrease

in the rate of stressing or straining.,

&



This wag c¢learly illustirated by Kagwelllglwho
uged the combined effect of low temperatire and.high
speed tesbing to obbain data 6 tensile properties of
drawn, partielly drawn and vndrawn nylon, silk and
vinyon yarns anﬂér3extrame?eqnditieﬁﬁg: A reduction in
temperature or an increase in eirain rate produced an
incereape in the atress at a glven atxainnagd.ganeraliy
led to an increase in bresking stress but a}@eéragse\in
the. energy requgreé,tﬁ_Qauae{rupture-&ua o a drop in
the breaking. elungatiem. ~In certein cases atb hiﬁh
test @peeds the xeduatian im the hreaking @traim was
marked &nd the breakinﬁ aﬁrﬁsr alse dhawed a decrease.

Halla0 carvied out a more aetailed atudy'uszng
isobactic polypropylene yarm. Tensile tests were made
to investigate the effect on the stress-strain curve of
paseing throush the glass transition region., - The gless
transition temperature for this polymer has been given
as 953a?21 and QﬁgQK?E measured by dilatometry, and a
temperature range of. 90°%% to 308K was used for the firet
geries using o smngle strain rate. These tests showed
a rapid drop in bresking strain and little change in the
breelcing stress in the range BéﬂoK 0 290%K followed by
6 more graduai fall in breaking gbrain and rise in breaking




stress at lower temperatures: A second series was carried
out at room temperature using strain rates above that used
in the previous tests and covering a range of six decades
of logarithmic time. A simlilar trend was obsgerved, the
transition effect showing at rates between 4 x 1073 ana

3 x 10 gec™ and the gradual fall in breaking strain
with accompanying rise in breaking stress occurring at
higher strain rates: Thus structural changes caused by
changes in temperature appear t0o be closely related to,

if not the seme as, those due to changes in the rate of

gtraining,

This leads to the concept of time-temperature
superposition. If changes in viscoelastic properties
coused by an alteration in the time scale can be related,
as in, say, a material whose properties vary linearly
with time, and this is equivalent to an alteration in
temperature, then one messurement should complement the
othexr. It has already heen shown that a decrease in
temperature is apparently equivalent to an inerease in
the {time scale or vice~versa. Thus, by varying both
the temperature and the time scale, it wowuld be possible
to extend the scale of measurement outside the normal
experimental limits by converting temperature data to

their equivalent position on the time scale.



L.2 THE TINB-TEMPERATURE SUPERPOSITION PRINCIPLE

The principle, whereby viscoelastic date ab
one temperature may be translated to #heir values at
another temperature by a simple horizontal shift of the
time scale, was first introduced by Toboleky and Andrews23
and by Leaderman24 in 1943.

Tobolsky and his co-workers used the statistiecal
theory of rubber elasticity®® ae the basis of their method.
The theory predicts that

s =nk? (19 [AN] _ _ _ _ _ _ _
{5‘: ....(Ih} (1)

where o is the stress calculated on the original
cross-section, n is the number of network chains per cubic
centimeter, k is Boltzmann'ses constant, T is the absolute
temperature and 1 and 14 are the ﬁnetretched and stretched
lengths of the specimen. Fef gtress relaxation experi-
ments 1 and 1, are fixed and & is proportional 4o n and T.
The temperature effect can be eliminated by relating all

the stress values to some arbitrary reference temperature

To e Thus the reduced stress Sy = TQ/T.:T is a.direct
funetion of n and since n should change only slightly with

temperature, curves of reduced stress against time
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measured :at different temperatures should superpose by
a horizontal translation along the time axis. This
method assumes that rubber elasticlity increases with
absolute temperature and that the vigcoelastiec behaviour

of the system is linear.

By this means composite stress relaxation
curves have been obtained far several amorphous polymers.
The combination of time and temperature dependence has
made it possible to determine the viscoelastic béh&viour
over g much wider time scale than would be obtainable
otherwise. Tobolsky and his co-workers2?~3L yged the
streSSArelaiation method to obtain composite cur@es
covering up to 12 decades of logarithmic time for

26 pmlyisabutylene,27

29

polysulphide rubbers,
28 _ .

polymethyl

28

acrylate,“” polymethyl methacrylate,”” polystyrene,

plasticised polyvinyl chloriae3o and certain gum vulcanates.ﬁl

In 1950 Ferrsz developed his method of reduced
variables along similar lines. If a material is
characterised by a generalised Maxwell model, changes in
concentration and temperature will multiply eall
relaxation times by the same factor.  Assuming that the
rigidity associated with each element in the model is

proportional to the absolute temperature and the polymer



concentration, it is possible to bring data to a

gtandard reference state by use of reduced variables.

The principle remained in an empirical form until 1953
when it was glven a sound theoretical basis with the
introduction of a flexible-~chain theory by Rnuaeg33

This was supplemented in the following year by a similar
theory by Bueeha534 Both amalysed the motion of long
chain molecules in a viscous medium. The theories
describe a viscoelastic material in terms of a modulus
B(t) and a characteristic relaxation time V. . The
modulus is proportional to the number of effective
network chains per unit volume and the absolute
temperature (cf. n and T in equation (1)). The
characteristic relaxetion time is determined primerily
by the zero shear viscoslty and is inversely proportional
to the numher of effective network chains per unit volume
and the abgolute temperature. This corresponds to the

assunptions made by Ferry.

The polymer density replaces the concentration
texm when the theory is applied to undiluted polymer
ond, when expressed in terms of the shear relaxation

spectrum H, it predicts

H=C€RT =7ns(r-m) |
M - - == (2)
where m=2a2"8 _ _ _ _ _ _ _ _ _ _ _ 2)

bm*pt kT

114



where € is the polymer density, R,the gas constant,

M the molecular weight, &, the Dirac delta, T, the
relaxgtion time, h, an integer, a,the root-mean-square
end~to-end distance per sqguare root of the number of
monomer units, Z,the degres of polymerisation and €,

is the average friction coefficlent per monomer unit.
Temperature dependence enters in several ways, the
Pactors T and €@ in equation (2) and the primary effect
in Bo in equation (3) which is also affected by T and
a,which may change slightly., Ferry3§ linked the factors
in equation (3) together to form the horizontal shift
factor ar while the

_ [’Y}J-p _ [a,’* So]‘r To
ar

| T wsant @
factors in equation (2) form the small vertical

adjustment €T/e,T, where €, is the polymer demsity at

an arbitrary reference temperature Tg.

There is only a slight difference between the
method of Ferry and that of Tobolsky, The latter omits
the density term from the vertical correction factor.
This detail, however, hag been found to be insignificant
in work reported in the literature on amorphous polymers
since their density remains almost constant over a wide

range of temperature and the correction is negligible.

12.
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Ferry36 and his co~w0rkers found thaﬁ, within
a lim;ted temperature range, the ratio ap of meohanical
relaxation times at temperature m ta these at a reference

bemperature To eculd be expressed by

02 "“T’"‘To '

and, oy seleetxng To o be appraximately 50° abave the
glass transition temperatuve an&.redtrieting the range
of T $0 To % 50° s the Bame eenstanﬁe, Cq = 8, 86 and
Co = 101.6, were found 0 apply to a wide variety of
polymers, palymer solutiens, erganic glasa~fomming
liquids and even inorganic glasses. althauyh the
transition temperature for the last group is in a much
higher range than the others. . The lower limif of
application of this precise form of equation (5) is due
to the fact that the v&riatianJin free volume above and
helow the traensition point is different., Curves of
gpecific volume ageinst temperature show an infleetion.
at this point, o Ffact which is often witilimed to -
neasure ﬁhe%tranaitian temperature. -However a
differenﬁ‘f%mm”af'equatiom (5) may be applicable below -
this temperature., - The upper limit is due to a decreage

in the non-specific behaviour allowing the effect of -




b .L4 LY

structure to play an increasing role and camsing a
variation in the behaviour of different polymers.
Thus a single empirical function was established to
aegcribe the temperature dependence of all mechanical
relaxation processes, in the range 100° immediately
ehove th@‘glass‘tnagsition;tﬁmy@;&tqreg - Thieg function,
now known as .the W.L.F, equgticn, hag gince been usged
by various writers. Recently Tobplakyza*sp’37 hag
. used a modified form incorporating characteristic
peremeters which had been established in his earliex
work. Brettecheiders® and Smith3? have both used the
exact form described in equation (5) to characterise
,lfhé behaviour of solid rocket fuels and a GR-S rubber
reapéctivelyx, Both papers describe the application
of the superposition principle to the ultimate tensile
properties, bresking stress and strain, over a wider
renge of temperatures then indicated in-the theory.,
The. application to ultimate properties:is interesting
since linear viscoelastic behaviour found in amorphous
-materials may»naﬁvapply;ﬁc_tha?fullﬁsﬁxasséa$rain curve
but may be restricted to the initial portions only..
There is not an equivaiént superposition

principle for eryatalline polymeré'whiah.éan be applied



in such a general form. The principle for the
amorphous materials alrea&y discussed assumes &
reversible btemperature effect and linear viscoelastic
behaviour. ‘The validity of both these assumptions in
relation ¥6 crystalline polymers, which are the main
fibre farming polymers, is questionable, but with no
alternative available ‘their application was atteﬁ@tédt

| Toboleky?Y14L tried, without success, to extend
his method to include polymers with & crystalline
atructufe@ In studies of @olytrimeeraehlarnethylene4°

41 3% was found that the transition

and polyethylene
region extended over a much wider temperature range and
gpecific structural feaﬁurea‘appeared t0 have a
continuous effect on the behavionr. It was concluded
that the general equivalence of time and temperature
and the gimple time~temperature superposition were not
valid, but that some additional vertical %hift factor
would have to be introduced to correct for the
structure effect before any superposition could be
achieved, It should be pointed out that a very wide

range of temperatures was used in each case (over 160°)

and if any chenges in mieréerystalline structure are

going to occur it is a distinet possibility that they

15.
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will occur to some extent within this range.

More recently Nagamatsd42'43'and<his
co-workers, using strese relaxation measurements have
successfully epplied Ferry's method and produced
cpmposite relaxation curves for pblytetrafluornethylene42
and polytrifluoreehlerﬁathyleneg43 .. To achieve this,
non~linear viscoeiéstie effects were avoided by using
strains of less than 1% and the effect 'of temperature
on the structure was minimised by selecting a restricted
temperature range in which little or no change took
place, | When the same technique was used to study
polyethylene44 it was found that there was a marked
incﬁeasein erystallinity as the temperature decreased,
and the simple superposition principle could not be
applied., A composite curve was obbtained when the<
degﬁee of crystallinity was introduced in. the vertical
shift factor. |

Polyethylene, in filbre and plastic form,
has received more attention than other crystalline
polymers, Methods similar to that of Negametsu have
been used successfully in studies of stress relaxation
- behaviour of a commercial plaetic45 and of the ultimate
tensile ‘behaviour of a yawn;46 - In the latter study

13
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ultimate stress and sirain obtained at different
strain rates and bemperatures were reduced o
composite curves although this material is knawnﬁ7
to have diaﬁinotiy non~linear viscoelastic behaviour.
This would appear bto add strength to the argument that
linear viscoelastlic behaviour ie not a necessary
oriterion for the successful application of the super-

- position principle.

Considerable amblguity wes Ffound in the results
of aifferent writers?®47 for the same polyethylene

& correction was used to
compensate for a rapld change in crystellinity, J
particularly between 0° and 90°C. In the other®! the
crystallinlty was reported to be conemtant over the
range from 0% to over 80°C and the simple time-
ﬁemperature superposition was found to apply. Buch a

' pronounced difference is surprising end inexplicable,
although it has been reéagniaed in recent years that
the crystallinity of many~palymﬁ?s,remainagsanstant or

‘nearly so over a consilderable range of temperature.

The only other fibre material to have received
much attention is nylon, & hydrophilic material with a
moisture regain of about 4% under standard atmospheric
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conditions. It is therefore affected by humlidity as
well as temperature, and both time~temperature and
time*humidity superposition have been applied to the'
viscoelastic behaviour of this polymer, which is

unique in that it is almost linear at smell strains.
Simple time~humidity superposition of stress relaxation
data48 of nylon ¢ hag been achieved using a form of the
W.L.B. equation.  Stress relaxtion of nylon 6 film
‘sbeaimens49 has been measured in torsion at several
different temperatures'and three humidities and all‘
the date reduced to a common curve covering 21 decades
of logaritheiec time. In another payerﬁﬁ the ?eal and
imaginary parts of the complex dynamic modulus ﬁefe
obtained from vibrational experiments on nylon 66 using
several different humidities and two temperatures..
Again a single compogite eugﬁg;ggs‘abtained from all the
data for each parﬁ‘nf the modulus by applying the .

nethod of reduced variables.

It is seen that whet little work has been‘dana’
on the application of the superposition principle to
crystalline polymers does not present a very clear
picture of the behaviour of these materials. Briefly
it has been found that the principle cammot be applied



to data covering unlimited ranges of time or temperature
in some caseg, while in others it can only be applied
when modified to btake sgtructural changes due to changes
in temperature inbto account. It has also been found
that it can be used bo deseribe data obtalned in a
limited temperature range at emall strains, yet ecan
also be applied (in the modified Fform) to data at high
gtraing to describe the wltimate tensile properties of

yarns made from these polymers.

in the present atudy the tensile prépertiea
of polypropylene, a close relative of polyethylene,
have been investigated. It has been assumed that
the sgimple superposition principle could be ugsed to
reduce data obtained for this non-linear, crystalline
material in an attempt to describe more pxeciaely'the
relationship between temperature and the time factor
for this type éf polymer., |
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T3 EXPERIMENTAL

1.3.1 The Material

Polypropylene was chosel as the material to
be gtudied in the firel part of the work for several
reasons, Lt ie the most recenily developed high
tenaclty texyile yarn and ehows considerable potential
due o ite gﬁw denaity aﬂd'high-sﬁrengﬁh; It has
already fausd a8 market in 1i§hilweight blanketing and
ig being developed for use in carpet yarns, It is
hydrophobic and is therefore unaffected by moisture
in the atmosphere. This makes the study of its
properties falatively gimpler by eliminating one variable.
Finally the polymer itaelf is of some interest because
'af eerﬁéin-struotural-peculiaritiesunpt normally found
Ain. fibre Fforming mﬁmeriala>whieh.affact-its“Phyaical
properties and their interpretation.,

Propylene is a membexr of the ﬂlﬁfin“§amily
of unsaturated hydrocarbons and, as auéhy.ia capable
of polymerisation by addition. Depending on conditions
}and tﬁe catalyst used varying mixtures of three known
types may be formed. Of these the isotactic form is
by far the most common. It is produced by the normal
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head-to-tall polymerisation process and has all the
methyl side-groups dn the same gide of the chain,
The atdetic form is known to exlst in commercial
polypropylene yarns to a small extent. It is
prn&uaed by a random polymerisation and shows no
ordered arrangamsnm of the side groups. The syndiotactic.
form is less aommon and is not normally found in
commercial yarns¢a It is the result of headwtawhead,
tail-to~tall polymerisation which gives an alternate
arrangement of the gide groups on éach aidé pf ﬁhe
chain.  The three types are 1llustrated in Fig. 1.1,

Propylene CH,=CH~CHj3

[ CHs CHy CHy  CH

CH1-CH CHZ—-CH CH;—CH — CH,_—-—CH n
Isotactic Polypropylene or

s g

"an*CH"’CHz"".?H"CHz"'(':H"‘CHz"'CH"‘CHz"C'H"

CHz . CH3 . ("
Atactic Polypropylene or

CHy CHs
—CH-—CH CH-CH-~CH2-—-CH CH,_-cH-

CH3 | CH3 I
Syndiotactic Polypropylene

Fig, 1.1, Chemical Structure of Polypropylene.
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It is conceivable that a co-polymer of the

isotactic and atactic forms exists to a measurable

extent. Molecules containing the two forms may serve

region), in which the isotactic form is predominant,

R

and another, with areas of low order (amorphous regions),

in which the ataétic form is found, situated between
the crystalline regioﬁaa Thus a.polymer with a high
isotactic content is capable of better ordering and
ghould have a higher degree of crystallinity.

Tﬁo comnercial yarn samples from difierent
saﬁrces were used in this investigation. They are
referred t0 as A and B throughout. Both were
“multifilament yarns, sample A being 26.4 tex, 70 =~

filament, untwisted and sample B 21.9 tex, 40 filament,
0.5 turns/inch.  They were supplied as 230 denier

(25.6 tex) and 200 denier (22.2 tex) respectively.
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1.3.2 Apya%avué

A table model TTM Instron tenslile testing
machine, giving a range of test speeds covering up

to three decades of logarithmic time, was used.

To permit tests to be earried.out under
various conditions a cabinet was designed and built
for use in conjunction with the Instron bester, at
temperatures up to 100°C. A face view is shown in
Fige 1+2. Tufnol 5/16" thick was,uaéd in %hé
construction of the outer casing o give reasonable
heat insulation. A 1/8" gl%as plate acted és tﬁe

face and a removeable window. To facilitate sealing
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t:j}*Instron Load Cell
I 041 Seal

e

C C
:ﬂ l ﬂ: Scale 1 : 2

INSTRON '
CROSS-HEAD I

FIG 1,2

Corditioning Cabinet designed for use with the Instron Model TTM
Tensile Tester.
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the cabinet the regulayr jaws were replaced by hook
gembers,  The upper hook ﬁl was sorewed into an
attachment to £it load cell “A', the cell used for
these teote. Since the cell ﬁiapia&ﬁmsnﬁ ia very
slight an inverted nﬁp o4l geal wap waed to close

' the gap and still allow aliﬁhﬁ iatarél movement of
“he hoolk. mhié wan necessary 1o aveid frdational
contact with the topy which m@ajm jead bo foloe load
readinges.  The lower hook Hp was serewed into a
fitting on the oross~head of the machine, and wao
thus capable of noviang with It. IFriotion wao
uniniportant here and a greagsed rubber bune was usod
to seal this entry peint. Daffle wolle A of 1/16%
Tufaol were uced to direet the cironlation of air
f#am fan P {ne chown by the arrows) ovey hh@ heaters
¢ to tho testlng aven. Hoy aleo give the test
ppecimens prodecilon a@m:lrz,éﬁ“mmaima@, heat. Although
it wap a0t necassary fﬁr'%ﬂg pmaﬁég$ ﬁmﬁkg provicion
wag made for huddity control bty glycerine, sulphuric
acld or gémra%wﬁ mlt aé&u‘aiam placed in diches ab
G Juat bafore the wiy abrean pmaéa&'u@ to the apecimens,

The four 100-Tatt heatera ¢ wore sonnected
in parallel to give even heat &imtr&b&t&an throuchout
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the chamber. A thexrmostat was originally included,
but in the conditioned test room, the temyefature
outaeide the cabinet varied 1little and a finer adjust-
ment could be obtained using a rheostat to control
the heat input. The heat digstridbution in the test
area was checked using copper-constantan thermocouples
in conjunction with a constant temperature junction.
and a multi-point potentiometriec recorder.  Slight
heat pockets were found to exist within 1/2" of the
baffle walls in the vieinity of the heafers due to
conduction of heat through the walls and 1/2" spacers
had t0 be placed on the rods D 1o avold this hazard.
The temperature gradient over the rest of the area
was not more than 0.7°C even at elevated temperatures
and was generally less than half this figure. After
equilibrium had been reached, the rheostat was able
to control the temperature to within 0.5°C.  The
cumulative temperatuie variation was, therefore, just
over 1°C at its maximum and temperatures could be
quoted with a tolerance of + 1%C.  During testing a
mercury thermometer was found to glve sufficient

accuracy to measure temperature.



To enable tensile tests to be carried out

specimens were attached to fibre washers., The prepared
specimeng were mounted on the moveable brass rods D

for conditioning purposes before being transferred to
the hooks by means of the probes F:  Thus several
gpecimens may be conditioned and taatealwithanx
disturbing the conditvions. The cabinet can accommodate
a gauge length of up to 10 inches for materials with
less than 307 ultimate elongation and Fig. 1.2 shows

the arrangement fox a % inch gauge length as used in

- the present work where extencions up to &m% were

encountered,

1.3;3 Polypropylene A - Bample Preparation and Test
Procedure :

The behaviour of each sample was shudied under
geveral conditions in a preliminary inveatigatidn to
esbablich the likely limits of the full testing
programme.  This was necessary. 40 ensure correct
ganpling for the whole programme. - Polypropylene A
wos otudied first, and it was decided to balke
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meagurements at deven temperatures using seven strain
rates at ‘each témperature,  The temperature range

choden was from 25°C t6:85% in ‘éven eteps of 10°.

‘The range of straln rateés and yrEGiSQ*Vaiues'wefe

dictated to a.large extent by the capabilities of the
test machine,. Cross~head speeds of 0.2,:0.5, 1, 2,
55, 10 and 20 inches per minute gave effective strain
rates of 4, 10,20, 40, 100, 200 and 400 % per minute
using & 5 inch gauge length,..

Since the quantity of yarn was limited, only
five tests could bé carrled out at each of the 49 test
conditions. A suitable saupling scheme was therefore
drawn up. The cut~skein method was chosen as the |
simplest in the circumsteances. This method eliminates
short term variations in the yarn and reduces the

effect of variations between intermediate lengths

calthough long term variations may still occur between

skeing.,

In this case the last difficulty was overcome

by preparing extra specimens to serve as cross-checks.

.~ Seven skeins, each containing five loops of yarn of

sifficient length to brcvide nine sections wmix inches

//” long, wexre wound. One skein thus consisted of seven
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sectiong to be used for all the @-‘é‘é“‘m at one temperature
and two sections for use as emaéacheeka between each
temperature, The exact arrangement is outlined in
Table 1.1 below, the letters representing different
'skeina and the numbers indicating the section of the

gkein involved.

TABLE 1.1 Order of Sampling by the Cut-Skein Method
smam | T e tmmauE (%) |
(%Eﬁ) | B 35 k5 5 | 65' | »] 8
b Hh 1B % |5 By GgFy GglGy
10 A, B, ¢, D,Fy | B, |F, |G,Fg
20 by By By | Oy By | D By Py |Gy
40 A, Dy | B, N D, B, |F, |9, B
100 i B, Gy Dy By Gy | Fy Col G
200 A By | By G | DgBy | By |F, |G
4,00 by By by c,:,é by | Dy 5, |FR, |G,
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o enable hooks to be used in place of the
regulax Jjaws, each length of yara was attached ot
‘both endp 4o Fibre wachers of the fﬁilaw&ﬂﬁ-ﬁimg@@ianagm

xternal diometer # dneh
xwﬁamnal diometer . 3718 dnch
Thickunean /16 inech
Weight | 0e20 G

The gpecinens were threaded through holes of
20 thow diameter speoially drilled in the washers which
were then plaoed on a Jig conslobting of 174" diameter
brass rods reducsd Lo Jugb woder 37167 dianeter ot the
top and serewed inbo o Tufnol base., The rods were
srranged Lo give a gauge lesngth of approximately 5 inohes
botween the ends of the warhovs. A pide view of the

frame g chown 1n Flge Lade

= vt I, washer

&r‘ paper clip : #

1. brass rod

Tafnol base

~ ]

Fig. 1.3. ~ Sample Preparation Jig




Miniature pape?‘alipa”weighing 0.33 gn
were used to hold the yaﬁn in position under slight
tenalon while it was cemented to the washers. This
was done by spotting each end with a mixbture of
Araldite 105 emd havdener 951, a warm setting resin
adhesive of high tensile strength, The Jjig was
then placed in an oven at 100°C for 2 hours to cure.
the Araldite completely,  (The manufacturers
recommend & minimm time of. 20 mimites ot this
temperature). . This treatment also served to anneal
the yarn and minimise the effect of thermal history

on the results.

It should be noted at this point that the
yarn &as héld an}thahjig thraughqut‘the anngalxng
process and:wae g@t allowed to T?laXm: Specimens
ﬁere eanaitioned in the’relaxad state ;n a standard
véﬁmgsph§xe ferlat‘least 48 hours following the heat

treatment.,

Up to 10 gpecimens were mounted in the
cabinet at any one time and allowed to condition for
at least one hour at the test temperature before
being transferred to the hooks. Since the Jig gives

only an approximate lengih, the exact gauge length



was measured on tﬁe hooks under a load of 0.01
g/denief immediately before each test. This was
found to vary between 4.95 and 5.25 inches, the
~average length being,ﬁqiﬁ_incheﬁ; Oﬁer 78% of the
1ength§ were within 1% of the average value,
Individual lengths were taken int@'acqﬂunt when
measuring the tensile data but calculations of strain
rate and other time factors were based on the

average value for each gerieg,

~ The temperature was noted frequently during
conditioning and before each test, adjustments being

made when necessary.,

The Araldite adhesive penetrates the yarn
and wagher when applied and becomes hard and rigid
when cured. If it ls not mixed correctly or is
prevented fram-penebratingvptoparly by, say, an alr
~ bubble, the yarn will be allowed to slip out. This
occurred occasionally during testing, and where it
- was detected the values were opitted. Good pene-
tration caused its own t#eublaﬁn5ﬁhef£onm of brittle
jaw breaks chaoracterised by abnormally low breaking
" elongation and load. = Thege were a2lso eliminated

and this meant that the average values for some



conditions were caloulated from 3 tests only. Thus
the &aauraay of these reaulta 1a 1¢w ana this must be

borne in mind when,thair 1nmarpraﬁat10n ie attempted,
1e3e4e

: ?ﬁlygrapylane ‘B, = TFreparation and kraaedure

| ﬁhe.ﬁgmpla @t@@&ratian‘ana‘%eat procedure
for polypropylene B was very similar $o that for the
firet yarn with only olight modifications resulting
from experience gadned in the course of the Firet
serieas of teoba,

A 1argar quantity of the seconﬁ.yarn was
available ana ten npecimens ware greparea Toxr teest
at each gqnaitian to dlow for the possibvility of
slippage and abnormally low breaks, and b0 improve
the securacy of the réﬁultagt The breaking elongation
was expected to dncrease repidly at the higher end
of the time acale and o study this effect in more
detail it wie decided o use a slightly lower range
of strain rates. The oross-hend ppeeds chomen gave
effective strain rates of 1, 4, 10, 20, 40, 100
and 200 % per minute for a 5 inch gange length.
A1though the same effect could have been achieved by
inereasing the highéet'ﬁeat temperature it would have

J3 e



meant approaching very close to the annealing temperature.
/

The same range of témpersture was therefore used,

| When washers were re-ordered it was found
that the outside diameter had been reduced to 7/16
inch and the weight was 6nly 0,14 g . The weight
was insignifieant in any case but the diemeter change '
reduced the effective surfaae availabla for attaching

1s§ecimenﬁtby g third as shown in ?igg l.4.

This caueed a slight 1ncreaae in the number
of speeimens which slipped £rom the washers &uring
test. Algo, using the sane jie ih@ average gauge
length was slightly g#eaterg It was expeeted to
increase by l/léth of an inch (00,0625 inphés)‘and in
- fact iﬁ was found to vary between 5.00 and 5;35 inches
with an average value of 5.20, an increase of 0.07

~dnches.,

To apply time»ﬁémper&ture superposition to
' the wesulty the glass trangition temperature (Tg)
should be known. The Ffact that the relationship



between volume and temperﬁ%ure ghows a marked
digcontinuity at Tg is uéad t0 measure this
tempefature; Thﬁ‘mﬂﬁ£0db Galled dilmﬁometry has
| been used Lo determine Tg far 6éve?al polymers of
the olefin family and has led to considerable
difference of opinion due to large variations in
'Vaiuea qubted'by‘differenﬁ guthors. Tg for
polyethylene has been given as 143°%2L ana 193%%5t
by this method. Values for polypropylene are more
consistent (253%2" and 255%%2 for example) but
measurements have not been made using filament
specimens.  Since polymer properties are affected
by the high btemperatures involved in the melt spinning
prbeeasgg it was felt necessary to determine Tg for

polypropylene in filament Fform.

The fact that fllaments, in egquilibrium
under load, shaw‘a change in length with temperature
which ig positive bhelow Tg and negative sbove thils
temperature was utilised. Single filament specimens
of each sample were loaded to approximately 15 g/tex
and left for four days at 20°C to reach an equilibrium
strain of about 8%. Changes in length with

temperature were then measured over the temperature
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range 250%K o QQBQK, 30 minutes being allowed forxr
conditioning atfeaeh temperature. Readings were
taken while the temperature was both decreasing and
inoreasing using a cathetometer acourate to + 0.001 cm.
A sample of isotactic polypropylene identical with
that used by Ha;l.fl.‘?0 and depignated as sample C wag
also included in these measurements. Fig. 1.5

shows the result of plotting length against
temperature. It is seen that the transition point
can be readily determined within + 1°C by this method..
The values obtained are shown in Table 1.2 (a).

They are much higher than the values recorded for
block polymer using dilatometry.

The density of each sample was also measured
using a density gradient column similar to that
described by Junes§3¢ Xylene was used as the low
density liquid and a mixture of xylene and carbon
tetrachloride constituted the high density liquid,
the densities of each being known from hydrometer
messurement. CGlass floats of known density were used
to check the ealibration of the column so prepared,

a theoretical calibration being obtalned using the

formula




where Py, is the proportion of low density ligquid in

the column at a §oint h from the top, A ig theé

ooluma cross-gectional area and v is the initial

volume of low density liquid in the mixing chember,

TABLE 1.2 Meapurement of Density snd Transition

“8 .

Temperature

(a) (b) (¢) SAMPIE B
GLASS DENSITY (G/CC) TEMP  DENSITY
SAMPLE  TRANSITION AS o :
TEMPERATURE,  RECEIVED ANNEALED (7o) (c/ce)
A 276K 0,915 0,98 20 0,914
oo B G
o . 60 0,908

Measurenents were made al 20°C on epecimens as

received and after annealing for two hours at 100°C

and at different temperatures on annealed specimens

of sample B. The speecimens were prepared carefully

by the following praceduré:~
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1) A 3-minute rinse in alcohol

2) A 3-minute rinse in ether

3) Drying
4) A S-minute wash in a 1% solution of Teepol
at 60°C

5) Thorough rinse in distilled water
6) Conditioning in a desicocator at 0% R.H.

for 24 hours.

The prepared specimens were thus free from olls,

surface finish and molsture.

The measured values are shown in Table 1.2
(b and ¢). It is seen that the values remain in the
sgme order but are slightly higher after annealing
end ‘that the density of sample B falls very slightly
at firet with increasing temperature, the effect
becoming greater at higher temperatures,
1.3.5
Stress Relaxation Measurements.

As already-menfianed the accuracy of data
taken from the stre$S*atrain curves is not'high and
correlation withﬂtensile stress relaxation measurements

was attempted. In relaxation experiments a large
part of the time mcale is covered by measurements on a
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single specimen at one temperature and relative rate
changes can be deéermine&.mare precisely although

the absolute values of stress and the effect of
temperature is still affemted by the sample variation.
On the othexr hand exact correlation cannot be expected
wince the stress-strain data are obtalned at a constant
rate of strain while the tensile stress relaxation

measurements are made at o constant sbtrain.

' Stress relaxation from 6% strain was carried
out atA25°G, 55°C and 85°C for two and a half hours
‘on. samples A and B. Two specimens of each sample
were tested at each condition using the Instron tester
and conditioning cabinet as desq:ibad previously.

The strain wes imymsed on. the 5 inch long specimens
at the rate of 3.20 x 102 sec“l and took just under

2 seconds to reach its congtant value.



Ie4  RESULES

The initial slope of the gtrese-gbtrain curve
foxr polypropylene is not uniform and shows a slight |
deerease at low extenslons before increasging again to
almost ite original value. The point at which this
discontinuity occours varies with strain rate and
temperature, This ls reflected in the values of the
tensile modulus I{t), caloulated, at 3, 6, § and 15%
gtrain, from the equation

B(t) = 8(t) L) =~ === (T)
where B{t) is the tension at time %, 1 is the specimen
length, Ad, the imposed elongaution and A is its croge-
sectional area. This reduces the measured tension at
aﬁ; time to comparable values and, if the slope of the
curve was constant the caleulated modulus would alwso
be constant. A lower modulus value at higher times
indicates tha% the ﬁ%gpe is decreasing, while a higher
value shows an increase, The 15% value is generally
lower than the others since the slope of the curve is

agaln decreasing as the yield point is approached.

In addition o the modulus, the bresking
gbtreas and ptrain were neasured abt each condition and

the vecults are chown in Tables L.3 and le4.

i
Lodow



Al
A2

A3
A4

A5
A6
AT

g &

Bl
B2
B3
B4
B5
B6
BT

E8
AB

25

25
25

25
25

25

25

25 -

25

35
35
35
35
35

35

35

35
35

TABLE 1.3 POLYPROPYLENE A.

3

6454
16.3.
32.7. .
65.4 .

165. .
330 .
658.. "

e 3 A e
T %

65.8
329. -

6.55
16.2.
32.2.
65.5. .

164.
325.
645.

32.4
645,

4
3,95
4,04
4,10

4.14
4.48

4.63

4.73

4.23

4.62

3.50
3.84
3.90
3.94
4,28
4.24
4.48

4,06
4.42

5

25.9

28.3
25.9.
25.6 .
26.2
26.5.
27.2.

25,2
28.2.

28.6
28.3

26.2.
24,0

25.9
23.9
26.2

30.4
26.1

6

2+24
2.26
2.46
2.68
2.68
2.78
2.52

2.60
2.70

1.94
2.08
2.34

2.56

2.60
2.52
2,52

2.44
2.44

7

2.22
- 2.28

2.40
2.48
2.56
2.68
2.56

2.46
2.54

1.93

2,06
2.26°

2.36
2.48

2.48

2.52

2.32
2.46

2.08
2.16
2.26
2,34
2.44

4z, .

2.54

2.44

2.44

1.91
2.02
2.14
2.28
2,36
2.34
2.40

2.20
2.38

2.34

1.96
2.04
2.08
2.14
2.22
2.26.
2.26

2.14
2.22

1.78
1.91
2,00
2.08
2.16
2.22
2.22

2.02
2.22



c1
c2

c4
c5
c6
7

E9
A9

DL

D2
D3
D4
D5

DT

¥8
R9

45

45
45
45

45

45
45

45
45

55

55

55
55
55

55

55

55

6450
16,2
32,4

65.8
162.
322,
649,

32.4
647,

6450
16.3
32.9
65;4

161,
324,
650,

16.2

324,

J#i
TABLE 1,3  (CONTINUED)

i
3438
3,63
3.83

3,94

4,22
4.32

4.31

3.72

3.97

2.77
2.95
332
3.46

3,71

3,87
3.89

3.29
3.83

5}

28,8
3644

38,1

23#7
26 .4
24.6

24,0

29.5
22.9

24.6
24.8
32.2

26,5

28.4
23.9
25.5

34.5
2556

6

1;73
1.89
2.18

2,54
2,40
2.54

2.48

2.06

.22

1.57

1.70
1.81
1.94
1,92
2.18
2.18

1.86
2'22

1.78

1.94

2,18

2444.

2,44
2.46
2.46

2.02
2,96

1.57

1.67
1&34
1.96
1.97
2.18
2,22

1.84
2.16

1.82

1,93

2,90
2,30

2.30

2,36

2434

1.98‘

2,18

1.63
1.71
1.87
1.93
1.97
2.08
2.18

1.82
2,08

45

1.69
1,82
1,95
2,08

2,14
2,16
2,16

l 9:90
2.06

1:51
laBg
1:71
1.78
1.85
1.93
2.00

1.64
1.93
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1.71
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1.11
1457
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Te34

1446
1.53
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COLUMN L.
L
3,
4o
5,

L1

L1

1]

L

L

1 2
Gl 8%
@2 85
¢3 85
G4 85
@5 85

@6 85
&7 85
M 85
w85
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TABLE 1.3 (GONOLUDED)

i 4 s 6 n 8 9

6,60 2,31 7L 0,95 1,00 1,09 1,02
16,3 2,38 54 1,08 1,09 1,17 1,09
32.4  2.42 45 1,13 1,15 1.22 1.14
65.0 2.41 3.2 1.00 1,00 1.00 1,08

162. 2,79 42.  1.08 1,08 1.14 1,20

395,  2.89 35.0 1,16 1.20 1.29 1.30

649.  2.96  29.0 1.24 1.34 1.42 1.44

16.4  2.37 49, 1.1l 1.12 1,16 1,11
65,0 2,44 34,6 1,11 1,17 1,23 1.23

- Saﬁ@le nﬁmbarm

- Test temperature. (°C)

- Strain rate. (sec. ~Fx 1074

~ Ultimate stress. (dynea/amma X 109)

- Ultimate strain. (%)

7, 8, and 9@ ~ Tenaile mndulus,'E(t), measured“

at 3, 6’ 9, and 15% gtrain
| 10)

respectively. (dynea/am? x 10
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A3
A4
AD
AG
A7

8
BL
B3
B4

B5
B6

BY

AB
E8

25
25
25
25

25

25
25

25
25

35
35

35
35
35
35

35
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| DABLE.1.4. POLYPROPYINNE B

1.60

1642

| 311-‘8
| 64#4

160 )

318,

6.45
31.8

1.62
6.35

- 16.0
31,8
© 63.7
159,

320,

1.60
63,7

G¢AQ‘

4

2,46

3.35
3465
3479
4+06
4.33

3.39
3.85

2,32

2.8
3.12
3.41
3.58
3.85
4.23

1.93
3.61

2

21,9

2445

25,2
22,4

24,4
23.6

25,8

26 .0
21.6

22,2
2l.3
22.8
22,9

© 2246

22.7
25.4

18.2

22.7

6

1.78
2430

2.:48

2,72

2,72
2.92
310

2.32
2.78

1.70
1.97
2,32
2.46
2.60
2,70
2.76

1.57
2.72

7

1,65
2,12
2,28
2,54
2,54
2,70

2.88

2.14
2436

1.56
1.85
2.10
2.34
2,40

2,52

2.62

1.45

- 2.48

1,59

2.02
2.16

2,40

2.42
2,58
2,70

2,04

2,42

1,50

1.78
2.00
2,14
2.26
2.38
2.42

1.44
2.32

46

1,37
1.76
1,90
2.10
2,12
2,26
2,32

1.79
2.14

1.31
1.56
1.70
1.85
1.94
2,10
2.14

1,29
1.97
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o2
C3
C4
G5
cé
cT

A9
E9

i
D2
D3
D4
5

DT

B9
8

45
45
45
45
45

45

45

45
45

55

55

55

55

55

55

55

55
55

" TABLE 1.4 (CONTINUED)

3

1460
6434
1549
32,0
63.4
160,
320,

1.62
64.1

1.60
634
16.2
32,3
64,4
161,
3ea.,

6437
160,

4

1.73

2,14
. a ’58
3,00
324

3,78
3{89

1.57
2.71

144
1.56
1.68
2,10
2.44
£.69
3.13

1.50
2.67

5

2L.9
21.9
215

25,1

237
2640
2447

18.5
17.9

17.2

16.7

16.2
20.7

22.5

20.7
24.7

15.8
20.5

'1124
1.49
“1.92

2.14
2,34
2:48
2.68

1,04
2,42
1.05
1,30
135
1.54
1.81
2.06
2,00

1430

 2.02

1.13

it4§

1.81

1.96

2.20

2,32
2.50

113
2.24

0.93

1.21
1.25

.1t43‘
1.72 -

1.92
1,95

Le21
1.91

1.11

1.41

1.74

1,86
2.08
2.18
2.36

1.12
2.08

6.91
1.20
1.24
1.41
1.65
1.85
1.88

1.19
1.85

4T,

1.02°

1,24
1.46
11.60

1.80
1.90
2.02

1.07
1.9

d.89
1.02
1.13
1.22
1.40
1.61
1.62

‘1$98

1.60
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L2
E3
4
ED

BT

c8
G8

¥l
F2
F3
4
¥5
o
7

c9
G9

65
65
65
65
65
65
65

65
65

75
75

75
75
75
5

75
75

TABLE 1.4 (CONTINUED)
3 4 5 6

1.60 1,38 26,2 0,86
6,34 1.48 20.6 1.03
16,3  1.69 18,1 1.1l
32,2 1,90  19.1  1.38
64,4  2.23 21,2 1,51
163s . 2,34 19.4 1.3
322, © 2,73 25.8 1.70
16,1  1.62 16.4 1.08
320., 2,12 17.3 1.59
1.62  1.13 47 0465
6.45 1.28 32,8 0.78
16,1 1.40 22.1° 0.86
32,0 1.51  22.4° 0.97
63.9° 1.81 22.8 0.97
160, - 2,16 21.3° 1,19
322, - 2,12 2l.2  1.22
16.1° 1.49 24,4 0.86
322, L.75  18.6 1.1

0.74
0.91
1.02
1.32
1.48
1.7
1.65

1.02
1.60

0.55
0.69

0.78

0.91
0.91
L.16
1.26

0.75
1.09

0.72
0.90
1.03
1.31
1.47
1.66
1.64

1.04
1.55

0.52

0.64
0.77
0.91
0.92
1.18
1.29

0.73
1.13

X/

0.70
0.85
1.01
175
1.29
1.44
1.45

1.01
1.36

0ﬁ46
0.62
Q.76
0.87
0.91
1.16
1.24

0.74
1.13
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G2
G3

G4
65
¢6
;’/" G’? .

D9’

k)

65
85
85

85
65
85

85
85

Keys~

3.'060

© 31T
S 63.4
‘161. -
3204, -

©o32.2

160,

py
u";
/

TABLE 1.4 (CONCLUDED)

4

1.07 -

1:.33

1.32
1,13
1.20 -
- 1.48
1.61-

1 0,2 5

1.73

See Table 1.3

44.
434

25:4
20.4 -
R2.4 -
20,8 -

26,3
31 0;5'

6

0.49

0.59

- 0,62

0.62
0.76
0.89
0.95

0.70
0.73

7

0.42
0.52
0.51
0.%9
0.67
0.85
0.95

0.63
0.73

0438
0 '48

| 0,'9,48

0.54
0,65
0.85
0,98

0.60
0.74

49. .

0.33
0145

 0.51

0.67
0.85
0.91

0.61
0.80
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For both samples 1% is seen tﬂéﬂ the breasking stress
deereaséa ag the te@%sr&tuxe.was increased or the strain
rote was decreased, the effect bheing apparently greater
in semple B, . There was little change in the breaking
gtrain except at the highest temperatures and the
lowest sbrain rates where a repid increase took place, -
This corresponded to the appearance in the sitress-gtrain
curve of a flow region beyond the yield point where

the stress was almost consbant. -

Theé isotactic semple of Hallao ﬂhowed«a gimilar
fiow region at & much lower temperature corresponding
clogely 4o the glass trensition temperature vaelues given
for the polymer by dilatometry. It has, however, been
shawn54 that commercial gamples of this yarn, containing
génerally a small percentage of atactic naterial do not
necessarily exhibit such a marked flow region associated

directly with the transition temperature.

It has been stated that the reduction method of
time~temperature superposition is only applicable to
crystalline polymers if the strueture of the material
does not change within the range of temperature used
and strains do not exceed the limit of linear viscoelastic

behaviour.
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The slight fall of density with increasing
temperature indicates a slight change in erystalline
structure. The linearity can be checked using the

formula

SR =[':TM(T)(I—QHE/‘T)JAT - — (8

where & is the z‘a"bress,; R the rate of strain, € the
strain and M(7) is the relaxation distribution function.
6_/R ig a funetion of E/R and by plotting 5'/R against |
time 2 gingle master curve should result if the material
is linear. Samples A and B were tested in this way at
extreme conditions of temperature and strain rate. In
no case was a single curve obtained. Even at small
gtraine a slight divergence occurred although this only

became marked ahave 3% strain.

mus‘,‘"}“"éis expected, polypropylene cennot be
termed a linear material while it is felt that ite
molecular structure changes only slightly in the range

of temperature used.

To study the temperature dependence of the
resulte plotsof log (breaking stresas) against log
(atrain rate) and log (tensile modulus) againet log
(time), for the 6% and 15% levels, were drawn at each



temperature. These are ahﬁ%n in Figs. 1.6 to l.1l.
The breaking strain was net,ineludeé at this stage
gince it changed little at fhe lower temperatures and
did not give a clear picture of any trends which might
have assisted the interpretation of the results, The
same general trend is seen in all the figures and it
h@pearea pgasible‘that superposition of the data could
'be}aohieved.by reducing them to a standard reference
temperature.  Accordingly all the stress values were
reduced to 3269K, the chosen reference temperature, -
this being 50° above the measured glass transition
temperature. Using the general form of eguation (5),

and plotting log s . Tofr against log l/Ra.T and log

E@) T4 against log b/ay , & good '£it' of the data

was not obtained. Consequently an empirical shift

was used to reduce the resﬁlﬁs to the gtandard temperature
= 326Qf, The composite curves thus‘praauced are

shown in Figs. 1.12 to 1.19 and include curves describing

the effect of tempera.ture an the brea.king strain using

etrain and log ‘A&aT- as the eewardinates. The curve

of equation (9) and the shift factors used in this case

are compared in Mg. 1.20. This reveals a linear

relationship between the shift factors and the temperature.

&
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FIG 1.20 Horizontal Shift Factors for P6lypropylene A and B




This, together with the fact that the same shift could
be applied to all the data from both samples, sugsests
that the superpositlon is reasonable,.

| The variatién‘o‘ the resulis was, however,
high, particularly whare ultimate praper@ieﬁ were '
involved. mhe averaga standard error of each mean
value was abou.t ‘the same for both pamples indlcating
that the benefit of testing more specimens of sample B
was 0ffset by a higher inherent veriability in his
sample,  The averége coefficients of variation are
fsho\@. in Table 1.5.

PROPERTY | COEFF. OF VAR%ATXON
. A-Q B »
o 3.56 5%
€ 5% % TABLE 1.5
(6) 4 64 5% CORFFICENT OF
E(15) 3% 6% VARTIATION

Although ﬁheee values are reasonable a few
indiviaual values for bresking etrain had e coefficient
of varistion of 15% or over and several values for
breaking stress hadla coefficient of 10% or over for

sample B., When the temperature variation of + 1%

DO
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ie taken into congideration an error is introduced
along the time axis and the overall coefficient

becomes higher. If this average variation is applied
t¢ the composite curve a good indleation of the
geouracy of the data and the limite of the true curve -
are given. lﬁhiﬁ e ehankﬁy @ha'aoﬁﬁeé lines in

Tigs. 1e12; 1413, 1,18 snd 1,19,

Date from teusile aﬁraaﬁxvelaxaﬁian experiments
(Table 1.6) were treated in the same way as the stresg-
strain data. The atress was converted fto the tensile
modulue and measuremenie ab dlfferent lemperatures
compared on a log-log plot of modulus with tiume.
(Figs. 1,8L and 1.82). Once again it was ceen that
© pemperabture had o greater effect on sample B.  Dxact
superposition could ﬁb% ve nchleved using the previous
shlft factors. In fact sllghily different lactors

had to be used for each sauple as shown in Table 1.7.

*

TABLE 1.7,  HOPIZONTAL SHIFT PACTORS (Logd-)

TOMPERATURE

| ‘ 2% % 857
SHIPT FACTON

FROM

STRESS=STRATN CURYES 243 | ! Bule

SIRESS JEDAKKETON " -
BAVPLE A | 23 1.8 349

SYHESE NELAKATION o o o _
BAVELS B Lo o3 250




TABLE 1.6 SIRESS RELAXATION

LOG SAMPLE A SAVPLE B
WE ) 25%  55% 8% | 25% 55%  83%
( SEC)

04477 | 2448 1,87  1.30 2.44  1.74 1.02
0,778 | 2.37 1.7L 1.19 2423  1.46 0,78
0,954 | 2,30 L.63 L3 | 2,15 1.35 0,71
1,079 | 2+24  1.57 1.08 | 2.08 1.28 0.67
1.322 | 2,18 1,49 1,03 1.97 1,15 0,62
1.477 | 2,09 1,44 1.00 1.87 1.08 0,58
1.778 | 2,00 1,31 . 0.95 1,70 0,93 0.54
2,079 - 1.23 0,89 1,55 0.82 0,50
2,255 | 1.84  ~ - - - -
2,380 | 1.77  1.15. 0.84 | 1.37 0.73 0.46
2.623 | =~ 1,08  0.83 | - 1.27 0.66 0.43
2,778 | 1.64 1.05 0,81 1,19  0.62 0.42
2,954 | - 1.00 " 0.79 1410 0459 0.40
3,176 | 1.47 - - - - -
30322 | 1.41 0,92 0.74 | 0,94 0.54 0.38
3.519 | 1.33  0.89 0.70 0.89 0.51 0,36
34653 | - 0,88 - C0.84 0449 -
3.708 | 1427  0.87 0.69 - - 0.35
3.7%6 | - - - 0,79 0.47 -
3.839 | - - - 075 0446 -
3.875 | =~ - 0.83 0.66 - - 0.34
34954 | - - 0.64 071 = -
4.000 | - 0.81 - - 0u.44  0.32

O S S

. .
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Stress-Strain Curve with that calculated from Stress
Relaxation Data for two samples of Polypropylene
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Thege differencies may well arise from the
féet that only two specimens of each sample were tested
at each bemperature; maeking the absolute value of gtress
dcubtful'althqugh'thé relative values are reliable and
give good "fit" in the composite curves (PFigs. 1423 and
1424} with the exceplion of velues measured in the first

10 seconds of welaxation of sample B.

When the data from the stress-strain curves
are compared divectly with bthe relaxation results
(Mige 1.25%) it im eeen that the Former have the higher
stress values at any pavticular time, the difference
between the two sources being greater in the case of
gsawple B.  Both curves, for eiﬁhér sample, have similar
glopes, indicating that the same rate processes are
involved aud there is merely a change in the time scale
due to the different methods waed.  Although any one
point on the time scale in Tigse 125 corresponds to
the same strain and time in all the curves:this equality
wags achieved in different ways. I the strain has been
imposed for some time, as in stress relaxation af
constant strainy the total stress has beeﬁ relaxing

foxr the duvation of the test. If the strein is only

13w

attained for the first time at the moment of measurement, as

in stressing atv constant rate of strain, new stresses




{1l

;

s f / !
are being intre&ubéd continuously and some have therefore

been relaxing for a shorter period than others. The
average effect of this is to produce a higher stress
gince the average relaxatioh time 1is shorter, and the
effect ié greatest in materials whieh have higher

relaxation rates (esample B in this case).
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1.5  ANALYSIS OF RESULTS

When the'campesite curves are compared directly
(Pigs. 1.26 and 1,27), the marked differences between
the behaviour of samples A and B are clearly seen,
Also, although previous data on sample ¢ does not lend
itself to superposition and was obbained using a
different temperature range and time seale, it differs
again from ‘the other two, if it is compared where the
date overlap. Thus there is a conslderable variation
in the tneéile properties of diffefent samples of

pelyprapyl?ne.

ihis unusual situation was investigated

further inian effort to correlate tensile behaviour
§

I

with oﬁher%physical properties. Degree of crystallinity
% .

and orientgtion are known55 to bé important in
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determining the behaviour of polypropylene under small
deformations; while the average moleculaxr weight and
molecular weight distribution are important factors

- governing the britileness or flow properties in which
large deformetione are involved. The atactic content
of the pﬁlymer, noxmallyvinéicated in reverse by the
igobactic index expressed as a percentage by weight,

ig related o the degree of crystallinity eince it is
unlikely that thié form im capable of crystallization.
Tn fach the presence of atactie @mlymer'haa been found °
t0 have a greater effect on mechanical properties,
including tensile, than molecular-weight or moleocular
weight diegtribution. Tinally the éryatalline melting
point is of gome significance in connection with high
temperature properties. Conseguently, in addition to
density and glass btransition temperature already
mentioned, the isobtactic index, crystalline melting
point, birefringence, intrinsic viscoslity and hence

the weight average molecular welght were measured.

To provide further evidence in support o the values

of the traansition temperaﬁureithe dynamic loss btangent,
tan S , was also measured. All the measurements were
carried out on finish~Iree yarn after annealing unless

othexrwise statved.




The isatactic index was determined by
extraetion in 2.2.4 - trimethyl penﬁane (iso-octane)
for 4 haurﬁw The index was expresgsed as a percenbage
of the weight remaining after extraction td the original
weight, both readings being taken in the desiccatbor
dried state. The crystalline melting point was
determined visually with the aid of a polarising
mieroséqpe. The intrinsic viscesity was measured in
decalin at 13500, three:specific viacosi%y readings
‘ being teken at each concentration., The wéight average
molecular wexght Ww was then caleculated uszng the
folmula

) =M, xi0% _ _ _ _ _ _ _ (10)

where(}lj is the intrinsic viscosity. Birefringence
was determined by the Becke Line method of refractive
index measurement using polarised light. The dynamic
logs tangent (ﬁan. Q ) was measured on gpecimens as
received and in the annealed state over a wide range of

'temperature,' A foreed lateral vibration method

gimilar to that described by Meredith and Hau57 was uged.

8e.
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Data faé ﬁieﬁe properties are summariged in
Table L.8. The speeific viscosity-concentration plot
from which [N was measured is shown in Fig. 1.28 and
the temperature dependence of tan > is shown in Pigs
1294

Annealing caused a shift in the loss bangent
pealk for samples A and B to a slightly lower temperature,
the peak for sample C remaining almost unchanged.

The maximum values of the dynamic loss tangent therefore
ocour at temperatures slightly higher than the measured
glass transition temperatures of the materials and in

the same order éa these measurements. It would therefore
geem certain that there is no difference in the

transition temperature of samples A and B while sample

C hag a higher value,

The calculated molecular weight of material B
is less than half thét of the other two samples, C
having the highest value. Bxamination of Fig. 1.28
shows that the viscosity-concentration lines of samples
A and B have a esimilar glope while %hat of smaiple C is
much steeper. This inaicates the possibility, in the
latter case, of a more rigid molecular sitructure. It

must be borne in mind, however, that this depends on
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only 3 or 4 measurements at different concentrations.
In the case of sample B only two points were obtained
because small pcrtionafténded to preéipitaﬁg;put‘}ﬂ%
the later stages of tﬁé‘viseosity measﬁfeﬁént and
interefere with the rate of flow., = This less slable
behaviour'suggests that cross linking ig taking place
due to the presence of peroxide used to degrade the
material to the required moleculayr chain length,

Thig ig therefore consistent with the low molecular

welght value obtained.

TABLE 1,8  Structural Properties

SAVPLE A B C
Isotactic index 96 8 94.2 100
GrysﬁallineQMQEing _ :

"Pt. (¥0C) 172 172 170
Intrineic viscosity “ |

(LR1) 2401 1.13 2,11
Molecular weight

(Xlo“5) 2439 1.16 254
Birefringence

(n,—ny) 0,025 0,025 0,029

Loss tangent peak (°0)
as received) 22 22 22
annealed) 18 18 23
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' FIG 1.28 Determination of Intrinsic Viscosity for Three
Samples of Polypropylene
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TheAhigher molecular welght and rigidity, together
wi%h the apparent absence of atactic material which
allows better‘oriegtatian as indicated by the higher
birefringence, would certainly account for the higher
tengile strength of sample C, The low density of
thié material is, at first sight, contrary to that
expected since it indicates a lower crystallinityf
However this might expiain the higher extensibility
at room temperature, since 1if it is assumed that
crystalline and amorphous polypropylene have densities
of 0,936 and 0.850 g./c.c. respectively a density of
0,904 shows that over 35% of this sample is amorphous.

The presence of atactic materiesl in samples
A and B results in a lower birvefringence indicating a
poorer orientation than sample C although the density
values reflect a considerably higher crystallinity
(80% for A and 75% for B). This would suggest that
small changes in atactic content play a move imporbant
role in determining physical properties than correspon-—
ding changes in crystallinity. The crystalline
melting pointn of all three samplee are very similar

and no conclusion can be drawn from them.
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_ The combined effect of high atactic content
and low molecular weight in sample B goes a long way
to explaining the greater temperature dependence of
thie &ar@. In facth,of all the properties measured,
the average molecular weight and the isotactic index
appear to have the greatest effect on the tensile'
properties, a conclusion reached by Crespi and

Rana1115§<using a plagtic form of polypropylene.



1.6  CONCLUSIONS

Differences in tensile behaviour between
sampleg of polypropylene can be explained by

differences in struetural properties.

The higher tensile strength of sample 020
may be attributed to the absence of atactic material
which allows a higher orientation of the crystallites
along the filament axis. Although sample B had a
higher atactic content than éample A, these materisls
have the same birefringence. Since their tensile
properties were similar at the lower end of the time

scale, where less time was allowed for relaxation to

89.



J0.

take place, vhe aciusl omowlt of atmetic polymer
present does not appeayr o be of prime Impdriance..
A small pevcentage ig sulfficient to Limit the

orientation and henet the tenglle asbrengih..

The viscoolastic behaviour of o npabevial

soocdepends on Lte pdgldlty. Thin ls detezmined o o

larseaxbent by the btype of molecwlar choin comprising
the Linear polyser but is alfected by the wolecular
wolght andy In thle engo, the lsotactlie index. Sample
Aséad a higher wolpht average molecular welght and
lgotactic dnden then sauple B,  foth these factors
wonld be empuoted bo make the letber lese rigld and
meke 1t mere sensltive w0 the effoot of temperature
gnd obraln rate in vensile tesin. Thic was found 1o
be the case. Sanple € ceanmot he compared diveetly,

£y,
since Hall's dnte=Y

only overdap elightly, but 1t had
& hisher aversge moleeular weight and imotactic indew
Than either of the other materinle and would therefore
be expected o be less gensitive Lo changes in

wemperature oy strain vate than these samples.

Although sanple B was nove gepsitive o
faotore affecting the rate processes of the materlal

Hhan sanple A, tine~temperature superposltlion can be
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applied in both cases using thé game shift factors for
eachy Althaugh the data for sample C were 1imited

. Hﬁﬂ158 atmampued to reduce the breaking strain rasults
at differvent btemperatures to rqam ‘temperature and
showed that the sudden drbp,in the values as the
temperature decreased éarrﬂapanded to a similar drop

as the strain rate increased The shift-factora

usged in thié paper agree closely with those used in

the present lnvestigation and suggest that superposition
can be applied to all three gamples using the same

factors, provided suitable limits are chosen.

Compoaite curves of the type deseribed could
be used to characterise different samples of
polypropylene or detect changes in behaviour occurring
as a result of structural changes caumed by alberations
in conditions at some ﬁﬁagé in polymer production or

filament formetion.



PART 2 ELASTOMERIC YARNS
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2,1 INTRODUCTION

Until very recently elastic threaés have been
pré&meea elther by cutting vulcanised yubber sheet or
by extruding latex or rubber solutions through a
spinnaret and vulcanising after spinning. In either
cage the raw material used was rubber. It was
cinevitable that chemiste would try bto develop synthetic
Tibres with the same high degree of élaeticity,-which
is the-ouﬁatanding feature of rubber, but with a higher
modulus and tewusile strength. |

The "Vulkollan principlé" 29 by which'the
- addition polymerigation of dilgocyanates was made
possible provided the break through and various methods
based on thie process havé‘nﬂw been perfected. These
fall into two broad claggifications, chemical spinning
and golvent spianing. In both cases pelyglycola,
either esters oxr ethers, arve first produced from
dialcohols and sromatic or aliphatic acids, a wide
range of which are suitable. These are then reacted
with a dilsocyanate to form a macrodiisocyanate. This
hag svill a fairly low molecular weigﬁt and, in chemical
spinning it is allowed to react with a polyamide,

introduced in a carefully measured quantity, during
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fibre formation. By causing further polymerisation,
the amide hardens the filawents which can then be
handled for further procesging. In solvent gplnning
the macrodiisocyanate is dissolved in a suitable
solvent such as dimethylformamide and treated with a
calculated amount of a polyamine again to extend the
polymer and produce a spinnable viscous solution.

This must be coagulated after extrusion in the normal

way e

The vesultent material ie a high polymer
which can be cross-linked by free isocyanate granps
to form a network gltruectbure with a high rubberlike
elagticity. Thege polyurethaneg, ag they are called,
are characterised by a higher tensile strength and
elastic modulus than natural rubber, the energy required
to break thém being 2-4 times greaters  The new
gpinning methods permit Ffiner counts to be produced
and rubber yarms can be replaced by much finer yarns
of equivalent modulus and tensgile strength.  The
synthetic polyurethanes can be dyed successfully and
‘have good resisbance to oxidation, abrasion, perspiration
and cosmetic olls. They can therefore be used more

readily on their. own without being coated or covered.,




All the yarns produced by theée nmethods
qualify under the generic name of “Spandex", the
general classification adopted in America to identify
synﬁhetie elastic yarns containing at least 85% of
a segmentéd polyurethane. However a Dutch company
uses the trade mark "Spandon' for wool yarn and
cloth giving rise to some confusion in Europe. To
clarify the situation the term Elastomeric Yarn is
being used and a definition is under review by the
American Society for Testing Materials which reads
as follows:-

Elastemeric Yarn - a continuous filament
or spun yarn which, by virtue of thé
chemical structure of the fibre, is
characterised by a high break elongation,
a2 low modulus of extension and a high
degree and r&fe of recovery from a given

elongation,

Natural rubber yarns, a sample of which is included
in the presgent investigation, can be included in this
definition which thus covers all the yarns studied in

this section.

94.
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2.2 BXPERIMENTAL:
2,2.1, Materials

Mive samples of synﬁhetia polyurethane yarns
and & sample of natural rubber yarn were included in the
firet series of tests to investigate the effect of various
physical treatmeﬁts on the mechanicel propertieg of the
new'elaétomeric-yarns in relation to similar datz on a

rubber yarn.

The yarn dimensions, count (tex) and number of
filaments,are detailed in Table 2.1. The multifilament
yarns. were all partially fused, some to a greater degree
. than others, and an exact measure of the fllament count or
number of filaments in the yarn was impossible. Spanzelle
wasg known to consist of 27 filaments and an estimate of
the number in Iycrs and Blue C was made by determining the
count of short lengthe extracted from the yarn. Glospan
was too highly fused for this to be done and, in fact,
this yarn behaved like a monofilament in the subsequent

tests programme.
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TABLE 2,1.
MATERIAL [COUNT NO. OF DENSITY | MOISTURE REGAIN (%)
(TEX) FILAMENTS | G /CC. |AS RECEIVED PINISH~
TREE
Blue © 46 ca 20 1.21 1.8 1.2
Glospan 62 MULTIFIL 1.27 1.8 1.1
I.chr& 51 0& 27 1.15 1.6 0.8
Spanzellel 46 27 1.26 1.9 l.2
Vyreng 50 .-kﬁ%- j 1.32» 2.3 0.9
Rubber . | 54 1 1420 1.9 0.6

2alui Expéx‘im&ntal Procedute

The moisture regain and density were the Tiret
physical properties to be measured. The regain at 65%
relative humidity was measured on samples as received and
with the sﬁrface finish removed. In each case the dry
weight was taken affer oven drying at 105°C until no change
was obsorved. The finish was rewoved by belling in a 2%

solution of Teepol for ten minutes.

The finish-free yarne all had a regain of about
1% while the figure for the samples as received was about
2%, |



'The dansi%gfﬁaa measured using the graded density
column method of Jones as already described with xylene and
carbon tetrachloride as the miscible liguids. Again,
finisgh free yarn was prepared, the Teepol wash being
followed by boiling in xylene for 3 minutes to remove the
moisture. Three specimens of each sample were measured
and all 3 gave identical values in each case with the
exception of the natural rubber material which varied
congiderably. This may have been due to the presence of
zine ;oxide filler in this yarn, it being used to add
weigﬁt and give the almost white appearanae which makes it
mnore prasentablf as a textile yarn, In the very small
gpecimens uaea,gless than a centimetre, a variation in the
filler content ?euld give a considerable difference in the

density reading?

The density end moisture regain are given in
Table 2.1. It is seen thal the dersities of the
synthetic yarns differ eenéiderably‘ The values for Blue
¢ and Vyrene compare with values of 1.26 and 1.29 respec-
tively claiﬁed by the manufecturers. The latter value
was obtained in zinc sulphate solution by the simple
floatation method. This was checked and it was found
that Vyrene did have a density of 1.29 g/ce in zine

97.



sulphate solution and all the other syutheties,
including Blue §, gave lower values than those shown
in Table 2.1. This suggests that the values obtained
in the gradient column were high, due to absorption
of the high densgity liquid i.e. carbon tetrachloride.
If this were so it would be expected to take plave
over a considerable period of time until equilibrium
wag reached-and would thus cause & change in the
density reading with btime., This did not oceur over
e period from 10 minutes after insertion until 48
hours later in any of the samples and suggests that
the values measured in the column are accurate and
that the lower values in zinec sulphate solution might
be due to moisture absorption. The value for Blue

C quoted by the manufacturers is certainly high.

Tenglle tests were carried out at different
conditions bto investigate the general effect of
moigture, heat and heat ageing on the properties.
Textile Jjaws are not normally used to test rubber
yarng eince they appear to cause damege and result in
premature breaks with, in particular, low values of
breaking elongation. [The cepstan type of jaw, o the

other hand, requires the use of bench marks and



e
elongation-canﬁgt be reqbrded automatically since the
gauge length is unknown. It waa%éound that textile
jawsy lined with a fine rubberised silk fabric aeting
as a masking tape and minimising the possibility of
Jjaw breaks; were suitable for testing the sy%theﬁia
materials and these were also used for the nétural
rubber yarns although it was felt that they were
still imposing a slight restriction and causing jaw

breaks in rubber specimens.

| Tests were carried out to measure
(1) +the stress-strain ocurve:
() at standard conditions
(b) in water at 20°C
(¢) in water at 90°C
(d) at standard canditians after heat ageing
for 24 hours at 195°G in the relaxed state.
(e) at standard conditions after heat ageing
for 24 hours at 130°C in the relaxed state.
(£f) at standard conditions after heat ageing
for 24 hours at 100°C and 150% extension
(2) the elastic recovery
(a) at standard conditions
(p) in water at 20°C

I
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(e) inq;ater at 90°C
{d) at sbandard conditions after extension
. at 35°C |
(3) +the stress relaxation at standard conditions,
(4) the "Schwartz value"
(a) et standard conditions
(b) at standerd conditions afier heabt ageing
for 24 hours at 100°C and 150% elongation,

- All bests at a#g@ﬁard conditions were carried
out on an Instron teeter”uéing load cell B with the
regular jawm 11ﬁ§d&aa‘describ§§3 The initial gauge
length had to beQﬁbstrieﬁed‘toﬁnnx:mnr@ than 2 inches

'-ﬁ_to élxgw for the extremely high elongations encountered

with these‘mameriala@.. The apparent elongation was
higher than. the true value,&ug to a creep back in the

. jaws ae the strain was increased; particularly beyond .
ebout’ 200%4. | This was caused by the congiderable
reduction in Giameter at the.highernstraina.ana meant .
th@t‘ﬁha gaugé ;éngthudid nat;rgmain consbant but
increaséd ag the meatlpioﬁeédéd; To determine the
true breakiﬁglstrainﬁha jawyéffeet had to be measured
and a correction appliedel ‘This wae done by using

two different gauge lengths, one being twice the other,

% TFor definition see Page 106.
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to measure the stress-strain curve at the same strain

rate .

If T and 20 are the gauge lengths and A,
and A2 are the regpective observed appgrent extensions,. ..
agssuming the "slippage® $ o be the same in each case,.

the true fractional extension € is given by

A A2 . N et o
€ = 1. = —_ —— — 1l N :
Cec s ()‘i‘rom which
...>\)
5=L(2>\' 2 ____ _(12
A2, 12

and substitubting for S in (l l) we obtain.

A
€=77 L(2x,-g) —-(13) which reduces to
A)_"‘>\;
=N (132)

This equation can be rearranged in a more

convenient form as Tollowss-

__ A2 A N2
=3 —(2-3) ----0»
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i;ab fhe true fractional extension is the
difference between the apparent fractional extensions
subtracted from that measured with the 1arger gauge length..
If necessary the "slippage" can be calculated from equation
(12),  After the initial tests using 2 inch and 1 inch
gaggetleggths the remaining teests were made using a 2 inch
length, An initial strain rate of 1.67 x 10~1 sec™ was
used throughout. It should be noted at this point that, .
although the traverse rate was constant, since the gauge
length increases as the strain increases, the strain rate
decreases, . This decrease 1s not uniform and depemds on
the gauge length, the smaller length resulting in the
greater decrease if the amount of slippage remeins the éame‘.
" Table 2.2 shows the effect of increasing (true) etrain on
the strain rate and slippage in Spanzelié,yarn. Even at
500% strein the difference between the rates at the two
gauge lengths is only 15% and is unlikely to cause a
- significant difference in the slippage or the values of

breaking stress and gtrain obtained. .

TIBLE 2.2

STRAIN (IN/IN) SLIPPAGE (IN) STRAIN RATE (5% OF ORIGINAL)
2" GAUGE LENGTH 1" GAVGE LENGTH
0 0 100 100
| 0,04 98 9
2 0.09 96 52
3 0,15 93 87
i 0.28 88 78
5 0,64 7% a
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To enable tests to be carried out in water
a Jjacketed glass cylinder was constructed for use in
conjunction with small steel jaws, lined as before.
The arrengement is outlined in Fig. 2.1. The lower
Jaw Az ° was fixed 0 a weight W, which was
considerably heavier than the largest expected bresking
load, and rested on the base plate B of the cylinder
C which in turn was mounted on the cross-head of the
Ingtron tester and moved with it,  Hook members were
used to connect the upper jaw Ar to the load cell to
avoid intréducing any stresses other than longitudinal
tengile in the specimen. Rigld piano wire hooks P
were used to support the lower assembly during
mounting of the specimen to allow the gauge length
to be met with the cylinder removed. The traverse
of the instrument was reduced by about half by this
arrangement and a 1" gaunge length was used.  Slippage
was also measured in water using a 4" gauge length

and was found to be similar to that measured in air.

A thermostatically controlled immersion
heater and circeulator pump unit, placed in a large
capecity water tank adjacent to the tester, was used

to maintain the test temperature in the cylinder jacket.
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FIG 2.1
ASSEMBLY FOR TENSILE

TESTS OF ELASTOMERIC
YARNS IN WATER

Scale 1 ¢ 2
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Heat aéeing a% 150% extension was done by
stretching 4" loops over pegs fixed in a piece of
Sindan&o board whieh are waffected by heat, All
the agéd specimﬁné were allowed to condition for a
furthef 24 hqureﬁin.a standard atmosphere before being
tested, |

The elastic recovery from true straine of
50%, 100%, 200%, 300% and 400% was measured under
conditlion (a), (b) and (e) by a cyelic laading'
technigue, 2 inch and 1 inch gauge lengthe being used
inlair and water respectively as before., THach
specimen was extended to the lowest strain, held for
10 seconds and allowed to recover for 1 minute under
no load, This wag theun repeated with the strain being
inereased progressively. The elastic recovery from
each strain was thus measured on a single specimen,
readingz being taken immediaﬁely after xémuval of the

strege and 1 minute later.

Condition (d) was chosen to simulate the
recovery cycle which might be ex@aoted~during‘wear
end give some indieation of the long~term recovery
properties.  Specimens of each yarn were extended

in a gtretching frame to strains of 200% and 400%
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approximately amd held extended for 16 hours ab 35°%,
i.e. around vody temperature. Hecovery was measured
by cathetometer 15 minutes and 8 hoursy afbter removal

. of the astress.

Stress relaxation from stfatns of 400%, 200%
and 50% was carried ﬁut-far 2 hours at standard
conditions on the Instron tester. The long term
gtress relaxation is important since elastoméric
yarns ére used for long periods in a siretiched
condition. The Sindanyo board was utilised for this
test, 4" loop specimens being held at 15074 strain in
a atandard atmosphere. A fine spring balance was

used to measure the stress over a period of 14 days.

The Schwartz value of an elastomeric yarn
is used as a measure of the "power" of the yarn after
repeated stretching. In the rubbe: thread industry
a special Schwartz board is used to memsure this
value160 A length of thread is coiled into several
loops each containing 4 inches of thread and knotted.
This multiple loop is then "massaged' by repeated
extension up to & set value by hand, placedon the

board end, after several more extension.cycles the
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stress is measured at some vaihe below the maximum
extension on both the extension and retraction cycles.
The mean of these two values gives the Schwartz value.
It wasg found that knotting was unsatisfactory for the
gynthetic yarns at higher strains, although this method
was used at 150% extension on the Sindanyo board. . To
gvolid the possibility of slippage at the knot the |
Schwartz test wag simulated. on the Tngtron tester using
a single thread specimen, with a 2 inch gauge 1eﬁgth*
Tach thread was "massaged" by hand several times
increasing the extension each time until it reached
300%. A further 10 cycles to 300% were then carried
out on the Instron at a rate of 1000% / minute, before

the stress was measured at 200% in both dixeotions.

Tor all +the teneile tests a simple cut-gkein
method of eampling was again used, A 6 gsbrand skein,
pufficiently long to provide specimens for evexry test,

was prepered from each semple and out as required.

- Five specimens were measured in all cases except for

- the Schwartz value, where values were highly feproducible,

gtress tent required a long time to complete, In thepge

Correction - Heplace last two lines withie

Ugbress rolaxation and long=tern elastile recovery, whero cach test
roeguived o long time to complote, In these casos thvee speclnsns

wers bested ab each econditions
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Elastomeriquarns are frequently covered with
a textile yarn for'uge in wearing épparel. The cover
yarn or yarns are wound on while the elastic yarn is
gtretched, the cover being overfed. This has the effect
of stricting the recovery and mesns that the core yarn
is always under tension. This also tends to control

the breaking elongation.

Thus the properties are modified considerably
and, for comparison, the stress-strain curve of a Vyrene
yarn covered with two fine nylon multi-filement threads
was measured at standerd conditions. The yarn was
made up as followss~

Vyrene core - 24 Tex monofilament

Nylon cover - 2.2 Tex seven filament

The Vyrene was stretched during winding and
therefore had a negative uptake of 15%. The uptake
of both the nylon yarns was almogt 300%. The effective
counts were thus 21 Tex and 6.5 Tex for the Vyrene and

Nylon respectively and the final yarn count was 34 Tex.

The stress—strain curve of each component was
also measured so that their contributions to the curve

of the combined yarn could be determined.

[N -

Qorvrection - Ldng 5

for Pstrictivgt read "restyicbing®
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2.3 RESULTS AND DISCUSSION

The tensile properiies are summarised in Table
2,3 and are detailed in Tigan, 2.2 to 2,.7. 1In addition
$0 the properties at break, the initial "power" ig
meagured by the stress at 0.5 and 2.0 in/in eirainy the .
ftoughness is measured by the areé under the stresg- |
strain curve and is a measure of the engery réquired to
break a unit mass of the fibre when expressed in the form
of joules/g; the Schwarbz values ig a measure of the
stress retained by the yarn in what might be described
ag the mechanically conditioned state.

Condition 1 in the Table refers 40 standard
gonditions of 20°% and 65% R.H., the stress-sirain
curves for which are shown in Tig. 2.2. In general
the elastomeric yarns have aﬁ extremely low initial
modulus or power, a relatively low breaking stress and
a very high extensibility as compared with conventional
textile yarns. There are, however, considerable
differencies between the elastomeric naterials, the
power and bresking stress varying by a factor of 4 between
the weakest and the sbtrongest. All the synthetie

materinls are ptronger than the natural rubber thread.
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Condlydon 2 :wé Pable 2.3 corvecponds bo that
uoed in meamaring the sirese-sivaln cuyves ab 2070 1n
Giebilled wa:;imr and ehown in Flgs e3¢ Tho power and
breaking stress ave plightly lowey under those conditions
repulting in o drop of about W - 25% dn the toughuess
in moet cases. Changes in breaking otraln are
relabively suell. The efress-utrain curves st 90%¢
in woter (condition 3 in Sable 2.3) ohow narked changes
an coen in Pige 2440 The brealing stvess io redueced
40 & quartery oy leps, of ius value wader norza) condibtions
and the power is alvo much lower. The Youphiness is
reduced, 00 sverage, 50 aboub a third of ite originsl
Yol . E;\fmmml ubber o the oxceptins. The power
in viyduslly wachanged and the other ypropertien phow
soaller ohosgss bud 46 should he yvemenbered thot this
yars had very low ptress values ordginally, compared

with the othey pmobterialo.

Heab agedng av 1087 for 24 hours (condition 4
dn Pable .3) hos little offect on the bresking obrecs,
oo shown in Pig. 2.5y but ooy dn fool, reoullt in a
shlght dooyease dun value Loy m@mﬁ.ﬁmmﬁm} yayns where
Shis brestment appears to fuse the filamendy Yogethey

WOYe Begs Iorny Spanpelle mud Blue €., An dncrease iu
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the breaking atra{n results in a general lncrease in the
toughness in spite of the lower power values. The
exception 1s again the natural rubber yarn. The values
of its breaking properties are lower and its toughness
is therefore reduced although the power is still unchanged.. .
Condition 5 refers to heat ageing at 130°C, also for 24
hours. This relatively small inerease in the sgeing
temperature has remarkable effect on the tensile properties
as shown in Fig. 2.6. The rubber is almost in a state

of disintegration after this treatment and only Vyrene

and Spanzelle show gopd resistance, retaining their

high bresking strain and 50% of their breaking stress.

The remaining yarne all have very low breaking stress

and power and their breaking strains are also greatly reduced.

Their resulting toughness values are therefore very low.

Heat ageing under strain is saild to improve the
power and Schwariz value of a rubber thread. In condition
6 heat ageing was carried out at 100°C for 24 hours under
a strain of 1.5 in/in. As might be expected the
breaking strain is reduced, by over 50% in some cases,
as shown in Fig. 2.7. With the exception of Vyrene the
stress at a given strain is higher than at any other
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condition if the initial part 0f the stress-strain
curve is excluded, The breaking stress is, however,
much lower in most cases than normal andlthe toughness
values are glso considerably reduced, The rubber
yarn shows only a'sligh% reduction in breaking stress
and the toughness is comparsble with ite values at

other conditions,

o A typical Schwartz value measurement is shown
in Fig. 2.8. It is seen that the loading curve of
the measuring cycle is very different from the initial
loading curve of the yarﬁ althcugh the unloading curve
is similar, Thus, although the elésﬁie recovery is
good a large percentage of the work done in stretching
the yarn is lost and the power suffers as a result.
The Schwartz value is therefore very much lower than
might be expected from the stress-strain curve. At
standard conditions all the synthetic yarns have
higher values than thevnéﬁufal rubber, After heat
ageing under strain, however, the rubber yarn shows a
alight increase and of the remainder 6n1y Lycra and
Blue C have values which are appreciably higher than
that for rubber,



TABLE 2.3 _ TENSILE PROPERTIES

Ao~
I 2 ]

ELASTOMER |  |[HE |5, .| Power at “

g |wd | g | (ROT o las N’S

I" ﬁg 'a der;es.s/cm ) m% qaﬁ

5 |45 |99 | sopfecos |57 |BE

8182 | &S G E

© Mgl M | STRAIN |9 |9

IS S . .

LYCRA 1|9.5|580| 3.6 | 12,2 | 149 | 486
S 2 18.9]610] 3,1| 20,2 | 132
3/2,5|640| 2,6 6,1 | 58
4 9.8|610| 2,5| 12.2 | 161
511.7|360| 1,6 7.7| 28

A’6 60? V455 2p2 16;8 ‘98 353

SPANZELLE | 1 |5.0| 640 | 3,4| 8.9 | 107 | 372
b 499 530 3#4 ’7y8 76
3|1.3]|640|-1,7| 4.0 32
4 6.1 780 | 2.2| 6.7]156
5|2.6|700| 1.1 4.0]| 61

6 | 3.0 | 355 | 1.4| 11,3 | 31233

BLUE ¢ 1 (8.2 525 4.3 11,8 | 106 | 418
26,8520 4.3| 10.7| 75
31 1.7| 575 3.2] 6.4 36
418.8|605| 3,2| 7.5]|2106
5|0.4| 340 | 1,1 2.2| 6

61 5.3 335 2,1) 15,0 87| 309

L



TABLE ng ( CONTINUED)
DLE 2,3, (CONIINU]
[v1] . o
@ o
M M
REEEE fgggg at | g ég
ELASTOMER g .m’g;@ to dyses/ou?} & & ,g =
‘g %%@%% 50% mm%%g %g
853 S.ﬁ STRAIN |82 5%'5
VYRENE 1]8.1660]| 2.3| 4.7 |98 | 294
' 2| 6.1 | 610 | 244 4.7 68
13l1.2168] 0.9 1.7 20
46,9 |690| 1.8 4.1 89
5| 4.3 740 | 1.6] 2.9 | 72
6| 2.0|410|1.31 3.9|16 | 176
GTLOSPAN 1| 6.1]620]| 3.9/10.8 [123 | 341
21 5.4 | 630 3.4| 7.9 200
312.6 690 2.3| 4.4 43
4| 5.7|670| 3.4|10.8 [133
5| 0.8 | 470 | 1.6| 4.4 19
6| 1.5 205| 2.0(14.2 | 13 | 220
RUBBER 1] 2.3]530] 1.01 2.5 32 | 211
2| 2.2|470|2.0| 2.8 26
3/1.3|480| 1.0| 2.8 20
41.9| 450 1.0 2.8 22
Bl = | = | = | =]~
6| 2.1 440] 0.8| 3.2| 23 | 219

ekt 0
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FIG 2.3 The Stress-Strain Curves of Elastomeric Yarns
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FIG 2.7 The Stress«Strain Curves of Elastomeric Yarns
at Standard Conditions after Heat ageing for
2l hours at 100°C and 150% Elongation
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The elastic re%avery pxqﬁartiea are condenged
in Table 2;4. Values are given as the ratio of the
recovered sitrain to the imposed gtrain expreésed as a
percentage. All the yarns show excellent properties
undexr all the conditions tested: At standard conditions
none of the samples has an immediate recovery of less
than 85% and after one minute 90% or more of the strain
has been recovered: The slight differences occurring
between values measured et standard conditions and those
measured in water at 20°¢ are not glignificant since
readings were only accurate to + 1% but there is an
indication that the recovery is slightly less or slower
in water, In both these cases rubber and Vyrene show
plightly superior properties. In water at 90°C there
i a pronounced reduction in the values, particularly
at the higher strains with the exception of rubber which
stands out above the synthetics in this test, only Vyrene
and possibly Spangelle approaching ib. In the test of
long-term recovery after prolonged straining at or near
body temperature there ig little to choosme between any
of the synthetics but, good as their properties are,
rubber still shows itself to be superior in this case

also.



ELASITO RECOVERY

TABLE 2.4

EXTN ., 2 3
(%) A B3la B3l a B | O D
LYCRA S

50 | 100 100 | 100 100 [100 100 | - -
100 97 98] 9% - 98| 94 97 | ~ . =
200 94 95| 94 96| 90 95 | 92 95
300 91 94| 91 94| 87 92 | - -
400 87 90| 88 92| 83 88 | 92 94

SEANZELLE | ’ : |

50 |100 100 | 98 100 | 96 100 | - -
100 | 99 99| 97 99| 92 98 | - -
200 97 98| 95 97| 91 95 | 91 94
300 .| 93 95| 92 95| 89 93 | = -
400 89 92| 90 92| 87 91 | 90 92

BLUE G B

50 98 99| 97 98./-93 . 95 | = -
100 95 99.| 95 97| 91 95 | - -
200 95 98| 94 97| 89 . 93 | 87 92
300 93 96| 93 95| 87 91 | = -
400 8¢ 92| 8 93| 84 88| 90 93

YIRENE -

50 97 100 | 95 100 | 91 100 - -
100 96 100 | 95 100 | 90 97 - -
200 95 99| 9% 99| 90 94 | 88 95
300 95 99| 95 98| 89 94 - -
400 92 97| 93 97| 88 93 95

92

N



“ﬁe‘h 3 4
A anl a B a Ble »
50 6 68 | 94 00| 94 98 | » -
100 s54 of | 92 98| 91 95| w« -
260 g 96 | w1 o5 | 85 op | g2 96
300 g6 94| 89 94| By a7l - -
400 86 92 | 86 oo | 1 B3 | 20 94
50 100 200 | 99 100 100 100 | -~ -
200 DO 100 | 99 100 | 98 99 | - -
200 97 o9 | 96 9n | 97 6 | 98 100
300 o 98 | 97 e | 97 97| - -
460 a6 9B | 96 97| 95 96| 98 99
T 8 v

Conddtion 1 ~ Standard Gondlbiong

- )

" o - In Vater at 2&3‘3@
" 3 - In Under at 9u%
" 4 = jleld Wader Strain at 350 and allowed

to recover at Htandard Uonditions
A - Inmediate Decovery
hecovery after 1 minute
& - Hepovery afber 1% minwbaes
0 - Decovery after & hours

iy
r?.*’s% wh
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The stress relaxation curves were measured
at constent straing of 0.5, 2.0 and 4.0 in/in for 2
hours at stendard conditions. This served to provide
information on the amount of stress, Qr-power retained
by an elastomeric yarn when held‘under'sﬁrain for long

periods of time,

It was found that the stress decayed very
rapidly initially, then more and more slowly as time
-progressed. When stress was plotted egainst time on
a log~log basis a straight line relation wés found to

exist Litbting the simple relaxation formula

f. = 1C+ (l-—2~3k)%° t {14)
fo=f O-23k)e gy

whe: .
ok Where 'ﬂ, is the stress at time t, ftol,is the stress
Logat guy reference time o and k is the eradient of the
- relaxation behaviour can thus be dseribed completely if

k and T, are known. . The behaviour is presented in
thisg form in Table 2.5 where values of k and f for t =

30 secs are given.

-



TABLE 25 STRESS RELAXATION

Elastomer Relaxation from
0.5 2.0 4.0
Strain Gn/in)
-k £ | ~-x £ | -k f
Iycra 0,023 3.2 | 0,070 8.2|0.110 17.1
Spanzelle | 0.041 2.7 | 0.050 ' 6.5 [ 0.072 15.7]:
Elue C 0,033 3.6 | 0.062 7.1 [ 0,170  13.7|
Vyrene 0.035 1.9 | 0.047 3.5|0.050 @ 8,5/
Glospan 0.039 3.3 0.047 7.4 |0.050 17.2|
Rubbex 0.023 0.9 0,038 2.1 |0.040 7.6/

(£ given in dbnes/om?*x‘lb7)

It ghould be eﬁphasizea that équation (14)
does not hold at short times at higher strains (below
10 seconds at strains above 1 in/in). The values in
Table 2,5 are taken from Figs. 2.9 to 2.11, k, a
negative number, is a direct indication of the rate of
relaxetion or loss of power, the_higher the value of
k, the higher the rate. Thus Blue C and Iycra lose
tﬁeir power more rapidly than the other semples ét
high strains: These yarng, however, have more power

initially and can, perhaps, afford to lose more as

ol e

peen in Fig. 2,11. T"Elagticated" garments are required

to maintain their power as near a constant lével. . as-

poesible over a long period of time in normal wear and
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yarns with a low k value may therefore be favoured
although theirjinitial power is lower.

Fng 2.12 shows the long term relaxation
curves measured by spring balance for a period of 14
days and verifies that equation (14) holds beyond a
mere 2 or 3 decades of logarithmic time except possibly
in the cage of‘rubber where the slope increases at
longer ﬁimea.‘ k values caleulated from these curves
agree reasonably wgll with the previous data even
with the different measuring technique used. The values

for CGlospan and Blue ¢ are lower than expected.

. As‘ﬁentioned in Chapter 2;2 elastomeric yarns
are often used as the core of a plied yarn. The load-
extension curves of & covered Vyrene yarn of the Vyrene
core and of the double nylon cover are shown in Fig.
2.13. The Vyrena component hag a ocurve typical of the
material.althéugh~the breaking extension is low, probably
becaude it ‘does nﬁﬁ weéover completely after being held
underlst#a#n fo% @ pféiengea ﬁeriod. The nylon cover
has a higher breaking load wifh an extension of 40%.

The curve of the cbmbiﬁéd yern follows that of the
elastomer for the first 100% with a slightly higher
;nitial power. - Up to this point the nylon is uncoiling



loosely on the purface and eont?ibuﬁea Little
resistance to the applied strain but as it reaches

ite limit no more uncoiling takes place, ‘the nylon
presses against the Vyrene core and takes over as the
main load-bearing component., The load now increases
rapidly until %he nylén thﬁeaaa break at a slightly
lower value thain that recorded for nylon alone gince
the weaker of the two threads iniﬁiategithe break

and the Outwaré prasaﬁre of the elastomer plays a part
applying forces other than true tensile load to the
cover yarnsg., If the test is carried beyond this point
the core yarn will extend to about 300% before breaking
at the point where the cover yarns ruptured, the
extension being restricted by the presence of the loose
nylon yarn on the gurface and the fact that the
elastomeric yarn is in a stretched condition at the
commencement of the test, This also affects the
initial power and a truer comparison over the first
section of the curves would be Ebtainea if the curve of
the covered yarn was started at 15% elongation, i.e.

if it was ghifted 15% relative to the curve of the
Vyrene core in which case it would almost superpose

up to 100% elongation. |
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' The‘egﬁﬁn@ibility of covered elastomeric

yarns hés been investigated more.fully by Treloar 61
using a simple theoretlcal madai conglsting of a
eylindrieal‘eere of high extensibility covered by a
single inextensible filement of zero thickmess. It
ie apparent that the properties in the initial region,
'while the cover yarn is coiled loosely on the surface,
will be veryfsimilaf to those of ﬁhavelaﬁﬁomarw As
the cover yara or yarms take more gtress, there is a
r&gién in which the extenaibility‘drap& from the

high value of the core to the low value of the cover.
Beyond this, the egtenaibility and the breaking
prdyertieé of the composite yarn are alwmost entirely

dependent on the properties of the cover yarn.



2.4 TIME - TEMPERATURE SUPERPOSITION.

The elastomeric yarns represent a completely
different ﬁlaas of materials, both in chemical structure
and proper#iea eampared with these of the olefin family
discussed in the first seotion of thia work. They ave
interesting in that, although they are high polymers
with, generally, some degree of cross-linking, X-ray
diffraction pattehns taken on the unstretched material
exhibit amoxphous riﬂgs. Signs o@ crystallisation
only appear on stretehing;ag although not in all cases,
due to a straightening of the molecules which ceuses
an increase in orientation rather than sctual crystallite
formaﬁig@g Thus from a stress bearing point of view
these materials show amorphous behaviour at low strains

but become more like erystalline struetures in their

i

!

behaviour at higher sitrains.

A study of the tensile prapérties of one of .
theme yarns at different strain rates and temperatures
is therefore of particular interest as a means of
investigating the general applicability of the super-
position prineiple discugsed in Chapter 1.2.

1

D
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: . 26,430,431, 37
Barly work by Toboleky and his associates

on. amarphous'polymers with a rubberlike structure has
already been mentioned in a wmore general context.

The more direct appliecation of the W.h.¥. equation by
Bretbecheider,° to rubberlike rocket fuels, end
gmith,39 50 a (R-S rubber, have elso been discussed.
Landel analﬁmith;53 in work on rubberlike propellants
and filled elastomexrsg, pointed out that superposition
wag only applicable in some cases and other warkersﬁ4
have been unable to find sny time-temperature
dependence in similar materiale. ‘There is, therefore,
some doubt concerning the aepplicability of the

reduction method to elastomeric materials.

The yarn chogen for the present study was
Glospan. - . It was selected becauvse its tensile
properties were fairly répresantative of the group
already tested and the highly fused mature of the
filaments meant that a precise bresking point could
be observed. The latter factor was dmportant in
that the variability of the ultimate tensile properties
was lower than that of materisls in which individual

filaments tended to break separately yet maintaining
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thﬁ higher etrength of the muliifilamént yarn as
compared with a monofil. The coefficient of
variation of Glospan was 6% as compared with 9% for

Lycra for example,

Teats at different temperatures could not
be made using the Tufnel conditioning cabinet as
before due to the exceptional extensibility of the
sample.  Araldite adhesive could not be used %o
fix speciméns to washers since the contraction in
diasmeter which occurred oan stretching cauged the yarn
o elip out of the hardened resin. To overcome this
difficulby these besbs were carried out in distilled
water using the jacketed cylinder already available

as described in Chapter 2.2.

- Care was baken in the preparation of the
gpecimens to ensure théﬁ results obltailned under
‘different conditions were comparable, A simple cub-
skein sample containing & strands was divided into 18
gsections of eufficient length to provide specimens
for tesﬁ‘usiﬁg a’ 1" gauge: length. Bach section was
- boiled in distilled water for 2 hours in the relaxed
state and then left in a standard atmosphere for at

least 24 hours. Pilnal conditioning for a further



period of one hour was allowed in distilled water at
the test bemperature lumediately prior to tesiing.
Five specimens were%t&stad ab cach of meven

] temperatures ranging from. 20 to 80°¢ and two initial
" and 3.3 x 1072 gec™"). In

addition tests were carried oub ab 6°¢ ana 10%

- gtrain rates. (3.3 x 107

using the highest strain rate only.

Fron the load-extension charts obtained on
the Ingtron tester the tensile modulus at 0.5, 2 and
4 in/in strain end the breaking stress and strain
were meagured. These data are shown in Table 2.6.
Since 'a linear increase of stress with strain is
. r?quire&'ﬁa maintain a égnstanﬁ modulus Ligure it ip
geen immediately that this is not so, that in fact
beyoud 0.5 in/in strain the stress increases more

slowly for a time and gt lower bemperatures the

2.in/in medulus value is lowest, the stress increasing

nmore rapidly agein by the time o strain of 4 in/in
is reached. At higher temperatures the modulus
only staris to increase more rapidly beyond 4 in/in
gtrain and this value is the lowest. The tensile
modulus therefore shows a greater variation with

temperature as the strain is increased, This is in

L 30
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2¢6.

Temp., | Initiel | Tengile Mbgplu 7 Breaking |Breaking
Strain. | (dynes / cm 10") Stress Strain
R&te__.‘ 0-5 4 d efr}/ 8

(°c) | (sec % in/in in/in in/in x 10 (in/in)
(x 107°)| Strain Strain |Strain ‘

6 33 5.6 4.6 | T.4 643 6.40
10 33 5.6 4.3 6.6 54T 6430
20 33 5.2 3.7 5.2 5.4 7.00

3.3 4.8 3,2 4.5 4.5 690
30 33 4.8 30 3.7 4.3 T.40
| 3.3 | 4.8 2.9 | 3.4 3.8 7.50
0.33 | 4.4 2.6 3.4 3.5 T+45
40 33 4.8 2.9 3.2 3.6 7 .40
343 4.4 2.7 3.0 3.3 7 .60
50 33 4.8 2.8 2.8 3l 7.70
3.3 4.4 2.5 2.4 2.8 7.85
60 33 4.4 2.6 243 2.7 8.00
3.3 4.4 2.3 2.0 2,3 8.00
70 33 4.4 2.5 2.0 2.4 8.20
3.3 4.0 2.2 1.8 2.0 8.20
80 33 4.0 2.2 1.7 2.0 84:40
3.3 4.0 2,1 1.6 1.7 7.90
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as the molacular chainsg benomﬁ atraightened and
causes a change in the stress hearing mechanisu.
This in turn WOul& alter the tem@érature dependence

of the ma&ulus aa the sﬁrain was incraaaed.

The linearity of Glaspan was tesbted by
the method’ usea for pclyprapylene uaing equation (8)
_The test was appligd to the curves obteined at 30°C .
. and once again lingar'viaeqelastiq behaviour could
not be said to exist at any strain although the
deviation was small up to almost 1 in/in strain.

Using the general W.L.F. equation -in the
form of equation (9) each set of data was reduced to
a reference -temperature of -47°C (320°K) as before.

The resulting curves are sghown in Figs. 2.14 t0 2.17.:
The curve of. the modulus measured-at 0.5 in/fin

strain (Fig. 2.14a) shows considerable scabtter.

This is because the actual -stress -at this point is
very low and the accuracy of measurement was

correspondingly poor. The curve is covered by a
change in load measurement of only 4 grammes on a scale

of 400 grammes. When this is taken into consideration
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the superposition is xeasonable? The curve of the
modulus measured at 2 in/in strain (Fig. 2.14 b) shows
~excellent correlation with fhevexyeetad shift, due
nainly to the increased accuracy of the points. Thus,
although the strain in this case is appreciable, and
 the modulus shows a greater variation with tempersiure,
the time dependernce hag changed in conjunction with it
and the superpnaition is etill valid at thie stage.

The re&uced data for the ma&ulus measured at
4 in/in strain (Fig.2 15) presents a somewhat different
picture. The first few painta, corrempondmng o
results obtained aﬁ the lower temperatures, appear to
| follaw the same ‘trend as those measured at lower strains.
Beyond 20“0, however, it is found that the modulus is
dhanging at a greater rate due to changes in temperature
 then i% is due to changes in time. The continuous
line in Fig, 2.15 thus shows the temperature dependence
and the broken lines, joining points measured at the same
temperature, show the relative time dependence. The
equivalence of changés in time end changes in temperature
hasg thus altered and it would appear that perhaps some
vertical translation factbor, taking the rearranged molecular

gtructure into account, might be required. An examination
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of the curves for the ulbtimate properties (Figs. 2.16
and 2,17) adde strength to this argument. Again the
superposition ie not complete when equation-(9) is
applied to the data for the ﬁreaking sﬁresaau 1Althaughv
the error is perhaps glightly less than in the previous
cagey it follows the ﬁame'pattarnlana indicates that.
beyond 4 in/in sbrain chauges'ocourring in wmolecular

structure are almost independent of temperature,-

L simplerapplication of timamtemperaﬁﬁre
aupérpasiﬁion.was~u$ediby Smith65'te~abtain a»eharactewistie
.failﬁrg envelope for an elastomer. His method follows
directly from Figs. 2.16 and 2.17. If the logarithm of
the reduced bresking stress and the bresking strain
ere both related to the same time scale they should be
inter-related, Smith plotted the logarithm of the
reduced Ereaking stress againsﬁ;ﬁhe logarithn of the
bresking atrain and obtained a composite curve describing

the ultimate properties of two SBR gun vulcanates.

This is & more critical test of the application
‘of”the supefﬁdaition method since two parameters are
involved, each carrying a congiderable experimental error

in the case of filament yarn materials.
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The shift factor on the time axis does not
enter dinto this relationship, however, and the method
was used to produce a failure envelope for Glogpan.

This is shown in Fig.2.18 and it is seen that, bearing
ih mind the high scale magnification and the coefficient
of variation of 6% in both the stress and strailn values,
‘a8 reasonable curve is obtalned. This suggests that
superposition of the ultimate stress and strain data
for Glospen is possible and that it is merely a question
of adjusting the shift factors to take into account
~molecular orientation occurring at higher strains as

already mentioned.

The cdrre@panaing failure date for polypropylene
sauples A; B and C are shown in Figs. 219, 2.20 and 2.21
respectively.. All three ghow the same general trends
and the curve of sample €, reduced to a reference
temperature of 333°K, is in a form which is more directly
comparable with the other two. The surves for samples
A and B are similar in shape to those in Figs. 1.18 and
1.19 showing the effect of strain rate and temperature on
the breaking gtrain alone. This is because the rela$idn
vetween the logarithm of the reduced breaking stress and

time is almost linear over several decades of logarithmic
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times TFailure data %&#faample A (Fig. 2.19) show poor
agreement while samplé B (Fig. 2.20) shewe‘feasonable
agreement.  The results for sample ¢ (Fig. 2.21) were
taken from meassurements by #1120 mede at different
temperatures. Measurements at different strain rates

only agree at lower rates and are not shown.
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2.5 CONGLUSIONS ;

The tensile behaviouf of a number of synthetic
polyureﬁhan§ elastomeric yarns has been compared with
that of a natural rubber yarn under different conditions,
ALl the yarns had & low initial modulus and tensile
strength, a high extensibility and elastic recovery, and
a large loss of energy in repeated stretching compared
with normal textile yarns., They exhibited a congtant
rate of stress relaxation over se#eral decades of

logarithmic time.

Considerable variation was found, within the
general range outlined abé%e, between different
elastomeric yarns due to differences in chemical
structure which are evident from the wide range of
dengity values obtained for these materials. All the
synthetic materials had a higher ﬁgdulug and ultimate
strength thaan ﬁhe rubber but the latter had a lower rate

of stress relaxation and a slightly higher elastic recovery.

| In the covered stéta'these materials are held
under continuous tension by the covering yarns in the
"relaxed® or, more mppropriately the equilibrium position.
The tensile properties of the plied yarn were found to be
dependent on the elastomeric component at strains up to
1.0 to 1.5 in/in, At higher strains the outer yarns

took over as the main stress-~bearing components and the
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ultimaﬁe properties were controlled by the covering
material. |

The general W.L.F. SQuatisn‘haa heen applied
to &lqspaﬁ at strains up to 2.0 in/@n.uaing a reference
temperature of 320°K;.‘ Aﬁ‘higheﬁ sﬁraiﬁa the e@uivalence
of time and ﬁe@peraturé waes found to alter due to
increased ovientatbion alaﬁg the yarn axis and reasonable
’cem@oaiﬁe curves could not be obtained using the same
ahift factors.

4 Ao orthodox high tenaclty textile material of
recent deyelapmén% (polyprgpylene) and a less orthodox
elaatdmeric yarn héva/bean studied. It has been shown
that timentemperatupé superposition can he‘applied, in a
regtricted form, to a non-linegr seml-crysialline polymer.
The resulting conposite curves were independent of
temperature and could be used 0 charaéterise the
’ behaviour cftalmaﬁerial over several decades of time
| uéin a aﬁn gle ingtiument o obbain the ueaegﬁary data.
The method was found o Dbe gsengltive enough to distinguish

between aifferenﬁ typés of the same material.
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APPENDIX -~  LIST OF BYVROLS

The root-meanwsquare end-to-end distance
per square root of the number of monomer

il ts .«

Shift factor Q%ime)g
Conecentration.

Base for natural logarithms.
Relaxed stress.

Heights

Boltgzmann's constanty  relaxation rate

conatant.

Length, &A1 Tractional increase in

lengbhe

The number of network chaine per cubic

centimeter,

The refractive index nmeasured parallel to

the fibre axisg.

L3

The refractive index measuredperpendicular

to the fibre axiSp



8(t)

=
"

B

Tan &

An integer.
Time,

Tolume,

Cross-sectional area,

Conglants |

Tengile moduluss

Pensile modulus measured at 6% strains
Tensile modulus measured at 15% strain,
Shear relaxalion spectrum,

Gauge length,

Molecular we;ght.

Welght average molecular welght.
Rroportion lnteger.

Straiﬁ rate; +the gas constant.
Slipp;ge.

Tengion.

Absolute temperature.

Standard reference temperature (absolute)
Degree of polymerisation.

Dirac delta.

Dynamic loss tangent.

LD0,




’ . o | &

€ Strain.

g, the average friction coefficlent per

monomer unit.

"Zsp Speecific visc;osaity'.

[_:'l] Tntrineic viscosity.

A Apparent extension.

e Density., (e';” Dengity at tempamtufe TO)
o Stress. |

Sk Reduced atréssq

T _ Relaxation bime.

T« Characteristic ‘relaxation time .
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The tepslle propertien of sone new texbtile yarns
heve boen siudied with parsiculor rederence b the eifevt
of bemperature and zate of solraln @ppli&&%iém.an the
siresg-otraln behaviour.  The work hao boen eplit lato

twe parto covering Aidferent types of materdal.

In part 1, oo lostrvon tonsllo teshey wan weed Lo
anvestiznte the offect of wirain rate sud temperature on
the slrepu-gitraln propeviélon of two @amyléﬁ f poliye
PrOpTLONG Yariia Differences in behovionr ocourring
between the senples were eaplodned by weacurenenss of
grruotural propervies such as isotactlic dunden and average
molecwlar welahts  Resulis were coupared with dota from.
the LiLerature on an ifeotuetlie pelypropylene yurile The
method of redused variables has been noed $0 apply Hlag-
wenperature superpositlion and obialn couposite suxven
redueed 40 o sieudard reference hemperatitra. This woo
Aone Tor the wltinnte stress and otraln values aod vnluen
of atress at lover sbrolos expressed as the tenvile
noduluse. 4 sinilor cuperpesivion was obiained ffam

atress relaxation dntoe



In part 2, five sauples of synthetic poly-
wrethane elastomeric yarvne and one sample of natural
rubber yare have been gitudied under dliferent conditions.
The stressw-girain curve, toughness, Schwartz value,
elastic recovery and atresg reluawation properties have
been messured and compared. The sirese-obrain nurv€
of one of the synthetic yorns was studied at different
temperatures and initiel strain rates. Unlike poly-
propylene, the save ouperponition could not be applied
to all the dats in this onse. The agquivalence of
chaugen in btime and tenperature altery with inereasing

shrain as the moleculoy orientabion aliers.

Yarns of completely aifferent structure have
been studied and 1t hae been ohown that dine~temperature
superposition can be applied, in a restricted foxm, to
o nonw-linear semi-oyyetalline material. It is therefore
poasible to obimin duta necessary to characterise the
behavions of a material over several decades of
logarithumice Hime using o single instrument of a type
uged in normal tensile testing procedurd.



