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ABSTRACT

The relaxation of tvension in girained filoments
6f Terylene, Perlon; Grilon, nylon 00, nylon 610,
polyethylene; polypropylenc and gilk hag been gbndied
at straing wp to 4% extension, at constant velative
hunidity of 65% and with humidity'flu@ﬁuating hetween
35% and 90% r.hey; and at consbant humidity with the
temperature varied from 20° to 50YC.

Single wait and sixn vnilt stress relaxometers
arc described together with the necessary auxiliary
equipment for maintaining constant conditions of
humddity and tempeprature;

£

Comparison of the rates of relaxation under
standard conditions of 65% r.h. ond 20°0 with extensions
of 1, 2, 3 and 4% showed that Terylene had the slowest
rabte of velaxation, that of Perlon was slightly highewr.
The highest rate of velaxation was shown by polypropylend
In general, there was no offect of magnitude of strain
on the rate of relaxation,

Repeated vardation of the eelative humidity from
35% to 90% ot a coagtont temperatuve of 259 accelerated
the rate of decay of btension. The sensitivity of the
tension in the dififerent materiala to fluctuating
humidity has been sabisfactorily explained. The resulis
of the experiments with fluectunoting hunidity are of
considerable practical importance.
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The effect of temperature on gtress relazation
under strains of 1, 2 and 3% ot consbant bhumldity were
used Lo produce masbor curves uneing Ferry's reduced
variahle method. The success achieved in applying
this method 4o paxrtly crystalline polymers hag enabled
the bension that woiuld remain at very long times to be
proadicted from short Glme measurements at elevated
Cenperaburess

Exporiments have also been made on viscose rayon
in the bone dry condibion over & wide range of
extensions and from the resuliing mombter relaxation
curve it has been possible o calendate the nusber of
hydrogen bonde vhich relax simultaneously according to
Nissan's theory of the role of the hydrogen bond in
deternining the modulus of hydwogen bonded solids.
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1 See Footasts of Tedble 7.
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CHAPTER X \

INTRODUCTION

A very large class of substances, eegs textile £dbres,
rubbers, muscles, tlssues, etc., composed of large
molecules exhibit viscoelastic properties that are
gualitatively similar, thus reflecting the overall
similarity in the moleculer structure. These substanc
conbain long chain molecules linked together by strong
primary bonds at cerbtain points end at other points by
secondary, comparvatively weaker bonds, c.g. Van der Wae.
forces (as in regions of local crystallinity), dipole
bonds, etc. The effective network mtructure of a poly:
ig due Lo primary bondsg. Between cross«linksges there
may be colling and twisting of the molecular chains,
segments of which can move relative to one anocher,. Ti
interesting viscoelastic properties of fibres depend
mainly on the amorphous regions in which relative moveme
of the chain molecules cen bake place with the lapse of
time .

Time is o dimension Lo be reckoned with any st
off the physical propevties of metter, especially the
kinds of matter of which good textile fibres and
filamentous materials are composed. The time study
gives the manifestation of the sbtructure of the material
According to Professor E.C. Binghag; the founder of node
rheology, the time dependent mechanical properties,
especially creep and relaxation, are of much importance



in the rheology of polymers, i.e. the assoclation betwe
the molecular structure and the properties of polymers.
General reviews ef vﬁ&eeelgﬁtic properties have been b, ¢
giveﬂﬁﬁn boolts of Mﬁ?@%ﬁthy Alfreyy Tobolsky and Mark,
Zener, Meyer and Ferry.

‘When the deformation in a viscoelastie body is
kept constenty, the stress decays with the elapse of tim
and this phenomenon is called "stress relaxation. On
the other band, if the sbtress or force is kept constant;
the deformation will inerease with time and this behavic
is known as "ercep!lv. Creep and stress relaxation are
grouped as stabic viscoelastic prapﬁrﬁy measurenenbsy
because the appliecd deformation or foree is independent
of bine.

Crecp measurements are casier from a practical
point of viewy, but stress relaxation messurements, thoug
not 50 easgy to obtain graetiaally, are simplest to
interpret theoretically, because the external geometry
of the specinen remains unchﬂngeﬂgthruughout the téats
In the case of stress relexation, the earlier portion of
a relaxation curve may be difficult to obtain owing %o
rise in tempersture in the specimen during the sudden
stretehing: this chenges the relaxation behaviour durip
the early stages. Also, inaccuracy of the tension
measuring system at very high rates of extension of
specinen hinders the early stage study of stress
relaxation.

)

There is no theoretical limit to the durption
of a stress relaxation test, but in practice the duvratio
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of any relaxation experiment is governed by the difficul
of maintaining accurately, coatrolled tenperature and
humidity over very long pervicds ond by the limibt to the
paticnce of the obseprver, However, the ﬁim%wﬁ@mp@vatur
superposition principle suggested by Tobolsky and
reduced vavriable wmebhod of %a&wy hove enabled the
investigetor to obtain a very long duration mastér stres
relagation behaviouny, coverdng years on the 1og vime
scale, for amovphous polymers. Lhis can be obtained at
room tempevature by hordgontal shift of curves at differ
tenporatures to the relaxetdon cusrve at voown temperature

Theoretical dnterpretations bebween stroess
relaxation and dymnawig complex modulus ¢ complisace of
ﬁmﬁrphﬁm* ﬁmlgmwvw have been successfully studied by

ayious wawhuvma The wmolecular strucbure snd deformat
m@ﬁhaﬂiﬁmﬁ in,%?y@tmilime polymers depend in a complex w
01 &@mp@?&ﬁurét Thus, It is ddffionlt to obltein maste
stress relaxstion curve to correlate thedr static and

dynanic properties.

15526417
Some workers heave mede atteupts to obtain master

stress relaxation cuvvesfor crystalline polymers, to
correlate stotic and dynamic propereiess  They have bees
sucecensful up to only small strains, but thot alse is no
concluslves The present voprk also includes some of
such duvesbigations considering the possibility of
obtaining mester stress relaxation curves as ﬁb%ﬁ%?éﬁ
recently by Yosghitomi; Dunell and their co-workers on
erystalline polymers. ‘

Yoo



o — ——— - —

- The stress relaxstion meastrements about to
be described provide not only data to test the
applicability of the time~temperature superposition.
principle o pemiecrystalline polymers but also
information of direct pracbicel importance to cerboin
userg of the moterials investigated.

One of the objects of the experiments to bLe
deseribed is the comparison of the rates of relaxation
of giress of a number of different synthetic fibres with
that of silk and the measurement of the infiuence of
hunddity and temperature on these rates of relaxation,.
The invegtigation originated fyom the observablion that
when aylon is used for sieve covers in place of the
traditional silk, the sieve becomes slack after a period
of time in use, in which the humidity and tempervatuve of
the surrounding air may fluctuate over a conslderable
range in a prandom manner. Direet measurement of the
tension in sieve cloths of nylon and silk mownted in o
sbwetched condition on frames gave somewhat variable
results owing to lack of control of temperature and
humidity., It was, therefore, decided to make
neasurements under controlled conditions of humidity
and temperature on monofilaments already used in the
construction of the sieve cloths ond to include in the
imvesﬁigatiom other synthetic fibre materisls vhich migh

possibly give a better overall performance,

Sleve clobths remain dn position for long periods,
ces LWO years. % .a3 iwpracticable o carry out
laboratory measurcments under closely controlled conditi
for such long periods, but if one can predict the stress



remaining after a long time at normal temperatures

£rom the siress present after a ecomparetively short
time at e higher temperature by Ferrytls reduced
variable m&%ﬁeﬁ?‘ then the problem is solved, Ag
deseribed above, such prediction is possible for emorphc
polymers, bubk the %V*ﬁﬁﬂ%%mm?ailﬁﬁlﬁ on eryztslline
fibrous polymers A@,ym&zl,' 80 & further objective is to
tegt the superposition of stress relaxation corves
ehaerved ot different temperatures with a view to
ostablishing any simllarities in the rheological
behaviour of amorphous and partially crystalline fibrous
polymers.



CHAPTER IX

i

LITERATURE SURVEY

1., Stress Relaxation in fibrous aond filamentous
materials

In the field of bexbile fibros, Spéakmm? £ivrst
studied the stress relaxation behaviour of wool im 1928.
From his expévimental resulis he found that the rote of
ptress decay inovecased witlk increase of relative humidit
relanation of stress in wool inm water was explained as
due to hydrolytic changes associated with polypepbide
Linkagos s Smith and Ei&e&saﬁiﬁé‘atmﬁi@ﬂ abress
relaxabtion of cellulosic fibres in 1931, DPonewdry
viseose rayon filsments abt room temperature (20%C) were
loaded to 1, 2 op 3 g. corresponding to extensions up to
Gu6%s  After 10 minuwtes from the start of an experiment
they found that the stress had decayed by about 16% of
the stresg &t 10 goconds. The relative rabe of
relanation of gtbress was voughly independent of applied
load, and therefore of thoe cross-section, Thelr resuli
egreed with Boltzmann's theory of after effect, which
provides a useful approzimation te the actual behaviour
of vreyon in sbtress rolaxation. The relative rate of
stress relaxatlon for rayon and pilk between 50 and
1000 seconds at 38% vohe and 22°C is about 1.3 times
that of the dry filaments They eupressed thelr sbress
decay resulte as a function of logerithmic time, as was
first done by Kohlrausch (1863~1876) for torqgue



relaxation of glass fdlaments.  Smith and Bisenschityg

concluded that: relaxation is largely idndependent of

loady that the influence of variations in crossesecbior
is of pinor importonce in relaxation experiments althoug
46 ds dsworbtant in oveep cxperimentsy that although the
places of dififerent crossescobiong along the filament

sre nader different absolunte stroess, they velax al aboud
gome rabe; ond thet the vardation dn the time inbepval
from the beginning of the voplication of load to the
first reading ds the souvee of error whose influence is
difficnlt to estiwates During this btime, the filawmend
ilows at first under a small load, later under the full

load,
. . . 23
In 1934 Steinberger stggesbed that the relaxatic

bimey; for simplest possible behaviour of the material,
should b§m§ function of the stress and straiu, Bass
and Kauppi made stross gggaxaﬁiam ﬁﬁgﬁiaﬁ-eﬁ glass fibyre
In 1930, Frenzol and gach compared the sitress relayation
of two kinds of viscose vayon at 65% rehe and 20°C.

They used extensions from 1% te 15% ond cvea up to 25%
depending upon strength ond exbensibility of the rayon
useds The speclimen wlth the highareﬁﬁrength and lower
hreaking extension gave lower relative rate of relaxatio
at ony %gven extensiony which was confirmed later by
Meredithy in 1954y from his sbress relaxation curves.
The higher the rate of extension, the greater the gtreng
and the swaller the extension, At L0% extension, after
a long time of relaxation, there is gtendstill in tensio
The dnitial tension at pere time ie difficult to obbain
practically, because it takes a certain time to put



tengion in operation during which time the tension
relaxes. He also ﬂu@géﬁted that stress strain curves
at any speed of exbtensometer can be plobtbed from the
relaxation curves of the high spoed relations.

In- 1943, Tobolsky and Eyaigg,_then in 1945, Hale

White and Byringy, developed o peaction rgte theory of
viscoelagticity, which incorporated Byrin&s non-linear
hyperbolic sine lawy of viecous flove This theory
predicts the relation between tiwme and stress to be a
hyperbolic tangent one in stress pelaxation. By
measuring bthe stress plobted againgt log time curves,
one con £ind values for the sumbor of secondary bhonds

per unit area.
. : 30
Toboleky, Pretoymon and Bllilon gtudled stress

relaxation for many rvubbers from 10 seconds to a fow
. . X , R _

hours., Hooney and his co-waﬂkers,sgeﬂde?san and
Nielson; Bischoff, Coabtsiff® Tobolsky and Derry have
mpde stress relaxatlon experiments to clarify the
pbtructure and propevties of rubber gud rubberlike

mabenlals.

. : ] . 35 36
In 1940-48 Toboleky and his coe-workers described

sitress relaxation behaviour of polysuilphide rubbers,
which obey the simple Maxwellian Law of relaxation,
This is of a chemicel rather than a physical nabture
caused by datermolecular exchange veaction between
disulphide linkage of one chain and a terminal group of
an adjacent chain. During the same period, Green and
tobolsky gave the molecular theory for the explanation
of the "oox®" povtion in the digtribution of relaxation
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vimes, taking into congideration the rate of breaking
aud fornming of crosslinks din 5-% moleculay network strucith
Later in 1953, Seoll and Stein confirmed this molecular
bheory .

Dare and Gu%giﬁﬁﬁﬂiﬁd the sbress relaxation in
COPY o |
4o .

C Specknen and Saville svudied the stress
‘relaxation of nylon 60 filaments, ond concluded that bhe
rate of tengion decay is iﬁéep@nﬁ@ﬂ% of pH value. They
found thet the relaxation curves change congiderably at
different temperatures in wabery but the effect of
temperature in general is to lower the absuvlute tension

developeds
4
Burleigh and Vakehom applied reaction rate theox

the analysis of thedr experimental results for giress
relaxation of sobton and rayon at various hunidities and
at diiferent temperabures, They used thelr results of
stress relaxation to evaluate the molecnlor constants
involved in thig theorys They assumed the final stresc
o be zero ot dnfinite btinme of relaxations

Stress relaxabion of wool at congtent compressic
gtrain between 0% and 5%% of the proportionsl limits he
been studied by Kitazawa. Ie wag able to give the
empirical eguation governing the decay vl stress.

Purte and Halsey gove & twowphase theory of stre
xelaxabﬁﬁn which was confirmed in 1948 by Peters and
Spealimas »
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During 1948=52,; Yobolsky and his aallabogggg;g?
showed a composite sitvess relaxetion curve of
poly~isosbutylens showing three reglons: rubbery,
transition snd glassy. Also in 1948; Stein and
Tobolaky studied hoth the stress reloxation and
birvefringence o specify the nature of the molecular
cnﬁfigurﬂtianal changes associated with stress relaxatic
For rubber~liike materials, stresg-birefringence ratio we
congtant duﬂing‘ralax&tiang for other materials, €sge
elastic polyamides and plagticised poly=vinyl=chloride,
the changes in the birvefriungence were very much smaller
than the cormresponding change in siress,

z@magi-am@ later din 1955, Anderson end Aﬁderaagz
were able te give am appropriate discussion for the stre
relaxation behaviour of netols. Before them L&a&erm&%
has mentioned that the Xeray diffraction patterns of
rayon aud metale {c.g. nild sbeel wires) show that both
contadn oriented crystalline materials

We@@mg; wade & sysbematic sbtudy of stress
relaxobion behaviour in viscose PHTOD, aaprammﬂﬁium
rayon and cellulose acetate rayon yarne under a range
of constant extensions at 68% rsh. and 20°¢, Dehaviour
was studied from 1 second to 300 seconds from the time
when the required extension was reached, A simple powe
daw dnvolving vwo avbitrery constonts was used to express
the relation between stress and %ﬁmaﬁ ) The seme law
holds goud at varying hamidities. Dunell and Tobolslky
with praetical evidence showed that the dynamic internal
friction is proportionasl to the negative slope of stress
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relaxation eurve plotied as sbress/strain against log
tdme vndepr comparable gecales of time,

a

in the Followin m?.mf Mawpk 3%@5T0E01$£? {page
360 ) from the provious worhﬂ suggested that the
relaxotion of stress of Fibres at copsbant extensions i
in fact caused by a completely different mechanism than
ig tree dn amorphous polymers, It often arises from &
slow growth of new erystalline waterial or from the
ovientation of already existing crystallites. This de
mest readily shown by the faot that the birvefringence
will often increase at congtomt extension, whereas the
goress AecaysS.

57

Katz and Pobolshky mcasured the temperature and
extension dependence of stress relazation of wool in
wabtewrs  They alse geve a theory of relexation for wool
asaying that the sbtress is poartly supported by cross
dinkages like oysiipe linkeges and salt 11@%&@0&. This
theory was nob applicable o p@lymiﬁahuunylene. They
coneluded that the hyperbolic sine law of viscous flow
is probably epplidcable to textile materials, while the
relaxation spectrum funetion of lisear viscogity is of

greater use in the study of amorphous polyners. This
theory was further modifiod in 1955 by Byring ond
ﬁ@@WO?RGggt Aandlers 3ﬁ contributed on the side of
cellunlosic fibves. lo suggested that to sum up and
deseribe the results of the relamation tests is sometime
only pessible if they are fitted into a wmodel system, th
parameters off which can be calculated on the basis of
teats. He applied his resulbs of stress relaxetion of

viscose rayon filaments at different relative humidities
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and 209C o evaluate the counstants in the Toboisky~
Eyringibeory. The rate of relaxation was found to
decrease with increase in relative hunidity,

Tobolslky, Dunell and Andrews?sin 1951, have
discussed the mechanical behaviour of an idéalised
polymer in terms of Maxwell relaxation theory. When
a simple rectangular distribution of relaxation times i
agsumed, it is shown that dynomic properties can be
related to those deduced from stress relaxation. They
obtained better than order of magnitude agreement betwe
observed and calculated values of internal friction for
a number of textile fibres such as silk, viscose rayon,
cellulose acetate rayon and nylon., Thus the relationsh
deduced from the "box" distribution was extended to oth
broad distributions of the relaxation times, Later on
similar work has heen reportad}@47 but the . results are
conclusivel® Dunnell and ﬁillensofqund in relaxation
curves of viscose rayon, acetate rayon, silk, nylom 66
and polyethylene that 100 times increase in the extensis
rate for 0.5% and 5% extensions caused a change in the
curve shape from concave to convex to the log time axis
The conditions of his experiwments were 65% r.h. and
70%F and two speeds were 5% extension reached in 15
seconds (0,33% per aémand) and 25 minutes or 1500 secon
(0.0033% per sec,) For slower speed there was no rclax:
ation for the first 20 seconds after total elongation,
The maximum stress developed was also higher when the
speed of extension was increased, which shows that ther
was a large amount of stress decaying during slow rate
extension,
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Andrews and Tebblskyéﬂﬁgresented an idealised
distribution function of relaxation times for linear
anorphous peolyumers, which had the simpile graphic aspect
of "wedge" type 62distribution in transition region,
followed by a "boxt type&lin flow region (l.c. the very
long time end), The "wedge" type distribution function
is independent of molecular weight (for sufficiently
high wolecular weights), whereas the "hox" type varies
with the molecular weight of polymer. The distribution
function, or relax aﬁmqn spectrum, is mnathematical
representation which can conveniently deseribe the linc
viscoelastic behaviour of material., Different types of
distribution functions may not be interpreted in terms
of molecular contribubions but then also Ferry et aléﬁ
in 1955 have been able to extend the molecular theories
of Rouse®™ and nuecheewforvynﬂsibility of molecounlar
interpretation of "wedge" portion in distribution of
rélaxation times in terms of scgmental motion. This
proves the firm theoretical basis of Tobolsky and Ferry
temperature~tine superposition proaedurellﬁlﬁ2

Miller, Ferry, Schremp and hldridgeﬁsand later
in 1955 Tﬁbolbky675tudi&d ¢he stress relaxation behaviot
in gelatin and gels.

In 1952, Chen, Ree and Eyring studied the stres
relaxation of a. ary&talline polymer Sqran, vinylidene
chloridevinylchloride copolymer. They found its
behaviour to be 1inear on a log time scale over a range
of times from one to SO hours in air and from one to 80
minutes in water., The authors were able to describe the
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relazation beh&viﬁmr of Saran by a wmodel containing
only Hwo relaxetion vimes, sivce the time range in
" edther cﬁmﬂiﬁian.ef woisture vas only two cycles of
log bime,

Grab’$ in his mothemotical formulation of
vigeoclastilicity in 1953, related stress relaxation and
creen to one anothep thrﬁugﬁ a funcbion off Upelonption
speotrumh d.es o distribution of relazxstion times, under
given experimental conditions. The only p?ﬂfl:&ﬁﬁ is
that "Doltzmannts superposition @r&ncﬁﬂlvd halaw, deCs

viscoelastic behaviour must be Lincar.

Rancéﬂ has suggested that the stress relaxation
of rapldly strained paper is worth nobing. The cffect
of rate of exbension on paper is similer te theit observe
fopr textile fabrnaﬂ |

Fujita and Kimhim&tg? also desired to verify the
sinilor experdmentel imv¢$t¢&at¢em of Purleigh and
wﬁkehaﬁp wibh the sdmilor assunptions of gtregs decay,
being sero ab ﬁﬁm&n&bﬂ tine. They obbtained similarp
resulls., Hammerle and ﬁeﬁtgomorya demnonstrpted that
gimilar relationships exlsi betwoen the shear modulus
and energy loss per cyele and the relaxabion of torgue
noder congtond twlst. In torsgional exneriments for
nylon 66 maméfi1m3 vorgue rolexed linearly with log tinme
from 20 to 20,000 scconds after small twistbs on the basis
of generalised Manwell model, i.c. & distribution of
rolaxation times of the "hox' type. The volues of modulus
and energy loss per cycle (or damping cocfficiomt)
predicbed from.relexabion experiments wore tested by
experiments with a towrsion pendulum, whose period varied
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from 50 to 400 seconds, i,e, within the range of tines
at which torque was measured in the relaxation experime
The observed dependence of the angular freguéncy upon
the moment of dnertia of the bok and length of filament
agreed within 3% with predicted values,

ﬁﬁrﬁkiﬂzahag modified the formula for the stres
relaxation curve of mebals, given by Gﬁim@?” Rovinsku
&ynﬁh&a&?shgva shown by Xeray analysis that the number ¢
interference spots for aluniniun under pressure increas
with stress relaxation, The curve of growth is similap
to the cupve of stress relaxation, This is due to the
lover stote of erystal perfectlons

_ Mﬂradith75has related mechanical properties and
structure of fibres, Tenacity, oxtensibility, wet
strength and elasticity of fibres are corrclated to
degree of c¢rystallinity, molecular orientation, release
of internal strain by.swélling, and relaxation of secon
dary bonds within the fibre, |

In 1054 Mer*adii;hm investigated stress relaxatiom
of cotton, flex, viscose and cellulose acetate prayons
at 05% r.h, and ad%ﬁ over a time rapge from 1/50 scecond
after start of relaxation to 24 hourg, covering about 8
eycles of log time, which is the maximum time range
studied up until now, - He analysed his resulis beth -
cumpirically according to the Hutbing gsgwer.mw” relating
stress, strain amd dime, He bas alse demonsirated the
application of the Tobolsky-Hyring reaction rate bLheory
Meredith obtained very good agreement botween values of
internal friction of viscose vrayon and cellulose acetbats
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galculated from his stress relaxation data -and directly

‘ P . )
obgerved values. Mevredith 4 and later Armstrong ” have -

recognlsed the desirability of obtaining stress relaxws
abtlon measurements at very short times after inluial
stretehing, They have described the apparatus for
achieving this end,

. o
Catsiflf and Tnbalsﬁyg%J}by introducing a distri.

bution of relaxation times, experimentally verified the
nathematical relationship, in theory between stress
relaxation and dynam&c'mﬂehani@ai propesrties, for polye
isobutyiene in the rubber§ and transition regions,

‘émm&m studied stress relaxation of human halr iy
wator at 10% to 50% streteh from 0,1 second to 60 hours,
liis results showed two relaxation processes for wool
fibre in water. The rapid and najor contribution towarg
relaxabion aver a gmaaﬁéﬁ period of time was atiipibubed
to disulphide bound fission, I¥ may be noted that in the
case of wvery fast &ﬁrataﬁimg, the shape of the early
part:of stress relaxation curve on log time scale is
dependent upon the way in which the zero time is chosen,
Wood took atart of stretching as zero time, IFf the
naxiowm stress developed time is taken as gero, the
initial deeay of stress would not appear so rapid ac
Woodts ocurves showed,

Akira Ki&himmtogzﬁﬁuai&d stress relaxation of

Amilan (nylon 0) filaments of various draw ratios and of
the order of different degree of heat pretreatment at
55% r.he  ‘The data obtained over a range of elongation
amdi temperature were shown to be repreésented empirically



1”?

by a product of two functions: a function of strain
and tempeprabure only and a function involving four
paraneteyrs, which are independent of elongation but
dependent on the time and temperature,

- In 1955, Watson, Kennedy and ﬁrm&ﬁrengfm after
studying stress relaxation of several commercial plastic
e.,g. polystyrene, plasticised cellulose derivatives,
polyethylene, nylon, etc,, in short range of 0,1 to 2,5
seconds after application of load, found that the
incrdasing strain, temperature or plasticiser content
generally increased the relaxation rate, Felthan:®® found
that the mode of stress relaxation in materials of vastl:
differing structures énd chenical compositions e.g, meta.
gels, glass, synthetic resins, plastics and fibres, can |
accounted for on the basis of a log-normal distribition
relaxation times, which can be derived on the assumption
that the relaxing centres in the solid have aluost the s:
heat of activation and that configurational relaxation
centres are pormally distributed,

Rigby mdivi.dad his stress relaxation curves of
wool in water into fast relaxation occurding in the first
60 seconds (due to breakdown of weaker linkages) followe
by a slower relaxation (due to breakdown of stromger
linkages). Ye presented his results on a linear tine
sfale. By converting his results to log time scale as
usnally ?ﬁopted for stress relaxation studies, there
appears only a single relaxation process in the range of
time covered by his experiments. The fast relaxation
according to him caveré.ﬂnly about one cycle of log time
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and his adata cou;l.d be Pepx*e&sented‘ to a single Maxwell
element, He, in collaboration with Feughelnansétvied
to. apply his above data te the twoephase theory of Durte
and Hal%ey;w Peters and speakmanw*by assumning that the
unit in either state behaves according to a single |
Maxwell element. The assumptjon of a single relaxation
time is arbitrany-

After the hyperbelie pangent law theories of
relaxation of W?bolskywﬂjring and co=workers 2&a§§e,
Hahsn and Lyr;ng proposed. a nodified theory of stress
r@lamatman-by,regaydlmg stress relaxation as a molecular
reaction with suitably defined ﬁﬁte'cohstamti‘ The drivis
force. acting on the. reactiaa sites in a system is assumed
te be preoportional to the number of such sites; which is
ageln assumed to be proportional to the force which one
measuress Unlike the original theory, the modified one
is a generalised representation rather than a specific
moleculayr theory. RERelaxation in wool is explained as &
and B transformation ond. that in polyisobutylene by
slippage accoupanying disentanglement

Eakad;”inﬁerpreted the "wedge" type of sitress
relaxation spectyrum in polyisobutylene by a simple model,
KeWe Scott has given theoretical investigations. of
structural changes and streéess relaxation phénomena in
high polymers, - Kuhn and Kdnzleghave determnined cxperi-
mentally the dynamie viscosity and elasticity and also
relaxation bime spectrum of rubber, Banas. et al??
explained magnetic relaxation in natural and synthéetie
rubbers. |
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In 1956, Mateuda®™ measurcd the stress relaxation
i dpy polyvinylaloeohol filaments, PFor the imsotropic
sanple the relaxation spectrum was found to be the "box"
type, di stidibuted uniformly over a time range from 100
to 10,000 scconds, The spectrum becomes narrower with
inoreasing orientation of the saumple,

Chatten, Scoviille and Conant® gave stress
relaxation behaviowy of elastomers e,g, ebonite, ebe, at
constant elongation and at constant compression, Fast?
has given molecular inderprotation and a review of
relaxation theory. He has also discussed diclectric
rel amém:‘i;mx; paramagnetic and internal friction of 'me-’ha}.s;
whepreas Mtﬁclmr’”’ just gave moleculap interpretation of
dielectric velaxation phenocwena, During the same year,
Schwarzl? studied mechanical relaxation phenomena,

The mathematical 1inear viﬁaaalastie theory of
iﬂ‘ﬂﬁﬁ 69 was mtcemast’:’ully aggslied by ﬂinamiya and Fijiﬁa13
in 1957 for correlation of stress relaxation and t:he
dynamic cmr:pliaﬁﬂe and internal friction of polﬁvinyl—
acetate, They obtained a composite stress relaxation
curve by using the timestemperature superposition
principle, The above correlabion was found in the
mmgm&:%;:%;mﬁ region where experimental data of ﬂynaﬁz&ic
pmyewﬁie& were available, ' Kishimoto and Fujita % studiec
the chemical &‘brew relaxation in Amilan {(nylon 6), and
pu\yvﬁ.nylalchaiwl, by the penetration of water vapours.
Phe rates of water absorption were also studied, '
Relaxation theory based on breaking of internal bonds by
the penebrant is proposed, Diffusion coefficient froum



sorption agrees with that' calculated from chemical .«

rolaxabion @xtrapoiated to zero straines The water AL L
usion yate for pulyvinylalcohel depends on time and its
concentration, thbfmﬁﬁV¢£¥’§&Vﬁ magnesic relaxation the

- Kfstoer amd ﬁehlaﬁﬁerﬁagav&'fmmdamentai mathem
mabical relations of lineapr scalapr relaxation theory,
which covers the entire rggge of wvisceclastic behaviour
of a suhatance,

Akira Miyaka #in 1958 gave a theory of mechanica,
relaxation spectra of crystalline polymers, By using
thie Rouse ™ model chain with anisotropic spring forcos »
the fiat part in relaxation spectra of erystalline
polymer is explained,  The asyuptotic shape For the
large relaxation time of spectra thus obtained depends
on the principal values of the spring force constants
and variations of the directions of the principal axis
algng'the chain,

Kenny and Chaikin "o 1959 iliustrated that
extremely complex effects can occur in the stress
relaxation behaviour of nonsuniform specimens, Dut
Guring discussions over the same paper, leredith suggeste
that such complexities will arise, when the stress strai
polabions are non-linear. He further said that for
many cases, the stress strain relation was linear; 80
that in pmautiae, the effects of the ﬂanmunifarmity
might boe qu&t# ‘gmall.e

| Thurn? in 1959 fbund that fhere is an influence
of the mechanical and thernal history on the dielectric
and mechanical relaxation behaviour of high polyners,
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There is a change in mobility of chains due to the
above pre~treatments,  Tobolsky and }tﬁimmmmilm caryried
out stress relexation of twe polystyréne samples dn thei
rubbery £low regions, Haly and Feughaimaﬁw found the
stress chenges at counstant strain aed hydrogen bonding i
kepvatin fibres, When keretin dis extended in water, hel
and dried, stressg develops in the fibre,

Nakﬁﬁgﬁ gave the theory of viscoelasticity of
amorphous bulk polymers, dispersion of dynamic bulk
medulue ds slso Lound. This theory expleins velume
relaxetion phenomena amd relation to shear snd longit=
uddnal relaxations The origin of relaxstion phenomena
is atteibuted to the configurational relaxation of the
three dimensional extengion of the chain molecules, A
diffusion eguation of the chain ecoafiguration is compose
of beads connecbed by Hookean springs. A dynamic relat
between varying pressure and volume is derived by intee
grotion of the diffusion equation for sinusoidal pressur
changt, Thus the real and the inaginary parts of the b
modunlus are ealeulateds  The dispersion of mlk nodulus
is specified by two time constants Tp ond Tr the former
relating to the pubber~like elasticity of energetic nabu
which comes Erosm digbortion of chemical bonds and the
latber from the change of cohesive energy.

Ohira, Kitajima and Iing? studied the stress
reliaxabion of Tepryleae, covton, wool, nylon, viscose,
acebate and many other synthetle Libres, They found



that the gtress relaxalion curves obtained as rate of
relaxation against log time, were hyperbolic at the
first stage (L~ 060 see.). Logaritham of relaxation |
rate is plotted a@&inét logarithn of time, The straight

“dine obtalued is governed by

’i‘i’[ﬁg = zg.' T or 1o (£/83) = 4 = K, 1ni t
Wthere % ipitial etress, £ = stress at bime ﬁ,
t o= tim& {ﬂﬁe.)aﬁ,k = eam&tamﬁa.

of noioture on sktress relasabio

While studying stress relaxatien of wool fibres
in 1928, Wp&ﬁhmanalﬁhawmd the import anﬁa nf relative
humidity.  In 1947, Purleigh end Wakehan® found the
stress relaxation curves for celivlose fibres at several
relative humidities of 37%, 70% and 100% ot 25°C, Swall
changes in flow units {N./N) and activation energy
were observed with incfeasing noisture content, At 1006%
ruhy the bﬁhaviﬁﬁr-iﬁsdiﬁﬁﬁgam%g ‘Bobth cobton and rayon
cord shewed a sharp change of slope of the stress relaxe-
ation cuprve ab approximately 0.5 ninutes after extension,
Thus two stress pelaxation mechanioms oponr under these
eea&itx@n$, This is later on @ﬁafiwm@& by various
workera o WZ ‘
&nﬁeﬂﬁaﬁﬁiuﬁeﬁ the Tobolsky-Eyring reaction rate
themry to caleulate the constants of his relaxation

expordnents on viscose rayon filaments ané cotton fibres,
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investigated at relative hunidities of 0¥, 37% 70%
andd 100% and in water at Zﬂaﬂ, with initiszl tensions

‘up to about 2 x 1e dyn pep am3 FThe technioue used
enabled the fibres to be aﬁreﬁeﬁad.£ﬂ~56 to 125 miilie

geconds and the tension to be observed from the time
when the £ibre length was constant, He claimed that
the relaxation ceased after 15 seconds Lo 20 minutes

and the time taken for the tension to fall to half its

initial value was shown to deorcase as the relative
humidity was incrcased from 0% to 100% p.h,

Wogener and L&yﬁansgwar@ able to oxpress their
shress relaxabion yesults at 45%, 05% and 85% and 100%
r.liey, by a gwwerlaw which dnvolved two avbitrary
constante.

w8 :
In 1955 Roseveare and Poore, from the theprsw
odynamkes of stretehed cellulome fibres, found that the
water content 1o wmore important than temperature in

deternination of the pﬁ@p&r&&v? of w¢?ﬂn&rat¢& ceilulo&e4

Price, Meintyre, Pattison and Dunnll nade stres

relaxation meabuwementa of single filaments of viscose

rayon, acecate rayen, nylon 00 and polyethylene at sever:
hunidities from 15% Le nearly saturation, covering a tim
range of six cycles of lmg scale from 0.02 seconds after
elongationy For all specimen tested at 2 259¢ and 296, th
rate uf’relaxaﬁien appeared o decrease with increasing
relative buniditvy. ‘The maximun sbress also becane
smaller with rise in hanidity,or 4in bempepature. Peters
and wﬁ@&atameuumﬁad the stress relaxation behaviow of
wool at 259C for several relative hunidities below, satiir



ation, They condluded that the onsct of slow relaxatio
is deferred if pot postponed indefinlitely, and the slop
of the fast relaxation curve remains aluost constant at
different humidities. The explanation given was that
the effect of increasing humidity is to reduce the
number of inter and intra-chain hydrogen bonds in the
saue, proportion so that the rate of relaxabtion incroeasct
in such a way as to displace the curve along the loge
time axis. |

Nawnémediﬁided diffusion of water in fibre into
two stages, FPivat stage when the diffusion coefficient
is a function of concentration of moeisture alone, wheres
as at later and second stage, diffusion is dependent
upon the relaxation of swelling stresses set up by the
water molecules diffused into the fibre in the first
stage, In other words, in the second stage water diffe
uses into cellulose at a rate determined by the breaking
of hydrogen bonds due to swelling stresses,

Matsumoto and Ishikawéuoin 1957 investigated the
influence of relative humidity ond temperature on the
stress relaxation of nylom (0 under different elongations
They used relative humidities of 8%, 33%, 55%, 75% and
woter at 25°C for one set of stress relaxation curves,
Temperatures 25°C, 40°C and 55°C were used for the other
set of experiments at §5% r,h, anl in water, Their
curves could be approximated by (logt - logtp)w= 1.4
(”E%E:) = (BE~Eg), where t = time, L = stress/strain,

E, and t, are constants., Under asmall elongatiomns (2%),



the stress reloxation is mmch affected by humidity and
temperature, . 4t low humidity, a high rate of stress
relaxation is obtained under 2% and 4% elongations,

In 1958 Yoshitomi, Nagautsu and Kﬁ&iyamaia
reported stress relaxation in torsion of low erystalle
inity nylon 6 filaments at various temperatures from 20°
to 80°C and 0%, 45% and 75% relative humidities, By
using the master stress relaxation curves obtained from
the curves at different temperatures, they were able to

obbain a general master stress relaxation curve from

the different relative humidity curves at 0% r.h, and

| 75% r.h,

Feughelwan and Robinson Mstudied the stress
relaxation of keratin fibre and theceffect of moisture
diffusion on the stress relaxation., When they studied
the stress relaxation in a changing atmosphere between
dry and wet, they found that diffusion of water affects
the rato of relaxation, 7The tension imncreases when
the hunidity is decreansed thus cavnsing the fluctuations
in tension due to Fluctuations in humldity, Mackay and
Downed® also found similar effect of flnctuatingshunide
ity between 0% and 949 »,h,.. on wool,

F&ughelmaﬁw al&?: found . that when wet wool fibre
is strained to a fixed oxtension and allowed to remain
at this extension for a time and then dried, the stress
in vhe fibre rises, This rise of stress is independent
of the time as lomg as it is greater than about one
minunbe and also independent of number of chemical and
physical modifications to various fibres, The rise in
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stress is between 304 and 50% strain and no further
increase was recordedy From the evidence préscat,

it is suggested thaﬁ'drying the fibre in a strained
stabe introduces strained hydrogen bonds, which are

responsible for the stress rise in deying.,
ny
Algie concluded from hlﬁ experinents on stres

relaxation of hair and effect of cycling relative huuw
idity, that c¢he ahange in relative humidity causes
reversible change in tension, judicating that in this
experiment the function of the absorbed water is to
weaken bonds according u? the scisslion process proposo
by Fuixma and I hhtmﬁﬁﬁ for nylonwswater,

© Recently, Shaw and his‘collaboratorgﬁ‘studicd
the gorption of water in wool, silk and nylon fibres,
and in Maalg cortical cells, by mclear magnetic resons
ance, Froton resonrance line shapes and rclaxation
times were da@érmiued as a%funcﬁian of moisture content
The results o% this study suggest that the water is
bound in cluaters to the sorbant and the surface migre
ation is tho bomlnant gode of magnetic relaxation.

s Bffoct ofi st
m?urtﬁgw’ﬁoumd that the higher the:rate of
extenaLanﬁthe lower Lhe%breaking ckxpension, because the
iupeded e'amenﬁs in. the! representing dynamical threce
elenent médel do not hagg\bime to extend much before
rupture oécurs, &peakmﬁé also found that for wool in
water, the breaking extension decrgases and breaking




load increases up te certain increased rate of loading
and afber that both remoin approximately constant, The
extonsion of pyreviocusly extended and recoverod ﬁmhre
incrcases with further same megnitude of loading.

Leadermadt found thab on stretching or cooling
rubber bzcomes nore crystaliine, so smorphous haloe of 1
Zeray diagran gradually disasppears with increase in
magnitude of strotehing or lowering of towperature, Thi
opriginal pattern is obtained by releasing stretch ox by
heating to same temperature. In ocxplolning Kineti€
theory of bhigh clasticity, he mentioned that atouws in
long molecular chain ave comnected by homopolar bonds,
s0 application of lead should caunse stralghtening of
the chain due to elastic extension and bending of prime
ary valence bonds and consequently ineréasce in internal
epergy. On removal of load, reverse iz the process,
For very flexible chains, e.g. rubber oand nylon, depend
ing upon f£lexibility and temperature, chains will be iz
varlous degreesof conbraction and agitation, Applicatic
of load will straighten then, d.e. entropy of the syste
will be decreased. Removal of Jload will canse contract
ion of such chains to original, more probable and more
kinked form. %his thoory is the Kinetic theory of.
rubber elasticity.

2’%§y application of reaatian rate theory of
Eyring, Tobolsky and Lyrlng in 1943 concluded that
the number of relaxing nechanicmes per unit areaincreasoe
with increasing imitiol deformation (or stress), ond
the free enorgy of actlvation for flow decreases



lincarly, This shows that when initial deformation

is iuncrcased, the anits of flow becowe smaller,
. ) 19
Avtrews, Tobolsky and Hanson f£rom their

expevinental evidence have found that the stress relax
ation is. a function of the a%mémﬁ of extension and alse
the time of sbress relaxation, They furiher added thad
the permancont set also incréases with inercase in

. } .
exboncion andfor ipcrease. of time,
; 5
Burlelgh and Wakeham werc able to establich

that the rate of elongation or flow in the celiulosc
Fibres iz greoatly increased as applied stress or straky
increases. This phenomenon 1o probably due to both the
ingrease in the number of shifts the flow units make
per unit time ivberval and to an increasse in the number
of f£lov uvnibts shifting. The liniting condition will
be rcached vhen the mumber of ‘flow undts are all under
snfficient stress to wove rapidly (or frequently) with
raspect o each otheores The tobal stress on-the fibre
at this condition will then be vhe meximun, which one
might expect the fibre bto bear without rupture., By
sttudying the dry fibre, it has: been shown that the
siperinental tensile strength is swch lower than the
maximu caleuwlated valu@s, which could be obtained with
rapid test. This chserved reduction in strength shows
that fibre broakage occurs by & mechanism involving
alipping of the cellulose chains in the fibre rather

than by rupture of those chains,
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Mercedith studied the stress relaxation in

cotton yarns at small constant extensions of 2%, 4%
~and 0%, The relaxation curves were approximately of
the same shape with difference of scale factor, which
was proportional to the extension, In other words,
cotton fibre exhibits linearity atz§ma11 extensions.

He was able to outline Byring theory and could
successiully apply it for the molecular interpretations

of his stress relaxation results,
52
Wegener also gave relaxation behaviour of rayons

at different magnitudes of extension, 2% to 18%;
7
Katz and Tobolsky from their experimental

observations concluded that stress relaxation of wet
wool depends upon the magnitude of strain and temperatur

AndersZ; suggested that the magnitude of the
tension has a direct influence on degrec of orientation
of wet viscose rayon: on the other hand; stretching of
dried cellulose fibre will not generally increcase its
degree of orientation. He found it very difficult to
study stress relaxatiuvn cffbane dry rayon and cotton at
low extensions, because relaxation here is smallse At
increasing degree of stretching (near break), the
relaxation procecds more slowly.. There is no jerhky
change from conditions of wet fibres to those at 100%
and 0% rJ.h. fibres. The aiow relaxation at high degree
of stretching is assumed to take place when the fibre is
streteched, the resulting greater binding energy
corresponds to a lower rate of relaxation.



‘Ii?a*elmg%a ang ?i%ax*imézg chascrved that at constont
voelative humidity the swisture regain of hovse hodwp
and viscose payon. was. dependent upon the spplicd stres:
Phe higher the stress {or mﬁrmin)@ the greater the
moisture absorption, which is in agreement with predic.
tion of thermodymnamiec theory, 7Fhe extra amount of
moigbure absorbed by horse bhoir doo to applied stress
was different abt varions relative humidities, It
irereagses with inercasing relative humidity up to ebout
05% r.hi. beyond which ooy further increase in relative
bumidiby only reduces the extra amonnt of the moisturc
absorbed, Darkas also found that the time for relaxae
tion depends on the dimensions of the @ﬁhﬁ piece,
whereas the bime for moisture diffusion ﬁhrough‘ih
increases rapidly with dimengions, we may, in primeiplé
achieve this condition by making test piece sulficientl
small,

ﬁavkaﬁ? in dealing with swelling of wood,
showed thoat the seoisture absorption of weod under gtres
ip voelated Lo the moagnitude ¢f gitresg. In sinple terms
ope may duagine that when the materdial is stressed and
deformed, there will be more accessible space in thé
material available for accommodation of water moleculgs

50 resulting in inereased moisture absovption.
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Kubu dovestigated the stress yrelaxation

behaviour of wool, @ilk and nylon. He conciuded That
within roange of 20% cxtension, wool behaviour is
independent of the degree of extension, Similar
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results were observed for anylon up to 15% extension
and silk up to 10% extemnsion. -

Roseveare and Pogﬁg in 1955, stated that the
thermodynamic treatment of the stretching of cellulose
fibres shows that moisture and temperature control the
bonding between chains in the amorpihous regions.
Increase in the moisture content due to stretching is
more important than temperature effect.

During their study of stress rﬁlaxaticnigf
viscose rayen in water, Clark, Preston and Shroff were
able to conclude that the change of stress with btime as
a function of maximum stress was independent of the
amount of extension in the range 1% to 20%. Mercdith
has shown in the same year (19506), vhat if the streas
relaxation data at given tewperature and relative
bunidity, for viscose rayon and cellulose acetate, at
different extensions be plotted as sitress/strain, agains
log time, each curve appears to be part of a counon
signoidal curve, which is called a "compositc relaxation
curve", shifted to lower values of log time as the
constant extension is increased. Similar analysis is
applied to nylon and Terylenc by Hﬁz. e could
approximately find a composite relaxation curve for
Terylenc, with certain deviations between two yield
points at 4% and 10% extensions. Nylon did not give
any composite curve at 0657 r.he and dry state. The
composite stress relaxation curves obtained by Meredith
were uvp to tine range of ldﬁ seconds for rayom at 058
rJhe and 20°C,



In 1957, Nissé%s studied the stress relaxation
behaviour of paper at very small extonsions., He was
able to discuss the theory concerning the moisture
absorption during smell grains. He found no nced of
use of meghanical modeols,

327

?a&&aglia angd Koppehele® studied the siress
rolaxation behaviour of isotropic and oriented cellu-
lose monofilaments at 25°C and'soﬁc, at 50% ».h, and
strains between 0,5% and 5%, Log modulus v/s log time
plots were different at different strains, but supers
posable by simple translation along log time axis.

During 1959 Teujimoto and Motojl, while study-
ing strGSﬁnﬁeéperature behaviour of nylon 6 filaments,
at constant extemsion, found that ah@ amerphuub regilons
dominate stress relaxation at low %xt&nsxons, whereas
crysballine regions douinate at high extensions,

4., Effect of ﬁemgggaturg on s&reg% relaxation

During 1944~45, Tabolsk%ma%d_ponwoyk@wQ,. by
using the tinestemperature superpu%ition procedure of
Toholoky=Eyring, éhrmughgtranglation of time axis,
have plobled composite stress velaxation curves and hav
proved thet in hydrocarboh rubbers there are the threc
regions of stress=temperature-~time relations. At
intermediate tenperatures: there exists a region of
relative stability in which Lhe statistical thermody=-
namical theory of rubber clasﬁiclty is valid, At low
tenperature,.the stress ré&axdtxon is due to slippage

of secondary interchain boﬁds, which are continuously



breaking and reforming, whereas at high temperature%
the process is due to the oxidative scission of the
primory valence bonds, moking up three dinensionel

net work, %his type of chemical reaction in the visco-
:.:mzla;ss'bi& behaviour is also confirmed by Mooney and co~
workers. This can be termed tthermo=rheology'

. Speakmna and~$avillg! wére firnst to study the
effect of ﬁam@aﬁatuwﬂ}on the stress relaxation of
nylon 66 in watep (19%6), Phey fouid that, in general,
the offeet of high teuperature is to lower the absole
ute tension develayedé Bevween 25°C and 55°C, the
relasation curve iﬁ’lﬁmear and the rate of decay of
tension remalns approﬁimgtely unchanged with Lemperatng
for a bins range F fﬁam 36 secondsto 30 minules, Above
55°C, the slope of thd reloxation curve is somewhat
similor to that Ffor wool in wut%f; In the following
vear, 1947, Durleigh and Wakehom, from thelr oxperie
ments on dry cotton and viscose rayon cords, concluded
that there is incroasd in.%he rate of relaxation, with
increase in temperature wi%h a given imnitial stress,

3
£

This increase in tenperatuy

e inecreases the frequency of

shifts of flow,unins,‘sinﬁ; the nuwabey of ¢hains per
flow unit remains about thg same, free activation
energy AF increases with g‘i;easzpera'i:ure, as would bhe

expe cted, Wnb@lsky and hig callagugag%%% taed Tobolsky
tine«tenperature superposition préﬁeipia or Ferry's
reduced variable method to obtain§ the composite astress
relaxation curve of polyisobutyleéé, They were able to
give three regions, €,g. rubbery, transition and glassy
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Stein, Kridmm and Vebolsky found that
polyevhylene shows little or no relaxation of
bivefringence with time; at various bemperatures
between 40°C and 100663 although intitial value
progressively decreased with inereasing temperabure.
Thus the molecular structure and deformabion mechanisns
in erystalline polymers is dependent on the temperaturo,
Thie has been proved laber by Tebalsk§}im 1656,
C?yﬁtalliggyy anl orientavion tend o change with
temperature; o a nagber curve camnot be obuained to
corralate sbatic and dynanic Ffunciions {(for erystalline
maberials;, and with anorphous material at high degree of
straing)s  Possibility only at low strains, but not
conclusive; according to Price and his co@wavkeggs
They have suggested that the correlatiois bebwesn gbatie
and dynamic experimenits were not conclusive because the
strain in stross relaration experiments (2% o 4.5%)
wore probably teo large for linearity of behaviowr of
Lilamentss

1

En 1950, Ferry published a very usceful; reduced
variable, mothed for obtalning master relaxation cuwve
for amorphous polymers {solutions), from the individual
relazavion curves av different temperatures and differer
concentrations, He has proved that the relaxation time
depend ddentically on temperature and copgoentration of
che anorphous polymers Katz and Tﬂh@lﬁﬁy found that
the erates of relaxation for wool depend on the
semperature (30°C = 80°C).  Their theory says that the
gtrese is partly supported by cross linkages like cystin



“dinkages and salt livkages. This was ot a successinl
theory for stress relaxation of polyisobutylene above
30°¢C. Therefm:a it can be comncluded thet the hyper-
bolic sine loaw of wviscous flow is probably applicable
o textile materials, while the relaxation spectrunm
function of linear viscosity is of greater imporbonce

in the study of auorphous polymners,

Mark ond .‘Ee‘imlskgﬁ suggested that if crystalls
ine material is strotohed, the foree resisting strete
‘ching ardises nainly from the decrease of configurat=
ional entyvopy in the aworphous region, The crystallitc
vetard molecular diffusion almost as offectively as
chemical eroms links, so the relazabion of stress at
constant exbtenaion is relatively slow, on the other
hand, as the temperadture is rolsed, some of the grysim
allites will melld owt completely oo that the concenw
tration of "cross links" bocomes smaller with dncrease
ing temperature and the modulus of the materiel is
therefore lowered as the Gewmperature is raised,

Araﬂmn'ae?? - earyied out relaxabtion experiments at
high tenperatures. %o avold complicatvion abont
mad, nbaining consbant relative humidity at ‘Rifferent
temperatures, he uwsed dry conditions, whore of course
relazation is very smell and the seloxation time is
greats  His experdmonvs provod, hawover, that an
increase in teuperaitnre brdings about a more rapid
bepdon drop because the relaxabion tviwe is dimndndshed,



In 1951, Tobolsky, bunell and xkn.dx*ew:é? and
previously in 1946, Stern and Taholskf? found that
at high temperatwres the elastowviscous behaviour is
contirolled by chenical reaction. In wmlaxutionﬁ%prvas
obeying this, the decay of sbtress occurs alwost
comploebely within less cycles of logarithwic time.
When this relaxation function is plobtbted against log
tine as abscissa, a change in the value of the relax-
ation time7 merely shifts, the relaxation curve
herizontally along the loggrithmice time axis, For
valcanised rubber at room temperature, the stress
relaxation curve is fairly linear. At high temperatures
ﬁhé initial portion of relaxation eurye;iatted against
tog tvime is still linear, but the log time end of the
curve approaches the form of a Maxwell decay curve,

The stress relanalion deta of polyischutylene
at 30°C have been estended back for several decades of
logarithmic time by superposition of data at lower
tempera%ures&u On the same groph are plotted the
dynamic modulus data obtained at 30°C., The agreenent
hetween extrapoelated streds relaxation data and dynamic

wodulus data is rather good.

i
According to Schwgrel and Sbaverman,in the

materials obeying the timemicmperature superposition
’pwimuip&éf the sane sequence of molecular events follow
in similar deformations ot different temperatures,
waereas in the materials other than this type, not only
the speed but alge the sequence of moleculor pocesses
changes when the temperature of the experiment changes,



This shows that the materials of the former type do
not. change in structure with heat tre eatment, whoreas
in other materials heat treatment modifies the structuw

Phs the ewpectatxon is that the materials wh:ch obey
the temyvr@tuxew$1m¢ superposition principle wuuld be
found only among the ﬁalymara guntainlng no Lrystall-
ib?ﬁ, and pe pronounced ﬁ&lar GEroups » Thus they hav
been able td give theoreti&al interpretations between
BLress rclaxaﬁlaﬁ and dyﬁammm complex or compliance of
dmarpheua pmlynew&rﬁé;h be mbtudied by using Tobol&ky
tlmestemporature superposition principle or Eorry's
rnﬂuabi@n method 4 This has been amahhmmed later by
4?ahalfky in 19506 for polyisobutylene and by Ninoniya
et al, in 1957 far vinylacetat e, above the glass trane
sftian emparuﬁurﬂ, wherée the nature of the rate prﬂues
is independent of temperature, Meloughlin and Yobolsks
bea*nud a eompé ite stress yelaxation curve for
p@lymebhvlmeuhuuylate (a ilineor a@or@ﬂaus ‘polynier),
explaining ite states at all meyﬁrahuvva from pubbery
o glassy .

In 1953, Lasaler, Nimer ahd Wyrigg investigate
the stress pelaxation behaviour @ dry and wet cotton
fibres at various temperatures %etweﬁn 0%¢ and 60°cC,
They correlated their resulis up to ;ane hour approxiie
ately with a mechanical model canai%ting of two Maxwell
elements in parallel, Provided th@%%ime‘interval is
sufficient for completion of fast r@laﬂatiﬁn Process,
constants were reproducible and zcré imdependent of
initial load from lg to 3g, bub w&w% narkedly influenm
ced by temperature, They concluded that the relaxations

PEESPISPENT S



oocnired Chyrovgh sogrnentad mobion of the -chains rather
than the whole chaln moving ab one time.. In the
Follovwing yoesr Kubn, Fred and Monmbgomery showed that
the early period of girvess yelaxation of wool in wabor
de not much affected by temperature rise ﬁfﬁm.gﬂgﬂ to
7@@$3.hmﬁ Later period fo sffected much by btemporatuwre,
Kishinote found thet stress rolaxetion in Anllen ab
55% vahe i8 @ function of gtrain and temperature,
Seddnan  and mﬁagg.analy&ad‘hiﬁ sbress relazation vesulis
of paper cellnlosey at different temporstures and
relative hunldities by using reaction rabe theory,

. In 1955 Terry,s Landel and Wiiii&gé found that
the distyibution function or relaxation spectrum is a
mathematical representation whileh can conveniently
degepibe thie linear viccoeclastic behaviour of the . -
maborials MEferont types of ddstribution functions
may not be divectly iw&exg%?ﬁeﬁ in berms of nolocular
theories of Rousd'and Bueche for possibility of moeleeculs
snberprotationg of "wedge' portion in distribution of
relaxation tdmes In terms of segmenital motione This
proves the fivm theorobical basis of Toboleky and Porpy
temperatuve~tine superposition procedures  Tobolsky
awﬁ,M@L@ugml§a,@new@mﬁ¢d sbress relaxation of
crystalline polyaers, e«ge polytrifluorcoethylenc, ond
polyothylene behaviour was studied dater in the 1%
fellowing year by Cateifiy 0ffenbackh anmd Tobolshky.
They Founnd that at various bemporatures, the change in
stress wan very gradual for both crystalline polymers,
Th@,ﬁﬁ&ﬁ&iﬁiﬂ@.h@tW@am the rubbory and the slassy state
is spread over a wider temperature range than from an



anorphous pelymer and throughout the region, the

- relaxation rate is slower, %he simple tinestenperature
superposition which holds for ancrphouws polymers in the
transition reglion,; was found Lo be not valid for
wysbaliine polymers, There is horizontal displacoement
along the logevithnic time axis due to changing
crystallinity and oglentation with temperature,

Watson ot ale from their sbtress relaxation stud
of several commercial plastics, e.g. polystyrene,
plasticised cellulose derivations, polyethylene and
nylon, ete., in short range of 0.01 second to 2,5 secorx
after application of load, found that increasing strain
temperabure or plastiviser contenlt generally incrcased
the relaxation rate. During his stress relaxation
studies on wet wool up bo yield point extensions, Rigbg
found that an increase in btomperature from lﬁaﬂ,ta 56%¢
reduced the amount of stress which dekayed. |

Ferr; has given the tonmpoerature dependancé of
stress relaxation controlled by Brownian motion, Tor
change of temperature T@ to T, there will bﬁ‘ﬁhi%&
off relaxation curve by gn amount log ap. Pobolsky idin
1956 reviewed many aspects of chemical stress relax-
ation, stress relazabtion in amorphous polysiers, in
crysballiine polymers asnd certain natural polysers and
polyelectrolytes. He found thalt the m@lﬁcu;ar structure
and deformation mechaniam in orystalline Qﬁiym&rﬁ is
dependent on vonperature, _Iﬁ has already been proved
by Toboleky sand ﬂ@wﬁﬁ?ﬂﬁgg? that crystallinity and
orientation tend to change with bewperature, so a maste



curve coannot be obbaimed Yo cvorrelate static and
dynamic functions. Price ond Qﬁhegg could not gmeb
conclusive corrolotion of stabic and dynamie properties
of single filanents of viscose rayom, acebabte rayon,
aylon and polyethylene oven ab low sbtrains, bunbt in this
case tho straing (2% to 4.5%) were probably too large
for Lincarity of bohaviour of filaments, Peters and
W@@ﬂg found that aty %i&h bomperature the relaxation
ceurves Foy hair in water &ﬂﬁmm@m the sinple shape
csharacteristic of a single rate proecess, bthis may be
due o the f&m& rolaxation being too repid to ﬁa
@b&apv&ﬁ.

Glork, Preston and ﬁhng§% while studying the
affect of oxtension and bteuperature on stress rolaxation
of wet viscose rayon, foumd that the rabtio of stress
alffter 90 minuvtes to ordginal stress was ipereasing
slightly with temporature, Crom 20°¢ to 55@6, and
decreasing beyond $hat temperature range. They also
found change in several other pr@pbrti@&, Oetgs A minlmus
swelling, a maximun breaking extension and a sudden dyeg
in breabking load. They conciuded that above 5ﬁﬂﬁwth@ra
is o rapid rise in the rate of dissociation of cellnlosc
cellnloge bonds, '

Ferry and .Kaamﬂgi? have explained the dependence
of viscoclasbic and dielectyric relaxation procesaes, and
also of moeleenlar internal Triction coefficients on
tenperature fop pﬁlgim@hutpluna, polymobhacryiate and
polyvinglacetateq.

In the case of erystalline polymers, the
character of junetions and the chain mobility are
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certain fuﬁﬁtiaaﬁ of the degree of crystallinity.
Takemuras  obtained master curve from orystallinity
relationship, of water non-absorbing polymers, ¢.g.

polyethylenes !
{ , 110 _
Mabsumobto and Feshilkawa wcoarried out stroess

relaxation oxperiments on wylon § at different
clongations; soveral r@&@&zve humidities and various
meg&?atuz& Culf 35 Cs &ﬂa, and 55 5°C at 55% wohe

They found that stress ?ﬁiﬂh&tlﬁm was much affcected by
humz@iﬁy agael ummgerapnreé Yoghitond Nagamaﬁau and
kawxymla reported the stress relaxation in torsion of
1mw ﬁryhtallinmty mylon | filanents at various
venperatures from 20°C 80°C, and humidities 0%, 45%
and 75%, putting small ﬁneugh torsional strain within
Boltznanals superposition t@ﬁt for the linear behaviour
of Lha materdals At 0% vahe and 95% v.h. that data

Emr different banperatures could be reduced to 4
?Lﬁpﬁﬂﬁive ma&t@f relaxation curve by a horizontal as
we%& as a swall vwrtiaal shifte The relaxation tine
Sﬁq&uﬁﬁm nalﬂu&uyud ther, covered a wide time range and
dhﬁWLﬁ too weak bm& distinet maximam corrvesponding to
the "wedge" and ?hax“ type of relaxation specirum of
the aworphous pelymers. The maximum on the shorter
%iﬁ@ scale was ﬁﬁauﬁh% to be on vibration of the
a@gmﬁh%ﬁ. QOW@&?&%& the spectyra of the aunorphous

‘;;,

y@lﬁﬁ“ﬁﬁ and ﬁylﬁﬁ 6, on the leg time scale, they

i
ugguﬁ%ad that th&r@ should exist in nylon, some sort
Ofghiuﬁﬁbfﬁ, mrabamly due to jJoining of the short chain

molecnles in the crystalline region, effective in its

mechanleal behaviour..
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&":iav.aag“;} found that the isothermal volume
contracbion of amorphous polymers (.o Pﬂiyaﬁyb@ﬂe,
@ﬂlyvimylamgtate, polyacryliepeperdide and polyacrylics
m@rpn@lid& ete.) belew transiblion Lemporature, is the
i%n@ﬁ&@& of timej as in stress relaxetion, ITllers and
Jenckel studied the &&Whaki%&l relaxation phenomena in
pa&yﬁ@tr$mﬁ1uaw@m&hylﬁﬁa {(Teflon) a aﬁyatalliwing
polyner, betweon Lempufatmra ranges =15 56°¢ andiﬁ.ﬂpﬁ,

at varying degree of cﬁystallxnxﬁy,

- Fenghelmon and ﬁit@hal in 1959, studied the
wh&a.& rolaxation and permanent set in keraﬁaa i bres
Mt 109% and 40% eytumswamﬁ 4in water, at gemperatures
be bWﬁ&ﬁ 209¢ and 100°C, At 200°C and 407 extens sion,
the force after ope hanr*{th@ remancnt farua} was
madnly elastowerie and hﬁ&ﬁa@a 60°%¢ and 70 € a second
transition ocours for thd stretched wosl in watcr,
Chenical treatments, wﬁ%&h~aecel@raﬁa or retard the
ability of the {ibre ﬁ§ permanent seb also reduce or
iﬁﬂ??ﬁﬁ@ the value of ﬁha renaiont force in@uhe fibre,
Rigby has ﬁiV?ﬁ stress rel&xataaﬁ and trensition
temperature of wool. lmdapanﬂﬂnﬁ of physical or
chemical modification aa*voal, its stress decay in one
hour i@ 33% end 73% of "ite initial stress below and abo
pransition temperature, respectively. |

&;uuhmﬁﬁ mﬁﬁﬁ an atbenpt to apply the theory of
1®&uceﬂ v%vj ables to the stress w&&aﬁaﬁieﬁ‘ﬁehaviour of
the mrya&géiiﬂﬁ polymers polyethylene and polypropylene
He aﬂﬁniuﬁeé that the theory could be applied if sultab

raeastri @ﬁléﬂ% were nade in &@mpawatnr@ range and amount

JRRS————
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strain in the sbtress relaxation oxperiments, Curves al
different temperatures could be superposed to give a
single master surve, and the shift factor so obtained
fell on a straight line in an gﬁwhemiug plot. He was
able to calenlate the distributions of relaxation times
for both polymers and were found to be very glmilar, 1
could compare the behaviour of two crystalline polymers
with amorphous polypropylene whose behaviour is much 1ik
polyisobutylene,

FPaujimoto and m@tngga have glven stress~tomperat
behaviour of nylon 6 at various sxtbensions,  The tensil
shregss relaxes with rise dn Leaperature and r@laxaﬁia?
decreases with fall in temperature, Taujdmoto ot al.
have studied visceelastic behaviounr of nyloun 6 yarns
dupring heating., MNechanical properties in the region of
comparatively small strains at various temperatures can
he ropresented by a dynomnic model, They show abrnormali
at 60°C and 140 °C-160%,

Tobolsky and Murakamyﬂ found that the mostey
sbress relagation curves of awmorphous polynors, c.g.
polystyrene, could only be resolved by approximation
mebhod into a combinuous distrlbution of relaxation time
They have described that this ds Gﬁviﬁuﬁly not entively
gabtisfactory in all cases, v.g. for Mazwellian stress
decay or if the Rouse distribution for the rubbery flow
region were truly applicable, They have proposed a new
Procedure ¥, where, in favourable cases the master
relaxation modulug in rubbery fiow region can beé resolve



into a discrete distribution of relaxagblon times, dncluc
a well defined maximun vrelaxation time, This procedure
was applied to monodispoerse and polyisodisperse polyaty:
the latter disperse of heberogeneity index 1,5, It

appears that the Procedure X gives reasonably well defis
values for at least the two highest relaxabion tidmes in
those twe casos, Later they furtber explained this

. . : . . _ L
through equations in thedr cditorisl iettargua

Takemurémahaa given. theéoretical consideration ¢
the effect of crystallinity and draw ratio, to the visoc
elastic properties of polyethylene; which is much wore
complicated than the amerphous polymers, He thought
that it is impossible to use Ferry's veduetion method te
obbain master stress relaxation curves of polyethyliene
{erystalline polymer), bub considerabions of orystallind
and draw patio could help in this direction,

Last year, bunell, Joanes and Ry@mlhava heen abi
to obtain master stress relaxation curves for nylon 66
monofilaments by superimposing bhe varicus stress relax:
curves between alﬁﬂga and + 10°C. Théir results could
be approximated by Ferry's reduced variable methed, whic
can be seen from his ghraiéﬁﬁ line plot of shift factor
log ap against reciproeal of absolute temperature, He
was aiso able to correlate his stress relaxation results
with his results obtained from forced longitudinal
vibration studies.

Malin:i_%a% gave a general mathematical theory of

stress relaxation and ereep, for high polymers, as funct
. * ‘
of time and temperature. ' Begen and walaﬁenhoimg sbudd



the effect of temperature, 25° Gy 50Y¢ 70 ¢ and 100° C,
on long term. propevties of common pl&auiﬂs, €.fs ACTY=
lonitrile, butadicne and styremne polyuers of var?iﬂv
noueMeY ravios, Amalytiral exproa&xﬂna ave given for
pradiction of long uern room tamperature stress relaxe
ation from short term bigh teuperature oncsy T4 was

possible o convert dtnc&a yetaxation- amta hy dﬁywwlmpl

3
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Very wecently ?ijinm* Senshu and, Rawai studicd

the stress relaxation bahavmour of meihylmethyahrylate
and methylacrylate @mpﬂimy@wq at vav&&ﬁﬂ tomperatitras,
They eould ahhaxa mamagr stress relaz atiqﬁ cnzvabwy&ry
sonveniently and the ?’C‘-J ationship bshw&e? ”uiu.ﬁ*t: e c%m"
agy andl temperature, uﬂreeﬂ well with tgL»ba cqum&ien
within the vemperaiure prange of & SQGK, about glass
translition temperature, a di&winvtive tﬁmﬁ@ﬁ turv.

1
!

apad

relaxat: apcessibilit

In about the last ten yesrs sowne of tmé workors
 have used stres B reloaxation as a tool of memwvfxmg
accessibility of Lhe textile fibres, They mvze& Lo

investigoate Lh:”ﬂﬁfﬂct of various va&g&nﬁs, @.% reduci:

X

cand oxidising agente, negtral salt solutions anﬁ alkali.
solutiong, on the stress relaxation behaviour ﬁh'f'h?@ﬁ

By studying {the diversion from the usuol rblsxatxon
behaviour, they have been able to find the accessibilit
and also more confirmabtion aboul the strucbtuyral hehavio
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Tn 1950 Ketz and Tobolsky while studying
the siress relaxation of wool in water, studied such
behaviour by replacing water with sodiun bisulphite a
feﬁuciﬁg agent o Aith o mﬁutral salt solubion, They
conciuded that the stress wharn relaxes is partly supp=
orted by cross linkages like cystinae ixﬂkag@s and salt
Linkages, » ;
a 2
Mooney ot al. ond ah&lﬁm and Cowworkers
shudied the effect of DAyW@F on asbress relaxation and
?J J.’n‘mluks? ?ssug*g,e ed thet the accesse

i.'

Ability of @elﬁulm-& to varlous reagents can help
us An de%ermludmian 1 of crystaellinity percent,

'!

153
Reese dnd F;ring studied the effect of aclds,

creep, Mark am

basges, oxidising ag?mts and reducing agents, on the
stress relaxat 49m.b9h&%¢our of haiyr, under constant
clongation, with a view of studying the amount of
mechanical ﬁﬁranwtﬁ contributed by Various bhonds,

Ku%zazg'ﬂs Li H)&% found that the carly period of
stress relexetion of wool, sillk and nylon is controlled
by hydwpgﬂa &@ﬂﬁ, but the Latter period of relaxation &
case of wool is ﬁ@ntﬁ@ll@d by the scission of dismlphid

rosslinks, e iavdgbtigated this by uwsing different
reagenls e.ge ureda, hydvochloric acid, eystelne,
%hiogﬁy%w?iﬁ acid ak& sodium bisulphite in the specimen
&la@a@y relazing in ﬁa ere Sodium bisulpbite does not
have amy effect on reiaxatinn tehaviour of silk and
nylon, @uﬁ it gives dramh&v change in the relaxzation
behsviour of wool, %h@@ is prespmably because of its

{ ¢
t *



action on the disulphide bhonds. During the same year
the aunthor in collaboration with M@nﬁgﬁmarﬁg*atu&ied
the stress rolazxation be study the kineties of the
reaction of oysteine solutions with wool keratin,

In the following yeuwr Lasater, Nimer anl Eyrﬁﬁg
investigated the stress relaxation behaviour of colton
in mineral acids (e.g. HCI, HN03 and H2804) and alkali
hydroxides of sodium, pobtassivm and Lithiuam, They fou
that the stress relaxation of specimen already relaxing
in water, was due to breakdown of secondary bonds (most
probably hydrogen bonds), between the cellulose chains,
They represented thelr reamlﬁa,'in acids and alkalis up
to two log. time cycles, by thelr mechanical model,
There was no effect of temperabure between 0% ana 60°C
on the relaxation in the above reagents, Potasaium
hydroxide causes more relative rate of force reduction
thap godium and Llithium hydroxides, alt particular
molality or alkali concentration. Increase in alkeli
concentration increases breakage of bonds.,.

- . _ 133 155
By comparing the resulis, the same authors

noted that the relaxation constants obtained from
subseqguent curves were the same as those obtained {rom
the initial force~relaxation curves (at constant elongab]
rtor single cotton fibres. This provides the basis for
a method of measuring quantitatively the effect of
chemicals on cotton fibres, Using this characterdistic
behaviour, a study of the reaction of the strong acids
(uca, HROs and 32304) with £ibre was conducted, These



reactions are of interest, since it iz well known thats
* ~glucosidic linkages of cellulose are hyrdrolysed by
even dilute acid solutions, They proposed that the
relaxation element participating in the fast relazation
process is easily hydrolysable material, Acid has &
more pronounced effect on slow relaxabtion constant than
on the Fast relaxation constant,

194
In 1954 Kubu, Frci and MHontgomery showed that

dilute salt solutions of NaCl, KCL, M, CL, KBr, KP, KI,
Licl, Na2804, Faﬂlg and Mgﬂlz, produce gvarying vate of
relaxation behaviour of wool in water. Specially Fell
showed much difference, probably due to its oxidising
effect. When salt solutions were replaced by 071N
C1, there was further 205 more relaxation, hence the
salt sensitive cross links, are distinet from the aecid
sensitive oncs. Similariy, by replacing salt solution
by cysbeine mﬂiuﬁian, more relaxation rosulted, which
shows that the salt sensitive linkages are different
from cystelne sensitive ones, Thus it can be sald tha
the water sensitive linkages are hydrogen bonds, aseid
sensitive ones dre salt bridges and the cysteine sensit
ones seem bt be distinet from all of these, The
possible explanation is given that there exists hydroge
bonded regions of higher order, which are accessible to
the salt solutions, though not to water alone, Such
regions wounld be characteridsed by high entropy change
and would thus require a strong reagent to affeet them,
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but they would be associated with a amall energy and
hence the reaction rate wovld not be affected mach by
temperature change. This. behaviour of wool fibre
accords this hypothesis, bubt they did not have any
cone lusive evidence for it,.

1577

Werner, Schefer  studied the stress relaxation
of polyamide synthetic Ffibres at 109 comstant elongatic
in swelling agenbts like, benzene, water and alcohol,

to study thelr chemical behaviour.

Tn 1655 watson, Kennedy and Aﬁmahrnmés during
their investigablons of stress relaxation of several
common plastiecs, also found That bthe imcrease in
plasticiser conbent generally inercased the relaxatigp
rate, Duripg the same year, Lemiszka and Whitwell
Ffound that there was no apparent change in stress
relexation rate of viscose rayon in water afber 24
hours, when water was replaced by hydrogen bond breakin
reagents like lithium and fluoride salt solutions.
Thus, it was eoncluded %hat/afﬁar 24 hours the relaxabi
rate {is not controlled by secondary bonds or hydrogen
bonds, That was why acid was attacking primery bonds,
in which celinlose molecules react with acid, which can
be interpreted in terms of accessibility. Nylon 66
with Laovrger diow ratio showed smaller rate of relaxatio
in water, and the abscliute stress supported by the £ibr
is greater. At the diminished dvaw ratio, there was
more drastic inecrease in the rate of relaxation, when
water was replaced by HCL afler 24 bours rolazation,
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This effect of draw ratio on stress relaxation behaviou
was interproted as due to difference in availabilily
of primary and secondary linkages in the molecular
noetworl of the fibres, . Drawing generally, results in
o more ordered fibre strocture, in which bonds become
less accessible i bhe aetion of golvents and reagents,

Normally oriented specimens of various naeterial
including wool, sill, cellulose, rayon and many synthet
fibres with bhydiogen bonds, show similarp stress relaxat
behaviowr in distilled wabter at normal teompzrature. A
addition of acids to Dacron, bynel, Teflon, Orlon and
polyethylene (which do not contain hydrogen bonds), und
golng sbress relaxavlon in water, did nob show any effe
on the relaxation rate, Thus lLeniszka sugpested that
the relaxzation of stress in wabteyr is caused by seission
of weaker secondory linkages, peculiar and common to
all the materials investigated.

Jass and Fgmiieigw have shown that there is
influence of electvode potentlal, by reducing agenbs,
on the reduction .of cysteine in hair fibres, The
available reducibility dis not due to the sereening of
the cysteine bonds by hydrogen bonds or salt bonds,
bocause the equilibriuvm sbress levels are apparently
independent of pi or ionic sbrength. The correlation

- of stress reduction with cysteine reduction makes it

gulte evident that the stress in hair {ibre is due
solely to eystine linkages.

<
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160
Steele and Giddings 4in 1956, correlated the
stress relaxation of fabric, treated with hydroxymethyl
and bishydroxymethyl vreas, with the molecular structuy

| | 14Q
In bthe subseguent yvear, Valenmbine used stress

relaxation asethod of determiniang the accessibility of
fibres to HCL, Thigs method vanks celliuvlose in the
sane ovder of aceessibility as other methods, but due t
uncertainbics of intdrpretotion of results it makes it
donbbful value without confirmation.

Toklts dnd Kanamarumgiﬁ 1958 £found that theo
sbrongly polar polymers like viscose rayon and cellulos
acetabte, bobh can be crosslinked to various extents,
with tebra-~nethylene-bis~cthylene urea (TBU) and tebra~
methylene~dis~isocyanate urea (TDU), They were able b
measure apparent activation energy for relaxation in
relation to the degree of cross linking.



CHAPTER IIX
EXPERIMENTAL METHODS ¢

1. Introduction

ihe fact; that even very little work on the
stress relaxation study of the textile Libres and
filaments have contributed much towords the studies
of the fibre structure, has inspired many canthusiasts to
use different types of device for its acourate study.
They all have considered certain factors of much %@@ﬁrta
in the normal stress relaxation study. lMeredith
and Armstrong?a have recognised bthe desirability of
obtaining stress relaxation measurcments abt very short
times after stretching. They have deseribed apparatus
for obtaining such measurenents. During the complcte
tests it should not bhe forgotton that the extension
should remain conglont throughoui the siress relaxation
investigations, so a device should be provided to achiew
that. The proper study of stress relaxation tokes a loi
of time, so some workers have used apparatus in which
more than one specinmen con be studied ab a time.

E:“apeal«:ma:? ‘usad a helical spring as a device for
measuring the stress gﬁﬁaxatmon in the wool fibre.
Loter on in 1931 Snmith modified the Polanyi tcgﬁer for
the stress relaxation study of viscose rayon. He fixcdd
a specimen on one end of a beam balance and a dead
weipght L£loat on the other. This float was controlied fc
its weight by the level of liguid in a conmtainer. Thus
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he could put small strains in a specimen by removing
some limuid and the comstant length of the specimen was
maimtained by putting in some ligquid according to reque
inamentﬂ to compensate for the stress decay.

Stelnbevger suﬁﬁd a lever device for study of
stress-strain measurements and he suggested that this
apparatus can also be ased for stress relaxation study,
e measured stress by an optical method by using tele=
soope and scale, ﬁaaﬁ welght dra%ping nethod as strote-
ching device was uaed by Treloar in 1940, Ue used asg
flat spring method for tension measurement, Wezenep

also used a similar device,
165
Sookne and Rotherford indicated a balance

system where the stretohing speed i& controlled by photc
electric current, Later on, Gross .a&ﬁo uwsed a beam

halance aiﬁtem for tension weasurement in snr&sﬁ relax=
ation study. Ninomiya, Kishimoto and Fuiita have
deseribed an autographic bean balance relaxoneter Lop
stress relaxation atuﬂy in textile fibros, Tobolshky,
Pretiyman and ﬁmil&n used a similay method of tension
measurcaent, but with a screw type of stretching mechan-
ism which can be operated manually or driven by motor.,
A similor method of stretching was used by Lasater,

133
Nimay and BEyring.

41
Ian 1947 Burlieigh and Wakehoam used a bonded wire

resistance strain gange for tension measurement in their
stress relaxation study of cellulosie fibres and fila=
meats. & wire resistance strain gange was alse used by .
?haraﬂm im his multisunit instronent for stregs decay
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maaﬂurement in &iﬂg%u flbres. In his inatrummnt the
toraas were autommtically recomded with precision and

auauraayg This mnstrumamt is stablﬁ over long periods,

(E e
Arm&tnong and his co*wnnkers almo ed an

electronic strain gauge for maasuramant‘of-é%ﬁsian,fbut
spring ex@aﬁsi@ﬁ‘mmthed was used for stretching. Price
et al? in 1956 modified the ospparatius: of ﬁrmsﬁfﬁmg to’
obtain a reliable stress relaxation measurement at 0,02
gec, after stretehig.of the fibre, Chatien, Scoville
anﬁ'@omanﬁgautilisaﬂ a load cell ipcorporating a strain

cauge For measuring bhe stress in an elastoweric specie

ymen h&&ﬂ unider: constant alangation or at constant

-

%qmpre&axan¢ Stein and Schaevitz @ devised an putogra=
phia gbress. relaxoneter; ubilising a linear vapiable

diffevential transforucy.
‘ 169
Wood and Chamberlain used a spring expangion’

method of stretching, but a condenser device was used

for tension meaaurameﬂt. fhey were able to take’ a Cone
tinuous record of u@n&icn in wool during its very eavly
relaxation,, Gﬁawa, uaed an electric ralay as tensinn
neasuring device.

In 1900 Begen and Walatanhalmés'déveloped a
flexural stress relaxometer that records the stress load
ings and stress decay for studying the effect of tempers
ature and other variahles on the loiiterm properties nﬁ
COouLoOn plastias.

From thi& short lmteratuve uﬂvey im *5 clear
that the main . davica& for $tretmhing h&v& bean used
until now are:- dead weight dnopgiﬁg»meﬁhcd, which givas



trouble in getting corvrect cxtenaian due to creeping
”Gf the specinen, Hand pullinn method can give fairly
»xaﬁid*buthuméurha¢m axuanﬁlon.' Secrew doevice of ﬁbretah-
Ang. can. g;ve failrly counstant rate but slow rate of -

' extans;on. The spring expansion niethod has maxiiiam
advanbage& over othcrs for prcviding very. rapid sbratch-
ing ﬁur study aﬁ eawly stress relaxatmmn behaviouv alm
‘thounh it sufiers from the disadvantage of-a varxabls
rate ox ecien&zon. '

\Meredibh in 1954 cansﬁrﬂcted 2y btr as ralm
ometer in which he used a helival mmrinﬂ ranraah¢an ,
device for ohtaiming rapid extension;. . Ha studied stres
decay in.cellulasic fibram.aad.Filaments atzqoggpqnp ‘
extensiong, by an aptical lever arrnugament.; le was able
to extend the specimen within 0,01 sec,, and could recor
phobepraphmcﬁlly the Fmrst rcading at less. than O GS sec
after the start of extension, lsu 7modixmed meredith!s
apparatus by introducing a dash-pot containing liguid,
in parallel with the helical spring, Thua'hm\iﬁcbgasgﬁ
the period of stretching from 0.01 sec, ﬁqga,ﬂz to 0,10
sec, depending upon the extension imposed, bﬁt he éuﬁld
get an iuproved record of readings due to less vibration
in the tension measuring sysbom.

Considering all the advantages and disadvantages
of Hlsu's wodification in Neredith's stress relaxometer, .
it was decidgd to adopt the sane modified apparatus fopr
some of the invéstigations in the present work, where th
early period study of stress relaxation ecaryies sone
importance., With some changes in the technique, it was
possible to obtaian a continmous reeord of tension decay
readings at 0,01 to 0,02 sec, onwards, irreapeétive of
the extent of the extension. This type of stress



) 'f'fsingle un:a.l, fstres.s ralaxmnatee‘

: relaxometer in whic:h om stud:l.es th@ -stres.s reiaxat:a.on
')beimvz.oux* of one speaimen at a t::.me c.m be ca.tled a

Mm main intere:st Wi the aomparimﬁ oi:‘ Mm behaviour

_ ¢)§: a number m’.‘ d::.i?i‘u*eut types Ox. i::t,bm: t.mdcr tlw same
7mmd.n.h:i.¢mm ‘To achieve this end it ‘Wi tirmided to s
build up a six um.i} stress rel ayomumw, whu,h Im& the '

&l milar 0;1&, ical lever devicec for Lﬁ,ns.mn ma.amurement d&
in the single unit rvelaxometer and a ss«,t*xaw 'bylm aﬁ’ _'
stretohing arvangement, This ing ﬁ,rwmnt :Lb b..mui cm

. i I . :
Meraedi th“ & appar atus used for r rate. G) 11.. {‘X'ﬁ;(‘ﬂhlﬂﬁ' Illbﬂﬁ“#
urene nts, ? L T

(A) SBipgle unit strc:sss ;*n1mcoyg m
(i) ggmmgg,

[

- The general arrangement af the eﬁaanbihl part
ofl the ﬁpparatus,is shown in Fig. l.KQ”hqy ara all L
mounted Qn a vigid framawurk, conaiﬁting of faur bra_sgf
rods (R) 17" long and diameter 4%, wiLh two_end. plates,;
(Pl, PJ). This whole zrnmawaﬁk”can be. accommouﬁted inf
a copper tank 18% x 55t x 34w, The top plata (Pl} rorms
a good fit with the opening of the royper tank._*

(11) éﬂﬁs&sl&;&gﬁggnﬁai§4

Twe gpips (Glg G &) made of Buralmui n. dl“lﬁ ;wnvide
the lower grip {(:2) being very light, givesin -
eration during extension. The sspecimun *>ia; -hu.i,,c‘l betwaen




Single unit stress relaxometer
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anot her (R.} capahle of being muvad up or down' dnﬁ e
carrying a relea&e catoh (t) which hélds the Iéwe”"'“f"i
agalnst the pull of the h@lxual spring (S}, uﬂtil Lh&iﬂ-
stavt of the expériment., Rotation of this rod R m o
releases the catchs A brass block (B) clamped to i the =
fixed brass rod {Rf) and capable of siiding aﬁfit*hné’*“
the free ended rod (R ) On this block (B} tho 1ewer”“'
grip (&2) stops when the reguired extension: uas oaen

reached, Lits position can be adjusted to give a p:ed@tn
ermined amount of extension. The upper grip’ (Gl) is

hocked igle a stirrup opn the tension measuring head.

The distance between grips at their 1&1&1&1
position detersines the test length of the sgecmmen. The
upper grip is fixed ir positiony, but the 1n5t1a1 p@&ltla
of the lower grip can be adjusted, iFf neceﬁsary, by
changing the position of the release cateh (C) alang Lhe
brass rod (R ). Throughout the present work, the’ in;tza
distance Eebwe@ﬂ grips is maintalned at 20 ome . i

%h& helical spring (5) extends the syanim@n‘ ;;§
rapidly and holds the lower grip (GZ) against the ﬁteyuﬁ
(B) for the duration of an experiment. One end of the '
spring is hooked on to & small screw on the lover. grip,
and the other end attached to a brass support {ﬂ ) whﬁch




is in turn clamped to the fixed brass rada(Rf)« %h&
position of this support can be adjusted along the brass
rod, thus giving the reguired amount of icitiad sgwimg
extension. Two springs of constants, 230 and 510 gwa'
wtfem, are kept available to cover the range of tensions
roguiroed,. ‘

The dashepot (D) is comvected to the lower grip
(Gﬁ} by means of a connecting rod (RQ} passing threough
the heldical spring (8) screwed to the lower grip, the
other end of the connecting rod being attached to a bras
piston immersed in sowme liguid medium (here water) conte
éin@dgin a glass cylinder 2° long and L.1% in diameter,
The pistor thus moves at thoe sume pace as the lower grip
" The top of the connceting rod where it touches the lower
grip is made semi~cylindrical in shape with the flat sid
inward, so as to ensure a smoobh transmission of force
from the grip to the piston.s The piston (3 cm. in dia=-
meter )} actually consists of two discs tightened together
by nute (Fig. 2). The bobtom thick disc having two
diometrically opposite holes of 0,8 c¢un. dianeter, is
uwsually fixed to a connecting rod, while the top thinner
disc, which has two curved holes as shown dn Fige 2 con
be rotated in relation to the bottom one, as desirable,
then fixed in place. By this arrangement the effective
arca of the holes through which the liguid medium flows,
can be easily adjusted. In other words, the dash-pot
constant coan be easily altered over a £alrly wide range
without changing the mediuwn. Xn the present investige
ations water was quite a satisfactory medium, A refere
ence maﬁ% is engraved on the edge of the bobttom disc and
the top disc is marked with a cireunlar scale. The dash=



pot constant is noted nominally im terms of the number
on the secale opposite the reference mark.

The glass cylinder of the dashe-pot is covered
with a rubber stopper having a collar ab the centre '
{(Fig. 2). "he glase collar is made up of such a shape
that ites top inside diameber is about the sane size as
that of the conmecting rod (RQ}, but the remaining part
is congiderably larger, The collar together with the
rabber stopper serves two purposesi to keep the frictiov
o the movesent of the connecting rod as small as posse
ible and to prevent the ligunid from gplashing out at the
rapid downwards movement of the plston,. while providing
ar escope for the slr abt sudden change of air pressure
taside the cylinder, ‘The piston movement is limited to
Just over § cm, For the present woxlk, in the case of
dry viscose rayon experiments, the extension of maximum
10% is put so that whon the. specimen length is. 20 cm.
the piston wovement for it will be 2 cu, only. The abov
limit, of maxiamum extension, is taken because at higher
extonsions, due to sudden ext@nsion, some of the fila~
ments of viscose reyon bhreak,

(iid)

The optical lever cystem enables the tension to
be measured accurately while mainteining the length of
the specinen constant during the test perdod, The
corstbant length is maintained due to very small movement
of the tension measuring head.

A cast spring steel strip 0.03 cm. wide is cloms
ped between two stesel blocks (51) &ar&w&d'taxﬁh@ Lrane
{see Fig, 3) so that it forms a cantilever with a free



length of 441 eme. Different thicknesses of such strips
could be wsed for wide range of stress with reasonable
scnsitivibty. A concave surface-aluninised galvanoneter
mirvoy {radius of cuprvature about 65 cm.), is atiached t
a light froue (%f) carrying emall polished steel balls
arvanged in the form of an isosceles triangle (abe)

(see Fige 3). One of the two balls at the hase of the
triangle reste in a Vegroove, cut in a brass block (Bb)
attached to the frame of the imnstrument, while the other
rests in a conical hole in the end of an adjusting screw
{ﬁa}, passing through the bragg block (Bh). The +third
ball "bY rests om the polished top surface near the end
of the cantilever, Hending of the cantilever causes

the ball "b" and therefore the galvanometer wmirror, to
rotate about an axis passing through the two steel balls
{a, ¢} at the base of the iscsceles tfianvle. The adius
tng screw (J ) permites the adjustaent of the eauilibriu
position of thv galvanometer wmirror, which in turn deter
mines the zero reading., %he distence from the apex to
the bhase of thy§ triangle is 0.174 on. and the optical
path from the galvonometer mirror to the transluscent
scale (ﬁ ,) is 87 cm. For a deflection of 10 cm. on the
secale, uhﬁ angular displacement of the reflected light
from the galvanometer mirror is 10/87. Since the inci-
dent light to the galvanometer mivror is fixed, the
@Of”@ pomdimg angular displacencnt of the mirror is

1 gm. (Hence the movenend of the cantilever where it
taucho& uh@ steel ball "hH' is

ng"””"“”&lZ& = 0,010 ca,

2 7

¢h carvies the upper grip (Gl) has a

e B
ooles

Yhe stirrup wh
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knife edge bearing in a shallow Vwgroove on the caontie-
lever abt a distance of 1 cm. from the clamping blocks
(51). The distance from the steel ball "b® 4o the
clamping bleocks is 3.4 omy Consequently,; the movement
of the end of the specimen for a full scele deflection o
10 om. is only; 0,01 (1.0) / 3.4 = 0.002%axka magnificatio
of 3400 X), and this is wegligible when comparcd with th
test length of 20 cm. |

The sowrce of Llight from the optical systea is a
36mwabtt head lomp car bulb (1) (with filament parallel t
the slit), of 12 volite situsted al top of plate (P1}¢
A Jens da the top plate of the frame focuses this sowrce
via a surface~aluminised plane mirror (%pl) on to the
galvepomeber mimror {M@), Ada dmoge of a slit placed
Lnmedi ately beneath the lens, is focused by the galvane
onzbter miryor via the surface-aluninised plane mirror
(Mpz) andd the mivror {Mpg) on tho transluscent scale (S,
The plane mirrop {H@l} is fixed on o brass plate which i
clamped Go the brass rod of the framework. Its position
on tho brass rod can bo adjusted to allow foocusing of a
sharp image of the slit, on the scale, All mirrors are
attached to the suvpports by Durofix cement, which gives
a ssiisfactory adhesion not affected by temperature,

Part of the light, forming an imaga of the brigh
filament in the form of a slit, passes through the
Perspex support for the transiuscent scale (Sﬁ) and on
to o sheet of fast bromide récmwding.gay&r (Kodak R¥ 30)
wound inside a dram camera placed with its slit aperture
parallel and opposite to the scale (ﬁc). The drum insid
the camera is drivean through a spur and worm wheel by a
synchronous motowr at 1,00 rev./sec., and enables the



decay of tensiopn during the ﬁiva&%ﬁwu-@@c@ﬂﬁﬁrmr’ﬂ@-ﬁa
be recovdeds The lanp i&-ﬁﬁ&ﬁchmé,@ﬁ for the mininuwm
posaible tlme according to the ?@éuiwem&nﬁa of readingsy
if left on continvnously, the heat froaiit is sufficient

to roise the temperature of the apgay&ﬁ&ﬁ. To get @
clear record on the phobtographic paper, the &gm@'dﬂring
recording is controelled by a push bubtion awibeh (operate
by the foob), which overruns the light source by increas
ing the voltage from 12 to 15, This dis achicved (as
shown in Pig. 4} through a transformer,

For the present ilanvestigations, 4, By € and D
cantilevers with converslon facbors 42, 52, 112 and 150
gfem, defliecbion of light on the scale covered the
varicus tension yanges of all samples at the reguired
condibions of bumidiby, Cemperature and extension, Depe
ending wpon the initiazl bension developed in the spocinme
for a particonlar fibre oxbension, the appropelate cantie
lever is chosepn and fizxed ia the aspparetus, The calibpee
ation is effocted by hanging slender weights ab the ends
of an izon rod, vwvhich is, in turpr suspended at its middl
from the stirrup and then obporving the corresponding
deflection on the a@&i@‘(ﬁﬁ}. The relation between the
load apd deflection ip linear with a cooversion factor
ap mentioned sbove. Since the recording bromide paper i
farther than the ssale fvom the gelvanometer mirror by
aboub L.12 tioes, the conversion Tactor for the deflect-
ions recorded on it awve

5 _ r
depending on the cantilever in use,

Bocaunse of soeme static friction bebween the stee
halls and their résting swrfaces, the observed load



usually tends to lag behind the actual load by aboub
0,03 cm, on the scale, Yo eliminate this extremely
small friction, a small buzzer, which vibrates at 180
cycles per seocond and draws power from an accunulator of
2 volis, is atbached te the top frome, Dwring any obsex
vabion of the load it is switched on o overcome the
snall statie £ricbion.

{iv)

W:B P "] 1 tlz(! §1$ gé g 1« QL‘ ;;1%

After mounbting the speeciwen, the frame~work is
plaved inside a copper task for ithe puwrpose of obtalning
ronabant btemperature snd bhumidity conditions. Sone
wechanden capable of controlling the specimen from oubs
pide is, therefore; nsoessary iu carpying out the experi
penta

The cam {ﬁé) onn a pupporting raé.(ﬁﬁ) merves to
prevent the brass rod (Em) and therefore, lower grip,
from deopping. Robation of the cam aliows the bhrass rod
{&m) and the cateh (C) to be lowered to pick up the lowe
grdp at the end of the run, s0 that a second teést can be
mgde on the sane specimen, without removing the whole
Lramowork .

Phe rod (Rs} iz sorewed iuntos the top plates of
the frame by this mesns the cam whiech it carries, can be
towered or lifted over a maximun distance of 0.5 ems By
ghis method the initial longltudihal ﬁ%ﬁiﬁiﬁn‘ﬁf the
brasa rod (ﬁm) can be yr@ﬂiﬁely\alt@r%a,aﬁhus facilitate
ing the fine adjustment from outside of the initial
height of lower gr&ﬁ‘iaz} during an exp@fimant¢

A vertical acale (Vﬁ) mounbed on the top plate
of the frame and a peinter (I') on the brass rod (&m)



allow the amount ef‘teﬁpérary or permanent set to he
measured, by obgerving how mnuch the rod-{ﬁm) has to be
lowered to develop an avbitrary swmall ténsion in the
ERCCLTICH

(v} Zemperdture smd

e
nuniﬁg an experiment the maln framewoerk shown i

figs 1 resbs inside a copper tank such that the top end

plate (Pl) becones the cover of the bank. A rubber gash

Gt around the edge of the plate (?l) provides an efifcct-

ive seal, when the plate de firaly clamped. The tauk i:

held dnside a water thermogbat, on a plece of thick

¢ rubber, vhich absorbs any vibroatdons from the

% 3

6.31% by a wmercury-toluene regulator and 200 watt iuoners

beach, Temperabture is maintained constant at 25

sion heabtor via a meroupy-toluene valve relay. The
humidity dnside the copper bank is controlled at 05% r.i
by cirveulating the air fvom a small alr cirvculabting pumg
threugh three Dreschel bottles placed ip the thermostat,
then thaough the copper Lank and back Lo the puwpe. The
first bottle contalins aisn and serves teo bring the circul
ating gir to the tuanperabure of the thermostat, second
bottle {(with sintered glass aiw hubblé@ convains about
100 ey of o saturated salt solution of sodiuvm pitrite
o give 65% vohe ab 25%C. A piece of glass fabric is
fixed on the inside of the bottle, dipping into the salt
golution, thus the sweriace area of the salt solution is
dnercased much, due o its capillary rise in the fabric,
The third bottle contains cotiwn wool to act as a filter
Lo any spyay carvied over from the conditioning solutio
The saturated salt solubion is prepared by dissolving



sodium nitrite crystals in watar?aﬁ 35°C to an
excessive amount and is then allowed to cool to 25°C.

A dial hair hygrometer is connected at the outlet of the
éupﬁer tonk to measure the rolative humidity. This
hygrométer measures relative humidity as 66% for 65% at
25°C because 1t is calibrated at 20°C.  The hair
hygromnetbor is acbually capable of mensuring relaotive
handdity Srom 0% ﬁé 100%. For the experiments at dry
conditions the above system of air circulation is
replaced by one é&ntaiming drying agenbs., Adr is
pumped through a tube containing phosphorus pentoxide
and wvia three empby Dreschel bottles im the thermostat
into the copper tank of the apporatus. From the tank
the same air passes through the soame hair hygrometer,
threough the tube of phosphorus pentoxide beforce returndn
to the electric pump. Inmedictely before and after eac
tube of phosphorus penteoxide, glass wool filteras prevent
the powvder from being carried overs  The Breschel
bottles in the thermostat have thc;f function of bringing
the circuloating air to theithermostat before entering
the tank, The first Dréschel bobile may be used as &
filter with glass woel $illing, To prevent vapour fLrom
difivsing into the system it ic necessary to scal every
Junction with high vacuun wax, Those parts which
caonot be permancntly sealed have to be covered with
silicone greasc,

Inglde temperature near the specimen con be
measured by inserting from the top & thermomcter (7T)
vhose bulb is situated near the middle of the specimen.
A 50%C thermomcter with 0.1°¢ divisions is used., Owing
to the heat loss through the tép of the tank, the




tenperature inside the tank is lower than that of the
thermosvat, This difference 1s neglipible at the
tenpexrature 259%C in the present investigation because
the room Gemperature was mainbalned just over 20@ﬂ¢

{vi) JRevice fop. monabiy

An pir<iisght wooden box 6% x OF x 229 wyas made
for this puwrwose, This box is thickly painted with
vhite vubber paint for perfect seal. Front has a thin
Perspen sheet (12" x 6%) throvgh which inside of the
box can be seen. The frawe-work of the relaxometer
can be dnserted from the top opening 24" x 4%,  the
upper plate {Fi) makes & perfect scal with the surface
of the box; it is also clamped for its stability, A
vory small hole {(which is generelly corked) of a size
go that a screvw driver can just pess through is made in
the PerspoX. Thie box has inlébts from the top for a
thernometer, toluene regulator and heater. The arvaons
genent for aiy cirenlation by small puoup is provided
seeh that the air enters from the top, reaches the hobi
threousgh 2 narrov glass tubing vp to the phoesphorus
pentoxide kept in the betltom of this box, in the Pebri
di shes, The oublet for air is also from the top. Thuy
at the reguired benperature of Zﬁoﬁ, visecose rayon coul
be conditioned at 0% r.h. {(Bial hair hygrometer cgpable
of vreading 0% relative humidiity is connected alt oublet)
and clamped ab the lower grip. This device was intvoe
duneced o aveld the inacouracy that is possible due to
the difference in the length of spegimen at room humie
dity and %@hperatura angd the test conditions,
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{B) sBix uﬁit ﬁtragg relasometer
(i) ngggai

in this apparatus stress relaxation behaviour

of six specimens dan be gbudied ab a time., 'Th@~Figa<5
shows & dieamebral section of the main port of the: |
ingtrunent with the rigid frame-work cmltted,fer clarit;
Acbually 4t couslsts of & heavy vrigid mild steel framnce
wovk strocbure of threc solid rods {R) each 22" long anc
20 in diameter. Bach rod (R) dis fixed at the botton
with the three commers of the heavy platform,(ﬁ )g Phe
overall length of the instroment is 259 iﬂclvmmng threc
botton levelling scrows (L Je  The moximum triongular
distance of the plates is 8" and that between levelling
Borevs (LM) is about 12" (to ensure stability of the
inshrumenﬂ). The following short deseription of the
apparabus should be read after having o complete picture
! the single undit apparatus. |

{i4) Stretehing mechanion

PFor the experdments to boe carried out on this
apparatus; the mein object was to get meny reliashble o
stress relaxation observations from 10 scconds afiter the
start of stretching, For the study of the ecarlier
part of stress reiaxation, the single uwnit apparatus
was used, wherever reguired. Thus to avoid the
complications of stretching device, a screw type of
arrangemendt; with hand deiving mechanism, woas used.
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The specinen (Sp) is held bétween upper and
lover grips (g, and ga)¢ They are made of brass, with
£ibre washers, for avoiding slippage and/or damage of
the filamentous material. [The upper grip (g,) is hung
via about 2" long steel hook (h) on to the stireup in
the tension measuring cantilever systen, Lower grip
(ga) is fixed, exactly below the upper grip, on the
bottom plate (Bb)'whiﬁh in turn can slide up or down
on the rods (R)., On this plate is kept a hoavy
cylindrical lead bleock (L) to increase acceleration
durdng strotching. The acceleration is also im@favedA
by Ffixing 500 gm. weights (W) on ecach sliding corner
of (Bp). Through the exact centre of this plate (Bp)
and (Hp) passes a veyrtical scrow (Vs) about 8" long and
& in diameter, which is commected through bevel gears
.(Bg) beliow (Hp)’ to the horizontal hand driving
mechanisns of either a simple long shafted handle or
to the unlversal joint device, Thus by turning the
handle; we cagp transfer that effect at right angles,
for driviny the screw, which in turn moves the hotton
plate (Bp)-alamg with the six lower grips (gz). With
the help of the adjustable upper and lower stops (v&h)
and {Lst)’ which alide or fix on the rods (R), the
preadjusted oxact extension can be put in the specimen,
The reoguired distance to be moved Lox any extension is
fixed with the help of a cathetomeber using telescepic
lens. The distance between two grips (gl and gz)ﬁcan
be incrcased or degroased by eoither moving the botton
plate (Bﬁ) or by varying the loength of the hook (k).
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Throughout the present investigations on this apparaw-
tus, the test-length of the specimen was maintained at
A0 cm. and the magnitude of strain did not excecd 4%
(1.6 cm.), although this apparatus can be used for
much higher extensiouns. |

The ordinary driviﬂ§ arrangement consists of
a smooth steel rod about 8% long and 4" in diameter,
provided with the arrangement of handle, This rod has
a temporary device of comnnection with the gearing
systemn (B?).

The universal jJoint driving mechanism consists
of two pairs of steel joints (H.i and U q). ;Ujiﬁ
screwed on to the two ends of an 18® 1unww*" diamcter
brass rod (BR) whereas ang; are screwed on to the
gearing device (Bg) and on o the driving handle device
(ﬁa)._ This arrangement for stretching was aseded when
the Gallenkamp humidity oven (No, 7900) was used for th
control of humidity and temperature,

The optical lever tension messuring mechanisnm
in the six unit apparatus, with slight variations, is
similar in principle as used in the single unit appar=
atus. While describing this mechanism, only one of the
six specimens is given, which represents the other five
also,

The cantilever strip (C) is made of cast spring
steel 0.03 cn., wide and 5.1 cm. long. Different thicke
nesses of such strips were used to cover the different
specinmen strengths at different extensions. the
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cantilefap is fixed between two circular plates (C?), on
the centre of the top plate (%p) with the nut and the bol
(Nl and Bl) at the proper grooved place, The Vmgroove (v
at o distance of 3.9 on, from the fixed end is made for
houwsing the fine blade edge of tho stirrup which carrics
the upper grip (gl)g A thin brass strip (M)) fixed on the
plates (ﬁp) serves to protect the stirrup carvying the
upper grip (gl) from slipping out of the Vegroove (V) due
to some external disturbances. The distance between the V
groove (V) and the free end is 1.1 cm,

A small plane mirrvor (m) about 1 em. square is used
instead of a small galvenometer mirror in the single unit
relazoneter (described previously). 4 small light brass
frame carrying this small plane wmirror (m) also hag three
snall polished steel balls (a,b,c), which form an isoscel
triangle, (see Fig.3). The central ball rests on the free
end of the cantilever (C) on the small piece of €€over sli
(08), which minimises the frictional effects, for the fre
rotation of the ball, On the rcof of this light rass
Frame is stuck with Durofix, a small weight of lead (Lll'
which promotes the stabilisation to the frame from any
jerks. The distance between the central ball and the Ve
groove (V) isg 1.0 em. The exbtreme balls are secated, one o
the Vegroove made by two very thin ncedle size glass rods,
which arve fixed with Durofix ou the free end of a flexihle
thin phosphor=bronze strip (Pba) (about 0.3 cme wide apd
2.5 cm, long). A similar strip carries ancother steel hall
on the groove (see Fig, 6) made by three glass hemisphere:
(1), These strips (Pbs) being fixed at one end hy a
small solid frame, can be moved up or down with the help

~of .brass screws (Bs) about 2.5 cm. long. These screws hel;

in arvonging the inibial angle of the plone mirror (m) fo
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obtaindng dndtial soro reading of the slit image on the
transinscent scale (SQ). These screvs are mnade longer
for convenlence of operating them by hend.

A

Source of light conslste of a transformer
giving 12 volibe and an arreangenent for donereasing
volbage to 15 wvolte, and & G-wabt cor bulb (L&B Wit

focussing lens (1) ond slit arrangesent in the

shiding brass tubes (not shoun dn Pig, ) The
noryow piit of Eigﬁﬁ thus focused £alls on a plane
nirror (M J 1w 2.5 emey gebe vefliceted back to the
emall pl@nc mdrror {(m) I x 1 ocme through a lens (I!..B
situabed in front of it. Prom mirror (i) the slit

of Llisht traces back its way o plane mizror (l‘u.9
1 % 4 ciey, reflects to the mivvor (M) 4 x 7.5 em. and
thus we get a very thin silé imege of lisght on the
transluscent gcale (8 ) fixed on to the btransparowdt
eylindiedleal RPevspox smr Yo (P Js about 15 em. high and
25 cme din diametera &l1 th'mc les arce nunboered for
identification, This Pergper scereen (?ﬁ) is fixed
mu@nmﬂ@ the small middle frame (Mp), thus it can be
dixed at any helght by siliding and fixdong (Mf); This
Par@pﬁx screen is very close to the onbside surface of
the three rods {(R). Sdin verbical tronsluscent scales
(8,) 2 = 12 cm. can be conveniently fimed on the perspe
at convenient positions, The image off the slit dis
nanaged to be obbained dn hovizontal way for convenicnce
and accuvacy in reading, © ALl the plane mdrvors are

rd



carefully surface~alvminised to avoid double images

and are fixed by Durofix to their proper positions,
Durofix can stand high temnperatures, They haove
avrangements of ball and socket Lo provide the
Foaellity for obbaining threo ﬁggre@é off transglation,
The mirvrors (M) are fized on the small rods, which

are fixed dun the central part of the middle small
ploke (Mﬁ), Mirvors (M and Ma) are situated on a
stoel ring which can &l?ﬁe or #ix {(with screws) on

the three rodas (B4 In vhe Gallenkamp huwddity oven,
due to only one glass opening, just two scales could be
BEOR Thus the reflected images of the two side secale
yere seen in 4% x 3 plane mirrors and the two scales
on the otha side of the apparatus were scen, enlarged,
1u the twe 6% diaweter concave mirrors,

When the tengion develops in the specimen, the
cantilover (€) bends and the mirror () gots tilted so
that the narrow silitv of light wmoves vertically upwards
on the transluscent scale (So), on the Porspex screen
(Pﬁ). Bince the diﬁﬁﬁnﬁw from the steel ball at the
apex of the xsascalob triangle to the base is only
about 0,15 cnm,, a small digplacement of the end of the
candlilever produces a rolatively large rotation of the
plane 3;1,5}5_:@3;» (a) e Thus the resulting lincar
magnifinati@ﬁ ie about 1330X. This means that for
the Fall scale deflection of about 5 em, used in the
pregent exper imamts, the upper grip (gl) moves by

ices than © mme (0,004 emy)  This movement of the

25



upper grip produces absolutely negligible change in
- length of the specimen, when it is 40 eme

The cantilever f£rom range 49 to 108 g/om.
defllection were used according to the initial tensio
developed in the specimen (from the stress strain st
on Instron M/Cy (Figs. 9 and 10). Calibration of
cantilevers is necessary after every disturbance of
the cantilever or optiecal systenm. The calibration
is carried out in a similar way as in single unit
relaxometer (sce Page 62). The load~light slit
deflection behaviour is linear. .

(iv)

Dupring the change in magnitude of strain,
three smooth ebonite blocks were made to the slide
fit in the three rods (R). They were tied with a
strong thick nylon yarn and the other end of the yam
taken out of the conditioning chamber through a fine
hole. The height of the three blocks was same
according to the later extension requirements. In
the present experiments the blocks were made 0.8 cm.
in height. The arrvangement was made in such a way
that after 2% extension of the speecimen, the stretchi
sysctem stops with these temporary stops of ebonite
blocks,; and they could be pulled from thelyr position
by outside nylon leads when 2% more extension is to
be introduced.

(v) Temperature and pﬁmidigz control

There are two devices used for controlling €t
temperature and bumidity during the investigations of
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the present work on the six unit stress relaxometorte
a Perspeéx box arrangement and a Gallenkawp humidity
oOVen

The Perspex box arrangement for temperature and
huwmidity control was built up ian the laboratory for the
experinents, where the huamidivies could be controlled,
at consbant tempera%uﬁa 250Q* with the help of saturated
salt solutions. This is a long cubical box 12" x 12¥% x
30Y% made fxom fou?,?ersﬁax walls., The top and the botto
lids, made of aluminium sheet, could give quite a?%ood
seal and could be removed when necded, For the effeetiv
seal, black Plaataﬁ&éinﬁia also packed at the joints of
the lids, The bobttom aluwinium lid is screwed down to
a wider (15" x 15" x A") wooden platform for the proper
stability requirements. Through this base the conuecctio
are introdoced for the lamp heaters which are again
conneoted through outside to the morcuryv-toluene regulat
fixed in fyom the top lid. Arrapngement for comnections
for the six head~lomps of the main apparatns is also mad
A transformer provides 12 volis and 10 volis for the
heod bulbs. In the top 1lid, two amall holes are made to
fit in the mercury-toluene regulator for tenperature
control and a long stemmod dial hair hygrometer alrcady
calibrated for the conditions to be used. Three therpw
omgters are fixed on cach vod 4R} of the main appairatus
itself for the preper check on the temperature control,
Above arrangements are mnade in swch a way that the main
relaxometer can be placed in the approximote middle of
the botton 11&.
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For tho aiy cireulation, two holes in the
itdon of the cubleal box are made and aip
ower hole to the upper hole in the hox.
According to the proper position of the main apparatus,

diagonal pos
flows from 1

a small hole in the box is made for iantroduction of the
ghaft of the ordinary driving mechoniem through a
Perspex bearing. Thias gives no leakage during eaiwp
circulaition,

For clrculeting eir of the reguired conditions,
o water bath thermostatic conbrol arrangemcnt is made
with a toluene regulator, luwmersion heater, thermowebor
and an efficient stirrer, as in the case with the slagle
il apparatus. In vhis case duc to aboubt 70 litre
gapacdby of the Perspex hox, and qguick humidity chonge
regrivenents, & speclal type of device is made and a
highery capacity pump is used, The special type of
device is a thick weoden box with a long shaft passing
theough the three dindependently scaled conpartments.
Bach compartment is provided with a dish containing
different saturated salt solubions of magnesium chloride
sodium nitrite and potagsium nitrabe to obbain relative
hunidities of 33%, 65% and 92%, but in experiments 35%,
65% end 009 were obtained due to slow air circulation,
at 35”&, The sheaft corried a weoden pulley in each
compartment which carried a thicl cotton strip (both
ends stitched together). This cotton strip dipped well
into the saturated salt sclution and revolved due o the
rievolution of the wooden pulley which was driven by &
aslow driving motor through a gear and chain arrangement.




The shaft has an air-tight bearing arrangement at each
compartment wall. Each compartment has two face to
face holes in the middle of the outside walls through
which the aidr is qﬁrculated by a pump, which enters
this box from a large bottle kept in the thermostat ot
20°C,  The wide wooden box is well lagged with thiock
woollen flannel so that the temperature inside remains
25°C due to air civeulation through the botbtle in
thermogtat, The oil vapouwrs coming from the rotary
pump are trapped in a bottle containing glass wool,
This device gave quite good control of humidity in the
large Perspex box. The relative humidities of 35%,
65% and 90% with variation of + 1% could be obtained
for the experimental purposes. The rubber or glass
tubings in bthe air circulating system were provided
with wide internal diameters of about %" to minimise an:
vesistance to the air flow.

The Gallenlamp humidity oven is needed when a
constant velative humidity of 65% is required at varlous
cemperatures up to SGOG. Ia this oven salté solutionsy
which generally give varying relative humidities at
different temperatures; are not reguired for the present
experimental conditlonsa,

This oven consists of an insulated copper humidi
chamber, heavily tinmed inside, with a separate coatrol
compartuient; mounted in an all welded steel case. It i
designed to be entirely self~contained except for
electrical and water main connections and provision of
draiqgge for condensation vwater.
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The working space of the humidity oven is

20 4% % 2% 8" x 2% 3", Access Lo the chanber is by 2
siugle door sealed by a rubber gaskel and having an
opening of 2V 4% x 2V 4%, Thus the six unit relazometer
with 25" height and maximum base distanece of 12" c¢an be
easily accommodated in this oven, A uvniversal joint
arrangenent is used for inscrting stretch in the specine
and this is operated through an outside handle (Ha).-

~ ¥he detalls about the working precautions, ete,
con be eobtained from the instruction pamphlet of
Gallenkanp humidity oven No. 7900,

Tor the present investigation the conditions
reguired inﬂluded‘és% rehe at 2ﬁaﬂq - To obtain such
eondivions whth much aceuracy, a evoling coll made of
coppoer wap fitbed dn the boiler of the above humidity
oven through whidch the cold tap water with tewperature
ahout 10°C was cireulated. The rate of water £low
depends upon the cooling requiremenits. The cooling coil
was able to draw out the excess of ﬁaatWQ&vaﬁ by the
heater, thus proper vapour pressure could be maintailned
for the proper requirements of  huwidity at any Seuper-
abure. This medification also dnproved the accuracy and
gpeed of the humiﬁity coutrol system even at high tempw
S P £S5 ’ o

_ Meaburemsnt& of the conditions in the oven were
mado as feliowszw

_ -Although the contact thermometers are of the
best quaimﬁy, it must be remembered that they are primaps
ily controllers and that as they arc mounted mear to the
heater and the boiler outwlet, they tend to register




temperatures a little higher than those prevailing in
the working space. There is such a difference, even
though an efficient air cireulating fan ils very near

to the beater and the boiler out~let. Thus to ensure
the proper temperatures and humidity conditions around
the test specimensy. it was thought advisable to fix
(temporarily) three similar centrigrade thermometers
capable of reading from 0°¢ to 100°C onto the three
rods (R) of the main relaxometer. For humidity, a
Negretti and Zambra recording electrical hygrometer
with Gregory type element is used. The details about
the counstruction of this hygromebter and its use etes
can be obtained from their catalogue Nos. 1/1311-H/1314
The recorder is fitted oétaide the oven and a wire lead
carrying a swall Gregory element sensitive to humidity,
is kept near the centre of the six unit relaxometexr in
the oven. To avoid demage to the element it should nof
be exposed to temperatures exceeding 50°¢.

{(a) Prelimina

t the mateprialsg

Before starting with the proper stress relaxatic
study the following information about the nine f£ilament«
materialss aylon 66, nylon 610, Perlon, Grilon, Terylent
Courlene %3, Courlene PP, viscose rayon and silk, was
obtalned at 05% r+he and ZDQC, which is given in Table I

Stregs~strain behaviour of the samples was foun
on an Instron tester by taking a mean of 5 to 10
speglmen observations. The crosshead speed and the
chart speed were vespectively selected as 5"/min and
10" /min to obtain sabisfactory curves at 2.08% per secor
congtant vrate of extensiony gpecimen length being 4 inct




From the stress strain curvoes thue obtained, the maxioum
tension developed at any oxtension can be found, Thus
by taking luto thoe consideration of the effcet of rate
of mmt@n&iﬁ% on the tension bohavicur of different fibreo:
the selection of the contilevors was made. In order to
obtain bettor and clear information about the tension at
vardons extension used, a seporate plot of load-oxtensior
{up to 59 extension) was made and the information derived
¥rom such plot ie given in Table 8 (sec Chaptor IV), up
Lo 45 oxtonsion, This gave botler information about
the selection of the cantilevers, as given in Tables 2
apd 3.

(b} ~Erepural AWWW

when all the above information io obtained, a
sufficiont puuber of agﬂcimena are precorditioned to
apgraﬁimatmly 65% vehe asd 20%C. his approxinate
copditioning 46 nade to Keep the speoclumen stralghi ond
it shoudd be kept ab least 10 em, longoer than the
reguired tost 1engbh; to make an allowance foyr the
convenience in fixipg the specinen bobtween two grips,
Phis preconditioning is done by winding loosely but
atralght the specincn on o frose amd Reopdns 46 in a
dor ovor wmognosiun acetate gabwrated salt solution (for
659 w.he at 26%€) in a voom ot 20°C.  According to the
roguirements of the expericents, the different samples
are taken out froun the Cramc.
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Fig. 7

Sequence of relaxation tests with

single unit apparatus

rekaxation relaxation

conditioning recovery
o 24 48 72 96

Time in hours
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{4) Eawerdmentel sroceduve with single unii

gtress relaxonctor

(i) General

On this single unddé stress velanoneter the
expeoriments were cerried out at following conditions s

{(a) . Nylom 66, aylon 610, Perlon, Grilon, Terylenc
and silk were studied at 29 extension, 05% v.h. and 25°C
. Phe cantilevers whieh covered all these tests were with
respecitive conversion factors 52 and 112 g/cm. deflection
of the slitv imnage on the scale (Sﬂ}. Sodium nitrite
gives required humidity. '

Heldcal spring (H,), with factor 230 g/em. was
successfully useds

{b) Viscose rayon at steadns of 1%, 2%, 5% and 10%
was studied for dte relaxotion behaviour ot 0% r.h. and
25°C. Phiogphorous penvonide is carefully usecd for
ohbtaining 0% wuh.

Contilevers Ay By D with conversion factors
A8 gms, 52 gus, 150 g/cm. deflection and helieal eprings
H, and H, with factors 230 and 510 gas were used.

The cantilevers in all the experiments were
calibrated before and afber every caperiment. The
exporincntal seguence is showa dn Fig. 7. Pirst the
specinen iag mounted carefelly ond then conditioned for
at least 24 houras The experimcental observations taken
for 24 hours. The recovery pericd was made 24 hours
for proper recovery of the specimen. Then the permanen
set was measured vherever roguired, Again the same
procedure was adopted for the run on the mechanically
conditioned sanples.




In the present scb Qf‘ﬁﬁparimanﬁs'ﬂnﬁéiﬂgla mit
apporatus, it wag declded to obitain the relaxation
behaviour in the eavrliecr perdod also. Thns by?%viml
and eprvor mebbod of avrengemeant of the holes din the dask
pot plston and by fixing the moximum length of the
helical springs, it was possible to obbain a first
roliable reading ab loss than 002 sec. from strebehing,
along with the continuvous record of réadings £eom 0.02
secs Lrom beginning of extension,

A eathetomeber was used for meaguring the
exbensions to be pul iu the specimon {eigs L on for 5%

i<

extenglon when epecimen longbh wes 20 omi) The spocime
distance between two grlps was fiued with the help of a
@ul@rs These distances were fixed when the cateh (C)
was holding the lower gidp; The block (B) was fixed
ab a required digtance; to stop the lower grip after Lhe
required exbension:  The brass vod (Rm) caprying the
cateh was held agelnst the cam{Cm), which on rotation
veoleoases a cobteh and thus specimen extends.

(ii) DMowmtins of svecimen

The specimen is mounted in o conditioned voom ot
65% rohs and 20°C and bthen sealed into the erperinental
copper btank for the experdiments to be corried out at
65% rihe and 25%¢, Before clamping the specimen to
the lower grip it is checked that there is no unweanted
Guwist dn 46. Yo remove any orimp o smell weight of
0.1 g/%ex (Tox = Denier/9 = Linear density in gus/km
nunber of grammes per thousand meters of yarm):  After
sealing the mounted frome in the copper tank, conditione
air is circulated over-night for the proper conditioning
of the specimen,



For the em@erim@ﬁ%gfgéhﬁry.cenﬁiﬁimmﬁg the
arvirangenent deporibed previously. is nsed for mounting.
The dwy specimen is fimed ob 20 om length in the mountin
box {(as described boefove). Afbor mounting, the frame is
taken ouwt and the monnting hox is well sealed agein for
vee with other specimens. As soon as this dey mounbted
gpecinen comes in the room abmesphera, . it absorbs
poisture and increscses inm length and. slackens. After
Tixing the reaquired extengion the mounted frawe is
transferred to the copper toank Tfor the usnal conditionin
for 24 hours at 0% r.h. and 25°C.  Thus the specimen
again becomes dry at 0% ».h,. which can be checked by the
reading on the scale which should be somewhat pore
(equivalent teo leoad attached to the specimen) thon when

it was slackened. Thus we are rveady Ffor—the start of
. & ke . , )
prbtdng on- extonsion to—su-—exaetdy 20 om long specimen

at 0% vr.he ondg 25@8.

(iid) Measuprement of tengion

& metronome calibrated for a tick peér second is
left ticking, camera drum started for its rotations (L
revolution per second), small buzzer connected to vhe
battery, initial reading noted. & well trained second
p@rguﬂ is ready ©o start the stop-clochk and for calling
the numbers aloug with each tick of the meltrouome. The
Seeond @evsan also rocords the observations,.

The sequence of operabions is as follows i
Table 4.




TABLE: 4

Lergon A Time in Secords Lerson B
b .’5
Lighé on o~
Laxtra 2ighté on, open shutter
woart = Releose cuich v O Slart counting seeonds, along with
| ' + séorting of stopelocl:,
Extra 1ight off, close shutiter
Ltre Zight on +
Open shuttor 4
Cloae shutter, exbtra Light off 5
Light off +
T
Ligne ow T+
Ewtra Light on, opern shubter ¢
Reod seale, close shullen e 10 Note Als peading, while couwnting.
Exbra 13ght off o
Light off +
r,ri
3
o
Light on T
Extro Light on, open shubter 4 * , ,
Head scales cloae shubéer w20 HNote Ats reading; while counting.
i
I
e
Seme repeated +
Photo talen .WL 50 Note Ats reoding, ctop cownting.
Photo taken, read scale and  w=p- GO
noee
WINPT -.Zlgl’a
s 180
=
Photo token, read seale and  wpe 300
nete y
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The readings below 10 soconds after start of
abtretohing have besn recorded photographically because
of the rapild decay in the tonsion,  From 10 seconds the
sbress decay is quite slow enough to permit the visual
observation, A typical photographie record of the
initial btension decay is given in Fig. 8 showing the
seguence of tension right from the stert of rapid
extension, Camera records are made up o 30 scconds
and then at 300 seconds according to the Table 4, along
with visual observations of the scale, which helps in
obtaining the correlation between the recorded and
ohserved def 1cctians of the spot of the light.

After the Lirst run for 24 hours, the lower
grip is lifted up to the original specimen length
(marked on the wvertical scale Vﬁ), and allowed to
recover foy 24 hours under same conditions of denwmerature
and hunidity. The specimen after the recovery is called
"mechanigally conditioned", The permanent sct is
measured on the vertical scale for large values or with
a cabhetoneter for small values. Now the experimental
procedure for)mechanically conditioned specimen is
exactly the same as described previously in %able 4.

The photographic records are developed in the
bath made up according to Kodak formula D-171 made as
followss -

Soddum mulphita (anhydrous) 25.
Soddum Carbonate (anhyﬁrﬁas) 60O
Potassium bromide O,
4.
3.
O

ja

Elon" or “"Metal®
ydroguinone
Water To make 100

!3€>G%n€3¢
QR En

. -




The £ixzing of the developed photopgraph was carried out
in an acid hypo solution, ‘

{(iv)

1. The temperature was constant ab 25% + 0,1° Cy S0
there is negligible error in the cxperxnanbal 9ammlts due
to tempevatura varxatlnn.

2. The Negretii and Zambra dial hair hyprometer is
not counsidered to be very accurate at extreme humidities.
Thus, efforts were made teo use maximum possible drying
and it was seen that the pointer was steady at zero
reading even when the ecirculation had been stopped
overnight. Thus it was considered as a reliable reading
The hygrometer was already checked in a conditioned rooun
at 65% r.h, and 20°C, Due to the high experimanﬁ
tenperature (25“6), the same hygrometer read 66 + 1% r.h,.
for 05% r.h. ‘Thus slight error due to humidity recorder
iz tolerable,

3 The extension distance was fixed with the help
of a cathetomcter with telescopic lens which could be
read to third place of decimal in om, Thus the maxioun
possible ervor can be + 0,01% of extension.

4, Pespite the lirearity between the applied load
and the deflection of the spot on the scale, the
lipearity may divert to about + 1%. Thus the error in
the conversion factor of the aantilever can be possibly
not more than 0,8%,

5. By intreducing a device for mounting the specimen
at dry experimental conditions the crror duc to change in




leagth due to different mounbilng husidities was removed
and steraight away experiment was carrvied out.

0. Alvhough the spot of light is very sharp, the
accuracy of reading cannot be more than 0.1 am, - The
smaller the deflections of the spot, the more will be
the percentage eryoyr in reading. Thus it was decided
to use convenient cantilevers to give maximum possible
deflecﬁiaﬂ of the spot. The greatest possible error for
deflection of 2 om can be about 0.5% of tension.

7 Due to some vibrations in the tension measwring
system in the early stage of relaxation, a waviness of
photographic recordings might be obtained. This can
ke up to 042 second after completion of extension; the
average values are then taken, Thus, there is the
possibility of an error of less than 1% for tensions
before 0.05 sec and 0.5% for those afber 0,05 sec.

Thas the over all accuracy of the apparatus is
gquite satisfactory for our purpose.

(B) PExperimental procedure with slx upit stress
reloxoueier,
(i) Geperal,

For the present investigabions, this six unit
apparatus was found to be useful in obtaining the stress
relaxation behaviowr of six specimens at a tiwme. All
the experiments were repeated at least once or twice or
even wmore Limes according €6 the requirenenis. Nylon 066
nylon 610, Perlon, Grilon, Terylene, silk, Courlene X3




and Courlene PP were bested for the study abt various
conditions of relative humidity, temperature and
extension,. There were two devices used for control
of humidity and bemperature (deseribed in the
deseription of/¥ix unit apparabus), The Perspes box
device was uaed for the following experiments:-

{(a) Experinents for study of stress relaxatiom
behavieur of nylom 06, nylon 610, Perion, Grilom,
Perylene and Eilk for 48 hours made to get the it of
the pinilar curves obtained on the single unit siress
relaxometer. ‘this was done for eonly 2% extension.
This gave the reliabiliﬁy;bf the new apparatus,

(b) ELxperimente to study the effect of humidity on-
the stress relaxation at 1%y 2%, 3% and 4% extension
with relative hunidities varied between 35 and 90¢,
taking 05% as an intermediate relative. bunidity.

The Gallenhkamp humidity oven was used foy the
following experinentssw—

{a) Bitudy of stress relaxaetion behaviour of nylon 60,
Perlon, Teryleme, sill, Courlone X3 and Cowrlene PP at
various temperatures as 20°C, 30°C, 40°C and 50°C at
extensions of 1%, 2% and 3%, the relative humidity bedng
constant at 65%.

(b) study of the effect of magnitude of strain on
the stress relaxation behaviour of nylon 60, nylon 610,
Perlon, Grilon, Terylene and silk. The experinents were
carried ont at 2% extension for 2 days and zagain further
sudden extension by 2% and again study of stress relaxatic
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For two more days, temnporature and humidity being
o, » . .
conahbant ab 25 C and 657 rJh., respectively.

(c) Lowng duratidﬁ'sﬁrass'relaxation.curves were
obtained up to : more than 4 weeks auration, for nylon
66, nylon 610, ¥erlom, Grilon, Terylene and silk at
24 constant extension ab 25°C and 65% r.h.

(ii) DMongpting of specimen
The speecimen was mounbed on the upper griy {Gl)
and its lower oad was attached to a small weight
(0.1 gm/Tex)s The specimen was fixed in the lower
girip vhen the mounting was domne in the conditlioning room.
When conditioning room could not be used, the specinen
was left unclamnped at lower grip for 24 hours for
conditioning at the reguired conditions especially when
the conditioning was to boe made at 90% r.h. Afver 24
houwrs conditioning the specimens were clamped in the
lower grips taking care thal nlaimum time is used for
clamping. Then again conditioning for 24 hours was
made . All the precantions were taken not Hto distueb
the opvical system because this system is very sensitive.

{iii) Mcasuvement of tension
The tonsion measurement was made directly Lrom
the scales on the Perspex scroon (?3) through the optical
lover sysboma

bue to the six scale readings, the first reading
on the first scale was obtained at 10 seconds afier the
gbart of ewtension and the Tivet reading on the sixth
seale could be obtained at 00 seconds (every reading
being takem at 10 second intervals). Concave mirrors




and plane mirrors (when Gallenkamp oven was used)
helped in the reading of back and side scales.

The metronome was gtarted, the speclmens were

sbretcehed, and the readings were taken as in Table 5

Stowt clock

Eright 1ight on
Light off

Bright 1ight on
Light off

i

it

i

TABLE &

Tine in Right hord

goconds,

w10 Séart coumibing

w5

O Start extension

10 Tblte rewding on

R0 Ioke reading on

80 Tuke recding on

40 Ihe reading on

850 fuke reading on

60 Ilse reading on

2 minutes

seole I

scale 11

acale IIT

seale TV

scale V

seale VI
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After taking first readings at 10 second
intervals, the second reading on the scale No,l was
taken at 2nd mdnute and gecond meadiﬁg on gixth scale
at the 7th minute. Every reading at an ianterval of
one minute. Then at the 10th minuvte guickly all the
six scale readings were noted, and so on. The
experimental observations ended after 48 howrs, In
the case of the experiments where the hwnddity is
changed after 48 hours, and so on, the readinge are
noted every hour, for six houwrs and then at 24 hours
and 48 hovrs. This gives the complete behaviour of
the specimen duripg bhunidity change and allows time for
substantial moisture equilibrium to be rcached, In
some cases it was found that 24 hours exposure to the
changed hunidity was not sufficient for proper equilibriu
between meisture and fibre.

In the case of the experiments for the study of
the effect of magnitude of strain, the experiments were
carried out as usual at 2% extension at 65% r.h. and
25°C for 48 hours. Then sudden rise of 2% more extensio
was put: and the readings again recorded as for a fresh
experinent, e.g. from 10 seconds onwards.,

Precoutions during the uwse of Gallenkamp humidity
QVQILE »»

1. The temperature recorded by the contact
thermometers was a little higher than in the centre of
the oven, because the heaters are near then. So, on
the body of the main apparatus threc centigrade
thermometers of similar type are fastened to determine
the accuracy of the temperature around the specinen,



2, As in (1) the humidity also can be fixed
roughly by contact dry and wet bulb thermometgxs, thus
Negrettd and Zambra antomatic chart along with a
sensitive Gregory . type element is used, At different
temperatures the chart records different reading for.
the same bumidity, because the calibration of the
clement is made at 20°C. Thus Nogretti and Zambig
Prawing No.l752 -« C2, provides the correction for
tenperature and they were as follows for present
oxperinents: '

TABLE, .G

Femperoture Corraction for recording cgj" Pid ity on
Hogreltt & Zumbre cubomeiie chart device.
o, pelative manidity noeded lo GF; .

Femperature °¢ | Zemporature °F | Chart Reading
j'bi” 6&% 7".?2..
20 G5 65 |
25 o 63
50 8 71.2
20 202 P

50 128 82,8




(iv) _
1. Humidity of ﬁhe'cunditiuning air at 35%, 65%

and 90% relative hunddities and at 25°C, could be
measured up to the accuracy of + 1% on the long stem
Negretti and Zambra dial hair hysrometer, with necessary
temperature corrections, Gallenkanp humidiby recorder
is more accuralte even at different tenporatures. It
could record up to aceuracy of + 0.5% r.h. with Little
careful adjustments of the controlling device., Thus
negligible chances of the error due to huaidity control.,

24 Pemperature  gontrol could be achieved up to

4 0.,1°¢ in both devices, In oven at high temperatmres,
e.ge 40°C amd 50°C the accuracy was~ﬁ~ﬁ.2°C. Se it can
be assumed that the experimental resnlts did not suffer

any variations due to improper temperature control.

3e Although the extension imposed was fixed with
the help of an accurate cathetometer, then also it can
be said that there wdght have been an ervor of about
0.05% of the extension; which is not very much in
comparison to the 40 cmi. test length.

4o The sharp reflection spot has an accuracy of

0.1 om reading and 1t can give an error of about 1%,
depending upon the distance of vision and the deflection
of the spot.

B The calibration of the optical system can also
pradude?%rrar of about 1%, becanse of very sanall
deflection range of the spot (5 to 0 cm.).

L




6. The errer due to the little friction belween

the steel balls (B) and glass Vegrooves made by plass
hemispheres and by glass rods, in the optical systen,
coan be minimised by little vibrations due to the aip

ciwa&i&tiﬁg pﬁm@ or the fan of the oven itself,

Congidering all the errors dne to the tension
measuring systemns, Lt was thought adveanbageous to use
the gix unit stress relaxometer at siow rate of
ervension, By using this we have greatest advantage
of obtaining six results at & biue. loreover, the
accuracy of results covid be increased by taking an
average of more than one result in the prosent
investigations, |




CHAPTER IV

RESULTS
(1) ZIntroduction’

For the effective comparison of varioug mono-
and multifilonentous materials, most of the experiments
were carrviced out under the same conditions of temperatur
and humddity. ITaditially the specimens vere conditioned
for several days at (5% r.hs aad 2006, and then pub to
the vequired conditions of the experiment for at least
24 hours, Pable 7 gives the various sets of experiment:
carried out during the present investigations. The
main object was to study the stress relaxotion behaviour
of various synthetic fibres in comparison with sillk uwnde:
varying atmospherie conditions and various tension
conditions. & subgidiary scet of experiments was made
on dry viscose rayon at gtrains from 1% to 10% extension
to provide data for evaluating the nunber of secondary
bonds simnltancously iQVﬁlved in the relexation process.

Two o nore apéﬁim@nﬂ were ﬁé&b@ﬂ at each set of
conditions and the resulis averaged after discarding the
extreme nonrelisble valuves. Thig vapriabillty in the
experimental results had negligible effect on the average
gbress relaxation behaviour of the materials at various
conditions. Most of its effect was in the very early
stages of gstress relexation, say up to 2~5 seconds,
depending upon materdal and the mognitude of strain,



However, in most of the experiments we were interested
in the relaxation from 10 seconds, after start of
extension, and the variation between duplicate specimens
was very small for times greater than 10 seconds.

The load~extension curves for all fibres
Terylene, Perlon, Grilon, nylon 606, nylon 010, silk,
Courlene X3, Courlene PP and viscose rayons were
determined on the Instron tester at constant rate of
extenasion 2.08%/sec.s as cross head speed was fixed at
5%/wmin. and chart speed at 10"/min. and the specimen
length being 4". The results are shown in the foim
of grépha«on Fige 9.

These curves are plotted as stress (g/den.)
versus strain (% extension) to study the general
behaviour of the various materials used. The breaking
stress and the breaking strain are tabulated in Tghle 8,
along with the caleunlated tenacity as shouwn in Fig. 9.

Fig. 10 shows a separate plot of tension (g)
versus % exteansion up to 5%. This was plotted with a
view to estimating the tensions likely to be developed
at 1%y 2%, 3% and 4% extension in the relaxation tests an
thus enabling an appropriate selection of the cantilever
to be made (see Tgble 8).

Prior to a comparison of the behaviour at vorious
conditions, a study of stress relaxation at 05% r.h. and
25°¢ was considered to be esséntvial.




The intervals between readings were the some
throughout the experiments and are as shown on typical
curves in Figs. 11 to 14, The general sghape of each
sbress relaxation curve is slightly convex towards log
tine axis at very cerly steges of relaxation up to 12
seconds and then it becomes alwost lineor. The thick
nonofilament of nylon 610 snd the twisted multifilamento
yarn of gillk show further concave nature up to aboub
10~20 seconis,

Stress relaxction awves as tension (g) v/s
log time (sceonds) obbained on the single unit stress
relaxomeber ave given in Figs. 11 to 14. Figs. 11 and
12 show the stress relaxation behaviour of Terylene,
Pevlon, Grilon, nylon 00, nylon 610 snd silk at 05% r.h,
and 25“&, the exteunsion being constant at 2%, Similar
curves for the same materials, but mechanically conditiorx
ave also given in Figs, 13 and 14. These experiments
were carried out to study the early behaviowr of stress
relaxation from 0,02 sec. up o 24 hours, covering nearls
seven decades on logaprdithmie time scale. These results
alzso helped to check the relisbility of the neuwly
congstructed six wnit stress relaxometer. The whole
ourve represonts the stress relaxetion with time measured
from the sbart of extengion and the dovbed line represent
the behaviouwr A¥ the time ds messured from the completion
of exbonsion. Average percent change in tengion per
decade of vime ¥Yor these fibres, ovesr a time range Lron
log t = «1 to log © = § is given in Table 0, This
bable contains such results for first run and mnechandcall
conditioned specimen.,
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ALl the eight fibres esgs Terylent, Perlon,
Grilon, aylon 06, nylon 010; silk, Courlene X3: and
Courlene PP were studied for thelyr stress relaxation
behaviour at 05% ».hs and RSQG, at 2% extension for
48 hours. These results are nolt separately given,
because they neaprly coincided with the general stress
relaxation behaviour of the fibres given in the section |
of this chapter. Such curves can he represented by the
curves in Figs. 16 and 17, only up to the end of 48 hour:
iees 5. 24 on the log time scale.

To study the long term slress relaxation behavioi
at 65% rohe and 25%C for one month, the curves for
Terylene, Pevrlony Grilons nylon 66, nylon 610 and silk
arve given on Flg. 23. These results are alse of simil:
nature as in Fig. 10.

The average percent change in tension peor decade
of time, at 65% r.h. and 25°C, is given iun the Last
column of Table 9, and data for 1%, 2%, 3% and 4%
extensions are given in Table 10.

(3)

The experimental results for this set are given i
the Figs. 15 to 22 in the form of tension (g) versus
logarithm of time in secdnds. The fibres used, being
according to Table 7.

Read the following according to the footnote
under Table 7ie

Initially the curves were obtained at 25%¢ and



101

2% consbant extension for series (23 ) for 6 days only,
and then for series (b) for 6 days (see Fig. 18), Seri
(o1 ) was chosen for the rest of the expevdments because
both series ghoved similar resaite, with very little
variationg. Fig. 17 shows the curves according ©o
series (& ), vhich are plotted for Courlene X3 and
Courlene PP, As the &nra@ion of experiment was not
enough to give relioble contlusions for the sensitivity
of tension ﬁé*fluctuatiﬂg himidity, so the duration of
test was incréaﬁed by one more ﬂyble of humidity chonge
than in serdes (a3 ).

In expecbation of bebber resulbs, secvies (e)
was tried, under the same conditions of series (a),
except that the time of exposure after every change of
humddity wos diocreased Lo 48 houwrs from 24 hours, as
shown 4in Fig. 19, Then an experiment was carvied oub
according to series (d) for four days snd the stress
relaxation curves are éhéwn in Fig. 20.

Among all the above experiments, series (a) was
selected to be the best, especially from the considerabic
of economy of vime and relisbility of results. Thus
after obtaining such resulis at 2% extension (see Fig, 1
further experimente were carried out at 1P, 3% and 4%
extensions according to serdes (a) and the curves from
the stress relaxation ave raﬁpectively_given in Figo,
1545 2L ond 22,

Table 11 contains the dota for the sensitivity
of tengion to humidity, giving the average difference
of temnsion in grammes during one hmmidity cyele in the
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last columm. XIn the third end the fourth columns

is given the te“giﬂﬁgf?;ﬁﬁﬁﬁmeﬁ read from the Figs, 21
and 22 after one day at each hunidity. The second
figure in each row refers to the second time the
specimen was conditioned at 35 and 90% r.h. At 2%
extengion the relative hunidity was 40% instead of 35%
andd dn the last column the average differences in
tension between 35 and 90% r.h. have been corrected as
in following exampleiw

Consider Grilon at 2% extension. Average
difference in tension Sa0 = ggo = A8g,
Therefore average difference in tension
Eag = Ggg = 48 (90-35 ?/ (90~40) = 53g.
(g35"g40 & ggq ave tensions in grammes

at 35%, 40% and 90% relative humidity
respectively)

Table 12 gives the sensitivity of tension to
humddity for Terylene, Perlon, Grilon, nylon 66, nylon
610 and silk for series (a) and series (b)),

4« Effect of temperature on stress relaxotion

For this set of experimonts, the specimens
selected were Terylene; Perlon, nylon 66, silk, Courlene
X3 and Courlene PP, The humidity was maintained at 65%
raas Figs. 24 to 29 in segquence represent the stress
relaxation behaviour of Terylene, Perlon, nylon 66, silk,
Courlene X3 and Courlene PP, Each figure gives curves
at 20%C, 30“0, 40°c and 50°C at each constant extension
of 1%; 2% and 3%9




103

Table 13 shows the percent change in tension
per decade of time, from 10 secomds to 10° seconds, at
za“m, 3&963 4066 and §0Qﬂ and also ab each extension of
A%, 2% and 3%.

5. Effect of chsnging the strain during stress
relaxation |

Graphe shoun on Figs, 37 and 38 are the plots,
vhere it is shown that left hand side curves are the
stress relaxation curves represented in group A and
right hand side curves (group B) are for the stress
relaxation of the same specimen at 4% extension which
is due to a sudden rise of temsion after two days
relaxation study at 2% extension at 65% r.h. and 2596.
This sudden rise in tension for each material is shown
by @ pointed line conneeting the end of relaxotion
curve at 2% extensions and beginning of relaxation curve
at 4%, The dotted line curves in growp B are algo plot
to show the stress relaxation behaviour of the sane
specimen which is directly put to 4% constant extension,
These results of curves at 4% constont extension are sam
as given in Fig. 22 at 6592 r.he and 2500, and for 48
hours. This dotied curve can be well used for comparis
of effect of magnitude of strain (4% extension) on the
rate of decay. The materials used in this sel of
experiments are Terylene, Perlon, Grilon, nylon 00,
aylon 610 and silk,

It can be seen from the experinental curves in
Figs. 37 and 38, that there is no appreciable effecct on
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the vate of deécay at 4% extension (from its normal
behaviour) due fo proevious relaxing period at 2%
exbensions provided this period at 2% extension is
enough for completion of rapid relaxabion. This
period 1ln present investipations was fixed for 48
hours to assure proper equilibrium of the welaxing
gyotemns In connection with the effect of magniltude
of atrain, from the results of Table 10, it is clear
that there i no appreciable effect of magnitude of
strain for low strains uwp to 2% extension on the per
cent change in tension but therse is Little effect

at high extension where per cent change in tension
values decreasa.

6. Magter sbress relaxation curves
(a) from resuld

The superimposed master stress relaxation curves
at 20°C are obtained by shift of the stress relaxation
curves at higher temperatures de.e. 3000, 4OQG and sogc?
The curves at higher temperature are actually moved
horizontally along the log time axis to superiupose
with the curve st 20°¢ and 68% v.he for Teryleney Perlor
nylon 06, silk, Courlene X3 and Courlene PP, at 1%
constant extensions Such curves are shovn in the Plged
The approximate fit of the superimposed curves is shown
by different signs plotted épd the dotted line shows
. the amount of shift up to 50°C. Similar curves at 2%
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and 3% congtant extensions could nol be obtained for
Terylene,; Courlene X3 and Courlene PP, bub Figs, 31
and 32 show the masber cuvrves for Perlon, nylom 606
and allk, which werce oblained not as neatly as
obbained at 1% ecxtensions Bub they can be relicd on
for thelr aversge hehiaviour.

Table 14 gives the amount ef'shifﬁ log ay
along log time scale for the proper superposition of
the curves at higher temporatures to that at 20%¢,
Three colusns for each tomperabure, show shifts for
1%, 2% and 3% extension curves.

Fig. 39 show the plots of log ay versus
reciprocal of absolube temperature (1/7), The graphs
represent the plots for 1%, 2% and 3% extension
vespectively, as given in Table 14. At 1% extension,
this relation gives straight lines, but at 2% and 3%
extensions there is little diversion from straight line,
Higher the extension, larger is the diversion from
sbraight Ildlane in such plobs.

(b) from results at different exbonsions

An abtempt has been made to obtain masber stress
relaxation curves by shifting the stress/strain v/s log
time curves at higher extensions to superinpose the
similar curves at 1% extension. Figs 33 gives suech
naster curves for @erylene'at zo“ﬁ, 25°ﬁ, 3096,»4006
and 50001 Fig. 34 gives same type of curves for nylon
66 at 20°%, 25°%, 30°C and 40°C. Figs. 35 and 36
represent the master curves for Couvlene X3 and Courlene
yp'ﬁégiﬁyﬁﬁa at temperatures of 20“63 30°¢ ana 40°C.
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The superinposition ¢f the curves con be seen from -
the yepresepntebive different kinds of ¢ircles plotted
for different curvess The whole line ciirve is the
average suporimposed ourve through some sdablered
podats.

7+ Zension ot 10 seconds from the staxt of
relazation

Tensdon at any tine; divided by tension at
any arbitrardly chosen bime £rom the stardt of
relaxetion, gives the relotive vates of relaxabtion.

Toable 15 gives the maxisum tension (g) ot an
arbitrarily chosep time 10 seconds From the start of
relaxotion. Table 16 again gives the complete list
of maxigum tension at 10 scconds, at all tenperatures
end all stradns for the euperiments carrded ent on a
ciz unit sbrese velaxongter ab 658% vl

With the help of Tableg 15 asnd 16 asnd the
abtress relaxetion readings at any time {up to bwo days),
the velative retes of relaxation curves at 65% r.he can
be plotbed, Sueh relative rabes of relaxation curves
can help dn compaving the different fibres at various
conditions of vemperature and strain.

8. Dry viscose rayon
Table 17 gives the tension observed in dey
viscose rayon for extensions of 1%, 2%; 5% and 0%



over a time range of lﬁl £o 105 seconds at 23°cC.
The calenlated values of stress/strain for each
extension are also given in the same table.
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Table 9

Average & ehonge tn bension per decade of time,
ab 65% e hey R6°C and 2% mbmpion, baped on the tension
ot 10 sedoins G’»J’bG‘i” siart of rel axation.

A j_}%‘
Average slope over Average slope over
o bime range jrom & timz r'cmqe Jrom
flbre dog & = I0log 4= § |log ¢t =1 to log t =5,
fret run | Meeh cond, .Avm‘*ev(«ge Jrom Series
) (¢)
Peryd ane 8.0 703 | 648
Perldon G 3 Eel 0.8
rilon 12,0 11.3 10.8
Nylon GG L8.8 4.8 10,8
Nylon G10 A28 Jl.8 12,8
Siilg -ngﬁ 0 21 e 13. 6

&

A% - Results from gingle unit strass relaxometer

B¥ = Results from siw unit stress relaxometer




_ Average j
ong 85°¢, (

Zable 10

¥ ehonge in tenston per decede of time ot GEZ rehe
(Av. valves between log &t = 1 and log ¢ = 5.24),
bosed on tension ot 10 segonds ajiter sbert of relamxation.

i

Iwtension (£)

Specimen [
1 2 3 4

Peryleone | 6.3 643 348 4.8
perion | 6.8 | 6.8 5.5 | 4.5
erilon |10.8 |10.8 9.8 7ol
Mylon 66 (10.8 10.8 9.8 Sl
Nylon 610 |12.1  |12.3 10.5 9.2
L1t 12,0 |13.6 | 13,6 |10.8

e
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Table 12

Sensttivity of tension to humidi #zj.'

!
% o change in tengsion
;
Material Series (o) Series (b)
907 to 38% r.h. | 85 to 90% r.h

Terylene | 2.6 540
Perlon 47.0 O2e &
Grilon 53.0 994 0
Nylon GG 46,0 48,0
Nylon 610 |13.0 19.8
Stlle 8.0 37.0

* Paged on tension at 10 seconds efter start of

relagation.

i
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AR 1¢

Amovit of shift log g at different temperaiures
and extensiong, ‘

"

»

.'lm;r ca

at f:ewemturea of

Materdeld

30”6?

R {,".

B X

49’“’5‘

N

_aten

sion ("”,)

J”mtamian (' % l_

. .z;’mter

sion ("’/”L;

Parlon

1a40

1,14

2,60

286

2068

_5(-31

Setd

' 17l e s |2 |2 |s |1 |2 |
Terylene 1001 w0 w | BePE | - -~ 4430 - "t

78

Nylon 66

0,42&‘

LS8

2,16

518

Re24

857

4,33

3e?

EA ¥

Q. 5:»"

2,00

1.48

i

2,64

J-Q 66

2,91

4. 98

N

Courlene b.€51

& § O
A

Jourlene PP

10&? ‘4‘!‘-‘ | - 30 - e 4;?6 e 3

79&‘33

- ‘.[3?96



Table 185

- Tension (g) at 10 seconds from start
of the test, at 65%F rihs and 28°¢ and extension = 2%y
on aitngle unit etress relexometer.

) e
. Material I Penston (g)
lst run | Mech. Condi
Peryl ene 2oz 196
perlon 108 108
Grilon | 108 105
Nylon 66 | d1a 118
Nylon 610 4381 416
[ staw o 2o RlE
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CHAPTER ¥

BISCUSBLION OF REBULILS

1. Stress relexatiopn at standord conditions

From the present experimental resulis in Fige. 1
o 14, it dis clear that in the case of Perlon, Grilon,
nylon 00 ond nylom 010, the initial tension and the. -
shape in the mechanically conditioned specimen is neafiy
the same as that in its first run, This sbhows that all
these synihetic monofilaments are fully recovered anﬂ;
there will be no temperature rise due to streﬁchingfgani
There is no permanent set up to 2% constant extension.
This has already been pﬁoveg?ﬁwaTerylene shows a slightl
smaller initial tension in its mochanically conditioned
run than in its first run. This indicates that
Terylene shows very little permanent sebt at 2% extension
which, here, has been found out to be roughly 0,019,
This agrees with the permenent set values obtained by
Hsu?7 Another multi-filament twisted material silk,
shows considerable difference in the initial tension
for the first run and the mechanically conditioned
specimen, This is probably due to the increasing
permanent set value of silk which is 0.15% at 2% ‘
cxtension and also due to the high twist (sce Table 1).
The permanent set of silk at 2% is abouwt the same as
obtained by Mercdithy

From Figs. 11 to 14 it can also be clearly seen
that every sanple shows a behaviour of curves very
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slightly convex towards the log time axis but it canm
be said that they are tending to straight line
behaviour: This cou be verified from vhe strese
peloxabion vesults (From 10 seconds) in Fig, 16, when
the velaxation behaviour ds eatirely at constant
conditlons of toumperature and hunddity.

From Filgs. 11 to 16 and 18 ¢ 23 and Table 10,
it is elear thab Terviene and Perlon show the slowest
rate of relaxation, Terylene bheing siightly slower than
Perlon, The values of percent change of tension per
decade of time from Figs. 11 and 12 differ from those
obbained from Fig. 16 for 2% oxtension, i.es. volues in
fdrat columm A of Table 9 avre different from those in
colunm B beecanse of the different scelonation time range
and different duration of atreﬁahinggl and possibly
experinental evror and sanpling variation., :

From Table 10 it esn be concluded that the
average peraent chonge in tension per decade of tinme
iz neavly censtant Toy the constont exbtensions up to
vhe fiprgtb yileld point,; ond beyond the first yield point

the valnes deoreatc.

The general gbress relaxation curves for nylon O
aire in agrcement with the curves obbtained by previous
wawker&%hmwﬁlgm there is reasonable agicement of the
general stiess relazablon behaviour of Terylene with

previous wgﬁkyw

While considering the stress relaxation behavious
of synthebtle fibwves, e.g. Terylene and nylon, it scoms
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thot Teryione hos such lower values of poreent chonge
in tenspon thon thooe mﬁ pylons op shown in Toble 10,
The perocnt ,ﬂﬁgaﬂgm in tonoion: lg neodly constont ob
29 extongion, wad deorepsos v;ii:l%n dneressne in poprecent

onbousion up Lo 43%{ This indicobes thet o mostor
gam‘é;m so relonobion Guive noy gm&:;miﬁﬁlj be obbalnod by
PN i ng Ghe ﬁmfuw&,f ptroin ourves ob differont extension
ai«m@; the i}iﬁ;@: axds to vhe curve ab o gfss:wtmculm‘*
entension {ovy 3% dn g;ai.?cz:ic,ifai:- work )y This hot beon
done dn Figo. 33 ol 34 i:m‘- xm*y.lmm éﬂmﬁ nyion 60
vumpwu ivalv

The strass dovoloped vador Sixed eontension ob
any bino s depondent upon hundddby or nore accupstoely,
on bhe amount of wiobuwo abgorbod by the fibros Fronm
the gupordnentol resulbs fop Courlone PP Pig. 17, &6 coan
o aoen bhat this fibbe doss nob shov any fluctnntions
fdve bo ohangoes db hunddity ;. mmmn @ Abs podsture roesedn
A sevos o Jonvdone X odeo A?is:&i‘:% #Zoro swisture regoadn
ot A6 con booseon fron Plg. 317 chabt 40 shows op
sppraociableo dnitdal drop in bonslon due o chonge of
nnmdadisy fvom 658t 909 snd the bonsion vories sliohbly
with fiuetunobions dn lnoddity. Thie offoct io probably
dne o the ovongo piguent vhieh ig prosent in thies
snpndo of Conrdone X3,  Yhe piguent ¢en atiract modstus
on to dbs poloy zroups.

. l?g A a8 51

It hos elveady boen shown, Chot duoe Go the
oxidobion of pelyethyviene in the otmosphore, it aboorbs
seme podebure, This (very Little) oxygon acks as o
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polar group and absoirbs moisture ab higher humidities
and couses the changes dn the tension due vo fluctuating
hunddities,

Terylene has slso a very low molgture regain
(0.4% at 65% w».he and 20°C) and it shows very little
change in topsion due to Fluctuating humidity from 35%
£t 90%. 84l has the sexinumn modsture regoin among
bhe sanples bested, and it shows a magduum initial drop
\iﬁ“ﬁenﬁimﬁ on changiong to the high huwmidity (96% refls )
but afber vhis change, further changes in humidity have
a velatively small effecte. The different behaviouss of
various fibres will be discussed later.

’ ﬁaﬁwfﬂunﬁ from his experiments that moisture
plays an impovéant part din the stress prelaxavion process
fieo has alsb shoun a linear welationship between force an
meigture regain at 2506 at the gstart of stress pelaxatior
and abt the end of one houy siress relaxation, - He found
that at the stert, the relazation mpy be affected by
some vavidation inm the roabe of extension between different
experimento. This effect is saghin due to the increase
in modsture regain of the fibro due to ﬁﬁretchiﬂgﬁn Thn
at the end of one hour gtress relaxabion, it is definite
that the ptress relazxabion behaviour is novmal. For
this reasgon the experiments carried out in the present
iavestigations of the effect of Lluctuating bhumddity
on gbress relaxation behaviour, the specinens are leit
at congvent extension for 48 hours bhefore changing the
humidity so that the rabe of relaxotion reaches a steady
shate. This onables one to situdy more accuretely the
effect of humidity change on the stress relaxabion,
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Alsoy bebween hunldilby chenges,; a period of one day.

has been allowed in an atbemplt o brdng abowd equilibrin
gonditions hwebveen the m@iﬁﬁmwa'im che Fibre and that din
the pursonndiog ﬁ%m&@pheﬁég

For the Libres absorbing moistunre, their dvy
conditlon study of stress relaxation is guite sim@légv
bub the study of bheir ptress relazation ob say hamidity
introducens complexities dn the normal behavicuwr due o
thoermal aglbablon. Thug the molature in texbiles
ﬂaﬂ$®$>}Wﬁ‘?$1ﬁﬁﬂﬁi@ﬁg§?aﬁaﬁ$@ﬁ dnsbead of onee These
two relaxation pﬁﬂﬁ&ﬂ&@ﬁ?qguﬁﬁa Lo thepmal agitation and
obther assoclated with modsbure regaln, superimposc upon
cach other, bub the latber complebes ita relaxation
pavrlier than the former, giving rise to a change of
survature in the relaxstlon ourves of the moist fibres.
It s ressonable bo suppose that the relaxation process,
due to thermal agitation {(lotber pert of curve) will
not be affecbed sumoh if tesbed a2t ddfferent humidities.
Therefore, the relaxation curves subseguent bto completio
of the process asgociated with wmelsture are essentiolly
sindlar for all humidities.

From bhe experinental resuplts shown in Zable 11,
it ds cleay thet the chonge dn tension witvh change in
hamidity is losgely independent of extension up Yo 4%
exbengion which dneludes the extensions below and above
the lowesr yield peinbs of all the specimensused (sce
Pigs, @ ond R)s However, if we go into the details
of each gpecimen amd ibs behaviour due to Fluotuating
humddities,; Teryleone shows an average difference in
tenslon dncreasing slightly with imgposed extension,
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but since the differences are so small, they are of very
little significance, These differences in change in
tension could be possibly due to sample variations,

For Perlon, Grilon and nylon 66, the average
difference in tension is largely independent of imposed
extension, The constancy of the average difference in
tension due to fluctuating humidity seens to be disturbec
at 4% extension especially for Grilon. Such divergence
may be accounted for by incomplete equilibrium of the
moisture regain of the fibre, Nylon (610 shows increasir
difference in tension with imposed extension, but this
incressing difference is not proportional to the imposed
extension, e€.g. nylon 010 at 1% extension shows average
change in tension 52(g) and if there is proportionality
of this change in tension with extension, then at 2%, 3%
and 4% extensions, it should show 104, 156 and 208(g) as
average tension differences, - But, in actual expefiﬁanta
they are 55, 65 and 77(g) showing no proper proportion,
At 4% extension the rise in tension diff'erence is only
50% greater than at 1% extension, ‘Ihis shows that the
rise in tension is not in any proper order or proportion
with the imposed extension,

Silk also shows an inerease in average difference
in tension with increpse in imposed extension but the ris
is again not proportional to the imposed extension, as
shown in Table 11,

As the mognitude of strain does not affect the
ultimate change in tension due to fluctuations in humidit
let us consider the general sensitivity of tension for
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different fibres ot 2% extension which will represent th
behaviour up to 4% extenpion. Table 12 and Figs, 16 an
18 show the chaunge in tenpion causéed by chonge in reloti
humidity from 90 vo 35% and also from 35 to 909
vespectively.  In general the voalues for the first set
arve a Little lower then the values in second sets  This
is because in the firet set there is possibility of an

initial drop in tension as &hawn;p@euliarly by silk end
even by nylon 010,

Tmryléna, having moisture regoein 0.4% (abt 65%
rohs and 20°C), shows least sensitivity to hunmidity
change. Nylon 610 also hos a low moisture presain of
2.6% (at 65% r.h. and 20°C) and takes next place inm the
renking for the lowest sensitivity to humidity change.
Nylon 066, Grilon snd Perlon, with moisture regeins 4.2%,
4.0%; 44+0% vespectively, come nexb, Although Perlon
shows slightly higher % change in tension then ayion 606
it shows siightly smaller values then Godlon. In thesc

ases the above relationship botween moisture regailn and
the corresponding sensitivity to humidity does not
materialises We nmay perhops assume that this
relationship is correct becouse there is not such
éivarg@hﬂw in the cege of nylon 60, Grilon end Porlon,
but if Wwe look at the sensitivity of 8ilk {(Tables 11
end 12) dn Figs. 16, 18, 19 or even for 1%, 3% and 4%
oxtensions im Pigs. 1§, 21, 22 also Table 11, we find
that it iz much less than that of the nylons. S41k
heaving & wmodsture regoin of 10% (at 65% r.he and 20°¢)
shows, on an averags, less change than even nylon 610
which has the smallest moisture regain of all the nylons
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Thus the phenomenon of sensitivity of tension
to humidity change is not directly due to the moisture
regzain of the maberial, bul could be due to the choange
Cdn bhe equilibrium lengih of the specimen at different
hunidities, This brings us to the longitudinal
awelling behaviours of aylons and silk,

From 1i%efatu%éf§ various workers have found
thot sill® in water has a longitudinal swelling of
1.3% = 1.7% on a dry lengbh bosls whereas that for
nyloﬁglevem at 90% wr.he is 2.05% (ﬁha”aame.authora have
given laberal sweilxnﬁa in Ud%ﬂ? a8 19@ and 3¢2%
rc&pccﬁlvaiy.)

The experimental rauulta fur ahange in length
given in Table 18 agroe with previous work.

Seotion A dn Table 18 gives the results of por
change in Léngbh obtained by dirvect meassurement of lengt
with changlng humidicy after 24 hours at o given humidit
These changes in length ave taken am the average of
-abgorption and damor@tinn«valuew £or the materiols. 1TIL
per; cond change in length in Table 18 (column A) is on
the basis of the overage lengbh ot 65% r.oh. Colurme
marked B dn Table 18 shows the average per cent change
in length due to humidivy changes From 05% to 35% and 9C
obtained from the dintercepts a and b in Fig. 40. These
cﬂrvcm are plotted as average tension agoainst extension
at aans%ﬂnt humidity when the humidity is fluctuating.
Curves X, ¥, Z represent such curves at 35% vy, 65% r.
and 90% r.,h. The intercepts a and b give estimates of
the positive or negative change in equilibrium length of
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gpecinen according to high or low relative humidity.

In Secblons A and B the actual length measurements and
the tension measuremenwbs show quite a good agreement as
far as per cent change in eguilibrimm length, due to
humidity, ig aan@arn@&f

This experimental evidence shows that the
fluctuaticns in tension due o changes in humidibty are
dependent on bhe degree of longltudinal swelling of the
material in presence of moisture. The higher the
longitudinal swelling, the greatver ds amplitude of
fiuctuations of the tension at any fixed extension,
Perlon and Grilon seem to have higher degrees of
longitudinal swelling (see Table 18), so they show
slightly bhigher sensitivity to humidity chenge than
aylon 006 (see Table 11) although there is not very much
differehce in their moisture regains.

The same arguments stand for the peculiar type
of heha%iour shown by sillk in comparison to nylons.,
Thus gilk is less gensitive to humidity change than
nylons, although it has the higher moisture regain (10%
compared with 4%). This extra moisture regein of silk
is accommodated by lateral swelling (19% in water).

To sum up, the above discussions show that the
longitudinal swelling of the moaterial goverans the
sensitivity of the tension in fibres in the atmosphere
of Ffluctuating humidity. Thisvis confirmed by a set of
experiments carried out as changée of humidity f£rom 90%
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to 65% dn Fig. 20 and individual fibre cen be
correspondingly studied as above,

The above discussion can also be well supported
by the expected behaviour of Courdene X3 and Couvrlene PP
Diveet length measurements on Courlene PP {polypropylene,
shows no chonge in length with chenge in hunidity ond it
also does not sghow ony finctuations in tension with
huniddlty change. |

Courlene X3 (high density polyethylenc) which is
supposed o have no modsture vegain abt 05% r.h. shous no
messurable change in lengbh for change in humidity below
65% w.h. but surprisingly shows -+ 0.,035% change in lengtl
when humddity increases to 90% v.h. This change in
lengbh at 909 .h. brings aboul small fluctuations in the
tension due o {luctuating humidity.

Courlene A3 ds high density polyethyliene (density
0.95), although it has bebbter properties, it is inferior
to stondard 'Courlene! yaran from the point of view of
Cphoto degradatiog? Moreover this pholto degradation in
polycthylene is accelerated by the catalysts used in the
mamtfecture of high density polyethylene. Even
introduction of pigment may perhaps increase the polar
groups in Ait. Yhus, the very little longitudinal
swelling in the orvapge piguented Courlene X3 used; may
be due to phote degradation which introduces cxygen in
it and pechaps due.to the pigment present.  Obherwise;
the genoral sensitivity of Courlene X3 should be the
same as vhat of Courlene PP.
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The evidence that Courlene X3 (orange pigmented)
absorke water was confirmed by measuring its moisture
regain, It showed a moisture regain of 0% at 65% v.h.
and 0,0% moisture regain at 987 r.hi, That the
degradation of peolyethylene introduces woter attractlng
polar groups, e.g. oxygen, hag heen already proved in

literatupe, w18 186

From Figs. 15, 16, 18, 19, 21 and 22, it can be
seen that for constant extensions up to 4%, the rate of
decay of tension increases when the relative humidity
fluoctuates between 35% and 90%, The extent of the
increase in the rate of decay is. roughly independent of
the mode of change of humidity from 05% r.h. (Figs. 16
and 18) and also independent of the duration of exposure.
to different humidities (see Fig., 19); as long as the rate
of decay is taken as an averoge.line or curve passing
through the tensions at 08% r.h. after avery hum*dlty
chs npa.'

Another important behaviouvr found was thot the
degree of rate of decoy at large is slso independent, of
initial per cent extension imposed. This con be well
Judged visually from Figs, 15; 16, 21 and 22 and alco |
from the Table 19 where column A shows the decay of
tension in grammes per decade of time (mec.) and column
B shows the decay of tension (g) during the fluctuating
humidity, Ratio of B to A gives the ratio of the
inerease in rate of decay to the actual rate of decay at
65% reha ana.25°C. This dnerease in rate of decay due
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to humidity change is roughly constant for extensions up
to 4%, Terylene has a higher value of this inercasge in
rate of decay ot 1% constant exteasion. This could be
possibly due o the slightly councave shape of dts
relaxation curve at 1% extension (see Fig, ‘15) as
compared with the convex shape of the. curves ab other
extensions in the Figs. 16, 21 and 22,

Thus the increase in rate of tension decay due
to humidity Ffluctuations is approximately dndependent of
the initial tension in.the fibre up to 4% extension.
This dndrease in rate of tengion decay is in the
increasing order as Terylene, Perlon, Grilon, nylon G6,
sillk and nylon 610, o

Thus nyion 6 and nylon 66 are less affected by
humidity changa than is.siik, as far as the rate of
prelaxation is concerned. This can be possibly due to
initial large amount of ﬂropfiﬁ the tenslon of gilk due
to hu@iﬁiﬁy change. Terylene iz least affected due to
ites low nwisbure comtent.

A conclusion of practical importance is that when
storing textiles containing strains resulting from
‘mechanical processing, the gtrains will relax nore
gquickly in an atmosphere with fluctuating humidity than
in an atmosphere of constant hunidity such as that
obtaining in. a testing laboratory, spinning room or
weaving shed.
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Pulymers are high malﬂcular weight substances
and at hlgh temperatureﬁ hhe mulaeules are engaged in
Brownian mmt&mny This moﬁion ;& simply manxiegtataon
of the thermal aglﬁatmuu, common to all matter. As a
matter of fact it is the Brownian motlon of the polynmer
molecules, superamposed on external forces which leads to
simultancous storage and dissipation of mechanical eancrgy
when a polymer sample is deformed., If thoe Browndan:
movenent dacicases, the orienbation ténds to randonness.

&imilarly when a pblymer 1s deformed by
meuhdnlcal forceﬂ, the sitnation is not differcnt.
Inergy is stored, becouse orientation is imposed on. the
contorted molecules, while decrcasing their entropy.

In the deformed state for a period of time, the
orientations are erased by Brovmian motion, and the free
energy is dissipated as heat. The polymer molecules
wriggle‘in vorious modes of motion and thus there results
a broad spectrum of relaxation times. The understonding
of complex motion of polymer molecules has been greatly
advanced by theories of Rouse® and Bueche® which expres
them as a seriés of characteristic modes of coroperative
motions of molecular segments with different relaxation
times. |

All modes of molecular. mobtion. become. faster with
increasing temperature, because the monomerde f£riction
coefficicnt is reduced gualitatively, the local viscous
flow is cut down. All magnitudes of friction coefficient
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are proportional to the relaxation times; so relaxation
times change by the game Tactor ar , when temperature

"

rolaxation speetrum along bthe log diwme scale is measured

ig chonged from Ty to ¥4  This sdople shift of
3

as log ag 4 The temperature dependence of all mecharnics
proporties dbvolving relaxation proeess in an amorphous
polymer {(eig: polylsobubylene, polymethylaerylate) can
thus be siuply deserdbed by o plot of log a; against
benperature, - This facbor iw elways referred to some
avbitrary standard temperature,; often chomen as QSQGQ
curves for different polymers all cross o Tey whede

)

= 1 and log a, ¥ 03 but vary widely in steepness

?
o L3

Tt is evident thot enprmous shifts of the time scale

»

cover aany decades can be achdeved by changing. the

veuperature,  Toking refersnce tempevature T, different
for different waveriale we can plot ap against Tef, for
different emowphous polymers, by using Willisms, Landel,

Ferry 1055 (WLF) equationd?

&

who put arbitrary modification
to Rouse Theory.

The situnation for pelycerystalline polymers has
been rather less well understood. Recently,; however;
evidence has been published for applicability of
ting-bemperature superpogition principle eoven to
polyerystalline materials within certain resitricted
conditions. YVoshiteni, Nagomatsu aad their c@wwarkersl
have applied it csuccessfully to aylon 6 in torsional
suress relaxation ab low strains and to polytetra-
fluoroethylene in Longitudinal stress reloxation'®he
&t@aimmtﬁeiow PV PFox lovw density poliycthylenc,
Tobolsky Tound that the time-temperature superposition
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principle was applicable to stress ralaxatiOn"ggta hut
the results of experiments by Nagematsu et al. made ab
lower strains hove not been awmenable to breatment by
this principla, The mors recent study of stress
relanabion of nylon 6é2§t various Gomperatures made by
Punell, Joanes and Rye has shown a reduced mastor
relaxation curve and also a sbraight line plot of log a4
versus reciprocal of absolubo temperaturoe.

" &

Below the glase traasition temperature, Lnbugn '
copfigurational chenges play a minor role in amorphou&
polyners, viscoeolasbic responses oxist wvwhich are usually
atiribubed bo metlion of side chalng and cover o wide
spectirum of relaxation timess Suech internal motions of
amorphous polymers can gertainly not be described in terns
of o monomeric friction coefficiont, but if it is assumed
that all tho relaxation times concerned have the sane
temporature dependence, reduced voardiables con be applied
to the glassy zone as an onbively separoite caleculatlions
Below the glass transition temperature, the free. volume
troatment and the WLEF aguatienﬁsﬁamnﬁﬁ Be expected to be
applicables In fact the temperature dependence of af
follous an equaﬁion& of the simple Arvhenivs form,

log oy = (L AF ) L. &
TRT) B (1)
WROre at'm shift Pactor; AF = activation energy;
R = gas constant (1,987 cal/wole/degree;
Ta = peference absolube tempera Lvre*
¥ = absolute temperature
with moderaboly low value of AF e.ge for polymethyl-
methacrylate AF = 20 keal/mole,. ‘fhus temperaturo
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¢

dependonce of responscs bolow glass troncition tenperature
bears no relobion o whot would o entrapeloted from the
behoviouy abiove glops troaasition tompopature, where P ie
enopnong and ncreasing rapidly wdbdh deoreosing tenpoerabune

Saniilarlyy o highly grysbolline pelyncrs the
amorshons segnents holween oryeballiton are tevo shordt o
porndit any wotiong deseribable dn torms of o motnonerdo
friotion coofiioionts Iovevoer; 64 téemperotures so fop
below the selidng podot thot the degroe of eryetadlindly
has pesched dbs poximun value consdstont with sterde
limdtationg &0 that Duvthor Jdeoréonpe in Senperaturs will
1ot e occoppanded by opystal prowth ond alborotion of
inboraad plbencbure, 46 onn agein be asoumed that Hhoe
ralanedion binmes ooncevned in whobover wotilong do ocour
have tho sone benperature depoendence as o glase,
Avnpldoation of yeduced vardobles on.this bosils has hoen
sicoossiud for o iam:u«ma* of highly eppetadidne polymorn,
dneluding nylon é ol siydon uéﬁ hioh donedty polyelby iﬁim;‘
polyehioro~trdsflvococthylone :ﬁs Phacy Ganmporabube ﬂa;ammc,m,a
of by ogodn folloved by above epnbtdon (1) ng Lhey %‘96%,3"&
agtivebion cnergles os 88, 31, 30 ond 128 healfemolo
roopeohively s

| Fron the progsent oxperinentol rootldis for stroso
veloxetdon of Pevylono, Porlony nylon 06, domrdene 33 ond
Gourdone 2Py it do found Lhot tho ochove equabion {3} 4o ab
leost appiicable at low extensions of one peraents

When tho stresp volaxation oueves ob 309¢, 409¢ aud
5{3@(3 at gongbont Oxbenpion and husddidy ( 5% p ;ﬁm} An
Figos D4 te 20 sro chifted plong log bime sxis to
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superimpose the similar curve at 20°C they give quite

a goed f£it of all curveées on the 2000 curve giving a
master curve at 20°C and 1% extension (see Fig. 30):
gimilarly at 2% and 3% congtant extensions the master
curves (Figss 31 and 32) could be obtained in the case
of Perlon, nylon 66 and silk with little approximation.
The values of shift factor in the form of log a; for
the shift of curve at every temperature are tabulated
in Table 14. The master stress relaxation curves

thus obtained at 20°C ave in quite good agreement with
the actual behaviour of the materials observed over one
month and shown in Fig. 23, by putting in correction
because the'eurves in Fig. 19 are at 25”0 instead of 20°

as in the master curves in Fig. 30, 31 and 32.

19
Yoshitomi et al were able to obtain for nylon (

similar types of master stress relaxation curves at 0%
r.he and 75% r.he They studied the relaxation of
torque at constant twist. The present master stress
relaxation curve for Perlon (nylon 6 type) at 1% constar
extension gﬁg?converted to shear modulus values by
assuming B = 3G. The values of log G from the presen
work for Perlon at 20°C and 65% r.h. are plotted against
log time im Fig. 41. The master curve plotted in this
manner agrees well with the curves plotted by Ybshitamgs
as shown iﬁ%ﬁ}g. 4l. The activation energy value from
his results is 88 keal/mole and may be compared with
the activation energy of 83 kecal/mole obtained from the
present experiments, caleulated from Fig. 39(P).




Fig. 41

~‘Master. curves - O

' o Perlon, 65%. r.h., 20°C, 1% Extn.C authord
102}~ : © Nyloné, O% rh, 2I°C, Low twist,CYoshitomi et
Nylon 6, 759r.h., 21°C,Low twist,C u, e D
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This activation emergy value was obtained by,
use of equation (1). . Thus, &y.gla%ﬁiug a graph of
log ag a@aimatvé (vhere T = ﬂ%&ﬂlﬂﬁ& temperature), oll
the fibres gave approximatelysstraicght line. passing
throngh an average path made by the points plotted for
1, 2 and 3% extension as shoun in Pig. 39. The slope
of these lines, according to equation (1) should
cepresent the activation cnergy dilvided by the gos
coOnSLant .

- Phus the activation cnervgles can be ealeculatbed
~Evom slope x 2.303R8 (wheve R = gos consbont = 1,987
eat/mole/deg, )  The ackbivabion enevgies thus caleulated
from ig. 39 ave 60 keal/mele, 58 keal/mole, 42 keal/mole
55 keal/mole and 41 keal/mole for Terylene, nylon 60,
silk, Couplene X3 and Courlence PP wrespoctivelys . These
values con be approuwimately compared with the“#alues '
obtained din the literature by comparing the values ab.
Cthe. sane conditions of temperature, bumidiby sad also

- gbraln. . Faucherlgiobtaiﬂed values. of activation energy
for Morlex-50 (erysvalline polyethylene) and epystalline
polypropylene as. 30 keal/mole mnd. 50.5 hoeal/mole.
rosppectively.,. . Dut if his resulis ore considered ot

the vomperature range of our experiments iees. 20°C to
5ﬁﬂﬁ, the valunes for polyethylene and polypropyvlene . .
become 45 keal/mole and 39 keal/mole, which can be
copared with the present vesulits of 55 keal/mole and

A%, keal/mole respectively.

From Fige 39, 4t can be secen that ia the case of

Perlon, the points for 3% extension resulis are missing.
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“hmﬁ As because Perlon-at- si r&inu over: Q.Q’fden. is
vgry-muen-affuaﬁbd"bj @mpergﬁuvc uhenwo,l Cthuedt
gives higher values of lﬁg-&T;wnmLh shovws higher value
of ﬁa*“v&wi@n'mﬂﬁrqy-mh@n-eem@&veﬁ~wiﬁh thoae obbtainod
from an averege plot through 1% and 2% extonsion results,

Thus the valddity of Fer?y‘s reduted varisble
method below glass beansition vemperature ab low
exténsions can be proved £rom the approximate straiisht
1iné$ obtained dn the plots of log aT‘againat reciprocal
of absolute temperatuwes - The approximotion ie token
in droving the asbioight Lines' becanse the pointe’ were
not enoutgh to show defindte: behaviours - Howevery the
results seen to be reliable as they are net very fow
from chose obbained by the othes workers gg@’-"@ :

. s
kd

de RBiEfect of mmgml%née of strain

- Pdgs. 37 dmﬁ 38 bhau mh@ ca$emu of a aﬁﬁdea ﬁima
in ewagﬁsign on Ghe wa?em@  relaxation %ehavxqur;‘ From
all these curves {}igah 37 and 33) for Terylene, Perlon,.

bl

Grilon, nylon 66, nylen 610 n@d iik\&u iz found that
vhe general Siﬁp&.ﬁm bh@;uuavaﬁ_at 2% ontension. is not
mm@h different drom the generad slope of surves at A%
exbtension, particularly abt the later stages of strgsn
reloxation. This has alrveady been shown by Kubu for
web nylon 66 up o 15% oxtension, wet silk up to,10%

extension and web wool up o 20% cxtension,.
These curves et 4% extension are also. compared
with the dotbed line curves, which are actual curves
» .3 A &, ; A Y N 4(3"1' % -
obtained ot A% embtension; 65% ruhe end 25°C, These.
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curves nearly coincide with the experimental ocurves
Cangd go the gtress relaxation behaviounr ab extensions

. up o 4%, at least, isg independent of the previous stiess

relaxation history at lower extension, This is in
agreenent with Andersen? he found that for cellulosic
fibres the tension at any extension is independent of
ite previous stretcehing history at lower extensions,
The stiffness increases dune bto previous stretchings
but if the oxtension is increased for same speoimen,
the stiffness will decﬁgame as soon as the extension
exceeds the previous extension,

If stress relazgtion data at constent tewperature
and relative humidity at different exbtensions be plotted
as stress/strain against log time, there is a possibility
of obtaining a composite stress relaxation curve.
M@reﬁitﬁ found that such curves for viscose rayon and
cellulose acetate appeared to be part of 2 common ,
sigmoidal curve, which he called am a "composite curve',
Hadﬁﬁl&b obtained such a curve for Terylene,

from Figs. 33 and 34 iv cen be seen that such
composite curves have been approximately obtained at
1% extension, 05% r.h.; and at 20°C o SOOC for Terylene;
at 20% to 4G°€ for nylon 66, Courlene X3 (polyethylene)
and Courlene PP (polypropylene). The curves at higher
extension. of 2%, 3% and 4% extension are shifted along
log time axis till they superimpose the curve ot 1%
extension., For Courlene X3 and Courlene PP curves at
4% extension were not available, so shifft of only 2% and
3% extensions are made.
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The praétiaal significence of the experiments
in vhich the extension was raised to 4% after roelaxation
at 2% eoxtension lies in the indication they give
cnneéwﬁiﬂg thé effect of a tightening bar that can be
operated when g sieve becomes slack after prolcnged.useQ

It has been found in practice that a siceve used
in flour nilling becomes mnsatisfactory when the tension
per inch {measured along the fraome) falls below 1% 1b,
wte How tightening bars complicate the structure of
the frame and therefore i & meterial could be found
that maintaing sufficlent tension in use, this would be
an advantage. The indications of the present work are
that such o materdial is avadlable and this is demeonstrate
in the following paragraphs.

“he conditions to be satisfied are that the
material mmst maintain & Cension greater than 1% 1b./inch
over a peiriod of § years or zo wder conditions of
Tluctuoting bumidity and temperature, the stress on the
mounting frame nust nob be too high and the abrasion
resigtance of the fabric must be bhigh, Fig. 42 shows
that Perlon {(nylon 6) #ulfils these conditionsg but nylon
06 does not, i

The stross relaxation curves shown in Fig. 42 are
for aylon 6 and nylon 00 at 2% extension, 05% r.h. ond
25°¢, They awve, in faclh, the master ocurves of Fig. 31.
The dashed lines represent the offect of dinciceasing the
relative hunidiby to 90%, and it will be seen that the
dashed curve for nylon 66 crosses the lower stress limit
line before 5 years have elapsed, whereas that for nylon

6 remains sbeove this limit,.
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For » typical siove cloth woven from 350 denier
monofil aylon the number of filanents . per inﬁh:im=35§ "
so that 1§ 1b,/dnch represents a stress of , :
(1.5 x 454)/(350 =z 35) = 0.085 g./denier and this lover
ptress 1imit has been shown in Fig. X ‘

Now the results obteined with flucitnating
hunddity indicate that the rate of stress relaxation
will be accelerated compared with the rate under constant
bumidity so that the performance of both nylons would be
worse than shown budt nylon ¢ wonrld still be satisfactory.

The data obbained fovr the effect of temperature
on rabe of relaxation show that from 20 to 50°C temperatw
has relatively litcle effect so the main conclusion still
holds good, The great vaiune of the experiments at
different temperatures ls the fact that they enable the
relaxation at very long times €0 be predicted and it is
necessary to kmow the tension Chat will remesin after as
long as § years because the abrasion resistance of nyloﬁf
permits the sieves to last that long. S4ik sieves'waav_
out in a much shorber Timo. Terylene would maintain
teneion bebtter than nylon but has less abrasion registancd
in this kind of application.

There is an upper limit to the amount of streteh
that can be applied coatinuously to the wmounting framess
The continuous stress limit marked in Fig. x covresponds
to a force on each side of a 24" frome equoel o
(24 % 35 % 0.36 % 350)/4584 = 234 1b, wk.
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SR N‘iss;an%% has developed a theory of the rheologica
behaviour of hydrogen bonded solids. e 'has useﬂ~ﬁhe |
masbter siress relaxation curve for viscose rayon at 65%
r.asy given by F*iereéi'i;i%w(p; 49 ) to demonsbtrate that olmost
the complebe relaxation curve can be aseribed to a single
mechandom, dves. a co=operative reaction bebween several
bonds breaking slgultaneously,  The aumber of bonds
involved comoes out to be about six, and this same number
oL b@nﬂ@far@ considered ©o be raptured ab 65% r¢h,-b§ the
addition of one molecule of water. It was suggested
that dnteresting resnlts should come out from repeabing
Meredith's work at low regain where the autocatalytiec
gffect is small. Accordingly, experiments were made o
find the naster relaxatlon curve of viscose rayon at
0% welia |

By shifting the sitress/sirain relaxation curves
plotted from Table 17 alomg the log time axis it was
possible to produce a continuous magter relaxation curve
Tor dry viscose voyon as shown in Fig. 43 The overdap
of the individual sections of thenoster curve is nob
really suffdcient to establish the master curve beyond
all doubt, but the curve appeared 60 be sufiicicntly
good to proceed with an analysis ol the type carried
out by Nissan. Additional curves at inbermediabe
exbensions are vequired bult time did not perwdit thedr
deterningtion, '

The data used in deriving log n, which is plotted
in Fig. 44 ageingt log ¢ are given in Table 20. The



TABLE 20

Folues of log Ry Jor dry viscose rayon, obtatned
Fron moater reloxation curve fr' 14 cotension.

" -

L fre— NPR—— -
Time Yerision b4 n ,

(See, )

10° dma/cm;a

20

0 dzm/cm?

n
x 1018

-&nwnle 018

a

torgy

10°
10°

10?
- 2d°
207
0™
102
10/

~,2016

18,7
11,7

28

1

Je i

- 7440

§910

3540

1580

680

356
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138

92

7392

5862

3298

2

582

632

307
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21,87

1.
21,18
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20,49
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' second cﬁigmn gives the tension abt various times for
 «ﬁhe'm@§§é§ relaxation curve for 1% extension. Values
CoreE Youngts modulus: Bodn eolum § wre derived from column
2 é@c@réing to Nisson's formula £ = B ¢ - ko 2 where
i iﬂ:ﬁ%?@ﬁ&,‘ﬁ‘&b straln, K is o second ecoefficient of
Lh;alasti@i%y and has a valne egual to 1.1 = 1012 dyneu/cu;z
Land is a uwniversal constant for hydrogen bonded. mvﬁerl 1s
i is a correetion term dnvolving the strzin and a«
parqmeter of the Morse function for the strain energy

- (for ¢ = 0.01, u = Q. 873)9

. Yoo B
' .

' The nunber - of hOﬁéS per onY Gaking ?art‘iﬁ the
-ﬁﬁraininﬁ process &8 m, given dn column: 4 and is derived
from the modulus, B acuo?ﬁmmg o the pelation =
..m w‘zwﬁa-x-lﬂﬁiz F3 Iz mlis the pumber of bonds per
‘w@mg'takimg‘parﬁfmﬂ a binolecular weaction which oﬁéﬁra
sponbaneously and toakes place at all times even when

.. the materdal ig undep zero surain, it is assumed to be

given,hy the value of i abt very small vaiuem of strain,
~daes At tines > 1029 second (see foot of columm 4), then
n2, Cthe number off bonds pex. am5 which take part iﬁ the.
.comoperative type of reaction, postulated to anur by
_\mmﬁaan,‘_:Hgivem_byainle nzﬁ‘and‘¢s recorded in cglumn‘5,

' The 3lat'af719glﬂ m2~agaimat lﬁglutime,shown.in

PFigs 44 gives a styaight line of which the slope isfi

1 log nz a S »

d iﬁb t

. Phe object of this anaiyqxs is to find o value
. for the number of honds (m) which move simultancously
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and c¢o=~operatively into new positions of equilibrinm
when flow takes place ingide the fibre wnder Strain.
It is assumed that this implies a reaction of order m or

d (mz/m)/dt = ek (nz/w)m - {(2)
where N is Avagadro's number and k is bthe rate constant

of the reacbion.

Now a slope of « 0.15 means that

- 0.15 £y
nz/ﬂzel = U (3)

_where Ry g is the value of’nz at time t = llseconda,
so that

_ L -1.15
Loy =2 omy, (0.5) ¢H1

g 0 |
Put Cogmteds = (ay ) Ldi= y 767
== ) 0.15 (= )
. ("2.1) | (M241) .
oo 1. dny, =~ 0.15 (nz/N)i‘éi/(n 9.1 /N)é,ﬁy
T

| dt 4

(4)

and equation (4) is now the same form as equatmon (2),
so that o
fm &= 7067

and 'k = 0415 (n =0.67

2.1/t '
= 0.15 (7392 x 10%9/6,02 x 10%3)~0+67
= 8.4 x 10%F
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Buk B e (= AF)

BUG K = th oFR T (5)
where k ds Boltzmonn's comsbtant. = 1,379 x 10*16 erg/degre
-
h is Plank's congtant = 6,550 x 10"2/ org SECe,
R is the gas coasbant = 1,987 calories per degr

T dis the abgolute temperature,
A ¥ is the free energy of activation (keal/mole)
Thereforae, - JF 8.4_%,101?
e RT 6,2 x 10%a

= 0,1353

-?-,-53'— = 2,00
i AT = 1.,987. % 298 % 2.00 koal/mole.
- 1000 |

H

L.18 keal/mole .

Since  AF = AH - % AS
and asstming AF iﬁ 445 keal/mole for bhe Hobond

then T A8 = 4.5 « 1,18 = 3,32 keal/nole.
and T_AS _  3.32 L
Aﬂ h ﬂ‘. 5 i £ & 2 ﬂ

HNow w@;,zmrm%m given daba for the contribution
to B of dnternal energy oand entropy of wegenerated
cél}ulose fibres calculated from the temperature
dependence of the stress at constant straine His volues
for dry vayons ab 1% extension give an average value of

U551 for the rabio of entropy te energy terms which may
be compared with the value of 0,74 evaluated above.

The value of m = 7.67 foy dry viscosce rayon
moy be compored with m = 0,0 foyr viscose rayon ab




65% wahe Thenumber of bonds that must be activated
together, on the average, for relaxation to proceed
vhich is higher in the dry stabe thin at 65% rhe
seoms roeasonable,

1%0



CHAPTER VI

CONCLUSIONS

Perylene shows the slowest rate of relaxation in
gomparison with other fibres esg+ Perlon, Grilon, nylon 66
nylbniﬁlog silk, Courlene X3 and Courlene FP. Pevlon is
very close to Terylene in this behaviour of stress
reléxaticns, Terylene showa a slightly concave shape of
stress relaxation curve ét 65% e, 25°C and at 1% consto
extensions, whereas all other fibres show almost a straigh
line or a curve convex to the log time axis. This peculi
behaviour of Terylene at 1% extension is in agreement witl
investigations made by Héu;m¢who predicted the possibility
¢’ ohtaining a master stress relaxation curve by shifting
the curves at higher temperatures to superpose on the cury
ai; room temperature. Prom the present investigationsy ti
nas been successfully proved, and the master stress
relaxation curve for Terylenc at 1% constant extension is
obtained at 25°C and 65% r.h. Similar approximate master
curves have also been obtained for Perlony nylon 006, silk,
Courlene X3 and Courlene PP. ‘

At 2% and 3% extensions Teryléne, Courlene X3 and
Courlene PP did not give such master curves, but Perlon,
nylon 66 and silk gave satisfactory master cuyrves at thesc
constant extensions. At 3% extension Perlon showed pecul
behaviour, showing values of shift factor log arsurprising
high and thus the activation energy values obtained at 3%
extension were higher than those obtained at 1% and 2%
extensions. This bhehaviour of Ferlon at 3% extension is
in agreement with the fact that Perlon, heyond 0.3g/den.
tensiony is much affected by temperature!“’ On the
whole the plots obtained for log a, versus 1/7 give



approximntely straight lines through the points foxr 1%, 2%
and 3% extensions from 20°C to 50°C. The activation
encrgies obtained from these plots are in quite pgood agree
ment with previous results when considered over the same
range of experimental temperature conditions,

Cowrlene PP shows the highest rote of decay. Couprw
lene X3 is very neay to the prate of decay of nylons, which

ol
Y
3,

in turn have slower rabg of r@lﬁxaﬁi@n than silk, Conside
E )

ering the rates of d&cag&a$ various. extensions, it secms
that for voavious fibres, in general, the inecrease in magni
tude of straln (below lower yield strain) does not affect
the rate of decay. Beyvend the lower vield strain the rate
of stress decay decreases with increase in magnitude of
strain,

lucrecase in tamperature, in general, decreases the
rate of decay for small extensions, and master stress rela
ation curve could be obhtaipned at those extensions. Such
behaviour of fibres is, in general, below the lower yield
strain of the stress strain chrve of the material, Beyond
the lower yield strain the viscoelasidc behaviour of the
material becones nopslinear and there is change in crystasm
1linity and structure of the material due to the increase
in temparature, The validity of Ferry's rednced variable
wethod, for crystalline polyner below the glass transition
temnperature of the material is supported by the results
obtained in this work.

Terylene is least affécted by fluctuating humidity
Courlene X3 and Couriene PP, in general, can be taken as
not affected by the fluctuating bumidity., Silk shows
peculiar behaviour of more initial tension drop due to
change of humidity to 90% r.h., and then further
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fluctuations of bunidity de not afifect its tewnsion to muct
axtent. Nylons in general show very high sensitivity of
tension to humidity vhen compared with similaor beohaviour
of smill, ‘ | '

Magnitude of strain up to 4% extension does pot
seem Lo have effeclt on the valuwes of change in tension dne

o fluctuating buaidity.

Dun the vhole, there is a general tendency Tor
incgrease in rabe of decay of the tenshon due to flucbuabin
hunidity, vhen the rabe of decay of tension at constant
humidity (05% vehe) ond the rabe of decay at 05% roh,
durlng ﬁy&iﬁﬁ o humlidity change are compared, This ace-
elevated stress decay, in general, is independoent of the
magnitude of strain up to 4% extension. Terylene shows
very 1little increase in rabe of tension deecay. FPerlon,
adthough it &hﬁW&;very mich change in tension due to flucw
tuating bumidity, shows only slightly bhigher values of
increased pate of tension decay . The maximum increase in
rabe of tension decay is shown by sillk apnd nylon 610,

Prom the present experimental evidence Lt can he
concluded that the effect of fLfliuctuating hunidity or tene
sion is due to the different longitudinal swelling of
different fibres, Nylons show more longitudinal swelling
than silk, so they ave more affected by humidity change..
Teryiene, having least nmoisture regain, shows minimun
longitudinal sweliing, so is least atffected.

p By comparing the different fibres in the present
imﬁﬁﬁwmkmm:mzmnh@wﬁ%%ﬁmﬁﬁmﬁﬁmwkmeaml
Perlon arve the best of all, as far as the industrial use
is concevned, They arve least sonsitive Go {luctuating
hunidity. More over, when other physical properties are
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considered, Perlon may be glven preference due o itg
hotter abrasion propertvies. Thus Perlon {or cven Yeryleane
con be vecommended for use in sieves, 1t is neae&&@py for
tantuess to be maintained under conditions of fluetﬁating
humidity.

As suggested by Nissan, the composibe stress
rol azation curve for dry viscose rayon was studied, Tt
was found that the value for m was 7467 for dry viscose
rayon, This value of n is comparable with m = 0,0 obtalne
ed by Nissan for viscose rayon at 65% rehre This shows
that the numbers of bonds that nust activate together, on
the average, for relaxation to proceed, is higher in the
dey stoate than at 05% roha, which secems quite reasonable,
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