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'ABSRAGCT

Much work has racently been dona on stnﬁies of
n:echanical and elaetricsl dmpersion phenamaa 1n polymers. %ay warkers
have been active stadying the effect oi’.‘ plasticisers, 1rradiation, heat,
and mchanival twatmat, copolymerisatian, and c:oss-linking, guch a8
Vuleanisatien. on & large muzber of high palymru. In spite of ita great
technolcg.tcal impor tanca, the effect of humidity on the mechanioal prop=-
erties of text.le fibres has not haen studled in a aystematic way. The
prosent mvestzgaticn ie an att:empt at: s‘tu&y.mg ‘the" inﬂuaaee of humidity
on th@ modulus and emrgy disaipation of unylon 6«6 mnefilaments.

- The modulus and ensrgy loss were determined using
& lousfrequency vibrometer, over the full range: of relative humidities
at 9, 35, and 60 20,, uping 15 denier aylon monofilaments.. Values of
these empiricsl quantities were plotted m fupcti&ns of eequeéey end hu-
midity, énd vater content. The 'résulta were: diacuséed taking into.account
the féct that water sorbed by ﬁﬁres is pre seni predominantly in the
amorphous mgieﬁs,. and might be expectéd to break hydrogen bonds existing
between edjacent poptide links, thereby reducing moleculsr intéraction,
and facilitaeting segmental mcti,bn. 4 mechanism was pfoposed in order to
explain the results. The values of the tangent of the loss angle were
compared with recent work by Seuer at al. |

Using expresssions derived by Ferry and coworkers,
apparent activation emergies for the flow processss were celculated at a
number of fixed wster contents, and were Bund to vary between 26.3 and

110 keal./mole,
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THEORETICAL AND EXPERIMENTAL INTRODUCTIOR
4A. Historical Survey

Studies of dynemic modulus, epergy loss, ,
and stress relaxation, and creep have been performed on a
variety .of materials, 1nclnding wood, rubber, motals, and
'natural- and synthetic fibres. These studies were initiated by
Hooke who emunciated the law of elasticity bearing his name. 4s
a result of studies on the extension of metals under varicus loads,
Young defined a tensile modulus E' = (F/A) / (A1/1), where F is
the foree on a cross-_seetional area 4, apd A1l is the elongaﬂon of
a length 1. The studies of viscoelasticlity were greatly extended
by Voigt and Maxwell, who postulated various mechanical anelogies,
éonaisting of arrangements of springs and daahpots, to explain the
observed viscoelastic behaviourl. The theoretieal aspects were
extonded again by Eyring's epplication of his theory of rate
processes, leading to a non-Newtonian vi‘scecity'z, and by the concept
of a distribution of relaxation and retardation tires, as advanced
by 'Tobolsky{ Kulmk. Beelners, and Férry and eoworheraé. 4 large
pumber of workers have investigated the mechant cal properties of
polyuers uai.ng' various techniques, which will be elzborated in

subsequent paragraphs.

B. Recent Work on the Mechanical Properties of High Polymers,
1. Types of experiments.
Basically, three typee of experiments can be

performed. The first type, that in which strees, strain, or modulus



is studied as a function of time or frequency, has been
'investigated -moét extensively. Experiments that fall in this-
'class inelude atrese re}.axa‘éion, ‘creep experiments, vibratienal
torsional studies, and sound propagation. ‘ﬂw second type of

| experimenta, in uhich stress is studied as a mncticn of at.rain,
is a much amaller grcmp. The third type of experiment: involves

. gtudies of modulus as a function of tenperature. A4 pumber of
workeré have carried out a large mumber of investigations in this
field, reporting mealta that ghow the folloving general trende:

: be].w the glass tamperature » the modalus decreases glowly with
increas;ing_ temperature, ncar the glaess temperattxre, the modulus
decreases rapldly with increesing’ temporstire, whereas above the
glass temperature, in the region of rubber<like elasticity, the
maéu;us -increases with increasing temperature. Corresponding: to
each sharp modulus decrease in a transi’cion temperature range,
there is a maximun in energy dissipation in vibrational experiments.

a.  Experiments in which Stress, Strain, or Modulus is studied
as a Function of Time or Frequency.

|
Ferry initiated cemp‘geheﬁsi‘ve. studiéﬁs on the

rheology of pelymr solutions; Ledderman studied the creep
9 10 11
behaviour of various fibres. Iiarri-s.. Speakman and Meredith

examined the stress-strain properties of wool and other fibres.
3,32 '
Tobolsky and assoclates have made extensive studies of rubber,

polyethylene, polytetrafluorcethylene, methacrylates, and urethanes
' X3 14 15
by stress relaxation. ﬁolle s Perry , and Guth have investigated



| | -3 -
high?frequancy vibrational .propértiee of rubbers. Ballou
and S;nithm and Fujino and 'eworl@:er-a21 have studied the
vibrationgl prgperties over a wide frequency range. Hamburgerzz
.’haa attemptéd to correlate sonic techniques and stress-strain
fests at normal speed on filements snd yarns. More recently,
‘Hammerle and‘lﬁentgommeryz‘?, working with 115’1*'-”36.-ér » have
. werified the fact that the shear modulus And energy loss can be

"predicted from the relexation of torque; as prediéted by 4Alfrey.

Ferry and cworlwre% have carried mat. wide

linvesugaticne on rheological properties of polymer solutions, |
) and, more recently, on solid polymers such as polystymne, ’
-i-”ipolyvinyl acetate, various methacrylates, and others. By

— reducing results obtained at a number of temperatnres to one
V~ ) arbitrarily chosen temparature s they hava succeeded 1n super- |
v‘impasing all results for any -one polymer ont.o om ma,s'eer curve.
B l‘rhey have ealculated activa‘hian energiea for visemxs flou from

.? :the graphs of the temperatnre reduction fector againat temperatum.
) Ferry, Grendine, and Fitzgeraldé 24 have derived methods of |
abtaining the distribution ftmctions of relaxation and retardation
| ‘ timea for mbher-like polymers :lncluding palystymna, polyise-
hntylene ’ and various methacrylaws.

. a
- Fujino and coworkers have studied the

pr‘opertiee of rayons, silks, 'and nylon 6 over a very wide frequency
'range s at 20°C. and 65% relative humidity. Applying the uethod of
Ferry. to calculata the dist.ribation functions, they feund them to

10 -2
be, in almost all caees, between 109 and 10 dyma [ em , within
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the time=-3ecale 10:0 - 10 see. Thejr also :!.nvestigated the

. effect of crystaliisation- and moleécular or.’;.entation- upon

the z’elaxatn.on speetra of terylene, nylon 6, pelyvinyl chloride,
ard po)yvinyl alcohu, using some physical treatments, such as

heat tmatmsnt and cold drmfi‘ng. '
‘b U be Stress-Strain Eh!pé;'iments.-

In thie type of exper‘imént,v the ‘atreés

‘ develoged by a given extensicn in a constant rate of 1oad or
constant rats of elongation experiment is determined. Fibrous
ateriels display bisterstic behaviour in -leadingdunloading
cycles. It has been found that the stress is dependent not only
en the strain, but also on the rate of strain, and also, ss
would be expected, on temperature and humidity ss: well.25

Halsey and Eyringz’% applied the theory of rate processes to
these phenomena, snd derive& the hyperbolic sine law of viscous
flow. By using this law, they were eble to :lntérpx_'et visco-
elastic experimehts with only one, hio, or three relaxation

- mechaniems, rather than with an infinite (or at least a very
large) number of rélaxaﬁon times required if Newtonian viscosity
is presuépos&d. In addition to applying it to atreé‘swtrain
expeﬁmnts, they also applied this law to the creep data obtained
| byi.eademans for viscoss, cellulose acetete, end silk, and
obteined good fits. They calculated free emergies of activation
of the order of 25 kilocalories per mole for these materials.

e. Experiments in which Modulus end Emergy Loss are studied

as Functions of Temperature.
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13 :
Nelle hss studied the mechanical

properties of synthetiec and natural rubber, both unvulcenised and
vuleahiéed, over a wvide frequency and temperature range. In.
a&dition,_ he performed some experiments dn the effect of added
carbon black, as a "filler", on the properties of the rubbers. It
has beep postulated that the cerben bleck exists in the rubber as
a ceparste phase, and may therefore be expeéfed to exsrt a marked
effect on the dynamic properties of the rubber. His éxﬁeriments_
heve, in fact, econfirmed this view.

. 7
. Sauer, Kline, and others heave exemined

the  dynamic propertiee of both crystau@e and non-crystalline
polymers. They report that polyethylene and polytetrgﬂﬁoroethyle,ne,
both crystalline materials, exhibit maxime in the energy loss
versus temperasture curve, at temperatures well below room temperature.
On the other hand, polystyrene; which is 'amorphous; does nbf. exhibit =
ény roxima. Ope shoﬁld, however, not generelise from f.hese
observations, for energy loss maxims have been obéarved» at
t.e@eraturee well below room tenperature for various methacrylates,

1

vwhich are emorphous, ‘.Ehey have also examined ?he effect of branching
on: ths mechanical properties of polyethylenezs-, In »addi'tibn, they
have - also investigat.ed the effect of irradiation on the dynamie
properties of nylon 66, nylon 6-10; and a cOpolymsr of nylon 6-6,
nylon 6-10, end nylon 6,2,9’30 as well as the effect of tmmidj.ty on
the value and tomperat.ure of the energy loss maximm fer nylon 6-6, _
in a very qualitative fashion29. Fitzgera;d?l hae studied the o

mehanical ‘Tesonance dispereicn in tet‘ion, and reports a setisfaetory
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egreemsnt bemeén experimental results vvand the behaviour '
_ p_redicted from the simple mechanical model !é..poetﬁlatea.‘. Be
obteins an activation energy ef-1_3.?2 kcal-./mele'.'
| 32

In additicn, WOM and. hia school .
'have exemined the 1nfluence ef temporature on the dynamic
tonsile _medulus and epergy loss for a large number of polymers,
both crystallire and non-crystallire. Pries and liixsxmn33 ‘have
reportcd the modulus snd loss faeter for viscose rayon uithin
the temperature range O to - 80 c. & rumber of workers at the
_Imperial Chemicel Industries laboratories inm Great Britein have
studied the modulus and énergy loss factor of varioﬁs acrylic

polymers, and polyethylene over a "bemperature range of about
C o 434k 45
300 C.

2. Correlation of Time and Temperature Effeects.

The tims-temperature suﬁerposition
principle has been applied by workers such as -‘I‘ebolékyfs and Ferryé.
?efry bhas investigated é. large rumber of acrylie polymers, and ‘has P
been successful in guperposing results obtained at various
temperatures on one master curve, aﬁ an arbitrarily chosen temperature.
Generally spesking, the time-temperature superposition principle can
be applied to emorphous polymers. Very little information en its |
app‘liq_ation. to e_emicrystailine polymers is presently available.

17
Bunall eorrelated stress relaxat.ion and

vibrat.ienal properties for & number of rubbers and textile fires,

and reported an order of magnitude agreement betveen observed valués
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of the dynamié'energy 1ess and values caleulated from Bscker's
distribution function. In most cases, it was found that the losses
predicted from stress relaxastion date are smaller lthan the |
observed dynemic losses. F. M. Buecmgg has invesﬁigated and
discusged the Young's modulus of semicrystalline snﬁsfaxieea and the
- mechaniecal propérties of various rubbers. Meking certsin |
assumptions, he derives an equation for Young's modulus, for semi-
crystalline polymers, end reports quite good agreement between
velues of the modulus obteined from it, end empiriical values, for
polyethylene, but not for natural rubber.
Zéahitomi et 31.35 have investigﬁted

the stress relaxation of polycap,roamiée (Nylon 6) of low
crystallinity. They applied Ferry's reduction method to reduce the
results at O and 75% relative humidity at a number of temperatures

to respective master curves. These two curves were further reduced
to one curve by teking into account a molecular theory of erystalline
polymers. Using a first order kpproximation 'me'thnd,' they obtaingd
the relaxation spectrun over a very wide time scsle range - 1021

sec, in good ,aggzeament with the more limited data obtained by I"ujinoa

and by Tokita.

3. Influence of Humidity, Copolymerisation, and Irrediation.

o Eeyer and LotmrBshave- examined
qualitatively the .effect of moisture content on the dynamic Young's
modulus of a t_mmbe: of rayons, and on remic and henip. Fér an fibres,
they reported é very considerable decrease in the modulus as the
moisture content was incressed, anderson reported similar results for

viscose rayon, in the frequency range 25 - 40 cip.s. de Vries reported
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a decrease in dsnamic medulns, determined at 9 kc./a, with
inereasing moisture content, vhich amounted to about 4.3%&
deerease in modulus per 1% inecrease in moisture regain over the

: 3@
range 40 to 85% relative humidity, for Fortisan.

L In very recent, publicat:lons, Tokita

and K:.rmamm'u39 discuas the viscoelaeticity of viscosa and acetata
rayons grogslinked to various degrees ‘by tetramgt_hylene,,bisethylene
urea and tetramethylene-diisoeyenate urea.: They répoit. that, as
crosslinking increases, a minimum in the modulus and the epparent

| activation erergy occurs, the lowest values being 9 x'lOmv dyres /
emz, and 95 kcal./mcle respe‘ctiviely. They report & ;atszng‘ relative
humi&ity_’flependene.e of these values, atiributable to a solvéting,,

or Qlastieiéing effect of water.

| _ In this laboratory, Price, Pattisen,
MeIntyre and Dunell37 hgve carried out rather limited studies on
the effect of temperature and humidity changss on the dynamic
mochanical prOpertisé of pylon é=6, viscose, and acetate rayon, and
polyethylene. The polyethylene, as might be expected, wes found to
be quite insensitive to humidity changes. The properties of the
other naterials, however, were found to be strongly influencsd by
humidity changes.

Woodward, Sauer, Decley and Kline have
studied the change of modulus and enérgy loss versus temperature for
a copolymer of nylon 6, 66, and 6-10, over a wide tempe_ratﬁre range,
from about 80 to 43091(.29 They have also examined the effect of |
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iméiation dn the dynamie mechanical propez{iea of nyibn: &=6
- 21,29 ' : -

and ;xa}.yethylene. The pmdeminant effeet of neutron and

gama irradiation apperas to that of 1ntmdueing croaa-linking

and destroying cryatallinity.

C. .melectric: Studies on Eigh: Polymers.

4@ .
Fuess has carried out very extensive

invé\étigationé on the slectrical properties of a number of polymers,
tut primarily on pelyvisyl chloride. He found that the electrical
properties of polyvinyl-chloride depend on its thermal history ~-
as a result of pyrolysis, which leads to formaﬁon of hydrogen
chleriée, which is released vei'y slbuly within ths: polymor. The
dielectric congtant changes with time in a way which suggests a
relaxation meehanism. Ex:amining the system polyvinyl chloride-tri-
eresyl phosphate at 40 c., end 20 to 1@6 CePeSs, and a variety

of compositions, he observed maximum change in the eleetrical
properties in the range 50-70% polyvinyl chloride, and postulated

a hindi-ancé of freedom of orientation of dipoles in polymsric
materials in applied electric fields. He also investigated 'the.'
offest of a large mumber of plasticisers, and found that the di-
electric constant and the dielectrie loss factor were dependent upon
the size and strength of the polar groups of both the polymers and
the plasticisers, and the flexibility' of the bond of the polar group
to the polymer chein.. He also observed that in the system polyvinyl
ehlorid&-?@% diphenyl, the electrical properties are most markedly
affeeted in the low conce;ltration {0 to 24) range of compositions,
and concluded that this represented a viscosity -phenomenoni. He
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diséussed these dipole noments onga theoretical basis, and
shoved that the results for the polyvinyl ehloride-diphenyl
gystem were in agreement with theoretical deductions. |

: 41
Davies, Miller and Busse carried

out. inveatigg’oions parallel to Fuoss®, on polyvinyl chloride
plasticised with dimethylthianthrene, tritolyl phosph.at-}e', and
dioctyl phthalete. They alsc separsted the dislectric logs into
a loss due to dipole rotation and a loss due to iomic conduction.
Qbs:ei*ving that the apparent energy of activatior for mechenical
def&rmatian and dipole rotaﬂon are of about the same magnitude
for ihéee.various plastics, they suggest that the chain unite
that wove in mechanical deformations sre of the same order of -
xz;agnitude as the size of the chain units that move with dipole

rotations.

D. Correlation Between Mechanical and Bi‘eleet.ric. Dispersions in
| Polymers.

| Several papers published in Kolloid
%itschriftsz,l'z point out the parallelism between mechanical
dispersion and dielectric relexation pheucmena in high polymers.
aayboerl'z reports observing two posks in both the mechauical and the
elecirical energy loss vérans temperaturs curves for polymethyl
methacrylate. The high temperature mechanicl energy loss maximum
corresponds to an activation energy of approximately 100 kca‘l./mole;
the low tempersture one, to approximately 18 kcal./mole. The

magnitudes of the loss peaks for dielectric relexation exhibit the



revérsa'béhaﬁour, ‘with the high tempe'ratum ‘peak being the smaller.
Examining the structur; of methacrylate polymers, he ascribeg the
high temperature trensitions, with large relaxstion time, to the
notion of the paraffin-backbone of the polymer, and the low
temperature transition, with small relaxation tinﬁa, to motions of

the strongly polar methacrylate part of the polymer.

» 4 series of papers published by worke.rs'
at Imperiel Chemical Industries laboratories in Great Britain
discussed the relation between the struecture of polymers aﬁd their
dynamic mechanical and electrical properties. They report activation
energies varying from about 20 to 130 keal./mole for polymethyl
methacrylate and polymethyl & -chloroaeryljate, depending on the
method used to evaluate t.}mm.a3 They examined the machanical-
properties of a large pumber of methacrylates over a temperature range
of = 200 to about 13000, end reported activation energies for lou-
}temperéttma processes between 3 and 11 keal./moie.‘M Cakes and
Hobinson4§ report the dynamic mechanicel and electrical properties of
polyethylene over a wide temperature range, and report peaks in the
mechanical energy dissipation factor at about =100, O and 60?6, for
vhich they calculate activation energies of 6, 30 and l.D keal./mole

respectively.

E. Experimental Methods.
h Various methods are available for
studying the mechenical properties of high polymers, enabling cne to

choose bait_ween experiments on single filaments, on yarns, on films,
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or on rods of blocks of the lﬁcimra. The ‘m'ost common types

of mechenical experiments performed <;n fibres, hovever, are ereep
extensions, stress relaxation, vibrationel, and torsional
experiments. Methods involving sound propagation through rods
of‘the polyrer are similar to vibrational experiments inasmuch

‘@8 both involve the application of strains of very shert duration. .
‘MHost experimental methods depend upon one or more of the following
conditions: constant strain, constant stress, constant rate of X
étmin, constant rate of stress, or sinusoidal variation of stress
and strain. = Such experiments therefore give information concerning
stmss-strain-'ﬁm behavionr. Vibrationel experiments enable this-
‘study to be extended over strains of very ’short. duration, and
provide a set of data vhich complements results obteinable from

other experiments, such as creep and stress-strain studies, for which

the time base is wuch longer.

Two types of vibrationsl experimhts’
cen be made ~ one in which a mass is attached to the fibre and the
free vibrations of the gystem are meassured, and the other in which
the fibre is subjected to forced vibrations by épplying é dis-
placement varying ginusoidally with time.‘ The resonant f’reque‘xicy
of the system can be altered by changing either the length of the
vibrating filement, or the mass of the transducer. As mentioned
pmviouaiy, a third method consists in propagating a sound wave
through the polymer ssmple, and measuring its velocity and attenuation.

In most vibration experiments, the



_strain amplitude is kept emall, so that the stress pay be treated
as linearly related to the etrein, and linear difféz'énﬁi:aly aqﬁétions‘
Mr,elatinﬁg stress, strain, and time may be used. The 'ﬁafr-iot’iie strain
resulting ,fiem t,he sinusoidal stress is generslly out of phase with
the stress, and is deseribed by sn expression of the form a = |
8,8in(2wft - 8) where @ is the phase angle botween the stress and
 the strain. The strain can also be thoughtof as consisting of two
components, one of whieh is in thse vith the applied stress, and the
other of which is 90° out §f ph_a._se vith the .app_lied stregs. The
stress divided by the e‘ampcnent'af the strain in phase with the .
étress is termed the energj loss B'Y. -T_his relatiopship may
‘gm@émy' be deséribed by the con'xplex_ dynamid moduluss

| | E¥ B 4 AB' 2 B dino (1)
mre E isbthe complex dynamic modulus, E'is s measure of the.
: _ela:st.:i.cl energy stared and recovered during each eyele of deformation,
‘(the Hookean part of t.he viscoelastic behanour) and Et¢ is
pmportional to the energy dissipated dnring each cycle, (resulting
from those elemnts of the ~structure that do not mspond A
instantanaously to a given deformation) E"* can be equated to nw
in which | represents the resultant viscosity of a set of Newtonien,
_.dashpots giving rise to the energy dissipation. Characterisation
of the c_l_ynamic mechanical properties of any material then 'fequire.a;
the evaluation of both E' and E'' as funetions of- frequency,
‘temperature, and moisture content. ' As in most ca?s;és'one‘ 1a'dealing
vith a set of viscosities or relaxation times, the resultant |

visecosity will be frequency dependent.



APPARATUS AND EXPERIMENTS .

The dynemic Young's modulus E' and the enmergy .
ioss factor E'' for 15 denier hylan nmonofilaments were determined
at various conditions of t.empemture and bumidity, using a

17
techuique similar to that of Dunell snd Dillom. The latter

apparatus was very similar to that of Lyons and Pmttymanlg and’
elso to the Firestone resenance vibrator for rubber. samnles in
shear, as deseribed by Dillon, Prettyman and. l?hli:ll.l6
Deseripti.ons of the Apparatus.

‘ The apparatus nsed is sketched schematically
in Figures 1to 3. The driving mechanism congigts of a
, solenoid of fine wire W wov.md on & paper core c which is cemented
| to a disc and a spindla B eonstructed frmn aluminum tubing, the
soleneid coil. iying in a radial magnet.ic fisld which t.raverses the
anmilar space E in the magmtic circuit shown in Figure 3. The
unit is suspended st each end by nylon filaments F which can be
lengthened or shortened and moved back and forth at right angles to
the axis of the vibrator umit to cemtre it in the magnetic field and
ineure that there is mo contact between the coil end the sidesof the

angular gap in which it is located.

The permanent magnetic field is mainﬁini,ed by
the tuo powar:i‘ul permansnt magnets N of Figure 2, two similer poles
N, N, faeing one another on one side of the radial gap, snd a
cylinder S forming the opposite pole on the other side of the gap.
The filaments G which are to be tested are ¢ach cemented at one end

to small thin pieces of aluminum each of which is in turn inserted
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into a slot at each end of the shaft of the vibrator unit end made
fast there with a smell pin H. The other end of the filsments
pass, through a relative humidity and temperature adjusting bezes J,
to pulleys K at the end of the apparatus, and are tensioned by the
weights L. The filaments may be clamped at variocus positions by
screwing together fixed clsmps, operable from without the chambers.

The transducer assemblies used in these
experiments consisted of three solenoid coils wound coaxielly on a
horizental spindle and lying in a radial magnetic field. The
solenold coils consisted respectively of about 2, 25, and 90 turns
of po. 40 copper magnet wire. These three coils were so wound in
order that one could always obtain a reading somewhere on the scale
of a Iseds and Northrup thermomilliammeter whose full scale reading
could be adjus_t.ed to 2, 10, or 50 millismperes. The frequency of
. vibration of the transducer assembly could be changed eontinuously by
altering the frequeney of the applied electromotive foree, which is,
in fact, the frequency of vibration. The apparatus could be tuned to
mechanical rescnance by adjusting the frequency of the Hewlett- '
Packard low frequency oscillator used. The exsect resonant frequency
could be determined by determining the frequency at which the
amplitude of vibration was a meximum fof a given eurrent value, or,
for frequencies in excess of 10, c.p.s., by that frequency at which
the pesk to peak amplitude of the voltage across the solenoid coil wss
& maxzimum aé diaplayed on an oscilloscope. The latter methed was used
as much as possible, inassmuch as stray mechanical lvibrations of the

systenm as a whole seemed to have a less proncunced "effeét;,
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as neither high humidities nor very low bhumidi ties
could be readily achieved within the constant temperature room
available, it was decided to enclose the fibres within 'constant:
_humidity chambers, ueing the constant tempéramre roon in order to
control the temperature at 35°C. within plus or minus 0.1 to o,aoc;
The chambers were constructed of lucite and were provided with
clamps opersble from without the boxes, located at 5, 10, 15, 30,
and 60 cm. from the end nearest the transducer ‘asaax_nbly, Provisicn'
was also made for measuring the relative humidity at eight points
’within the boxes, using wet and dry junction themocauple:é.
alir of controlled relative humj.dity vas admitped witl:iu ..he_ chambars
by medne of an sir manifold ruaxi;hg the -1engu; of‘ the WB,_W alr
being introduced into the menifold at the contre of the box, During
the course of the experiments, the humidity within the boxes was |
checked periedzgmj, and was found to be reasonably homogeneous =
in all cases, the variation did not exceed 2%4; ! Lla‘wr,rll the _'ave_rag_a
humidity of the alr was measured by passing it over gmizigq-lh:mn;ré
Eleet;rie Hydrometer wide range humidity sensing elements. ', The aleménts
were coupled to a Br:létol recorder, and the humidity repartad_f:or any
particular experiment is the average obtained from the recorder traee.

The humidity of the air was adjusted by splitting the

> _
stream of compressed air, and pasaing one portion of it through drying
tevers of silice gel, and the other, through gas dispersion tubes into
veosels filled with water, and immersged in an oil~filled constant
temperature bath controlled by a Zeitfuchs-Doty thermoregulater to

] 0 :
plus or minus 0.0 C. at 35 C. The two streams of air were then re-
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combined, and passed over the humidity sensing unit, just before
entering the lucite boxes enclosing the test filaments. The
relative humidity of the sir could be altered to practically any
desired value by adjusting the volume of air passing through the
drying columns gnd éaturating vessels. ﬁﬂen no air was -passed_
through the saturating vessels, & low relative humidity of 11%
could be achieved, using freshly regenerated silics .gelz when the
entire streem vas passed through the satursting vessels, a maxtmm
relative hunidity of 964 could be obtained.

Essentially the .~same. experimental set-up was
used to determine the mechenical properties at 903" s with tke
following modifications. In order te condense out. as mu'ch ﬁater as
possible, the ecompressed air stream was passed through cool.inrg coils
located immediately in front of the _ce'ol:lng fgn used to cool the room.
Then it was péssed through a glsss watex; trap to reﬁeve condensed
water, and, finglly, through two eolumns, one packed with glass wool,
t¥o remove small abray droplets, and another packed with enhydrous
calcium chloride. Part of this air streem was‘ then passed through
aatura.tix_:g' vessels; these were-; howsver, not held in congtant
tgmpératﬁre baths. The humidity of the alr stream was adjusted as in
the 35 C. work. During the course of any particular experiment, the
temperature of the air stream was measured periodically. Alth&ugh the
room temperature was méintained at 2 plus or minus 0.;206_;, it was
found that the temperatﬁre of the air stream could not be lowered to
this temperature, but remained quite eoﬁétapt at 9 plus or minus 0.300.
Using freshly packed drying towers, it was possible to attsin relative
h\mditiee .beleiv 5% - the limit of the sensing elements - nominally



listed in the results as "O“ relative humidity, becsuse the recorder
1ndicatéd'a reading of 0. The maxinmm ,huﬁidi'tyf attained was 96%.

Entirely nsw apparatua vas designsd and constructed
for the work at 60 C: because such an elevated temperat.um could not
be achieved withi-n the constsnt “tempersture room, 1t vas decided that
those portions of the apparatus enclosing the a&r» stream and the
fibre should be surrounded by thermostating jackets. The chambeis
enclesing the fibres were constructed from brass. Provision was madé ,
for clamping the fibres at 10.13 end 40,25 cme. from either end of
the mlénqid spindle:. At these pesifbions, windows were inserted so
thet the clamps, opersble from vithout, could be screved tightly
together without causing eny lateral displacement of the fibre. In
order to have approximately the ssme number of determinatione of the
mechaniéél propertics per experiment a xmmbé_r of a'ddi_timall veights
to alter the mass of the vibrator assembly were constructed.

4s some of the lover bumidity rsnge Aminco-Dunmore

Eleetrie Hydromter elemants in the wide range humidity sensing
A
apparatns could not be exposed to air whose dew point exceeds 110 F. »

the anﬂnco—mnmo:e narrov range high sensitivity humidity sensing
48 : -

.élementa « Each high sensitivity elemsnt responds to humiditiea

within a. particular humidity range s So that, with some overlap betwesn

t-., e.;emntl, one can measuye any hnmidity desired. A no

calibrations for 14006. were provided, the elements vxem calibrated

by extrapolating data provided vit.hi.n the temperature range 40? - 1200F. ’
'as advised by the Aminco-Dunmore engineering depart;nentfb 9 | '
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Ag in previous experiments, the humidity of the
air stream was adjusted by combining a dried and a wet stream of air in
eppropriste proportions., The wet air vas o‘étainsd by ’paasing' compressed
alr through the saturating vessels as before, but this time the oil
bath tempersture was maintained at 75 °C, The two sir streams were comb~
ined in an air manifold imwersed in the water cﬁwlat;ing bath mainteined
at 60.0 plus or minue 0.05 °C, After psesing through a heat e'xchanger.
élao- immersed in the: water bath, the air was sent by meens of water=~ -

jacketed rubber conduits to the mumidity measuring chamber, whence: it was
led, again by means of water-—jacbated mbber conduit, inte tha ehambers

‘ s’arrounding the ﬂlmnts. Yater was circuleted hroughout the system by
means of en Eastarn Industries pump: of 8 gallons per minute eap,aeityg.,
The. buperature drop. throughout the system was less than one degree..

It was found that at higher humiéities - a'bove
55 % == water: ﬁem the air stream leaving the chambers sﬂg the fila~
ments: eendenseé on the meuh cooler transducer assembly, altering ite mass.
In order to overcome this difficulty, & stream of campieséed air ves made
"to flow at each end of the tranducer: assembly,in such a vay as to deflect
the moist oir emenating from the chambers, thereby preventing condenmsation
of water on the transducer.: 4s this air‘ﬁw: interfered in the de'fe_mﬁ;a‘bion
of the meahanical ;:‘preperti"sé-,: it vas ah&t’- off vhensver a raadiﬁg..ﬁ#a-taken.?
Any amall amount . of water that eendensed on the transducer during the ecurse
of a determinatiou was vwiped off with cotton wool.:

’ Two }Vt‘iiamente;, of t-he same material, each about 75 em
long, were attached one to each end of the vibrator spindle,. making & sym=

metrical arrangéxge:‘at of two test pieces lying horizontelly one on each side
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of the transducer and coaxial with 11:.. _Each filament was tlmsioned at its
end remote from the v:lbrating spindle by gram weights approximawly equal
te half the den:ler value of the filamant.s, e-. g., 8 g for 15 denier nylon,
- and allwed to creep. under this applied load for s:lxteen to tﬁenty hours
befom te experimsnt, and was kept under this t.ension duriag the experiment.
During tl_:g; tensioning and conditioning p;e‘riod_ -;—, usually over night -
contrel. of the hunidity vas umally vithin 5 % of the requied Hmidity.
Just preceding, end during the actusl vtbra;iqngl .egpermnt,. the mdny
waa manually adjuated, 11‘ neeessary, to the required humidity. evarall
variation in the' ‘bunidity during the: aetnal experimnt. vas 1 to 2 %, ,

depending, on the temperature.

In all experiments, the vibrational amplitude was
approximstely 0.15 % strain. In most cages; several determinations of the
mechanical properties, cn different filaments, were made. When sufficient
data, usually three runs, had been gathered at a dven humidity, the humid-
ity was ix_xcreased'by,aboﬁt 10 %. 'AI‘-.heve.:zti:cef.= lmﬁx}dity_range- vas sca’nﬁed in
this vay. The results were plotted in i}ot_:gh} faghion in ordgz-.r-té keep track
of the -éhanges in the properties vith,lmmiditg, and, if qmitions varranted,
: ‘e;xparments vwere performed at v,intem-dviatg. humidities..

During the actual experiment, the resonant frequéncy
é'f the syat_em,‘ the vibrational smplitude, snd the current required for that_’z_
amplitade vere meo’r&eq; At 35 °C,’ the temperature and humidity were recorded
as well; at § ©C, relative'lmmid_ity only. At these twoltemperatnrés, the
humidity during the course: of the experimeﬁt was deterxpine.d; as the: average of
these readinge. at 60 °C, the. average relative humidity. wasl,g obtained by integ-
rating the area under the recorder trace. ’
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| The resonant frequeucy of the system vas altered
by changing tha length of the filement clamped, and by increasing the msss
on the vibrating spindle. - The latter method mrely required plaeing emall
weights: from 2 to 100 g on the virating spindle. Uaing these metheds, it
vas possible to. obtain readings over aemewhat more t.han one cyele of log-

arithmie frequency.
B. -Galibratipn of the Solenoids and Determinstion of Paremoters.

" The solenoids, or vibrator units, vere ealibrated
so that the ﬂema they exerted eould be determined fram the current ﬂoewing
thmugh then, To do this, the magnet.-vibfa’oor asaembly wag st up ver'tieally
in such s way that the vibrator \mit could he suspended freely in the mag=

' the magnetic gap, ‘and was then loaded uith a suceeasion of analytical veights
The vibratéor was brought back to itsa unloaded» position by p&ssing' direcct
current throngh the selenaid coil. The force cmzld be ealculated from the

.equation F Mg + KAx, where M is the added mass, g, the gravitational
~ eonstantj K, the modulus of the spring, and Ax is the distamce between

. loaded and unloadad positions of the vibrator unit. Eb\:perimntatmn ahmd,

hovever,- that, ths-— correctiona nesultdsng. from differences in the exact posi-

tions of the vi’arator unit between the logded and unloa&ied positions eould
he neg;.ect;ed, as thess eomet.ions amounted t.o only a fow tenths of one

percent, at t.he. ery most. Ac‘eordingly, F = Mz was considered to’ kgi?e a

value sufficiently c_lcs‘e to the actuel valve. A plot of F against i, the

curreﬁt. in milliamperes, ‘wi_ll give a st.réight line of slope ¥ dynes per
millismpere. An alternéting current whose root mean squere value, read off -
the alternating current milliampare, is 1 exerts a maximum force Fmax \Ei_h

It is this maximm fores vhich is used in the calculstion of EM.
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Two different vibrator assemblies were constructed
during the eourse of thie work. The first assembly's main coil was accident-
elly turred out midway in the.9 °C work. Both consisted of three solencid
coilss oné.large»,‘ of about 90 to 95 turns, & smeller coil of 25 to 30 turns,
end another, smaller yet, of 1 to 2 turns. In the calibration of the large
eoils, 1 to 8 g weights were used; for the medium cois, 0.1 to 1.0 g weights;:
.and for the smwall coils, 10 to l; mg weights. Data concerning the mumber of
tirns and the calibration factor in dynes per milliampere are reported in
Table I. | |

Table I. Coil Calibrations. .

First Assembly | : ) Second Assembly
Number of turns - Calibration Faector  Number of turns Calibration Faetor

dyne /ma. | N dyne /ma.
93 50.0 ‘ _ S0 : 60,2
25 12,09 30 © 2003
.2 1.29 2 B W

| VWhen the solenoid had been calibrated, the effective
mass M of the transducer €ould be calculated from the equation of motions

Mdx #Rdx +Px = Fp. coswt (2)
at*  at .
| whore R = 28, 4+ H o (3)
- 1 .
and P =20E' +P ; (4)
1 .

Py is a correction factor for the ertical displacement of the vibrator

unit during horisontsl vitration, and is given by Py = Mg/h, where M is the
mass of the system, g is thé gravita.t‘io_nal scceleration, and h is the
suspension height. B} is a correction factor for dissipative forces other
‘than those present in the filaments, It is given by R} = F/w'x,. at resonance,
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vhere F is the force required to produce x, the vibrational amplitude, et
- he, resonant frequency We. |
The steady state solution of the equation is
x = coswt ¢ Fetmwt (5
Cwhere |, = Fpoo (M2 - F)

« = | | 6)
© (Mw? - P )2 & RRw? o (

and Fmax n..,/{(mwﬁ -p)2 e-.a?wﬁ} . {7

Differentiation with fespect. to time, and use of equations (6) eng (7)
shows that o | '

Fpx = Fo / {(Mw? -P)? + a’zwz} | (@
| RB2w? is negligible compared to (Mw2 -~ P} for walues of wﬁhieh_ are nat"
too close to w,. Hence a plot of +F/x ageinstuw should 'givea & curve which
deviates from a straight libe cmiy rear rasan‘aneé, the _slep§ of the line
being M, the effective mass of the vibrating system. Results of effective

pass determinations are reported in Table II. |

Table II.. Masé; Calibrations.
First Assembly Second Assembly
Effective Mass Yeighed Mass Effective Mags  Weighed Mass
4, in grems. | gram M, in g. g
4.09 4,08 4.51 L2
264 . 25.04 1646 16.1

Several mess calibrations were performed on each of the two vibrator
assemblies. Pifficulties were éneo‘u.ntamd in obtaining results that
agreed reasonsbly well with the knowm, or Yueighed™ weights Qf the vibraior
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as"semblies«. A gi_ance at Table II reveals that the effective mass is not
necessarily iééntical to the veighed mass of the system. Effective mass
is the mass de'fi'é.rmine’d by the methéd Just elgborated, gnd weighed EASS is
the: mass of the vibrator assembly obtained by adding all the weights of

the components of the assembly.

. - The correction factor P; was evaluated simply by
measuring M and h, and using g equel to 981 dynes /sec,.2 The R;factors '
vere determined by a foreced vibration mothod. Velues obtained are reported
in Tables III and IV. The valuss reported for Ry in the firet colum in
Table III were obtained by plotting x/F versusw and drewing smooth curves
through the points. This met hod was not deemed saﬁaféctory, 85 ‘the uncer=
tainty in the exact position: of the inflection point wvas very greatp éom-ﬂ

timeé thic uncertainty smcunted to 20 %. dccordingly, subssquent values

Teble III. Ry Correction Factors for First Transducer Assembly.

'i'o’tal welght of transducer Ry factor, in dyme-sec./cm,
assembly and added mass. evaluated for experimente at

gram 35 OC 60 °C

409 3.10 1,98

_ 9.81 2,38 2.04

15.53 2044 1.90

29.38 | 215 229

40.83 | 2,63 . 1.97

5450 - 2.77 2,00 (est.)

9.9 - 3.64 -

reported in Tebles III aend IV were determined by tuning directly to
resonance, and measuring F and x directly at resonance,. This methed was
found %o be entirely satisfactory.. The high values reported in the first
columm of Table IV were obtained for the assembly with coiled leads going
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from the solenoi__ti coils to fixed terminals placed on top of the magnet.
The lower velues reported in the second column were cbtained for straight
leads simply curved upwards from the solenoid terminals ‘te‘ tho fixed ter-
minals oﬁ‘ the magnet. | | o | | |

Table IV. By Correction Factors: for Second Transducer Assembly..

Total weight of transducer Ry factor, in dyne-sec./cm,
assembly and added mass. evaluated for experiments at
| gran ' ' . 9%, 60 °%.

451 5.35 - 1.82
6,77 - o 2.00
8440 - 2.02
10,23 R 3.84 1.73
13:63 - 191
14412 . 3.58 1o
15.96 ' - 168
19.35 - 1.65
25.1 R 188
- 29.8 ‘ 3.55 1.59
C41.2 : 4.82 1.96 -
55.1 Lol 2,72
80,2 - .2.,.37«

105.3 - 3.49°



RESULTS

~ The dynamic modulus E' of nylon is plotted as & |
function of logartithmic frequeney at o mumber of relative humidities at
9_., 35 and 60 °C, in Figures 3, 4 and 5 mspecti;vely.l Inspection of the 9
oC, results shows that, in most eases, ths dynamic madtﬂus increases with
increasing frequeney. This increese is not 89 great a8 that reported by
‘f"njino ot 31.21 for Nylon 6. It is not at all clear why the modulue
~ decreases with increasing frequency in the regiou 19_ to 60 % r.h. 4 closer
_ examination of the results at any humidity within the range shows that
some experiments exhibit an increzse in E' with increasing €requency. The
feremanticned affect may be spurious, for the SIOpevs obse’ﬁ"eé st higher
humidities might 1ead one to believe that only a: decrease *n glope to 28T,
followed by nn ..ncrease, to rather large valucs, witk mcreaaing relativa
humidity may oceur. The resulis are not suf fiﬂiently pmcise, hmver, to
permit detailed enalysis. The 35 and 60 ©C. results for the dynawie mcﬁulus
show more regularity: the modulus mcreasesr with increasing frequency at
all hunidities, The change in slope with incressing humidity does not

appear to follew a regular patiern, as may be sesen by inspection of Teble V.

It wes found that,.. although :lnd.fvidmii rUng vere
fairly consistent within themselves,. showing dnly small deﬁatiens from
linearity,. difficulty was experisncsd in reprocducing these valuss, at the
same humidity, Examinastion of the resulte at 35 oC. and 63 F% r.h. shews
that the two runs do not supefimpose at all. Results for each run were
plotted against logarithmiec frequemey; arnd the best straight lime drevn
through them, These: straight lines were averaged to give the lines reported

on the graghe.
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Table V.. Slopes of E' asgainst log graphs,. in clynes/'em2 x 10-10;

9 °c. 35 9C, 60 °c,

ra.  Slope r.h. slope . r.h. Slope
o o 1o -0.30 0.5 - 0.3
5.4 - 0.1 12.8 -0.21 ’ 18.5‘ . -o.62
9.5 = 0.05 2.5  -0.3 20.5 - 0.6’3_
6.3 - 0.04 A1 -0.2% 250 - 0.55
19.0 - 0.09 B - -0.% 8.2 - 0.7
3.0  -0.8 Ml - 0.23 B4 = Oukd
38.3 - 0,05 50,7 - 0.38 379 - o.‘z.z..‘
482 -0.02 51.8 - 0.23 2.0 - 0.8
5.0 - 0 5642 - 0.54 5142 = 0.54
58,4 - 0.05. 63.0 -0.42  57.2 - 0.32

67.6  -0.44 6.7  -0.35  59.8  -0a9
6.0  -0.8 €97  =-0.6 63.4  -0a8
86.0 - 0.66 80.5 - 0.26 70.7 - 0.32
88.3 = 0.66 82.7 - 0.46 76,0  -0.8
93.5 - 0.50 89,2 - = 0.7 85.0 = 0.16
96,0 - 0,18 93.8 - 0.34

Theee straight 1inevls 1ay, in some cases, not appear to be the best straight
lings that could be drawns: it must be remembored nevertheless thet a number
of expsrimaxital points could not be reported in the: gaphs, ag éhéy over=

lapped onme another. This situation is especlally true with respect to thoge

determinations in which three or more runs were made.

The energy loss E" is plotted as a function of log-
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arithmic frequency at a number of relative humidities at 9, 35, and 60 2.
‘an Flgums 6, 7, and 8 respectively. ,‘_It: would eppear that at 9 f"({i. E®WY )
inereases with frequency at low humidities. Uithin the range 40 to 60 %
r.h., the energy loss appeérs'ta' be constent uith frequency, and then, at
higher lumidities, decreases with increasing frequency. At 35 ?°.e;..,; thie
ranetg& loss decreases with inereasing frequency at lov humidities, appears
to be. constant with increasing frequency within the range 50 - 70 %‘ TiTey.
and 1nereasaa ﬁth 1ncreasing frequencies at higher humidities, The same
type of behaviour is shovn by the 60 °C, ‘experiments. At humidities below
A0 %, the emrgy 1053 decreaseg wth incressing frequeney, in the range I.B

€5 % reh.y it ‘aﬂppa'ars to beinsensitive to frequency, whereas gt humidities
in excess of 65 %, it sppa'ax"'s‘ to increase gain with incressing frequency.
f?he,se. qdncluaions;may boeheckgd by examining the valuaig Br he slope of the

graphs of E" against logw in Table Vi.

The slépés: of the energy loss versus 1egé‘rﬁhmifc
frequency curves do not appe‘;r”to» increasse with incx.'eaée‘ in relative humide
ity. This behavicmr may b due to the scatier within the: exparimnﬁs. “The
lines drawn througheut the dats for E" wete obteined by plotting the data
as log v| versus log w , plotting all results at one ﬁmperatnm “and
bumidity on ome graph, and drawing the best straight line through the points.
Thege plots give rather better straight lines {See Figure‘s* 9 to 17.) than
would sppear from Figures 6 to: 8. Values of nw (E*) were ‘evaluated at
arbitrarily chosenyéluea ofuu »” an& were plotted an the E" versus log w
graphe, to give the straight line reported in the psults. The full lives.
drawn into Figures 9 to 17 represent the best straight lines that can ha
drawvn through the points; the dotted lines represent E" congtant lines,

included for purposes of comparison.



Table VI. Slopes of E" against log graphs, in dynes/cm? x 1079,

9 oC. 3500, 6o °c,
roh. Slope r.h. Slope = r.h. Slope
0 =0.3 11.0 -0.23  10.5 = 0.54
504 - 0.3 12,8 - 0.22 18.3 - 0.53
9.5 =00 225 ~ 0,18 20.5 - 0.3
16.3 - 0,17 3.1 - 0.30 25.1 - 0.32
19.0 - 0.22 39.4 - 0.2 28,2 - 0.3
30,0 - 0.1 4had . =0.2 35.4 - 0,16
38.3 ;,0.24 . 50,7 - 0,02 379 - _0.‘22'
B2 - 0,09 51.8 - 0.02 4.0 - 0,05
5.0 0 - 562 o 51.2. - 0.2
58,4 = 0,08 63.0 = 0,02 57,2 - 0.14
67.6 - 0.12 67.7 - 0.24 59.8 - 0.8
7.0 - - 0.04 69.7 - 0.14 63.4 - 0.05
86.0 0 80.5 - 0.27 0.9 - 0.4
8.3 82,7  -0.32 76.0 . - 0.2
93.5  =0.65 89.2 . - -0.2 85,0 - 0.13

960.9 - 0.30 9308 - 0.19

Figures 18 and 19 report the dynamic modulus as a
mnctioxi of mlative humidity at two arbitrarily chosen ﬁ'equeneieé,;
w = 20, and W= 150, respecti‘vely.; The Brmer represents the lover
frequency extremity; the latter,. the upper frequency extremity. Comperison
of these two figures s«hows. that, for 35 ard 60 9C,, the modulus increases
with increasing frequency for all relative humidities, wliereas at 9 ©C.,

the modulus is insensitive to freqﬁeney changes up: to about 50 % r.h,, but
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then starts to decrease, fath‘er sharply, vith increasing humidity.

Figures 20 and 21 report emréy loss as a function of relative humidity

et w= 20 and w = 150, The aversge value of E" increasses with increasing
humidity at all hpidity valuves, at 9 oC, At 35 and 60 9C., the behaviour

is more complex; it leads to s shift in the position of the maximum ﬁeaks.
At 35 °C., the peak shifts from 55 % r.h.. at W = 20 to 64 % r.h. at w=150,.
'simﬂarly. at 60 _00.‘, the peak shifts from 33 % r.h. at w= 20 to 44 %
r.h. at w = 150,

The values of B' and EV evalusted at w = 150 are
plotted versus the amount of water adsorbed at equilibrium by nylon at the
humidities studied, on Figures 23 and 24. Values for water adsortion were
obtained by e_xt:ﬁpolation of Bull's deta, assuming limsar relations. Ihe |
data s‘o.obtaineé are plotted on Figure 22, Strictly spesking, extrapolation
of Bull's data is not justifisble.. The error introduced, however, is

" probably not very great-.vso:?



DISCUSSION

oA
)

Schrdedor and Wol£32 have examined the mechanieal

s

properties o!f variéus nylons, over a wide temperature range' and at very
low frequencies, and mport enargy loss ma:d.ma in three regiona,, with
indicationa of an increase: in energ loaa above 200 ©°C., with the onsst
of melting. For nylon 66., the tliree maﬁ.ma oceur at about 153. 223,

338 OK. Thess dispersion ragiona are: usuelly refen'ed to as the o, B,
and o diapersion rogions respectively,, and the region about the melt-
1ng point is referred to as the: X diepersion region.. The  region in
the energy loss curves arisee from the enhancoment of chain mobility
resulting from molting of erystellites. he other pesks are blieved to
arise from coopsrative motiéns of either stressed oﬁ ﬁnatresaed ségﬁénts
of the polymer chains in the smorphous regions. Table VII lists the'
activation ensrgies F:hmiedar and Holf caleulate for motion in the ‘various
dispersion regions, for both nylon 6=6 and nylén 6-10, evaluated by low
ffequency mothods. (v 1 @.pes.)

Table VII.. A’etivation Energles calculated for nylon 6-6 and nylon
6-10 by Schmiecder ard Wolf,

Dispersion Region  Temperature  fneray of Activation of

oK, ‘iﬁ’/ﬁiﬁ .
Nylo:i 6=6 Nylon 6-10
< 350 73 163
s 250 2 19-27
T 170 a 20

%GSG Vaiues suggest that the‘d ' dlepersion is quite different from either
the /3 or the 7 dispersion, which Schmieder and Yolf believe arise from
mechanisms not too different from ome another. The suggestion of Saver et
61,2773 4ot the of 'dlepersion may result from the onset of motion of

large chain segments in the amorphous regions seems therefore reasonable,
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It s belleved that the ¥ pesk rosults ffom the onset of cooperative move-
ment of CHy groups within the polymer chain. This pesk hes alse been
obgerved in polyethylene and in certein ﬁethacrylateé. The origin gf "t.ne: _
3 pesk is ixo.t. 'at_. all clear. However, Sauer and coworke;:'e sugge‘ét ﬁh&_ﬁ .
tfhe:ﬁ .region in the pc;lyaniidee is due to segmental motion in 'the amer‘pho\xs
region involving emide groups not hydrogen bonded to other andde groups. :
on the other hand, in polyethylene » this peak is believed to arise from

28,45 Similar dispereion phsnomena have boen observed

motion of gide groups
for toflon,, polyethylenea, and some methacrylates. All four disperslon

‘regions are not naceasarily obgerved in every substence, however. The '
peak is usually referred to- as the primary absorption maximim; the p and

the T poaks, a8 seoondary abaorption maxima,

_ Woodward, Sauer, Kline and Deeley29 ’ 3‘3lz'e“1'_ve‘e::am:lm_ad
the damping faotor ( tan& E"/E' ) versus temperature mexima for nylon 6-6
and liave mpott‘ad‘ a marked dependence of both the magnitude of the maximum
and the tempar,g'tm at which the ma:dnmm occurs on the water ¢ontent. In
their experiments, they used rods of nylon approximately 0.6 to G.B‘ enn in
diameter and 10/ to 11 em long.. Examina&'ioxi of ¥igure 2 of t.heir results
gives the following data for 308"‘a'ndv 333 ©K.: |

Table VIII. Comparison between the Regults obteined in this investigation
end Results reported by Sauer and coworkers.

Treatment  Estimated | tan §
Humiddty . 308 %K, 333: %K.
Sauer Present 3aver Present
_ Results: Results
16 wos in desiccator 0 % 0.012  0.016 0,054  0.012
As received 40 % 0,036 0,031  0.111  0.045

One should not very great significance to these
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results, however, since the pemstration of weter to the inmer portioms
of the nylan_réds has not been sstablished. The valuss listed in the ecol-
unm “estiméte& Humiddty® are not Seuer's. The velues anmd ir the Table
es "Present Results® were evalusted at tu = 150, and at the stated temper~
aturs and humidity. Comparison betwess these values end those ef Saver :
show that there exists a genersl agreement between their and the present
work == the tz-aﬁds are the same. One shculd not'.expeet deteiled sgreement,
as the frequencies et which Saver evaluatsd these results were in the range:
606-1.000 CePsBe The maximum values of tan £ mpeﬁed in this work are
greater than the values ‘of tan § for the & pieag‘i"éported bylsaue':rzg, and
even approach the values reported by him for the « ' dispersion.. It' BEOHE
therefore that we are dealing with the °<'diépersicn, even at lower

temperatures,

In order to have a rezsonable basis for compafigon,
;t is desirsble to gonvert relstivwe humidities at any tempersturs to. the
amount of water sorbed by a given weight of polymer. Accordingly,. in the
ensuing discussion; the grapha of E! snd E" against mlgtuie content
(Figures 23 and 24) will be used. |

The reguits obtainmed for the emsrgy dlmsipation
versus noisture vontent cam easily te explained qualitatively. Lot us |
considor the results at 60 ©C. At very lowéa‘ter contents,. t.he enorgy loss
s low boecause chein mobility is reétrieta?‘;by the existencs of Bapy

hydrogen bonds. As the weight of waterv sérbed. increases, more hydrogen
bonds are broken, segmentel motion is facilitated, and the emsrgy diasipa=
tion increases, because more chains cen flou, ' Simultanebusly, the force

required to move a chain segrent will decreasse with decreasing chain inter-



=34~ '
action, and e maximum will be set on ths energy dissipation by this
partieular mechanism. 4s still more water is sorbed, chain 1nt.eraction
is further ‘decreesed; and the energy losa will then decrease. One would
therefare expoct a maximum in E“ to occur at some mtemadiate dagrae of |
freedom of motion of the chains in t.he amorphoua region 1n the aame way
that loas maxima occur at an intermediate point- 1n the mbber-te-glaes
tranaition range. Tlm proposed mahanism is. accompanéed by the deerease |
in modulus that ons would expect when chain intaraetions beeeme wealnsr.

The 35 OC. epsrgy loss data may bo explained in much

the same vay ss the 60 °C. date. The 9 °C. dete can mot be expleined om

“ this basis, without sonme modification =+ one can fit the data only to

%:ljhe first balf of the proposed mochanism, Thus, the results st w = 150
3‘691& seem to indicate that E" increases continucusly with increasing
moisture content, and that E': decreases beyond 40 % r.h. These x'eéults
would suggest that, a8 increasing ‘gmouhte: of water ares ‘e‘erbed,- molecular
motion is freed, but that this freeing of molecular sogments 1s still
ingomplate at the highest value of water sorption; so that no maximum is
obsarved. This maximum could t.hemfmwa be thought of as 1y1ng beyond the
100. % r.h. range. The results atwn 207 (Fignre 20) seem to indicate:

_that an ensrgy loss maximum does exist. in the vicinity of 90 % r.h. If
the energy loss does'}indeed ‘e_‘xlx‘ibit. a ma:dmam, albeit at lover frequencies,
the results could be explained in a manmer analogéus to the explanation
proposed for the resulis at the higher t«en:petatuies.

There remainsg the queation of why the energy loss
ma:d.nmm shonld move to lower lmmidities ® the termperature is raised.. This
quest.ion can probably be explained quite satiefactor:lly by taking into

account the difference in temperature between the different determinations.
Thus; as the temperature increases, the thermal ewergy of the chain seg-
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ments will increase, so that the same amount of. chain motion csn be
achieved with less bmakingl of hydrogen bonds, that is to say, more
hydrogen bonds efe weakened or broken by thermal agitetion at higher
temperatures. thad at lower ﬁempemmres.. anﬁ therefore fewer hydrogen
bonds have to bte broken by sorbed water, with the result that, as the
temperature is raiaed,% the.enorgy. loss pesk moves.to lower molsture cont-
enﬁ valuess %
Various workers have suggested that an increase

in relative: huﬁidity corresponds quélitatively to an increase in frequency

for 'the procees, and vicé versa.. Accordingly, when the enrergy dissipation
| is evaluated at w= 20 rather than at ws= 150, one s.hould.expect‘ the:
maxima in energj dissipation to skift in the dimothn oflower humidities.
Inspection of Figures 20 and 21 will show that this principle appears to
hold for nylon 6-6. A shift inw from 150 to 20 causes the energy loss
maximum to shift from 63 to 55 % r.b. at 35 ©C., and from 42 to 33 % r.h.
at 60 °C..

‘ An attempt to evaluate the activetion energy for
the viscoug flow ‘process wvas made: with the method of Ferry6 in which he
calculaﬁee value*é for the apparemt activation energy for viaccma flow for
a number of polymers using the mlationa o
(@ey\.e') _ (2_9_»_&_ ) (’t)e«vwa,)

27 L, Pemwa, ) | T )
" and aHL = R "D&\,a.,'
2(+)

where E' 1s the real part of the dynamie modulws, 2 is the: temperature

(10)

reduction factor used to reduce values of E' and E" to ome arbitrarily

chogen temperature, ueing the time-temperature superposition prineiple,
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R is the gae constant in keal./mole-°C., and OHg is the activation en-
ergy for viscoue-floy. In order to apply theee relations to thé present
results, equations (9) and (10) were: modified tos (See Appendix.)
AW, - _AR__ dE
@ (-8aw) d(F)

“here 4 15 a gamma function defined in terms of experimentally determ-

(11)

insble quantities.. If one knows the value of 4, and JE[d (%) one can
calculate AHg.. Flots of E' against 1/T at various constant water content
values seemed to 1nd1ca£‘e e*aeentially tvo slopes, for the data were not
gufficiently precise to allow further diecrimination between the slopes.
The slopes of the lines for which the water content was less than 2.1 g.
vater per 100 g.. nyﬁ;n all lay between 3.70 and 4.06 x 10*? aynes-°C./cn?
and were averaged to 3.89 x 10° 13 dynes=°C,/cn?, At about 2,5 g water per
100. g of nylon, sn intermediate slope of 4.94 x 10'%ves recorded, end st
water contents in excess of 4. g., two slopee, 6.98 and 7.78 x 101‘3%1'9?
obtained, and averaged to ‘7.38 x 10: 13 dynes~0C, /em?, The slopes were |
averaged in this way beeausa it vas felt that the methods used were: xmt.
sufficiently precise to enable ons to discriminabe between ths: Value Be
The. funotion A was caleculated for each lmmidity for which it was required, ,
as deseribed in the appendix. Table IX summarises the results for the
apparent activation emergyA Hpe Activation energles listed by Ferry6 for
eight amorphous polymers such as rubbers, polyvinyl acetate and polymethyl-
methacrylate range from 14 to 82 kcal./mole. This would suggest that the
values herein obtained, with the exception of the ‘two values in excess of
100 keal./mole,, are not too unreasonable.

If inereasing water content exerte a plasticising

1
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effeet upon the nylon, caueing a breaking of hydrogen bonds in the amorph-
ous regions, the genoral trend of the 9 °0. activation ensrgles seems
reagonable, elthough the magnitudes of some of the activation ,equrgiea
are soonwhat 'ala:r'minlg.‘ It should be remembered oiso t!;a_t at 282 .°K.. and
higvhv humidities, £cording to Sauver's results, the energy dissipation
phenomanon would correspond to the /3 peak, with a tan 8 maxinmm at 250°K.
for the deseioeated eample. The 1ncreaae in activatlon evergy wit.h
1ncreaaing vater aorption at 60 °c. might be explained on the basis of
hydrogen hondrupture freoing i‘ar greater moleeular semnts. At f.hia |
temperature one :la working in the region of the <’ paak, for uhieh reportzd
activation energies are much greater. The 35 °C. results could then be
explained on the baeis of a trensition from the behaviour at 9 .. to
the btehaviour at 60 °C.

Talle IX.. Activation Ensrgles for Viscoue
Flow, in kcal./mole.

Hater Content , Activati.on ﬁxergies

Ee vater per ' oL

100 g nylon, 9 °C., 35 °c 60 og,
1.0 o 438 - 26.3
2.0 490 @4 8.8
4e0 43.8 514 102

I*&;. is not clear at preszent what interpretation can
be given to theso results. It has boen suggested that the first two grams
of water adsorbed by Nylon 6 exists in the polymer as bound vater?® It has
not been established that such 18 the eass for nylon 6+6, but if it were,
then eny water adsorbed below this 1limdt eould provide very little plasti-
cisation, and oms would expect little change in the value of the: modulus.
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Such would appear to be the case at 9 and 35 °C., tut not at 60 °C,,
wvhere the change in modulus at water contents lower than 2 g. per 100 g.
nylon is very marked. it is believed that vater is adsorbed only within
amorphous regions.” Starkvesther maintains that water tends to catelyse
crystallisation in nylom® If erystallinity were, in fact, greatly enhanced,
ons would expect an increase in modulus. Although the results do not show’
an increase in modulus with inereasing water content, it is possible that
this increase in modulus dus to an increase in erystallinity is masked by
the more pronounced ephancement of motion,, due to Weeking of hydrogen
bonds by sorbed water in the amorphous regions.

Ferry>3 and Andrews®® have both noted that 1f a
polymer system is iépreaented by sn infinite array of rglamtion e chani sms
for which one ecan writé some distritution function @ (T), then there
exists a relation between the 1méginary part E* of the complex :modulua
and t.ha rate: of change of the real part E' with frequency. This relation
may ba represented approximately by ' |

E" < dE'/dlog w o - Q2)
Inepection of Table V shows that, for most modulus determinations, the
value is positive, and varies from values too emsll to be evaluated, to a
large value of 6.6 x 107 dynes/cm®, A closer examination of dE"/dlogw at
35 and 60 °C. also shows that there is gemeral agreement in behaviour
between E" and dE"/dlogw ; 1.e., the latter also exhibits a ma:d.mpm value
at some intermediate bumidity range. If one ignores the negative slopes at
9 °C. == all except that for 30 % r.h. are sufficiently small to be question-
able == one might ebxpect the energy loss to be constant in the low humidity
region, and then to increase rathex_' sharply.. The results at this temperature
are not sufficiently precise to permit more detailed treatment.



APPENDIX

- . Equation .(9)‘ can be readily derived, not, aa“ might

be expscted, from a funotion of the typeA . E= (—’-(w, 'T,_os.T). o |

but from a ,fundti,on of the type ‘ \

| | . 1 E' = f(w,lnwe,T) | (13)

We know experimentally thet wa. ,=f(w.T)eo that g'= (l(w T)

By euitable partial differemtiation ve obtain

[0e~E _[2e~E Den war )
) (%%

DT T \Plwa, e (u.)
“"he dynamic modulus can be plotied as & si.ngle curve against recmcad
frequency . This curve epplies to all temperatures. Therefore. E' has |
a unique value, irfespective. ‘og temperature if it is coqs;demd as a func~
tion of reduced frequency. The: last term in equation (14) is precisely.
the rate of change of E! with respect to temperafum at constant reduced

_frequency, and is equal to zeros ( ’éew E)
»en,wa,_r

We therefore obtain

'(/aews{) 2,('3&\.5' ) (génw'a,)
v OT Pl way T °T - w (9)

It 45 desirable to modify equation (10) in such & way that it can be

ubed:46 caloulate activetion ensrigies from the present resulte..

W, = R’aewa.., _
7 R <

Rememboring: that 4(1/T) = = J1%ar.. (10) becomes

Aty — Dlna,

-

RT* 2T




) ’ =
since = (Grwar) = £ (enar)
‘ | Aaba _ _ Dl way
we may write 2= : ST at congtant i/,

Substituting this relation into (9)

(th,E _ [P~ E' ) ( o Ha
) w e @eu.wa.-r RT?‘w

One definition of the distribution function for relaxation times is

D (-bw) = AE' dbnE'[/dlaw (15)
vhere @ is the distritution function, end A ie s gemma type correction
factor, and is repreeented by. equation (18). | |
Rearrangement of (15) ylelds A& g'/dbrw = & (’e"”w)/ﬁf"
Remembering that d(lna)a{é)g- = dln w since ay ig constant if T 418 constants
Eguation (9) becomess e ' B | |

(oemEY | () [ at)

Baarrahgemant. yields, st constant w ,
Dl E
A Ha = {HE R'T"/¢( eh.w)}( )w
Sinee dlm E' = dE'/E' and d4(1/T) = #(1/7T2)4T, ve finally obtain,

A Ho = AR _ dE’ at constant w (11)

P () d(F)
| ‘Thus, one cen calculate the apparent activation
energy if oms knows the valus of the distribution function and knows the
slope of a plot of dynamic modulus, at a fixed frequemey, egailnst the
mciprocal of the absolute temperature. It must be noted that the appliea
ability of the timo-temperature superposition principle is assumed in
this derivation. There are a number of ways whereby @ (-lnw) may be

evaluated, for
P(-brw) = AE Al E'/dCruy, (15)

B (~te) = OE( - IOnEaB) 0
¢{-@»w):—. Bwq'd&-q’/d.eww (17)
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A and ® are second approximation factors defined by
= (2-m)[2r (- 2) P (2+3) (28)

P= ("’"‘) ZP(’”—)P (3+%) (19)
. where m is the negative slope of a plot of log ¢from & preliminary: first
approximation éalcﬁlation sgainst the log of the relaxation time ¢, or w™
The second epproximation is satisfactory only 1£ A = B =1. m is ordinari-
1y. positive beesuse: P 1s usually a decreasing function of T.

The geroth orxder approximation for ¢1s given by

¢ E“ The ﬁret order appro:d.mauon is obtained by setting A = B =1.
Iftm lies between O and 1, A and B 1lie between 0.5 and 1.0.

Distribution functions were calculated at a xipmb’er
of relative humidities at alll temperatures.. Diatribution functions vere
first caloulated at a number of relative humidities at 35 and 60 ©C,
using all three relations (15 to 17).. Examinationof these results seemed
to indicate that the distritution function defined by the relation (17)
vas most sensitive to changes in humidity. The relation (18) was rejéeted
bocause. small changes :ln'dlnE"/clilnw ﬁquld not materially alter the factor
1 - AlnE"/dlnw 5 .., Pas thus defined is relatively imsemsitive in
changes in the s]_.opé of 1n E" against 1nw plots, at least for low values
of the slope.. Accordingly, distribution functions were éaloulat«ed for all
experiments using the relation (17)s these distribution functions are
reported versus relative humidity and moisture sox-pﬂon on Figures 25
and 26 respectively.

kY o~
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Figure 1. Schematic diagram of the Filament Vibrator.
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3. Dynamic modulus E' as a function of log frequency
at 9 °C, and various humidities.

.
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Figure 8. Energy loss E" as a function of log frequency
zgy%. and various humidities.
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Figure 18, Dynamic modulus E' evaluated st w =20 plotted against
relative humidity.
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Figure 19. Dynamic modulus E' evaluated at w =150 plotted against
relative humidity.
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Figure 20. Epergy loss E% evaluated st w =20 and plotted against
relative humidity.
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Figure 21. Energy loss E" evaluated at w=150 plotted ageinst
relative humidity.
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Figure 22. Weight percent of water sorbed by 100 g. of stretched nylon, at 9, 35, and 60
oC. The data ars teken by extrapolation from Bull' results.
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Figure 23. Dynamic modulus E', evasluated at W=150 plotted against
the weight of vater adsorbed per 100 g. nylon.
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Figure 2. Energy loss E", evaluated at w=150, plotted against
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DISTRIBUTION FUNCTION ¢ cm2/dyne (10°®)

L l | i |

9°C

0 20 40 60

RELATIVE HUMIDITY %

Figure 25, Distritution function ¥, ovaluated at =150, plotted

agairpst relative humidity,
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Flgure 26. Distribution function ¢, evaluated at (W=150 plotted against the weight
of water sorbed by 100 g. nylon.



