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a right hand set of mutually orthogonal co-ordinate
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applicd torque

angle of twist per unit length
angular deflection

applied stress

the tensile modulus of a strip cut at €° to the draw
direction

the tensile modulus of a strip cut at 0° to the draw
direction

the tensile modulus of a strip cut at 90° to the draw
direction

the tensile modulus of a strip cut at 45° to the draw
direction

the matrix of compliances

the tensile compliance of a strip cut at 0° to the draw
direction

the tensile compliance of a strip cut at 90° to the draw
dirsetion

the contraction compliance of a strip cut at 0° to the
draw direction

the contraction compliance of a strip cut at 90° to the
draw direction

the ghear compliance governing laminar shear in the 1-3
and 2-3 planes.

the sghear compliance governing laminar shear in the 1-2
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draw direction
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stress in the 2 direction

€:3(t) the contraction strain in 1 direction due to an applicd
gtrece in the 3 direction.

Te(k5°)(t) the tensile strain in the direction of the applied stress
for a specimen cut at 45° to the draw direction

ce(MBG)(t) the contraction strain in a direction transverse to the
applicd stress for a specimen cut at 45° to the draw
direction.
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1. Summary

The work reported in this memo is the initial stages of an investigation
of the time-dependent behaviour of certain anisotropic polymers. In the
first instance low density polyethylene with a transversely isotropic
symmetry is being examined. Different degrees of anisotropy have been
induced by cold drawing and the time dependent material parameters
necessary to describe the stiffnese of the anisotropic polyethylene have
been determined. This involved the measurement of uniaxial tensile
creep, lateral contraction creep, and torsional creep under conditions
of constant load at 20°C * 0.5°C.

The tensile creep and contraction creep apparatus has been described
elsewhere (Darlington (a) 1968) and only the principle of the apparatus
is discuscsed here. The torsional creep apparatus is described in detail.
Analysis of the experimental data is not yet complete. The data is
tabulated in section 5 and a preliminary analysis is presented in section 6.

Details of proposed future work are discussed in section 7.

2, Introductlon

The mechanical properties of an igotropic elastic material are defined
when two of the material constants i.e. Young's Modulus, E, Poisson's ratio,
Vv, Shear Modulus, G, and Bulk Modulus, K, are known. For most engineering
applications the temperature coefficient of these quantities may be ignored
and the elastic constants may be regarded as temperature independent.
Bowever, polymeric materials exhibit ma rked time and temperature dependence
and it is not a simple matter to describe their mechanical behaviour. A
full description involves relaxation times over a range of 20 decades of
time. To describe the mechanical properties of an isotropic linear visco-
elastic material the variation of the tensile compliance S;;(t) and shear
compliance Sgs(t) with time and temperature are needed. In the past few
years the major polymer producers have published a large amount of
informatinon on the mechanical properties of plastics. The majority of
the data has been obtained Trom uniaxial tensile creep experiments on
isotropic materials and is used by the engineer when considering the time-
dependent behaviour of a plastics component. However, components manu-
factured from polymeric materials by the usual processing techniques are
frequently anisotropic. Thus, the mechanical properties vary with direction
and consequently the behaviour of the component in sgervice becomes more
difficult to predict. One aim of the present investigation, and future
work, is to examine the mechanical properties of a number of polymers in
which a controlled anisotropy has been induced. The first investigations
are being carried out using a low density polyethylene which has been cold
drawn into a state of transverse isotropy, the plane of isotropy being
perpendicular to the draw direction. The degree of anisotropy will depend
on how much the polymer is drawn, and the Draw Ratio, defined as the ratio
of the final length of a line in the direction of draw to the initial length
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is a convenient measure of anisotropy (Rauman and Saunders, 1961).

To describe the mechanical properties of a transversely isotropic linear
visco~elastic material the necesgzary meagurements are those of tensile
compliances S3;(t) and Ss3(t), the contraction compliances S;o(t) and
S13(t), and the shear compliance S44(t). Clearly an investigation of
this type over 20 decades of time is impractical and it is more usual to
use & measuring technique which covers several decades of time and to

vary the temperature of the experiment. The compliances S;:(t), Sss(t),
S12(t) and 81(t), have been measured in a uniaxial tensile and transverse
contraction creep experiment at timcs between 5 and 1000 seconds at 20°C %
0.5°C. The shear compliance S44(t) has been mcasured for times between 5
and 2000 seconds using a torsional creep apparatus. The apparatus has
also been instrumented to perform forced oscillation experiments up to 2Hz.
For higher frequencies a torsion pendulum has been built which can operate
at frequencies between 0.1 Hz and 10 Hz. The torsional creep apparatus
and torsion pendulum can easily be mcdified to include a temperature
enclosure and it is intended to use the equipment at a seriesg of controlled
temperatures between - 180°C and room temperature in the near future.

The long term creep measurcements have so Tar been limited to a strain
range for which the material behaves in an approximately linear viscoelastic

manner. It is intended in future work to study the long term behaviour in
the non-linear rcgion.

For the analysis of the data presented in section 6 it has been assumed
that the compliance matrix describing the mechanical properties of the
material has a form analogous to that of the equivalent transversely
isotropic elastic material. Strain energy considerationg show that for an
elastic material S.., = 5,. and hence there are 5 indepenient compliance
parameters. We shifll afSume the corresponding relationships S..(t) = 8..(%)
for the visco-elastic material. The validity of these relationEhips hag"
been discussed by, for examplc, Biot (Biot, 1954). The time dependent
compliance matrix then takes the form: -

\
$12(8)  Sia(t)  y3(t)
) s1a(t)  S13(t) 1’.
E S=3(t) i

SToo Saa(t) -
Sea(t)
X Sss(t)f

i

where X;, X, X3 are a right hand set of mutually orthogonal co-ordinate axes,



and xs ie perpendicula r to the plane of isotropy in the direction of
draw.

and vhere Si1(t), S33(t), are the tensile creep compliances

S12(t), Sls(t) are the creep contraction compliances
and S44(t), Seg(t) are the shear creep compliances also from
symmetry considerations:-
Ses(t) = 2[S11(t) - S12(t)] (2.2)

Again following Classical Elasticity Theory, the Young's Modulus, Eg,
i.e. the modulus of a strip cut in the plane of the sheet at an angle €
to the symmetry direction, is given by

%— = 833 cos® + (2813 + Ss4)sin® cos® + 81y sin® (2.3)
e

thus by putting 6 = 0° l/EO = Ss3, & = 90° l/Ego = S;; and by putting
6 = 45° : :

el (2813 + Sas4) + S13 (2.4)
a5

1,
or Saa = ﬁ;; - 533 = S11 =~ 2513 (2.5)

Hence by taking measurements of E4s(t), and knowing Sss(t), S11(t),
S13(t) an estimate of Ss44(t) may be made by assuming the above relationship
(2.5) holds for a visco-elastic material viz:

Saa(t) = %4—;‘(—1:5 - 833(t) - S12(t) - 2S13(t) (2.6)

The compliance S11(t), S1o(t) are calculated from readings of uniaxial
extension and transverse contraction in a uniaxial tensile creep test on
a specimen cut at 90° to the draw direction. The compliance Si;(t) is
the ratio of the time dependent creep strain €,;(t) to the applied stress
viz.

s1a(t) = G128 (2.7)

and the compliance Sis(t) is the ratio of the time dependent contraction
strain €;,(t) to the applied stress viz.

5.a(t) = S22{t) (2.8)



Similarly 833(t) and S;3(t) are obtained from corresponding measurements
on a sample cut at 0° to the draw direction, and E45(t) Tfrom a sample cut
at L45° to the draw direction. Thus:~

855(t) = £2al8) (2.9)
515(t) = S23(8 (2.10)
By kB )
and Eus(t) = e L (2.11)

a

The transverse contraction of a 45° sample was measured at three
selected draw ratios. From the Classical Theory of Elasticity it can be
shown that for a sample cut at €° to the draw direction, the contraction
ratio, v(eq) iz given by: -

= S13c08%0 + S1.8in?
v(9°) - \g33cos*€ + (2515 + 524)5in%0 cos + Sp,sin?e (2.12)

or in particular at L4 5° is given by:-

g Bos & 5y _
Vi g =-2(-n 1o -2 2.17
(45°) \833 + (2815 + 344)+81;> (2.13)

Thus, by comparing the measured and calculated creep contraction ratio

el

v(450>(t) it is possible to assess the usefulness of the eguations of Classical

Elasticity when applied to a visco-~elagtic material.

The ahove tensile measurements were taken on an apparatus designed by
Darlington (Darlington, 1968), the principle of which is briefly described
in section 4.

The shear compliances S4a(t) and Sgg(t) are calculated from readings of
angular deflection, ©, and applied torgue, T, in a torsional creep experiment
where the torsion aflE is along the direction of draw, and at 90° to the
direction of draw, respectively. The compliance, Sa4(t) may be found directly
from a torsion experiment about the draw direction, as this compliance
governs the laminar shear in the 3,1 and 3,2 planes. Again applying The
results of Classical Elasticity Theory to the visco-elastic case we have

Baalt) = %91&'1 —1—3- ()] (2.14)

for w 2 3t



where @ is the angle of twist per unit length

(2.15)

i.e. Q=

@

and T is the applied torque.

However, by testing a cample at 90° to the draw direction the laminar
shear in the 3,2 plane is governed by Ss4(t), and in the 1,2 plane by
See(t). Thus Sgg(t) cannot be found directly and the values of S,a(t)
under the same conditions of time and temperature must be known. For
Ses(t) to be the dominant compliance necessitates a sample which in
practice is difficult to obtain, since this involves cutting a sample
whose width ig the through thickness of the draw sheet. TFollowing
Classical Elasticity Theory the expression for Sgg(t) is given by: -

ses(t) =% . 82 [26 . £ (sue e (N fro (D] ] (o0

e
where @ = /L and T is the applied torque.

Mainly duve to the practical difficulties, but also due to the
complexity of (2.16) the compliance Sgg(t) will only be measured at two
or three draw ratios, and the other valuecs of Sgg(t) will be calculated

using (2.2).

Another feature of the work is the interpretation of the properties
in terms of mechanisms which may describe the deformation processes in
the material. Recently Darlington (Darlington, b, 1968) and Hinton
(Hinton, 1968) have discussed the possibility of a 'slip' or 'easy-shear'
mechanism which is responsible for the material deformation, the 'slip’
occurring on planes perpendicula r to the plane of the sheet and parallel
to the draw direction. Darlington has worked on highly drawn low density
polyethylene at strains between 0.1% and 10%, whereas Hinton has worked
on highly drawn polyethylene at or near their Yield Points. Both sets
of work indicate the poscibility of an !'easy-shear' mechanism which
dominates the deformation process from low strains up to Yield in highly
drawn polyethylene. The work reported here, and the work proposed for
the near future, has been on a low density polyethylene at a variety of
draw ratlos from the isotropic state to the highly drawn (draw ratio
around 3.8), at strains up to 5%. It is hoped that results may be
forwarded which will support, or counter, the work of Darlington and
Hinton. The results will be examined to see if Darlington's easy shear
model is a feasible deformation processes and also to see if this is the
dominant procesg at the lower draw ratios.



e Sample Preparation and Characterisation.

Tt M o T . e S S . o .

34l Drepovetion of the lsowropls Dheels

The grade of polyethylene chosen was I.C.I. 'Alkathene' W.J.G.1ll.
It was obtained in the form of cube granules and isotropic sheets were
prepared by compression moulding the granules between highly polished
aluminium plates at 160°C. Thin sheets of polyethylene teraphthalate,
'Melinex', were used between the polymer and the plates to avoid adhesion
problems when removing the pressed polymer sheets. The molten polymer
was held in the press at 160°C for 15 minutes before rapidly cooling by
passing cold water through the press. The heating period was necessary
to remove strains caused by the flow pattern of the polymer during
pressing. Tha isotropic sheets have a nominal thickness of 0.166 cms.
The mechanical isotropy of the sheets was checked by measuring the
yield strese for samples cut at various angles and positions in several
cheets. No systematic variation with angle or position could be detected.
The value of yield stress wes 1300 1bf/in® at a temperature of 25°C
for constant extension rate. This value was in agreement with Darlington
(1966) who reported the properties of a similar isotropic scheet prepared
in the same manner. Darlington measured the density of the isotropic
sheet from 20 hours to 500 hours after prepsration and found that a steady
value was not attained. The +variation was small however being less
than 0.0004 nrm/cc The mean density was 0.G17 grm/ce. which corresponds
to a crystallinity of spproximately 4T%h.

58l Eropermtion sud Chsvmoter{sstion of the Dvaw Sowples

After the isotropic sheets had been in storage for a period of 12 to
15 days, anisotropic sheets were prepared by selecting uniform isotropic
sheets of length 15 to 24 cms, and width 6 to 8 cms, and cold drawing in
uniaxial tension. A grid of half centimetre squares marked on each cheet
prior to the drawing procezs was used in the determination of the final
draw ratio. The drawn sheets were stored for 3 to 4 weeks at room
temperature (21°C) before samples were taken.

4, Apparatus

[ S

h.1 ihe Tensile Drech ang Tranzyerss Conbractipn hpperatus

A detailed description of the apparatus and the extensometry has
been given by Darlington (Darlington, a, 1968), and a schematic diagram
is shown in figure 4.1.

The specimen is loaded via the lever loading system and the cslide
guide. The slide guide ensures that the load is applied axially and
also that the specimen is free from any transverse or torsional lcading.
The loads are applied in a steady manner in about 0.5 to 1 second.

The tensile creep extension and transverse creep contraction are monitored
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gimultaneously by extensometers 1 and 2 respectively. The transducers
and recording apparatus can detect deflections down to 5 x 10°© on a
gauge length of only 0.5 inches.

On an individual specimen the machine accuracy is better than 1%,
but the largest error arises due to inter-specimen reproducibility and
an accracy of * 2% is claimed on a tensile compliance and * 3% on the-
contraction data.

-2 The Torsionel Crocp Avparatus

The torsional creep apparatus is based on an early design by Morrison
et al (1955) and is shown schematically in Fig 4.2a. The coil consists
of 1300 turns of 4O SWG enamelled copper wire suspended in the field of a
Magnetron permanent magnet by a 0.015" sucpension wire. The upper sample
clamp 1s attached to the coil and by applying a voltage across the coil
torques up to 3000 gm. cm. may be applied to a sample. The pole pieces
have been machined so that the torque is directly proportional to the applied
voltage and independent of the angular deflection over the range of
deflections encountered. Thue the torque applied to the sample remains
constant during a creep exper iment. To test the linearity of the field
the deflection of a metal shim was noted for a given applied voltage.
The magnetic field was then rotated and the test repeated, for the same
applied voltage the deflection remained constant. The applied voltage
ie continuously displayed on a Digital Voltmeter and over the range of
times used the voltage fluctuations are around 0.1%. The bottom clamp
ig firmly attached to a linear bearing. This device restricts all rotational
movement of the clamp but allows almost free axial movement.  Thus
specimens of varying length may be mounted in the apparatus and also thermal
expansion and contraction may occur freely without applying extraneous
axial loads to the specimen. Another feature of the bearing is that
selected axial loads may be applied to the specimen thus enabling combined
tensile and torsional creep experiments.

The instrumentation used for the load application is shown in Fig.
L.2b. The Farnell stabilised voltage supply (S.V.S.l) drives a linear
potentiometer via a motor and gear box. The potentiometer replaces the
control knob on the second stabilised voltage supply (5.V.S.2) and the two
cams (Cl, C2) and associated micro switches (Ms.l and Me.2) control the
extent of the rotation of the potentiometer and thus the voltage supplied
to the coil. The time of application of the load can be varied from a
fraction of a second to several seconds and this facility will be used in
future work to apply ramp function inputs which with suitable analysis
can yield the compliance at times less than 5 seconds.

In another arrangement (dotted lines) the motor and gearbox can drive
a sine- cosine potenciometer (S/C pot). A constant voltage is supplied to
the input terminals of the sine-cosine potentiometer and a sinusoidal voltage
output is fed to the coil. The peak to peak voltage is determined by the
input voltage and the frequency by the speed of the motor. Frequencies



usually encountered are in the region of 0.003 Hz to 2 Hz.

The angular deflections are measured using an optical lever systen.
The reflected light spot is automatically followed by the photocell in
a Graphis pot recorder. The deflectione are read to 1 mm. which with
the present optical lever is equivalent to an angular deflection of
approximately 2 minutes of arc.

The instrument is calibrated such that the torque applied is known in
terms of the voltage drop across the coil which is read on a Digital Voltmeter
reading to 0.1%.

4.3 The Torsion Pendulum

)

The apparatus ls an inverted torsion pendulum designed to investigate
the dynamic mechanical properties of polymers using free-damped oscillations.
A schematic representation of the apparatus is given in fig. 4.3

The bottom specimen clamp is rigidly fixed to a linear bearing of

the type uced in the torsional creep apparatus. The upper clamp forms part
of the inertia system, the remainder of which consiste of an aluminium bosg,
two horizontal inertia bars and two inertia bobs when necegsary. The

irertia bars have been machined with a micro-thread so that the inertia

bobs may be screwed to the same radial distance from the axis of rotation to
better than 0.001". The inertia of the system is varied either using bars
cf different materials and addition of inertia bobs or by varying the
position of the bobs on the bars.

The incrtia system is suspended from a phosphor bronze suspension
element attached to the upper fiied plate by a ground and polished slide
guide and mateing bush. Preliminary experiments had chown that the use of
relatively flexible semples such as low density polyethylene in conjunction
with a wire suspension had led to unwanted ancillary vibrations in the system
which appeared as perturbations in the desired torsional vibrations. A
gpecial suspension gystem with a crucifom cross-section was designed to be
weak in torsion but stiff in flexure and thus stray vibrations were eliminated.

The gystem has been carefully machined and constructed so that the axis
of symmetry of the system and sample is coincident with the axis of rptation.
Thug only a pure torsional wvibration is imparted to the sys tem.

Different length samples can be accommodated by adjusting the position
of the slide guide in the bush.

A mirror attached to the suspension element reflects a beam of light
onto the photo-cell of a Graphis pot chart recorder. The photo-cell i=s
ceated on the pen carriage of the instrument and automatically follows the
light spot =so that a trace of the oscillations is recorded on the chart.
The chart speeds are from 0.6 mm/min. to 600 mm/min. The frequency and the
logarithmic decrement of the oscillations are determined from the chart knowing
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the chart speed. The frequency is determined to 0.1% and logarithmic
decrement to about 1%.

The system is eet in oscillation by two electro-magnets set
symmetrically about the torsion axis.

3« femalis

Tables 1-18 are the resu lts of the tests on specimens cut at 0° to
the draw direction at draw ratios, 1.05, 1.15, 1.20, 2.65, and 3.8.
A series of tests were performed at each draw ratio at different stress
levels and the applied load is indicated in each case. The readings of
time and corresponding deflection at each stress level are tabulated for
the creep and recovery experiment. The compliances Sss(t) and S;3(t)
are calculated from equations (2.9) and (2.10) where:-

Tensile Creep Deflection .
633(t)=:< Bonce L:ngth :ygpplled stress (5.1)
t1i 5
and €,3(t) ==(FOntra;ﬁ;?ingiflectloﬁ)/;pplied stress (5.2)

Similarly Tables 19-42 and Tables 43-55 show the results of the tests
on specimens cut at 90° and 45° to the draw direction, respectively, over
the same range of draw ratios. Again each sample was tested at different
stress levels. The compliances, S;;(t), Si12(t) and Fo(%) ave calculated

5

from equations (2.7) and (2.8) and (2.11) where

_{ Tensile Creep Deflection// - s %
€;;(t) and e(h5°) = ( Seipe Tomith > applied stress (5.3)

and 8:2(t) = (ContrgﬁgéggengleCtloﬁ)/;pplied stress (S.h)

The creep contraction ratios vis(t), vio(t), and v(h5o)(t) are

calculated from the ratio of the lateral contraction strain to the uniaxial
tensile strain on specimens cut at 0°, 90°, and 45° to the draw direction
respectively. Thus we have: -

vys(t) = 5l3%%% (5.5)

€33

via(t) = S8 (5.6)
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lateral contraction strain of a 45° sample

it v(h5°)(t) = uniaxial tensile strain of a 45° sample
o€ (15°)( %)
- & t) (5.7)
T (45°)
6. Analyeic and Discussion of Results

B )t St S e e S e e B T S e e

As this is only an interim report only a brief description of the
results will be given and a more detailed analysis will be presented at a
later date when other samples have been tested and the results fully
analysed. The plotted results of compliance ag a function of time have
been selected from the tests where the creep times were up to 1000 seconds.
At intermediate stress levele tests were only continued for times up to
100 scconds. The results of the tests in the region where the material
is non-linear are tabulated but have not been analysed. Recovery data
is also available for all teste but has not yet been analysed. In
general the long term data was taken in tests where the uniaxial strain
after 100 seconds was around 0.5% and 1% respectively. In the torsional
creep tests the maximum surface strains were around 0.1%.

The analysed data is presented in graphical form in figures 6.1 to 6.25.
Figures 6.1 to 6.5 show the variation of the compliances with time at
different draw ratios asg calculated from equations 2.7 -~ 2.10. Clearly
the highly drawn gpecimens are le sc¢ time dependent than those at the
lover draw ratiog, and the effect of increased draw ratio has a marked effect
on the magnitude of the compliance. The tensile measuremen te are shown
at two different 100 second tensile strains nominally 0.5% and 1%. Whilst
there is no marked difference of the time dependence with strain, at this
particular strain level, the magnitude of the compliance is noticeably
different.

The creep contraction ratios Vys(t) and vis(t), calculated from
equations 5.5 and 5.5, are plotted in Figures 6.6 and 6.7. Note how the
ratio increases with increasing time and does not remain constant. In
figure 6.7 only the resulte at three draw ratiocs have been plotted, as the
remaining measurcments all fall within the same band as the results shown.

To enable calculated valucs of the shear compliance S4sa(t) to be made
and also to test the usefulnesz of equations 2.5 and 2.135, the tensile
compliance —= and the creep contraction ratio V bs° (t) at a sample

E4s(t) (45°)

cut at 45° to the draw direction was calculated using equations 2.11 and 5.7
The tencile compliance at different 100 second tensile strains and different
draw ratios is shown in figure 8, and the contraction results in figure 6.9.
Again the creep contraction ratio increases with increasing time.

The difficulties of measuring Sgg(t) were discussed in section 2, and
to date no direct measurements of Sgg(t) have been achieved, however, values
have been calculated from equation 2.2 and these have been plotted in
figure 6.10.
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The effect of draw ratio on the 100 second values of the compliances
at 1% tensile stress is shown in figures 6.11 - 6.15. TFigure 6.11 also
showe a comparison of the measured shear compliance Sss4(t) with the valuecs
calculated from tensile measurements. Realizing that the calculated values
were obtained from four other measuremente on three different samples and
also that two different picces of apparatus working in different modes of
deformation are involved the closeness of fit is quite encouraging, the
largest error being about 10%. One departure from the calculated values
is in the range of draw ratio isotropic to 1.2. The tensile results
predict an initial fall in compliance followed by an increase with increasing
draw ratio. However, this 'blip' was not observed in practice and it is
felt that more work is needed in this region.

The variation of creep contraction ratio with draw ratio is shown in
figure 6.14 and 6.15 for sampies cut at 0°, 90° and 45° to the draw
direction. Figure 6.14 shows how even for small degrees of anisotropy
the creep contraction ratio can vary considerably. Also the variation
of creep contraction ratio with draw ratio is different for the three
angles tested. Figure 6.15 also shows a comparison of measured and
calculated values of v(h5°)(t) obtained from equation 2.13.

The variation of the calculated shear compliance Sgg(t), with draw
ratio is shown in figure 6.16. The initial increase in compliance at the
low draw ratios has been predicted before by Raumann (Raumann, 1962) and
it ies Telt that this is a true feature of the curve.

The extent of linearity of a material may be examined by studying
the variation of modulus with strain. TFigures 6.19 - 6.21 present log
(compliance) as a function of log (strain) and show the deviations from
the straight line parallel to the abscisea which is predicted by a linear
visco-elastic material. In general above l% tengile strain samples at all
draw ratios are exhibiting non-linear behaviour. Figures 6.22 - 6.24 shew
the variation of the 100 second creep conhtraction ratios with tensile strain.

In order to look at the mechanisme which may be controlling the deform-
ation the rate of change of compliance with time has been calculated as
this ie a first approximation to the retardation spectrum and the results

are chown in figures 6.25 - 6.28. Two mechanisme appear to be present,
one for the samples at low draw ratios and one for the highly drawn
specimens Further work at intermediate draw ratios is nceded and also

data obtained at various controlled temperatures before any conclusions
can be reached about the mechanisms of deformation.

T Future Work

-

The results presented in this memo need complementing by further
measurements, these may be itemised as follows:
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T.1 The discrepancy between the measurcd and calculated values of the
shear compliance, Sas(t) at low draw ratios must be resolved by doing
further tests. The necessary samples are now being prepared for this
part of the programme.

7.2 The variation of 100 second compliance values with draw ratio (figures
6.11 - 6.15) and thc rate of change of compliance with time (figures 6.25 -
6.28) proved extremely interesting and it will be profitable to examine
further samples of intermediate draw ratios. The necesgary samples are
now being prepared.

7.3 To facilitate a non-linear analysis measurements of compliances will
be made above 1% tensile strain to longer times. This will necessitate
extending the torsional creep measurements to higher strains.

7.4 The difficulty of measuring Sss(t), directly has not yet been resolved.
However, some %ﬂ isotropic sheets have been pressed and drawn and it is

hoped that samples may be prepared in order to attempt these measurements.

7.5 It appears in figures 6.25 - 6.28 that at times lesg than 5 seconds
the compliances change slope markedly and this may be indicative of a
deformation mechanism, thus further investigations at times less than 5
seconds would be extremely useful. Thie may be done using the torsion
pendulum and forced oscillation techniques or by applying a controlled ramp
function and measuring the resulting deformation. Results will be taken
over a range of temperatures between 20°C and - 180°C. The equipment for
the low temperature work has been purchased and only a temperature control
unit is needed.

7.6 Work of a more thcoretical nature will be continued aimed at an
analytical analysis of the data obtained in both the linear and non-linear regions
using the anisotropic visco-elastic theories discussed by, for example,
Schapery (Schapery, 1967), Rozers (Rogers, et al., 1963), and Findley
(Findley et al., 1968).
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