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CREEP STUDIES ON CRIENIED THERMOPLASTICS
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The enhancement of many of the mechanical properties of thermoplastics
which may be achieved by orienting the molecules has been known for some
time. It has been exploited in the pioduction of textile fibres end
oriented films. Molecular orientation also ocecurs during processes such
as extrusion, moulding or forming. Here, unless carefully controlled, it
may well cause a deterioration in the properties of the finished article.
In view of this a systematic study on the anisotropy of the mechanical
properties of thermoplastics, resulting from molecular orientation, is
being carried out at present in thece laboratories. The purpose of the
study is two=-fold:

(1) to provide useful data on the magnitude of the anisotropy and
obtain precise ways of characterising 1it.

(2) to relate the measured properties to molecular structure. In
the case of semi-crystallinepolymers it is Telt that the
oriented state may possesg asimpler structure than the isotropic
state.

We shall only discuss the first of these objectives here.

Up to the present time the investigation has been restricted to the
relatively sinple case of transversely isotropic material produced by hot
or cold drawing, particular emphasis being placed on the creep behaviour
of the materialu. In order to characterise such materials it is nrecessary
to carry out measurements on specimens cut at 90° to the axis of symmetry
(i.e. the draw direction). In some cases this limits the overall size
to 4 cm. lMeagurements of lateral contraction during tensile creep are
also required. As these and other requirements could not be met by
exlsting creep apparatus, the necessary creep equipment was developed in
thesge laboravories. Details of the apparatus are given in section k4,

Crcep measurenents have been carried out on an oriented semi-crystalliine
polymer (low-density polyethylene) and an oriented amorphous polymer
(polymethyl methacrylate) in an attempt to establish trends of behaviour.

In addition to tensile creep, some attention has been pald to the creep
rupture and load-extension (conctant extension rate) behaviour of the
materials Where appropriate these results are included with the creep

regults in scobion 5.

2. Theory
For the special case of uniaxial symmetry, or transverse isotropy
the classical theory of elasticity gives the following relations®
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vhere Iy is the Young's Modulus, and V,5 the Poisson's ratio (thickness
direction) of a strip of material cut at an angle, 6, to the draw
direction. The measurement of the five constants, By, Esg, Bggs V
and Vi . is sufficient for a complcte description of the tensile
behaviour of a transversely isotropic elastic solid when subjected to
infinitesimal strains.
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In the present work we assume that similar relations hold, with Eg
replaced by E_(t) etec. The reduction to five time dependent quantities
is not comple%ely demons trable  hut we sghall take it to be a useful
hypothesis at this stage. For the time dependent case Vi9 is regarded
as the contraction ratio for the thickness directioan (i.e. the ratio of
thickness contraction strain to longitudinal strain at the same instant
o time during a tensile creep test on a gpecimen cut at an angle ©
to the draw direction).

iz Materials and Sample Freparation
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The grade chosen was I.C.I. Alkathene WJG 11. Ieotronic cheets
0.2 em. thick were preparcd from granules by compression moulding.
Sheets approximately 15 cm. x 10 cm. were then cold-drawn at an
extension rate of 20 cm./min. A grid marked on cach cheet prior to
drawing was uscd in the determination of the draw ratio. On recrioval
from the drawing machine the drawn sheets underwent partial recovery,
the recovery rate decreasing with time. The oriented sheets were stored
at room temperature for 6 months pricr to test, vhen the draw ratio was
sensgibly constant and egual to 4.2 £ 0.1 (A separate cheet of draw
ratio 3.8 wee vscd for the 1000 second creep testz). Tengile specinmens
were then cut from the drawn sheets at known angles, €, to the draw
direction using & microtensile specimen cutter (A.S.T.M. type D.1708.-59T).
This gave dwmbell specimens of overall length 3.8 cm. and cnabled a 1.
cri. gauge length to be used.
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5.2 Polymethyl methacrylate (BMA).

The etarting meterial for the preparation of the anisotropic sheets
waz I.C.I. 'Perspex' acrylic sheet with a nominal thickness of 0.25 iach.
A cheet 25 em. x 10 em. was drawn at an extension rate of cn. /min.
vwhile totally enclosed in a hot air oven at 120°C. Thie will be
relerred¢ to as gheet 'A'. The drawn sheet was allowed to cool to room



temperature before being released from the grips. No contraction
of the csheet was detected after the cold specimen had been released.
A second sheet 21 cm. x 10 cm. was oriented using the same basic
procecdure but with an extension rate of 13 cm./min. and a temperature
of 140°C. This will be referred to as sheet 'B'. Sheet A had a
draw ratio of 3.1 and a bircfringence of 0.00094 while shee:t B had

a draw ratio of 2.8 and a birefringence of 0.00056.

Dunmbell tensile creep specimens were machined from shcet A at
angles of 0°, 45° and 90° to the draw direction. The overall length
varied between 5 cms. and 6.6 cms. depending on the angle (smallest
at 90°). This gave parallel test gections of at least 2.3 cm.; gauge
lengths of approximately 1.7 cme. being used on the smaller gpecimens.

The creep rupture specimens were machined from cshecet B to the
pattern shown in figure 1.

L. Creep Apparatus

The basic requirements, principles of operation and performance
of the apparatus are summarised here. A detailed description of the
extensometers and loading machines may be found elsevhere.2

4.1 Measurement of tensile creep

The proposed rescarch programme required an apparatus that would
enable the creep properties of a wide range of oricnted thermoplastiecs
to be studied. It was known from previous Instron (constant extension
rate) studiesthat moduli as low az 5 x 10% dynes/cm.2 would be encountered
with certain highly anisotropic low-density polyethylene specimens.
This work also showed that the detemmination ol strain from grip
separation measurements could lead to large absolute errors, cspecially
when smail specimens vere used. Unfortunately the available nethods
of preparation of the anisotropic sheets yielded specimens which in
gsome instances were only 0.l cm. thick and 4.0 em. long. The non-=linear
behaviour of thermoplastics in general provided an additional complication
ag it emphacised the need to perform measurements at low strains.

In view of the above considerations and the normal requirements
of creep apparatus the following conditions were imposed on the exten-
someter design:

(1) The load exerted on the specimen by the extensometer should not be
greater than 20 grams.

(2) The connection of the extensometcr to the specimen must not cause
'end effects' or impose lateral constraints on the specimen.

(3) No resistance to tensile extension and absence of slip-stick effects.



(4) Must be able to operate on gauge lengths down to 1.3 cnm. On
such a gauge length it must detect a strain of 2 x 102 and e
able to handle strains of at least 0.05.

(5) High stability.

Conditions (1) and (%) precluded the use of existing well proven
optical designs® Furthermore, as many of the creep Lests were
intended to be of short duration it was felt desirable to have
automatic data recording facilities.

The above conditions have been met using a linear displacement
differential capacitor transducer having a sensitivity of 10 © inch.
The transducer coasistes essentially of a moving shaft and a fixed outer
body. The shaft has a calibrated movement of 0.1 inch. Loading of
the specimen by the transducer is avoilded by mountinz the transducer in
a balanced arrangement. Two extensometer arms, pivoted at their centres
on zolid pivot bearings, are used. The transducer is attached to one
end of the lower arm, the other end being attached to the specimen. The
upper arm is alego attached to the specimen at one end, while the moving
shaft of the transducer rests against the other end. Balance weights
are uged to ensure that the extenzometer arms lie in the horizontal position
before a specimen is mounted in the apparatus. The load necessary to
nove the extensometer arms relative to one-another is never more than a
small percentage of the applied tensile load.

The extensometer arms are attached to the specimen using four pointed
Allan screws (one on either side of the specimen at each gauge poinut)
which are serewed lightly into the specimen surface. Thege pointes define
the gauge length. Relative movement of the gauge points iz faithfully
reproduced by a relative movement between the transducer moving shaft and
Tixed body. This movement iz processed by the electronic equinment
(supplied by the transducer manufacturers) and is obtained directly in
inches to 10°° on a digital display. Alternatively a D.C. output is
available which is directly proportional to the displacement from the
initial zero. TFor automatic recording, this output is fed into a digital
voltmeter with integral printer and electronic timers are used to trigger
the voltmeter to read and print the displacement at pre-detemined times.

The accuracy of the extenccmeter is esgentially that of the transducer
i.e. 10”° inch under normal conditions. However over a wide range of
gtrains the reliability of the measurements is slightly worse than would
be expected or the basis of this figure. This effect is most noticeabdle
at strains below 0.002. Thie is probably due to glight inaccuracies in
the mounting of the spccimen, as the error is reduced with practice.
Howsver the main source of crror is usvally that of interspecimen
reproducibility, particularly when oriented specimens are used. For a
batch of 4 or 5 specimens this sometimes causes a spread of * 4% in the
100 second modulus values at any particular strain, for a wide range of
modulus values.
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The loading machines are of the conventional lever-loading type;
the complexity of the designh depending on the intended modulus range.
Tor the softer polymers such as low-density polyethylene a loading
machine based on the design developed by Turner and co-workers is used.®
For the more rigid plastics such as perspex, simpler loading machines
have been found to be satisfactory providing care is taken in specimen
preparation. On all the creep machines the loading levers are pivoted
on knife edges rather than bearinge.

43 Measurement of lateral contraction

Conditione (1), (2), (3) and (5) listed in section 4.1 also apply
here. The conditions equivalent to (4) are however even more stringent
in this case. Thus the contraction device has to operate on the
specimen thickness which may be as little as 0.1 cm.  Furthermore the
device must be able to operate while the tensile extensometer iz in
position in order that simultaneous measurements of longitudinal extension
and lateral contraction may be made. These conditions have been met by
using a tensile extensometer rotated through 90° about a line parallel
to the arme and altering the attachment devices on the specimen end of
the arms. The new attachments are simply feelers which rest against the
front and back of the gpecimen so monitoring the specimen thickness.
The pressure exerted on the specimen can be easily controlled by springs
vhen necessary and lateral forces reduced to a negligible level. This
device has been used simultaneouvsly with a tensile extensometer on a 1.3
cm. gauge length.

It ig difficult to assess the absolute validity of the values of the
creep contraction ratio obtained with this system as no material could be
obtained for which a reliable wvalue of the ratio was known. In terme of
scatter and interspecimen reproducibility the resulte are usually
congistent to £ 5% for tensile strains in the range 0.005 to 0.05 and
ratio values in the range 0.35 to 0.5. The apparatus and specimen
alignment are more critical for the contraction measurement than for the
extension measurement and large errors in the contraction ratio values
are obtained if the system iz not satisfactory. TFortunately these errors
are usually obvious when they occur and the results safely digcarded.

5x Experimental Procedures
All the creep and creep rupture measurements were made in a room
with the temperature controlled at 20.2 £ 0.7°C and a relative hunidity
f (50 £ 5)%. The specimens were alweys stored in the room for at least
ﬂeveral days prior tc test.

S Creep measurements

T e A e

The tensile creep behaviour of the anisotropic and isotropic specimens



was initially exemined in the strain range 0.1% to 10% using a procedure
based on that described elsewhere for obtaining isochronous stress-gtrain
curves.®  The creep time varied between 100 seconds (extension measurements
only) and 120 seconds (extension and contraction measurements). In most
cases the recovery behaviour on removal of the creep load was alsgo

recorded and the next creep load was not applied until the recovery

appeared to be virtually complete. The few longer time creep testa

were always carried out after several 100 second tests at lower stresses,

A long term creep test or a new isochronous stress-gstrain run was never
started until stability of the initial 'zero' was achieved.

H48 [unep puplyrs Yepsussedis

Simple lever loading machines were used to apply the loads to the
creep rupture specimens. Electronic timers operated by microswitches
resting against the lever arms were used to determine the time to failure.
No measurements of deformation were made. The nominal stress was
calculated using the area of cross section at the rarrowest part of the
test section.

0. Resvlts and Discussion
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6.1 Low-density polyethylene
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G.l.l Lgochusmods exbension uesemrensubs

For an anisotropic material the variation of creep modulus with
time and strain (or stress) will itself depend on angle and temperatbure.
(The latter has not been investigated in the present work ). A concise
pregsentation of all the experimental data is therefore difficult. In
the Tirst instance we ghall therefore avoid time dependence by examining
the data obtained after 100 geconds of creep.

The 100 second isochronous stress-strain curves for specimens cut at
various angles to the symmetry direction of the transversely isotropic
polyethylene sheet are given in fipure 2. The high degree of anisotropy
exhibited by the material is readily apparent when the stresses at each
angle necessary to produce a 100 cecond strain of sgay 0.002 are compared.
(See also Tigure 3). A material exhibiting linear behaviour would be
represented by a linc of unit slope in figure 2. The solid part of each
line indicates the approximate extent of linear behaviour at each angle.
It will be seen that specimens in the range 0° to 45° exhibit approximately
lincar behaviour for strainsup to at least 0.007. For specimens in the
range 65° to 9G° the upper limit of strain for the linear region falls
progressively from C.C03% to 0.00L5. in vicw of the large change of
modulus with angle the stress at the onset of non«linearity varies in a
rather different manner. Thus the 0° specimen exhibits linear behaviour
up to a stress of 5 x 107 dynes/cm.2, the equivalent value for the 45°

- - g = - e} L]
specimen being only 5.5 x 106 dynes/cm.*. It ig of interest here to note
that the isotropic material does not possess a linear region at strains
down to at least 0.001. (See figure 2).



It is apparent from figure 2 that the tensile behaviour at each
angle is reagonably linear for strains of up to €.002. A 100 gecond
tensile creep modulus, Fg, for the linear region may therefore be
calculated at each angle, 0, by ueing the stress necessary to give a
strain of 0.002 after 100 seconds of creep. The variation of this
modulus with angle is given in Tigure 3. The highly anisotropic rature
of the drawn polyethylene sheet is readily apparent. As the results
given in Tfigure 3 are for isochronous moduli in the linear reglon it is
ugeful to compare them with equation (1) obtained from classical clasticity
theory. The solid line in figure '3 is obtained by using the experimental
values of E,, Es5 and Egp in equation (1). The remaining experimental
points are in good agreement with the theoretical line. The value of E
for the isotropic material is included in figure 3 for comparison.

6.1.2 Qreep behayiour

In view of the large variation of modulus with angle it is convenient
initially to compare creep curves which possess similar 100 second strain
values rather than those obtained under identical stress. Typical creep
curves with 100 second strains in the region of 0.5% are given in figure
L. (The anisotropic sheet used for these tests had a draw ratio of 3.8).
It muet be emphasised that the stress used varied considerably with angle
and also that there is no significance in the separation of the curves
along the gurain axis. The relative shapes of the creep curves are
hovever of interezt. The difference in the behaviour of the isotropic
and anisotropic materials is immediately apparent, whereas the shapes of
the curves for the three anisgoiropic specimens show little variation with
angle. Similar trends are observed when the creep curves in the region
of 1% tensile strain are examined. However at strains in the region of 5%
the tensile creep curves show a large variation with angle, even for the
short creep time of' 5 to 100 seconds.

The creep curve shapes Tor the anisotropic materiszl are dest compared
using a reduced compliance Jp(6,t) defined as the ratio J(€,t)/3(€,1000)
where J(6,t) and J(6,1000) are the compliances at time t and 1000 seconds
respectively, for a speciren cut at an angle 6 to the draw direction.

The curves of Ja(o,t), JR(hﬁ,t) and JR{9O,t) would superimpose if the
shapes of the 0°, 45° and 90° crcep curved (Tigure 4) were identical.

The actual reduced compliance - time curves are shown in fisure 5 (solid
lines). It will be seen that the maxizum deviation of the three curves

ie only 3%. The spread only rises to 5% if the tensilc creep data in the
region of 1% tensilie strain arc treated in the above mamner. (dasched
lines in figure 5). In fact the increased spread is yprobably mainly due
to the non-linear behaviour at 90°. The above gimilarities lead to a
considerable simplification in the description of the creep behaviour of
the anigotropic material. Thus if JR(A,t) is the average value of Jp(0,t)
and JR(QO,t) at each instant of time, then for strains in the linear region
the compliance at time t for any angle, 6, is given by
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J(O,t) = £(¢,1000) JR(A,t)

where £(€,1000) is given by equation (1) with Ey, Eas and Egy replaced

by their respective values at 1000 seconds. Thus single graphs of J(0,t)
against 6 and JR(A,t) against © will completely describe the behaviour of
the anisotropic polycthylene sheet in the linear region with a maximum
error of ¥ 2f. The variation of Eg, E4g and Egy with strain is needed
if the above relation is to be extended into the non-linear region.

It must be emphasised that the above simplification is only wvalid if
the creep curve has the same shape (within acceptable error) at each angle.
This assumption nmet always be verified experimentally over the required
time interval, for at least three angles (0°, 45°, 90°), as the long temm
behaviour at one angle cannot be predicted with certainty from ites short
time behaviour and the long time behaviour at another angle.

6.1.3 Lateral contraction measurements

The variation of the 100 second thickness contraction ratio, Vig
with angle, 6, is shown in figure 6. The results were some of the first
to be obtained and show rather more scatter than would now be considered
acceptanle. However they show clearly the large variation of ¥ with 0.
The solid line in figure 6 was ohtained using equation (2), and E%e
experimental values of Eg, B4, Ego, Vg and Vi o Measuremnents in progress
at present chow that Vo increases with time ang strain for angles of 0°, L45°
and S0°.

6.1.h Geneyal comments.

The creep behaviour of oriented low-density polyethylene is rather
complicated., However if the similarity in the shape of the creep curves
is continued at long times the problems of characterisation will be greatly
simplified. The relative magnitude of E4s and Egg is surprising and
there is evidence from other work®that it ic not typical of semi-crystalline
volymer, &t least for infinitesimal strains. e relatively low valwes
of Esg and vt4 are due to casy-shear parallel tc the molecular chaine and
the behaviour of the oriented material for angles of 20° to 70° has been
predicted for @ wide strain range on the basis of such a mechaniem.”

The creep rupture behaviour of the orisnted polyethylene has not been
studied. However studies®on an Instron tensile tegting machine (constant
extension rate testg) have ghown that the yield ana ultimate strength
poscess the same degree of anisotropy as the 100 second creep modulus.

The recovery behaviour has not becen dealt with in detail here.
However it ig of interest to note that for tensile strains of at least 2%
the anisotropic specimens recovered 93% of the final creep strain within
a recovery time of 10 x (creep time).
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6.2 Polymethyl methacrylate
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The study of creep in oriented PMMA is etill in progress. However
the trends observed so far will be illustrated heve as some are in marked
contrast to those found in polyethylene.

The variation of tensile stress with the 100 second tensile strain
for anisotropic (0° and 90° specimens) and isotropic PMMA is shown in
figure 7. The curve for the L45° gpecimen is in close agreement with that
for the isctropic materisl. A linear material would give a line of unit
slope on such a log-log plot (dash line in figure 7). It will be =een
that both the anisotropic and irobropic specimens exhibit virtually linear
behaviour below a 100 second tensile strain of 0.003 and possess approxi-
mately the same form of non-linear behaviour at higher strains. Further-
more there is very little separation of the 0°, 45° and 90° curves along
the stress axis which indicates a low anisotropy of the creep modulus.
(See also table 1).

The results of short time (5 to 100 seconds) creep teste show that,
for tensile strains up to at least 0.005, there is no significant variation
of creep behaviour with angle for the oriented PMMA. Thus the curves of
reduced compliance against time would superimpose (as for polyethylene):
Howaver, in marked contrast to the behaviour of polyethylene the creep
behaviour of the isotropic PMMA agrees closely with that of the oriented
material. Extension of the results to longer times is in progress.

Preliminary measurements of the creep contraction ratio, V., at 100
geconds hove been made on the isotropic and anisotropic materials. The re
appears to be little variation in the value of the ratio between the aniso-
.ropic gpecinens or between the anisotropic and isotropic materials.

Thus for & 100 second tensile strain of 0.0l the value of Vt for the three
anisotropic specimens (0°, 45°, 90°) lies between 0.36 and 0.39 which may

be compared with a valve of 0.37 for the isotropic material. The relatively
large value of Vig again contraste with the behaviour of polyethylene but
would be expected on classical elasticity theory in view of the similarity

in the values of By, E4g and Egp for the oriented PMMA.

6.2.2 Creep rupture studies

Specimens machined from oriented sheet B at angles of 0°, 45° and 90°
to the draw direction were used. The applied tensile stresses were chosen
to give rupture times of up to 10* seconds. An indication cof the anisotropy
of the creep rupture behaviour may be obtained by comparing the stress
necessary at each angle to produce rupture in 1000 seconds. The stresses
are given in column 3 of table 1. It should be noted that the fraciures
were always of a brittle nature. It is apparent from table 1 that creep
rupture exhibits greater anisotropy than creep modulus. The difference is
in fact rather more than is apparent from table 1 as the moduli vere obtained
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from sheet A (birefingence = 0.00094) while the rupiure specimens were
machined from the less oriented sheet B (birefringence = 0.00056).

6.2.3 General comments

The esmall anisotropy of the creep modulus and the close agreement
between the behaviour of the oriented and isotropic materials was rather
surprising as the oriented material had exhibited a marked anisotropy during
the machining of the specimens. Unfortunately the simple measurements of
draw ratio and birefringence are not in themselves sufficient for predicting
the mechanical anisotropy to be expected of the oriented sheet. (The
values correspondirg to the completely oriented material would be of
assistance here. A comparison of the birefringence values of oriented
sheets A and B, drawn at 120°C and 1L40°C respectively, shows that there
is probably some loss of orientation during drawing; the losg increasing
as the drawing temperature is increased. Even so, the oriented sheet
shows complete recovery when heated to 118°C for less than 20 minutes.
Despite these uncertainties the present measurements are extremely useful
as they show that even when PMMA has been highly drawn at such temperatures
it does not exhibit much anisotropy in its creep behaviour at low stresses
or for short times. However the brief measurements ol creep rupture
behaviour show that it is probably not safe to neglect the influences of
orientation when creep is occurring under high stresses or for long times.

. {smprel Soreinions

Moet of the similarities and differences in the behaviow of lar-density
polyethylene and PMMA have been referred to in the previous sections. The
uge of a reduced compliance which is independent of angle represents a
considerable simplification in the description of the behaviour of both
polymers. It remains to be seen whether or not this simplified represent-
ation is azcurate at long times.

The degrees of anisotropy exhibited by particular nroperties of
different polymers obviously can't be compared directly. However the
difference in the degree of anisotropy for several provertiesgs of one polymer
may be compared with the differences exhibited by another. Thus oriented
low=density polyethylene (which is semi-crystalline) exhibits a high degree
of anisotropy in its tensile creep and load extension behaviour. However
for PMMA (which is amorphous) the creep rupture behaviour is considerably
more anisotropic than the tensile creep. It ie of Interest here to mention
the behaviour of oriented polyvinyl chloride$ which many regard as being
slightly crystalline. For this material the difference in the dernree
of anisotropy exhibited by the creep rupture behaviour and an 'Instron'
nodulus is noticeably less than that shown by FMMA. Further work is however
required before a general pattern of behaviour may be established.
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Table: L. The variation of creep modulus and rupture stress (for constant
rupture time) with angle for oriented PMMA.

ANGLE MODULUS (1) RUPTURE STRESS (2)
(10*° dynes/cm.2) (108 dynes/cm.?)
0° 3.5 9.6
45° 3.25 7.0
90° 2.95 5.2

(1) for sheet A. birefringence = 0.0009k

(2) for sheet B. birefringence = 0.00056. This rupture stress is the
nominal stress necessary to produce rupture after 1000 seconds.
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