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Abstract

In Part One the use of the plane strain compression
test to determine stress-strain relationships for plastics
is described. Factors such as friction and specimen and die
geometry are examined in detail. Both total and permanesnt
deformation tests are considered. The stress-strain
curves obtained are then used to predict behaviour under
other stress systems. Thé examples of ﬁniform stress
systems used are simple tension, a thin walled cylinder
under internal pressure,and equal biaxial tension. The
non-uniform stress system of the torsion of a solid
circular rod is also considered and the prediction of in-
stability points for such a system is illustrated with a
thick walled cylinder under internal pressure,

Some aspects of the general problem of complex

loading paths are then examined,

Part Two considers the design, calibration and
testing procedure of a machine designed to measure the
’impact strength of polymer film. The results of the
impact test, a notch sensitivity test and an impact fatigue
test are given. The effect of friction is thén analysed
by means of methods described in Part One.  The impact
strength of polyethylene film is interpreted in terms of
stress-strain relationships derived from the plane sfrain

compression test and the tension test.
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General Introduction

Most of the research work carried out on
plastics is concerned with the physics and chemistry
of the molecular structure. Such work is valuable
but it is considered that there is room for a more
practical engineering approach to the understanding
of the mechanical properties of these materials, The
work described here examines the stress-strain relétion-
ships for plastics under various conditions and the
derivation from this data of techniques suitable for
design work.

Thé results'of this investigation are presented
in two parts. Part One deals with fundamental aspects
of the problemnm, An accuraté experimental technique for
determining stress-strain data is first examined. This
is followed by an examination of a method of analysis for
uéing this data to predict the behaviour of various stress
systens, It was considered that a more useful purpose
would be served at this stage by considering the problem
broadly. It is hoped that what has been sacrificed in
detail is compensated for by the range of problems
considered. |

Part Two is concerned with the application
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of some of these results to one particular practical
problem; the impact testing of polymer film. The
testing of this film is of interest to a wide range of
users and many problems required solution. A new
type of testing machine is examined in detail and the
results from several types of film are described. An
interpretation of these results in the light of the

information obtained in Part One is then given.



PART
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1.0. Introduction

The increasing range of application of plastics
in engineering in recent years has involved designers in the
stress analysis of plastics. The complex behaviour which
plastics exhibit under load is generaliy outside the scope
of existing engineering design procedure developed largely
for metals. This is oftén ignored and much poor design
results. This work examines the suitability of certain
established technigues wh?n applied to plastics.

The designer in flastics requires a number of
mechanical tests, (the fewer the better), to provide the
basic mechanical propertiés of the material and an analytical
technigue to enable the stresses and deformations under
loading conditions to be predicted. |

The first essential is to examine the testing

methods used and determine their limitations when applied to

plastics.

2.0. Testing Fethods

The tensile test is the most frequently erployed
-~ test for metals and it has been freely applied to plastics.
It has the advantages that it is easily performed and that

‘equipment, designed for metals, is available. luch work

has been done by extending the usual static test to include
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the effects of strain rates and temperature’but very little
to determine’ the validity of the results obtained., For
example a~typical 1oad extension curve for polyethylene is
shown diagrammatically in Figure 1.

Over the section O - A the load increases and by
correcting for area reduction a true stress strain curve
may be obtained. The majority of this extension is
recoverable but Jjust prior to A flow is instigated, and
the load peak results. At some point B after A the load
~becomes constant and the extension proceeds at constant load
. to C. The poSifion B is governed by the machine stiffness
and is a point of mechanical instability. A neck will often
form at A and the material in the neck will work-harden
due to orientation until it is harder than that in the
shoulder of the neck. "The material in the shoulder will
then flow into the neck. This is the process represented
by BC, When the neck has reached the ends of the specimens
the orientated neck secticn is then extended'giving CD. Thus
the constant load region BC is a material ahd machine
instability phenomegon and yields no fundamental stress/strain
relations; : | . |
Suéh'effects are not, of course, found in

all tests but their occurrence is not always obvious and

they can lead to erroneous conclusions. The test is useful
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for fairly smali strains, generally up to the onset of flow,
but beyond this the difficulties of determining the strains
involved are considerable.

OUther tests have been devised to overcome these
difficulties. Ref. (1) describes a bending test which
enmploys a three point loading system on a beam specimen.

_This is essentially a small strain‘test for, although the
deflections ray be large, the corresponding strains are

small. Yorsional pendﬁlums have also been employed for
visco-elastic tests but these also are for small strains.

Similar nroblems have been encountered in exanining
the large strain behaviour of metals and a test designed‘to
overcome them is the plane strain conpression test, devised
and developed by Ford (Ref. ( ZQ)tovinvestigate the work
hardening characteristics of metals. This has not previously
been anplied to plastics and an investigation was carried

out to determine its suitability for testing plastics.

3.,0. Flane i3train Compression Test

The specimen in the form of a flat plate is placed
between two, parallel, flat highly polished dies (see Fig.
2) which are forced into the plate from either side. The
dies are lubricated to give negligible friction and the

specimen suffers no constraint in the direction normal to
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to the dies. The deformed material under the tools is
restrained from moving parallel to the tools by the constraint
of the undeformed material on either side of the deformed
section., The test has the advantage that the area under
load remains constant and no instability due to reduction
in area can occur.

fhe technique was developed by Watts and TFord
(ref, (2))f2£ldetermining the perménent deformation curves
for metals;%as been widely applied to cold rolling and
lubrication problems, "7 Thus a great deal of practical
and theoretical information is available for its application
to metals and approbriate tests were carried out te determine
if this information is applicable to plastics,

rlastics are time derendent materials and have
complex creep and recovery behaviour. To determine a
"permanent" deformation curve it was necessary to fix an
afbitrary definition qf‘the deformations wiich may be regarded
~as "permanent”, It was found that for the materials
examined (polyethylene, PVC and YWylon) that any deformations
still present 24 hours after unlouading does not recover
appreciably over any further period. In what follows this
deformation is termed '"permanent". for sowe short term

tests a deforration after 10 minutes is quoted but this is

given only in comparative tests. The interval for which the
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load is apjplied is also important and for the determination
of the permanent deformations the loads were applied for a
'‘dwell' time of 10 minutes. ZrFurther discussion of this
point will be given later.

The deformation in the tests is defined by means

of the ratio A\ where,

o

o
h = Deformed specimen thickness
ho= Original specimen thickness.

The permanent deformation test is similar to that
used for metals but for plastics a total deformation test
may also be performed. This is unpractical for metals
as the recoverable,elastic deformations, are of the same
order as the deformations of the apparatus and corrections
would be large. for plastics houever the recoverable defor-
mations arc generally much larger than those of the apparatus
and the lo:.i total deflection curves‘may be obtained
accurately. 45 the materials are strain rate de-endent it
is necessary to obtain these curves under continuous lo.ding
at a constant speed. &4 special case, the seni-static
test, which arises from this, will be discussed later,

The basic apparetus used in both the total and

pernanent tests is chown in Figure 3. It consists of a
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sub-preés with 'wo pillaré fitted with ball-bearing sleeves
to give low friction. The use of the sub-press ensures
that the tools are always rigid and parallel. A high
degree of rigidity is required as it is esséntial that the
tools renain parallel throughout the test if plane strain
conditions are to be maintained.

Before exanining the total and vermanent deforma-
tion plane strain compression tests in detail separately it
is desirable to consider first the most important factors
which apply equally to both. These factors are friction
and the geometry of the dies and specimens. One or other
of the two tests was used for these investigations whichever

provided the more convenient nmethod.

3.1. Friction

The most frequent objection to any form of compres-
sion test is that the effects of friction are difficult to
determine and eliminate, ‘the further probler of buckling
encountered in simple compressicn tests 1s not precent in
this test. The two arguments put forward here for assum-
ing that essentiallj zero frictiocn has been achieved are
indirect but are considered to be sulficiently conclusive

to warrant the use of the test. Conparison with theoretical
. i

solutions (Ref. (3)) and experimental work (ref. (4)) for
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retal adds weight to this conclusion.

In the tests performed the values of A were
determined at a constant temperature of 21°c.  For the
F.V.C., % inch wide and 0.25 ins. thick specimens were used .
with 0,50 in wide tools. ‘ A stress of 14,000 lbi‘/:’m2
was applied for 10 minutes and the resulting deformation
determined after 24 hours; A low density polyethylene
}was also used with 4 inch wide and 0.50 ins. thick specimens,
1.00 inch tools and a stress of 3000 lbf/in2. Specimens
were tested with the following lubricants:

a) HNo lubricant

b) Powdered graphite spread on the specimen

¢) A heavy machine oil

d) ©Powdered graphite covered with machine oil

e) A very soft pencil lead rubbed onto the spécimen
surface

f) Pencil lead with machine o0il added

g) lMolybdenum disulphide grease (llolyslip)

. h) Petroleum jelly (Vaseline)

i) Graphite grease.

The pencil lead was not applied to the poly-

ethylene as it did not adhere to the surface satisfactorily. )

The results are shown in Table 1.

L 4
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TABLE 1

P.V.C. Folyethylene

LUBRICART TYPE 2 2
¢ = 14,000 1bf/in o = 3,000 1bf/in

A My nolyslip A MNiolyslip
None .G13 1.32 840 1.21
Powdered
Graphite -951 1.57 914 1.31
0il 741 1.07 770 1.11
Cil and Fowdered
Graphite . 713 1.03% . 752 1.08
Pencil Lead . 709 1.02 - -
Pencil Lead '
and 0il -672 -97 - -
Molyslip .692 1.00 .695 1.00 -
Vaseline .696 1.01 . 720 1.04
Graphite Grease .673 .97 684 .98

The values given for both materials have possible -
variations of L 3% due to material inconsistency. - The
lubricants e, f, g, h and i all give values within this range
for both materials. It is of interest to note that the
powdered graphite gives a higher value of A than no lubricant
while the pencil lead gave a much reduced value, This may

be accounted for by the powdered graphite penetrating the

specimen surface while the pencil lead form was in layers
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on the. surface due to its method of application. Apart
from this exception the addition of the lubricant results
in a decrease in the value of X as the restriction of flow
due to friction is reduced. The five lubricants preyiously
mentioned all give an approximately constant minimum value of
L and it is assumed that this corresponds to zero friction.
It may be argued that they in fact.correspond to an identical
minimum value of friction. Apart from the ﬁnlikelihopd
of all five giving the same value it will be shown in a
later sectionnthat when the results are compared with those
bf oﬁher tests not dependent on friction the agreement is
sufficiently good to warrant the conclusion that.zero
friction exists.

For all the tests described here Molyslip was
used as the lubricant. The results indicate, though not
conclusively, that graphite grease may be slightly better,
a difference of about 1%, As material variations between
specimens are penerally in excess of this the difference
did not Justify the adoption of graphite grease in preference
to lMolyslip. Molyslip has the advantage that it is easy.
to apply and remdve fron the specimena,

liany mineral oils and greases are absorbed by
rlastics and cause swelling and for this rcason the period

for which they are in contact with the specimen should be

kept to a mininum. In these tests the specimen was
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thoroughly cleaned immediately after removal from the
press. lMolyslip tends to dry on the tool surface and
results in an increase in friction and to overcome this
the tools must be cleaned and polished between euch test

and fresh grease applied to the specimen.'~

3.2, wvpecimen and Die Geometry

a) Die width to specimen thickness ratio (h/b)

The value of tnis ratio determines whether true
plane strain conditions are being obtained. In total
deformation tests the ratio changes throughout the course
of the test and it is necessary to know the errors incurred.
The test has been performed for permanent deforﬁation tests
by watts and Ford (ref. (2)) and the result comparable with
a theoretical solution derived by Green (ref. (5)) obtained.
The theoretical solution is based on the assumption of a
perfectly plastic solid (i.e. constant stress throughout the
‘deformntion) which does not apply in the case of total
deformation tests on plastics. Lo obtain a corparison
however 0.50 and 1.00 inch tools were used on 0.50 inch
thick specimens of low density polyethylene at the same rate
of loading. The curves obtained are shown in ¥Fig. 4. The
ratio of the 3" into 1 inch tool test stresses at the same

values of A\ plotted against the specimen thickness to die

width ratios is shown in Fig. 5. The theoretical solution
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shown is deduced from that of Green to account for the
stress ratio not being measured relative to a true plane
strain stress (i.e. the 1" local stress varies with h/b).
the order of the predicted error is, however, confirmed \:
although tle curve is displaced, probably due to the |
increasing stress not represented in the theory. The
higher error of the results h/b << .4 is probably due to
an increasing frictional effect at these lower values of
(h/b).

The ratios used in these tests were in the range
.5 to .25 which results in a maximum error of 3% No
corrections huve been nmade for this, for, as in the previous
case, the material inconsistency exceeds the correction and

it is not considered necessary.

b) Specimen width to die width ratio (w/b)

The choice of this ratioc is important as the
effect of a narrow specimen ic to zllow movement in excess
of that corresponding to plune strain. Yo determine this
effect low density polyethylene specimens, U.50 ins. thick,
were tested with 1,00 inch tools. Values of permanent A
were obtained for varicus widths of sjecimen and are shown

in Fig. €. There is a steady decrease in the A obtained

until the curve levels off at (w/b) greater than fouf,
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- The lack of constraint would be expected to give lowér not
higher values of » for the narrowef specimens but the material
has a very large recovery(30%) and is cqually unrestrained
in recovery which allows the thickness toc recover more than
in true plane strain resulting in the high values.

RResults obtained using P,V.C. are shown in Fig. 7.
The recovery of this material is only some 7% and the
expected low values‘are observed. Again the curve is seen
‘to flatten out at w/b greater than 4 and remain substantially
constant, within the limits of material variation thereafter.

From these results it is concluded that a w/b
ratio of four or greater is necessary to ensure plane strain.

A further effect of specimen width is the in-
fluence of end spread. The material at the ends of the
deformed section is unrestrained and bows outwards. - This
results in an increase in the effective area in which the
load acts and thus an error in the stress calculated. To
correct for this it would be necessary to know the
pressure distribution znd the end regions. The increase
in area is approximately constan®t for all specimen widths
and reference to Fig. 7 shows that if these results wefe
ébrrected on the assumption of uniform pressure an
increasing value of A would result, This and other

similar considerations has led to the conclusion that the



ressure distributi-n is not coustant and is in fact so

o
4
0]

~
3

istributed that the effect of the end spresd may be ignored.

n
T

In the work decscribed no corrections have been made and no
obvious inconsistencies have arisen. 4 further point is
t'.at materials with large elastic recoveries are often
restricted from flowing from botween the tools by sharp
edges on the tools. This may be overcome by providing
slight radii on the edges of the tools when materials of
this sort are to be tested. . |
This concludes the effects which apply to both the

total and permanent deformation tests and the two tests will

now be considered seonarately.

2.3, Total Deformation Test

A frequent difficulty in wmany tests is the necessity
of measuring the deformaticn over some gauge section which is
unaffected by end constrainis. in the plane strain com-
pressiun teet the required measure of strain is ths relative
movement of the tools, the nmeasurement of wh ch is less
conplicated than the use of a gauge length. In the
avparatus used in this test (see Fig. 8 a) and b)) this
novement was measured by nmeans of two resistance trans-
ducers fitted at each end ol the press. The deflection

recorded is the mean of the two readings and correctsfor any

tilt of the press during loading.- Such tilts are not
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more than 0.003 ins. over the tool section in the worst
cases,

As these tests are to be carried éut at a constant
speed the load measuring cdevice must not be subject to-
dynamnic errors likely in many lever and spring systems;

The systewn used was an electrical strain gauge load cell
which gave an output of 3 mV. per ton load.

™e outputs of the load cell and the deflection
transducers were connected to an Ekce £-Y plotter and
dynamic load deflection curves were recorded automatically.
The response time of the plotter is not adequate for very
.high strain rates, but the range of the equipment can be
extended in future by the use of other recording devices.

A get of curves was obtained for a low density
polyethylene using 0.50 inch thick, 4 inch wide specimens
and 1 inch wide tools. The load was applied by means of
a 50 Ton Denison hydraulic testing machine. The specimen
thickness was measured at each end of the test section,
to determine a mean value and the speciren width was measur-
ed. The specimen was then placed in the préss and the
load applicd with a constant pump setting on the testing
machine, The load deflection curve obtained was then

converted Yo a stress versus h curve by use of the thick-

ness and length values.
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Sore flexing of the press was evident in an

tial displacenent of the load deflection curve. This

}e

in
was corrected for by reans of a lellecticn curve for the
press obtained without a specimen between the tools.

The speed of bthe deformation was determined
by repeating the test with a 0.2 sec time base instead of
the load cell on the y axis of the plotter, This confirmed
that, except for a srall initisl region, the speed was
constant and a value was determined for each pump setting
of the testin:; machine.

Exarples of the load deflection curves obtained
.are shown in Fig. 9 and covér a range of strain rate (f)
from .004 to .109 sec“l. The curves indicate an increase
of stress with strain rate up to this wvalue but preliminary
tests have indicated a decrease for higsher values., An
investigatinn of this will be included in future work but the
results up to this value will not be affected as they
are well within the plotter response times,

rhe equirnment has not been used to investigate fully
the effect of strain rate on the stress étrain curves of
plastics as it is not the purpose of the work at this stage.
It would be extrenely usefﬁl however in any future investiga-
tion of this tyne.

One of the aims of the investigation is to compare
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the resulis of the plane strain compression test with thdse
of other stress systems and it was necessary to develop a
technique suitable Zor the work. “he expense and <ifficulty
of ins%rumenting apparatus to obtaln dynamic stress strain
curves makes it unpraciical in rmany applications. I.any
cases are however concerned only with very slow rates of
loading. Jo obtain an approximation to this and to over-
corme the dynamic recording difficulties a 'semi-static'
test was devised, In a seuwi-static test the load.waé
applied in increwents and held constaut for each increment
while the deflection readings were taken. The numbér of
tnese increments was governed by the total time span of the
‘test which is kept approximately constant, in this case
10 mins, The lowest strain rate recorded dynamically
was ,004 sec‘;'l which corresponds to a time span of 1 min
for a range of  » from 1 to U.75. The estimate of strain
rate for the semi static test is therefore approximately
].0"5 sec for the same 1 range of . The strain range
of the test is limited because at higher stresses, around
yielding, creep takes place under the constant load.  The
deformation then varies widely over the period of the load
increment and it is difficult to obtain repeatéble
values,

A curve:' derived from the plane strain test using

the standard tine span of 10 mins was obtained for
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the polyethylene and is shown in Fig. 9. The relation
to'the other strain rate curves indicates that this method
gives an estimate of the low strain rate properties, The
variations of stress over this range of rateé are not large
and a repeatability of i 5% can be expected for the semi-
static test.

The apparatus for the semi static test is greatly
simplified in that it consiéts of two dial ;;auges to replace
the resistance transducers and a normal machine weighing
device to measure the load. Similar curves were also
obtained for P.V.C. and Nylon. |

The F.V.C. had a total strain of some 107 which is
the minimum range for this test for the loads involved
(15,000 1bf) as for strains below this value the correction
for the sub-press stiffness is of the same order as the

result, The results will be iven in a later section.

3.4, - Permanent deformation Test

As has been previously nenticned the definition
of permanent deformation is arbitrary. To investigate
the effects of the recovery time (tR) low density poly-
ethylene specimens were loaded with various stresses
for a dwell time of 10 mins and the recovery curves of A

after unloading determined. 'These are shown in [ig. 10
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and indicate clearly thé constant A\ for recovery'times of
greatér than about 10 hrs. Thus the standard convenient
time of 24 hrs was chosen to be the period after which a
deformation is termed permanent. = The 10 min recovery
value which is also shown iﬂdicabes appreciable variation
and thus it should be restricted to comparative tests.

The effect of increasing dwell time (%p) at a
stress of 2000 lbf/in2 is shown in Fig. 11. This is
essentially a measure of the permanent creep of the |
material and A would go on decreasing with dwell time. The
value of A obtained with tD = O is dependent on the strain-
rate in the initial loading. This dependence becomes
less as ty is increased and a long ty eliminétes the
effect entirely. The value chosen as standard, 10 mins,
effectively accomplishes this independence of strain rate
and has the advantage of giving extremely consistent results.
The permaneﬁt deformation curve obtained does, however,
include some creep deformation and the value of tD will
always be quoted with the curve. Any future work designed
to investigate the effects of strain rate on permanent

deformation must of course be performed with low values of

tD.
In carrying out this test the specimen is measured

as in the previcus case, lubricated, and placed in the press.

‘'he appropriate load is then applied and held constant for
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10 mins, The load is then removed and the deformation is
determined after 24 hours. In the total deformation test
the continuous loading made any change of die width when
the specimen was reduced in thickness impossible. such a
change is desirable when the die width to specimen thickness
ratio is greater than four és errors are introduced due to
a stress system which is not plane strain and an increased
frictional effect, (see sectién 2.2, The effect of
changing tools at appropriate values is shown in Fig, 12
for polyethylene. Bach pdints corresponds td a separate
specimen. The specimen thickness was U.50 ins which gives
a th/b value of 4 at » = 0.5. for W\ greater thaﬁ this vaiuve
the % inch tools give a higher stress value than the 1 inch
tools as would be expected from previous tests (see section
q
2.2). For A less than 0.5 a continucus curve is formed
from the 1 inch toc the %»inch die values.
The use of sepafate specimens for every point on
a curve can be wasteful and a convenient method is to
reload the specimen in the same place after each f
recovery. Fig. 13 shows the curve obtained by this
method using the same material as in the last test. AN
identical curve to the one obtained with separate specimens

. . .. .y . n . 1l .
is obtained with a smooth transition from 1 inch to bl inch.
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tool reéults. ' Thus waterial may be saved and the difficulty
of inconsistent rwaterial overcome by employing this
‘technique. The t, = 10 min was used for convenience.

s problem encountered in some materials is the
formation of cracks. These form in a direction normal
to the tool axis, that is,parallel to the direction of
orientation introduced by the stress systen. the main
cause is the residual stress system present after unloading
and the cracks can be avoided by reducing the tool widths
in stages in obtaining a required deformation. This gives
a less severe shoulder between deformed and undeformed
material and consequently reduced residual stresses. There
does not appear to be any measurable effect on the stress
strain curves due to these cracks, probably because they
form after unloading and they can be ijgnored.

#or very sharp corners on the shoulders of the
reduced sectibns as when narrow tools are used on thick
material (low b/h ratios) in special cases the deformed
section ol the specinen can be split centrally in a plane
parallel to thc tool faces, by ﬁhe residual stresses and ifl
care is not taken high values of A arc recorded. The

effect may be avoided by ensuring that severe shoulders

aTe not formed,



The stress‘versus A curves were determined for a
wide range of plastics to illustrate the use of the method

and are shown in Ilg. 14.

3.5, Qther Tests

a) Creep testing

The stability of this test enables creep curves to
be obtained for very high stresses. Certain problens must
be'overcome such as the elimination of the swelling effect
of the lubricant over a long period. The recoverable and
permanent parts of the deformation may be separated and

recoverable and permanent creep curves may be obtained.

b) femperature testing

The variation of both total and permanent
strains with temperature may also be investigated with this
test. Again lubricaticn problens must first be considered
but the method shows promise as is illustrated in Fig. 15
which shows the variation in the polyethylene permanent

deformation curve for two temperatures.

"he results of this investigation of the testing
of plastics by means of the plane strain compression test are
incomplete but it gives repeata®le and accurate results.

Instability does not influence fhe results and it is possible
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to se?arate percanent and recoverable deformations easily.,
The measurenent of stfain is simpler than most test methods
and the instrumentation for dyndmic recording is readily
carried out. The possibility of the application of the test
to the investigation of creep and temperature effects is
promising. ‘ |

The remaining problem 1s to relate these results
to other stress systems with the object of predicting
behaviour under all stress systems with the results of this
test. These predictions are carried out for metals using
the work hardening curves obtained in conjunction with the
theory of plasticity. This tnecory and other possible

methods will be considered in the next section.

4,0, Application of the Concepts of Plasticity Theory to
Stress sanalysis off ‘hermoplastics

The problem encquntered in the stress analysis of
plastics are best illustrated by considering the established
techniques and the behaviour they describe. The analysis
of stress in a body at any instant is derived from the
equilibrium of the various cowmponents and is independent of
the deformation process, I'he analysis of strain is

derived from the geometrical relationships of a deforming
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- continuous body. Some stress strain law must be defined
to relate thg stresses and strains in order that deformations
may be predicted from loads or vice versa.

The strain relationships are of the most siumple
form for the analysis of infinitesimal strains where strain
is defined as:

5L

e = =

o

where o e = the deformation

€, = length over which the deformatiun occurred.

The combination of infinitesimal. strains and a linear relation-
ship between stress and strain (Hooke's law) gives rise to
classical elasticity (ref. (6)). This has been widely
applied as it gives an accurate description of the elastic
behaviour of metals. No account is taken of time devendent
behaviour and the material is assunmed to'be 'perfectly'.
elastic in that all deforrations recover imnmediately on
unloading.

The theory has been extended to include time
dépendence with the development of linear visco-elasticity.
This described the material behaviour by means of spring-
dashpot models or éombinations of linear elastic and viscous

elements. Such a model is derived for each material
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and frow it the strain behaviour,creepyand relaxation may be
derived (ref. (7)).

ihe concepts of these theories have been widely
applied to plastics. In the most elementary applications
the stress strain curve for rigid plastics is obtained for a
small strain range and a value of Young's Modulus derived.
For some plastics the stress strain curve is linear but for
others it is'not, even for small strains, and this is over-
come by assigning a nean value of Young's Modulus to the
curve. This technigue 1s frequently proposed in the
plastics field as adequate for engineering applications in-
VOlvihg snnall ieformations.,

The lack of.linearity in the curves 1is often
ascribed to visco-elastic effects owing to the rate of strain-
ing at which the curve was obtalned and many investigations
have been carried oub Yo Jdescribe the behaviour in terms of
linear visco-elasticity. in sonre cases (ref. (8)) this
has proved successful while for others (ref. (9)) it has
been shown that the material is basically non-~linear and the
theory is not adequate for its description.

The analysis of iarpge strain, non-linear,
elasticity was first developed by «ivlin (ref. lO)) and
further extended by Green and adkins (ref. (11)).  The
analysis of strain is carried out in terms of éxtension

ratios defined as:



33
£
€o

deformed length

A=

where E

&

divlin showed that any strain state had taree tensor invari

original length.

J.
ants in terms of ‘the’three princical exbtension ratios A

-'Kl + 12 + KB

[
¥

13 = ?\l)kg?\§
Assuming a constant volume deformation
N 15 = l
and “he stress strain relationship was defined by means of
energy funcbtion such thatb:

W= B(I,15)

Froblems may then be solved in terms of w and it is there-
fore necessary to determine tne form of g for the naterial
under consideration. I'he theory was developed for rubber
and uhe nost irequently used form for this ﬁaterial is:

W = GlIl + 0212
where Cl and 02 are constants,

The kinematic theory of Tubber elasticity (see

ref.(12)) describes the defornmation process in terms of the

the
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distortion of the molecular chaine and from this basis gives
the result

W o= 0111

where Cl is a function of the molecular structure and the
temperature. No explanation of 02 appears to be decided
upon frowm this viewpoint. 1t has been pointed out that

c

I, and C2, 12 nay be, in fact, the first terms in poly-

1’ 71
nomials describing other functions and other forms have been
obfained (ref. (13)) which give gooéd fits to experimental
data.

In its present fofm the tlieory describes only per-
fect elasticity and includes no time dependent effects., Some
attempts have been made to include these (ref. (14)) but no
proven technique is available. The analysis of elastic
probleﬁs by this method is inélined to be couplicated and
the possibilities of extending it to amelastic behaviour
as encountered in engineering applications of plastics do
not appear very great at the nmoment.

another technique for the analysis of large strains
and non-linearity has been developned for describin; the
plastic deformation or flow of metals (ref. (15)). The

basic definition of strain is in terms of logarithmic strain.

In simple tension the increment of this strain is defined as
e = jS
e
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incremental increase in length

1]

where & E
“and E.

i

current length.

This may be integrated to give:

& = ln.—ﬁ— or 1ln A
Eo

where ec)= the original length.
for a constant volume deformation we have
kllgha =1,
‘and hence for the principal strains
€) + &5 + B3 = 0

The plastic deformation of a metal is assumed to
take place at constant volume and is therefore independent
of the hydrostatic component of the stress system, For a
stress system defined by three principal stresses Oys Op
and 65 the hydrostatic stress component is:

5

The plastic deformation is therefore governed by the three

”~,
c =

principal deviatoric stress components:

A\
- 4 = -
cl Ol [v] etc,

The criterion for plastic deformation to take place or

yielding will be governed by the three invariants of the

gstress system: .



36
Jl = cl + 02 + 05
J2 = - (clo2 + 0p0z + 0501)

J5 = 010205.
Jl is the hydrostatic stress and, it is assumed, does not
affect yielding; nrocess and it is also assumed (von Mises)
that it is also independent of JB’ The yielding criterion

is, therefore, a function of the deviatoric stress invariant

]
95
T33- (ofep + opoh + ofcl) = 3(cf? + o2 + of2)
such that:
2 4 o2 4 2 o 22
1 2 5

where k is a parameter depending on the amount of prestrain.
The variation of k with prestrain can be described by means
of a curve relating ¢ an equivalent stress and & an equivalent

strain defined as follows:

- ll 2 5 e 2 1/2
=____I = 63)% 4 (cn - 0.)° 4 (ca - i
G N (cl s + (cy oy + (cg 05)

T = 2.k
3

and

‘ 1/2
de = ﬂgzlkdal - daz}z + (ds2 - d85)2 + (ds5 - dﬂl)f]



-37
where ¢ and de are defined to be the values in simple tension.
The equations governing the plastic deformations

are the Levy-llises equaticns which may be written as:

de de de dy -
2 2 de .
.22 2 348 ete
2 12 2 ¢

1
- ]
or del = dlcl.
To include the elastic components of strain these must be

put into the form of the Prandtl-Reuss equations thus:

b 1 dC'
e - 2 48 i 1
1=z - arxm

The deviatoric strain increment is made up of
two components, the plastic compeonent in the direction of
ei and an elastic component in the direction of and dc!.

A vector sum is therefore necessary to define the strain
behaviour from the imposed stress system.

" Considerable success has been achieved in applying
this theory to metals. 1t includes no time dependent
phenomenon although some recent work (ref. (16)) has attempt-
ed this. Ho attenmpts have so far been reported of adopting
the concepts of this tueory to deal with problems in
plastics and a description.of such an adaptation will now
be given.

for the initial inwestigation a number of
restrictions will be placed on the range of problems to be

attempted, These restrictions may be 1isted as follows:
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1) The deformation will take place at oonstant volunme.
This appears to be a reasonable assumption for most plastics
except for very‘small strains.
2) The deforrations will take nlace at a constant, very
slow, strain rate and at a single terperature. The low
strain Eate is chosen to eliminate the complication of the
o

effect/strain rates and Jor the examples given the semi- >(
static test technique will be used (i.e._a constant time
span for each test).
3) The paterial is ascumed o be isotropic. for initially
isotropic plastics anisotropy only becomes apparent after
considerable pernanent deformatidn has taken place. The
deformation will only be examined therefore over a limited
range after yielding has cormmenced.
'4)  Only loading will be considered. Unloading presents
speclal problews which will be discucssed later,
5) The principal stress ratios will remain constant (simple
loading) throughout the deformation.‘ While this excludes
such processes as two part loading systems, e.g. tension
followed by torsion, it leaves a large number of conmon
engineering problens.

from these restrictions it will be seen that the
problen to be solved is that of large strains with a non=~

linear relationship between stress and strain for constant

conditions of loading, strain rate and temperature.



As the stress ratios remain constant the stress
increrent and total stress vectors are in the same direction

and the rrandtl-ieuss cquabtions can be rewritten:

_ {34, 44 oo
dsl = 2.2 + g Gq etc.

g is some measure of the elastic stiffness at this stage of
the :eformation. The deviatoric strain increment is now
replaced by the strain increment as the deformation is at
constant volume. The Iorm of this equation implies tﬁat
there are, in the case of rate sensitive materials, compon-
ents of strain in the increment and total stress vector

not '
directions. This is/necessarily the case as the elastic
conponent could bebin some other direction depending on the
strain rate. As we are concerned only with loading there
is no need to distinguish between rcccverablie and permanent
deforuations. 4180 as we are concerncd only with constant
stress ratios there is no need to define the directions of
the strain increnents as they must be in the direction of the
increment and total stresc vectors, which are coincilent.

nroposed, therefore, that the variable

[N
0]

T
40
elastic effects denoted by # be incorporated into the

T versus & relaticnship to give:
as) = 3.Z.0f
o

where d€ and © now include all forms of deformation, As
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the stress ratios are constant the equation of equivalent

strain increment may be integrated to give:

1/2
€ = ‘éz (el - 62)2 + (82 - 83)2 + (35 - 32)%}

and the stress strain relationships can be re-written:
\ =§§ '
&4 o.c1
Hothing is gained by expressing them in this form
and for the purpose of further develo:rment they will be left
in the incremental form.
The use of the G versus € relationship to describe
the deformation process does not imply any devendence on a
yield criterion,particularly es it describes Jeformation
below yielding, but that the delormational behaviour of a
raterial under a particular state of stress isc governed by the
second invariant ol the deviatoric stress system as in
yielding. Under the particular restrictions imposed in this
work this =tate of stress corresponds to a strain state
designated by a similar functioh of strain and a uni iue
relationship exists between the two functions. fhis 1s the
basic stress strain curve for tlhiese conditions.
To summarise, iv is pfoposed that there exists a
unique relationship between the two functions of stress

and strain defined as follows:



~41=

l(° - )% + (o = 0)% + (o - 65)2J Ve )

3 e ——
N2
- > 2 82 2]1/2
de = ﬂéz[sdsl - dee) + (de2 - dsa) + (dsl - dsa)-} / .o (2)
The relationship between these functions and the stress and
strain components in any direction nay be exporessed in the
form:
dg 1 | .
d;l ?; [Ol - ?(02 + 03{} etc. eeesal3)

C, + CH + O !
N D! P
= C]'_ - 5 -5-{‘01 2(02 + OE)J
and le = g‘%".'\fl etC. 0000'(4)

It should be noted that these equaticns have been preéented

ress and strain

ct

in terms of the principal components of s
which are defined in terms of the zgeneral components as

follows.

-——-2—-—‘1 /(—K—T—l) + ’C etCe.
dsl = V * (_—5-_1) + dY‘cy etc.

2
Ty = =3 etc.
and le = del - d92 etc.

- The equations may, of .course, be presented in terms of these

general components if required:



The application of this technique will now be iilustrated

by means of a series of examples.

4,1, Uniform Stress Bystems

The first of these exanples will desal with systems

where the stress éystem is the same throughout the body.

1) Plane Strain Compression

Let o, be the stress applied to the dies being

1
forcedintc the material. The stress normal to the axis
of the dies may be assumed to be zero (ref. (5)) and

therefore:
05’:00
The material undergoing deformation is restricted
from moving along the tool axis and there is, therefore,
zero strain in this direction

le€, d52 = Oo

From equation (3) we have:

dal = %.5:(01 - %(02 + 03)) 00000(5)

ds, = éaé'(og -3y v o) (8



d65 = "g"o_'f—'( 05 --%(01 + 05)) | cooco(?)

Now 0:5 = 0 and d82 =0

.°. from equation (6)

S
27239
For constant wvolune:

rdal + de:2 + ds5 = Q

. d4e = _dn
and .°. d82 = - dsl where del = 5

Substituting in equations (1) and (2) for equivalent stress

and strain we have

o = 343 .0y ceese(8)

and E = where 81 = ln — .....(9)

S

A3 0
The results of the semi-étatic test converted to @ versus

© are shown in Figs. 16, 17 and 18 for polyethylene,

P.V.C. and nylon respectfvély: The results of the permanent
deformation test over the same range converted on this basis
are also given.

The total deformation curves obtained in this test

will be used in the majority of c,ses for the prediction of

the results of other stress systeus.



2) Simple Tension

This test is the most generally used in engineering

and it is of interest to compare results obtained with those

predicted by the plane strain compression test.
for simple tension:
Op = 03 = Q
.'. From equations (3) dé, = dej.
For constant volume deformation this becomes:
- di 1
and by definition

T = c;» and € = &y

€1 is the axial strain defined aé:

gy = 1n —g- = 1n A
Eo
where . current length

gf ocriginal length.

for the purposes of comparison the plane strain compression

test results were converted to nominal stress and engineer's

strain. - +he nominal stress may be derived from the trye

strain ¢ thus:

The engineer's strain is defined as:



~45-

e a‘é__@_ where 8€ is the increase in eo the original

€o length
e BO +‘§e

and Kl = = = 1 + e
Eo €o »

The Oy Versus e ‘curve nay be regarded és a load deflection
curve as Oy is load per unit original area and e is deflec-
tion per unit original length. The converted curves for
polyethylene, P.V.C. and nylon are shown in Figs. 19, 20
and 21 respectively.

-Tension tests were carried out on the three
materials and the results are also given, for tension tests
where large strains are involved as in polyethylene and nylon
%he following technique was'used for deterrining strain.

Two gauge marks were made on the specimen and a pair of
dividers set to this gauge length. A short arc was then
scribed on a strip of aluminium. aAlfter the apﬁlication of
each load the dividers were reset to the gauge marks and ap - =
arc scribed from the same centre as the original arec. After
completing the test the radii of these arcs was measured

wiﬁh a travelling picroscope and the strain calculated. For
strains up to 20% this was found to give repeatibility of

up to t 5% of the total which is only slightly worse than

the expected variation in the material, For the smaller

strains of the ¥.v.C. a Lindley extensometer was used.
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Fig. 19 shows that there is agreement for Poly—
ethylene up to the onset of rermanent deformation, The
tension strains are then larger than those predicted by the
conpression test, The most likely explanation of this is
that the effedt of creep duvring the periods . over which the
load is held constant is more vronounced in simple tension
than in the stress systen of the compression test (see
section 4.4). This divergence is seen in Figs. 20 and 21
for P.V.C. and nylon and other tésts indicate that the
simple tension results tend to ;ive a larger creep strain
than biaxial stress systems.

All three tests show good agreement up to the
onset of the permanent deformation. It is of interest to
note that the use of © gives an accurate prediction of the
rapid increase in strain in the tension test or onset of -
flow, usually terned yield; from the plane strain compression
results. This implies that the criterion for the onset of
permanent deformation as defined here is that of wvon lMises
as in metals i.e. is a function of the second deviatoric

stress invariant Jé.

3) Thin Walled Cyl inder under Internal Fressure

For a thin walled cylinder under internal pressure,

with closed ends, the stresses are:



H

-4

D pD o .

where p = internal pressure

[
n

current mean diameter

t = " thickness.

& denotes the circumferential stress,

z the axial stress

and t the stress through the thickness.

Hence we have

= _ a2 pD
o y g
e de 1
Theéerefore dey = E;(Oe - §cﬁ)
_dé,. _ 3
dsg = de(— §(° + oe))

Now Oy = co/2 .°. dsz =

0 and Ay = 1

'« FFrom constant volune:

Agedp =1

D
Now lg = ﬁ; and l$ =

."« by substitution:

X
%
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pD
B=§o(?ﬁ_o')o7\é2 onooo(lO)
a
and; =—2—‘.ln 7\9 | ooooo(ll)
N3

and rewriting equation (10)

pD 2 - |
(Eto) = . 62 ocloo(la)
o VAR

For any material for which the stress strain curve is known

for any value of 19 a value of & may be calculated from
equation (11). By reference tc the stress strain curve

n corresponding value of ¢ may be found and substituted
into equation (12) to give the value of the pressure factor

pD
(ggg). Thus a curve may be constructed of this factor

versus 16 and for any cylinder of known DO and to the pressure
may be found to give any value of 19.

Such a curve, for low density »olyethylene, is
shown in Fig., 22 together with experimental points obtained -
for a cylinder of Do = 1 inch and to = ,061 ins. The
agreenment is good and further confirms the validity of this

approach,

4)  Equal Biaxial Tension

The »nroblem of the analysis of the bulging of a
circular membrane subjected to lateral pressure has been

solved by several authors. For exarple a large strain
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elgstic theory solution is given in ref, (11) and ref. (18)
gives a plasticity solution, Both solutions are com-
plicated and a solution will be given here which gives a
much simpler solution by means of a number of approximations.
Consider a circular membrane (see Fig. 23) of
radius a inflated by a pressure » to give a central
deflection &, Ref. (11) shows that the shape taken by the
dome depends on the stress vs. strain curve for the
material. For the special case where the dome forms the

cap of a sphere of radius R then:

DR

G —2t 00000(15)
where Cp = radial stress,

t = current thickness.

By symmetry the circumferential stress must equal the radial

stress:
g = Spn and Op = O for a thin membrane.
For any given pressure therefore we have
crt = constant
over the surface of the dome, This implies a stress

strain relationship of the form:

c ='Aee
for this condition to hold. This is obviously not generally

true and the shape will therefore be other than spherical.
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An approximate solution may however be obtained by consider-
ing that the shape obtained is equivalent to a uniform,
constant thickness spherical cap of the sameé central deflec-
tion. This mgkes both on and t constant over the dome for
each deflection and does not require the particular stress
strain relationship to be specified.  Any form of this
relationship is permissible as each centrai deflection

~corresponds to one point in the stress strain curve.

Row as o, = Cg and oy = 0 then dar = deg and .°. A= hge
For a uniform dome therefore we may write:
3 & . 27RS (= _surface area of cap )
T 2 surface area of original circle
By geometry:
2 2
R = g—t-g""' oo.oo(lq')
26
2
. 2 _ &
e e 7\r = l+"2 . 00000(15)
a
From constant volume
. t 1
PY P to = "—_‘;é-‘ 00.0.(16)
(1 + =)
a<

Substituting equations (14) and (15) into equation (13)

we have:



3= o,
and -6‘: = er
. - & |
(256—-) = C. s eeeeo(17)
812
© (1 + (3)%) ‘
and T =1+ Q). vee..(18)

For any value of (g), € may be calculated from equation
(18) and from the basic stress strain curve the appropriate
value of G obtained. The stress strain curve in this case
was . obtained from a simple tension test. It is hoped
to develop the plane strain conpression test using multiple
thicknesses of the film in future work. “ubstituting
this in equation (17) gives the value of the pressure para=-
meter required to give this value of (g). A curve derived
for low density polyethylene is shown in Fig. 24.

To test this solution the apparatus shown in Fig.
25 was developed. The polyethylene film was held in a
circular clanp and pressure was applied through a valve
in the base plate. The pressure was measured by meéans of

a walter manoneter, The central deflection was measured
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with a depth micrometer using a bridge over the Clamp as
shown, A typical set of results are given in Fig, 24
(average of five tests) and show good agreement with the
theoretical prediction. At the highest vaiue of pressufe
the film ficcked to orm local bulges and this was the limit
of usefulncss of the test. This nressure at which the
bulges form corresponds closely Lo the theorctical
naximum of the curve. This apparatus provides a useful
technique for determining the stress strain'curve,for a
material in film form where simple tension or plane strain

compression tests are diificult.

4,2. Non-uniform Stress Systenms

In many applications the sbtress may vary through a
body in any stage in the loading. A comnon example of
this is the tensiovn of a solid circular rod and this will

he treated as an exanple,

Torsgion of a So0lid Circular Rod

Consider first the torsion of a thin walled
circular cylinder of radius Ty thickness to and length
P, The shear stress in the wall of the cylinder will be

constant, say T and . = Gg = G, = O.
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The torque on the tubé is given by

2
The shear strain increment is:
rdde

20

where de is the angle of twist, Therefore

r e

i.eo -S. = "'2‘—._'9—' 00000(19)
N3 Co

and T = -—5—_}_—.@5’00.3 eee..(20)

Thus #he térsion of a thin walied circular cylinder
may be solved as before. A solid circular cylinder may be
considered to be made up of a series of concentric thin
cylinders. If we consider a cylinder of outside radius Ro

then the total torque will be given by

R
2 >
2 -
Toop = Z ,\/—"'g"roto'c’
o‘

This may be rewritten as:

Iy = -2 (52 - (F2) ceena(21)



and B = —2-(=2). (=% eeess(22)

For the examples used here thwas taken as O.lR0

and hence the rod was divided into ten concentric cylinders,
R, _
for every value of 7o a value of e was calculated for each
o}

r
of the ten values of (Eg)‘ ¥rom these values the wvalues of
0
o were calculated and substituted into equation (21) to

give the increments of torgue. These increments were
T

3
R,

finally summed to give the total torque factor

R ©
corresponding to the twist factor —%— . The
o

curve of these two functions for low density rolyethylene
is shown in Fig. 26, together with practical.points for
three roﬁs of different dianmeteérs of the same material,
There is some discrepancy between the practical results anu
the theoretical prediction which is probabiy due to bending .
in the torsion test. The apgreement is sufficiently good

however to warrant further apprlications of the technique,

4,3, Instability Predictions

It is frequently of interest to determine the
maximum load which a body will support under any given
loading systemn, This maxinum logd is generally a point of
instability as extensions beyond this can be obtained with
no increase in load. This leads to the formation of a neca

in the tension test and correspondingly this is often faken



as an upper load limit. Lhis load may be predicted in the
tensile test as follows:

Let Fl = load per unit area

o e Fy = Oy ohz
For constant volume lllzla =1
ete Fyo= 09/
dF1 :L dc oq
1

1
v " Ty "2

For maximum load r s 0
1

.. doy 9
[ EN

dcl
and hence EE;

%1
For simple tension o = © and e ='§—

and therefore = Q.

e1181

Thus by determining this condition from the O
vs. © curve the maximum value of F may be determined.

~For a thin walled cylinder under internal pressure
from equations (11) and (22) we have

- 2
€ = ——_,1In 19

N3

and



pD, 5 e
%o Mg;\g
. i . . : d .
The maximum .value of pressure is given when E%— = 0 i.e,
o
when
dc _ 2o
rdkg e

de 2 1
Also a._ B e—
A A
e i3

By substituting the values obtained from this
result in the original equations the maximum pressure may

be obtained.

As an example containing all the techniques pre-
viously described the instability of thick walled pqu-
ethylene cylinders under internal PTeSSUrcy Was exanined,
As in the case of torsion they may be considered as made
up of a series of concentric thin walled cylinders. The
vmethod'used for deriving the pressure, versus radial move-
ment curves for various values of outside to bore diameter
ratios (K) was a modification of the Manning method from
plasticity theory developed by Ford (ref. (18)). Fron
each of these curves the maximum pressure was obtained and

a curve of maximum pressure versus K ratio constructed.

This is shown in Fig. 27 together with the prediction
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derived from thin walled theory. Cylinders of various K
ratios were manufactured by boring out solid rod and their
maximum pressures determined. The values obtained are also
shown in Fig. 27. The agreement is good and illustrates
fully the power of this techniyuc of stress analysis when

applied to plastics.

4.4, Some Aspects of the'General Problem

In the examples discussed so far the restrictions
of lo-ding and constant stress ratios were imposed. To
investigate the possibilities of ektending the theory to cover
unlozding and varying stress ratios experiments were per-
forred bn thin walled polyethylene cylinders subjected to
combined internal pressure and axial load.

The apparatus used (Fig. 28) consisted of two
shackles designed to be mounted on a Jwick tensile testing
machine. The btube was clamped to the shackles by Jubilee
clips and the axial load was applied and measured by the
testing machine. The lower shackle was fitted with a
flexible hose and Water wa: pumped into the cylinder by a
hand pump. The pressure was rccorded on g SeparatépreSSUre
Sauge. The axial strain was measured on a central two
inch gauge lengfh with dividers and the diametral strain by

measuring two orthogonal diareters with a micrometer at the

central section.
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Five tests were performed:
1) Axial load (simple ternsion)
2) Internal pressure
3)  The axial load was applied and then held at a constant
value as internal pressure was applied. This was increased
and then held constant while the axial load was reduced to
ZEro. The internal pressure was then reduced to zero,
4)  The axial load w:is applied and then held constant while
the internal pressure was increased. after reaching the
maximun pressure the pressure was tinen decreased to zero.
This was followed by decreasing the axial load to zero.
5) The axial lo::d and internal pressure were increased
to the maxinmum value and decreased to zero in random incre-
ments such that the stress ratios varied for each increment.
The maximum points of all systems were chosen to
give, as near as possible, the same maximum value of

N

equivalent stress.

As a basis for the investigation it was decided
to consider the relationship between @ and throughout
the loading systems. The effect of varyingz the stress
ratios is best illustrated by considering the projection of

the © vector on the deviatoric plane. This plane is
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inclined equally to all three orthogonal principal axes and
enables the three dimensional stress system to be represented
in two dimensions. The hydrostatic, or mean ssress, is
normal to this plune and as only constant volume deforma-
tions are considered its effects are ignored. Ine axes

angle of the stress vector cn this

]

are chosen such that th

plane is given by (see Fiz. 29),

Cq = 2C
tan9=1. a 9

A3 o,

- The equivalent stress is given by

1/2
- 2 _ 2
Cc = [ce 6,05 * ca]

and by the use of these relationships the stress path may

be constructed. The projections of all stresses on this
»lane should be nultiplied by a factor of J/% (ref. (15)).
In the diagrams given the scale was multiplied by this
factor and the vectors givén their true values, The
stress paths for lodding systems 3, 4 and 5 are given in
figs. 30, 31 and 32 respectively.

The angle of the strain increnent is given by

ds

2
tan % =~ ﬁ 2degy + deg

If, for any loading conditions, the values of the

strains are known then the angle of the equivalent stress

vector € is given by:



~60-

e

o
tan P = -3z
The strain paths correspondingi; to the stress paths are also
given in Figs. 30, 31 and 32.

The two loading systerxs used to give the stress

paths correspond to constant angles on the deviatoric plane.

They are: | -
Simple tension: Og = 0 g, = - 259

tan © = tan ya = 1/ 3
Internal pressure: og = 202 e, = 0.

tan © = tan ,& = -,/3

Phe results are also presented in the form of G vs € in
fig. 33.

The problem of determining how & varies with S
under these conditions of unloading and varyin;; stress
ratios must now be cdnsidered. 1f some relationship can be
established then it would be possible to determine & at any
point during a cowmplex loading cycle and hence deséribe the
deformational behaviour coupletely.

The stress level of all these deformations is
below that of overall yielding and hence no permanenti
deformation occurs. The deformation may therefore be
considered to consist of two parts; a viscoelastic part

and a creep part. As an initial explanation of the

behaviour the following empirical relationships are

proposed.
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The elastic strain component is given by a linear

relationship and a lag factor. For a loading process this
is given by:

a5y, = #(1 - x)do
where g = elastic constant

Xx = lag factor .
For unloading this becones:

dey = #(1 + x) do
This is a vector equation and de is in the same direction
as dce

The basic creep relationship to be used is:
a3
L —
TEL < A0

where A = constant.

This may be expressed as:

- G — .—
deL = A ag.o,do. |
As each equal load increrent is applied for an approximately

constant time interval then

de = b.c.do
Q/ wh\cL \S a

where b = %—-tq constantes '}O’( o Co\’lsl\’d,n{; ‘od.iu\a \"o.ke.:.

This is also a vector equation and dEL and do are in the
direction of the stress vector ¢ . The total strain in=-
crements are therefore given by:

dEL = (1 - x)dc + bo do essse(23)
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a5y = #(1 + x)d5 - b5 do | eernn(28)
The similarity in form wi*h the Prandtl-Reuss equations is
of interest as it illustrates the similarity with the creep
an.! the flow functions. Future work will include extending.
the equation to cover permanent defcrmation in the form of
a non-linear work hardening function.

If we now consider sinple loading such as pressure
loading then dc and © are in the same direction and equa-

ticns (23) and (24) may be integrated:
g, = (1 - x)T +(6/2)T" + B
S, = (1 + x)T -(v/2)T° + ¢
U

The end conditions are:

&1, = O when o = 0 . e B =20

& = EU = 8, c = Eo at the unloading point and hehce
C = b5 ° - 2dx0
o) 7o
dence:
_ _ _ar
SL = ¢(l - X)O +(b/2)9 .'0!.(25)
5 .
ey = d(l»+ x)o -(6/F + (bcso2 - 2¢x6 ) ce..(26)

In order to determine the constants from the loading and
unlonding curves obtained the equations may be expressed

as follows:
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T, + 5y = 265 + (VS 5 = 24T ) eeenn(27)
Z.oga - x) +(o/F ceean(28)
(o]
-G-U - ('b'E:.o2 - "dx-o-o) '
= #(1 + x) -(b/ga eeses(29)

c
é >
The results taken from the mean curve drawn to the pressure

results (£iz, 33) are given in Ffigs. 34, 35 and 36 res-

pectively.
BEquation (®7) is seen to be valid and gives
4 = .0675 x 1070 1/1bf.
-2 -
and boo - 2dxco = ,006,

LEguation (28) is an acceptable line but there
is some evidence of curvature. This may be due to a creep
law of the form

- n

In this case it is assumed n = 1 and the variations
do not warrant the complication of including the power
function. The values from Fir. 35 are:

b/2 = .0276 x 1070 1/1b£°

g(1 - x) = 045 x 1072 1/1bf.
The value of on2 - 2¢k80 from equation (27) is sub-~

stituted into equation (29) and the resulting line is given
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in Fig. 3%6. The constants are:
b/2 = .0270 x 1078 1/1b£?

4(1 + x) = .088 x 107> 1/1bf.
The constants from the eduations are in good azgreement and
indicate that the forms of the equations are valid. The
mean values taken from these results are as follows:
4 = .067 x 1072 1/1bf,

-5 2

b = .05% x 10 1/1bf".

x = 1/3.
The curves for the set of sample ol tension results'are
also shewn in Figs. 34, 35 and 36. The predicted linearity
is not obtained here and it is assumed that this arose
mainly from material inconsistencies which were considerable.,
Simple tension values up to the first change over point gave
good agreement. Bome variation in x and a more pronounced
non linearity in the creep function may also occur in this
tvne of loading (see section #4.1.).

It is noted that x and b are related in that
'x = 0 when b = O for a non time-dependent process.

For complex loading systems where ¢ and dc are not
in the same direction the strain path on the deviatoric
plane méy be constructed from thc stress path. Consider a
stress vector EJOA shown in Fig. 37, changing to OB. The

line DE is then constructed parallel to AB the stress
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vector (OD is the strain vector &). The length DE is
(1 - x)AB for loading. EF is then constructed parallel
to OB and EF is of length b/2.0.CB. The total strain
increrent is then given by DF and the new & corresponding
to 03 is OF,

The strain paths for the stress paths given in
systems % and 4 are shown in ig. 38. systen 3 consists of
following the rectangular stress path and system 4 by re-
tracing the stress path from station 12 buck to zero. The
experimental points obtained for these two paths are also
given. Bo%h londing systens show good agreement on the
loading path (i.e. up to station 12). System 3 ;ives
reascnable agreement on unloadihg although there is sone
displacement of the cufves, vystem 4 glves poor agreement
in that the experimental results give an unloading line
parallel to the stress path indicating no creep. This is
improbable and it is ccnsidered that the discrepancies are
due to the irmpoesed loading system. The tensile force is
applied by imposing an axial extension while for the pressure
the load is inmposed and the extension results. This is not
the theoreticallcondition of apnlying thec stress system and
measuring the strairn resulting from this.

The O vs € relationship derived from the

theoretical strain paths are shown in Fis., 39, There is



-66=
considerable difference between these and the simple unload=-
ing curve, The experimental points are in much better
agreement, probably owing to the loading systems used. The
implications of these results are not clear and nore agccurate
experiments are required to draw a clear conclusion.

Thé analysis does provide a method for predicting
simple loading and unloading curves for below yield stresses.
The technique for dealing with complex loading systems
shows some promise but a great deal nmore work is requirea
to draw any firm conclusions. The relation of the empirical
equation to linear viscoelastic theory will also be consider-

ed when npore evidence is obtained.

4.5, Conclusions

The plane strain compression test provides a
method of overcoming the stability and measurement difficul=~
ties inherent in the simple tension test. The problems of
fricti.n and of die and specimen geometry have been fully
investigated and an accurate and valuable testing method has
been develbped. It is also possible Lo separate recever-
able and rerrwanent deformations easily and thus a powerful
tool for investigating flow properties is made available,
The semi~static test gives repeatable and easily pbtained

curves for the total deformational behaviour and gives a good

neasure of the low strain rate properties,
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The use of this curve to vredict the behaviour of
sther stress systems under simple loading (i.e. constant
stress ratios) by measns of eguivalent stress and strain has
been successful. The cases examined were not treated in
great detail as it wa's considered th:at a broad examination
would be nore profitable at this stage. he agreement with
experimental results for the cases examined is excellent,
The problems of dealing with more complex problems such as
the stress varying throughout a body and the calculation
of instability loads have also becen examined and good
agreerent with experimental results obtained. This
analytical technijue provides a useful method of carrying
out design calculations in the engineering avplications of
plastics.

The problem of dealing with conplex loading

ing .
(i.e. vary/stress ratios) and unloading has been examined
and a solution using a deviatoric plane construction pro-
posed. This shows sone promise but doubts as to the
loading systewms employed in the experiments prevent any
firm conclusion being drawn. 4 full examinati'n of this
problem will reguirec the developnent of sophisticated
apparatus which c¢»:1d not be attgnpted in the time available.

The solution presented is therefore a proposal on which

future work may be based.
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PART 11
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SeUe Introduction

Plastics film is widely used in packaging where
it is required to withstand impact loading. Th¢ problem
~ of devising a suitable test for estimating strength under
these condition$ has been attempted by several workers., To
be successful the test must include loading systems similar
to those met in practice and give accurate and easily
reproducible values. The conditions usually adopted are
some measure of the energy required to produce penetration
of the film by a projectile. The ball and dart drop tests
(refs.19,20) are widely used and-consist of dropping a ball
or hemispherical headed dart onto a clamped film from
increasing heights or with increasing weights uhtil a 50%
failure rate of samples is attained. The height or weight
at which this occurs is quoted as the 'dart drop' impact
strength, The test is easily performed but the reproducib-
ility is doubtful. Attempts to correlate the results with
other tests (ref.2l1) have met with little success. |

A more refined type of test consists of measuring
the actual energy absofbed on penetration. These are
generally of the dropping ball or ballistic pendulum type
(ref.22). A machine described.tuﬁﬂmé%mann (ref.23) is an

example of the latter and the excess energy after penetra-
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tion by the striker pendulum is measured by means of a timing
device and the energy absorbed by difference with the initial
value. Some correlation with practical applications such
as bag dropping are reported. - The test would appear to be
~ the most satisfactory awvailable but its general adoption hsgs
presumably been limited by the complexity of the calibration
rand energy measurerment which is the usual objection to this
type of test. The machine used in this work is of a similar
type but has thé advantage that the complexity is eliminated,
The design was carried out byR.S.Collingwood (ref.24 ) and is

based on a principle suggested by Professor H. Fford.

6.0. Machine Design

The principlé of operation of most pendulum
impact machines such as those used in theACharpy and Izod
tests is that the pendulum is released from a known height,
fractures the specimen at the bottom of the swing, and the
‘height to which it pises is determined. The difference
in potential energy corresponding to the original and final
heights gives the energy absorbed in fracturing the specimen.
The nature of the film requires that it be supported in
a2 ring and thus the pendulum, with the striker head attached,

cannot complete the swing. This can be overcome by mounting
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the striker head on a very long extension piece (ref.25) but
the mechanical difficulties make the idea ﬁnpractical. The
alternative is to mount the striker head on a short extension
piece, long enough to complete the penetration of the film
an then absorb and measure the excess €nergy. In this
design this is done by allowing the striker head to contact
~an abosrber pendulum which rises to a measurable height, and
by suitable calibration the fracture energy may be determined.

The striker pendulum (see Fig.40) has a two inch
diameter hemispherical striker head on a six inch extension
piece and is capable of delivering 25 in. Ipfat 17 ft/sec.
The absorber pendulum fests against a step behind the
clamp and has a light head located in line with the striker
head. On impact the absorber pendulum rises carrying with
it a 1lazy pointer enabling its angle of rise to be
determined.,

‘he clamping device should give a uniform,»low,
initial tension with reasonable edse; The design consists
of_three rings, a backing ring; a clamping ring and a locking
ring. The film is placed between the bucking and clamping
rings which have curved mating surfaces with slightly
different radii to give line contact. When the locking

ring is screwed down the clamping ring is prevented from

rotating by locating pegs. .The free aperture of. the
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specimen is six inches in diameter,

It is generally desirable to have the centre of
percussion of the striker pendulum at the point of impact
as this gives zero reaction at the supports. Even with
this condition errors of up to 40% have been reported on
large Charpy machines owing to enefgy absorbed by the
support. In this design the shape of the pendulum prevented
this being achieved but as the forces involved are small

‘compared with machine rigidity the effect is not considered

important.

760. Calibration and Accuracy

The initial energy of the striker pendulum is
absorbed in the following ways:

1) Windage and friction losses on the downward
sWwing. ‘

2) Fracture and distortion of the film.

3) Loss on impact with absorber pendulum.

4) Energy imparted to the absorber pendulum.
If the case of the pendulums colliding without a specimen
being interposed is considered then for every initial
position of the striker pendulum there is a corresponding

height to which the absorber pendulum rises. Thus any
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value of the angle of rise @ of the absorber pendulum
corresponds to a particular energy.for the striker pendu;um.
If, after fracturing a film, the s%riker pendulum gives a
reading of &, the energy left in the striker pendulum after
fracturing may be found. The energy corresponding to the
.initial position is then found and hence by difference the
energy absorbed in fracture may be calculated. The
calibration curve relating © to the initial pbsition of the
striker pendulum accounts for both the energy transferred

¢ y o
to the dbsorber pendulum and that lost on impact as the

impact is between essentially rigid bodies and hence depends
only on thé striker pendulum energy.

Fig.41 shows the calibration curve where © is
plotted against an angular measure of the striker pendulum
initial position ¢ which is ﬁeasured from an arbitrary zero
d18p1aced 42.50 from the true zero. The repeatability of
this curve was investigated by taking forty readingsvfor
each of three values of &, Histograms of the distribution
of these values, mad to 0.,1° with the scale calibrated in
0.5° divisions are shown in Figal.. The values group
around the scal€ marks indicating that the distribution is

due to observer choice. The machine may therefore be

taken tb be repeatable to within i 0.250, i.e. t 0.08'in.lbf
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at 4 = 65° and [ 06 in 1b. at # = 0°,

The windage and friction losses on the downward
swing must be subtracted from the initial potential energy
value used in the calculations. They are brought about
by friction in the bearings and the drag of the surronnding
“air, As the pendulum has a large surface area to weight
ratio the bearing friction losses would be expected to be low

compared with the air friction losses. These would be in

the form of viscous damping and would result in the following

relationship
logex = A - BN
where- X = angle of swing
N = number of =wings
and A ;3 B = constants.

Fig. 43:8hows results taken from a test where the striker
pendulum was allowed fo swing freely and x was measured every
ten swings, TheAassumption of viscous damping is confirmed.
This corresponds to a loss of 0.1 in.lbgs for the maximum
downward swing at g = 650 which is less than the calibration
accuracy and may be neglected. Thus the energy before
impact may be taken as the rotential energy corresponding

to the initial value of 4.

To summarise the calibration procedure;

a) The initial energy is determined from the
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initial value of 4,

b) A value of © from the absorber pendulum is
found from the impact test,

¢) Tue corresponding value of 4 may then be
determined from the calibration curve and hence the residual
energy calculated,

d) The difference between the initial and the
resiaual energy is the energy-absorbed in fracturing the film.
The value may be quoted to an éccuracy of : 0.1 in.1bf.

In some tests film adheres to the striker head and a
test was carried out with the striker head covered with
polyethylene film., No variation of greater than 0.5% in

the calibration curve was found and the effect may be

ignored.

8,0. TestihgﬁProcedure

When testing a film it is necessary to examine
a set of specimens taken from the batch for whith the impact
strength is required. | Plastics' film is subject to wide
variation, even within a batch, and it is necessary to know
the expected accuracy of any value determined.  To
investigate the effect of sample size, fifty specigfns were

tested from a :lay-flat polyethylene film (E 2069) of density

¥ The code numbers are those ©f Polymer-Services Laboratory,
U.S5.1I. who kindly provided the material and definitions are

given in Table 2.
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" +923, melt index 5 and a nominal thickness of 1.2 x lO3 ins,
distograms of the results as taken from each side of the lay-
flat tubing are shown in Fig. 44. The shading directions in-
indicate the values from each side and the cell size is taken
as 0.5 in lbf‘

There is a marked difference between the two sides
and considerable variation within each set. Such variations are
brought about by manufacturing errors resulting in material in-
csnsistenéies and localised variations in thickness. Attempts
to measure thickness variation were unsuccessful as the techni-
ques available, such és comparators and micrometers, were not
capable of measuring local thickness variations. When defining.
a mean value for the film both sides of fhe tube must be includ-
ed. The fifty specimen mean is not a statistically true mean as
this is a sample of a larger population but as the distribution
is bbmodal and therefore statistically complex it is considered,
that for practical purposes, it 1is a sufficiently accurate

- measure of the mean energy.

The mean calculated from smaller sémple sizes will
differ from this value. To estimate this effect the fifty
values were considered in samples of one, five, ten and twenty
five in the order in.which they were taken from the tubing.

The means for each of these samples were thén calculated
and the average variation of the means of each set of

samples from the fifty specimen mean was determined. These

are shown plotted as a percentage against the number of
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specimens per sample in Fig.45. The largest or worst
variation from the fifty sample mean for a given sample size
is also given. Thus for a sample of ten specimené the
likely variation from the fifty specimen mean is ﬁ 3.5%
with a possible maximum of T 6.5%. This is coﬁsidered to
be a more realistic estimation of accuracy than a standard
deviation as the distribution is not normal as is required
by the calculation of the standard deviations. The varia-
tions obtained depend on the particular film and Fig, 46
shows the expected variation for another polyethylene (E 2066)
film, The méan variation for ten specimens in this case is
A 8.0%. "In the tests to be described the ten specimen means
were determined and the variation from a fifty specimen mean
is expected to be less thgnvﬁvlo% with a possibility of up
to * 15% variation for the worst case. These values refer
to specimens taken from one section of the lay-flat tube.
Slightly better accuracy would be expected if the specimens
were taken from widely separated sections if it is ensured
that an approximately equal number is taken from each side
of the tube. The values quoted here refer to polyethylene
film as this is the major concern of this work. further
tests of this type are necessary for other plastics.

The velocity at impact can affect the energy

absoed as plastics are rate sensitive materials. This may
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be varied by means of varying the inifial angle of the
striker pendulum. To investigate as large a range of
velocity as possible a loaded pendulum was used as well as
the normal one as the energy availlable varies with initial
angle and to achieve fracturg at the lower velocities extra
weight was requifed. Fig.47rshows the curves obtained for
two polyethylene films £E2181 and E2185, The continuity
of the curvés over the normal machine characteristic incicates
that the fracture energy is essentialiy independent of the
energy available. There is, however, considerable variation
with velocity, particularly with the higher energy values
and it is nécessary to define the velocity of testing. The
tests carried out in this programme weré at 17 ft/sec which
corresponds to an initial energy of 25 in lbr for the normal
pendulum,

The initial tension in the film may also affect
the energy value obtained. The consistency of tension
in the clamping arrangenent used depends largely on operator
skill and in the teste performed care was taken to ensure
Auniformity between specimens; - A test was carried out with
a polyethylene film E2068 in which one sample of ten
specimens was clanmped as'tightly as possible apd a second
sample with approximately i.l inch slack at the centre. The

former gave a mean of 13%.4 in lbf and the latter 1%3.5 in lbf
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indicating that in this clamping technique it is difficult
to obtain anything other than zero tension. Thus with
careful'mounting of the specimens no appreciable error
should result.

When the fracture energy is low a more accurate
value nay be obtained by testing several thicknesses at
once. This is illustrated in Fig.48 where the fracture
energy is shown plotted against the number of thicknesses
for polyethylene film E 2185 of thickness 0.7 x 1072 inches.
Numbers greater than about six are undesirable as those
thicknesses furthest from the striker head tend to be
subjected to a different stress system. Up to this value
there is a simple additive process.

The temperature of a film affects the fracture
energy and in applications such as frozen food packaging
variations in impact strength of this nature are important.
it is hoped to carry out some work on this topic later
but the present tests were all at 23°C with variations not
greater than : 1.

The standard procedure used, unless otherwise
stated, may be summarised as follows:

1) The specimen is clamped with sero tension.

2) The pendulum delivers 25 in 1b, at 17 ft/sec.

3) The temperature is constant at 23°C,
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4) The mean of ten specimens is quoted, which,
for polyethylene films is within * 10% of the "fifty specimen
mean, This variation is due to the material and not the

machine.

5) The specimen has an effective diameter of
six inches and the striker head is a two inch diameter hemi-
sphere of polished aluminium.

The effects of friction over the striker head are
‘also of importance and are discussed fully in a later |

section,

9.0. Test Results

9,.,1. Impact Test

a) Polyethylene

Fourteen different types of polyethylene film
were tested and the results, together with details of
density, melt index, and thickness, are given in Table 2a
Also given are tensile test results and Elmendorf tear test
and Dart Drop values as determined by Polymer Services
Laboratories. The impact values Qre diyided into three
columns each corresponding to a type of fracture which are
defined as follows:

Split: See Fig. 49a. This is a single break

usually two or three times lenger than the striker head
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diameter. There is little or no evidence of permanent
deformation around the break. .

Tear: See Fig. 49b. This type of fracture
consists of a break somewhat smaller than the striker head
diameter with significant permanent deformation around
the break.

Hole: See Fig. 50a. The film breaks in a
circular ring with large permanent deformation.

Most of the fractures obtained could be divided
into these three categories and in some cases two types
occurred within one sample of ten specimens. The numbers
of the type found in the sample together with the mean
energy are given in Table 2. Fig. 51 shows the mean
energies plotted against film thickness and three iingg
corresponding to the three fracture types are indicatéd.
The 'weak' points are those of means of less than fivé
specimens with expected errors of greater than hs 10%.‘ All
points except the 'weak' values and one split value (E 2066)
lie within the limits of ¥ 10% of the mean line. The
energies per unit thickness (W) for the three types of
fracture are as follows:

Splitv6.0 X lO5 in lbf/in., Tear 8.5‘x 103 in lbf/in,
Hole 12.7 x 10° in 1b,/in.

Certain fractures such as that shown in Fig. 50b
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are difficult to classify on appearance but reference

to the value of W will give a definite classification.

b) Polypropylene

Ten specimens of E 1964 of density 0.9108 and
thickness 0.5 x 1072 ins were tested. The values ranged
from 1.0 to 23.2 in 1b,. with wide variations in the
type of fracture obtained. The fractures where made up
of straight, highly localised, splits parallel and normal
to the machine direction. The higher energies were found
to be proportional to the length of the parallel fractures
and independent of the normal fracture. The lower energies
bear no relation to either fracture length. Further
testing wpuld be required to determine the causé of the
low energy types of fracture and at present all that can
be said is that the film is prone to wide variations, in
some cases with values asilow as 1.0 in lbf, and care

should be taken in its application.

c) DlMelinex
Two to three inch long splits were obtained with

a mean of 15.6 in lbf.

d) M sat. (Nitro=-cellulose costed cellulase)
A very distinctive radial fracture pattern formed

resulting in very large numbers of streamers at a radius
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of about two inches. One blow was found to be insufficient

‘and two blows were used. This results in a high value as
some energy is absorbed by recovery between the blows. The
value is quotéed: for comparative purposes and is approximate.

The mean value obtained was 39.5 in lbf.

e) Saran Wrap No, 7

The number of blows required varied from one to
five with variations in values of 9.5 to 114 in.lbs. 4s in
the previous case these can only be taken as approximate
indications. The mean value was 70 in 1b, and the fractures
varied from straight splits (low energy) to numerous radial

splits (high energy).

9.2. Notch Sensitivity

Many impact failures of filﬁ in practice take
place at much lower energies than anticipated because of
flaws or breaks already present in the film. It is
desirable to have a measure of the sensitivity of film to the
presence of these flaws or notches and this test was
developed for this purpose. ;n the case of breaks in the
film it was considered that a razor blade slit would be the
most severe case and was therefore adopted. The position
and gize of the slit would determine its effect and a series

of tests were carried out to determine the worst cases i.e.
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that which produces the largest decrease in energy from
the unnotchedvalue, As the principal concern is poly-
ethylene this was used for the exploratory work and the
results applied to other materials, Modification may

however be required as experience is gained.

a) The Effect of Notch Length

Four materials were tested; E2184 and 2186 split
materials, E2069 a tear material and E2182 a hole material.
Two curves were determined for each material, the first
with the slits normal to the extrusion direction, and the
second with the slits parallel to the extrusion direction.
The results are shown in Fi;s. 52, 53,54 and 55. For
both split and tear materials the fractures formed élong
the extrusion direction while for the hole material they
formed in the direction of the slits.

The split and tear materials show a marked initial
drop for the parallel slits which may be taken as a
nmeasure of notch sensitivity. The normal slits gave a
more gradual decrease ahd for the hole material a gradual
decrease was obtained for both parallel and normal slits.

The test must Bc defined in terms a single notch
length if the test is to be used for routine determinations.

The length chosen was 0.5 inches and the notch sensitivigy
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is defined by the ratio of the energy absorbed bj,the
notched specimen to that of an unnotched specimen. The
suffices p and n refer to slits parallel and normal to

the extrusion direction. The values for the materials

tested are given in Table 3.

Table 3
Code Type Unnotched « =,
No., of ener p
Failure (in 1be).
E2186 Split 6.9 .561  .561
E2069  Tear 13.9 465  .606
E2182 Hole 17.7 <504 « 504

b) Effect of Angle of Notch to Extrusion Direction

Half inch slits were placed at various angles to
the extrusion direction for split, tear and hole materials
and the results are shown in Fig. 56. ' The 0° and 90° cases .
are the limiting values except for a slight decrease at
45° for the hole material which is not sufficient to

warrant a special test. Thus the “5 and o, values will

give the range of sensitivity Zor the materials.



-86-

c) iffect of Fosition of Notch

As there is a stress variation over the film on
impact the central position is not necessarily the worst
case. To determine this lr1f inch slits both parallel and
normal to the extrusion direction were insefted at various -
distances from the point of impact. The results are shown
in Figs. 57, 58 and 59. There is a slight decrease for
the normal slits in the split material at an offset distance
of one inch. The decrease is not below the ninimum
parallel value however and will be neglected. The minim&
for all other cases are at the impact centre (i.e. zero
offset). The apparent increases above the unnotched values .
at about one inch offset is due to two sets of fractures
forming,.one at the centre and the other at the slit.

The two limiting, most severe conditions, are
with the half inch slits parallel and normal to the extru-
sion direction:s at the point of impact. The values given
afe the means of five specimens and Fig. 60 shows the 90%
confidence limit for a typical set of values with two repeat-
ed values. The confidence limits correspond to approximate-
ly : 107% variations., The variations in the results are
much less than the unnotched specimens as they are less

sensitive to flaws,

The notch sensitivity factors were determined for
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other types of film and are shown in Table 4

Table 4
Name Unnotched o _ o
© Value P
(in lbf)
Melinex 15.6 .23 .22
M.sat. 39.5 .001%* -
Saran Wrap 70.0 .03 .03

Two values taken; below the limit of the machine

accuracy.

. It is interesting to note that the highgr strength
films are much more notch sensitive than the polyethylenes.

A further type of flaw is a crease or fold as found
along the edge of lay~flat tubing. Although less severe |
than razor blade slits they cover long lengths of material.
A simple comparative test for the sensitivity to this efrfect
is to test film with the fold as a diameter of the specimen.
As an example polyethylene film.E2185 was tested with folds
parallel and normal to the extrusion direction. The

results were as follows:

Unnotched value = 9.5 in lbf.
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Razor blade slit values;
« = 60 , =, = .85
Fold parallel to extrusions « = .25
Fold normal to extrusion « = 1,00,
The normal fold has no appreciable effect but

the parallel fold can give « values much below the slit

values.

9, 3. Impact Fatipue Test .

In many applications film is fractured by
repeated blows whose energy is below that required to cause
failure in a single blow. During the interval between
blows the material dissipates some of the absorbed energy
and the tbtal energy required for fracture is therefore
larger than the single blow vaiue. This total energy
will depend on length of the interval(ie.frequency of blows)
and for any particular value anvenergy per blow may be
determined, similar to the normal fatigﬁe limit, below
which a very large total energy to fracture is required.

If a frequency for a pargicular application is knaown this
value of‘fatigue liéit ;ill give an indication of the safe
permissible impact loading.

Ref .26 describes a machine designed for this type

of testing which consists of 1 pendulum sicilar to that on

the impact testing machine, mounted in a horizontal position,
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It is considered that the test described here is more useful
in that it can be carried out on the impact machine and
that the wvalue obtained is of immediate practical value.

The shorter the interval between blows, the lower
will be the fatigue 1limit. In these tests a value of
l - 2 sec. w:s used as it was considered to be the most
severe likely to be encountered in practice. Lnergy
absorbed to fracturebversus energy per blow curves were
determined for polyethylene film'E2184, a split materiél,
and E2181 a hole material by releasing the striker pendulum
from appropfiate heights and are shown on Figs. 61 and 62,
The points are for single specimens as averages would
obscure groupings at the discontinuities due to the
repeated blpws.

The energy increase owing to the first interval
between blows is clear on both curves but increases owing
to other intervals are smaller due to smaller energies
per blow and are obscured by scatter. AThevtypes of
fracture were identical with those‘obtained for a single
blow except for isolated tears in the hole material. The
fatigue strength factor B will be zefined s the ratio of
the fatigue limit to the single blow fracture energy under

standard conditions. The results for these materials

are given bdow.
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Code No. Fracture Single Blow Fatigue B
Type Inergy Limit
' (in 1bf)
E2184 Split 6.5 2.5 .38
E2181 : Hole 14.9 3.5 o3

The split material has a better relative fatigue
strength than the hole raterial but the latter still has

the higher absolute value.

10.0. Effect of Friction

In impact tefts the fiim is fractured by penetration
‘with the hemispherical striker head. | The type of fracture
obtained may be governed, not only by the mechanical propertie
of the material, but also by the friction between the film
and striker head. This friction determines the deformation
and stress conditions over the dome of the striker head which
in turn determine the type of fracture which results. Under
certain conditions polyetuylene film will adhere to highly
polished metal surfaces by 2 mechanism usuélly ascribed to
electrostatic attraction and termed 'blocking’'. This

results in very high frictional forces which restrain the

film from moving over the surface. | The addition of
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additives to the film or grease on the metal surface can
eliminate thais effect and allow the film to slide freely.

To determine the friction conditions in the impact
test it would be desirable to unalyse the dynamic loading
conditions., This is a very complex problem and as a first
step an analysis of the very slow or 'semi-static' case
was performed. For these low speeds a basic stress-strain
curve for the material may be obtained and the load deflections
predicted for various frictional conditions. The general
case, for any value of coefficient of friction between the
surfacés, is complex and for this work il was considered
sufficient to consider two limiting cases. They are zero
friction and full friction. Only the material over the

dome has been considered as this is of principal importance.

1) Zero Friction

Using the nomenclature defined in Fig. é& the
equilibrium of the forces across the section of contact XX

gives;

ort =§§—7€.‘——1§- | oo-co(}d)

Sin"e
for this condition we shall assume o to be
constant over the dome and that the material over the dome
originated as a circle of radius b sin «. when the

principal stress ratios are constant throughout the deforma-
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tion process the flow equations of plasticity may be
employed:
1 s
66, o, - ?(OG + cg%

7
6¢ N 1
e og - §(qt + Or)

= E

where 6ar and 659 are the increments of radial and hoop
strains. Strain is defined as

e = In.» and 6e = %%

where A = extension ratio, the ratio of the strained to the

original length.

For c. = const; c. = S .and Cy = O for thin films.

o e ésr = 639 and lr = hg.

Thus using the second assumption;
2 2 | o
" T 7 cos = seee-(31)

The equivalent strain increment is defined as follows:

: 1/2:
- 442 2 2 2 .
o¢e f 5 £(651-682) + (682—683) + (693—651)‘] .o (32)
For polyethylene we may assume a constant volume deformation .
and thus:

lrlglt = 1 . ooo--(33)

where Ay = through thickness extension ratio.

Thus éar + 689 + bst = 0 and ber = bee
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s o ést = = 2669

oubstituting into equation 32:

6e = 2689 i.e, € = 2?9

2
But 2e, = ln A§

- .
and € = 1n T5Gov = reeee(34)

The equivalent stress is defined as follows:
T = —;—5[(01—02)2 + (02—03)2 + (05—c1)5j 12 eeeea(35)
Yor thin film we may assune Cy = 0O where Cy is
the through thickness stress and hence;
Cc ='c4
From equation (4) we have:

_ (1 + cos «)
t‘— to 2 d

vubstitution in equation (1) gives:

(Eg%;) = E.sinem(l + COS o) ceeee(36)

Thus for any value of o« the corresponding value of € may be
calculated from equatior (34)., Reference to the equivalent
stress-strain curve for the material will give the approbriate
value of G. This may then be substituted in equation (36)

to give the value of F corresponding to the value of e By

choosing a number of values of « the curve of F versus « may

be constructed,
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2) ful1l1 Friction

| For thishcase there is no mpvcment of the material
over the dome and hence all the material distortion is in
the radial direction and Kg = 1 i.e. zero straining in the
hoop direction. Assuming as before that the material over
the dome comes from a circle of radius b sin a,lr at the

point of contact is given by:

bde 1
M = &® sin =) " Cos = ceeea(37)

when the principal stress ratios are constant the
flow equations of plasticity are applicavle:

1
%8s _ S - 5(og + o)

.....(38)
566 Of - %(cr + oe)

As Kg =1, 699 = 0 and from constant volume we have:
ésr =-6et.
Also o. = O and therefore, from equation (38):
: c
. r . .
09_-?— 00..0(59)

Substituting in equations {32) and (35) we
hgve |

€ = 2 1n 1

N3  cos «

and .0 = 1éz or

From constant volume, t = to cos « and substituting

eeeesbis0)
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in the equilibrium equation (30) gives:

F - _4 . 2
(-——) = G.‘—‘— Sin o COS o ....-(41)
bt N3 ' '

Thus by the use of the equivalent stress-strain curves and

<

equations (40) and (41) the curve of F versus « may be

determined,

To obtain the experimental load versus angle of
overlap « curve a piece of cord was attached to the striker
pendulﬁﬁ and passed over a pulley. Weights were then hung
on ﬁhe chord and « was determined by measuring the dia-
neter of the circle of contact; The polyethylene film
used was E2066 and two curves were obtained, one with the
polished aluminium head dry an: the other with it covered
with grease; These curves are shown - in Fig. 64~together
with the theoretical curves for full and zero friction
derived using an appropriate basic stress-strain curve
obtained from a plene strain compression test.

The lubricated hedad gives a close approximation
to zero friction and this is borne out by observing the
types of fracture produced. For all three types of frac-
ture in polythene film there was cvidence of even stretching

over the dome .ith the multiple fractures forming in many
cases. .

The polished head condition approximates to full
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friction and the conclusion that the radial extension

increases with o, (xr ~ o8 x)', is borpe out, by highly

deférmed annuli at high.angles of overlap prior to fracture,
Corparison of these étatic fracture tyées with
those obtained under the standard dynamic conditions
indicated that the lubricated head did give the uniform
stress system for the split materials where low ovepal}
deformations were involved. For tears and holes however
the effect was not so marked. The polished head gives
split and tear fractures from the bole of the dome under
dynamic oconditions while holes are formed by fracture in
the annular region around the head. The_most reasonablg
explanation for this is that for small penetrationé sliding
does occur resulting in low deformation fractures at the
poie. Yor large penetrations friction becomes moré
effective and the annular failure corresponding high friction
takes place, The presence of a lubricant incrcases the
amount of pénetration which takes place under low friction
conditions and thus increases the likelihood of failures at
the pole, The material properties are therefore the
governing factor 1n determinin: the ﬁype of fracture formed.
Splits form at low deférmétions which correspond to low

friction and tears form with higher deformations but when

the friction is not sufficiently pronounced to produce an
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annular stress cheentration.‘ Holes arise when fracture
takes;place at such high deformations that the frictional
effect produces the stress concentration around the head,

The frictional conditions on the striker head are
not then of any fundamental importance in this type of
test. If however it is required to test a material under
conditions of 1:1 tension for a particular application

then the lubricated head will give.a more accurate assess-

menf of the energy absorbed.

11.0. Comparison with other Tests

There is no well defined direct correlation be-
tween the tensile or Elﬁenddrf Tear test results and the
Impact test results shown in Table 2 There is howevef
some correlation with the Dart Drop'test as is éhown in
Fig. ©65. | Such a correlation would be expected considering
the similarities of the tests. The correlation of the
Dart Drop test with other parameters such as thickness is
very poor and the variations:in Fig.'65 are due mainly to
scatter in the Dart Drop values. An approximate conversion
factor could be taken as:

Impact Energy = .14 x Dart Drop value.
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future work includes a large scale comparison of the two
tests, . |

The sand bag drop test is frequently employed as it
is very close to practical conditions. Unfortuhately,
results are subject to wide écaﬁter depending on how the bag
is made, tied and dfopped. vAs'a comparisbn bags wére made
from éolyethylene film E2183% by. heat sealing the lay-flat
tubing. The bags were filled with 13 1bs. of dry sand and
tied at the neck. They were then dropped and a bursting
height of approximafely 30 ins. was determined. Examina-

tion revealed that all the bags fractured along the edge

2 of effective

folds and that thereiwas approximately 100 in
area absorbing the shock determined by a circle of stressed
material 12 ins diametef. This corresponds-td 4n energy
per unit volume of material to fracture of 3,250 in lbf/inB.
 The stress system of the bag is approximately 1:1
tension and accordingly a lubricated impact test was perform-
ed on both plain and creased specimens. The effectivé area
of the material was assumed to be a circle of equal dia-
neter to the siriker head. The energies per unit volume
were 5,700 in 1b./in’ for the plain film and 3,630 in ibf/in5
for tne folded specimens. The agreement of the‘secohd

value with the.5.250 in lbf/inB‘of the bag test is good

and illustrates the practical value of the impact test.
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12,0, Impact Fracture of lolyethylene Film

12..1. General Introduction

In general when a material is subjected to a stress
system it deforms first elastically, then plastically and
finally rubtures. The amount of plastic deformation
or flow that a material undergoes largely governs the energy
required to cause fracture and is determined ﬂy_the material-
ductility or ability to undergo plastic deformation. The
fracture criteria (i.e. stfess or strain conditions at

‘which fracture occurs) are not usually greatly affected by
such paranmeters as strain rate or temperature. The onset
of flow is sensitive to them however and usually this
criterion is incfeased by increasing the strain rate and
decreasing the temperature and under such conditions
fracture may occur before ﬁlastic flow. Fractures produced
before plastic flow therefore are at much lower energies |
than those preceded by flow and the terms brittle and
ductile are applied respectively. Th> terms do not however
refer to any particular type of fracture but refer to the
relative values of energy absorbed in the two types.

In certain cases low energy fractures may result
even when flow precedes the fractﬁre, If-é flaw or
material discontinuity is present an elastic stress con-

centration and very localised plustic flow will result., for
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highly ductile materials the plastic flow may completely
relieve the concentration but often it will not and fracture
will occﬁr. laterial anisotropy which restricts the flow
to one direction in effect concentrates the deformation
still further and increases the likelihood of localised
failure,

The formation of the fractﬁre releases elastic
energy from the rest of the material and if the plastic
flow is very localised this energy may be sufficient to
propagate the fracture through the material. Fractures
taking place before plastic flow has occubred may also be of
this type and it is usually referred to as unstable cracking.
In other cases an external supply of energy is required to
propagate the fracture and this is termed stable cracking.
Initiation energies are usually associated with unstable
fractures and may be accounted for as follows. The released
elastic energy is generally in excess oI that required to
propagate the fracture. If a very sharp notch is present
the elastic energy has only to reach the propagation value
for the crack to form. The difference between the two
values is therefore an apparent energy necessary to initiate
the crack.,

Two types of unstable fracture are therefore

possible.
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l)~. When the material ruptures before plastic flow
vtakes place. This can be prought about'by meaépriqg the .-
strain rate or decreasing the temperature which give a flow
initiatim at a higher stfess~ level than the fracture
criterion. Certain triakial stress systems can also
produce thé éame effect by lowering the fracture Critepion.

2) Véry localised plastic deformation can be
produced by stress concentrations owing to specimen or load
geometrys and by material aniéotrOpy. These conditions are
aggravated by any increase in the flow criterion as
described in l)yas the amoﬁnt of flow prior‘to fracture is

decreased.

For the discussion .of the impact failure of
polyethylene film which follows the second type is of

principal interest.

12,2. - Film Manufacture

lMost of the polyethylene film is manufactured by
extruding a melt through an annulaf die. The tube produced
is then drawn off to give a considerable reduction in
thickness and then cooled rapidly at some distance from the
die generally termed tle "freeze line distance”. For blown
film the drawn tube is inflated to form a bubble prior to
freezing. The effect of tﬂe manufacturing conditions on

the impact properties of the film has been discussed in
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ref27 and the conclusion reached is that the relationships
are exﬁremely éomplex. This discussion will however con-
sider the possibility of relating the impact properties to
the principal mechanical properties determined by the
manufacturing conditions.

The melt index of polyefhylene is a very approximate
measure of the mean molecular weight. It is approximately
inversely proportional to the molecular weight and may
be considered as a measure of the mean length of the long
chain moléculés. The manufacturing conditiéns'have very
little effect on its value.

The density may be regarded as a measure of the
degree of o?der' within the material. The higher the
density the more closely packed are the molecules, The
packing is in the form of crystallites and the formation of
these is largely determined by the manufacturing conditions.
The ductility of th; material is greatly reduced by the
presence of the crystallites and hence the higher the density
the lower the ductility.

The orientation in the film is almost totally
dependéﬁt on thé amounts of drawing; and blowing used in
manufaéture. The amount present will however be affected by
the éooling COnditions aé slow cooling gives the nmaterial

time to readjust to lower orientation conditions. Thus, for
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example, under a fixed set of conditions thick film will tend
to be less orientated tﬁan thin as it cools less rapidly.
Low density film will in general tend %to have low anisotropy
as the molecular movement is less restricted than for high
densities. High anisotropy can be produced in low density
film hoviever by suitably rapid cooling.

- The two principal mechanical characteristics in-
fluenced by the manufacturing process are therefore ductility
and anisotropy and these will be considered as the main

criteria for fracture.

12 3. _Measuremeng‘pf_Ductilipy and Anisotropy

The ductility of a polyethylene will be determined
by its density and to a lesser extent by the melt index as
the larger molecules tend to restrict flow more than the
émaller ones, To determine a single value combining these
two effects a modification of the plane strain compression
test(Partiéas’employed. In this test a plate of the
material is indented from both sides by two lubricated, highly
polished, dies. It is usual to determine a full stress-
strain cufve for the material but in this case a single value
test was devised. Dies of 0.25 ins breadth were used and a
stress of 3,000 psi was applied to the material for a ‘'dwell’

time' of 10 minutes at 20°C and the resulting deformation was



measured 24 hours after unlo:ding. The ductility was

characterized by the ratio A defined as:

A= h/ho
where ho = original thickness of the plate
h = final thickness of deformed section after 24

hours recovery.
A number of isotropic plates were used of various densities
and melt indices and of thickness ,075 ins and width 2 ins.
-The Polymer 3ervices code number together with density, melt
indéx and A are shown in Table § and A plotted against the
density is shown in Fig. 66. The expected trends with

density and melt index are evident although parts of the

Table ¥
UeS.I.. tef, No. Density Melt Index A at 3000 psi

E2065 .918 3.0 0.589
E2073 - 920 3.0 0.685
E2179 . .923 3.0 0.802
E2176 : 933 3.0 0.945
E2078 | .922 5.0 0.715
E2074 .923 5.0 0.716
E2167 .929 5.0 0.856
E2077 .918 8.0 C.514

8.0 0.674

E2072 «923

curves are necessarily speculative due to the small number of
points., The values of A corresponding to each film were
-determined from Fig. 66 and are shown in column 13 in

Table 2.
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The anisotropy of the films is determined from the
tensile data shown in columns 5, 6 and 7 of Tableéh. The
yield stress is not easy to define and any measure of aniso-
tropy involving it would be unreliable, The elongation to
failure is the most meaningful rmeasure of anisotropy but
this 1§ also subject to wide variations, The stress at
tenéile breax is related to'the elongation in thut an increase
in fracture stress results in a decrease in elongatioh;
The values arefgenerallﬁ repeatable:and thus the ratio of the
fracture stress along the tube'direction to that transverse
-to it is taken as the measure of anisotropy. ‘The values'for

the films used are shown in column 14 of Table Ce

12 .4, Fracture Types ,.

Splits: Fig. 67 shows the anisotropy of each film
plotted égainst its ductility. The splits are seeﬁ to form
when the material is highly anisotropic and of low ductility.
The mechanism of its formation may be_deécribed as follows,
When the film is stressed a.flbw,or'thin spot will initiate
very localised plastic defofmation. The anisotropy will
restrict this defofmation to the extrusion direction and a
‘very.localised neck will be produced. The lack ofvductility
of the material prerents the orientated material from flowihg

into the neck at the high strain rates inveolved in impact
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tests, High ductility or low speeds result in the material
being able to flow and the localised neck does not occur,

It is now necessafy to consider the question of
adiabatic heating in the neck as described in ref. 22, When
polythene necks at slow rates the material in the neck work
hardens due to orientation until eventually it becomes strong-
. er than that in the shoulder i.e. transition from neck to
gauge section zone. The neck then becomes stable and the
shoulders flow into the neck. This“procesé is referred to
as cold drawing. If the necking prbcess takes place rapidly
however the heat produced by the plastic deformation in the
neck cannot be dissipated and the neck heats up and softens,
This prevents the stabilisation of the neck and the resulting
fracture is not preceded by cold drawing in the neck. Thus
the effect of this heating is a lack of cold drawing in the
fractured section.

If the two materialé_E2064'and E2185 are considered
- the anisotropy value are both high and similar, i.e. 1.52 and
1l.34 respectively. The former has a density of 0.918 and the
latter .933 corresponding to temperature rises in the‘neck
as determined by ref.22, of 16°C and 21°C respegtively.
E2064 gave hole fracture while E2185-gave splits. The dif-

ference in tenperature rises would not appear adequate to

explain the difference and the wide variation in ductility
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is considered a more likely factor. .The adiabatic heating
may reduce the amount of cold drawing dbut will not substantial
ly alter the form of the fracture. The lower ductility of
the split materials would also reduce the amount of cold draw-
in; produced and 1t is considered tnat the adiabatic heating i
a secondary effect in deﬁermining thevfracture type.

The extreme localisation of the fracture results in
a very small energy being necessary for fracture and the
fractures are self propagating as is witnessed by their length

being greater than the striker head.

Tears: Tears are‘forﬁed with lower levels of ani-
sotropy and higher ductilities than those which produced
splits. The fractures are shorter than the striker head
diameter indicating that they were formed by the head foréing
the material apart. This is a stable fracture and is formed
“when there is sufficient anisotropy to produce a line fracture

but not sufficient to give instability.

Holes: Holes form when the ductility is sufficient-
1y high (a <:v .625) to counteract any anisotropy concentra-

tion effects and the material deforms until a ring fracture

forms.

The dividing lines between the types ol fracture are

approximate but give a good indication of the type of failure
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to be expected. As ghown in Table 2 there are often two
types of failure in one film.> In the case of tear and hole
materials this is to be expected as local variations in
anisotropy could produce the two types. Materials E2070,
2069 and 2068 of the same melt index and density show clearly
the effect of thickness and anisotropy. E2070 had a thick-
ness of 0.9 x lO—3 ins and an anisotropy of 1l.11 and gave two
splits and eight tears. E2069 was 1.2 x 10~2 ins thick
and had an anisotropy of 1.10 and gave ten tears while
E2068 of 1.6 x 10~ ins and 1.07 gave nine tears and one hole.
The three films E2180, 2181, 2182 indicate a similar trend.
The tendency to increased ductility with increasing thickness
has been explained under manufacture but the properties of
each type of fracture show that'the zones in Fig. 67 only in-
dicate the most iikely type of failu;e and much depends on
local variations in the material.

The results show that the ductility and anisotropy
govern the type of fracture obtainéd but that once the type
is determined variations in energy absorbed within that type
due to material poperties are small and hénce the graph of
energy versus thickness (Fig. 51 ) for each type results in

a single line.
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13 0. Conclusions

The impact machine is extremely accurate and the
large scatter in values obtained is due solely to variations
in the film. 1t is now possible to accurately assess the
quality of a film by means of its impact properties. The
notch sensitivity and fatigue tests are useful for deter-
mining general properties but more iriformation is needed for a
precise interpretation of their significance, future work
will include the examination of these tests considering such
items as frequency in the fatigue tesﬁ. Tests will also be
carried out to extend the range of the machine to cope with
the higher strength materials.,

The mechanisn of failure in polyethylene film
appears to be fairly well understood but is based on a limited
amount of evidence and many further results are required to
test the conclusions. The relation of these findings to
other types~of film and to fracture mechanics in general

will be attempted in future work.
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*  TIable2s Properties of the materials used in the Impact tests
(1) (2) (3) (&) (5) (6)  (7) (8) (9) (10) (11) (12)  ((13)  (18)
USI Den- Melt Film Film Pensile 'Data - Elmen- Dart Pendulum Impact Test Plane Ani-
REF. - sity Index thick-"YIeld Break Llongation dorf Drop  Split -Pear Hole Strain sotropy
ness psi psi % Tear gms Energy No.Energy No.Energy No. A value factor
(.001 gms/mil ¥ lb-in  lbrin  lb-in |
in) . 750
2070 .923 5.0 0.9 plieed Soue 2o 5 57 6.3 2 67 8 - 0 .716 1.1l
E2069 ,923 5.0 1.2 qni2.2 5aa2  Zeg - A a0 - 0 9.0 10 - 0 .716  1.10
E2068 .923 5.0 1.6 gg%gég 5550 6o 13 ™ - 0 139 9 18,5 1 .716  1.07
E2183 .922 5.0 1.2 1§%g'§§gg 220 132 100 = 0 9.5 10 - 0 .715 1,12
E2066  .929 5.0 1.5  14%2 {3t0 29 Ly 8 106 10 - 0 - 00.85 1.2
E2064 .918 3.0 1.5 125% 36;2 zgg o 127 - 0 162 2 19.9 8 .589  1.32
E218s  .923 3.0 1.2 1230 ggég 250 los 8 6.5 10 - 0 - 0 .802  1.16
E2185% 1933 3.0 0.7  1io0 1020 260 g%g 50 3.8 10 = 0 - 0 .95 1.34
EB180 .918 8.0 0.9  jo00 1210 =¥2 5 97 - 0 7.25.4 12,8 6 .514  1.19
E2181 918 8.0 1.2  jo30 1899 212 5102 - 0 7.7 2 149 8 .54  1.04
E2182 .918 8.0 1.5 %8%8 iéég %%g 25 128 - 0 1475 1 17.7 9 .51  1.06
E2186 .929 8.0 1.2 *<}$gg o0 9 1i3 51 6.9 10 - 0 - 0 .803  1.27
E1962"* .920 3.0 1.5 .00 5000 242 - 12 117 - 0 135 9 21.0 1 .685  1.18
E1963™ .924 830 1.5 1220 1200 39 i 6l 9.1 10 - 0O - 0 .702 1,27
*  Cast film (chill roll)
n-

- Blow film
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