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SYNOPSIS

‘Low density polyethylene has been oriented into a state of
transverse isotropv by cold-drawing an originally isotropic blank in
uniaxial tension, and the non-linear creep behaviour of the material
hhas been completely characterised for the first time. The compliance
matrix describing the deformation behaviour is characterised by five
independent material parameters. Four of the parameters have been determined
from uniaxial tensile creep experiments on specimens cut at 0° and
‘90° to the draw direction, and the fifth from torsional creep studies
on 4 speéimen cut parallel to the draw direction. The development
and vroof of experiwental techniques for use with the respective
apparatii have formed an important and necessary part of the work, and
the accuracy and internal consistency of the results have been found
to be excellent. Measurements of the compliances have been made at
ten different degrees of anisotropy — measured by the draw ratio -
over a range of strains from the pseudo-linear to the highly non-
linear region. ’

The anisotropy of the deformation behaviour at a given draw.
ratio, and the trends of anisotropy with draw ratio, have been
interpreted in terns of current structural knowledge. At low draw
ratios the deformation is dominated bv a c—axis shear mechanism and an
Cinter-lamellar shear nmechanisn, and 2 relaxation mechanism has been
discovered in specinens cut at 96° to the drav direction. At hinh
draw rvatios an inter-fibrillar shear mechanism is dominant in specinens
cut at ancles away from the 0% and 909 direction,

A simple engineering analysis of the results has examined
the applicability of the formalisms of linear elasticity and visco-
e¢lasticity theory to the non-linear, anisotropic visco-elastic state.
Also, the assumption of a constant volune deformation, which 1is comonly
used in polymer science for the determination of the Poisson's ratio
terms, has been investigated over the range of strains and compared
with directly measured values. The measured values represent Lhe
first systematic study of Poisson's vatic in anisotropic polymers,
The constant volume assumption is shown to be in ervoer at all draw
ratios, ‘



CONTENTS

i 'Figures‘ 
C-ii f dotatlon
1 sEcrIow 1. ‘INTRODUC TON

5 secrrow 2. ,'rzmoriETICAL ASPECTS -
>2}1‘ Linear Elast1c1ty Theory
42,2 Linear V15co-e1ast1c1tv TheorV'
>2.3 Non-Llnear Vlsco~Flast1c1tv Theory
“2,4 The Tor31on Problem
2.4.1‘ Torsion of an isotropic rectangular prism
2.4.2 Torsion of anisotropic rectangular prisns’

2.4.3 The increase in torsional rl?ldlt] of a prism
C due to axial tension. :

2.,4,4 The effegt of clamplng on tﬁé torsion.problem

| 30 '~ SECTION .3, ‘SACI\GI\OUND STUDIES ON 1HE \_TRUCTURT AND TIORPHOLO(‘Y OF POLYET“YLT‘NE

sotropic

Fie

and

-3

“3.1. ﬂornhologlcal studies on elngle crystals
polyethylene. :
3.1.1 " The unit cell of polyethylene
3.1.2 Polyethylene crystal studiés . ’
. 3.1.3 opherullte studles in thln fllns of pélyethylene

3,1.4  The morpholo; qy. of Isotronlc bulk crystallized
" polyethylene. '

3.1.5 Current models for isctronic. polvethvle e (and
" . other:crystalline nolymers). :

3.2 Morphological studies on oriented polyethvlene

3.2.1 Low draw ratio materials
3.2.2 Intermediate draw ratio materials

3.2.3 The hishly drawn state

3.3 Special textures in oriented nolvethvlene



5%  SEcTION 4. THE

MECHAJICAL PROPERTIEQ OF IS0t ROPIC AND ANISOTROPIC

EOLYETHVLEJE .

4.1

4.2

4,3
4.4

4.5

Translt1ons in 1sotrop1c polvethylene e

© 4.1.1 The ot' transition

4.1.2 vThé ok transition

&.1.3“The'B transition

4,1.4 The Yy tramsition -t

Creep studies of isotropic polyethylene
Transition in Oriented polvethvlene
"Creep studies of orlented polvethVIene

Lhe relatlon between structure and mechaulcal properties

67  SECTION 5. APPARATUS

S.l
5.2

5.3

The tensile creep apparatus
The torsional creep apparatus

The torsion pendulum o m

86 SECTION 6, SAMPLE PREPARATION AND CHARACTERISATION

6.1

6.2

Preparation of the isotropic sheets

Preparation and characterisation of drawn samples

88 szcTIon 7. EXPERIMENTAL RESULTS

109 secTION 5. ANALYSIS OF RESULTS

1
8.2

8.3

4

8.5

Retardation spectra_énd mechanical enefgy loss data
Isochronous data: the dependence upon draw ratio
A conpnrisoﬁ of creep and recovery compliance parameters
Volurne compliénce and bulk modulus |

Calculations based upon assumptions of linearity and

constant volume deformation.

188 szcTIon 9 PISCUSSION OF RESULTS

9.1

The Mechanisms of dnformdt101 in oriented lov density
polvethylene :

9,1,1 The c~axis shear mechanism

9,1.2 The inter~lamellar shear mechanisn



9.1.3
“9,1.4
9.1:5

9.1.6

An anomalous relaxation process in 90°

specimens.
The 1nter—f1br111ar shear mecha nisms

Interpretatlon of the non—llnearlty in terms
of structure.

Interpretation of the volume changes in

- ternms of structure,

9.2 Simple engineering considerations

The applicability of the formalisms of
classical elasticity and linear visco-elasticity .
theory to non-linear anisotropic visco-elastic
continua. -

The constant volume assumption

‘Other considerations with anisotropic materials

Convergence of the series in the expression
for torsional rigidity.

Calibration of the torsional creep apparatus

9.2.1
9,2,2
V9.2.3
222 secTION 10.  CONCLUSIONS
224 ACKIOWLEDGEMENTS
- 225 nrFERENCES
232 srpENDICES
Appendix A.1
Appendix A,2
Appendix A3

An example of the application of the Boltzmann
superposition nr1nc1p1e. :



.
b,

2.1

2.2

i FIGURES

A schematic representation of the components of the stress
and strain matrices, and the compliance parameters from

;uniaxial'tensile.teSts;

“The (schematlc) strain response to a sten functlon stress

"h19torv.

2.3

2.5.a.

b,

2.6.a.
'bo

2.7

3.1

3.2

3.3

3.4

4,1

4.2

4.2

4.4

9.1’ -

9.2

“The unit cell of polyethylene

Torsion ofvan isotropic rectanpular prism

Tofsion of an anisotropic prism

Tor51on of an orthotroplc rectannular pr1sm (e = 0%
The enu1va1ent 1sotrop1c prism
Torsion of ‘an orthotroplcvrectangular prism (8 = 90°)

The equivalent isotropic prism
Torsion of a transversely isotropic nrism .a and b.
Configuration of the polyethylene chain

Polyéthylene lamellae crystal

- Defornation of polyethvlene lamellae ‘a. twinning

b. chain slip
A model for highly drawn pélyethylene

A schematic diagram of the main transitions in isotropic
L.D.P.E. and H.D.P.E. | .

The transitions in cold drawn L.D.P.E.

' The transitions in cold drawvn H.D.P.E.

The traunsiticns in drawn and annealed L.D.P.E.

A sinnle'model showing the (schematic) cone distribution nf
c-axes and lanellae for low draw ratio cold dravn L.D.P.E.

A schematic representation of the distribution of the

‘resolved shear stress on planes containing the lamellae

and c—-axes in low draw ratio cold drawn L.D.P.E



A;Z.I."The vo1tage—def1ection calibration for Shim 1.

A.2.2 bTﬁe voltage deflection calibration fof_Shiﬁ 2.

A3 Applidafion'of the Boltzmann super posiﬁipﬁ principié;

;iTaBIeb9;1., The non-linearity of the inétantaneousa(shoft-time) moduli

Table 9.2 The non-linearity of the time-dependent compliances -

‘Table 9.3 Calculation of creep contraction ratios and bulk moduli



© ()LISI OF PRINCIPAL SYMBOLS . = .

a, by ¢

o
A _J

=
1o

fvf €1 éz)

'f (x3, x2)

Gu4s G555 Go6
G

CH(t)

e
-
Gt

=

Ox3

0Xj

Si. -

" Lengths of semi-axes of a rectangular cross-

sectioned prism in the 1, 2, 3, directions.

Qrespectlvely.

.crystollagraphlc axes of the unit ce11 of

polyyethylene.
bulk compliance
torsional rigidity of a prism

Young's modulus in the 3-2 plane of a sheet at
an angle © to the 3 direction.

‘the equation to the boundary of the cross-section

of a prism with respect to the O § i co-ordinate axes.

" the equation to the boundary of the cross-section

of a prism with respect to the Oxj co-ordinate axes.
the shear moduli governing laminar shear in the
2-3, 1-3, and 1-2 planes respectively.

the effective shear modulus of an’otthotropic

: rectangular prism.’

the Heav131de step function

dummy sufflces taking the values 1, 2, 3 4, 5, 6
moment of inertia of a cross—section.,

Bélk modulps

measure of length

twisting moment

a fight-hand set of mutually ortﬁogona1 refepence.axes

a right-hand set of mutually orthogonal co-ordinate

-axes which define the symmetry dxrectlons of an
~orthotropic material. :

elastic compliances (contracted, two suffix).

time, and a measure of thickness



" Vos V9o o B volumeicompliances of specimené cut at 0°
' ‘ .~ and 90° to the symmetry direction of a
transversely isotropic continuum, - -

v oo » a measure of width
oL L o angle of tw1st, also denotes a domlnant
: transition in polyethylene. :
ij (i #-3) o ,‘f_ englneerlng shear stralns
g ij : R ténsot strain components
‘ei, , | : - 'engineering' strain components
) | . ‘ bbangle‘of rotétion,
v | ;éoisson's ratio
Cij . tensor stress components
0j E _ - SCres; components,(contractéd)

_'rij i #3) E shear stress components



: SECTION>1; INTRODUCTION

In recent years there has been an increasing amount of
systematic data collection in order to characterise the mechanical
properties of many isotropic polymers for engineering design -
purposes. Also a substantial research effort has-been expended
in an attempt to interpret these properties. in terms of deformation
mechanisms involving basic polymer morphology. The work reported in
this thesis is a contribution to these rapidly growing areas of ;
interest, and is concerned with the complete characterisation of the
non-linear anisotropic visco-elastic behaviour of low density
polyethylene, and the interpretation of the anlsotropy of properties
in terms of current structural knowledge. An extensive analy51s of
the anlsotroplc ‘state has not been reported prev1ously.

Structural studies of crystalline polymers have identified
the basic structural units and attempts have been made to describe
their aggregation in the bulk crystallized polymer. The.unit cell
and the chain configuration in the crystalline region of many polyrers
~has been determined by Bunn and co-workers, and Natta and co-workers.

(See, for ‘example, a review by Geil, 1963). Up to the early 1960's
the so-called "fringed-micelle" model was used to describe the
aggrcgatlon of crystalline units in the bulk polymer. However,
advances in polymer chemistry and manufacturing teclmigues led to new
stereo regular polymers which crystallized with high degrees of
crystallinity. (See, for example, a review by Gee, 1960). -
Experimental inveetigations with these newer polymers highlighted

the deficiencies in the fringed micelle concept of crystallinity,
(Stein, 1966), and alternative models were necessary. The most
significant observation was of thin platelets of single crystals of
"polyethylene deposited from a dilute solution of polyethylene in
Xylene (e.g. Keller, 1957)., .From subsequent research, models of
~polymer crystallinityfare'evolviun which describe the aggreﬂatlon

~of -lamellae in the bulk, and supersede the old "fringed-micelle"

model.  (Peterlin, 1969). Concurrent with these investigations
attempts have been made to relate mechanical (and electrical)
properties to the structure. The mechanical properties are usually
measured at low strains, less than 017, and are generally derived
from oscillatory loading experinents designed to measure dynanmic
energy loss peaks. The loss peaks indicate the main transitions
which are related to the structure and may be interpreted in molecular
terms, The limitation of the work reported :so far is that the
‘deformation is studied at low strains and concentrates on the
isotropic state., Polyners may be usefully emploved at much higher
strains (up to 5%) and are usually oriented and thus aulsottoplc

in their mechanical properties. In the isotropic state the structure
is not easily identifiable and since 1967, some workers have studied
the anisotropic state in an attempt to simplify the morphologyv. The
transitious in cold drawn and specially textured sheets of low density
polyethylene have been reported by Ward and co-workers (sce, e.g. Gupta



and Ward, 1967). However, these studies were also limited to the
low strain region. The structural studies reported here have .
investigated cold drawn low density polyethylene (L.D.P.E.) at
different degrees of anistropy over a wide range of strains in
‘the range 0+1% to 5:07% strain., The variation of the anisotropy

of properties with degree of anisotropy have been interpreted in
terms of current structural knowledge. A discussion of the whole
field of polymer structure, mechanical loss transitions, and other
" mechanical properties is beyond the scope of the current text.
However, a cross—section of the reported literature is reviewed -
in Sections 3 and 4, which adequately describes the aspects
relevant to an understanding of the predominant morphological -
features in polyethylene, and the interpretation of the dominant
transitions in terms of deformation mechanisms and their postulated
molecular origins in both the isotropic and anisotropic states.

Concurrent with the above structural studies the field

of engineering with polymers has grown rapidly in importance.
Industrial organisations have attempted ta systematically evaluate
the stiffness behaviour of the high tonnage polymers and characterise
the properties important for polymer engineering design. The
stiffness behaviour has been determined over a range of strains up

to 5% or more. A design for stiffness philosophy has emerged for
isotropic polymers which has enabled successful designs in load bearing
applications. Of necessity, standard methods of data collection

and presentation have been developed which are based, in general,

on deformation in uniaxial creep (see, for example B.S. 4613).

These methods have evolved mainly from the efforts of Turner and
co-workers (see, for example, Dunn, Mills, Turner, 1964). Dlore
recently the same workers have developed a uniaxial creep compression
apparatus which works over the above strain range (Thomas, 1969),

and a shear and flexure apparatus for the evaluation of Poisson's
~ratio at low strains (0°17) (Bonnin, Dunn and Turner, 1969). The
work has been concerned primarily with relatively large specimens

in the isotropic state., However, many of the commercial applications
of polymers involve the utilization of the anisotropy of the properties,
By orienting the polymer parallel to the direction of greatest
anticipated stress, the anisotropy is utilized in fibers and films.,
Also, in the majority of plastics moulding processes anistropy of
mechanical properties is accidentally introduced by orientation of
the melt in injection mouldings or extrusioms, or in the orientation
inherent on vacuum forming a product. Often the orientation in

these latter cases may have deleterious effects on properties and
result in prenature failure. No systematic studies have been
reported on the anisotropic state in polymers and only recently

has this topic received attention., In our laboratories a uniaxial
“tensile creep apparatus has been designed to work with noun-rigid-

and rigid - anisotropic polymers. (Darlington and Saunders, 1970).



' The extensometry s1mu1taneous1y moniters the 10ng1tud1na1 and
lateral strains, over a wide range of strains (exceeding SZ), )
and thus permits the calculation of the Poisson's ratios in these
materials for the first time. (Since the start of this thesis
in 1967 another apparatus has been reported which has been used to

"measure the Poisson's ratio in isotropic polymers over a wide range
of strains{‘ McCammond, 1967). One aim-of the work reported here
was to determine the range of application of the apparatus and

- develop techniques which gave consistent and reproducible values of

the Poisson's ratio terms. (Section 5). The engineering features.

of the results were designed to:- : :

1. characterise, for the first time, the stiffness compliances
describing a non-linear anisotropic visco-elastic polymer, and
-~ determine ways for suitable data presentation.

2,  to examine a simple engineering approach to anisotropic
visco-elasticity in the pseudo~linear and non-linear regions.

The formalisms of classical linear elasticity and visco-
elasticity, which are used to describe anisotropy of stiffness
behaviour, are presented and discussed in Section 2. However, the
" deformation behaviour is often non-linear and attempts are made to
determine the cause of the non~linearities rather than examine the
theoretical approaches currently in the literature. (Section 2.3).
Low density polyethylene with transversely isotropic symmetry has
been studied, and five compliance parameters are needed to characterise
the stiffness matrix. Four of the five compliances are measured
using the tensile creep apparatus and the fifth from torsional
~creep studies. The theory of torsion of anisotropic prisms is
discussed in Section 2.4. A description of the apparatus and the
techniques developed to improve accuracy and internal consistency
are presented in Section 5. Details of specimen preparation may
be found in Section 6. : '

The results presented in Section 7 give a complete character-
isation of the non-linear anisotropic nature of drawn polyethylene
at ten draw ratios, over a range of times and strains.

The analysis of results (Section 8) has enabled a discussion

- of the relationship between mechanical properties of drawn polyethylene

in terms of current structural knowledge. In Section 9.1 four

deformation mechanisms are postulated. A c~axis shear and inter-

- lamellar shear mechanism dominate the deformation at low draw ratios,

and an anomalous contraction behaviour in 90° spec1mens also at low

- draw ratios has been observed. At high draw ratios inter—fibrillar

shear is dominant. The non-linearities and volume changes odcurring

on deformation are analysed in Sectlon 8.3 and 8.4 and are discussed
in Section 9.1.



" A simple engineering analysis has enabled the evaluation
- of the applicability of classical elasticity theory and the
"Boltzmann superp031t10n integral to a non-linearanisotropic visco-
elastic continuum and -is discussed in Section 9.2. Often a
constant volume deformation assumption is made in polymers to
assign values to the Poisson's ratio paraneters. The usefulness
of this approach may now be examlned by comparing measured values
w1th coristant volume data. » o

A surmmary of the findings is given in Section 10.-



SECTION 2. - THEORETICAL ASPECTS

2.1

2.2

2.3

2.4

Linear Elasticity Theory

Linear Visco-elasticity Theory

Non-Linear Visco—elasticity Theory

2.4.1

2'4'2

2..4.3

2.4.4,

The Torsion Problem

Torsion of an isotropic rectangular prism

Torsion of anisotropic rectangular prisms

The increase in torsiomnal rigidity of a prism

due to axial tension.

The effect of clamping on the torsion problem



2.1 Linear Elasticity Theory

The constitutive equations relating stress, & , and
strain, & , for linear elastic anisotropic continua are well
documented (see, for example, Love, 1927, Nye, 1957, Hearmon, 1961,
- and Lekhnitski, 1963). Using matrix notation classical elasticity

. theory, (C.E.T.), relates.stress and strain in the following way

e = si565 i, = 1,2,3, 4,5.6 2.1

where the usual summation convention is denoted by
the suffices 1 and i -

and where € is the strain matrix
Gj is the stress matrix

and 'Sij is the matrix qf compliances

The form of the compliance matrix Sj; depends upon the
degree of symmetry of the continuum. Typically, for orthotropic
symmetry Sij is of the form:-

511 812 S13

S21 S22 S23
. - 2.2
Sij = 531 832 533

S44
. L S55
\ S66
and the material is characterised (mechanically) by
9 1ndependent elastic- compliances, since:—

S = Sji . 1 #] ' : 2.3
A continuunm with higher order mechanical symmetry, e.g. a transversely
isotropic material, (so called fibre-symmetry), the Sij are further
~reduced since the mater1a1 has a plane of isotropy nerpend1cu1ar
to one of the priuncipal directions. If the plane of isotropy is
taken perpendicular to the 3-direction, (Figure 2.1) then 2.2 is
" reduced to:- ’ : :



S12 - S13

2.4

S22 513
513 S33
S44
- S44
and Sg6 = 2 (S11 - S12) S S 2.5

and the material is characterised by five independent elastic
conpliances.

The form of the constitutive equation given above »
(Equation 2.1), is investigated experimentally when the strain-
response, € i, to a given applied stress, G , is determined and
enables the evaluation of the compliances Sij in 2.2 or 2.4. The
~compliance parameters for a transversely isotropic continuum are
related to the more conventional moduli and Poisson's ratios as
follows., (See Fig. 2.1). oo ’ '

= 1 | | 2.6

S22 = S11 = €22 1
62 E90
833 = £33 = _1_ 2.7
| o, o
si2 = s21 = €11 = =Yoo - 2.8
G2 E90 |
s13 = 832 =€11 = Yo - a 2.9
L2 Eo V '
S4, = Ss55 =2 & 13 = ¥13 =1 | 2.0
- Gi3 ‘
- T T
s = 2E&12 = ¥12 = 1 2.1
T T2 en2

where i E_zzkaud E 33 are axial strains of tensile samples
subjected to axial stresses ( 7 and ( 3.

ii € 11 is the lateral strain of tensile samples subjected
to axial stresses § 3 and § 3.

iii'5f13, ?{12 are the shear strains in the 1,3 and 1,2
_ planes when subjected to shear stresses [ 33, [ o respectively.



- ORIGINAL

1 DRAW LT
DIRECTION ¢ .¢.ta
Sg}’ %
Sn = Sa e
5\33%1:= %‘;

FIGURE ?_‘i A Schemai;c representat;on of the
- components of the stress and strain

matrices,and the compliance parameters
- from unlaxnal tensile tes‘ts



. The longitudinal and contraction compliances S22 and S12
are obtained by taking specimens cut at 90° to the 3-direction, and"
the compliances, S33 and S13 from specimens cut parallel to the
" 3-direction (See Fig. 2.1). - The shear compliances S44 and Sg6 are
obtained from torsion experiments about the 3 direction and at
" 90° to the 3 direction respectively. In practice S44 is easy to
determine since the laminar shear in the 1,3 and 2,3 planes is the
same and is governed by the same shear compliance S44. Thus
'S44 may be found directly. However, for 90° specimeus laminar
shear occurs in the 3,2 and 1,2 plane and the deformation is
governed by S44 and Sgg respectively. Hence the evaluation of
S66 is more difficult. The subject of torsion of anisotropic
prisms is dealt with and discussed in more detail in Section 2.4,

. Volumetric compliances and the bulk modulus may also
be defined. For a 0° specimen, the volume compliance, Vg, is
given by:- ' '

Vo = volume strain for 0° speéimen = £33 +E1l+622.'

= 533+2813
stress in the 3-direction G'3 '
~ . 2.12

Similarly, for 90°‘spécimens )

Vgo = volume strain for 90° specimen = £29 44511 +E337= S992+512+513

stress in 2-direction 62
' | ‘ 2.13
The bulk'compiia@ce, B, is given by:
| | B = (Vo +v2 Vgo)'= §33 + 2822 + 4813 + 2512 2.14
-~ and the bulk modulus, K, = g7l 215

It may also be shown that in the elastic case the following inter-
relationships between the parameters exist:-—

866 = 2 (511 - S12) 2,16
S44 = 4. - S11 - 533 - 2513 . 2,17
E45 -
. 1 o ,
and - \f45_= -3 E45 L§13 + 81%] 2,18

where E45, and 1f45 are the modulus and Poisson's ratic obtained
- from a tensile test on specimen cut in the 3,2 plane, the plane of
‘the sheet, at 45° to the 3-direction (Fig. 2.1).
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For the simplest anxsotroplc contlnuum, the case of
‘transverse isotropy, five independent elastic compliances are
necessary to define the compliance matrix. = Such comprehensive
data is not available in general and often simplifying assumptions
are made to reduce the amount of evaluation work and simplify subsequent
analysis. The most common assumption is that the deformation occurs
at -constant volume., For transversely isotropic media the following
+simplification is derived (see equation 2.12 and 2.13):-

S33 + 28513 = O S 2419
S92 + 512 +813 = 0 , 2.20
which reduces the number of independent compliances to three,

- and gives the following "constant volume", c.v., values of the
~ various parameters. ' ' ‘

(513)ev, = - 3 833 | - 221
G12ew. = - (322 T3y 2,22
- .
(Uo)c.v, = 0°5 ' » 2.23
(So0)c.v. = (1' - 533 ) - e 2;24
(S66)c.y. = 4522 - S33 2.5
 (S4dewv. = _4_ - Spp , 2,26
' E45 :
(Ussdeww, = + E45 (511) w o227
S , .

For the special case of an isotropic continuum which has
an infinite number of degrees of symmetry, then the above relation-
ships reduce to the more familiar form, viz:-—

S11 = S22 = S33 = 1 2.28
; E- ,

o =¥y 5 Uss =V 2.29

S44 = Ss5 = Ses = 1l/g . 2.30

and the constant volume assumption would yield V= 0+5,



L

2.2- Linear Visco-elasticity Theory

: In materials in general and polymers in particular time-
effects are often significant and it is necessary to introduce time-
dependence into the constitutive equation, 2.l. By assuming that

the components of the stress and strain matrix are time—-dependent,

and that the material parameters SiJ are now time-dependent material
functions, SlJ(t), then the relationship between stress and strain
1nvolv1ng time is of the form ' :

€itey = | slj (t-7) d6j () dr 2.31
~ o . dT
T =

.
where € § (t) is the time dependent strain matrix

o; (T) 1is the time dependent applied stress matrix

and the matrix of compllance parameters, SlJ(t), are
now tlme-dependent. -~

In this formulation of the constltutlve equation it is
assumed that the material is in its rest state at zero time. The
components of the strain matrix at time t, are seen to be functions
of the previous history of the stress matrix, and also of the time-
dependent material parameters Sij(t). This integral representation of
the constitutive equation is often derived from the Boltzmann Super-
position Principle and named a Duhamel or Convolution integral equation.
Expressed in its simplest form the equation states that the strain '
at time, t, € (t), under an arbitrary stress history is a linear
superposition of all stresses applied at previous times, T
multiplied by a "weighting function', the compliance functlon, Sl (t),
corresponding to time intervals (t = T ) which have elapsed 51nce
imposition of the respectlve stress, ¢ ( T ).

The linear theory of visco-elasticity has received much
attention in the literature and has been discussed many times. The
more recent treatments which discuss the general anisotropic case -
have been given by Halpin, 1968, Schapery, 1968, Rogers and Pipkin, 19 63,
Halpin and Pagano, 1968, and Hayes and Morland, 1969.

The outstanding assumption in the above treatment concerns the
symmetry of the compliance matrix. In the elastic case the tensor
of complxances, Sijkl, involves 81 independent compliance parameters

‘_ which are reduced to 36 by considering the symmetry of the stress and

strain tensors, and to a further 21 by assuming a positive strain
energy function. Material symmetry is then invoked to reduce the
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21 compliances even further. For the time-dependent case the compliances’
may be reduced ‘to 36 again using the symmetry of the stress and

strain tensors. However, further reduction is achieved by arguments
involving irreversible thermodynamics using the Onsager reciprocity.
relations, and has been discussed by Biot, (1954), who deduced

the symmetry of the compliance matrix. An alternative approach has

" been examined by Rogers and Pipkin, (1963), without introducing
thermodynamnic considerations, who showed that for the transversely
isotropic case an asymmetric matrix results containing at least

6 independent coefficients compared to five if the matrix was symmetric.
The thermodynamic theories of Biot predict 5 of these 6 terms, and

the remaining symmetry requirement involves the equality of the
compliances, S13 and S23 (See equation 2.2), which may only be resolved
by experiment. Recently, Halpin and Pagano, (1968), and Darlington,
(1970), have shiown that the two contraction compliances are equal
for materials in their linear viscoelastic region. The experimental
results of both workers reconciles the two approaches and justifies

the assumptions that the matrix of compliances has the same symmetry

in the linear visco—elastic case as in the elastic case.

Using the constitutive equation, 2,31, the strain response
to an arbitrary stress history may be predicted, or, alternatively,
by defining the stress history and monitoring the strain response
the time dependence of the compliance parameters may be determined.
In the work reported here the strain response of several transversely isotro;
,continua has been examined for a simple stress history and the various
ij(t), have been determined. A step—~function of stress has been
applled to the body in its rest state at zero time and the strain
response has been monitored (i.e. a simple creep test) At time t = ti,
the applied stress was removed and the material is allowed to recover
under zero load. Figure 2.2 gives a schematic representation of the
stress and strain cycle. For a step-function of stress

Gj = 05 H() 2,32

4] t < o - 2.33 -
1 t ) o '
and thus substituting in 2.33 and noting- d (Ht) 1is the Dirac
delta function yields : ~

where G? are constants and H (t)

R

dt
- o '
eg; = Sij (t) Gj o t <ty 2.34
(o] o]
€i = Sij (&) Gj - Sij (£t -1t1)0; o<, <t< 0@

2.35
- o . . o
where 5ijo3 1s the creep strain

o ) .
.. . 1s the recovered strain
Sij(t - t7) 03

and 'ei in equation 2.35 is the residual strain (See Fig. 2.2).
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In the experiments reported here the creep and recovery
strains have been monitored over a range of stress levels which
give 100 second strains - (i.e. the strain recorded at t = 100) -
in the range 0+:1% to over 5%. Each material has been examined
to establish the "region of linearity", and the applicability
of the convolution or superposition integral in both the linear
and non-linear regions. The results of experiments. are discussed
in Section 9.2,

As discussed previously, the compliance parameters for
linear visco-elastic continua have thie same symmetry as the ‘
" corresponding elastic continua and have the same physical ‘
significance, except now the variables are time dependent quantities.
Thus for a transversely isotropic material equation 2.2 may be
re-written as :

sij(t) = S22(t)  Sp2(t)  513(t)
| S12(t)  S22(t)  S13(€)

S13(t)  S13(t) 333(t)

~

S44(t)
2.36
S44(t)
A Se6 (t
and equation 2.6 to 2,11 as:-
S22(8) = S11(8) = €99(0) = 1 2,37
| - G2 E90(t)

s3z(e) = €33¢0) = 1 238

v -63 7 Eo(t) )

s12(8) = S1(8) = E33(0) = -Yeo(v) T 2,39

' G2 E9o(t)

513(t) = 832(t) = Enne)y = =Vo(r) , 2,40

| Gj Eo(t) -

Sag(t) = sss = 2 E13(0) = Yi3(0) = _1_ 2.4

) Tz T3 613(t)

S66(t) = 2 512(!:) = Xl2(t) = 1 ' ‘ : 2.42‘

T12 T1z2 = 612(t)
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‘ where i, f 22(f) and E 33(t) are the longitudinal creep strains
of tensile samples subjected to axial stresses G 9 and G 3.

ii. €71(t) is the lateral creep strain of tensile samples
subjected to axial stresses § 7 and G 3.

iii, .X13(t) and zflo(t)‘are the shear creep strains in the
1, 3 and 1,2 planes vhen subjected to shear stresses T13 and T 12
. respectively, ‘

iv, \fo(t) and \fgo(t) are the creep contraction ratios
of spec1nens cut at 0° and 909 to the 3 direction respectxvelv.

- It may be shown that the inter-relations between the time-
~dependent compliances, and their manipulation for the anisotropic
~linear visco-elastic case are similar to those for the anisotropic

linear elastic case., This is achieved since the constitutive equations
and inter-relations, of linear elasticity are related to the visco-
elastic problem through the Laplace or Carson transform of

equation 2. 31, and is termed the elastic-viscoelastic correspondence
princinle, The visco-elastic relations are transformed from the

real t—axis to the complex p-plane through the Laplace transform,

and the resulting transforms in p may be manipulated algebraically
and then inverted to regain the time-dependent form. The technique:
has been _demonstrated by Lee, (1964), and has recently been developed
and discussed by, for example, Schapery, 1965, and 1968, and ’
‘investigated experimentally by Halpin and Pagano, (1963). Many

other discussions may be found in.the literature. For thetransversely

isotropic. case the correspondence principle enables the elastic-—

‘inter-relations in equation 2.16 to 2,18 to be re-written as follows:-

se6 (£) = 2 (s11(t) - 312(ti) - | 2.43
sa4 (t) =_4 - S11(t) = S33(r) = 2513(t) 2.44
| E45(¢) B o
d Wase) = -1 B0 [513¢8) + s12(0)] 2.45

The volume conpllauces, and bulk compllance will be given by v
- (c.f. equations 2.12 to 2.15) :

Vo(t) = S33(t) + 2513(t) - 2,46
Vgo(t) = S22(t) + S12(t) + S13(t) - 247
B(t) = S33(t) + 2522(t) + 4S73(r) + 2512(r)  2.48

n -

and  K(t) B(r)~L | C 2.49
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The above inter-relationships have been examined experimentally
and the results of the manipulations both in the linear and non-
linear visco—-elastic regions are discussed in Section 9.

The creep contraction ratios Wo(t), and \J 9o(t),
described above, equation 2.39 and 2.40, are not exactly analagous
to the Poisson's ratio term in elasticity theory. The lateral

 contraction €;(t) is connected to the longitudinal extension € ; (t)
~ through the convolutlon 1ntegra1 as follows

Qi-(t) = S \513 (t-7) d E ilr) . dr if j 2.50
‘ ar o

s 15” 3 (t)+gdv";§r—rr) e (1) ¢t 2:51
(]

~where €;(t) is the lateral creep contraction strain
e '(t)vis the longitudinal creep strain
3 ; P
and 151j are the time-dependent Poisson's ratio
The creep contraction ratios S o(t) and Iygo(t) are defined as
Yo, (6, Wio(t) = =-€4(8) i#j 2.52
: ¢;(t)
However, by considering stress-relaxation in linear extension

a time-dependent Poisson's ratio, J(t)’ may be deternlned since
in equation 2,50

ej(e) =0 ) t<o 2.53
=e$  H(t) t > o
: and tlléfefore 65 () = ”UES(t) e’dj A 2.54

where : are -constants equal to the instantaneous longitudinal
-strain. The alfference'betWeen the creep contraction ratio and
Poisson's ratio is small however in some isotropic materials
" (McCammond, " 1967). '

Clearly, for time-dependent materials. the amount of experimental
work uneeded for the complete characterisation of the compliance
matrix is in many cases prohibitive, and it is often necessary to
resort to simplifying assumptions as in the elastic case. By far
the most difficult parameter to measure is the contraction
‘compliance, and in many cases the most common assumption is that
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-the deformation occurs at constant volume.. -Other approximatidns
may be made but these necessitate assigning arbitrary values to

" either the bulk modulus or the creep contraction ratio (Turner, 1966).

.'Usuxo ‘constant volume assumptions equations 2.21 to 2.27 may be
re-written as follows for the linear visco—elastic case:-

(813)(’t)c‘.v' = _ %‘ 833(t) o ) . ' : | 2.55 |
C(B12) (Bev. = = [S22(8) - Sja(t) 2,56
(Yol(tde.v., = 0°5 ’ o 2.7

WXt e.v, = (1 - S533(t) ) . a.s8
- ' . 2522(t) ’ ~ |
(866)(t)c.v.‘ji 4 S22 (t) = 533(t) ' | 2.59

(544)(t)c.v.;?‘ 4 - 522 (t) o 2.60 _

E45(t) S '
(V4sKt)e.y, = Eﬁ%ﬁ&l_ (s11(v)) 2.61,

The usefulness of the constant volume assumption in both
the linear and non-linear regions is fully discussed in Section Y.

2.3 Non-Linear Visco-Elasticity Theory

In the preceding discussion arguments have been presented
which allow the extension of the formalism of C.E.T. to materials with
more complex rheological characteristics. However, the correspondence
is only justified theoretically when the time-dependent materials
are deformed in their linear visco—-elastic region., Also the theory
restricts the deformation to "infinitesimal® strains, where the
strain is defined by the Cauchy strain tensor, and neglects the
squares and products of the displacement gradients. - However, in
practice, the useful vorking strain range of thermoplastics may
cover strains from 0°17% to 5% or more, and thus anproach finite
dlsplacement eradients., At these strain levels the "infintesimal"
strain premise is violated and most thermoplastics exhibit a marked nbﬂ-llne
deformation behaviour, Various attempts have been made to modify the
equations formulated for linear materials, usually the constitutive
equation, but, primarily these have been attempts to account for
~ particular results and no universally acceptable general theory has
been developed. The non-linearity may take many forms and, for
example, the time-dependent compliances may be a function of the
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applied stress, or the strain level, and the constitutive equation
may be modified to account for thlS special form of non-llnearlt)
as follows ‘

€i(e) = f 813( G,, t-7T) dGj .dr 2062
T |
or €i(t) = 7 5i;(€¢», t =T) d G J . 47 _ | 2.63
o aT -

An alternative approach is to express the constitutive .

: equatlon in the form of a sum of multiple integrals. This type of
representation was developed by Green and RlVlln, 1957 , and Green,
Rivlin, and Spencer, 1959, and has been investigated by several
workers. An early investigation of the multiple integral theory

by Nakada, 1961, was followed by work, for example, by Ward and
Onat, 1963, and more recently by Findley and co-workers, (see, for
example, Onaran and Findley, 1965 and 1968, and Lai and Findley,
1968 a, and b). This representation is advantageous since it is

not limited to a particular material, or class of materials, and allows
a material description with any order of non-linearity desired.
However, the rultiple integral theory becomes impractical with strong
non-linearities since the kernels of many integrals have to be

. characterised experimentally. Lockett, 1965, has examined the
general theory and has shown- that around 100 tests would be needed
to characterise all the material functions. Another disadvantage of
the multiple integral representation is that if the material
parameters are determined from creep experiments another set of

- parameters must be generated for stress-relaxation, since there is
no way of inverting the multiple integral inter-relationships. Clearly,
the complexity of the problem is greatly increased when considering
anisotropic materials, Other workers, Findley and Khosla, 1956,

and Sharma and Wen, 1964, have tried fitting "creep' equations to
describe non-linear behaviour, but often the equations have no
theoretical justification and are purely empirical. - Various
approaches to non-linearity in visco-elastic continua have been
reviewed by Turner, 1966, Halpin, 1968 and Schapery, 1969, and
other workers have discussed individual approaches which endeavour
to simplify the multiple integral representation, (see, for
_example, Lockett, 1965, Rogers and Pipkin, 1968, Hall, 1968, and
Stafford, 1969). :
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The approach to non—llnearlty in the anisotropic visco-:
elastic continua studied here has been firstly, to determine the.
physical differences of the origin of the non-linearities for the
different materials and determine how they arise. Secondly, the
linear constitutive equation 2.31 has been applied to the creep
and recovery data, to determine the errors involved in assuming
 linearity and small strain deformation in the non-linear region.
The philosophy has been to examine the various continua over their
possible working strain range, use a simple theory which allows
easy manipulation of the data and find the errors involved. A
discussion of the results of this approach may be found in.
Sectlon 9.2,

2.4 The Torsion Problem ‘ B

~ The torsion problem involving isotropic prisms is well
documented and has been presented many times in the literature,
(see, for example, Love, 1927, Sokolnikov, 1956, and Timoshenko
and Goodier, 1951). However, this is not the case for anisotropic
prisms and only a limited number of discussions may be found.
(Trayer and March, 1929, Sokolnikov, 1956, Hearmon, 1961, and
Lekhnitski, 1963). A synopsis' of the theory is presented below,
‘with particular reference to rectangular cross—sectional prisms,
and is collated from the above treatisesbut in a consistent
“nomenclature., The theory is then applied to a material with
transversely isotropic symmetry in order to evaluate the shear
compliances, S44 and Sgg. The evaluation of the latter compliance,
. Sg6, 1s determined from a study of torsion of an orthotropic prism,

2.4.1 Torsion of an Isotropic Rectangular Prism

Figure 2,3 is a schematic diagram of a rectangular
cross—section prism of side 2a, parallel to the xj-axis, and
- 'side 2b, parallel to the xg—-axis. ' The x3 axis passes through
the centre of the cross section. The axes Oxi, i = 1,2,3, are a
. right-hand set of mutually orthogonal reference axes., Torsion
‘about the Oxj-axis is governed by the following equation:—

M= o D : i 2.64
where M is the applied twisting moment
& is the angle of twist per unit length
~and D is the torsional rigidity

The tor51ona1 rl"ldltv D, for an 1sotrop1c *ectangular prlsn, of
~side 2a, -2, given by:-
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éither ’ D = C‘Qb% [ zb-) Z‘(Qn'n "Qﬂ\'\ (’l\'\{‘)—‘ 0:] 075 (2 65)'
or . D = ,q‘bﬁ‘s [.L%_ Z(’l“ﬂ) \'Oﬂh< ﬂ{‘!ll b)Cl (2. 66)"
or alternatively D = G{Wt[ —-:(l*' Z—i%\-;-‘-s \-Q“\"(-—“—"\L'—ﬂ h/)t (2.67)

where q' is the shear modulus

width of the section

and w

t thickness of the section

The maximum shear streSS'aﬁdvstrain are found to be at the middle
of the largest side (width) and are given by:-

) TV
maximum shear stress me = G, t|: - 8 sech\ 3 t)] (2.68)
o T2 :
. . 1T ‘ ) Tw
maximum shear strain me =t [1_.— 8 sech( 2 t:)] (2.69)
= Rt v ? 3t

Note that in the isotropic case:

G = Gyp =_1 = G13 = _1 = Gp3 = 1 - (2.70)
' 566 555 S4y

2.4,2 Torsion of an Anisotropic Rectangular Prism

The solution of the torsion problem of anisotropic prisms
has only been solved for the orthotrcpic case and materials with
higher symmetries. Moreover, the solution is only resolved for the
case where the twisting moment, M, is avplled about one of the
prlnclpdl axes.

Consider the orthotroplc prism shown in Figure 2,4where the
: prlsm has three planes of elastic symmetry, one of which is
perpendicular to the direction of the length of the prism, Qx3.

 The boundary of the cross—section is defined by a function

kal, Xx2) = 0, where axes Oxj are reference co-ordinate axes. The



co-ordinate axes 0Xj, 1 = 1,2,3, define the symmetry directions
of the material. The co-ordinate axis x3 is coincident with the
symmetry direction, X3, and the angle between the xy, X7 and
X2, Xy, directions is in general, 6. The laminar shear in the
X1, X3 plane is governed by Gyj3 = _1 , in the Xy X3, plane by
: 1 s 555 | .  For
G23 = gzz’ » and in the Xj X5, plane by G2 = 1/566
- torsion about the x3 axis the deformation is governed by Gj3, and
G23 only. It may be shown that the solution of the torsion problem
for such a prism can be reduced to the solution of the same problem
for an isotropic prism whose section is obtained by transforming
the boundaries of the original section through a linear transformation
and whose modulus of rigidity is expressed in terms of the original
modulii. The transformed cross-section is determined by F ( €1, £2) =0

wlxere; E _
€1 = (G13 62 % x] R (2.71)
A - N . )
(2 = X9 - (g} X1 o : ' (2.72)
' where | A = Gyqsine + ‘G13 co§2~é ‘ -
, 23 7% : v (2.73)
and B = (Gy3 = G13) sin & cos ©

and the effective modulus of rigidity is

G = (623 sinZ @ + G13 cos? @)2 | (2.74)
. . 1
(G13 G23)*

_ Torsion about the Ox3-axis would be governed by
equation 2,064, but where the torsional rigidity, D, is now a
product of the effective shear modulus, G, and a function of the
. geometry of the transformed cross section. ' '

. Consider now a rectangular cross—-sectioned specimen whose
principal axes Xj, Xy are parallel to the co-ordinate axes xj, X2
respectively (Figure 25) The orthotropic prism is transformed to an
equivalent isotropic prism by substituting 6 = 0% in equations 2.71
to 2.74. Using 2.71 and 2.72 the sides 2a, 2b are transformed to

2a ) 2a (023 ) %, - (2.75)

2 D 2b o | (2.76)
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FIGURE 2.4 Torsion of an Anisotropic Prism
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24

~and the effectivebmodulus G is given by

. . L - _ l . . o
B (013) * 613 (2.77)
S | Py S

This is shown schematically in Figure 2. 5a and 2. 5b . The
torsional rigidity, D, is now found by substituting in ‘equation
2,65 or 2,66. Thus, for

Gz . |

S . ; b ’ r h l ‘ L
D = G- b3 [l - nsT ) Z ___ Ton n+ na n) (2.78)
R ERS : . a\Gp (X b\Gs /. ’

Cof if o> a(G23)2

. , -\ 613, e | | ' |
p= G b [‘_‘2 - Q(E&T(L*\) Z hﬂ\‘h*_ﬁi_(c“% _‘ (2.79
V 3 b\Gs (Qn+ﬂ 2 s/ _|

where 2a, 2b, are the original- Spec1men dimensions.,
Notc, that if from the general case the principal axes X1, X,
were now parallel to the X9, X] axes reSpectlvelv, i.e. 8 = 900,
. the above equations are still valid, since 1n this case (see

Figure 2. 6 ):
%
b D 2bv(G13)
-\ Ga3

2. ). 2a
S~ 1
~and | G =623 x ( G23)3
G13
~ which yield equation 2.78 and 2.79 on substituting in equation 2.65

or 2.66, The difference in the two cases constltutes a rigid body
roLatlon through 90° about the x3-axis.
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; For a transversely 1sotrop1c material, for torsion: about
the axis perpendlcular to the plane of 1sotropy, i.e. the 3 dlrectlon,
the deformation is governed by G13 = _1 in the 1,3 plane, and
IR, : 855 ,
G23 = - in the 2,3 plane. (Flgure 2.7 a.. and b). However,
544 .
in this case S44 = 855, and the problem reverts to that of an
isotropic prism with torsional rigidity given by equation 2.67.
For torsion about the 2-direction, i.e. a specimen cut at 90° to’
~ the 3-axis, the deformation is governed by G23 = _1  in the
2,3 plane, and by G13 = in the 1,2 plane. S44
66 ’ v
,Figure 2, 7 - b). The expressions for the torsional r1g1d1ty, D, are-
" then given by:

oo o [eocfiu (N) zm pan\,}(am.\uq(s%) o

S L3 a\See X Qi

" o : (344) 4

or D = »Qf Ib a S% Si ] ¥m¢ lnsﬁﬁC(S@ﬁl v 2.81
Oy 3 C S%, hﬂﬂ) L Q58 A

’ L
L - \Z
- € {duel"y, |
B a\s /4
66
where 2c is the length of the cross—section measured in the
3-direction. By considering the convergence of the series in
2.65, i,e, for the isotropic case, and in equations, 2.830, 2.81,

in the orthotropic case, it can be shown, (Appendix Al ), that
the equations may be reduced to the following:-

» - Bfi-selll ]

t

(5% 2.82
Suy

NI

D = co 16 - 0(566?( Thn}\ i.c Sw? (S__ 2.83
S Sul3 s, 21a 5“ e
The maximum shear stresses for a prism sides 2a, 2b, are
(T:lz)max = 16 M ky . at the mid-point of
’ a cZ :
- the side,2a S ‘ . ‘ 2,84

: . - e ,
"~ and (’C23)max = 16 M (855)2 kg at the mid-point
, - , aco S44 e o

of the side,lc. : : ' 2,85
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where kj and k2 are functions of the aspect ratio, /‘E , and
the shear moduli, (866) 2, and are given in Table 2.1, below,

S44

for a (866) : >/ 1. (This table is reproduced from Hearmon, 1961,
€ \s44 1 ‘ '

p.52, who corrected a previous table by Lekhnitski, 1950, table 3,
p.152, for certain values of k2). o

Table’i.l Values of ki and kzv'.
a (866'.)% ki » k2
c -S_l:; .
1 ‘ , 480 480
1+25 4452 4e14
1 1+50 2 4433 3.72
1-75 4t  3+43
2+00 T 407 323
250 3:88 | 2498
3+00 374 2482
4+00 3+55 2464
5+00 3.43 2455
10+00 3420 2+38
20+00 e 3:10 227
ol | 3+00 o

The maximum.shear strains may be calculated since
: . . ‘ . v 6
M=ot D, wvhere D 1is given by equation 2°80 for %(g—i—z\ >L

and, therefore, (1{12‘)1,13'X =16 k] o D Sgp at the mid-point of side 2a.
2,86

and (X23)méx = 16 ko ( 866) : « D.S44 -at the mid=point
of the side 2b 2.87
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| 2.4.3 The Increase in Torsional Rigidity of a Prism due

- to Axial Tension

s Blot (1939), has calculated the increase in torsional
stlffness of an isotropic prism when subjected to an axial tensile
loading. It was found that the classical shear stress distribution
was not affected by the applied stress, However, an-increase in
torsional rigidity is produced due to the fact that the boundary
condition over the cross—section contains not only the shear
' stresses but also the axial stress system. The increase in tor31onal
‘stiffness is found to be proport10na1 to the polar moment of

inertia of ‘the cross-sectlon with respect to its centre of gravity.

Biot's analysis for an isotropic .prism of cross-section '
given by an arbitrary contour f(xl, x2), yields an equation
for the twisting moment, M, of the form:=-

M= (1- .

2 G ) AREA

~ _: o (x12 + x22) dxy dxg . (2.88)

( - T3 x2 + 't23 x1) dxy dxg +6ec)) o

where §-is the axial stress
G 1is the shear modulus

and ol 1is the angle or twist per unit length.

Now, V ,(ﬁf\RFA ‘ (-T13 Xp + T 23 X1) dxj dxp 1is the couple
calculated assuming the bar is-initially in an unstressed state, and

AREA (xlz + xzz) dx1 dxp, is the moment of inertia of the
cross—section with respect to the origin of co-ordinates. However,
it may be shown, (Biot, 1939), that the origin must be at the
centre of gravity of the cross-section, i.e.

[f (X12 + X22) dxy dxp = Ig : 2,‘89‘
area .

wvhere Ig is the polar moment of inertia of the cross-—
‘section with respect to its centre of gravity. Hence, equation 2.88"
may be re-written

M = (1 - B/2(;)' Mo + 'IG Ay 2,90

where M is the applied twisting moment

and Mo is the twisting moment required for uef01nat10n
with axial loading.
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The theory has only been developed for isotropic .
materials and is not applicable to anisotropic prisms. However, for
a transversely isotropic prism twisted about the axis perpendicular
to the plane of isotropy, the problem reverts to the isotropic
case and the above inter-relation may be investigated experimentally.
- To overcome these experimental difficulties an apparatus was designed
- which allowed torsion of the specimen in the absence of applied
axial loads, or with well defined axial loads. (See Section 5).

2.,4,4 The Effect of Clamping on the Torsion Problem

In the discussion of the torsion problem it has always
been assumed that the torque is applied by means of shearing
stresses distributed over the ends of the prism in a definite
manner, If the distribution of the stresses at the end is
~different from this, a local irregularity in stress distribution
results and the solution can only be applied in regions some
distance from the ends of the prism. This is the St.Venant's

~principle. For isotropic prisms which are clamped at their

ends, the irregularities are smoothed out a distance from

the clamp which is approximately equal to the clamp width,
However, anisotropy may cause significant changes in the smoothing
distance of a disturbance, e.g. a specimen clamp, but at present
this problem has not been solved thecretically. - An analasous

" problem of heat conduction in anisotropic _ media has been
considered by Noyes, 1965, who concluded that anisotropy may
significantly increase or decrease the smoothing distance. In
_the experimental work reported here, concerning the torsion
problem, care has been taken to investigate the St.Venant clamping
effect by determining the shear moduli from specimens with
different length to width ratios. (Section 5).

A second irregularity in stress distribution occurs
in rectangular specimens which are twisted by clamps at their
ends. This problem has been discussed by Timoshenko and Goodier,
1951, who showed that the middle cross—section of the prism ]
remains plane during torsion, and that by preventing warping the
torsional rigidity of the prism is increased. The effect of this
irregularity in stress distribution is to cause an effective
reduction in length-of the prism. The effective length , B', is
given by the equation:-

= t|1- a5 A% (2.93)
6 |

where B' is the effective length

f is the true length between clamps
and - 2a:1s the width of the cross—section

This correction has been investigated experimentally by taking
different specimens with different width to length ratios.
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'In recent years some of the basic structural units which
aggregate. in bulk crystallized polyethylene have been identified,
but to date the complex morphology has not.been elucidated and is
the topic of current research. The unit cell of polyethyvlene was
determined by Bunn and co-workers, (see, for example, Bunn, 1953),
and a further major advance in the understanding of the basic

~crystalline structural units of polyethylene, and other crystalline
 polymers, was made when Keller and other workers, (Kelier, 1957,
Till, 1957 and Fischer, 1957), made the first observations of
crystalline lamellae which were precipated from dilute solutions

"of polyethylene in Xylene., (See Section 3.1,2). Concurrent
investigations, notably by Keith and Padden, 1964 a and b, on the
morphology and structure of spherulites formed in solution and melt.
cast thin films showed that the spherulites were complicated
aggregates of lamellar fibrils which had the same intra-crystallo-
graphic orientations as the lamellae obtained from dilute solutions.
(Section 3.1.3). Later work by Palmer and Cobbold, 1964, and
Keller and Samada, 1964, demonstrated that the same crystalline
lamellae unit was predominant in the bulk crystallized polymer,
(Section 3.1.4). The discovery of these new structural features
necessitated a revision of the old fringed micelle model of

-polymer crystallinity. The two models which are currently
advocated in the literature are discussed in Section 3.1.5.

The anisotropic state in crystalline polymers is important
commercially and has received nuch attention, Farly investigations
on fibres and drawvn film and sheet identified the orientation of
the crystallographic axes with respect to the draw direction, and
results on polyethylene have been reported by Keller, 1855,
Aggarwal and Sweeting, 1957, and Stein and Norris, 1956. Further
studies on drawn polyethylene ideuntified the orientation of the
lamellar fibrils and the spherulites at low draw ratios, and
their gradual fragmentation with increasing draw ratio. The
results of these studies are reviewed and discussed in Section 3.2,
and current models for the highly oriented polymer are also
presented.

~ Recent advances on the preparation of sneclal}} textured
oriented sheets are noted in Section 3.3. - -
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-.3.1 ~ MORPHOLOGICAL STUDIES OV SINGLE CRYSTALS AND ISOTROPIC POLYETEYLENE

The investigation of the morphology of polymers may be
divided into two classes and different techniques are used in each
category. o

The crystal structure and its orientation are explored
using wide-angle X-ray and electron diffraction patterns by the use
of established methods of structural cryvstallography, (see, for
example, Cullity, 1956, and Kaeible, 1967).

The texture of the crystalline material, i.e. the size
- and shape of the crystalline entities, their forms of aggregation,
and their arrangement in the bulk sample are investigated using
low angle X-ray diffraction and electron microscopy techniques.

The overall measurement of the degree of crystallinity
is determined by X~-ray analysis, density measurements, nuclear
‘magnetic resonance, and infra-red techniques, Optical studies yield
information on the orientation of the crystallographic axes, and
the form and rates of growth of the spherulitic entities.

The results of the above investigation, reported in the
literature, will be described and discussed for the special case
of polyethylene.

A general discussion of X-ray and electron diffraction
techniques, and investigations on many polymers has been given by
Geil, 1963, and a review of X-diffraction 1n polymers-has been
presented by Statton, 1907, b,

3.1.1 The Unit Cell of vPoly-ethyleue

The crystal structure of nolvothV1ene has beev determined
from the fibre diagrams of cold drawn polyethvlene threads; the
repeat distance of the molecule was deduced from the laver line
spacing and is that of a fully extended zig-zag chain of carbon
atoms of inter atomic distauce, c = c, of 1+54A°, with a bond angle
of approximately 110°, It was deduced that the chain in polvethylene
has the conformation shown in Figure 3.1, and that the unit cell
of polyethylene had the form shown in Figure 3.2. (Bunn, 1953).



33

Line Diagram of C - C Chain Structure of P.E,

FIGURE 3.1 ‘“Configuration of the Polyethylene (P;E.j Chain.
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FIGURE 3.2  Unit  Cell of Polyethylene



3.1,2 Polyethylene Crystal Studies

Initial studies on monolayer single crystals defined
the orientation of the crystallographic axes within the lamellae
and proved the existence of folded polymer chains in lamellar
crystals. Further work on single crystals and multilayer lamellar
-aggregates identified between a 107 and 20% amorphous component
within the crystalline lamellae, which is now considered intrinmsic
‘to the crystalline habit of polymers, but the nature and location
of the amorphous regions is unresolved, and is a topic of current
research and discussion., It is generally believed that the

~amorphous component is associated with the fold surface, but there.

is evidence of both a regular and a 'loose' chain fold. The results
of crystal investigations have important implications on the
deformation studies of the bulk crystallized material and the

understanding of the molecular nature of the deformation mechanisms.

The observations of single crystals was reported almost
simultaneously by three workers, Keller, 1957, Fischer, 1957, and
Till, 1957, It was found that on slow deposition from a dilute
solution of polyethylene in Xylene (0+1%) that orthorhombic
_single crystals grew in the form of diamond shaped flakes bounded
by (110 planes). The top and bottom of each flake, (lamella), are
(001) planes and the molecules lie in the 001 direction normal
to the plane, Electron diffraction studies showed that the
a2 and b axis of the unit cell lie respectively along the long
and short axes of the crystal., The molecules which lie parallel
" to the ¢ axis are normal to the crystal plane, and since the
thickness of the lamellae are of the order of 100A° the chain
must be folded., On average the chaim must fold about every 100 CH2
groups, a molecule of average molecular weight 10° would fold
about 70 times. A schematic diagram is given in Figure 3.3.

Models and thermodynamic theories were derived on the
basis of these first discoveries which argued in favour of a regular
crystalline structure with a regular fold surface. However, since
these early studies many other investigations and measurements on
multilayer aggregates cast doubt on the perfection of the chain
folded crystals, and in general it was suggested that a 10% to 203
amorphous component existed., Details of this work is collated and
discussed in two recent reviews, (Keller, 1968, and 1969). Moire
patterns produced by overlapping crystal layers indicate that there
are no sizeable amorphous regions within the crystal iattice and
it was deduced that the amorphous material should lie outside the
lattice, and hence in the fold surface of the crystal. However,
density measurements, (Kawai and Keller, 1963), electron diffraction
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studies, (Tanaka, et al, 1963), crystal growth features, (Keller, 1962),

and fracture studies on single crystals, (Geil, 1963), all provide
'ev1dence for the existence of a more or less regular adjacent-
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re-entry type chain folding of the type depicted in Figure 3.3.
Thermodynamic theories, (Hoffman, 1964), demonstrate the high
probability of such a regular, adjacent re-entry folded crystal.
Direct evidence for regularity is the interfacial dislocation
phenomenon reported by Holland, 1964, and Holland and Llndenmeyer,
1965. A more detailed account and informative discussion

‘of the importance of the fold surface may be found in Hoffman, 1964,
- and two more recent reviews by Keller, (Keller, 1968 and 1969).

As a w0rking model, Keller, 1969, suggests a compromise fold surface
consisting of adjacently re-enterlng folds and various elements of
surface looseness., : :

Lindenmeyer, 1966, assumes a regular surface layer and on
the basis of the studies reported above proposes the crysta1~defect
model of polymer structure. Lindenmeyer postulates that in the
bulk the crystallites are not separated by amorphous regions, but
are separated by dislocation arrays, and demonstrates that an inter=
action of inter— and intra-lamellar dislocations may be used to
explain inter-lamellar slip., However, other workers believe that
the amorphous regions may play an important part in the deformation
. behaviour of the bulk material. The above postulates are still
topics of current research work, and extrapolations of the work on-
single crystals to the bulk crystallized polymer is at present
dubious, but clearly, if the basic crystalline unit has amorphous
regions this will be an important feature in the understanding of
the deformation mechanisms in the bulk material .and their molecular
origin. :

A crystalline feature which has only recently been reported,

(Pennings, 1967), is the fibrous crystal which is produced when a
‘rotary stirrer is immersed in a super-cooled solution. A fibrous
~crystal deposits on the stirrer which consists of so-called "shish-
-kebabs". A fibrous backbone first forms and large platelets develop
when the solution is cooled to room temperature., The fibres act as
nuclei for the still uncrystallized molecules which precipitate out
forming the usual chain folded lamellae,: The morphology of the
fibrous backbone and the platelets has been investigated by several
workers and has been included in the review by Keller, 1969. The
fibrous backbone, free from platelets, was investigated and shown to~
comprise of micro-shish-kebabs with a periodicity of 200 A° to 200 A°
along the length of the fibre, which was due to an alternation in material
density within the fibres. It is postulated that the fibrous backbone
consists of a central core of extended chain crystals with the
addition of a mixture of folded and extended, or partially extended, ‘
- chains within the fibre which were responsible for the: observed '
striations. The platelets which attach to the fibrous backbone on
- cooling are the conventional chain folded material. A model for
the formation of the fibrous crystals is discussed by Yamaura, 1970.
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. The implications of the fibrous crystal are manifold and

may be a feature common to all oriented materials. Shish-kebabs

have been identified in highly strained rubber, (Andrews, 1966),

and have similar mornh01001ca1 features to the fibrillar models

proposed by many workers for highly oriented polyethylene. (Section 3.ﬁ.3).

3.1.3 Spherulite Studies in Thin Films of Polyethvlene

Optical and electron mlcroscopv studles of snherulltes in
thin films of polyethylene have been used to determine the orientation
of the crystallographic axes, the morphology of the spherulite, and the
overall growth pattern and other general features. - On the basis of
these observations a model for spherulite growth was postulated, and
two contrary models were presented which .attempt to describe the manner
in which Space—fllllng takes nlace durln spherullte growth,

Observations on thin films of polymers showed that polyethyliene
crystallized in a spherulitic habit. When a thin film of supercooled
polymer melt is observed between crossed polars, in a polarizing
microscope, the first sign of crystallization is the appearance of
small birefringent areas which steadily grow from the sites of the
primary nuclei. o :

.

In the early stapes they appear as sheaves of fibrous crystallit tes,
vhich, on further "rcvth assune c‘rcular svrmetry The circular disc—-
.1ike bodies continue to grow at constant radial rate (under isothermnal
conditions) into an array of polysonal boundaries. Centred on each
primary nucleus is an extinction cross (Maltese Cross) whose arms are
oriented parallel to the pass direction of the analyzer and polarizer.

On rotation of the microscope the orientation remains unchanged.
Superposed on the extinction cross are a series of concentrlc rin
whose centres are at the spherulite nucleus.

The following model has been proposed, (Keith and Padden,; 196%

“a, b), as a result of detailed observations on spherulite growth, The
spherulite consists basically of an array of crystalline fibrils which

grow radially outwards from a cormmon centre. The fibril axis corresponds.. .
to a particular crystallographic axis which, for polyethylene, is the

b axis., The a and ¢ axes are perpendicular to the radius, i.e.
tangential to the spherulite growth face. A constant radial flux of
_fibres is maintained by a process of small—-angle branching; the branchinz
bears no fixed relation to the crystallographic axes present. The

ring pattern supernosed on the !laltese cross is indicative of sone
per;odlc variation in crvstallonraphlc orientation about the raulus.



It is proposed that the fibrils in these spherulites twist
spontaneously as they grow, and the crystallographic axes

therefore rotate uniformly about a radius. Moreover, the
.orientation of neighbouring fibrils twist in the same sense with
the same pitch and phase. It is postulated that the fibrils

take the form of inter-leaved ribbon like crystals (lamellae)

so that groups of them are constrained to move in concert. The.
growing fibril is of parent material and will reject all impurities
preferentially, The impurities may include low molecular weight
fractions, additives and different molecular species. The
resulting lamellae are thus separated by amorphous or low crystalline
material of high impurity content. These early postulates were
demonstrated later by Keith, et al, 1965, by the rejection of
uncrystallizable atactic poly propylene in mixtures of atactic

and syndistactic poly propylene (different molecular species), and
also rejection of paraffins in polyethylene (different molecular -
weights). The other important observation in the latter experiment
‘revealed the existence of inter-lamellar ties in the form of
-fibrous crystals, Electron dlffractlon studies showed the chalns
to lie along the fibril axis..

Contrary to the above model, Lindenmeyer, 1966, in
discussing the 'crystal-defect' model of crystallinity, suggests
that lamellae are separated into crystalline domains by dislocation
arrays. These cause the lattice to twist and branch in a more or
less coherent (but not crystallographic) manner along the direction
of growth., Crystallization proceeds by a fractionation process
and growth faces propagate using moiecules of similar molecular
- ‘weight., The low molecular weight material is fractionated and on
solidification may crystalize in the interstices between the
folded chain crystals in the form of extended chain crystals.

The crystal defect model and the two-phase model of
crystallinity are discussed in Section 3.1.5.

Direct study of morphological detail may be achieved by
electron microscopy. In crystalline polymers, in which the molecular
orientation is known from optical studies to twist co-operatively, :
the crystalline fibrils appear as lamellae. It has been shown, (Fischer,
1963, that the lamellae twist through 180° about a spherulite
radius within each band, and that the molecules are perpendicular
- 'to the planes of the lamellar fibrils with a 1ong spac1ng of
around 150 A°, (Fuijwara, 1960).
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H3 1 4 The Morpholony of Bulk Crystallized Polyethylene

The detailed morphology of bulk crystallized nolyethvlene
is extrenely complex and unknown. However, some features of the ’
fine structure have been identified which are 51mllar to those
observed in dilute solution.

‘Using an oxldatlon dlsperslou technique Palmer and Cobbold,
(1964), isolated lamellae blocks from bulk crvstallized polyethylene.
The technique was also used by Keller & Sawada, (1964), who
critically examined the crystalline debris., The following conclusions
emerged. For polyethylene the crystalline units are of lamellae
- origin. The lamellae are elongated and lath—shaped bounded by
(110) and (100) faces, with the direction of elongation along the
b axis, By analogy with dilute solution studies it was inferred
‘that the lamellae were in folded chain conformation. Fragments
of twisting agprepates were observed which could be identified
with the constituents forming the bonded spherulite, The long
dimension, the crystallographic b axis, lies along the spherulite
radius, and the twist period corresponds to the banding seen with
. the polarizing microscope prior to dispersion. Thus the morphology
of the spherulite formed from bulk crystallized material can be
linked with the simplest crystal formed from dilute solution,
However, many additional morphological features remain unexplained,
These include the nature of the amorphous material in the spherulite,
the origin of the twist in the. spherullte, and the possibility of
superstructures. :

3.1.5 Current Models for Isotropic Polvethvlene and Other Crystalline

Polymers

The preceding sections have presented the major morphological

~and textural features of polyethylene, P,E. Complications arising

from variations in temperature and heat treatments, molecular

weight, pressure, concentration of solution, and degree of super-

cooling, have not been presented. Such a discourse is beyond the

scope of the present text., Illowever, an attempt has been made to

establish the crystalline nature of P.E., and tlie basic crystalline
units which aggregate to form the bulk crystallized P.E. polymer.

" The variation of morphology with the many variables listed above

for P.E. and other polymers have been discussed elsewhere, (Geil, 1263).

The two models of crystalline polymers currently advocated in the
literature will now be discussed.

Two models of crystalline polymers have been proposed to
explaln the pzonertles and deformation behaviour of bulk material.,
Firstly, a "two-phase" model which has crystalllne and amorphous
regions, (Keith and Padden, 1964 a, b), and secondly, a '"crystal-
defect model of peolymer structure", which envisages the bulk material



~ has an assemblage of crystalline units and crystalline
imperfections in the form of a network of dislocations, (Holland,
1964), Holland and Lindenmeyer, 1965, Lindenmeyer, 1966). The
basic difference between the models is in the interpretation
‘of the regions which do not have long range three-dimensional
order. The first model admits to the existence .of disorder,

-and polymer chains in random, but not necessarily maximum entropy,
configuration. The second model, also subscribed to by
Statton, 1967, Stuart, 1959, and Geil, 1960 and 1965, considers
the amorphous phase as a network of crystal defects in the form
of dislocations. This model can be shown on theoretical grounds -
to explain the 'amorphous' halo on X-ray diffraction patterms,
(Statton, 1967), and account for the observed density being less

“than that for the ideal crystalline structure. The model aiso

. explains inter- and intra-lamellar slip as possible deformation
mechanisms in the bulk polymer, (Lindenmeyer, 1966).

Various morphological features will now be summarized
and the imperfections, both inter- and intra-crystalline, will
be discussed in terms of the two models.

Intra-crystalllne 1mperfect10ns may arise due to chain
ends, or from chain conflguratlon and conformation irregularities,

" for example, branches or spurious bulky side groups or kinking,
(Reneker, 1962). Both models can accommodate these type of
imperfections which give rise to intra-crystalline dislocations.
However, Keith and Passaglia, 1964,, have described various types
of dislocation which might be expected in P.E. crystals and conclude,
that "deformations of appreciable magnitude in chain-folded .
polymer crystals cannot be attributed solely to dislocation mechanisms™.
Lindenmeyer and co-workers, (see, for example, Lindenmeyer, 1966),
are at variance with this conclusion and argue that the dislocation
types of Keith, et al, are improbable, and that the deformation
behaviour of P.E. may be successfully descrlbed us1ng dislocation
mechanisms.

- It is apparent from Section 3.1.2 that the fold surface
of an isolated polyethylene crystal presents many problems, and
theoretical arguments and experimental evidence exists for either
an amorphous, or a regular adjacently re-entering fold surface.
The dilemma of the form of the fold surface is unresolved. The
crystal defect model envisages a regular, adjacently re-entering
fold surface, whereas the two-phase model requires a loose fold
surface to promote inter-lamellar cohesion, since forces are
necessarily transmitted directly from one crystal to another by
‘means of inter-lamellar contact. Major differences of opinion between the
: two models are
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in the nature of the inter-lamellar cohesion and the segregated

or fractionated materials arising during spherulite growth. In

the isotropic state the polymer has crystallised into a polygonal
spherulitic structure and segregated impurities and fractionated
‘polymer abounds at the spherulite boundaries. The spherulitic
inter—face may be amorphous or slightly crystalline and many
imperfection types may exist. (Keller, 1969, Keith, et al, 1966).
The inter-spherulite cohesion is maintained by the molecules which
traverse from spherulite to spherulite. The intra=-spherulite

" regions consist of radiating lamellar-like fibrils separated by
segregated materials which are in a less well-ordered state., In
the model of spherulite growth according to Keith and Padden, 1964,
‘the inter—lamellar regions will consist of amorphous material with
low molecular weight, and high impurity content, and more important,
tie molecules or tie crystals which facilitate inter-lamellar cohesion.

Contradictory models, (Holland, 1964, Holland and
Llndenmever, 1965, and Lindenmever, 1966), sugpgest that the "amorphous"
entity is a network of crystalline dislocations, and the sepregmated
material is low molecular weight polymer which crystallizes into a
more thermodynamically stable, extended chain crystal. Cohesion
is maintained by the normal crystal lattice forces and tie molecules.
However, with this model whenever polymer chains pass from one
crystallite to another, they do so in an .orderly way. Thus stress
which has been concentrated on a given crystallographic plane in one
crystal may be transmitted to the corresponding plane in the
next crystal. ' :

Further imperfections may arise as the lamellae twist,
but imperfections associated with twisting are unknown. Other
imperfections of spherulite geometry occur at the nucleus due to the
sheaf-like structure, and also discontinuities may arise associated with
space filling of the radiating twisting ribbons. Thirdly, the
spherulite boundary presents a macroscopic discontinuity and also a
site for the accumulation of segregated material,

It is the author's contentlon that the vrystal defect
nodel cannot satlsfactorlly explain some observations made in this
laboratory and reported in the literature, The observations of
Hay and Keller, 1965, on spherulite deformation in elongated films
showed, in many cases, that large deformations were reversible
~and that this requires a large elastic deformation of the type
associated with a low modulus rubber. It was speculated that this
behaviour was symptomatic of an amorphous matrix in which the crystais
are embedded -and cohered via tie molecules connecting the lamellae,
On deformation the crystals are displaced relative to one another
“with strained material between in which stored energy is accumulated.
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The stored energy is the origin of the restoring force on removal
of applied stress. Similar observations were made during the study
reported here at all draw ratios, from isotropic to D.R.5, on
-uniaxially cold drawn low density polvethylene sheets. Whilst
dislocation theory can readily explain high elongations under
applied stress, it cannot explain the large recoverable strains
observed on removal Of stress. Thus the crystal-defect model

and the dislocation mechanisms, proposed by Holland and Lindenmeyer,
.cannot fully explain the deformation behaviour of polyethylene,
Stein and Norris, 1956, have measured the infra-red absorption
"spectra of isotropic polyethylene and have reported an absorbancy
band associated with an amorphous phase, also, from selective
oxidation, (Meinel and Peterlin, 1967), and sorption studies,
(Peterlin and O1f, 1966,) it is postulated that an amorphous

phase is present which is attacked preferentially to the crystalline
regions, This is collaborative evidence for a two-phase model of
crystalline polymer structure. More recently, Kavesh and Schultz, 1970,
have reported an X-ray diffraction method of analysis which can
differentiate between a one phase, homogeneously dis—ordered
structure - as invoked by the crystal-defect model = and a two-phase
structure consisting of ordered and disordered regions - as
described by the two phase model of crystallinity. The authors
conclude that a two-phase structure must exist in bulk crystallized
- polyethvlene, and amorphous regions must be present, Furthermore,
their study suggests that the lamellae in bulk polyethvlene are
composed of mosaic blocks within which the molecules are in regular
lattice array and with boundaries defined by dislocations.. The
disorder within the mosaic blocks arises primarily from thermal
vibrations and possibly point dislocations such as have been
proposed by Reneker, 1962, The mosaic block composition of the
lamellae crystals has been proposed earlier by other workers, ' .
~ (Hosemam, 1967, Hosemann, 1963, Lindenmeyer, 1964, and Statton, 1967 a).

, It is concluded that the two-phase model of crystallinity
in polvmers, which invokés . an amorphous component, is a more
appropr iate model for bulk crvstallised polvethylene, but that

the crystal=defect model is consistent with the intra=-crystalline
regions, ‘ ’ '

3.2 MORPHOLOGICAL STUDIES ON ORIENTED POLYETHYLEKE

A hynothesis of the morphology, and the norphological
changes occurrina during the orientation of cold-drawn polvethylene
will now be e¢iven based on information currently available. An
attempt has been made to correlate and discuss the observations
which have been presented over the last few vears. The discussion
has been divided into three sections, each section concentrating
upon the morprholoav of celd drawn P.E. within a particular drau-
ratio range. The current nodels proposed for the highly oriented
state are also discussed. '
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~3.2,1. Low Draw Ratio Materials

At low draw ratios, (D.R. 1°05 to D.R. 1°40), the original
crystalline structure has been permanently deformed, and it is argued
that this may arise due to irreversible crystalline deformation
processes and/or inhomogeneous deformation of the spherulities. The
orientation of the crystallographic axes on deformation of single crystals
and bulk crystallized polyethylene are similar, and indicate that the
crystalline units aggregated in the bulk material may be irreversibly
deformed., Also optical and electron microscopy studies on thin films
and bulk crystallized polyethylene demonstrate that, at constant tempera=~
ture, the spherulites may be irreparably deformed, and the lamellae
within the spherulites become oriented about the draw direction.

A review of the observations on cold drawn polyethylene at low draw
ratios is presented below. : ‘
: e

Investigations of the deformation behaviour of P.E. 51ng1e
crystals have shown that twinning, and chain tilt and slip, can give ‘
rise to 57 to 157 permanent deformation, (Peterlin, 1966, Ingram, et al,
1967). This deformation corresponds to a draw ratio range 1°05 to 1+15,
Further deformation can occur due to chain slip. In the early stages
of deformation, for a favourable crystal orientation, first twinning,
and then phase transformation and chain tilting are observed. When
the draw direction is parallel to the a axis then twinning occurs
on the (110) diagonals and the a axis becomes nearly perpendlcular
to the draw dlrectlon, (Figure 3. L4a). If the draw direction is closer
to the b axis, the orthothombic lattice transforms into a monoclinic
phase. This phase transformation does not appreciably rotate either
the a or b axes, Thus for a random assemolage of crystals the
main effect is the shift of the a axis into a plane perpendicular to
the draw direction as a consequence of twinning. An important
deformation mechanism is chain tilting about the (310) direction which
proceeds by successive chain slip, (Figure 3.4.b), and hence chaius
are progressively shifted towards the draw direction.

~ An anomalous orientation of the a axes perpendicular to the
draw direction in the early stages of drawing of bulk crystallized
P.E. has been observed, (Keller, 1955, and Aggarwal and Sweeting, 1957},
and other wide angle X-ray diffraction studies have been reported,
(Stein and Norris, 1956, Aggarwal, Tilley, and Sweeting, 1961).
The orientation of the crystallographic axes was shown to proceed
as follows, The a axes first become oriented perpendicular to the
direction of draw, aad the planes containing the B and ¢ axes
are randomly distributed in the plane perpendlcular to a. Further
deformation rapidiy rotates the c axes towards the draw direction
with a and b axes randomly orlentea, the direction (OIL) becoming
aligned parallel to the draw direction, The mean orientation of
the ¢ axes is at 35° to the draw direction at D.R. 1l+4, (Keller,
1955, Stein and Norris, 1956, Gupta, Keller, Ward, 1968)., A recent
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study, using wide angle X-ray diffraction techniques, (Gupta,
et al, 1968), has determined.the orientation distribution of
the c-axes in uniaxially dravn L.D.P.E. films over a range of
draw ratios. For low draw ratio films (D.R. = 1+4) four
intensity maximd were observed at 35° to the draw direction.
As: the draw ratio increases these maxima merge, and the average
orientation of the c=axes about the draw direction is greatly
reduced. Similar observations were reported earlier, (Stein
and Norris, 1956), which showed that the spread of c-axes
about the mean is also decreased w1th increasing drawv ratio at
low draw ratloq. :

The orientation of the crystallographic axes in single
crystals and bulk crystallized P.E. are clearly similar. It has
been postulated, (Peterlin, 1966), that the observations in the

“bulk are a manifestation of the deformation behaviour of the
lamellae crystalline units, Peterlin suggested that twinning
occurs in the early stages of deformation, and further orientation
develops by a chain tilt and slipping mechanism., However, other

. mechanisms may contribute to the overall permanent deformation

at low draw ratios and may derive from an inter-lamellax slip
mechanism, and homogeneous and inhomogeneous deformation of the
spherulites. ~

Investigations of spherulite deformation in films of
melt cast P.E, have been made by Hay and Keller, 1965, who
reported the effects of orientation over a wide range of draw
ratios, and supplemented optical measurements with X-ray diffraction
and electron microscopy studies., Two modes of spherulite
deformation were observed: ' o '

(i) Homogeneous deformation where the whole spherulite
deformed, but had no simple relation between the change of shape
“and the apnlied forces, or the macro-deformation of the films,
(In some cases homogeneously deformed svherulites were observed
up to D.R.10, and up to D.R.3, the original spherulitic form was
reconstituted).,

(ii) Inhomogeneous deformations were observed where
regions of weakness yield - both intra- and inter-spherulite - and
drawv out leaving areas of apparently undeformed spherulites.,

Such deformations were not recoverable on the removal of stress.

Hay and Keller suggest that the reversibility in spherulite shape
and -cryvstal orientation requires large elastic deformations which-
are entrouic in character. This Sugqests that the crvstais are

either in an amornhous matrix, or have tie molecules connecting
the lamellae. The tie molecules wmay be present in the undeformed
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material or created during cold-drawins., Reversibility then implies
" that the crystals are displaced relative to one another with strained
tie molecules in which elastic energy is stored. The existence of
inter-lamellar tie crystals in isotropic P.E. has been demonstrated,
(Keith, et al, 1966), and the existence of an inter-=lamellar amorphous
region may be arcued from the results of the studies of Palmer and
Cobbold, 1964, and Keller and Sawada, 1964. Other workers, (Zubov,
Kargin and OthQYQ, 1967), found that on cold drawving sheets of
L.D.P.E. to a D.,R, 2- OO there was a homogeneous deformation of the
spherulites, . Further elongation induced necking, and in films with

a D.,R., 5+5 highly elongated spherulitic regions were observed., On’
heating the films retracted and the normal spherulitic nature was
restored, - The authors concluded that at high drawv ratios the
spherulites are destroyed, but elements. of the lamellae remain ‘
‘intact. ' It was proposed that the stretching proceeded as follows:-—

(i) up to D.R, 200 uniform elongation of the spherulites
occurs which proceeds mainly- throunh slipping and rotation of the
lamellae. ) : :

(11) . further draving in the necking zone destroys the
spherulitic structure, but retains the 51mpler 1amellar units and
‘the 1uter—lame11ar tleS. : -
This has been confirmed by light scattering observations,. (Stein
and Rhodes, 1960), which showed that elongations up to 50%7 (D.R. 1:30)
represent the deformation of the spherulites, and only at greater
elongation are the spherulites couverted to a fibrillar structure.

. Further evidence suggests that the spherulitic nature of
P.E. is maintained and the lamellaes are oriented about the draw
direction at low draw ratios. Electron micrographs, (Peck and
Kaye, 1954), show that in L.D.P.E. drawn 50% groups of lamellae have
swung as units towards the draw direction; the lamellae retaining the
basic spherulfitic structure. Low angle X-ray diffraction studies,
(Hendus, 1963), also show an orientation of lamellae twvwards the

draw direction. and the existence of a four-point diffraction pattern
indicates that large crystalline regions are still present inclined

at an angle to the draw directiom, but with a distribution about

some mean orientation. The lamellar texture is still retained when
L.D.P.E,, at D.R, 1+5, is redrawn at 90° to the original draw
direction, (Peck and Kave, 1954)., However, in this case deformation occurs
by an inter—lamellar slip mechanism; there is also evidence that
fibrillation occurs., Hendus, 1963, investizated the changes in-

the diffraction pattern that occur whan a dravn sample of L.D.P.E.
(elongated 200%, D,R, 3:00) is redrawn at 900 to the original draw
direction and also found that the lamellae reflections are retained.
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The observations on spherulite deformation and lamellae

orientation suggest that during the early stages of drawing (up to
D.R. 2+00) the deformation is dominated by an inter-lamellar slip
mechanisn, which leads to the orientation of the spherulite.

However, no reference is made to the possibilities of intra-

lamellar (crystalline) deformation, which is at variance with the
nmechanisms proposed by Peterlin, 1966. Peterlin suqrests that up

to D.,R, 1+15 plastic deformation of the crystalline regions dominate
and is the cause of the permanent deformation. However, one . .
postulate does not necessarily preclude the existence of ‘the other,

and it is possible that the residual orientation at low draw ratios

" arises fron a combination of all deformation mechanisms.

Clearly, the amorphous regions'iu the oriented polymer

~make a significant contribution to the deformation behaviour.

However, only a linited amount of information is available about
these regions as it is difficult to separate the contributions of

the crystalline and amorphous regions in. the methods of investigation

currently available. It has been shown, (Stein and XNorris, 1956),
that the anorphous regions in the drawn polymer become highly strained
and are anisotropic to infra-red dichroic and sorption measurements.

‘The infra-red absorption spectra of L.D.P.E, exhibits a doublet due

to CHy rocking at 720 = 730 cm™l. Stein and YNorris resolved this
doublet into its two component peaks, labelled A at 720 el and B
at 730 cm~l, Component A (720 cm~1) has.contributions from both

the crystalline and amorphous regions and absorbs only when radiation
is polarized along the b crystallographic axis., Component B

(730 eir~l) has contributions solely from the crystalline regions,

and absorbs only when radiation is polarized along the a
crystallographic axis. (Measurements at temperatures above the

"melting point confirm that band B disappears and band A intensifies).

Neither component absorbs radiation which is polarized parallel to
the c-axis.  Using radiation polarized parallel to the draw
direction the absorbancy for the' B band decreased rapidly up to

'D.R. 2+00, with a similar, but less pronounced, decrease in the
A band. This indicates that the c-axes in the crystalline regions
. orient rapidly towards the drawv direction, but the c-axis

orientation in the amorphous regions is rauch .less spontaneous. For
radiation polarized perpendicular to the draw direction, up to
D.R. 2:0, the B band (crystalline absorption only) shows an increased

‘absorbancy with an even more pronounced increase in the A  band,

This indicates that the a crystallegraphic axes in the crystalline

- region are oriented perpendicular to the draw direction, and also

the b axes in both the amorphous and cryvstalline regions is
gradually oriented perpendicular to the draw direction. The anisotropy
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of the ‘absorbancy up to D.R, 2:00 is sreater for band B . than
band A vhlch suggests that orientation of the crvqcalllne
regions occurs more ranidly than the amornhous regions vith a
preponderance of axes oriented perpendicular to the draw
direction. Gupta Zhd Ward,. 1968, also attempted to measure the.
orientation of the non-crystalline regions using infra=-red and
N.M.R. techniques; their measurements were onlv reported for the
highly drawvn state.and no further useful information may be deduced,
. : Current knowledge of the morpholosy and norphological
chanoes occurring on orientation of L.D.P,E. bv cold=drawine at
-low draw ratios can be surmmarised as follows:

1. Wide angle X-ray diffraction studies show that in the
initial stages of drawing the a axis is preferentially oriented
perpendicular to the drav direction, but as drawing nroceeds the
a and b axes are randonly distributed about the ¢ axes. At
Tow drav ratios (up to D.R., 1+4) the c—axes orient ranidly into a.
cone distribution about the draw direction with the average c=-axis
orientation of 35°, The spread of c-axes about this mean orientation
decreases with increasing draw ratlo at low draw ratios.

2, Observations.reported from studies using low angle
X-ray diffraction, licht scattering, and electron microscopy indicate
that the lamellae are intact and inclined at an angle to, and
oriented about, the draw direction, )

: 3. The amorphous regions are strained with the c-axes’
oriented towards the draw direction,

4, The spherulites may be homonene01Q1v and/or
~inhomogeneously deformed, but the available evidence suggests that
the deformations are mostly of the homogeneous tyne.

3.2.2 Intermediate Draw Ratio Material

To achieve internediate draw ratios (D.R, 200 and D,R., 2+65),
the original isotropic blank is first drawn, with necking, to draw
ratios in the range D.R., 3¢00 to D.R. 3¢7, When the drawn material
is then left in the stress free state at room temperature it recovers
to an equilibrium state of D.R., 2¢00 and D.R. 265 respectively, The
mechanisms which control this behaviour on drawing will be dominated
by chain tilting and slipping in the crystalline regions together
with an eventual breakina 0ff of lamellae Dlocks. These blocks
cohiere to one another by tie nolecules which were there in the
" original structure or are nroduced on rupture. The snherulitic
superstructure is destroyed and fibrillation proceeds. The high
retractive forces which sive rise to a recovery of around 1002
arises from the strained amorphous regions. On necking the ¢ axes
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are further oriented towards the draw direction, but still maintain

a mean angular distribution about the drawv direction of 15° at D.R. 2:70,
and 10° at D,R. 2+65, (Stein and Norris, 1956, and Gupta, ¥ eller

~and Ward, 1968). However, the spread of c—axes orientation about

the mean decreases with increasing drawv ratio. Low angle diffraction
patterns (llendus, 1963), approach a line diagram, but with diffuse
scattering, . This indicates a breakdown of the large lamellae blocks
into smaller crystalline entities which are aliened approximately
perpendicular to the-draw direction,

The amorphous regions become more oriented than at low draw
ratios with a further orientation of the amorphous ¢ axes in the
draw diréction, and the a and b axes in the crystalline and
amorphous repions are randomlv oriented approximately nerpendicular
to the draw direction, (Stein and norrls, 1956). The amorrhous
regions will now have a different origin, A proportion of this
phase will be the original amervhous material serrenated at the
spherulite boundaries and the inter-lamellar repions, and a further .
portion will arise from the breakdowm of the crvstalline structure
and mav be present in the form of tie-molecules, After necking
the remains of the spherulitic structure is only frammentarv. v
Substantial amounts of inhomoreneous deformation of the snherulites
has occurred and only the -tip of the spherulite = which has teen
naintained in the direction of draw = and the nucleus, may ha
‘intact, (¥ay and Keller, 1965). Ontical (Zubov, et al,“liif} and
electron (Geil, 1963), nicrographs show that striations which: have
spherulitic features can occur even at elongaticns of 5007,

The morvholooy of 1nterned1dte draw ratio L.D,P.%. can he
surmarised as follows:—

1. Vide angle ¥X-rav diffraction patterns show that the
c-axes are further aligned towards the draw direction, and a and ©
axes are randomly oriented in the plane pernendicular to the
C axes.,

2. Low angle diffraction patterns indicate that the crystalline
structures are oriented apnroximately nerpendicular to the draw
direction and the diffuse scattering supeests these are sumaller
entities than the original lamellae,

, 3. The
towvards the draw direct

o
0
A
\b

4, Only fragments of the spherulite structure nersist,
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3.2.3 The i rhlv Drawn State

Waterldl which is cold drawn to draw ratios of about 5
recovers to draw ratios of about D.R, 38 to D.,R, 4-2 in the
stress free state., At these higher draw ratios the average
c-axis orientation is 4° to the draw direction, (Stein and
Norris, 1956, Gupta, et.al, 1968). The low angle X-ray diffraction
patterns become less 1ffuse and the two line pattern is more evident. The
diffuse scattering may be due to the small crvstalllne size or
poor orientation of the crystalline units or both, (Peterlln, 1969,
and Hosemann, 1963). ‘ :

In the neck region electron microsraphs of the deformed
spherulites show a gradual transition from the lamellar to the
fibrillar structure, although there is some evidence that the ving
structure parallel to the draw direction persists in the highly
drawn material, (Geil, 1963, Hay and Xeller, 1965, Yeh and Geil,
1968). It is postulated that in the highly drawn state the mqterlal
has a fibrillar texture with strained amorphous and crystalline
regions., However, little is known about the mornhology of the bulk
- erystallized cold drawn polvethylene, but some of the studies
‘on thin films in the highly drawn state are discussed below along
with the models proposed by some workers.

It has been shown, (Zubov, et al, 1967), that on

annealing cold drawn highly oriented polyethylene, a proportion :
of the original lamellae were incorporated into a coarser new spherulite
structure, It was sugpested that the broken leme llar blocks were joined
by tie molecules, and on annealing the hlocks were reorganised in

the spherulitic form, but not necessarily with the same nuclei,

It was deduced that further elongations of the highly drawm material
occurred by strainine the amorphous regions without affecting

the crystalline blocks. Supporting evidence, (Stein and Norris, 1950),
shows that the intensity of the A band infra-red absorption parallel to ¢t
dravw direction continues to decrease with increasing draw ratio
at high draw ratios, indicatine a better alignment of the c¢ axes
parallel to the draw direction, whilst the intensity of the % band
absorption parallel to the draw direction is constant:; this sugpests
that the crvstalline regions are fully oriented. If increased
elongation further destroved the crvstialline recions the B band
would disappear, Also, Hemdus, 1963, shows that re-drawing the
highly oriented material at 90° to the oriqinal draw direction does
not destrov the structure, but re-orients the crystalline regions,
The deformation may be facilitated by the amornhous renions.

Similar findincs have been renorted bv Clayton, 1968, who found that

on rolline hishly oriented, cold-drawn polvethvlene, (i.e. comnression
_transverse to the plane of the sheet and pernendicular to the draw
‘direction), the crvstalline regions wvere undanared. The investications
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showed that the crvstalline regions were re-oriented by a twinning
mechanism and by deformation of the strained amornhous recions.

On annealing these cold dravn and rolled materials the presence

of regions of amorphous material was observed, (Cowking, et al, 1968,
see also Section 3.2.4). Assumine that rolline or annealing does not
produce amorphous material it may be concluded that the orieinal

cold drawn sheet also has the same amorphous regions but in the-
strained state. Concurrent work, (Yeh and Geil, 1968), using

X-ray, and electron diffraction and microscopy techniques support
these ideas. Yeh and Geil demonstrate the nresence of alternating
fibrils of an essentially disorderad (amorphous) region, and flbrlls
with intra-fibrillar lamellae regions. The latter fibrils were
reported to have alternating crystalline and amorphous regions vith a
veriodicity of 100 A to 150 A?, with an amorphous thickness of

60 to 70 A°, and are similar to the micro-fibrils proposed by othor
workers, (dosenann, 1963, and Peterlin, 1969).

Models for the highly drawn state proposed by Hess, Mahl and
Gutter, 1957, and later bv Statton, 19259, were discounted by Hosemann,
as theoretical calculations showed that these models gave rise to
strong, small=-anzle meridional scattering far in excess of that
observed in nractice. Based on an original idea by Bonart, 1959,
‘Bonart and Hosemann, 1960, and Hosemann, 1963, nroposed a para-
crystalline rodel for highly oriented volyethvlene, vhich introduces
the concept of folded chain lamellae olocke, with both repular and
looped folds, and with tie-chains which arise in an amorphous region.
. This model satisfactorily explains the observed X-ray diffraction
patterns. Based on observations of small angle X-ray diffraction
patterns, and the chanpes in the patterns on shear deformation,
Hosemann, pronosed that micro-fibrils combine together and wvere
displaced relative to each other without correlation to form
macro-fibrils: in cold-drawvn L.D,P.E. the fibrils, combinations of
single, double, and triple nicro fibrils would be separated by
voids, (Figure 3.5). liosemann suggests that the crystalline regions
are small three-dimensionally ordered units with lateral dimensions
of a few hundred Angstroms, and have no lateral register. However,
Peterlin, 1966, argues that '"the narrowness of wide-angle X-ray
diffraction spots demands a much wider lateral extension of coherent
crystal lattice than a few hundred Angstrom units, so that the
latter dimensions characteristic of the intensity distribution
in the small-anqle diagram must be a consequence of surface waviness
of the lamellae", Peterlin reconciles the disparity by postulating
that "blocks of folded chains with such lateral dimensions (a few 100A°),
but of widely varying surface orientation are put together with a nearly
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crystallographic fit on the lateral faces, so that the lateral
coherence of the lattice, as manifest by the width of wide angle
reflections, extends over much wider areas as one single block".
Other workers, (Yeh and Geil, 1968), have reported experimental
‘evidence which showed that, at the draw ratios associated with

the initially necked specimens, there is a lateral order of the
crystalline units which gives rise to a "wavy lamellae". 'Electron
micrographs of nitric acid etched highly drawn bulk P.E.
demonstrate the existence of a few thousand Angstrom thick fibrils”~
containing stacks of more or less regular lamellae with widely
varying orientation of the surface, (Peterlin, 1969). It was

- concluded that the fibril of bulk oriented P.E., was composed of
many micro-fibrils, and that the lattice mis-match and orientational
variation of the crystal blocks in adjacent micro fibrils are a
nearly 1dea1 model of a paracrystallxne order.

There is evidénée fur an inter-fibrillar amorphous

- region which is not invoked in the models described in the literature
referred to above, (Hay and Keller, 1966, 1967, and Cowking, et al,
1968). The model of Hosemann, Figure 3.5., suggests that the

. fibrils are separated by voids. The formation of such voids has

been reported by Hay and Keller, 1965, and Yeh and Geil, 1968,

but in both cases the conditions have been extreme. The_deformation
-has been grossly inhomogeneous and local elongations .of 10007 were
reported in the areas where voids were observed. Otherwise, inter-
fibrillar amorphous material is observed which is contrary to the
Hosemann model. Peterlin, 1969, discounts the presence of“voids in
necked P.E. and invokes the existence of a strained amorphous phase based
- on experimental studies reported by himself and co-workers.

sl Summarising, for the highly drawn state there is general .
- agreement about the existence of macro fibrils composed of
micro fibrils, which have alternating crystalline arid amorphous
regions. The lateral register of the fibrils explain the discrete
maxima observed on wide-~angle X-ray diffraction patterns, and. the
intense diffuse equatorial scattering in low angle X-ray pgtterns.
The model proposed by Hosemann is the one most generally accepted.
However, it does not account for the inter-fibrillar amorphous
_regions which dominate the deformation behaviour, and are apparent
from X~ray and electron microscopy studies. A modified Hosemann
model is proposed with an inter-fibrillar strained amorphous region,
and where the micro-~fibrils have some lateral register and combine
to give macro-fibrils of 1000 A®, This model will be adopted in
a later Section, Section 9., to explain the mechanical properties
of highly drawn L.D.P.E. If voids are induced by drawing they
will result from the inhomogeneous deformation of the spherulitic
" structures and will be a localised phenomena, and it is unllkely
that Lhey w111 extend the length of the fibrils.
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3.2.4 Speciél Textures in Oriented Polyethylenes

After some early work by Point, 1956, Keller and
co-workers devised a method involving drawing, rolling and
annealing whereby it was possible to design specially textured
structures, (Hay and Keller, 1966, 1967, Cowking, et al, 1968,
Point, et al, 1969). These structures had well defined principal
crystallographic axes orthogonal to the draw direction and the '
plane of the sheet and, by various annealing treatments, it was
found possible to orient the crystallites (lamellae) at well
defined angles to the crystallographic axes. By concurrently
determining small and wide angle X-ray diffraction patterns with
annealing treatment it was found that:-

1. The amorphous material in the originally cold drawn
sheet was highly strained which, when the sample was annealed, gave
rise to a high retractive force. However, the nature and
orientation of the amorphous regions was unknown, but tie molecules
or crystals were thought to be present, :

2, Two types of amorphous material were postulated, both
, inter-crystalline and an amorphous superstructure, but the whole
is an integral system with a well deflned amorphous=crystalline

inter-action. - :

3. The material deforms by two mechanisms. Firstly, inter-
lamellar shear, which is most easily activated, and secondly,
. intra-lamellar shear on planes containing c-axes.

Cowking, et al, (1968), observed results of macro-

deformation on selected samples and found with these samples
- that inter—-lamellar slip was the most probable deformation mechanism.

However, they calculated that only about 257 of the deformation
could readily be accounted for by this process; the remainder
was due to a more extensible amorphous phase. Alsc it was found

that the crystallite size remained constant in their studies which
suggested that there was an extra lamellar amorphous region that

is in intimate and well defined relation to the crystal, which
combines to give a super—lamellar texture. This extra amorphous packet
gives rise to a high reversible elastic effect,
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In this section the dynamic and qua31-stat1c (creep)
mechanlcal properties of polyethylene (P.E.), both in the isotropic
and anisotropic state, will be discussed. The dynamic properties,
particularly the dynamic mechanical loss peaks, have been .

extensively studied, but little has been reported on the creep
- behaviour of P,E. (The dielectric loss transitions will also be
referred to to aid the discussion), :

The prominent mechanical and dielectric loss transitions

in isotropic high density polyethylene, H.D.P.E., and low density
polyethylene, L.D.P.E., have been recorded for many years. The
mechanical loss peaks for L.D.P.E. were studied by Schmeider and Wolf
(1953), and later investigations by Flocke, 1962, included H.D.P.E,
 Three main transitions are apparent in both H.D.P.E. and L.D.P.E.

A schematic diagram of the transitions is shown in Figure 4.1
1nd1cat1ng their relative magnitudes and positions on the temperature -
axis at constant frequency. In the usual manner the L D.P.E. peaks
are labelled << B s ¥ , and the H.D.P.E. peaks o, X, Y o
Dielectric loss Studles by Oakes and Robinson (1954), Tsuge et al (1962),
and Mikhailov et al (1957), indicated correspondlng dielectric loss
tran81t10ns. :

-~

A An analogy between dlelectrLc and mechanical transitions
has been made and the activation energles from both sets of data
.‘calculated. The ot and values are in good agreement, but there
is a large discrepancy in the values for the- ﬁ relaxation., The o&
process has an activation energy at 28 k cal/molfrom dielectric
studies, and 25 k cal/mol from mechanical measurements, whereas that
for the Y is of the order of 11 k cal/mol by both methods (Willbourn
& Sandiford, 1960). The B process,’ however, has been attributed
with activation energies varying through 38 k cal/mol, 25, 20 and
16 k cal/mol from both mechanical and.dielectric experiments.

The nature of the mechanisms manifest in the loss transitions
in P.E. were unknown prior to the start of the work reported -in this
thesis, and have only recently been postulated, The molecular origin
of the transitions has been suggested by many workers, but is still
in dispute, Attempts to clarify this latter point have been made
using mats of single crystals, but an unequivocal designation of the
molecular origins of the transitions is still not available.

The results of dynamic loss studies on isotropic and single
crystal mats of linear P.E., and the postulated molecular origins
of the transitions are discussed in Section 4.1. The information
currently available in the literature will be presented, not only
for L.D,P.E., but also for linear P.E., where the work and information
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is relevant to the discussion and interpretation of the transitions
in L.D.P.E. The stiffness properties of L.D.P.E., at larger strains
(up to about 57) are discussed in Section 4.2. The information is
derived mainly from the manufacturers literature as few, if any,
systematic studies of the deformation behav1our of L.D.P.E. have
been reported.

Dynamic mechanical loss studies on cold drawn L.D.P.E. and
H.D.P,E. have been reported by Stachurski and Ward, (1968, a), and
are discussed .in Section 4.3. Further work by Stachurski and Ward,
(1968, b), documented the anisotropy of the mechanical loss peaks
in textured materials: it was shown that two transitions occur, an
inter-lamellar shear process at low temperatures, and an intra-
lamellar shear process at high temperatures (Section 4.3). Other
deformation studies on oriented P.E. are discussed in Section 4.4.,
and. the state of knowledge, which existed at the start of this thesis,
relating structure to mechanical properties is discussed in Section 4.5,

4,1 TRANSITIONS IN ISOTROPIC POLYETHYLENE

The prominent transitions in P.E. will now be treated
separately, and their postulated molecular origins will be discussed.

4,1.1 The o Transition -

. The o¢' transition has only been repor;ed in dynamic mechanlcal
loss studies on H.D.P, E., and does not occur in L.D.P.E., or single

~crystal mats of linear P.E.. Dielectric loss measurements do not

detect this transition.

Iwavanagi, (1962), proposed that the o¢' relaxation is a
boundary phenomena analagous to grain boundary slip observed in metals., Howex
Takayanagi, (1963), suggested a contrary relaxation due to the ' :
translational motion of the molecule in the direction of the molecular
axis in the crystalline regions. A later investigation by McCrum and Morris,
(1966), on both the o¢ and X’ transitiomsassociated the former with
the crystalline regions, and the latter to slip at the lamellae
boundaries. The proposals by McCrum et al and Iwayanagi indicate a
relaxation associated with amorphous regions, whereas Takayanagi
postulates an intra-crystalline relaxation., However, as the transition
is not observed in . single crystal mats, it is reasonable to assume
that the o peak would be related to the amorphous regicns in the
bulk crystallised P.,E. The experiments of Flocke. (1962) are consistent
- with the latter explanation. Flocke showed that the o¢' relaxation
occurred at lower temperatures in a quenched specimen than in a
" slow cooled-sample., The slow cooled specimens have a coarse
spherulitic structure with well formed lamallae with a thickness around
29045 in contrast to the quenched specimens which have a fine spherulitic
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structure with lamellae thicknesses about 190A, (Corneliussen
and Peterlin, 1967). Consequently, in the latter case, there’
is more amorphous component and the transition is more easily
activated and appears at a lower temperature.

Although the ' peak in H.D.P.E. is associated with
the amorphous regions, it does not bear the same relationship to
the oKX peak as the amorphous transitions in L.D.,P,E. The
amorphous transition in L.D.P.E. is manifest in the B loss peak,
which is approximately 40C° below the ©& transition, and has been
interpreted as inter-lamellar shear (Section 9.1). The ot peak
in H.D.P.E, has also been attributed to an inter-lamellar shear
‘mechanism, (McCrum and Morris, 1966) However, it is unllkely
that as the density of the P.E. is decreased the amorphous

- transition, of evidently the same origin, would change position

‘relative to the o¢ peak on the temperature scale., XNo explanation
of this apparently anomalous behaviour has appeared in the literature.

4,1,2 The ct; Transition

The first informative investigationson the nature of the &
relaxation were by Schmeider & Wolf, (1953), who studied the magnitude
.and position of the loss peak as a function of chlorine content in
chlorinated P.E., using the torsion pendulum technique. The principal
effect of the chlorine atoms is to lower crystallinity: at high
chlorine content, when the crystalline content is very low, no ot pezk
was discernible., An increase in chlorine content decreases the
magnitude of the peak and moves it to lower temperatures until at high
chlorine content the o¢ peak is absent. As the & peak diminishes
and disappears the crystalline reflections of X-rays also diminishes
and disappears. These results indicate that the ¢x peak is associated
with the crystalline regions.,

"The dielectric ot peak was also assigned to the crystalline
region by Mikhailov and co-workers, (1957). Further work by Tuijman,
(1963), and Booij, (1965), also supports this hypothesis, and these
workers praposed that the dielectric relaxation was due to the re-
~orientation of the molecules within the crystals., :

Other workers have attributed the relaxation to the crystalline

‘reglons but have proposed different molecular origins. . Rempel, (1957),

"~ attributed it to "vibrational and re-orientational motion within the
crystal' whereas Pechold et al, (1963), described it as a "19tion of
lattice defects, where the defects take the form of klnks in a

'predomlnautly planar zig-zag chain".
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Work on single crystal mats also suggests that the o<¢ loss
peak is a manifestation of a crystalline transition. (Thurn, 1960,
Takayanagi, 1963, Sinnot, 1966). Sinnot demonstrated that the
mechanism is associated with the chain folds. On annealing, the
blngle crystals irreversibly thicken, with a corresponding decreéase
- in the number of folds and, at the same time, the intensity of the
relakatlon falls,

Clearly, an accurate designation of the molecular origin
of the o©Z process is difficult. Hoffman et al (1966) present a
model which attempts to reconcile the findings in bulk crystallized
material and crystal mats. They suggest that the o« process consists
of two overlapping mechanisms and is a result of "motion of chain
folds and re-orientation (with translation) of chains in the interior".
Using their model they have calculated activation energies for the ol
and . }{ process which compare favourably with experlmental data,

The conclusions reached thus far have been based on idealised
molecular models and no account has been taken of the presence in the
bulk crystallized material of the many possible crystalline imperfections
which may arise during crystal growth (Section 3). In the case of
L.D.P.E., where the crystallinity is typically of the order of 50%, the
amorphous—crystalline interaction may have a dominant effect, and the 7
proposed models do not consider the many other complex molecular mechanisms
which may also be available., A large number of relaxation types should’
be invoked, with a wide distribution of relaxation times, to account
for the possible crystal- crystal and crystal—amorphous interactions,
but with a predominence of the re-orientation types suggested above,
Stein, 1966, infers that the higher activation energy of the o< process
in H.D,P.E, is due to the different size and environment of the
crystalline regions, in agreement with the discourse above. Using a
dynamic birefringence technique he indicated that the & mechanism
in L.D.P.E, was due to two overlapping mechanisms involving the ,
crystalline regions, and proposed that on deformation the spherulites
- deform instantaneously, followed by a crystal re-orientation mechanism
involving inter-lammellar slip, Similar observations were made at
higher temperatures with H.D.P.E.; Stein concluded that the inter- :
lamellar shear process is shifted to higher temperatures since the process
has a higher activation energy in the more crystalline material. This
interpetation of the ot mechanism for L.D.P.E. is contrary to the findings
discussed previously, and those reported in this thesis. Observations
by Moore and Geiniewski, (1960),0f the change of light scattering
diffraction patterns during uniaxial tensile creep of L.D.P.E. confirm
an instantaneous super structure (spherulitic) deformation, but invoke
re-orientation of the lammellae due to an intra-lamellar slip mechanism,
If one postulates that the intra-lamellar shear is made easier as the

.\
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“number of defects in the crystalline regions is increased, and that

the energy barriers opposing the various vibrational and re-orientational
modes are decreased as imperfections in the crystalline regions increase,
then the observed shift in the o¢ peak to lower temperatures with
decreasing crystallinity is explained. The intra-lamellar shear process
seems more feasible than that proposed by Stein, and also reconciles

the proposals of other workers. -

4.1.3 The B Transition

The 5 transition is not apparent in H.D,P.E. and is only

_observed in L.D,P,E., and it is generally accepted that the ﬂ transition
is due to the motion of branch points on the polymer chain. A
relationship between the [ .relaxation and the amount of side~branching
has been demonstrated, (Kline et al, 1956). It was found that as the
- density was increased, i.e. the number of methyl groups per 1000 C-atoms
decreased, the magnitude of the [f peak diminished until, at a level

of one methyl group per 1000 C-atoms, the ﬁ peak was almost absent.

It was concluded that the B peak in L,D.P.E, was due to the relaxation
»of branch points associated with the amorphous regions within the polymer,
Studies on single crystal mats show no evidence of a f transition,
which further confirms that the ﬁ peak is associated with the amorphous
regions, Mikhailov et al, (1957), showed that the dielectric ioss factor
for the B relaxation increased in magnitude and moved te lower
temperatures if the material was quenched rather than annealed.. The
quenchied material has less well defined crystalline regions and a
‘bigger amorphous component. (The crystalline ot transition was absent

in the quenched material). »

- 4,2,3 The 7Y Transition

The ¥ relaxation has been investigated by many workers but
the 1nterpretat10n and a351gnment of a deformation mechanlsm and its
molecular origin are widely varying.

Many workers believe that this transition is due to the

crankshaft motion of = (CHy ) - segments in the P.E, chains, but
. does not involve more than 107 of the amorphous material. (See, for
‘example, Boyer, 1963)., However, Cole and Holmes (1960) suggest a

. mechanism which involves both the crystalline and amorphous regions.
Measurements of the dynamic loss transitions in C9g — Cpoparaffins.
show three prominent peaks corresponding to the <, B , peaks
"in the bulk crystallized polymer. (Pechold et al 1963). Pechold
attributed the Y peak to re-orientation of lattice imperfectionms
within the crystal and extrapolated the result to the bulk crystallized
polymer, Sinnot,(19656),using single crystal mats of linear P.E., _
determined that the Y transition was associated with the crystalline
regions and was due to the re-orientation of dislocation points within
the crystal lattice. It was argued that the ¥ transition in single



crystal mats, paraffins and bulk crystallized material had the same
molecular origin. However, the latter conclusions seem highly unlikely,
as demonstrated by the experiments of Willbourn (1958). Willbourn '
studied a series of polymethylenes with a known number and type of

alkyl side-branches. Results for methyl branched polymethylenes
containing 10 and 140 methyl groups per 1000 C-atoms showed that the

Y peak was only slightly affected, although the latter material did not
exhibit the crystalline, ©¢ transition. Similar conclusions may

" be drawn from the dielectric loss studies of Mikhailov et al,(1957)

who also found that in a material without a crystalline transition

the Y peak was still prominent, but moved to slightly higher
temperatures with a small decrease in magnitude. Therefore, the Yy peak
in bulk crystallized material is not directly attributable to. the
crystalline regions; however there is evidence of an amorphous
crystalline interaction. With increased crystallinity there is a
tendency for a narrowing of the loss peak and a small increase in the
magnitude of the peak. As in the case of the o¢ transition, the
molecular processes which control the transitions is still untresolved,
and extrapolations of the mechanisms from one material form to another is
suspect, . - ' ‘

4,2 CREEP STUDIES ON ISOTROPIC POLYETHYLENE

The most informative study on the uniaxial creep and recovery
behavicur of high and low density P.E., was reported by Turner (1964).
 Turner investigated the variation of stiffness behaviour with density.
and heat treatment over a range of strains and experimental times. Both
high and low density P.E, were shown to be non-linear and the creep
rates were sensitive to the stress level. There are no other systematic
studies of the stiffness behaviour of isotropic P.E., although examples
of the time-dependence may be obtained from the manufacturer's technical
service notes and other publications. (See, for example, Plastics Materials
Guide, .(1970), - Design Engineering handbook, 1969).

4,3 TRANSITIONS IN ORIENTED POLYETHYLENES

Studies of the transitions in oriented polyethylenes have
only recently been reported. As part of an extensive study on oriented
polymers Stachurski and Ward, (1968 a,b),have investigated the anisotropy
of the transitions in highly oriented cold drawn L.D,P.E. and H.D.P.E.,
and in a series of specially textured sheets with a well defined morphology.

; - For the uniaxially cold-drawn polyethylenes only the highly
drawn state was investigated. In highly oriented cold drawn L.D.P.E.
only a single peak is apparent at temperatures above the Y transition.
Ward labelled this peak B° and showed that it had an anisotropy of |
mechanical loss factor tané4s‘ > ton(')o > tﬂnbgo . (Figure 4.2 and 8.8).

s
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FIGURE 4.1 A Schematic Diagram of the Main Transitions
~ in L.D.P.E. and H.D.,P.E.

(After Flocke, 1962)

227

tan 0

FIGURE 4.2 The Mechanical Loss Transitions in Cold Drawn L.b.P.E.
(After Stachurski and Ward, 1968, a.)
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FIGURE 4.3 The Mechanical Loss Transitions in Cold Drawn H.D.P.E.
(After;Stachdrski and Ward, 1968, a.)
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= FIGURE‘4.4 The Mechanical Loss Tréns{tions»in Cold Drawn
‘ and Annealed L.D.P.E. ’

(After Stachurski and Ward, 1968, b,)
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It was sugzgested that this transition was dependent on the
orientation of the crystallites and did not depend on the morphology
of the drawn. polymer. Turther, it was '"associated with a specific
deformation which appears to be shear on planes containing the axis
of drawing in the draw direction (which is the preferred direction

of c—axes orientation as shown by X=-ray -diffraction), or on planes
‘perpendicular to this axis', Other work on highly oriented cold
drawn polyethylene, reported at the same time, has shown that at low
strains (Darlinaton and Saunders, 1968, 1970), and near yield (llinton
and Rider, 1963), that the dominant deformation mechanism is an
"easy-shear mechanism on planes containing the c-axis". It seems
reasonable, therefore, that the mechanism observed by Ward, is in fact
this same easy shear mechanism, and that this mechanism dominates the
defornatlon behaviour from: 1nf1nLLe51mal to flnlte strain,

" In the case of cold drawn H.D.P, E., two prominent peaks,
labelled o¢ and ¥ , and a residual ﬁ peak remain, each with
an anisotropy of mechanical loss.factor Fand, > tand,s ? tan 4o s
Figure 4,3, This investigation, (Stachurski and Ward, 1968, a),

did not elucidate the deformation mechanisms reSpon51ble for
the transitions, :

Specially textured sheets of L.D.P.E. have been preparéd
by Hay and Reller, (1966), Using these sheets, Stachurski and Vard,
1968, b), found that, on annealing, the single peak of the cold
drawn low density polymer resolved into two prominent. peaks, one
at -10°C and the other at + 75°C. (Figure 4.4). Dynamic neasure-
ments showed that the lower temperature peak, labelled ! , had
an anlsotxopy\hQJ >4hn5257*00q°, and was determined by the configuration
of the lamellae and did not depend on the molecular orientation within
the lamellae, This transition was attributed to an inter—lamellar
shear process. The high temperature peak, at + 75°C, had similar
anisotropy to the c¢old drawn L.D.P.E. (viz. an;r> haﬂ5},> h&néao ),
and by analogy it was postulated that the transition in the texturcd
sheet derived from the same relaxation process, and was labelled ﬁ

It was noted that “the anisotropy of the oL process in )
cold drawvn H,D.P,E. is equivalent to that of the ﬁ' process in the
annealed sheets., This suggests that the .04 process in the cold '
drawn hlvh density polvmer could be due to an inter-lamellar shear
process" This - analogy seems rather dubious, In H.D.,P.E. of suf f1c1evtly
low densitykfor the ﬁ reak to be prominent, the ot - peak 1is
due to a crystalline relaxation and the B paak to an amorplious
- relaxation. It would be equally reasonable to assume that if the peaks
" still appear after drawing that the anisotropy of the ﬁ ~ peak was
still due to the amorphous content, but had an-anisotropy depvendent on
the orientation of the amorphous regions. However, Ward et al postulate
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that the o4 peak is now due to an inter-lamellar shear process

associated with the relaxation of inter-lamellar amorphous material.

This seems unlikely and a direct analogy appears hazardous. A more
reasonable postulate would be that the low temperature [ peak in the cold
drawn H,D,P.E. with anisotropy han $o>fh05}s>¥un§°was due to inter=,
lamellar shear. Similarly, the analogy between. the peak labelled B

in the cold drawn material and the annealed material is dubious. Whilst
admitting the peaks are associated with the orientation of the '
‘erystallites the morphology in the two cases is markedly different

and care must be taken in making such analogies., In the cold drawn
material the crystallites are arranged in fibrils (Section 3), and
- it is difficult to distinguish between inter-fibrillar and intra-
crystalline shear. An inter—=fibrillar shear mechanism is proposed

in this thesis (Chapter 9), and has also been referred to by Gupta et al,
(1968) ,and Hosemann,(1963). However, in the annealed sheets the =
- existence of an intra-lamellar C-axis shear process seems highly likely.

. Hay and Keller,(1966, 1967),and Cowking et al, (1968), in detailed

studies of these textured materials, demonstrated that the dominant
deformation mechanisms were an inter— and intra-lamellar shear deformation.

Work described in this thesis (Section 8) demonstrates the
"anisotropy of the mechanical loss peaks in L.D.P.E. with different draw

ratios, and is discussed in Section 9.1.

4;4 CREEP STUDIES ON ORIENTED POLYETHYLENE

The experimental results discussed in Section 4.3 were at
infinitesimal strains using oscillatory vibration techniques to
.investigate mechanical loss peaks; relatively few systematic deformation
studies at finite strains (up to 5% say) have been reported. Raumann
and Saunders,(1961) ,and Raumann,(1962) ,first measured four isochronous
compliance parameters for uniaxially drawn L.D.P.E., over a range of
draw ratios, and emphasised the anomalous behaviour of the stiffness-
parameters, The tensile moduli at 0°, Eo,and 90°,E9g,to the draw
direction first decrease with increasing draw ratio, with Egp>> Eo ,
and then at intermediate draw ratios a cross—over point occurs in the
modulus v draw ratio curves and Eo becomes greater than Eg9Qp. At
high draw ratios Eo is much greater than Eg9Q which is greater than E45.
The low E45 is associated with a high shear compliance governing laminar
shear in the plane containing the draw direction and the mutually
orthogonal co-ordinate axis perpendicular to the draw direction.
~Gupta and Ward,(1967),have also examined the anisotropy of the tensile
moduli on a limited number of draw ratios but over a range of
temperatures, However, the experiments were designed to examine an
aggregate theory for oriented polymers and no structural interpretations
were attempted. Similar experiments were reported for the textured
materials (Gupta et al, 1968), A detailed study of the tensile moduli
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~ of highly drawn L.D.P.E. has been made by Darlington & Saunders, (1970),
over a range of strains on specimens cut at different angles to the
‘draw direction in the plane of the sheet., Creep compliances were
recorded up to 100 seconds at each angle and it was deduced that

an easy shear mechanism parallel to the C-axis was the dominant
process in the highly drawn state.

The anisotropic state is important technologically, but
the information available on drawn polymers is minimal. The transitions
have been well documented, but the stlffness parameters have had only
slight attention. The work reported in this thesis attempts such
. a systematic study for cold drawn L.D.P.E. over a range of tlmes,
stralns, and draw ratios, at constant temperature,

" 4.5 THE RELATION BETWEEN STRUCTURE AND MECHANICAL PROPERTIES

Crystalline lamellae were identified as the basic structural
unit in bulk crystallized polyethylene in 1964, (Palmer and Cobbold,
1964, and Keller and Sawada, 1964). Previously reported work which
~ had involved X-ray, infra-red, and electron microscopy techniques,
~ and deformation studies could then be explained more fully, but in
1965 the relationship between structure and mechanical properties
was not well understood. During 1964 and 1965 several morphological
studies on the oriented state were reported (for example, Hay and Keller
1964 and 1965). Hay and Keller iuvestigated the effect of orientation
on spherulite deformation in thin films, and identified crystalline
lamellae units in bulk oriented polyethylene. Deformation studies,
(Stein, 1966, Moore and Geinewski, 1966, and McCrum and Morris, 1966),
indicated possible deformation mechanisms in H.D.P.E. and L.D.P.E.,
but the interpretation of the data was of a contrary nature. At the-

- same time, the effect of deformation on the morphology of single
crystals and bulk crystallized P.E. was investigated to try to

elucidate the morphology of the highly drawn polymer (See, for example,
Peterlin, 1966, Corneliussen & Peterlin, 1967). This thesis represents
the first systematic study which attempts to. interpret the anisotropic
quasi-static (creep) properties of oriented L.D.P.E. in terms of

current structural knowledge. Recent work, (Stachurski and Ward, 1968 a
and b, and Gupta and Ward, 1968) has examined the anisotropy of the

- mechanical loss transitions in highly drawn and specially textured

P.E., and these workers have postulated an inter-lamellar shear and

an intra—lamellar shear mechanism dominate the deformation behaviour.,
Several informative morphological studies on the oriented state have
also been completed, (Yeh and Geil, 1968, Cowking, Rider, Hay and
Keller, 1963, and Peterlin, 1969). Cowking et al also postulated

the inter~ and intra-lamellar shear mechanisms in the same specially
textured sheets used by Ward and co-workers, These recent investigations
have been discussed in Section 3 and 4.3.
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SECTION 5. APPARATUS

, The five principal independent compliance parameters of
uniaxially oriented polyethvlene were determined using tensile and
torsional creep apparatus which have been developed in this
laboratory. The tensilercreep appardtus allows the simultaneous
measurement of the longitudinal and contraction creep strains, and
tiiese measurements are used to determine four of the five principal
compliance parameters. The fifth independent compliance parameter
is-deternined from torsional creep measurements, A torsion pendulum
apparatus has been designed and built as part of this work and '
used primarily to calibrate the torsional creep rie, No results

on L.D,P.E, are renorted using this technique, Fach apparatus has
been specially designed to accormodate the necessarily small, and
extremely flexible, samples afforded by the drawn L.D,P.E., and in
each case novel desien features have been incorporated to overcome
the experimental difficulties associated with testing these materials,
~The individual apparatii are described separately below.

5.1 The Tensile Creep Apparatus

. The apparatus has been described in detail elsevhere
(Darlington and Saunders, 1970), and only a brief description will
be presented here, A schenatic diagram of the apparatus is shown
in Figure 5.1, The specimen is loaded axiallv vig the lever loading
.systern and the slide guide, which ensures that the specinen is free

from any torsional or transverse leading. The loads are applied
in a steady manner in about 0°*5 to 10 seconds,

The extensometry has been fully described by Darlington
and Saunders, (1970), and enablés the simultaneous measurement of
the longitudinal and through thickness creep deflection (Extensometers
1 and 2). The extensometers are mounted using a system which ensures
that load perturbationsof less than 1 gm are superposed upon the
uniaxially applied creep loads which are in the range 50 fo 3000 gms.
The transducers and associated recording equipment have a limit of
resolution corresponding to a shaft movement of 2+5 x 10'6_cm.
However, in practice, the smallest accurate measurable deflection -
is 12 x 1072 cm. Thus on a typical gauge length of 12 cms a linmit
of accuracy of 17 at 017 strain is realizable, and this latter strain
" was, in general, the smallest longitudinal strain measured. The :
limit of accuracy on the tontraction strain varies with sample
thickness and draw ratio and typical values are shown in Table 5.1,
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DRAW LONGITUDINAL STRAIN (7) )

RATIO 0-1 03 0°5 1:0 2+0
ISOTROPIC 12.57 6+257 3+75% 1:96% 1-0%
D.R. 0O 1452 7-2% 3417 14563 0-7%
140 90° - 18+5% 10°5% 5+60% 2457
D.R. 0° - 12+0% 5427 2:97 1447
2+65 90° 50% 207 10°5% 3+97 1427

"D.R. 0° - 14407 8467 447 1:87
400  90° 317 11+0% 6+95% 2497 -
Table 5.1 The Variation of the Limit of .Accuracy of the

Contraction Strain with Strain and Draw Ratio.

The recommended procedure for creep testing is given
elsevhere (Turner, 1903 and B.S. 4613). However, whilst this
procedure was adopted in principle, minor modifications were made
to determine the recovery behaviour in full. .The isochronous curve
is obtained by loading the specimen and noting the creep strain
after 100 seconds. The load is subsequently removed and the recovery
strain is monitored. In the standard procedure a recovery period of
four times the creep period is recommended, however, in these studies
the recovery period was at all times greater than ten times the
creep time, or until such time when complete recovery occurred. At
the 057 and 1°0% 100 second strain levels the creep time was 1000
seconds and the recovery period was again ten times the creep time,
but often the sample was left to recover overnight, After the long
term tests a 100 second test at a lower strain level was repeated
to ensure no permanent damage had occurred in the material.

; The contraction results reported here represent the first
systenmatic study of creep contraction data over a range of strains
‘and draw ratios for an anisotropic continuum. In the original
‘design of the contraction entensometer brass contact pads were fitted
~to the ends of the entensometer arms. - The pads made direct contact
with the specimen surface and contact was maintained by a small
but positive pressure provided by the spring on the transducer shaft.



However, during the course of the experimental work reported here,

it was thought probable that over a period of time that the pads
would sink into the specimen surface and thus produce erroneous v
instantaneous results and exhibit incorrect time dependent behaviour,
especially on specimens af low modulus material that remained '
mounted in the rig over a period of days and/or during a long term
creep and recovery run. In order to investigate this possibility
small glass optical flats were introduced between the glass pads

and the specimen to reduce the localised pressure and exhaustive
tests were made u51no both techniques to investigate the following
points.

1. To determine the difference, if any, between the experimental
techniques using direct contact of the specimen with the pads =
to be referred to as 'pads' techniques = or by introducing the
optical flats = to be referred to as the 'plates' technique.

A range of materials with widely varying creep rates and moduli
were tested over times up to several hours, many of which had bee
mounted over a period of davs, -

2. To ensure that neither technique for the determination of the
contraction strain affected the longitudinal strain measurement.

~ This point was investigated previously by Darlington and
Saunders (1970), but only for the case of the 'pads' alone., - Also the
experiments were conducted over a limited time scale with a high
draw ratio material which has a hich modulus and exhibits little
time-dependence. Under those conditions 'sinking', if it occurred,
would be negligible and not vary appreciably with time,

3. The recovery behaviour was monitored using both 'pads' and 'plates'
techniques to ensure that the apparatus operated in a friction-
free manner with the contraction extensometer mounted,

4. To determine the repeatability and reproducibility of the
longitudinal and contraction results in creep and recovery over a
range of draw ratios at different strain levels. Some of the
results on the isotropic material have been reported elsewhere
(Dallln"ton and Saunders, 1970).

Detailed tests were made at nearly all draw ratios and

typical results for isotropic, D.R. 1+4, and D.R, 3.8, specinmens

are discussed bslow. The isotropic state was chosen to examine the

creep and recoverv behaviour at relatively hish creen rates in a low
~umodulus material, and Ficures 5.2 to 5.4 show the. isotropic contraction
data .on a series of specinens, The variation of the isochironous contraction
compliance with strain for three samples is shown in Figure 5.2, The
largest dJdifference Letween the 'pads' and "plates' results is in

Sample C, which shows a difference of 137 at 0+3%, 100 secound-strain and
57 at 0+¢3% 10C second strain., However, the limit of accuracy at these
strain levels is 6+257 and 3°75% respectively (Table 5.1) and the results
are thousht to.be extrenely good., The variation of the contraction
compliance with strain is sinilar for all three srecimens in both 'nads!
and "plates' exveriments., The time dependent behaviour of the contraction
“strain at 0+57 and 107 100 second longitudinal strain is shown in

Figure 5.3 and 5.4 respectively, and. in no case is the difference in time
dependence between 'pads' and 'nlates' experiments greatcr than 57. The
marked sinmilarity of the recovery strain in all cases is narticularly
encourazning, as this shows a lack of friction 1n’the ri;, that no sinking
occurs and that the repeatability is excellent even at low strain levels.

i
i
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The specimen to specimen comparison shows a similarity of both
‘creep and recovery behaviour and emphasises the reproducibility

of the results at both strain levels in a material which is

markedly time dependent with a low modulus in which the effects

of 'sinking' of the contraction pads might be anticipated. The
overall reproducibility may be deduced from Figure 5.5 and 5.6

which shows the variation of the isochronous creep modulus and
contraction compliance with strain for 5 different specimens repeated withot
. a contraction entensometer, with pads alone, and with glass plates.
For specimens which were tested in the temperature range 20-° 1°C to
20+9°C the spread of contraction compliance was no greater than 107
at 17 100 second strain, but the overall spread in the temperature
range 20°1°C to 21°8°C is 14%. However, this is considered good

as a change in temperature of 1C® may change the compliance by

3%, and also the limit of accuracy is only 2:0% at 1% 100 second
strain. Similarly, the modulus shows an 87 spread overall, but
excluding the results at temperatures greater than 21°C the spread
of results is less than 67 at 17 100 second strain. Tests were also
carried out on two specimens to determine the effect of the two
contraction techniques on the longitudinal deformation-and the
differences in time dependent behaviour were well within experimental
error, but a discrepancy of 107 in modulus values was detected at

< 0°15% strain, However, at high strains the difference was
negligible, (Figure 5.7 = 5.9).

x -

The results of a study on a 90° specimen at D.R., 14

are -shown in Fig. 5,10 to Fig., 5.13. This specimen was of particular
interest as it exhibited anomalous contraction behaviour and also
high creep rates and had a low modulus, so sinking in would be
~emphasized., The instantaneous contraction is followed by a time—
dependent thickness increase and on removal of the applied load,
the sample instantaneously recovered to a thickness greater than
the original thickness and progressively recovered to the original
"dimensions. The creep and recoveryv behaviour of both the longitudinal’
and contraction strain at 0°5% and 1+0%100 second strain are ‘shown
in Figure 5.11 to 5.12. The longitudinal strain shows no noticeable
difference in time dependence and the discrepancy in the contraction
behaviour is within the limit of accuracy -of the experiment (Table 5.1).
Clearly, there is no difference betwcen the two contraction techniques
and even though the contraction was left set up greater than 3 days and
no evidence of 'sinking' was observed. The apparent discrepancy '
between the sets of recovery curves arises since the creep experiments
were of different duration. Tests run for the same time at the
same strain level show good repeatability, viz Run 2 and 4 at 0+5%
~strain and Run 3 and 4 at 17 strain. The isochronous contraction
compliance/strain curve shows an overall spread of 7% at 17 straing
hovever, the limit of accuracy is only 57 at this strain level
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for this DR and angle (Table 5.1) and the agreement is considered

to be pood. This set of results supports the conclusion deduced
above about the effects of 'sinking in'. The isochronous modulus/
strain curves show a spread of 7% at 17 strain; however, Run 4 was
conducted at 21+7°C, which was approximately 1-.0C° higher than
Run.1-3, Thus excluding Run 4, the repeatability of the isochronous
modulus/strain curve is better than 37 for the two contraction
techniques. - .

The different effects of 'sinking in' between the two
contraction techniques would be exaggerated in a long term test 1n
a 0° specimen at D.R. 3-8, The tlme-dependent contraction is
relatively small and thus a small amount of 'sinking' would make an
appreciable contribution to the apparent contraction strain. However,

- there was no noticeable difference between the two techniques and

neither technique affected the tensile behaviour (Figure 5.14 and
5.15). '

As a result of the above tests, and others carried out
during the course of the experimental work the following conclusxo“s
were made.

1, The contraction deformation behaviour is the same for the pads

and plates techniques within the limit of accuracy of the measurements.
The use of glass plates between the contraction arm and specimen is
now standard procedure in these laboratories.

2, Neither technique affects the tensile deformation behaviour

3. The apparatus functions in a friction-free and 'stick-slip' free
manner, and consequently the creep and recovery data has a high
limit of reliability.

4, The repeatability of the isochronous compliances is excellent
for both the contraction and longitudinal compliances at all draw
ratios., The time dependent behaviour is highly repeatable.

5. The overall reproducibility is % 3% on the longitudinal modulus
and * 57 on the contraction compliance at 17 1006 second longitudinal’

. strain,

The extensive examination of results in the above manner
enabled the development of techniques which give a high standard of

‘repeatability and reproducibility, and give an increased accuracy

over the results obtained prior te this study.

.
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5.2 THE TORSIONAL CREEP APPARATUS

The torsional creep apparatus is based on an original
design by Morrison, et al, (1955), and is showm schematically in
Figure 5.16. The coil consists of 1300 turns of 40 SWG enamelled
copper wire susnended in the field of a Magnetron permanent magnet
by a 0:015" suspension wire, The upper sample clamp is attached
to the coil and by applying a voltage across the coil torques up
to 100 gm,cms, may be applied to a sample. The pole pieces have
been machined so that the torque is directly provortional to the

pplied voltage and independent of the angular deflection over the
range of deflections encountered, Thus the torque applied to a

sample remains constant during a creep experiment. To test the
linearity of the field the deflection of a metal shim was noted for

a given applied voltage. The magnetic field was then rotated and the
test repeated and for the same applled voltage the deflection remained
constant, ' '

The bottom clamp is firmly attached te, and supported by, a
specially designed linear bearing which enables specimens to be v
mounted in the apparatus free from axial loads. This is particularly
important with the thin, low rigidity specimens used in this study
as axial loads increase the torsional rigidity of the specimen. The
linear bearing restricts all rotational movement of the clamp but
allows almost free axial movement., Thus specimens of varvinr length
may be used and also thermal expansion and contraction mayv occur
freely without applying thermal loading to the specimen, Another
feature of the hearing is that selected axial loads may be applied
to the snecimen, thus enabllnp combined ten311e and tor51onal creen
experiments.

The suspension wire, the axis of the coil and sawple, and
the line of action of the linear hearln”, are all aligned in the
same vertical axis, the torsion axis. '

The torsional creep annaratus was calibrated using a torsion
pendulum apparatus (Section 5.3) and two metal shims. The torsional
rigidity of the metal shims was determined from free danped vibrations
in the pendulum apparatus, and the same metal shins were then used
in the torsional creep apparatus .to determine the voltaze—deflection
torque=voltase coustant as 13,390 dvne.,cn./volt. The reneatability and
‘reproducibility of the characteristics at both stages of the calibration
vere excellent and were found to be indevendent of small ervors in
sanple nisalignment,and the relative positions of the coil and magnets,
The applied voltages correspond to a range of toraues between 04 gm,
cms, for the highly drawn specimens, to 12 gn.cms. for the isotropic
material, The applied voltage is continuously displayed on a digital
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voltmeter and over the range of experimental times used the

voltage fluctuations are no more than 017 of the applied

voltage. The angular deflections are measured using an optical
“lever system and the reflected light spot is automatically followed
by the photocell in a Graphispot recorder. The deflections are

read to 1 mm, which, with the present optical lever, is equivalent
to an angular deflection of approximately 2 minutes of arc. Surface
shear strains were in the range 0¢057 to 0°57 and changes in surface
shear strains of less than 0°0027 can be accurately determined.

: The instrumentation used for load application is shown |
in Figure 5.17. The Farnell stabilized voltage supply, (S.V.S. 1),
drives a linear potentiometer via a motor and gear box. The
potentiometer replaces the control knob on the second stabilised
voltage supply, (S.V.S. 2), and the two cams, Ci and C2, and
associated micro switches,!Mgl and Ms2, control the extent of the -
rotation of the potentiometer and thus the voltage supplied to
the coil. The time of application of the load can be varied from
a fraction of a second to several seconds, and this facility will
be used in future work to apply ramp function inputs, which with
suitable analysis can yield the shear compliance at times less than
5 seconds. . In another arrangement (dotted lines) the motor and
gear box can drive a sine-cosine potentiometer (s/c pot). A constant
- voltage is supplied to the input ~ terminals of the sine-cosine
potentiometer and a sinusoidal voltage output is fed to the coil.
The peak to peak voltage is determined bv the input voltage, and
the frequency by the speed of the motor. Frequencies usually encountered
are in the region of 0:003 Hz to 2 Hz.

"Many experiments were performed on samples, at selected
draw ratios, throush the range of draw ratios, to determine the
affect of end effects, and the reproducibility of the results,
The end effects are of two types. TFirstly, the torsional rigidity
~.of the rectangular cross—section prism is increased since the clamp
prevents warping of the cross—-section on deformation.  However,
end effects of this type were overcome by applying a simple theoretical
length correction to the specimens (See Section 2.4), The second
end effect is due to local irregularities in stress distribution
in the area of the clamps, the St.Venant effect., WNo simple correction
may be applied in this case, and it is usual to work with long
specimens with high length to width ratios to negate the effect. .
However, in this work, the drawn blank size made severe limitations
on specimen size and dimensions and it was not always a practical
proposition to work with long specimens. End effects were investigated
by keeping a nominally constant-sample length of 5+2 cms and varying
“the length to width, and width to thickness ratios and detecting
_trends with ratio, if any existed, and examining the reproducibility
of the results., Typical isochronous modulus—strain curves are shown

.
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in Figure 7.33 to 7.35. Figure 7.33 shows the variation of
the shear compliance with strain over a range of draw ratios,
with two samples at each draw ratio and a full investigation at
typical draw ratios is shown in Figure 7.34. to 7.36. No
systematic variation of the shear compliance with length to
width and width to thickness ratio may be detected over a

wide range of ratios, and the reproducibility of results is .
considered to be good. At low strains (0°01%Z) the spread of
results is no greater than 57 and is reduced to 3% at 0°+57 100
second strain. It was concluded that no errors were inherent in
the results due to St.Venant's type end effects.

The reproducibility of the time dependence is showu in
Flgure 7+25 for some typlcal draw ratios. At low draw ratios, aad
- D.R. 38, the difference.in time dependence is less than 2% and the
largest discrepancy arose at D.R. 3°00 when a difference of 5% in
time dependence was recorded. The large difference at D.,R. 3:00
may arise from differences in specimens due to the difficulty of
sample preparatlon at thlS draw ratio. -

In the normal working position the specimens are free
from axial loads; however, the results of experiments designed
to determine the effect of applied axial loads on the torsional
rigidity are shown in Fig. 7.37 to 7.38 and, as expected, the
apparent shear compliance decreases with increasing load.

- 5¢3 The Torsion Pendulun

: The apparatus is an inverted torsion pendulum designed to
investigate the dynamic mechanical properties of polymers using
free-damped oscillations. A schematic representation of the
apparatus is given in Fig. 5.18.

-The bottom specimen clamp is rigidly fixed to a linear
‘bearing of the type used in the torsional creep apparatus. The
upper clamp forms part of the inertia system, the remainder of
which. consists of an aiuminium boss, two horizontal inertia bars
and two inertia bobs when necessary. The inertia bars have been
machined with a micro-thread so that the inertia bobs may be
screwed to the same radial distance from the axis of rotation to
‘better than 0° 001", The inertia of the system is varied either
using bars of different materials and addition of inertia bobs or
by varying the position of the bobs on the bars.



" The inertia system is suspended from a phosphor bronze
suspension element attached to the upper fixed plate by a ground
and polished slide guide and mateing bush, Preliminary
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experiments had shown that the use of relatively flexible samples such

as low density polyethylene in conjunction with a wire suspension

had led to unwanted ancillary vibrations in the system which appeared

as perturbatlons in the desired torsional vibrations, A special
suspen31on system with a cruciform cross—section was designed to
be weak in torsion but stiff in flexure and thus stray vibrations -
were ellnlnated

The system has been carefully machined and constructed
so that the axis of symmetry of the system and sample is coincident
with the axis of rotation. Thus only a pure torsional vibration'
is imparted to the system, ' '

v Different length samples can be-accbmmodated by adjusting
the position of the slide ‘guide in the bush.

A mirror attached to the suspension element reflects a
beam of light on to the photo—-cell of a Graphis pot chart
recorder. The photo—-cell is seated on the pen carriage of the.
instrument and automatically follows the light spot so that a
.trace of the oscillations is recorded on the chart. The chart
speeds are from 0,6 mm/min, to 600 mm/min., The frequency and
the leogarithmic decrement of the oscillations are determined
from the chart knowing the chart speed. The frequency is
deternined to 0.17 and logarithmic decrement to about 17.

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

The results of the above experimental investigations
are presented on the following pages preceded by a list of .
figure captions. - -



TFigure

Figure
Figure
Figure

Figure
Figure
Figure

Figure

‘Figure

Figure

Figure

Figure

Figure

Figure

5.3

5.4

5.5

5.6

5.7

5.8.

5.9

5.10

5.11

5.12

5.13

5.14

76

A schematic representation of the tensile creep
and transverse contraction apparatus.

The variation of the 100 second contraction

,compllance with 100 second strain for dlfferent
1sotrop1c specimens,

The variation of the contraction creep and recovery
strain with time at 0°5% 100 second strain for
isotropic specimens,

- The variation of the contraction creep and recovery =

strain with time at 1+0Z% 100 second strain for
isotropic specimens.

The variation of the 100 second modulus with 100 second
longitudinal strain for isotropic specimens.

The variation of the 100 second creep contraction
compliance with 100 second longitudinal strain.

The variation of the 100 second creep modulus _

with 100 second strain for different isotropic specimens..
The variation of the longitudinal creep and recovery
strain for isotropic samples at 0¢5% 100 second

strain,

The variation of the longitudinal creep and recovery
strain for isotropic samples at 17 100 second strain.

~The variation of the 100 second creep modulus,

Fgp, and the contraction compliance, S12, with

100 second strain for a D.R, 1+4, 90° specimen.

The variation of the longitudinal creep compliance,
So99(t), and the contraction creep connllauce, :
S12(t), with time, for a D.R. 1+4 90° specimen, at
different 100 second strain,

The variation of the contraction recovery strain:
with time, at 0+57 and 1:0% 100 second strain levels

~for D,R, 1+4 90° specimens,

The variation of the longitudinal recovery strain
with time, at 0°57 and 1+07%7 100 second stra1n levels
for D.R. 1+4 90° specimens, :

The variation of the longitudinal and contraction

creep compliance, S33, and S13, with time, at
different strain levels, for a D.R. 3°8 0° specimen.
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5.15

5.16

5.17

5.18

The variation of the 100 second creep modulus, Egq,
and the contraction compliance, Sy3, with 100 second
strain, for a D.,R. 3°8 0° specimen.

The torsional creep apparatus

The instruﬁentatioh used for load application for
the torsional creep and forced oscillation apparatus,

The torsion pendulum apparatus.
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FIGURE 51 A SCHEMATIC REPRESENTATION OF THE
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APPARATUS (DARLINGTON 1968)
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6. ~ SAUPLE PREPARATION AND CHARACTERISATION

6.1 Preparation of the Isotropic Sheets

The grade of polvmer chosen was I.C.I, 'Alkathene'

WJG 11, a low density polvethylene (L.D.,P.E.) having a melt flow

index of 2.0 and a nominal density of 0:918 grm/c.c. at 23°C., It

was obtained in the form of cube granules, and isotropic sheets

were prepared by compression moulding the granules between highly

polished aluminium plates at 160°C. Thim sheets of polyethylene ternyntxala
“'Melinex' were used between the polymer and the plates to avoid ' :
adhesion problems when removing the preseed polymer sheets, The

molten polymer was held in the press at 160°C for 15 minutes before

cooling by passing water through the press platens. This heating

period was necessary to remove strains caused by the flow pattern

of the polymer during pressing., The isotropic sheets have a nominal
thickness of 0¢166 cms. The mechanical isotropy of the sheets was

checked by measuring the variation of the isochronous modulus with
~strain for samples cut at various angles and positions in several

sheets. Yo systematic variation with angle or position could be

detected. (See Section 5). The density of the isotropic sheet was

measured from 20 hours to 500 hours after preparation and a steady
- value was not attained. The variation was small, however, being
less than 00004 grm/c.c. The mean density was O 917 grm/c.c.. which

. corresponds to a crystallinity of approximately 47%.

6.2 Preparation and Characterisation of the Drawn Samples

-After the isotropic sheets had been in storage for a period
of four to five weeks anisotropic sheets were prepared by selecting
uniform isotropic sheets of length 15 to 24 cms, and width 6 to 8 cms. ,
and cold drawing in uniaxial temnsion. The resultant material is
transversely isotropic with the plane of isotropy perpendicular to
the draw direction., A grid of half centimetre squares marked on
each sheet prior to the drawing process was used in the determination
of the final draw ratio., The draw ratio is defined as the ratio of
the final length of a line in the direction of draw to the initial
length, and is a convenient measure of the degree of anisotropy.
(Raumann and Saunders, 1961), Raumann and Saunders, 1961, also
reported that the moduli of anisotropic samples, prepared in this way,
increased slightly during the first three weeks after drawing, but
then remained substantially constant. The drawn sheets were therefore
stored at room temperature for over two months before measurements
of the draw ratios, or any tensile tests, were made.



. Specimens for the uniaxial tensile creep studies were
prepared from the sheets using a microspecimen tensile cutter
(A.S.T.M, designation 0.1708 = 59 T) having an overall length
of 3+8 cms., a gauge length of 1+96 cms., and a width of 0.478 cms
in the test section. The specimens were cut with their long axes
at angles of 09, 459, and 90° to the draw directiocn. :

Parallel sided specimens, which were cut at 0° to the
draw direction, were used for the torsional creep studies. The
nominal sample length was approximately 5 cms.

All specimens were stored in a temperature controlled
room at 20+0°C + 0:5% until required.

87
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SECTION 7., "EXPERIMENTAL RESULTS

" The exper1menta1 data is presented in two main sectioms.
'The first section concerns the variation of the measured compliance
parameters with time at two stress levels, and the second, the
"variation of the measured parameters with strain at constant time,
The "test procedure is described in Sectionm 5.

-The time dependent behaviour under load is presented in the
form of Creep Compliance data, and on the removal of applied lecad as
a Recovery Compliance. The recovery compliance is a computed
parameter calculated assuming the Boltzmann Superposition Principle,
but represents the most convenient form in which to express the
recovery data and avoid repetition of results. Details of a
- representative calculation are shown in AppendleAS + The

experlmental results for specimens cut at 0° to the draw direction
are shown in Figures 7.1 to 7.8, and both the longitudinal and the
~contraction creep and recovery compliances, S33(t), and Sj3(t)
respectively, are presented at 0¢57 and 1+07 100 second strain,

The longitudinal creep compliance $33(t) - (Fig. 7.1 to Fig. 7.4) =
is calculated from the longitudinal creep deflection as follows:—

S33(t) = €33(11)/ ‘_ 7.

applied stress

where €33(t) = Longitudinal‘Creep Deflection 7.2

Gauge Length

and the creep contraction compliance Sj3(t) is given by

S13(t) = €31(v) | 7.3
: f/’ESEIied stress
7 where €1L(t) = . Through Thickness Creeﬁ Contraction 7.4

Original Thickness

The main features of Figures 7.1 to 7.4 are the variation
of the time dependence of the compliance with draw ratio, and the
marked similarity between the magnitude and shape of the 0457 and
1°0Z 100 second strain curves in creep and recovery, and also between
the creep and recovery curves, At low draw ratios the creep rate
increases with increasing draw ratio up to DR 1°25 and thereafter
~decreases, and at high draw ratios the compliance is relatively
time independent. The trends at low draw ratios are explained.
in terms of a c—axis shear mechanism, and at high draw ratios by
a chain extension mechanism., The variation of the contraction
- compliance, S$33(t), with time and draw ratio, Figure 7.5 - 7.8,
shows similar trends as above and may be explained by invoking the
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same mechanisms (Section 9.1). The similarity of the creep and
recovery compliances at the two strain levels indicate that all
mechanisms governing the deformation are reversible. The

Figures 7.1 — 7.8 are shown on the following pages and are preceded
by the figure captions.

Exactly similar experiments were carried out on specimens
cut at 90° and 45° to the draw direction and these results are
shown in Figure 7.9 to 7.16 and Figures 7,17 to 7.24 respectively.
The longitudinal creep compliance, S97(t), and the creep contraction
compliance, Sj»(t) are calculated using equations 7.5 to 7.7 below:-

€22(t) ~ S R
_ applied stress ‘ 7.5

longitudinal creep deflection ' 7.6

$22(t)

L]

where €22(t)

gauge length

and the compliance,Slz(t) = €11(t) ) . 7.7
applied stress '

where € 11(t) is defined in 7.4,

. o . - .
Similar equations are used for the 45° specimens viz.

. = o ffl,;,/’ 7 o 7.8
Ezs (t) applied stress g ' )

where €450 (t) = Longitudinal creep deflection 7.9

gauge length

and the contraction compliance, é}, = Through thickness Creep Contraction
t
O /4s® © Original Thickness i
: . ) Applied
stress
7.10

The variation of the creep rate of. the longitudinal compliance,
Sg2(t), with draw ratio, is similar to that for the compliance, S§S33(t),
(Figure 7.9 - 7,12), and is shown to be a manifestation of the c-axis
shear nechanism at low draw ratios. However, there is a marked anisotropy
of creep rates at the low draw ratio and this is a consequence of the
cone distribution of c—axes about the draw direction. (Section 9.1). The
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contraction compliance for 90‘ specimens shows an apparently anomalous
- behaviour (Fig. 7.13 to 7.16). The instantaneous contraction is
"followed by a time~dependent thickening. On removal of the applied
load, the specimen instantaneously recovers to a thickness which is
greater than the original thickness followed by a time-~dependent
recovery to the original dimensions.

_ For 45° specimens only selected draw ratios were inveStigated
and the longitudinal compliance data, 1 is presented in

" Fig. 7.17 to 7.20, and the contraction E4s5(t) results, which were

taken mainly at the 17 100 second strain level, are showr in Figure 7.21 =
7.24, The creep rates are. similar at all the low draw ratios, unlike the o°
and 90° specimens, whilst at high draw ratios the time dependence

is again relatively small but the magnitude of the compliance is
 increased considerably. Also, at high draw ratios the contraction

strains were negligible at DR 38 and result in a very lowcompliance
value,

v

The Figures 7.9 to 7.16 for the 90° spécimens, and Figures 7.17
to 7.24 for the 45° specimens are presented on the following pages and
are preceded in each case by a list of figure captions.

The shear compliance, S44(t) is derived from torsional
creep experiments on rectangular cross—sectioned specimens, cut at o°
to the draw direction, from measurements of the applied torque and
‘the time dependent angular deflection as shown in Section 2. The
. results of these computations are shown in Figure 7.25 and 7.26.

‘The creep tests were carried out on specimens where the maximum shear
strain was approximately 0¢2%, and at a temperature in the range

193 ¥ 0.5°C. The results of tests on more than one specimen at the
same draw ratio are shown to demonstrate the reproduc-j:bility of

the tests., The sensitivity and accuracy of the results is fully
discussed in Section 5.2. The figures7.25 and 7.26 and the fi igure
captions are shown on the follow1ng pages.

The variation of the isochronous creep modulus and creep
contraction compliance with strain for specimens cut at 0°, 90° and
45° to the draw direction are shown in Figures 7.27 to 7.32, For
each "@ngular position the isochronous modulus and contraction
compliance is presented as a function of the 100 second longitudinal
~strain, for all the draw ratios investigated, and allows an examination
of the non-linearity at each draw ratio. A linear continuum would be
represented by a straight line parallel to the strain axis. The -
variation of the isochronous shear compliance with strain at all draw
ratlos is shown in Flgure 7.33. The isochronous tests in torsional creep



were carried out at 20°5 ¥ 0-5°C, However, the ambient temperatures
in the laboratory dropped to 19:3 ¥ 0:5°C when the long term tests
were performed and accounts for the sllght differences in values

for the shear compliances presented in 7¢25 and 7.33. The
reproducibility of results and the effect of sample geometry on

the end effects were examined by testing many samples at each draw
ratio and varying the length to width, ( L/ ), and the width to
thickness, (W/¢), ratios. The results of these investigations are
shown in Figure 7.34 to 7.36, and it was concluded that no errors .
were introduced due to the St.Venant's type end effects. (See

" also Section 5.2). The effect of axial loads on the torsional
rigidity was also examined and some results are presented in

Flgure 7.37 and 7.38,

The isochronous data for all tests - Figdres 7.27 to 7.38 -
. are presented on the following pages and each specimen angle is
preceded by a list of figure captionms,



S33(t),

Fig. 7.1

with time,

Fig. 7.2

compliance S33(t),
100 second strain.

v 333(t),

Fig. 7.3
with time,

Fig. 7.4

compliance S33(t),
100 second strain.

313(t):
S13(t),
s13(t),

S13(t),

" Fig., 7.5

with time,

Figo 7 L] 6

with time,

Fig. 7.7
with time,

Fig. 7.8
with time,
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Tensile Specimens=- 0°

The variation of the longitudinal creep compliance
for different draw ratios, at 0°57 100 second strzin.

The variation of the longitudinal recoﬁery
with time, for different draw ratios, at 0°57

The variation of the longitudinal creep compliance
for different draw ratios, at 1.07 100 second strain.

The variation of the longitudinal recovery
with time, for different draw ratios, at 1+07

The variation of the creep contraction compliance
for different draw ratios,; at 0°¢57 100 second strzin.

The variation of the recovery contraction compliance
for different draw ratios, at 0°57 100 second strain.

The variation of the creep contraction compliance
for different draw ratios, at 1°0% 100 second strain.

The variation of the recovery contraction compliaace
for different draw ratios, at 1:0% 100 second strain.
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Tensile Specimens - 90°

: Fig. 7.9 The variation of
Spo(t), with time, for different draw

Fig, 7.10 The variation of

the longitudinal creep compliance
ratios, at 0¢5% 100 second strain,

the longitudinal recovery

vcompllance, ng(t), with time, for different draw ratios, at O° 57

100 second strain.

_ Fig. 7 11 The variation of
Szz(t), with t1me, for different draw

Flg. 7.12 The variation of

the longitudinal creep compliance,
ratios, at 1°0% 100 second strain.

the longltudlnal recovery

compllance, So9(t), with time, for different draw ratios, at 1.07%

100 second strain.

Fig, 7.13 The variation of
vslz(t), with time, for different draw

: Fig. 7.14 The variation of
Slz(t), with time, for d1fferent draw

Fig. 7.15 The variation of
812(t),. with time, for different draw

Fig. 7.16 The variation of
S32(t), with time, for different draw

the creep contraction compliance,
ratios, at 0°5% 100 second strain.

the recovery contraction compliance,
ratios, at 0+5% 100 second strain,

the creep contraction compliance,
ratios, at 1°07 100 second strain.

the recovery contraction compliance,
ratios, at 1°% 100 second strain.
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Tensile Specimens — 45°

Fig. 7.17 The variation of the lbngitudinal creep compliance,

1 y with time, for different draw ratios, at 0¢5% 100 second strain.
E45(t) -
Fig. 7.18 The variation of the longitudinal recovery-
compliance, 1 , with time, for different draw ratios, at 0°57
' ' E45(t)

100 second strain.

Fig. 7.19 The variation of the longitudinal creep‘compliance,
1 s with time, for different draw ratios, at 107 100 second strain.

E45(t)

Fig. 7.20 The variation of the longitudinal recovery
compliance, 1/E45(t) , with time, for different draw ratios, at 1+0%

100 second strain.

f Fig. 7.21 The variation of the creep .contraction compliance
~’(Q3% , with time, for DR, 2°65 at 0°5Z 100 second strain.

G /45 ' ‘ :

At 'Fig. 7.22 The variation of the recovery contraction compliance
_ ’5£Lg’ ', with time, for DR, 2+65 at 0°'57 100 second strain.

, with time, for different draw ratios, at 1% 100 second strain.

. (éﬁf) Fig. 7.23 The variation of the creep contraction compliance,
. _ 20
_ Ol
Fig. 7.24 The variation of the recovery contraction compliance,

.‘;(é%f) with time, for different draw ratios, at 1% 100 second strain,
L 45° |

[+
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Torsional Creep Specimens

Fig. 7.25 The variation of the shear creep compllance S44(t),
~with time, for different draw ratios.

Fig. 7.26 The variation of the shear recovery compliance,
S44(t), with time, for different draw ratios. ‘



103

"'SOILVY Mvda
hZuc.Eu_o 404 3WIL I.:>> ()77 "AINVITIWOD
A43A003Y. HVIHS 3HL JO NOLLVIYVA mrpowho_u

'SOILVY MVHQ IN3Y3LIC 804 IWIL HLIM (1) 7S
IONVITWOD d334D HV3HS 3HL 40 NOIVIVA 3HL Se-L or_

(S23S) 3INIL : . (S23S) 3NIL :
L0 L0t : oL - -o , . ) — mo_ - . 4 Ot nc
om.m”m.o v 08.€ H'Q v
00-€ .m..o a 00€ ‘80 u
G920 e 69.2°94'a e
oo.N..mwc a 00-¢'¥4Q o
SL1¥a v | ot SLLYa v o
o7-t'¥ya « ‘g ov-1°y'a . e
0z-1'y4a v e =© 2 0z-1°¥d v e ©
Sliy¥a "o cs ° 3 =) Gl4'¥a o 0% %y
JIdOYL0SI o o ° 8 ° & < J1d0HL0SI o e g8 <+ V :
3003 © @ . 9w a 3000 ,0° ¢ ., 9w
© o8 « v . = ge + o k
ee [ . 'y ) M 9 v 0z n R L] @ . M \v} v 0c
e® o ° v v m...- 0°° o v v
o ] m v v ™ - * v v [T
o 8° ¢ [ L gl o ¢“ =
a8° \ v _..a.nn v v m
® g v Iy aQ 3
. . o a
acodaM v 44 N . M o9 ¥ m dd @)
qaama s . o€ — vy At j0e €
7 v 8 ° uNV / P ‘ v v o . m
+ 44 : RS . f o’ a® o © s z
gt L SR Sree S :
B ° ® ¢ s @ W\I e v ° &
... .. . “o.\ ) o® ® o uU..d
6 o 107 = oo v {07 &
a —
B B ﬂnJVU.L ) ° a |0r.
] e z o L] =)
° B i -] v GZ o [} ) L} m
ao® ™" 0" v = i g0t ®" .® 3 ‘9
a B « 3!.- a® L M
nnuu v o5~ po®® 3 v. 105 m.
B . ~
LA v ) LA « «
gov¥7° ' ««.«««« v
09 , - —J 00

e e e




104

Tensile Specimens — 0°

'Fig. 7.27 The variation of the 100 second loﬁgitudinai
modulus, Eo(t), with 100 second strain,€ o(t) for different draw ratios.

Fig. 7.28 The variation of the 100 second contraction
compliance, Sj3(t), with 100 second strain, € 5(t) for different
draw ratios. S .

Tensile Specimens = 90°

"Fig. 7.29 The variation of the 100 second longitudinal
modulus, Egg(t), with 100 second strain, € gg(t), for different
draw ratios., i

Fig., 7.30 The variation of the 100 second contraction
compliance, S32(t); with 100 second strain, € gp(t), for different
draw ratios. ’

Tensile Specimens - 45° - -

Fig. 7.31 The variation of the 100 second longitudinal
modulus, E45(t), with 100 second strain, € ,5(t), for different
drav ratios.

Fig. 7.32 The variation of the 100 second contraction
compliance, (A_tl%)lrse » with 100 second strain, € 45(t), for

different draw ratios.
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Torsion Specimens

Fig. 7.33 The variation of the 100 second shear compliance
844(t), with 100 second maximum shear strain, (t)max , for
different draw ratios, '
Fig. 7.34 The variation of the 100 second shear compllance
(t), with 100 second maximum shear strain, % (Imayx » at
DR = 100 (Isotropic), for different width to thickness, and
length to width ratios,

Fig. 7.35 The variation of the 100 second shear compliance
S44(t), with 100 second maximum shear strain, ¥ (t)maX , at
1+05, for different width to thlckness, and length to
w1dth ratios,

_ Fig. 7.36 The variation of the 100 second shear compliance
844(t), with 100 second maximum shear strain, ¥ (t)max » at
= 1+15, for different width to thickness and length to width raties.
Fig. 7.37 The variation of the 100 second shear compliance
S44(t), with 100 second maximum shear strain, ¥ ()pax s 2t

= 265, for different applied loads.

Fig. 7.38 The variation of the 100 second shear compliance
S44(t), with 100 .second maximum shear strain, ¥ (t)pax » &t

DR = 3.0, for different loads.
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ANALYSIS OF RESULTS

8.1
8.2
8.3
8.4

845

~Retardation Spectra and Mechanical Energy Loss Data

Isochronous Data ¢ the Dependence upon Draw Ratio
A Comparison of Creep and Recovery Compliance Parameters

Volume Compliance and Bulk Modulus~

ICalculatlons based upon assumptlons of Llnearlty and

Constant Volume Deformation,
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In this section the experimental data has been analysed
into forms which make it possible ‘to identify the mechanisms of
deformation, and the associated volume changes dominant in cold
drawn L.D.P.E. Detailed interpretation of the data is left until
Section 9. The data also allows an analysis based on the assumptions
of'linearity and constant volume deformation,

The section may be convenlently subdivided, and each sub-
division may be used to demonstrate some special feature or derive
a specific conclusion.  Analysis of the time-dependent data demonstrates
a c-axis shear process, and an anomalous relaxation mechanism in low
draw ratio specimens, and is collated with the mechanical energy
‘loss data in Section 8.1. An inter-lamellar shear mechanism is
identified in Section 8.2 using the isochronous compliance data.
The short—term isochronous and the time-dependent behaviour exhibit
different degrees of non-linearity, and the creep and recovery data
are examined in Section 8.3 and collated with the above deformation -
mechanisms in Section 9.I5. The contraction compliance data reported
in Section 7 has enabled the bulk moduli and the volume chanyes
occurring durlng deformation to be calculated. This analy51s is
described in Section 8.4, and the structural interpretation is
discussed in Section 9.1;6. Some 81mp1e calculations based on the
assumptions of linearity and constant volume deformation are reported
in Section 8.5. Each subsectlon is presented below and the significance
of the data is dlscussed. :

8.1 Retardation Spectra and the Mechanical energy loss data

The rate of change of compliance with log time, dsij- , is

the first approximation of the retardation spectrum of a dlog t

linear visco-elastic material and indicates the presence cf the

- major transitions on the time axis at constant temperature, .The

major transitions are usually associated with the dominant deformation
mechanisms which govern deformation behaviocur. Due to the

difficulties associated with creep measurements, it has been usual in the
past to locate the transitions using dynamic test methods and monitor

the variation of the mechanical energy loss factor, tan 6 , with
temperature at constant frequency. The latter approach has been used

‘by other workers investigating highly drawn L.D,P.E. (See Section 4).

In this study both approaches have been used and the results are collated
in Figures 8.1 to 8.10. Both techniques have shown that the magnitudes
“of the transition peaks are anisotropic.

The first approximation to the retardation spectrum of
samples cut at 0°, 90°, and 45° degrees to the draw direction, cver
a range of draw ratios are shown in Figure 8.1 to 8.3. The transition
is seen to be anisotropic., The major differences are in 0° and 90°
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specimens and:this is shown to be due to the cone distribution of
c-axes about the draw direction. As the cone develops, and the
c-axes become more ordered, the peak height increases in magnitude
at low draw ratios, and moves to shorter times at high draw ratios.

- A similar treatment of the contraction compliances,
S13, S12, and the shear compliances, S44 and Sgg are shown in
Figure 8.4 to 8.5 and Figure 8.6 to 8.7, respectively. The spectra
are again anisotronic. The 90° specimens at low draw ratios exhibit
an anomalous behaviour which is a result of a relaxation mechanisn
in these specimens. Values of Sgg(t), and hence d -Sg6(t), were

-d log t
obtained from the tensile results using the equation (2.45).

The variation of the mechanical loss factor, tan o L, with
temperature, at different angles and at four draw ratios, is shown
in Figure 8.8 to 8.1C. .The data was obtained using a commercially
available Rheovibron apparatus. A sinusoidal tensile stress is opplied
to a specimen and the out of phase sinusoidal strain response, and
the phase angle , 0 ,- are automatically recorded. In the isotropic
material two transitions are apparent (Figure 8.8), which at D.R. 1°+4
~are anisotropic (Fipgure 8.9) and tend to merge at D,R. 2:00 (Figure 8.10).
At high draw ratios, D.R. 4+00, only 1 peak is apparent around 0°C,
The isotropic and high draw ratio peaks have b een reported previously
by other workers (See Section 4); however, the intermediate draw
ratio peaks appear for the first time.

Figures 8.1 to 8,10 are now presented preceded by a list
of figure captions.
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compliance, d Sg6(t), with time, for different

d log t
draw ratios.

- The variation of the mechanical loss factor, tan O ’

with temperature at constant freouenc", (35 c/s),
for isotropic and draw ratio 4.0 S

The variation of the mechanical loss factot, %anb~,

with temperature at constant freauency (3*5 c/s)

The variation of the mechanical loss factor, -tan 0 ,
with temperature, at constant frequencv (3+5- c/s)
for D.R. 2.0, :

.
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8.2 Isochronous Data: The Dependence upon Draw Ratio

The isochronous data presented in Figure 8,11 to 8.16 is
a cross-plot of the data in Section 7 which shows clearly the :
variation with draw ratio of the isochrouous moduli and compliance’
parameters at a constant strain level, The 17 100 second strain
data are presented here,. The data is used to identify the inter-
lamellar shear mechanism at low draw ratios, and interfibrillar
shear and other mechanisms at high draw ratios. A simple analysis
also enables a comparison between the calculated and measured
values of both the shear compliance, S44(t), and the creep
contraction compliance, V45(t). The usefulness of a constant
volume deformation assumption is also considered.

At low draw ratios the moduli decrease: with increasing
drav ratio (Figure 8.11). The behaviour is indicative of an inter-
laumellar shear process, and the anisotropy is associated with
the cone distribution of lamellae, At intermediate and high draw ......

‘ratios the original crystalline spherulitic structure is broken

down and the resultant crystalline units are aligned in fibrils
parallel to the draw direction. The low value of E45(t) at high
draw ratios is a result of inter-fibrillar shear. The anisotropy

of Eo, L9y, E45 is discussed in Section 9,2, The trend in these
curves has been reported by other workers, (see for example, -
Raumaun and Saunders, 1961), but is presented here at a well defined
strain level, The cone distribution of lamellae and the inter-
lamellar shear mechanism is also responsible for the anisotropy of
the contraction compliances at low draw ratios (Figure 8.12)., The
continuous lines represent the values predicted using constant
volume assumptions and are derived from equations 8,1 and 8.2 below.

(313)C.§- i ( ‘—833) ‘ - 8.1
2 ,

—r—en

: : 2
A comparison of the measured and calculated values demonstrates that
the mechanism: governing deformation at short times is at no stage
‘approximated by a constant volume process. The usefulness of the
constant volume assumption is discussed in Section 9.3.

G1dey, = fm- s 82

The variation of the measured S44 with draw ratio is shown
in Figure 8.13 and may be compared with the values computed from the
tensile measurements using equations 8.3 and 8.4 below (Figure 8.14).

S = _4 = 8522 - S33 ~ 2 8513 . 8.3

: E45 K .

(S4tde,y, = _4 = ) - 8.4
E4s ’ . ‘
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The rapid increase of S44 with draw ratio is due to the inter-
fibrillar shear mechanism., The variation with draw ratio compares
favourably with that obtained by Raumann and Saunders (1961} Due
to the difficulties involved in measuring S¢g directly, the -
computed values only are shown in Figure 8.15 and are compared with
the values calculated using constant volume assumptions.

866 = 2 (S22 = S12) | . 85
(366)c.v, =2 (S22 = S12 cov.) o 8.6
The creep contraction ratios Vg 5% 4V, , are
given by equations 8.7 to 8.9 below. 9 ?O‘) .
§13, . . | | '
v =
_ S12/ o : o

The results of these computations at different draw ratios and the
corresponding values calculated using constant volume assumptions

are shown in Figure 8,16 and Table 8.1. This analysis is discussed
in Section 9.3. .

The variation of the isochronous data with DR is now
presented preceded by a list of figure captions,



Figure 8.11

- Figure 8.12

 Figure 8.13
Figure 8.14

Figure 8.15

Figure 8.16 .

Table 8,17

117

The variation of the creep moduli, Eo, Egg, and E45
with drav ratio at 1Z 100 second strain.

The variation of the 100 second creepvcontraction'
compliance, 513(t), and Slz(t), with draw ratio, at-
17 100 second strain.

The variation of the 100 second shear creep compliance, 834
with draw ratio at 0+37 100 second shear strain.

The variation of the calculated 100 second shear
compliance, S44, with draw ratio, at 17 100 second strain.

The variation of the‘calculated 100 second shear
compliance, Sg6, with draw ratio at 17 100 second strain,

The variation of the 100 second creep contraction
ratios YV, u)and vg (t) , with draw ratio at 17 100
second straln.

A comparison of the measured and calculated creep
contraction ratio, Vudt) with strain, at different
drawv ratios.
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8.3 A Comparison of Creep and Recovery Compliance Parameters

The recovery compliance data has been calculated assuming the
material deforms in a linear visco-elastic manner, and that the
Boltzmann superp031t10n principle may be invoked. This assumes
that the strain varies linearly with applied stress and that the
time dependence may be described by a function of time alone.

Thus for a linear visco-elastic material the time dependence of the
compliance at the 0*5% 100 second strain level will be identical

to that at the 17 100 second strain level., Also the creep and
recovery compliances will superpose.  However, none of the materials
tested here were truly linéar and several forms and degrees of non-
linearity were observed and are discussed in Section 9l5. The
non-linearity of the isochronous data is presented in Section 7,

and in this section the time-dependent data is compared, The
‘linearity or non-linearity of the deformation mechanisms are deduced
from these comparisons (Sectlon 915), and the usefulness of the
llnearlty assumptions for engineering purposes are discussed in
Section 9.2, :

In the following figures the longitudinal and contraction
creep and recovery compliances are compared for specimens cut at

09, 90° and 45° to the draw direction, at selected draw ratios,

: A comparison of the creep and recovery compliances and also the creep

compliances at two strain levels has been made and is summarized

in Table 92and discussed in Section 9i15. The following comparisons
of the longitudinal creep and recovery compllances have been made:-

1. Isotropic material (Figure 8.17)

2, 0°, 90° and 45° samples at DR=1+<15 (Figure 8.18 and 8.19)
3. 09, 90° and 45° samples at DR = 1.25 (Figure 8.20 to 8.22)
4, 0° and 90° samples at DR = 1:40 (Figure 8. 23)

5. 0%and 90° samples at DR = 2°00 (Figure 8.24)

6. 0°, 90° and 45° samples at DR = 2f65 (Figure 8.25)

7. 0°, 90° and 45° samples at DR = 3,80 (Figure 8.26 and 8.27)

Also comparisons of the creep and recovery contraction compliances
- have been made as follows:=



1. 00 specimens at DR = 1425 (Figure 8.28)

2. 0% and 90° specimens at DR

3. 0° and 90° specimens at DR
4, 0%, 90° and 45° specimens at DR
5. 0°, 90° and 45° specimens -at DR

The detailed comparisons are shown in the
by a list of figure captions.

1+40 (Figure 8.29)
2:.00 (Figure 8.30) .
265 (Figure 8.31)
3.80 (Figure 8.32)

subseguent figures preceded

11



Figure
Figure

Figure

Figure
Figure

. Figure

Figure

Figure

Figure

Figure

Figure

8.17

8.18

8.19

8.20

8.21

8.22

8.23

8.24

8.25

8.26

8.27

The variation of the creep and recovery compliance,
S11(t), with time, at 0°5% and 1:0% 100 second strain
for Isotropic (DR = 1+00) material.

The variation of the creep and recovery compliance
S$33(t) and Sp2(t), with time, at 057 and 1 07
100 second strain for DR 1°15. '

The varlatlon of the creep and recovery compliance

1 , with time, at O 5% and 1+0% 100 second

E45(t)

strain levels, for draw ratio 1°+15,

- The variation of the creep and recovery compliance,

$33(t), with time, at 0+57 and 1+07 100 second
strain, for DR 1+25,

The variation of the creep and'recoVery compliance
S92(t), with time, at 0-57 and 1407 100 second strain
for draw ratio 1°25, : :

The variation of the creep and recovery compliance
1 (t) , vith time, at 0+57 and 1+0% 100 second

E4s
strain levels, for DR 1.25,

The variation of the creep and recovery, compliance
S33(t), and S22(t), with time, at O+57 and 1:0%
100 second strain for DR 1°4,

The variation of the creep and recovery compliance,
S33(t), and S22(t), with time, at 0°*57 and 1+07
100 second strain for DR 2+00.

122

The variation of the creep and recovery compliance, with

time at 0+57 and 1:0% 100 second strain levels, for
0%, 90° and 45° specimens at DR 2¢65.

The variation of the creep and recovery compliance,
$33(t) and S39(t), with time, at 0:5% and 1°07%
100 second strain, for DR 3-8,

The variation of the creep and recovery compliance

1 (t), with time, at 0+5% and 1°07 100 second strain,

-E45
. for draw ratio 3-8,



Figure 8.23
Figure 8,29
Figure 8,30

Figure 8.31

Figure 8.32 .

The variation of the creep and recovery contraction
compliance, S13(t), with time, &t 0+57 and 1°0%
100 second strain, for D.,R., 1+25,

- .The variation of the creep and recovery contraction
compliances, S13(t) and S32(t), with time, at 0°57

and 1°0Z 100 second strain, for draw ratio 14,

The variation of the creep and recovery contraction
compliances, S33(t) and Sy2(t), with time, at 0°57%
and 1°0Z 100 second strain, for D.R. 2-00.

-The variation of the creep and recovery contraction

compliances, with time, at 0¢57 and 1+0Z 100 second

‘strain, for 09, 90° and 45° specimens, at D.R. 2°65.

The variation of the creep and recovery contraction
compliance, with time, at 0¢57 and 1°07 100 second
strain, for 0°, 90° and 45° specimens, at D.R. 3°8.
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8.4 Volume Compliance and Bulk Modulus

The simultanecus measurement of the longitudinal and

contraction strains has enabled the determination of the volume strain

changes during uniaxial creep deformation. The data is conveniently
presented in terms of the volume compliances Vo(t) and Vgg(t) for
0° and 90 specimens respectively, and the bulk modulus, K(t). The

5

. parameters are computed as follows. (See Section 2):-

S33(t) + 2.513(t) 8.10

Vo(t) =
Voo(t) = S11(t) + Sia(t) +  Sy3(e) 8.11
and bulk modulus K(t) = {553(t)_+ 2511(t) + 4 Slgkt)' + 2_312(ti] -

o - » 8.12.
E"(t)‘ + 2V90(t§i -1 8.13

Consistent with previous analysis both isochronous and time-
dependent data are presented.

The isochronous data has been computed using the mean
isochronous values of the longitudinal and contraction compliances
over a range of 100 second strain levels. The accuracy of the
individual compliance parameters varies with draw ratio and strain
level,, (See Section 5) but, in general, is ¥ 57 for the contraction
compxlance and ¥ 37 for the longitudinal compliance at 1% 100 second
strain. - The accuracy decreases at lower strain levels and increases -
at higher strain levels., Table 8.2 shows the values of the
compliance parameters at the 0+5% and 1°07 100 second strain levels.,
The computed volume compliances Vo(t) and Vgo(t) are also shown
with their reSpective error bands., The error limits have bnen
deternined using the follow1ng simple error analysis:-

-d 833(t) + 2 d S13(t) 8.14

d Vo(t) = d S313(t)
Vo (t) . Vel(t) on(t)

d V90(tl 2= d 811(t) 4+ d S12££l + d 811552‘ 8.15
Voo(t) " Vool(t) - Voo(t) - Vool(e)

It has been assumed that the longitudinal compliances

‘have errors of 4% at 057 100 second strain and 37 at 1% 100 second

strain, and that the contraction compliance has an error of 7% at
0°57 100 second strain and 57 at the 17 100 second strain level.
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The error limits calculated in this way indicate the maximum
possible errors that could be obtained from arbitrary tests.
However, the compliance values used in computation are average
values of the experimental data and should not have large errors
and thus the accuracies of the volume compliances are better than
those quoted in Table 8.2. The trends with strain and draw ratio
shown in the following figures are therefore significant.

The variation of the isochronous volume compliances
Vo, Vgo with drav ratio, are shown in Figure 8.33. The peak in the
volume compliance at D.R, 125 is shown to be due to the large’
volume changes associated with an interlamellar shear process.

‘Up to D.R. 125 the volume change in 0° specimens is greater

‘than that for 90° specimens, At draw ratios up to D.R, 265 Vgp
: 9

'is greater than Vp, and at higher draw ratios the two values are

similar., These results are discussed in Section 9.1,6. The
corollary to this behaviour is that the isochronous bulk modulus
K(t), shows a minimum value around D,R., = 2:00, The variation

. of K(t), with draw ratio is shown in Figure 8.34.

The variation of Vo (t), Vgo(t) and K(t), with 100 second

strain are shown in Figure 8,35 to 8.37. - With the exception of
D.R. 1¢05 and D.R. 1-15,Vo(t) is approximately independent of the

strain level, However, Vgo(t) is independent of strain up to 1Z 100
second strain, and increases rapidly thercafter. The full lines '
in Figures 8.35 - 8.37 have been drawn "by eye and are included

for identification purposes only.

The repeatability and reproducibility of the time dependence
in creep and recovery for all compliance parameters has been shown
to be excellent (Section 5). The time dependence of Vo(t) and
Voo (t) are derived from a simple time -addition of the compliance
parameters and the trends of Vo(t) and V9o(t) with time and draw
ratio are significant. The creep and recovery behaviour of Vo,
V90 and K(t) at different draw ratios is shown in Figures 8.38 to -
8.49 at two strain levels. Vo(t) is in general time-independent,
however, a 127 increase in volume is apparent at D.R. 1+2 between
10 and 102 seconds, but the value at 10 and 103 seconds is the same.

‘The increase is not consistent with the general trend in Vgo(t) and

may be fortuitous. Vg(t) is dominated by the c-axis shear process

which is shown to be a constant volume deformation mechanism (Section 9.1.6)
In contrast Vg9p(t) increases between 10 and 103 seconds by 207 for

D,R. 1°05 to 407 at D.R, 1.4 and exhibits a definite trend with draw

ratio and is consistent with large time-dependent volume changes

associated with a relaxation process discovered in 90° specimens

(Section 9.1.3). As the draw ratio increases above DR 1°40 this
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‘relaxation process is diminished and at D.R. 200 the volume

increase is only 257 and at higher draw ratios V90 is 1ndependent

' of time. The large volume increases in 90° specimens glve rise to
‘a decrea31ng k(t) with time. (Flgure 8.48).
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Figure 8,33 The variation of the volume compliances Vo(t) and
' Vgo(t), with draw ratio, at 0+57 and 107 100 second
strain levels, :

Figure 8.34 ' The variation of the bulk modulus, K(t) with draw
ratio, at 0°+5%, 1+0Z and 2.0% 100 second strain levels,

Figufe 8.35 The variation of the 100 second volume compliance,
’ Vo(t), with 100 second strain, for different draw
ratios.
Figure 8.36 " The variation of the 100 second volume compliance, Voo (t),

with 100 second strain, for different draw ratios.

Figure 8.37 The variation of the 100 second bulk modulus, K (t), w1th
100 second stra1n, for different draw ratios.

Figure 8.33 The variation of the volume creep compliance, Vo(t),
- with time, for different draw ratios, at 0°57
100 second strain.

Figure 8.39 The variation of the volume recovery compliance,
Vo(t), with time, for different draw ratios, at
057, 100 second strain.

Figure 8.40 The variation of the volume creep compliance, Vo(t),
with time, for different draw ratios, at 1:0%
100 second strain,

Figure 8.41 The variation.of the volume recovery compliance,
Vgo(t), with time, for different draw ratios, at
1«07 100 second strain.

" Figure 8.42 The variation of the volume creep combliance, Voo (t),
' with time, for different draw raulos, at O SA 100

second strain.

Figure 8.43 The variation of the volume recovery compliance, Vgpo(t),

‘with time, for different draw rarlos, at 0*5% 100 second
strain.

Figure 8,44 - The variation of the volume creep compliance, Vgg(t),

‘ : with time, for different draw ratios, at 17 100 second
strain, :

Figure 8.45 The variation of the volume re¢OVery compliance, Vgqo(t),

with time, for different draw ratios, at. 17 100 second
- strain.



Figure 8.46

Figufe 8.7

* Figure 8.48

Figure 8.49

Table 8.2
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The variation of the creep bulk modulus, K(t), with
time, for different draw ratios, at 0+5%7 100 second strain,

The variation of the recovery bulk modulus, K(t), with
time, for different draw ratios, at 0°57 100 second

strain,

The variation of the creep bulk modulus, K(t), with time,

for different draw ratios, at 1+07 100 second strain,

The variation of the recovery bulk modulus, K(t), with
time, for different draw ratios, at 1+0% 100 second
strain,

Error analysis on Vo (t), and Vgpo(t) for different

~draw ratios, at 0¢5% and 1+07 100 second strain levels.
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8.5 Calculations based upon Assumptions of Linearitv and Constant Volume

.The formalisms of classical elast1c1ty theory (C.E.T.) '
have been extended to describe the matrix of the time dependent comptlance '
parameters for a linear visco—elastic trausversely isotropic material,
interfrelatibns between these material parameters. (See Section 2).
The usefulness of C.E.T. has been examined in the linear and non-

linear region by comparing measured and calculated compliance parameters.
The inter-relations examined are as follows:—

and th

Say = 4 - S33 - Sy =2 513 8.16

Sep = 2 (Sll - 512,) ' o i 8.17

Ve = -+ Fss5 -[:313 + ‘Slé] - . 8.18
+5 3 - ‘ ,

Often in polymer engineering practice the assumption of
deformation at constant volume (c.v.) is made which reduces the

number of independent cowmpliance parameters since:=-

1 .
(513)c,y, = -~ 5 (533) 8.19

and  (S12)c.v. "= (311 ;3) . 8.20

Hence equations 8.16 to 8.18 may be written:-

(S48dc.y, = 4 - S22 | - 8.21
‘ LV » '
(Se6dc.v, = 2 (éll - S12 c.v.) . 8.22
% _ 1 e " '
and ( 45)c.v., = v 0 E45 S11 ‘ 8.23

The above time-dependent parameters defined by equation
8-16 - 8.18 and 8.21 to 8.23 have been calculated from tensile creep
and recovery data at the 0°57 and 1:07% 100 second strain level and
are presented in the following pages. '



- in Section 9.1.6.
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7 " The values of S44 calculated using equation 8,16 from the
creep and recovery data at 0°57 and 107 strain levels are shown in
Figure 8.50 - 8,53, and show a similar variation with time and draw
ratio as those reported in Section 7. Also the values of S44 predicted
using constant volume assumptions and equation 8.21 are similar and are
shown in Figure 8.54 - 8.,57. A direct comparison of creep and
recovery data at selected draw ratios is shown in Figure 8,58 - 8.060 .
and will be discussed in Section 9.2, A similar series of calculations
for Sgg based on equatlons 8,17 and 8 22 are shown in Flgure 8.61

- to 8.68.

The time-dependent values of. S13 and S12, calculated using
equations 8.19 and 8.20, and the creep and recovery data at 057 and
1°0Z 100 second strain levels, are shown in Figure 8.69 to 8.76.

A comparison of selected draw ratios at the 1°07 level is shown

in Figure 8.77 for S13 and Figure 8.78 for Si2.  The structural
‘interpretation is discussed in Section 9.1 , and the engineering

implications in Section 9.2. Similar calculations and comparisons of Si3
were also made at 100 second strain levels in the region of 27 and 47

and are shown for D.,R, 1:05, 1+15, and D.R, 1:25 only in Fipure 8.79

to 8.81 respectively. The relevance of these figures is discussed

The measurement of the contraction compliance and the
longitudinal compliance has enabled the calculation of the creep
contraction ratios qo vqapnd Vs > which are material parameters
more familiar to the englneer, and are calculated as follows:-

Vo = 813/333 ' 8.24

| 12/ ' o g.25
Voo = "12/sy I |

1 } ‘ ‘

: 125; = -3 E45 (S13 + S12) » _ 8.26

The values’ obtalned by assuming constant volume may also be calculated
viz:- : '

(Vode,y, = 0O°5 » 8.27
(Y90)e,y, = 1 - 233 : 8.28
: 2511 S :

| . | .
(Y%sde,y, = = 7 E45 511 S 829
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The values of the creep contraction ratio calculated using equation
8.24 to 8.27 are shown in Figure 8.82 to 8.105 and the variation of

the isochronous values with strain are shown in Figure 8.106 to
8.108,

The above figures will now be presented, preceded by a list
of figure captions.
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8.50

8.53

8;54 i

8.55

8.56

8.58

8.59

8.60

8.61

8.62

142

The variation of the calculated shear creep

compliance, S44(t), with time, for different
draw ratios, at 0+57 100 second strain.

The variation of the calculated shear recovery
compliance S44(t), with time, for different draw

ratios, at 0+5% 100 second strain.

The variation of the calculated shear creep

‘compliance, S44(t), with time, for different draw

ratios, at 1<07 100 second strain.

The variation of the calculated recovery compliance,
S44(t), with time, for different draw ratlos, at
1% 100 second strain, -

The variation of the shear creep compliance, S44(t),
with time, for different draw ratios, at 0+57

100 second strain, predicted using constant volume
assumptions,

The variation of the shear recovery compliance, Sz4(t),
with time, for different draw ratios, at 0+57
100 second strain, predicted u51ng constant volume

assumpt1ons." .

The variation of the shear creep compliance, S44(t),
with time, for different draw ratios, at 1+0%

100 second strain, predicted using constant volume
assunptlons.

The variation of the shear recovery compliance, S44(t}),
with time, for different draw ratios, at 1.07

100 second strain, predlcted using constant volume
assumptlons. _ .

The variation of the measured and calcuiated shear
compliance, S44, with time, for isotropic material,

The variation of the measured and calculated shear

compliance, S44, with time for D.R., = 2¢65.

The variation of the measured and calculated'shear
compliance, S44 with time, for D.R, = 3.80,

The variation of the calculated shear creep compliance,

S66(t), with time, for different draw ratios, at

0+5% 100 second strain.

The variation of the calculated recovery compliance,
S66(t), with time, for different draw ratios, at
0+5% 100 second strain. :
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The variation of the calculated shear creep
compliance, Sgg(t), with time, for different draw
ratios, at 1*0% 100 second strain.

The variation of the calculated shear recovery
compllance, Sp6(t), with time, for different draw
ratios, at 1+0% 100 second strain.

The variation of the shear creep compliance, Sgge(t),
with time, for different draw ratlos, at 0°5%

100 second strain, predicted u51ng constant volume
assumptions,

The variation of the shear recovery compliance
See(t), with time, for different draw ratios, at

- 0+57 100 second strain, predlcted u51n? constant

volume assumptlons.

The variation of the shear creep compliance, Seg(t),

with time, for different draw ratios, at 1°0%
100 second strain, predicted using constant volume
assumptions, :

The variation of the shear recovery compliance,
S66(t), with time, for different draw ratios, at
1+0% 100 second strain, predicted using constant
volume assumptions.,

The variation of the creep contraction compliance,
S13(t), with time, for different draw ratios, at
0+57% 100 second strain, predicted using constant
volume assumptions,

The variation of the recovery contraction compliance,
S13(t), with time, for different draw ratios, at
0-57 100 second strain, predicted using constant

‘volume assumptions.,

The varlatlon of the creep contractlon compliance,
S13(t), with time, for different draw ratios, at .1.0%
100 second strain, predicted using constant volume
assunmptions.

The variation of the recovery contraction compliance,
S13(t), with time, for different draw ratios, at

107 100 second stralﬁ, predlcted using constant
volume assumptions,
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The variation of the creep contraction compliance, Sio(t),

~with time, for different draw ratios, at 0:57 100 second

strain, predicted using constant volume assumptions.

The variation of the recovery contraction compliance,
S12(t), with time, for different draw ratios, at 0°*5%
100 second strain, predicted using constant volume assumption

The variation of the creep contraction compliance,
S12(t), with time, for different draw ratios, at 1-07
100 second strain, predicted using constant volume
assumptions.

The variation of the recovery contraction compliance,
Sy2(t), with time, for different draw ratios, at

1-07 100 second strain, predicted using constant volume
assumptions. -

The variation of the measured and constant volume creep
contraction compllance, S13(t), with time, at 1- 07

100 second strain, at different draw ratios,

The variation of the measured and constant volume creep
contraction compliance, Sy2(t), with time, at 107
100 second strain, at different draw ratios.

The variation of the measured and constant volume
creep contraction compliance, S13(t), with time,
at high strains, for D.R. 1+05.

The variation of the measured and constant volume creep
contraction compliance, S73(t), with time, at high

strains, for D.R. 115,

The variation of the measured and constant volume creep
contraction compliance, S13(t), with time, at high
strains, for D.R. 125,

The variation of the creep contraction ratio, V,(t),
with time, for dlfferent draw ratios, at 0°'5% 100

second straln.

The variation of the recovery contraction ratio, Vo(t),
with time, for different draw ratios, at 0+5%
100 second strain.

The variation of the creep contracticn ratio
Vo(t), with time, for different draw ratios, at

.'1Z 100 second strain.

The variation of the recovery contraction ratio,
Vo{t), with time, for different draw ratios, at
17 100 second strain.,

The variation of the creep contraction ratlo, Vo (L),
vith time, for different draw ratios, . at O* JLlOG
second strain.
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The variation of the recovery contraction ratio,
V9o, (t), with time, for different draw ratios,
at 057 100 second strain, '

The variation of the creep contraction ratio, VY gg(t),
with time, for different draw ratios, at 1+07%
100 second -strain,

The variation of the recovery contraction ratio, V 9p(t),
with time, for different draw ratios, at 1°07 100
second strain. :

The variation of the creep contraction ratio, V¥ g9p(t),
with time, for different draw ratios, at 0°57%

100 second strain, calculated using constant volume
assumptions. '

The variation of the recovery contraction ratio, ¥gg(t),
with time, for different draw ratios, at 0+¢57%
100 second strain, calculated using constant volume assumptior

The variation of the creep contraction ratio, Vgp(t),
with time, for different draw ratios, at 1+07% 100 second

~ strain, calculated using constant volume assumptions,

The variation of the recovery contraction ratio, Vv g9g(t),
with time, for different draw ratios, at 1+07 100 secound
strain, calculated using constant volume assumptions, .

The variation of the creep contraction ratio, V45(t),
with time, for D,R, = 2:65, at 0°5% 100 second strain.

The variation of thevrecovery contraction ratio, V;5(t)
with time, for D.R., = 2+65, at 0°57 100 second strain.

The variation of the creep contraction ratio, Vs4s5(t),
with time, for different draw ratios, at 1+07 100
second strain,

The variation of the recovery contraction ratio, ¥45(t),

with time, for different draw ratios, at 1+0%7.
100 second strain,

The variation of the calculated creep contraction
ratio, V,45(t), with time, for different draw ratios,
at 0-57 100 second strain.

The variation of the calculated recovery contraction
ratio, V;s5(t), with time, for different draw ratios,
at 0°5Z 100 second strain.
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Figure 8,100 =~ The variation of the calculated creep contraction
. ’ ratio, VY45(t), with time, for different draw '
ratios, at 107 100 second strain.

Figure 8.101 The variation of the calculated recovery contraction
- ratio, V45(t), with time, for different draw
" ratios, at 1°0%Z 100 second strain,-

~Figure 8,102 The variation of the creep contraction ratio,

o V;5(t), with time, for different draw ratios, at
0-57% 100 second strain, predicted using constant
‘volume assumptions.,

Figure 8.103 The variation of the recovery contraction ratio,
A V45(t), with time, for different draw ratios,
at 0°*57% 100 second strain, predicted using
constant volume assumptions,

Figure 8.104 The variation of the creep coutréctionlratio, V45(t),
" with time, for different draw ratios, at 1% 100
second strain, predicted using constant volume assumptions.

Figure 8,105 The variation of the recovery contraction ratio, V45(t),
‘ with time, for different draw ratios, at 1+0% 100
second strain, predicted using constant volume
assumptions. - .
Figure 8,106 The variation of the 100 second creep contraction
ratio, V,(t), with 100 second strain, at different
draw ratios. '

Figure 8,107 The variation of the 100 second creep contraction
ratio, vYyg(t), with 100 second strain, at different
draw ratios,

Figure 8,108 ‘The variation of the 100 second creep contraction
ratio, Y45(t), with 100 second strain, at different
draw ratios, : :
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SECTION 9, DISCUSSION OF RESULTS

9,1 The Mechanisms of Deformation in Oriented Low Density Polyethvlen

9.1.1  The c-axis .shear mechanism
.9;}.2 'The inter-lamellar shear mechanism
1 9.1.3 : An anamolous relaxation process in'90° specimens
9.1.4 The inter-fibrillar shear méchénisﬁs
9,1.5  Interpretation of tﬁe nbn—linearity in terms of structure

9.1,6  Interpretation of the volume changes in terms of structure

9.2 Simple Engineering Considerations

9.2,1 The applicability of the formalisms of classical
' elasticity and linear viscoelasticity theory to non—
linear anisotropic visco—-elastic continua.

9.2.2 The constant volume assumption

9.2.3 Other considerations with anisotropic materials
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The results and calculations which have been presented
earlier in Sections 7 and 8 are discussed in the following section
in terms of current structural knowledge, (Section 9.1), and
the simple engineering implications of the results are presented
in Section 9.2, '

9.1 THE MECHANISMS OF DEFORMATION IN ORIENTED L.D.P.E.

The results and computed parameters presented in
Sections 7 and 8 are interpreted in terms of current structural
‘knowledge and a simple model is presented which serves to
interpret the mechanical properties reported in this thesis.

Isotropic L.D.P.E. exhibits two prominent transitions in the
mechanical and dielectric loss spectra; a 3 transition below
room tempersture, which is attributed to the amorphous content,
and an o¢ transition at room temperature attributed to an intra-
~crystalline mechanism. (Section 4). :

At low draw ratios the initial spherulitic structure
is oriented and the c-axes have a cone distribution about the
draw direction with a cone-half-angle of approximately 40°, and
a maximum population density of c-axes about this angle
(Stein and Norris, 1956, Keller, 1955, Keller et al, 1968).
The o< and loss transitions are still apparent but are now
anisotropic. The @& peak has an anisotropytdnbo;>tdﬁbas > tand
and is consistent with an easy-shear deformation on planes %
‘parallel or perpendicular to the c—-axes (Section 9.1.1). The
anisotropy of the " peak is shown to be attributable to an
inter-lamellar shear mechanism (Section 9.1.2). A third mechanism
has been discovered in specimens cut at 90° to the draw direction
at low draw ratios and is attributed to a relaxation process
occurring on planes in the draw direction, but at an angle to
the applied stress direction, especially those perpendicular
‘to the applied stress direction (Section 9.1,3). All three
mechanisms have been shown to be recoverable. ‘

At intermediate draw ratios the spherulitic superstructure
is broken down and the lamellae decrease in size and perfection
and the B peak is less prominent and merges with the dominant
‘o¢ peak which moves to shorter times., Both peaks retain the
above anisotropy. ' o

In the highly drawn material the c-axes are oriented in
the draw direction and current models proposed in the literature
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envisage a fibrillar structure with fragments of the initial"
lamellae oriented about the draw direction. The material exhibits
a single prominent transition with anisotropy of mechanical loss

~ factor tan645 > tandg > tand and is consistent with an easy-
shear mechanism parallel to the c-axes which may be inter-fibrillar
~ shear, (Section 9.1.4.). This mechanism has been shown to be

fully recoverable over the range of strains and times investigated.

e The above mechanisms have been successfully invoked to
"explain the variations of non-linearityv with draw-ratio and angle,
(Section 9.1.5), and the volume changes occurring during deformation
(Section 9.1.6). :

Individual features of the results will now be discussed.
and evidence for the above hypotheses will be presented.

9.1.1 The ©X Peak and thé C-Axis Shear Mechanism-

Analysis of the time-dependent behaviour of the compliance
matrix, Sij(t), for uniaxially cold=drawvn L..D.P.E., and studies
of the temperature dependence of the mechanical energy losses
have identified the o¢ transition as an easv-shear process on
planes parallel or perpendicular to the c-axes.

The rate of change of compliance with logarithmic time,

f_ﬁiiﬁil , is the first approximation to the retardation spectra
d log(t) '

of a linear visco-elastic material and indicates the presence of the
transitions on the time axis at constant temperature. The
transitions may also be identified using dynamic test techniques at
constant frequency and determining the change of the mechanical

loss factor, tand, with temperature. By invoking the equivalence
of time and temperature the two sets of data may be compared and

are seen to-show similarities in trend with draw ratio. The time-
dependence of, d Sij(t), for all five compliance parameters

d log t _
is shown in Flpures 8.1 to 8.7. The mechanical loss factor, tan 0 -
measured on the Rheosibron, using specimens cut at 0°, 90o and
45° to the draw direction, at selected draw ratios, is shown in .
Flgures 8.8 to 8.10.

The isotropic mechanical loss peak of L.D.P.L. shows
the o« transition at room temperature and above, At low draw
ratios, up to D.,R. 2°0, the et peak is still present at room
temperature and exhibits an anlsotropy!cné > tunb tanb
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A corresponding behaviour is observed in the time-dependent
behaviour of the compliance parameters at room temperature. The
change of creep rate with time for the compllances of specimens
cut at 0° and 90° to the draw direction, viz. d §33(t), and

. d log t
d S22(t) respectlvely, over a range of draw ratios are shown

d log t , : ;

in Figure 8.1 and 8.2. The peak height and the anisotropy of

"~ the peak heights increases with increasing draw ratio up to

D.R., 1:25, and thereafter the peak height decreases in magnitude
and shifts to shorter times, At low draw ratios the anisotropy
of the peak heights, viz., 0° > 90° > 459, issimilar to the
mechanical loss peaks _ ) - o .

The anisotropy in creep rates and tan & data for the
low draw ratio material, and the position of the peaks on the
“time and temperature axes, are consistent with an easy-shear
~deformation on planes parallel or perpendicular to the c—axes,
‘which may be identified with the ot *ransition. At low drav
ratios the c-axes are oriented in a cone distribution about the
draw direction with a maximum c-axis polulation density at
around 40°, As the drawv ratio increases from isotropic to low
drawv ratios, (approximately D.R. 1¢4), the angular spread of the
c-axes about 40° is reduced. (Section 3)., Thus, for a 0° specimen,
the auplled uniaxial stress has a large resolved shear stress along
the c-axes which facilitates an easy shear process either parallel
or perpendicular to the c-axes. The increased draw ratio from
D.R, 1¢05 to D.,R. 125 orients more c—axes in a more favourable
position for easy shear and consequently increases the creep rate
and the edse of deformation, This is consistent with the increase
in peak height of the Sij(t) data over this draw ratio range.
A further increase in draw ratio to D,R. 2¢00 decreases the cone
angle and orients the c—axes towards the draw direction; ‘the
c-axes are at a less favourable angle for easy shear and the creep
rate is decreased and the peak is seen to move to shorter tines.

For 90° specimens, the c—axes are less favourably oriented
for easy shear due to the cone distribution about the draw direction.
Hence the c—axis shear process is less dominant, accounting for the
marked anisotropv of creep rate and mechanical loss factor of the
0° and 90° specimens, The 45° specimens are affected in a similar e
way res@ltln, in an anlsotropy of creep rate, 533(t) > QZy(t) ;.( 1 '\,
. "A (..‘

- and loss factor tandg- > tan0yg > tand . Furthermore,
as the cone angle at 10& draw ratios is nominally constant the
creep rates of thie 45° specimens are similar. (Flgure 8.3).
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It is concluded that the oX transition at low draw ratios is
amanifestation of an easy-shear mechanism parallel or perpendicular
to the c=-axes, and that as the isotropic o< ©peak is attributed
to the crystalline regions it is postulated that the mechanism
is an intra-crystalline c—axis shear or slip. -

The variation of 513(t) with draw ratio and time,
Figure 8.4 is a further manifestation of the c-axes shear process.
As the cone distribution develops and the c-axes are ordered about
the cone-angle the creep rate and peak height increase in a similar
fashion to the longitudinal compliances. ‘At intermediate and high
drav ratios the peak decreases and moves to shorter times. The
variation of S12(t), with draw ratio and time is shown in Figure 8.5
and is discussed in Sectionm 9.1.3. ’

A similar analysis of the shear creep compliances, S44(t),
and Sgg(t), is shown in Figures 8.6 and 8,7. The shear compliances
exhibit the highest peak heichts, which are again anisotropic. At
" low drav ratios the deformation mechanisms are not known. The
applied shear stresses are not suitably. distributed to facilitate
the c-axes shear mechanism and other mechanisms must be dominant.,
From intermediate to high draw ratios the high creep rates in the
short time end of the S44 spectrum are a manifestation of the loss
peak associated with the inter-fibrillar shear mechanism in the

1, 3 and 2,3 planes, The compliance, Sg6, governs laminar shear
" in the 1,2 plane, the plane of isotropy, and is dominated by other
mechanisms, The anisotropy of the creep rates at high draw
ratios i1s a manifestation of the above different mechanisms.

9.1.2 The B Peak and the Inter-Lamellar Shear Mechanism’

The instantaneous values of the compliance parameters
at room temperature are affected by those transitions with relaxation
times less than experimental times. An insight into the short-time
behaviour can be gained by studying the transitions occurring
below room temperature, the 13 peaks, and assuming the equivalence
of time and temperature. The anisotropy of the ~ peaks has been
examined, together with the instantaneous compliance parameters
at room temperature, over a range of draw ratios. It is concluded that
the B transition is a manifestation of an 1nter-1ame11ar
shear mechanism,

. The variation of the loss factor with temperature at
D.R. 1*4 and D.,R. 2-00 is presented in Figures 8.9 and 8.10, and
the variation with draw ratio of the instantaneous compliance
paraneters, in the form of 17 100 second isochronous values, is
shown in Figures 8.11 to 8.15. The anisotropy of the B peak at
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D.R. 1+4 is tanlsg > tanlgg > tanbo , and with an increase of the
orientation to D.R. 2¢0, the anisotropy of the peak is difficult
to determine, and at higher draw ratios is no longer apparent,
Figure 8,8. With increase-in the draw ratio the o4& peak shifts
to lower temperatures and the two peaks merge and result in a
single loss peak at high draw ratios. At low draw ratios. the
compliance parameters increase with increasing draw ratio with
the exception of the 90° - contraction compliance, Sy2(t).
Further orientation causes a reversal in this trend with the
exception of S512(t), and the 45° longitudinal compliance, }ﬁzg(t).'

The anisotropy of the moduli at low draw ratios is Egg > E45 2> Eo,
and is similar to the anisotropy of the loss factors.

At low draw ratios these results have been interpreted
in terms of an inter-lamellar shear process. Isotropic L.D.P.E.
has a spherulitic superstructure composed of crystalline lamellae
regions separated by an amorphous inter-phase. The crystallographic
c-axes are, in general, perpendicular to the lamellae surfaces,

- (Section 3). Detailed studies on the mechanical and dielectric

‘loss peaks attribute the B transition to the amorphous regions,
(Section 4). On uniaxially drawing to low draw ratios, it may

be argued that the spherulitic structure is retained, but the
 lamellae which dominate the deformation are oriented in a cone
distribution about the draw direction, (Section 3.). At low

draw ratios the ﬁ .peak is anisotropic with tun%} tanb45)tanéo and

is manifest in the anisotropy of the instantaneous values of the
moduli at room temperature. Due to the cone distribution of

lamellae about the draw direction the 0° specimens have a high
resolved shear stress on the lamellae planes and an inter—lamellar
shear process is readily activated. However, for 90° and 45°
~ specimens only a section of the cone distribution is favourably

" oriented for inter—lamellar shear and other mechanisms are activated
on planes perpendicular to the applied stress, and the resultant
deformation is due to a combination of inter=-lamellar shear and
other mechanisms., The dominance of the inter—lamellar shear process
on all cone sections containing the draw direction in the 0°
specimens leads to the anisotropy of moduli Eg9gp > E4s > Eo.
‘On increasing the draw ratio from isotropic to draw ratio 14 the cone
" develops and the lamellae take up a more ordered confipuration thus
facilitating the shear mechanism; consequently those compliance
parameters affected by the process increase with increasing draw
ratio at low draw ratios. The intermediate draw ratio material
has a comnlicated structure and is prepared by necking, which
destroys the original spherulitic superstructure and large lamellae
fibrils and orients the amorphous regions. The resultant structure
has not been identified or reported in the literature. The available
“information identifies a rapid orientation of c—axes towards the

drav direction again with a cone distribution with,a cone half angle
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of- around '10°. The decrease prominence of the ﬁ peak 1is due
to the orientation and the diminution of the number and size of
the remaining lamellae.

_ The other mechanisms invoked above, for the 90° and 45°
specimens, may account for the difference in anisotropy of the ,
compliances - (S33 >~_l;. > S522)-& the loss factor,tand > tanQ > tand .

‘ - 45 , 20 45 o]

These unidentified mechanisms may have loss factors greatér than
~ that attributed to the inter-lamellar shear process, and the
experimentally measured loss factors tan égo and‘tant’)‘;; are a result
of the contributions of both mechanisms., However, 1ahéo , 1s due
primarily to inter-lamellar shear and is consequently lower valued.
Increasing the draw ratio from D.R. 1*4 to D.R. 2°0 decreases the

cone angle and the perfection of the lamellae, and orients the
lamellae towards the draw direction, consequently the inter-lamellar
shear process becomes less dominant at 0° and other mechanisus are
activated resulting in an increase intanqa to the values measured

for tanb45 and tanégo . The eventual disappearance of the

B peak is due to the break-down of the original lamellae structure.

It is concluded that the B transition in L.D.P.E, is
due to an inter-lamellar shear process.

The isochronous contraction compliance, Sj3(t), exhibits
a similar behaviour with draw ratio, at low draw ratios, as the
longitudinal comnliances (Fig. 8.12). The contraction compliance
shows a rapid increase with draw ratio as the cone distribution of lamellae
“develops and the lamellae become more favourably oriented for
easy-shear . The variation of S33(t), with draw ratio, at low draw
ratios, is consistent with an inter-lamellar shear process.

The contraction behaviour of the 90° specimens at low draw
ratios is contrary to the other compliance parameters. At draw
ratio, D.R, 1°05, the contraction compliance, S12(t), increases
- slightly above the isotropic value, However, with increasing draw
ratio, as the cone distribution develops, the value falls rapnidly
with draw ratio, and cannot be reconciled with the inter-larellar
shear »rocess. Another mechanism is proposed in Section 9.1.3.
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9,1.3 An Anomalous Relaxation Process in 90° Snecimens

Contraction studies on 90° specimens at low draw ratios
indicated the anomalous behaviour of S12(t). Analysis of the
instantaneous and time-depéndent values of qlo(t), over a rande
of draw ratios supgests that the behaviour is controlled by a
relaxation process on nlanes parallel to the'draw direction and -
noninally at 90° to the applied stress direction.

» At low draw ratios, the increase with draw ratio of the
100 second compliance parameters, /5 » lﬁﬁxj y 1/r4s5 , and S13,
has been explained in terms of the inter-lamellar shear process.
The c-axis shear process explains the increasing creep rate with
draw ratlo, up to D.R., 125, However, S12, (and S66), decrease
with increasing draw ratio and do not exhibit the peak attributed
to cwaxes shear - except for the anparent peak at D.R, 1¢05. At .
draw ratios greater than D.,R. 1¢05, the instantaneous contraction
is followed by a time=dependent thickenines, which increases with
increasing draw ratio up to D.R. 1+4, (Figure 7.13 to 7.16).
These two factors indicate that the observed behaviour of Si2
is not ettributable to inter—lamellar shear, or c—axes shear, and
other processes must be doninant. ' '

A model for the low drav ratio material is shown in

‘Tigure 9.1 and is a schematic representation of the cone Jlstrlbutlon
of c—axes about the draw direction, and the oriented lanellae. It

is realized that the proposed nodel is grossly over—simplified, and
that the true aqgrepatlon of the structural units in both isotropic

" and cold drawvn L.D,P,E., is extremely couplex. (Section 3). In reality
a preponderance of c-axes have an angular distribution of around 3§)4
degrees to the draw direction. Also, there would presumably be a
distribution of the angle between the c—azes and the plane of the
lamellae, but here it is shown as 90° for clarity. However, as little
structural information is available in the literature, and the structure
is still ill-defined, it is difficult to propose a more involved model.
The simple 1odel will be shown to be adequate to describe the features
of the results, but no attempt has been made to reconcile the model
with X-ray data, birefringence measurements, and other nhy31ca]
measurenents reported in the literature,

» For a 90° specimen the observed thickening with time, and the
decreasing compliance with draw ratio, at low draw ratios, may be
explained using the above model. Consider the application of a
uniaxial stress to a 90° specimen. .In the plane contained by the
drav direction and the applied stress direction there is a large
resolved shear stress on lamellar planes, and an instantaneous
deformation occurs due to inter=lamecllar shear, which is manifest in
the instantaneous compliance, 1/E90 . On planes which contain the
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draw direction, but are at an angle to the applied stress direction,
the resolved shear stress on lamellar planes decreases with
increasing angle, and is zero on planes perpendicular to the
applied stress, Thus, on planes perpendicular to the applied
stress an instantaneous contraction occurs, not due to inter=-

- lamellar shear, but due to another unidentified mechanism = a

90° instantaneous mechanism., On planes at intermediate angles

the contraction will be due to a combination of the 90°
instantaneous mechanism, and inter-lamellar shear. It has been
shown, (Stein and Norris, 1956), that by increasing the draw

_ratio from D.R:; 100 to D.R. 200 both the crystalline and the
amorphous phase become rapidly ordered in a cone distribution

- about the draw direction. It follows that as the draw ratio
increases, and the cone develops and becomes more ordered, that

the 90° instantaneous mechanism is impeded as the amorphous regions
become more aligned. Conseaquently, the instantaneous contraction
falls rapidly with increasing draw ratio, and is responsible for

the sharp fall of the contraction compllance, S12(t), with draw
ratlo up to draw ratio 1l-4,

"The time-dependent deformation on a plane defined by
the draw direction and the applied stress direction on a 90°
specimen is governed by the c-axis shear mechanism, due to the high.
resolved shear stress in the c—-axes direction, and is reflected
in an increasing length with time (i.e. an increasing S99 with time).
At angles away from the applied stress.direction, resolved shear
stress on planes containing the c-axes decreases, and on planes
perpendicular to the applied stress, the resolved shear stress’
is zero. A relaxation of the instantaneously strained structure
occurs and is reflected in the experimentally observed thickening
with time,

“The contraction studies on 90° specimens have indicated an 1nst T
aneous mechanism, and a relaxation mechanism, on planes containing
the draw direction and perpendicular to the applied stress direction,
but neither mechanism has been identified with a particular
structural process. Both mechanisms are recoverable at all draw
ratios over the range of experimental times and strains investigated.
In the recovery cycle thke instantaneous component of the recovery
-compliance will now make the specimen thickness greater than the
original thickness, and the relaxation process is manifest in a
time-dependent decrease in thickness to the original thickness.

-

At strains around 57 100 second strain, an instantaneous
contraction was recorded followed by a time-dependent contraction, ‘
However, on removal of the applied stress the instantaneous thickness
is greater than the original thickness and relaxes back to the
original thickness. It is believed that at high strains the relaxatlon
process 1is shifted to shorter times and is reflected in the
instantaneous deformation, and within experimental time other
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mechanisms are activated., This factor would also explain the
fact that the creep rate at 0+57 100 second strain is greater
than at 17 100 second strain, At 17 strain the relaxation

process is shifted

to shorter times and does not have its full

effect within experimental time at this strain level,

9.1.4  The Inter-Fibrillar Shear Mechéﬁismr

Deformation studies on highly drawn L.D.P.E. have been
reported previously by Darlington and Saunders, (1970), and the
anlsotropv of the mechanical loss peaks has been characterised

in this thesis and

by Ward and co-workers, (Stachurski and Vard,

1968, a). Darlington and Saunders have shown that an easy shear

mechanism parallel

to the c-axes was the dominant deformation

mechanism at angles away from the 0° and 90° directions. The

work reported here

postulated that the easy-shear mechanism is an 1nter—f1br111ar

-shear process,

substantiates these findings, and it is

The highly drawn material exhibits a single transition
below room temperature with an anisotropy of mechanical loss
factor tanb > tanbo > tqnbgo. (Figure 8.8). Assuming the
equ1valence of time and temperature this transition will be
manifest in the anisotropy of the instantaneous moduli at. room
_temperature. (Figure 8.11). The longitudinal compliance parameters
have creep rates which are essentially independent of time,:
(Section 7), and the contractlon compllances are very small with
almost zero creep rate., For 459 spec1mens, the contraction compliance
is nearly zero at 1+0% 100 second strainj at 0°57 100 second
strain there was no measurable contraction. (Figure 7.23 to 7.24 ).

The highly drawn material has the c—axes oriented in the
draw direction with fragmentary lamellae blocks ordered about the
draw direction, and the angle between the lamellae planes aund the
c-axes is nominally 50° (cConkey, 197G). The lamellae blocks

are ordered in fibr

“fibrillar material

ils in the drav direction and the inter-
is the highly oriented amorphous phase. (Section 3).

The anisotropy of the mechanical loss peaks and the moduli are
consistent with an easy shear mechanism parallel to the c-axes.

" For the 45° specimens there is a high resolved shear stress along

" the draw direction which facilitates the easy shear mechanism,
resulting in'a low modulus and an almost zero contraction compliance.
The easy shear mechanism may be interpreted either as intra=

crystalline c-axes

shear, or an inter-fibrillar shear. However,

in the highly drawn statcthe crystalline units are small and do not

‘have a high degree
an inter—fibrillar
movement occurring

of perfection (Section 3), and consequently
shear process is favoured, the relative fibrillar
via the oriented inter-fibrillar amorphous regions.
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: For 0° specimens, the molecular chains are aligned
along the direction of the applied stress and the high nodulus
may be associated with a chain extension mechanism.

Deformation studies on 90° specimens of highly drawn
material have shown that the specimen necks at 57 strain, and
the chains are re-aligned in the direction of applied stress and
the lamellae blocks are re-oriented about the new draw direction.
Also, it has been observed dur1ng the course of this current work
that the hluhly drawn 90° specimens have failed at instantancous
strains of approximately 17 strain. Clearly, the deformation
mechanisms at 90° are complicated and may be associated with chain
and lamellae re-orientation or other mechanisms associated with
yield behaviour. It is not clear without further studies, which,
if any, of these mechanisms is operative. However, the mechanisms
are fully recoverable within the sensitivity of the apparatus.

L,
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9.1.5 Interpretation of the Non-Linearity in Terms of Structure

The deviation from linear deformation behaviour of a
continuum may be determined by an examination of the isochronous
modulus—strain plot. In this form a linear continuum would be:
represented by a straight line parallel to the strain axis and,
in general a non-linear material will exhibit a decreasing modulus
with increasing strain and the extent of non-linearity is determlned
by the deviation from a straight line. The variation of the
longitudinal moduli, Eo(t), Eg9o(t) and E45 (t), with strain are
shown in Figure 7.27, 7.29 and 7.31. The following measures of
non-linearity have been tabulated. Firstly, the slopes of the lines
between the 0-1%7 and 1+0%, and the 1°0% and 3°0% 100 second .strain
moduli, have been measured, and secondly, the percentage change
between the 1:07 and 0°1% and 3°07 and 1°0% moduli has been calculated.
The results of these calculations are shown in Table 9.1. (The
contraction compliances have not been treated in this manner, as the
low strain values may be subject to errors which would mask the '
relative values of non-linearity). The isochronous moduli are
representative of the instantaneous moduli are governed by the

mechanisms occurring at temperatures below room temperature. In the
case of the highly drawn material, the structure is highly ordered

and the dominant mechanism is inter—fibrillar shear. This mechanism
occurs ‘at sub—ambient temperatures, and is manifest in the 1sochronous
longitudinal modulus of the 45° specimens, and imparts linear

deformation behav1our up to strains of 3°07%. However, for 0° and 90°
specimens other mechanisms are operative and the non-linearity is
increased, especially above the 1% strain level. Notably, the 90°
specimens show a pronounced non-linearity, since strains at 17 are

near the yield strain for the material and many mechanisms are
.activated which are associated with the re-orientation of the chains

and lamellae, and yielding. In the region of strains between 1°:0Z and
1-5% 100 second strains, 90° specimens of D.R. 4.00 and D.R. 4°+20, have
been observed to fail in a brittle manner at the high initial rates of
loading used in a creep test. However, for an almost similar rate of loading
for a 1-0%Z 100 second strain test, the specimens do not fail, and creep
for times greater than 107 seconds. At slow rates of loading, u51no, for
example a constant rate of elongation test, a highly drawn 90° specimen
will yield in a ductil manner and draw up to 700% elongation. It is
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clear that highly drawn 90° specimens are near failure at the
1% strain level, and it is believed that this factor accounts
for the observed marked non-linearity.

. It is postulated that when the simple inter-fibrillar
shear mechanism is operative the material behaves linearly, but
when the relatively complicated mechanisms in the 0° and 90°
specimens are operative the material behaves non-linearly.

-

At low draw ratios the structure is rapidly oriented

and ordered into a cone distribution about the draw direction
and the dominant mechanism below room temperature is then inter—
lamellar shear. Consequently, there is a marked decrease in .
‘non—-linearity from the isotropic case to. the low draw. ratio 0°
specimens. Deformation of the former is influenced by a wide
 spectrun of possible retardation processes due to the random
orientation of the structural units; for the latter a single
inter-lamellar shear mechanism is dominant. The 90° specimens
exhibit a similar degree of non-linearity to the isotropic case

as both the inter-lamellar shear process and a further mechanism
on planes perpendicular to the applied stress direction are
dominant. With increasing draw ratio from 1°15 to 2.0 it has

been shown that this second contributory mechanism is less dominant
and consequently the bahaviour becomes more linear. The linearity
of the 45° specimens is similar to those at 0° in the strain

range up to 1%. However, thereafter the 45° specimens are much
more linear. - ' ’

At intermediate draw ratios all the moduli are relatively
- linear up to 1%, but little is known about the structure in
this region. v ’ .

‘At strains greater than 17 it is shown for the low
drawn materials that the c~axis shear mechanism is shifted to
shorter times (Section 9.1.6), and it may be that the 100 second
modulus at high strains is a manifestation of the inter-lamellar
shear process and a contribution from the c—-axis shear process,
and would thus account for the high non-linearity at strains
greater than 17, At these high strains other mechanisms may also
be operative.

The non-linearity of the deformation mechanisms
occurring within experimental time have been examined by comparing
the shapes of the compliance - time curves at 0°57 and 1:0%

100 second strain levels. The compliance-time curves for a linear



deformation mechanism would be similar in shape, and non-
linearity is manifest in diverging or converging time—-dependent
compliances. In all cases both creep and recovery compliances
have been examined at the two strain levels which enables the
following comparisons., TFirstly, a comparison between the 0°5%
and 107 creep compliance curves, and the 057 and 1+07 recovery
compliance curves, to estimate the extent of the linearity of the
time dependent deformation mechanisms. Secondly, a comparison
betwean creep and recovery compliances at the 0°57 strain level,
and again at the 1+07% strain level to confirm, or otherwise,

the effect of the instantaneous deformation mechanisms. The
details of the comparisons are presented in Figure 8,17 to

8.32 and are summarized in Table 9.2. ‘The colunns labelled

'A' indicate which strain level has the greater creep rate, if:
any, and column B indicates whether the recovery compliance

is greater than or equal to the creep compliance at short times,
(At times approaching 103 seconds the recovery compliance was
found to equal the creep compliance within experimental error).
The figures in brackets indicate the percentage divergence in the
shape of the compliance-time curves.

» For low draw ratio 0° specimens it may be seen that
the c-axis shear mechanism is non-linear. The compliance—-time
curves at the 0¢5% and 1°07 strain levels converge; the 0:57
compliance creeps faster than that at the 1:07 level for both the
longitudinal compliance, S33(t), — column A}, - and the contractiocn
compliance, S13(t), — column A4. However, both 90° and 45°
specimens show similarity of time-dependence of the longitudinal
compliances even though this involves deformation perpendiculart
to the cone axis where more than one process is opelatlve. The
time dependent non-linearity of the 0° specimens is attributed
to a shift in the c-axes peak to shorter times at the higher stress
levels. (Section 9.1.6). The creep rate at 0°5% 100 second strain
was greater than that at the 1+0%, 2:07 or 4+57 strain level,
It is possible that the c—axis shear is still dominant, but at
high stress levels the peak may shift to shorter times, and the
retardation times associated with the short time end of the
c-axis retardation spectrum no longer contributes to the time
dependent behaviour in our experimental time and tempgrature reglon.
Consequently, the creep rate would decrease. The 90° and 45°
specimens should exhibit a similar non-linear effect. However,
it is believed that the two time~dependent processes operative in
these specimens, have contrary effects and combine to realize a
llnear tlne—depenueut behaviour,

_ At high draw ratios the 0° and 45° specimens show a

similarity of time-dependent behavicur at the two strain levels

but the 90° specinens show a divergence of the compliance curves,

‘The former Spec1nens have relatively simple linear deformation mechanisms.
However, the 90° specimens are near yield point and many mechanisms

may be operative.
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A comparison of the short—time isochrounous moduli and
the time-dependent creep and recovery behaviour, over. a range
of draw ratios, shows that several forms of non-linearity are
encountered. '

1, Linear behaviour

The 0° and 45° specimens at D.R. 2°65 and D.R. 3-8
have a linear isochronous behaviour and a linear time-dependent
behaviour, -and consequently, since the deformation is at all times
recoverable, the creep and recovery compliance curves superpose.
The creep rates encountered at D.R. 2°65 are greater than those
at D.R, 3+8. :

2. Pseudo-Linear isochronous and non-linear time-dependent behaviour

. The low draw ratio 0° specimens exhibit almost linear short-time

~ isochronous behaviour, but a non-linearity of time-dependence.

‘The creep and recovery curves do not superpose at short times.

However, as the time-dependent mechanism is the same at both 0°57

and 1+07 strain levels, and the non-linearity arises only from

a shift of the peak to shorter times, the discrepancy between the

creep and recovery compliance is only small. The time dependence

of the compliance parameters in this case is quite marked.

3. UNon-linear isochronous and linear time dependent behaviour

The low draw ratio 90° specimens show a marked non-
linearity of the 100 second isochronous moduli due to the two
mechanisms manifest in the instantaneous deformation, but a
fortuitous linear time dependent behaviour due to the contrary
effects of the time-dependent mechanisms. In this case the creep
and recovery compliances do not superpose and the discrepancy
is much greater than in the case of the 0° specimens, .and may be
due to the relatively large number of dominant mechanisms involved.

4, Non=linearity of instantaneous and time-dependent behaviour

The isotropic and the 90° specimens at D.R. 3°8 exhibit
overall non-linearity. The isotropic has marked time dependence
and the highly drawn material shows only a slight variation of
compliance with time. In both cases, both the instantaneous
moduli, and the time-dependence show non-linear effects.

- Consequently, the creep and reccvery compliances do not superpose
at short times., However, the deformation is fully recoverable at
longer times.
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9,1.6 Structural Intefpretation of the Volume Changes

The instantaneous deformation at low draw ratios is

- attributed to an inter-lamellar shear process and it is shown

that the mechanism is associated-with large volume changes. In’
90° specimens a further mechanism is apparent whose effect on

the volume change is small, and it is found that Vo(t) 1is

greater than Vyp(t), where Vo(t) and Vgp(t), are the volume
compliances for 0° and 90° specimens respectively. (Section 2).
At intermediate draw ratios the inter—lamellar shear process is
less dominant and the volume compliances decrease, but now -

Vgo(t) is greater than Vo(t). . At high draw ratios the 1nstantaneous
volume changes are small for the mechanismns operative in the 0°
909, and 459 specimens, The time dependent deformation mechanlsms
at 1OW draw ratios are dominated by a c—axis shear process and a
relaxation process on planes perpenulcular to the applied stress
“direction in 90° specimens. The c—axis shear is shown to be a
constant volume deformation, but in 90° specimens the mechanism.
is associated with a large time~dependent volume change. At high
draw ratios there is little variation of volume with time,

To understand the nature of the volume changes occurring
on deformation at low draw ratios it is necessary to consider the
distribution of the resolved shear stress components on planes contain-
ing the lamellae and the c-axes. (Figure 9.2). For 0° specimens
there is a high resolved shear stress on all lamellae and c-axis
planes about the cone distribution and thus, the instantaneous
and time-dependent volume changes are primarily duc to the inter-
lamellar shear process, and the c—axis shear mechanism respectively.

The mechanisms are activated by the resolved shear stress component

of the applied stress. However, for 90° specimens the distribution

of the resolved shear stress on the lamellae and c—axes, on planes parallel
to the draw direction but at an angle 8 to the applied shear
~direction is shown schematically in Figure 9.2. When 6 = 0° there
is a maximum resolved shear stress which falls gradually as ©
approaches 90°, Consequently, the instantaneous and t1me~dependent
volume changes are attributed to the inter—lamellar and c—axis shear.
mechanisms respectively, and also, mechanisms on planes at an angle
to the applied stress direction,

Instantaneous Volume Changes

: The variation with draw ratio of the instantaneous values
of the volume compliance, Vo(t), V90(t), and the bulk modulus, K(t), -
in the form of 0+5% and 1°0% 100 second strain values are shown
in Figures 8.33 and 8,34, and the variation with draw ratio of the
measured and calculated - using constant volume assumptions = values
of the contraction compliances S33(t), and S3i2(t), are shown in
Figure 8.12. The volume compliances Vo(t), and V9o(t), increase:
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with increasing draw ratio, at low draw ratios, but become more
divergent, up to D.R, 1-15, with Vo(t), greater than Vgp(t). Over
the same range of draw ratios — up to D.R. 1+15 - there is a larger
discrepancy between the measured and constant volume values of

the contraction compliance of 0° specimens, Sj3(t), than those

at 90°, S12(t). Above D.R: 1425, Vgpo(t), becomes greater than
Vo(t), but at high draw ratios the values are inseparable. Also,
the weasured values of $13(t), are a closer approximation to the
constant volume predictions  than S12(t). The corollary to the
above behaviour is that the bulk modulus falls rapidly with
increasing draw ratio, at low draw ratios, and increases with
further increase in draw ratio. (Figure 8.34).

The 100 second volume changes are associated with the
inter-lamellar shear process, and as the cone distribution of
lamellae develops with increasing draw ratio, the volume compliances
increase as a result of the more perfect distribution of lamellae
about the cone angle., The divergence of the values of Vo(t), and
Vgo(t), arises since at 0° the volume change is due primarily to
inter-lamellar shear, but at 909, Vg9p(t), is associated partially
with the inter-lamellar shear, and partially with other mechanisms
on -planes nominally at 90° to the applied stress direction. It
is postulated that at draw ratios up to D.R. 1:15, the contribution
to the volume change of these other mechanisms is small. The
increasing discrepancy between the measured and constant volune values
of the contraction compliance of 09 specimens, S13(t), up to
D.R. 1+15, is due to the increasing importance of the inter-lamellar
shear process, The relatively small discrepancy in the measured
and constant volume values of the contraction compliance at 90°,
up to D.R. 1°15, is due to the small contribution to the volune
change of the second mechanism. However, at D.R, 1:25, the amorphous
and crystalline regions become more oriented aid the cone distribution
becomes less diffuse, and so the contribution to the volume change
of the second mechanism in 90° specimens becomes more dominant
and Vgo(t) = Vo(t). Also, at D.R. 1-25, there is a large discrepancy
in the measured and constant volume values of the contraction
compliances due to the inter—lamellar shear in 0° specimens, and the
combined contribution of the inter-lamellar shear and the second
mechanism in 90° specimens. At intermediate draw ratios, D.R, 1+4,
D.R.-2°00, and D.R. 2°65, the volume compliances decrease as the
inter-lamellar shear process becomes less dominant, but Vgp(t) is
greater than Vo(t), as the second mechanism contributing to the
volume chanze in 909 specimens becomes more dominant, The overall
volume change is a maximum around D.R, 1+25 to D.R. 1+4 and is shown
as a minimum in bulk modulus K(t). (Figure 8.34).
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. At high drav ratios the volume change is relativelv small,
and the volume compliances are similar valued, but the measured
contraction compliances still deviate from the constant volune
values. At 459 the deformation is dominated by the inter—fibrillar-
shear process and there 1s no volume change assoc1ated with

this mechanisn.

- The variation of the isochronous volume compliances with
strain are more difficult to reconcile, but two types of variation
with strain are apparent for the 0° specimens, correspondinz tc the
range of drawv ratios above, namely isotropic to D.R. 1-15, and
D.R, 1+25 and above., For the range of draw ratios isotropic to
D.R. 115, Vo(t) decreases with increasing strain up tc 2% 100
second strain, and thereafter the volume compliance increasss
markedly with increasing strain., At higher draw ratios (D.R., 1-25
and above) the volume compliance, Vo(t), is virtually constant with
‘strain. (Figure 8.35). The following tentative explanation
is suggested., .At low draw ratios, up to 1+15, the cone distribution
of lamellae is developing, and there is a wide distribution of
lamellae about the cone angle, and the effect of the mechanisms
“contributing to the volume change is decreased with increasing
strain, since the time constant of the instantaneous strain rate is less
than the retardation time of the mechanisms., At strains greater
than 27 other mechanisms are operative which lead to an increased
volune change with strain. At D.R. 1°25 the cone distribution has
developed and the structure is more ordered, tlius the volume change
mechanism is dominated by the inter-lamellar shear process through
the whole range of strains, and leads to the virtually linear
variation of Vg(t), with strain. S

- In common with previous analyses of the 90° specizens,
(Section 9.,1.2 and 9.1.3), the D.R., 105 specimens are contrary to the
trend of Voo(t), with strain, and resembles the 0° specimens.

(Figure 8.36). Over the remaining range of D.R.'s up to D.R. 3-8,

kthe volume compliance , V90(i), is approximately independent of

strain up to 17 100 second strain, and thereafter increases rapidly
with increasing strain. It is suggested that up to D,R. 1:15 the
inter-lamellar shear is dominant, and at higher draw ratios the
doninant volume change contribution derives from mechanisms on planes
perpendicular to the applied stress direction, and that both mechaniszs
show linearity of volume compliance with strain up to 1% 100 second
strain. The non-linearity arises as other mechanisms are activated

at higher strain levels.

The variation of the bulk modulus with strain is a corollary
of the behaviour of Vo(t), and V90(t), and exhibits a low value
remaining approximately independent of strain (except D.R. 1+05), at
low draw ratios, and increases in magnitude and strain dependence
with increasing draw ratios. (Figure 3.37).
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It is concluded from the above results that in 0° specimens
at low draw ratios, the inter-—lamellar shear process is the dominant
mechanism contributing to the volume changes. TFor 90° specimens, -
up to D.R, 115, the inter—lamellar shear is the dominant mechanism
contributing to the volume change, and the mechanism on planes at
90° to the apnlied stress direction makes onlv a small volume
contribution. At D,R., 125 this second mechanism makes an
increasingly dominant contribution te the volume change. At higher
drav ratios the influence of the inter-lamellar shear process is
diminished and there is a corresponding decrease in the volume
compliance. At all draw ratios the deformation is never consistent
with a constant volume process, especially at low draw ratios.

‘Tine-Dependent Volume Channes

At low draw ratios the variation of the volume compliance
of .0° specinens, Vo(t), with time is a manifestation of the c-axis
shear process. Ilovever, for 90°? snecimens the volume chanves with-
time, V9o(t), are due to c—axis shear and a relaxation process on
planes perpendicular to the applied stress direction. Vo(t), is
approxinately independent of tine, (Fiaure 8.32 to 8. 41), and it
is suggested that the c-axis shear process is a constant volume process.,
- Further evidence for this hypothesis is derived from a comparison
of the measured contraction compliance, S13(t), and the contraction
compliance calculated using constant volume assunptions, S13(t)e,v.
It may be seen from Figure 3.77 to 8.81 that at low draw ratios
that the time dependence of S$13(t), and S13(t)c.v, arc similar
at 0+57 and 1+07 100 second strain, and since S13(t), is a
manifestation of the c—axes shear mechanisn it is concluded that
this process is a constant volume deformation., At high strains,
2+67 and &4+67% 100 second strain, at D.R, 125 and D.R, 1-4, the
measured and calculated contraction compliance, S13(t), are still
identical and thus the c~axis shear is still dominant at hich strains.
However, at draw ratio D.R. 1¢05, and D.R. 115 there are deviations
fron the constant volume predictions at high strains and other
mechanisns are activated. The variation of the volume comnliance,
Vyo(t), with time, is shown in Figures 8.43 to 3.45, and exhibits
a marked increase, with time, for the low draw ratio material;
again D,R, 1+05 is contrary to the behaviour of the 90° specimens
The increase in volume with time is more apparent as the draw ratio )
increases from D.R, 1405 to D.R. 14 where the relaxation process is more
dominant, (Section 9.1.3, and Figures 8.42 and 8.44). It is
concluded that the relazation process associated with the 90° specimens
is not a constant volume procéss but leads to large volume changes
with time. A comparison of the measured contraction compliance,
‘'S12(t), and that calculated using constant volume assumptions,
512(t)c,v, support this hypothesis. The time~dependent variation of the .
two parameters is shown in Figure 8.73, and the corredponding parameters at a

4 ' siven



- draw ratio are seen to diverge rapldly, the greaten:dlver?ence

belng at D.R, 1+4,

-The variation of the bulk modulus with time is a
corollary of the above behaviour, and shows a decrease with time
at low draw ratios due to the increase in volume occurring
during experimental time. (Figures 8.46 to 8.49).

At high drav ratios the dominant transitions are below
room temperature and the volume changes with time are very small
or zero. .

210
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9.2 SIMPLE ENGINEERING CONSIDERATIONS

'In general the conventional thermoplastics manufacturing
techniques induce anisotropy of mechanical properties in the moulded
article, However, to date, there has been no attempt to fully"
characterise the mechanical properties of an anisotropic thermo-
plastic or determine how these properties vary over a range of
strains and times with different degrees of anisotropy. In the
. current study a form of anisotropy has been adopted which is
relatively simple to describe and easy to produce over a range
of degrees of anisotropy. The different degrees of anisotropy are
induced by uniaxially drawing an isotropic blank at room temperature
which produces a transversely isotropic symmetry, and the draw ratio
is a measure of the anisotropy. Classical elasticity theory - ‘
C.E.T, - has been invoked to describe the form of the isochronous
compliance matrix relating strain and stress, and the compliance
parameters have been measured over a range of strains and times
‘at different draw ratios. The emphasis throughout the experimental
measurements on accuracy and reproducibility has achieved a high
_degree of internal consistency which allows the following analyses.

1. Ta assess the applicability of the formalisms of classical
elasticity and linear visco=-elasticity theory to an anisotropic
continuum over a range of strains from the pseudo-linear to the
non—-linear region, : .

2. To assess the usefulness of the assumption of constant
volume deformation in defining dndvlmpllfjlnpthe matrix of
compliances.,

3. The contraction data is the most comprehensive obtained
over a range of continua and has been used to compute the nore
familiar creep contraction ratios and has enabled, for the first
time, the determination of the bulk modulus of the materials.
The effect of orientation on the anisotropy of the material parameters
which are more familiar to the engineer are discussed.

It is concluded that over the range of strains and times
investigated that the several anisotropic non-linear visco-elastic
continua encountered may be described by C.E.T., and may be assunmed
to be linearly time-dependent with sufficient accuracy for vpolymer
engineering design purposes, and a simple time-addition of compliance
parameters suffices to manipulate the inter-relations between the
time-dependent material parameters, The constant volume assumption
‘is of limited use to predict the magnitude or time-dependence of

the contraction parameters,

The individual points will now be presented and discussed,



9.2.1 The applicability of the Formalisms of Classical Flasticity

and Lluaar Visco Elas LlthV Tueorv to Non=Linear Anisotropic

Vlscpéhlastlc.Contlnua

For a transversely isotropic continuum C.E.T. shows the
following relationships between the measured conpliance parameters
(see Chapter 2).

‘

'S4, = 4 -Sy;p-S33 - 2 S13 BB
E45 '
- 1 - ' N o ] .
45 = -5 ( S;2 + S13) Es4s . , 9.2
and Sgg = 2 (S11 - S12.) - . . 9.3 -

The time-dependent equivalents of the parameters in equations
9.1 to 9.3 have been measured over a range of strains and times, with'
the exception of S44 and Sgs. The shear compliance, S44, has been
measured over a limited range of 100 second isochronous strains up
to 0°*57 maximum surface shear strain, and the time dependence has
been determined only at around 0°157 100 second strain. Due to
experimental difficulties the compliance Sgg has not been determined
directly at all. (See Chapter 2), ‘

The isochronous values of S44 at 0+37 100 second strain
have been compared with those calculated from the tensile results
at 1°07 100 second strain using equation 9.1 and the variation of the
measured and calculated compliance, S44(t), with draw ratio is shown
in Figures 8.13 and 8.14, The agreement between the two sets of data
is considered good, since the variations in tempersture between
experiments, from 20.0°C to 21:5°C, could cause a spread in the
compliance values of gp to 6% and no correction for temperature
variations has been applied. Also, at low draw ratios the principal
compliance parameters. S22, S33, and 513, contribute around 257 of the
calculated magnitude . ad thus the value is sensitive to errors '
contributed from all tour compliance parameters. At high draw ratios
the contribution from 822, S$33, and S13 is around 5%. The discrepancy
between the values is around 87 at low draw ratlos and 2% at high
draw ratios.

The variation of the measured and calculated values of
the shear compliance, S44(t), with time, at several draw ratios
1s shown in Figure 7.37 and 7.38 and Flpures 8.50 to 8.53 respecleely.
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The directly measured values were obtained at maximum surface shear
strains around 0+15%. The calculated values were obtained from
tensile creep curves by substitution of isochronous data into
equation 9.1 for each selected creep time, and at each draw ratio
the creep data were taken from tests where the 100 second strains
were in the region 0+5% and 1°0%7. For the low draw ratio material
the creep rates of all compliance parameters are relatively high and
show a marked anisotropy, but at highvdraw'ratios the creep rates
are much lower. However, at all draw ratios the shape of the

- measured and calculated curves are very similar, and a direct

’ comparlson of the time-dependent data, at sélected draw ratlos, is
given in Figures 8,58 to 8 00,

A similar analysis to the one above was adopted for the
isochronous and time dependent variations of the creep contraction
‘ratio of a 45° specimen, v45(t), with draw ratio. The measurement
of lateral contraction 1nv01ves very small changes in dimensions,
typically between 12 x 107% and 150 x 107° inches at 17 100 sccond ,
tensile strain, and it is therefore particularly difficult to check the
accuracy of the contraction measurements., llowever, the internal
consistency may be examined using equation 9.2. The isochroncus
values of the measured and predicted contraction ratio, 9 45(t), are
shown in Table 8.1, over a range of strains and draw ratios. The
agreement between the directly measured and predicted values is
extremely good, as an error in 2 x 107> inches would produce a
variation in the measured 7V45(t), of 3% at low draw ratios, and
80Z at draw ratio D.R. = 3-8, at 1% 100.second strain. The results
of the computations of the time dependent variations of the
calculated and measured contraction ratio, Figure 8.94 to 8,101,
show a remarkable similarity of shape; the main discrepancy is in the
magnitude of the sets of data., The fit at low draw ratios is
particularly satisfving as the contraction compliances $13(t) and
- S12(t), have relatively high creep rates and exhibit a marked
- anisotropy of non-linear behaviour. In contrast, at high draw
ratios the creep rates and the magnitude of the contraction compTiancesv
is very low and for D.R. 3°*8 there was no measureable contraction
~at 0*57 100 second strain.,

The shear compliance, Sg6(t), was not measured directly,
but the results of the computations to predict the isochronous
variation with draw ratio, and the variation with time at different
drav ratios are shown in Flgure 8.15 and Figures 8.61 to 8.64
respectlvely.

: In a study of highly oriented L.D.P.E. Darlington and
Saunders, (1970), predicted the variation of the 1% 100 second
isochronous modulus and contraction compliance for specimens cut

at different angles to the draw direction using C.E.T., and showed
that there was a reasonable agreement between measured and calculated
values.,  However, no time-dependent predictions were reported.



214

It is concluded from the above sets of data that the
formalisms of C.E.T. may be invoked to describe the inter-
relationships of the material parameters of a transversely
isotropic visco~elastic coutinuum, and used to predict the creep
behaviour in torsion from the creep in uniaxial tension, over
a range of strains in both the pseudo-linear and non-linear strain regicns

A preliminary attempt has been made to combine the theories
of classical elasticity and linear visco-elasticity in an analysis
of the recovery compliance data., The Boltzmann suphrp051glon
principle has been invoked to calculate all the recovery compliances;
the recovery shear compliance, S44(t), and the recovery contraction
ratio, V45(t), obtained directly from the corresponding creep
data by the application of the Boltzmaun superposition principle, have

- been compared with those calculated from the recovery compliances

S22(t), S33(t), S13(t) and S12(t), using equations 9 1 and 9 2.
A good agreement was observed.

-The constitutive equation relating strain and stress for
a linear visco—elastic material may be written in the form of the
Boltzmann superposition principle as follows:—

T=+t

e = ' .

¢ (0 Si3 (¢ =T )Yd 0j . dT (i,j =1 to &)
T=-& - d T

9.4

which reduces to the following for the case of uniaxial and torsional
creep and recovery., (See Chapter 2),

it

e; () = Sij (t) 0F o<t < ¢, | 9.5

]

. |
€i (e) Sij (£) 03 = Sij (t=-t1) 05 o<t;< t< D

5.6

The recovery‘compliance parameters, Sopo(t), S33(t), S13(t) and

812(t), have been calculated, using equations 9.5 and 9.6, at the

0+5% and 107 100 second strain levels to examine the usefulness of
these equations when combined with C.,E.T. in the form of ecuations
9.1 to 9.3, for the different anisotropy of non-linearities which

“have been found in the continua studied here. The time derendent
- data for all the recovery compliance parameters is shown in

Section 7. The recovery compliances determined using equation 9.6
have been combined to calculate the recovery shear comnliance,

S44(t), the recovery contraction compliance, ? 45(t),  and the recovery
shear compliance, Sgp(t). The comparison between the recovery
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compliances obtained directly from the application of the Doltzmann
superposition principle and those computed using Boltzmann and
C.E.T. is' similar to the comparison made of. the corresponding

creep data discussed in the first part of this sub=section, and 1is
shown at selected draw ratios in Figure 8.58 to 8.60. Similar
comparisons for V45 may be deduced from Fimures 8.94 to 8.101,
The prediction of the time—dependence of the recovery behaviour

is excellent in both cases; the differences in magnitude arise for
the same reasons as those observed with the creep data. The
recovery shear compliance, Sg6(t), has been comvuted for

completion and is used to show the similarities between calculated
~creep and recovery data, and the general applicability of the
comblnquou of the Boltzmann superposltxon principle and C.E. T.
over the range of times and strains studied here.

Thé sets of data in recovery are thus consistent with
the conclusions derived from the creep studies, and also
demonstrate that C.E.T. may be combined with linear visco-elasticity
theory, in the form of the Boltzmann superposition principle, to
predict the reccvery behaviour of the material parameters of certain
linear and non-linear anisotrovic visco-elastic contlnud over the
range of Lralns and times studied here, » -
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9,2,2 The Constant Volume Assurmtion

A rigorous dO%PTlﬁtlon of the bghav1ou1 of a. tranqversely
150t*0010 continuun requires the kno"ledyo of five 1ndnpondcnt
compliance parameters and previous workers have, in’ the past, been
mmahle to neasure the two contrnr‘tiﬁn'nmv‘li:mm)s. saally, arhitrary

assumptions have been made which allow a first approximation to the

contraction compliances without knowing the magnitude of the errors
involved. The most comon assunntion is that the material deforms
at constant volume,

When designing with isotropic thermoplastics it is customary
to assume either, that the Poisson's ratio, v , is a time
independent constant, or, that the bulk modulus, K, is time independent,
A priori, there is no justification to adopt either assumntion, however,

- values.of Y. or K are required.for further calculations and,

as satisfactory data is not available to date, this has necessitated
an arbitrary assignment of single point values. (The magnitude,
strain denendence, and time denendence of the contraction compliaunces
of many isotropic and anisotropic materials have been accuaulated

in this laboratory by the author and M.W. Darlington, but are
unpublished at present). The constant volume assumption, although
arbitrary, does snecify a value for the Poisson's ratlo, which

is VYV = 2~ for the isotropic case, and which is calculated from
2

the following expressions for the transversely isotropic case:=

0 : ' 9.7

533 ¥ 2 513 =
and  S11 + 513 ¥ .S12° = O - 9.8
which gives the following Poisson's ratios
4 1 | 9.9
C Vdéw., = 7 o o
' S
( V90)e.y, = ( - —-33) 9.10
-\ 2511 v ' o

where the symbols have the usual meaning discussed in Chaptcr 2.

"Due to the accuracy of the contraction data reported in
this study it has been possible to exanmine the usefulness of the
constant volume assumption in determining the magnitude and time
dependence of the contraction compliance and the creep contraction
ratio = the time dependent analogy of the elastic Poisson's Ratio —
at different strain levels for all draw ratios, The constant volume
assumption has also been used to calculate the magnitude and time-
dependence of 7V 45(t), the creep contraction ratio of a 45° specimen,
and the shear moduli, S44(t) and Sg6(t). Using the constant volume
assumption the inter-relations between the parameters reduces the
equations 9.1 to 9.3 to the following:-
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]

(Saa)c S11 9.11

4
oV . —— - =

5 : :
<y 1 Cqg + 813 . E45 9.2
) — . . C.V, s . .
( 145)c.v;' 5 (Tsiz CaVe -_) S ‘

and (866)C.V. 2 (811- .812 c.v,)' T o 9.13 '

The values computed using constant volume assumptions have
been compared to the directly measured parameters and those calculated
using equations 9.1 to 9.3,

1

The variation of the isochronous creep contraction compliances,
S12(t) and S13(t), and the creep contraction ratios,V o(t) and v 90(t), -
with drav ratio is shown in Figures 8.12 and 8.16 respectively. The
experimentally determined values are shown and the full line represents
the values predicted using constant volume assumptions and it is clear
that large discrepancies arise between the two values especially at
low draw ratios near D.R, 1+25, where differences of around 207% and
1007 are observed for the 0° and 90° values respectively. At high draw
~ratios the differences are approximately 257 in both cases,

The time dependence of the contraction parameters, S12(t),

S13(t), Vo(t), and y9po(t), determined directly from experimental
measurements and calculated from comnstant volume assumptions are
shown iniFigures 8.6Y to 8,76 and Figures 8.82 to 8.93 at 0+5% and
1*0% 100 second strain levels. For 0° specimens the measured and 'constant
volume' time dependences are similar and the differences are within
- experimental error at all draw ratios. However, the corresponding
curves for the low draw ratio Y0° specimens show a marked divergence.
"Direct comparisons of the contraction compliances S13 and S12 at
selected draw ratios for the 0° and Y0° specimens are shown in
Figure 8.77 to Figure 8,81. The divergence for the 90° specimen at
D.R. 1:15 is around 20%, but at D.R, 14 the curves diverge by some
1007 over the experimental time scale. At high draw ratios the
curves are seen to be s milar in shape. '

It is concluded that, in general, the constant volume assumption,
cannot satisfactorily predict the instantaneous nor the time-dependent
deformation behaviour of the contraction parameters necessary to
describe the transversely isotropic continua used in this study.

Only the 0° specimens showed a similarity of time-dependence,

The errors involved not only varied with draw ratio and time, but
also with the specimen angle, and clearly although the assumption
"may be satisfactory for one parameter it does not necessarily follow
for another. ' : o
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However, the constant volume assumption should not be

discarded altogether, since in most engineering formulae the effect

of large errors in the contraction ratio are often minimal in the
resultant calculation, and constant volume assumption could be a
useful first approximation in these cases, 1In the event of 7V being
a dominant factor, of course, the assumption may be unsatisfactory.
These points are exemplified by the inter-relations between the
material compliance parameters given in equations 9.1 to 9,3 and
equations 9.11 to 9.13. 1In each of these relationships the
contraction compliance makes a different contribution to the
“computed compliance and the effect of substituting the measured

value or the constant volume value may be assessed. The computed
shear compliance is dominated in equations 9.1 and 9.11 by the
compliance,ﬁ/lg,'5 , and the remaining contribution is around 257

at low draw ratios and only 57 at high draw ratios., Thus large

errors in the contraction compliance S13(t), have little overall
effect, and a comparison of the shear compliance calculated using

the experimentally determined contraction compliance, (844) calc.,

and the shear compliance calculated using constant volume predictions,
(S44)c.v,, does not reflect the large errors inherent in assuming

the constant volume compliance, (513)c¢.v,, (See Figures 8,50 to 8.57).
The time dependence of (844)calec and (S44)c,y, are identical,’

within experimental error, at all draw ratios since the time
dependence of 513 and (S13)¢,y, is similar, and also only makes

a small contribution to the total magnitude. Similar conclusions

may be derived from the recovery shear compliances (S44)cale and
(544)c,v., Tigures 8.50 to 8.57. The isochronous variation of the

two shear compliances, (S44)cale and (S&4)c.v,, with draw ratio
are shown in Figure 3.14 and at low draw raticsa difference of
07 exists, and at high draw ratios there is onlv a 17 differenc
In the case of the shear compliance, (S66)calc, calculated usin
the directly measured centraction comvliance, S12{t), and the
- constant volume predicted value, (S66)c,y,, the contraction
compliance contributes around 107 of the computed value at low
draw ratios and around 307 at high drawv ratios. At low draw
ratios the differences _of 1007 in the neasured and constant
volutie contraction compliances S12 and (S12)c.v, are reflected
as a difference of 257 between theé isochronous values of (S66)caic
and” (866)c,v, » However, at high draw ratios the difference in

(512) and (S12)c.v. is around 25% which gives rise to 1 07 differences
on (566)cale and (S66)c,v., (Fizure 3.15). The time dependence

of the'caiculated' and the 'constant volume' shear compliance

diverge comsiderably, the amount of divergence depending on the
contribution of the centraction compliance to the magnitude, and

the divergence between the measured and constant volume contraction
values, At low drauv ratios the divergence between (566)c,v, and
(Ge6)cale is around 307 over the experimental time scale,

falling to a few perceant at high drav ratios. In both cases

2.
4
e



the constant volume compliance has the highest creep rate,
- (Figure 8.61 to 8.68)., Similar conclusions may be derived by
“examination of the recovery compliances, (S12) and (S12)c.v., and
(S66)cale and (Se6)c.v., in Figures 8.73 to 8,76 and 8.61 to 8.68
respectively.

The calculated and constant volume creep contraction ratio,

V45(t), are dominated by the two contraction compliances S12 and
. 513 (Equations 9.3 and Y9.13). It has been shown earlier that
there is good agreement between the measured V45 and the value
calculated using experimentally determined contraction compliances,
.However, there is a large discrepancy between the calculated and
constant volume predicted, “VY45(t) (Table 8.1). At low draw
-ratios differences of 257 and 57 were noted between the measured
~and constant volume values of the compliance S13(t), and S32(t)
respectively at D.R. 1°15, and these errors are reflected in a
difference of 187 in the calculated and constant volume creep
‘contraction ratio, wv45(t). At high draw ratios similar analysis
shows a difference of 257 in the calculated and constant volume,

V45(t), arising from a 257 discrepancy in the measured and constant
volume contraction compliances S313(t) and Si2(t). The divergence
in the time dependent curves of V45(t), in creep and recovery are
difficult to assess and no sensible conclusions may be drawn.
(Figure 8,94 to 8,105). i

It is concluded that the constant volume values of the
“contraction compliances and creep contraction ratios differ greatly:
from the measured values, but may be used as a satisfactory first
approximation in engineering design forrnulae where the contribution
of the contraction ratio is not dominant. The use of the constant
volume parameters does, however, introduce a safety factor into
design calculations as the magnitude and the creep rates of the
‘constant volume' compliances are greater than those observed
experimentally. These observations apply to both the creep and
recovery data over the range of strains and times studied here.

9.2.3 Other Considerations with Anisotropic Materials

In a recent paper Bonin et al, (1969), have attempted to
determine the Poisson's ratio of an anisotropic injection moulded
rectangular specimen. The specimens were cut from an end-gated
"A.S.T.M, tensile bar where the direction of flow, and hence the
orientation direction, is along the direction of the length of
the specimen. Thus the specimens are, to a first approximation,
transversely isotropic with the plane of isotropy perpendicular
to the direction of the length, with the symmetry direction along
the length of the specimen., This symmetry is thus analagous
to the cold drawn transversely isotropic materials used in this study.
Bonin et al have measured the modulus along the length of the prism
and deternmined the shear modulus from torsion about the axis of the
prism, and combined these parameters using isotropic theory to
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calculate the 'Poisson's ratio, vizi-

F ’ 9.14

Clearly, this analysis is not c011ect, and the values of ¥V that
these authors have ootalnvd on 1n19ctlon moulded samples are in

doubt as larae errors mav be introduced, Assunin~ transverse isotropy
the relationship 1avolv1nv Lhe neasured narameters is "1von bv
equation 9,1, viz:- : S : S
A "
844 = s S22 - S33 -2 513 915

vhere $4¢4 and S$33, are the rec1procals of the measured moduli,
For the tranqvelsely isotropic materials used in this study all the
parameters in equation 9.1 have been determined and Table 9,3 shows
the difference between the contraction ratio calculated using 9. 15, vcalc,
and those incorrectly calculated using only the moduli,
(1/544) and (1/s33), and equation 9,14, %VYygg. The bulk moduli
calculated using isotropic theory Kygp, and the correct form of
anisotropic theory Keale, are also tabulated,

Clearly, the errors involved using isotropic theory for
anisotropic L.D.P.E. are large, and the bulk moduli calculated using
“isotropic theory are valueless.. Some oriented polymers at room '
temperature do not show a marked anisotropy of the comnliance
parameters, e.g, Polvmethvl methacrylate, P.H.M,A., and polyvinyl
chloride, P.V.C., (Darlington, 1969), and the above analysis can give
what are apparently sensible Poisson's ratio values. Illowever,

the values are not a true measure of the ratio and any similarity
between the calculated value and the true value is fortuiltous,

_ The variation of the measured creep and recovery contraction
ratios with draw ratio, time, and strain are shown in Fipure 8.16,
Figures 8.82 to 8.97 and Fipgures 3,106 to 8.107 respectively,



RATIO
1.4 20 3.8
1
E =z — 09 127 4+38
533
¢ = L 0+39 0°278 0165
544
VY150 *15 - 128 12-3
vCALC *45 42 T o4}
KIS0 427 - 27 0625
Kcarc 2443 2:32 6047
TABLE 9.3 Calculation of Creep Contraction Ratios and

Bulk Moduli.
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SECTION 10. COMCLUSTONS

1. Experimental techniques have been developed for use with
a tensile and torsional creen apnaratus which have enabled the
-accurate and reproducible measurement of the time-dependent
~ contraction compliances and contraction ratios of anisotropic
-polymers, over a wide range of strains, for the first time.. The
internal consistency of the results has been found:to be éxcellent.

2. The compliance matrix necessary to describe a non-linear
transversely-isotropic visco-elastic continuum has been characterised
at ten different degrees of anisotropy over a range of strains and
times for the first time. Different forms of non-linearity have
been identified, - ; '

3. Three dominant deformation mechanisms have been
discovered at low draw ratios.

a) The instantancous deformation is doriinated by an
inter—lamellar shear mechanism which is identified with the ﬁ transition
in L.D.P.E., and gives rise to large instantaneous volume changes.

~

b) The time-dependent axial deformation behaviour is
dominated by an intra-crystalline c-axis shear mechanism which
occurs at constant volume, and is identified with.the o¢ transition
in L.D.P.E,

¢) The time-dependent contraction behaviour of specimens
~cut at 0° to the draw direction is dominated bv the c-axis shear ’
mechanism, ' However, in specimens cut at 90° to the draw directicn

a further mechanism has been identified which gives rise to a
t1me~dcpendent thlckenlno under load -and large time-dependent volume
1ncreaees. .
All three mechanisms in low draw ratio materials are
~reversible over the range of strains and times studied in this thesis,

4. At high drawv ratios an inter-fibrillar shear mechanism is
dominant in specimens cut at annles awav from the 0° and 90°
directions, For 0° svecimens the chains are alirned along the
direction of the applied stress and the deformation mechanism
may be associated vith a chain extension mechanism. The mechanisms
of deformation in 90° specimens are complicated and at high strains’
may be associated with chain and lamellae re—orientation, and
other mechanisms associated with vield behaviour. All the mechanisms-



in highly drawn materials are reversible over the range of strains -
and times studied in-this thesis. L

- 5.  For uniaxial and torsional creep it was found that theA,,
- formalisms of classical elasticity theory may be invoked to T
describe the inter-relationships between the material paramaters

of a transversely isotropic continuum for strain levels in both

the pseudo-linear and non-linear strain regions. Also, c1a331cal
elast1c1ty theory may be combiped with lipear. v1sco-elast1¢1ty

“theory, in the form of .the. Boltzmann: superposition principle, to
predict the recovery behaviour of the. naterlal parameters over Lhe

same range of strains. g :

6. The assumption of constant volume deformation has been.
used to predict the time dependent behavious of the -contraction
compliances and the contraction ratios at all draw ratios. It is
concluded that the constant volume assumption cannot satisfactorily
predict these parameters, and that the errors wary with draw ratio,
time, and specimen angle. -
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APPENDIX Al CONVERGENCE OF THE SERIES IN THE EXPRESSION
FOR TORSIONAL RIGIDITY

Consider the series in Equation 2¢66 viaz:

1 ‘ - . \— a
ﬁ 5  tanh (Zn + 1) = a>b
n=o (2n + 1) , 2 , b '
= tanh 12 4 Z 1 2n+1\TW a
. 2b n=1 (2n + 1)5 tanh 2 ) b

L2

8

2

vNow' E 1 5 tanh (Zn + 1 } ) ﬁ < Z 1 =0

n=1 (2n+1)

and tanh - ﬂz% 7 0-917 since a > b
Thus the first term, n = o, giveé the sum to within % percent,
and for practical purposes, equation 2.66, may be approximated to:-
k : ) g .
16/, : - ) .
D=Gab3 /5. - b 1§ tanh 11 & a > b
a 13} 2b

Similarly the series in equation 2,80 and 2.81 may be approximated

as_
1 5 — : :
D = ac3 16 c(sas " [ 4 tanh JL__E- 566
- S66 3 a | S66 n B 2 “\ S4s
; | ' 1 c
- ) 2 . 5 1
or D=cad |16 - S66 4 tanh T c [Sa4\ c [ sas\:
: 544 [l 2 a(5e6 a \ S66

Su4 |3
The exact values of the series were evaluated by St.Venant
and have been reproduced by Hearmon, 1961, and Lekhnitski, 1963,

N)fme

Py

olp

2372
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APPENDTX.AZ2 CALTBPATION OF THE TORSION PENDULUM AND TORSIONAL
CREEP APPARATUS . L . -

A.2°1. Simnle Theoretical Considerations

The double inverted torsion pendulum used in the
calibration comprises an inertial mass attached to two linear
visco-clastic samples, namely, the metal shim and the metal
suspension element., TIf the mass—sample svstem is deformed at
zero time and then released it-will return to its equilibrium
position by means of free-—damped vibrations, Jhlch are governed
by the equation:=- '

1 a6 (ch +k§;2) 46 L6 +kz) e =0 :A2.1
dt2 .

where I is thekﬁoment of inertia of the svsten,
G2 and Gy afe‘tpe loss and real modulus Qf the sﬁeéimen,
£2 and g1 are the loss and real modulus ofﬂthe suspension element,
K and k are geometric factors, -

8 1is the ansular rotaticn,

and w 1is the angular frequency of the oscillations.

A solution ofA2.1 vhich describeg free vibrations is of the form:-

6 = 60 exp. | rt:f t. cos wt : A2.2
21\
-Substitution ofA2.2 intoA 2.1 vields

KGy + kgp = Tl ( o A23
. | . K A2l
and K Gy + kg = Ty, 1+ '?:_— ] 2:4

» : L 41y~ ‘
~and the system damping, tan & s = N /7 ' . A2:5

(1 + ;\?/41]2)
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The application of2:3 to 2+5 enable the calibration
- of the suspension element of the torsion pendulum and the
torsional rigidity of the metal shim, TFor the suspension and
added inertia alone equationA2-4 reduces to:-
, .
kg = 1w 7 v A2+6
- S and measurements of I and v? yield the torsional rigidity.
of the suspension, For the case of the metal shimA2:4 reads :

KRG + kg = Iwv? A2-7

and enables the calculation of the torsional rigidity
of the shim. The torsional creep rig may now be used with the
calibrated shims to obtain a voltage-deflection characteristic.
The applied torque is related to the torsional rloldltv and the
angular deflectlon by the equation:-

M = kyV = K6 0 A2.8
| | -k o
vhere M is the applied torque, or twisting moment

ky is the voltage/torque constant
V is the app]lod voltage '
'K 61 is the tor81onal rigidity of the shim

and. § 1s the angular deflection per unit length

. , l
of the shim sample

or, re;arranging 'k, = K G Q.) A2:9
' L NV -

‘where @ is the voltage-deflection characteristic.
. V ) )
‘Thus, knowing the torsional rigidity and the voltage-deflection

constant, the torque-voltage constant, ky, may be calculated.

A.2.2, Calibration of the Torsion Pendulum Anparatus, and the

Torsional Rirmiditv of the Shims

The results on the free vibration tests on the susnension
alone, the shim 1, and shim 2, for different inertia svstems are
given in Table A.1. Fach test was revcated three times and the
spread in the frequency of oscillation was alwavs less than 1%, The
moment of inertia of the arms and bobs were calculated from a
knowledge of the individual voer“s and measurenents of the mass
dinensions. Tie errors involwved in the calculations were nerligible.
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The torsional rigidity of the shims are determnined from

Table A2.1 and usinn equationA2.4,

(The darmning in the metal shims

is very small and thus the damning term is ignored).
the torsional rigidity for

Table A 2.1

SHIM 10 = 42599 prnf
SHTII 2 = 5002.9 ornmf

~
Lae

The valus of

the respective shins is:-

2
cm-

2
cn«

> Results of Free Vibration on the Pendulum Susnension

and lfetal Shims

SUSPENSTON ALONE SHIM -1 sur 2
Inertia | Tredquency Trerquency Frequency :
I w ' Iw?' oW a2 w T2r2
1,800 1173 247,662 $23+83 1,026,330 - -
25,850 2.984 246,361 i )
171,170 1.197 247,693 o 249 } 1,071,000 2465 1,210,00C
1134,5600 1-153 | 247,736 2.3% 1,063,000 2536 1,179,000
423,236 07606 249,392 1571 | 1,049,000 1-668 | 1,132,007
244,192 1.005 248,451 - - - -
436,674 0.753 248,176 1.549 1,052,000 15458 1,231,000
257,630 0.981 249,831 2+011 1,049,000 - -

P .
Average Iw< for Suspension
for Suspension

for Suspension

alone = 248,163 + 0.87

and Shim 1 = 1,057,300 & 1:07
and Shim 2 = 1,195,500 + 0+87
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A 2.3 The Voltage-Deflection Calibration of the Torsional

Creep Apparatus

The voltage-~deflection calibration for thé creep apparatus
was carried out usins the two calibrated metal shims. The effect
on the calibration on the optical bench arrangements, misalignment
of the specimen, and the magnetic field with relation to the coil
has been determined,

The results of the voltage-deflection calibration runs on
Shims 1 and 2 are shown in Figure A2.1 and A2.2 respectively.
The -sanples were removed and replaced in the apparatus and the.
results of two runs were found to sumerpose., The voltage—deflection
characteristics for the two shims were found to be:-

Shim 1 4+87 cn/volt
Shim 2 4+10 cm/volt

I+ W
e

9

The following observations were also made during the
calibration runs. ’

1. Gross misalignments. of the specimen in planes perpendicular
to the cross—section, but containing the plane of the specimen made
~only a 257 snread in the calibration curve at the maximum deflections
recorded, with even less scatter at lower deflec*'one. Specimens
are aligned perpendicularly by eve with the aid of a set-square
and using this method negligible errors are introduced through specimen
misalignment, :

2. The relative positions of the coil and the magnets does
not affect the calibration, for a given separation of the magnetic poles.

3. The errors introduced by reading the tangential movement
of the reflected light beam 1nstead of the swent arc are npvllvlble
with the optical bench arrangement used here.

4., A procedure was developed for ensuring good alignment
of the specimen axis and the torsion dkls, which ?aVL repeatable and
‘reproducible results,
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A 24 Calculation of the Torque‘Voltahe Constant

. From the torsion pendulum and the torsional creep calibration
runs the following characteristics were derived,

’

- 42599 ormf, émz
5002+9 armf, cm?

" The torsional rigidity, K Gl,bof the SHIM 1

_ and for SHIM 2
“and the deflection—volfage characteristic, 6/y, for SHIM 1 = 4.87 cm/volt

and for SHIM 2 = 410 cn/volt

" Now using equation A 2.8

T=kyV=KG 01

where @ the angle of twist = oraphispot deflection = 8

2 x optical_levef ©2.(0.L.)

the torque-voltage constant ky, may be calculated as follows:

ky = (K G)‘x~\§ X 1 gmf , cm, vo]t~1
, 7o - .
v 2 (0.L) xt - :
Hence,-substituting yields for SHIM 1 , ¥y = 134733 emf.cen/volt
and for SHIM 2 , k¢ = 13577 emf.em/volt

A . ’ -1
Thus, the averase torque-voltace constant, ky, is 13,390 dvne cm volt




g AuE 5 Iummsmq VOLTS (wa\ 2
L Mx S OECREASING. VOKTS (sVEL -
Lo INC&EM\NR vowts (~ VE)
A ne:cm\smg._uom (—uz\




+ Incaensing Voirs (rve)
% Deerensing Vours (+ve)
-0 Tntreasmg Vos (-ve) -
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APPENDIX A,3 An Example of the Application of the Boltzmann

Superposition Principle

For the case of a unit-step input of stress applied
'to a specimen in its rest state at zero time, t = O, and removed
at time t = ¢, the Boltzmann superposition integral has been
shown to reduce to the following form. (Section 2).

ei' = 8ij(t) G‘jo 0o <t < ty A.3.1

€; = Sij(t) 03° = sij(e - t1) 03° o <t;<t<e® A;3.2
where Sij(t) is the creep‘cbmpliance
and- Sij(t- tj) is the recovery cqmpliance

The recovery compiiance is calculated from equation A.3.3 viz

Sij (t - t1) = ( e-recovery) : A.3.3

G;°
The recovery strain, € rec., is a computed parameter derived from
the extrapolated creep/strain time curve and the residual strain/
time curve., A typical set of data used in the computation is shown
in Figure A.3.1. The data is for the longitudinal strain, €33, for
a 0° specimen, D.R, = 2°00, at the 1°0%, 100 second strain level.

In equation A.3.2 Sjj(t) Gjo is the extrapolated creep
strain taken from curve a, €, and € j, is the residual strain
taken from curve b.. Thus,

. . , p . : .
erec = ( e c = ei) = Si_j (t - t]_) o‘j ‘ Ac304
and hence the recovery compliance may be computed.
All the recovery compliance data presented in Section 7

has been calculated in this way. The errors in é&xtrapolating are
believed to be negligible.
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