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ABSTRACT

Orientation in tubular film extrusion of atactic polystyrene and

high density polyethylene were studied as a function of the stresses in

the melt at the point of vitrification (polystyrene) or crystallization

(polyethylene). The film forming conditions were varied over a wide

range so that the orientation could be varied from essentially uniaxial

orientation to approximately equal biaxial orientation. In the

polystyrene samples the orientation was determined from measurements of

the in-plane and out-of-plane birefringence. Both birefringence and

wide angle x-ray pole figures were used for studying orientaion in

polyethylene. Small angle x-ray scattering patterns were used to help

further characterize the morphology of the polyethylene as a function

of the kinematics (drawdown, blow-up ratio) and applied tensions and

bubble pressures.

Both polystyrene and polyethylene experimental results are

interpreted in terms of White and Spruiell's biaxial orientation

factors.

The data for the amorphous polymer, polystyrene, can be correlated

by comparing the birefringences with the stresses acting in the film at

the position of vitrification. Tnese data compare quantitatively with

the Rheo-Optical Law and with Oda, White and Clark's correlation

developed for the birefringence of samples vitrified during shear and

uniaxial extensional flow.

The polyethylene films showed much higher levels of crystalline

orientation from WAXS than would be expected from the Rheo-Optical Law
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IV

due to oriented nucleation and growth of crystals. The morphological

changes of polyethylene with processing conditions are described. With

uniaxial state, row structure first described by Keller is favored. k

biaxially oriented sample exhibited a morphology which could be

interpreted in terms of the superposition of two row structure

components with one component having lamellae stacked along the machine

direction and one component having lamellae stacked along the

transverse direction.
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CHAPTER 1

INTRODUCTION

The tubular blown film process is the most important fabrication

method for the production of thermoplastic films. This process is most

commonly used for polymer film manufacturing operation because of its

better economics and satisfactory mechanical properties. Although for

many years the blown film process has been widely used, relatively

little study of the process has been reported. This may be due to the

complexity of the process.

In the film-blowing process the tube of extruded molten polymer is

extended in both the transverse and the axial directions. Therefore

this process should be treated from the point of view of a multiaxial

or approximately biaxial elongational flow. The morphology and degree

of orientation of macromolecules probably governs the physical

properties of the finished film, such as the tensile strength, tear

resistance, and heat seal characteristics; it is thus expected that a

biaxially oriented film would have different physical properties from

what a uniaxially oriented film would have. For these reasons one of

the most technologically important areas associated with this process

is the influence of the kinematics, stress fields and cooling

conditions on the development of the structure, orientation and

morphology of the products. Sometimes the process is operated in a

uniaxial mode as in the seed packaging process with no inflation of the

bubble. There has been much investigation on uniaxial elongational

1
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flow in the analyses of fiber spinning process but biaxial elongational

flow has been little investigated.

The purpose of this thesis is to determine the orientation

development in both vitrifying polystyrene melt and crystallizing

polyethylene melts produced in tubular film extrusion. For the

crystallizing melts we shall determine as full a picture of the total

crystalline morphology as we can.



CHAPTER 2

BACKGROUND REVIEW AND LITERATURE SURVEY

2.1 TUBULAR FILM PROCESS

The film-blowing process (see Figure 2.1) is a procedure by which

thin thermoplastic films are produced by means of extruding a polymer

melt through an annular die with pressure slightly higher than the

ambient, maintained inside the moving bubble of melt. The molten

polymer tube exiting from the die is drawn by a take-up device and

expanded circumferentially by the internal pressure produced by blowing

air into the tube. The air inflates the tube into a bubble of thin

film. Usually an air cooling ring is installed around the bubble. As

the bubble moves along the machine direction, it cools and solidifies

at a certain distance from the die exit. The air cooling ring not only

serves to cool the bubble, also helps shape and stabilize it. It is

used to control the frost line height. Blown film dies are further

varied by designs for pressure drops through the die. The pressure

drop can be described as the pressure at which the die system operates

as indicated by the pressure gage on the adapter. The die output must

be balanced. The blow-up ratio, B , is the ratio of final bubble

diameter to die diameter. The most common blow-up ratios for

commercial films seem to be in the range 1 to 3.0. Films produced by

this method are primarily polyethylene and some polypropylene,

polybutene-1 and polystyrene, etc.

3
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2.2 DYNAMICS AND FORCE BALANCE

The dynamics of the tubular film process are rather complex due to

the expansion of the bubble. It was only in 1965 that appropriate

force balance equations were developed by Alfrey (3) using the theory

of mechanical equilibrium of shells of rotational symmetry. In 1970,

the dynamics of this process were developed in great detail in a series

of papers by Pearson and Fetrie (66-68) presuming the film is a thin

shell. The assumptions made are that the film thickness is small

compared with other dimensions of the bubble including its radii of

curvature, and that the velocity gradients can be approximated locally

by those of a plane film being extended biaxially. This study is

reviewed in monographs by Han (21) and Middleman (52). Here force

balances in both the longitudinal and radial directions must be

considered. The longitudinal or vertical force balance has the form

= F, - F„.. - F.,., - - HViP 2.1

where is the applied tension on the film, Fg,,^ is the

gravitational force, F^^^g is the air drag force, r is the radius of

the bubble at an arbitrary position, R^is the maximum radius is the

pressure difference across the film, and F^^.o is the rheological force

which is the product of the acting stress, , in the film in the

machine direction and the cross-sectional area;

frh.o = 2rrrho-„cos0 2.2

Here h is the thickness of the film, 0 is the angle between a tangent

to the film and the vertical. When we neglect the effect of the

gravity force and drag force, then the basic force balance along the



machine direction is rewritten as

F|_ = 27rrha„cos0 + - r^)AP

The radial force balance is given by

£.3

AP=h '11 22

R
H

2.4

in vAiich is the circumferential stress and R„ and R„ are the

principal radii of curvature in the local Cartesian coordinates at a

point on the surface of the film. They are defined by

Sec^ d
2~d^

Rh = r sec 9

This is illustrated in Figure 2.2.

At the freeze-line

R„ = 00

Rh = R|_

cos B - 1

Therefore at this position

"  iia/i
-

RlAP

.5

2.6

2.7

2.8

2.3 KINEMATICS

Pearson and Petrie (68) proposed the coordinate system shown in

Figure 2.2 for tubular film extrusion. The Cartesian coordinates

( )^2 '^3 ^ ® point P on the surface of the film are related to

the cylindrical coordinates (r , $ > z). Here (v^ , v^ , v^ ) are
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velocity components in the coordinates ( f^ , ̂3 ), h is the film

thickness, r is the bubble diameter, (Z^ , , ̂ l) and (Zq , Rq ,

ho) are the height, the diameter and the thickness of film at the

freeze line and at the die respectively, and r and h are functions of

z. The rate of deformation tensor, ̂  , for the melt on the deforming

bubble is given by

T,

i = tCV V -H(VV)):::

B Vi

6>

0

0

^ V2

0

0

o

^ V3

^^3

2.9

in which

^22 V

^33-
Vi 1  dh I dh d^i

h dt

/  dh
h  d^, dt ~ h dS,,

V,

2.10

2.11

for an incompressible fluid

^11 ~ ^ '^22'*' ^33 ̂

-  y (±d_r_ 2.12

Therefore d is rewritten as

d =
Qcos0

Tcrh

I  d f d h
r dz h dz

0

I  dr
r dz

0

0

0

I  d h

h dz

2.13
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in which Q is the volumetric flow rate (Q = 2nrhv^ , dz/cos0 ).

Different special cases may be noted. For uniaxial extension

^22=^33= . For biaxial extension d^^ =djj = -2d^y As shown by

Han and Park (23) both types of deformation may be carried out in film

blowing processes. For the different cases mentioned in the above

paragraph we have

Uniaxial Extension

d  g Vs _ / ^

2.14

dr _ I d h
r dz h dZ

from v^ich it follows that r/h is constant and the drawdown ratio

(Vl/Vq) is related to bubble shape and film thickness by

?L-_L 2.15hi Hi _ I
Vo " ~ Ri B"

For v^/Vq greater than unity, the blow-up ratio B, Rl/Rq

unity

Planar Extension

g\/:> -

2.16

_Lh-y, 1 dh _ Glcos6 ( \ dr t dh \
r dZ~ *5 h dz Tcrh r dz h dz j

This implies that r is constant, which means the blow-up ratio B is

unity

2.17
Ko
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,and the drawdown ratio is related to the film thickness through

Vl ĥ  2.18

Equal Biaxial Extension

3^3 - p

I  d r _ 1 d/i I d R

2.19

r dz ~ r dz Y dz

this leads to r^h being constant and the drawdown ratio v,_ /Vg being

related to blow-up ratio by

.34

A.
M,

The drawdown ratio is equal to blow-up ratio. Large v,_/v^ requires

large blow-up ratios.

Unequal Biaxial Extension

9 ̂  ^ 3 2 p,
25, ^£2 ar 9£, ^ 952

this is equivalent to

"•- > B or 4r- < B~v~ ̂  ~T7— ^ ̂ 2.22
*0 VQ

respectively.

Basic experimental studies of kinematics are reported by Ast(4),

Farber and Dealy (16), and Han and Park (23). Farber and Dealy (16)

discuss motion picture techniques of following deformation history.
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Han and Park also use photographs and carry out experiments ranging

from uniaxial to biaxial extension through variation of the air

pressure within the bubble.

2.4 HEAT TRANSFER

Heat is transported 6y conduction, convection and radiation.

Since the film is thin enough, the heat conduction in the film is

negligible. Therefore the heat loses are controlled by radiative and

convective heat transfer;

q, = q, + qc 2.23

where is total heat transfer, is heat transfer by radiation, q^

is heat transfer by convection.

A. HEAT TRANSFER BY RADIATION

2.24Tb f J
JOO loo

v^ere £, is total emission coefficient, a, is the radiation number of a

black body (cr, = 4.96), Ag is bubble surface area, and T^ and Tg are

the bubble and environmental temperature.

Menges and Predohl (51) argue that the total emission coefficient

is given by

£, = 6(2 - €) 2.25

where c is emission due to thickness.

Calculating the heat transfer by radiation is a single step for

the whole bubble is not yet possible because no uniform expression for
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the temperature profile along the bubble, Tg(z), could be found. The

total value of amount to 10-20 percent of the whole heat transfer

rate.

B. HEAT TRANSFER BY CONVECTION

Heat transfer to the interior of the bubble is small since at

thermal equilibrium the air inside the bubble cannot act as a heat

sink. Hence heat transfer outward is dominant and is only considered.

The heat transfer by convection is given by

q^ = h(z) Ab (Tb- TJ 2.26

where h(z) is the heat transfer coefficient, Tb is the bubble

temperature, T^ is the cooling air temperature.

Zeppenfeld (94) has developed on empirical correlationship"between

the heat transfer coefficient and cooling air velocity;

h(z) = 7.11 w"" 2.27

where w is the cooling air mean velocity.

Menges and Predohl (51) experimentally determined the convective

heat transfer coefficient. This was found to be the form

h(z) = 3.3(w„„y'® 2.28

for heavy duty sacks

h(z) = 3.04(w„„ 2.29
0.74

in vrfnich w„ax is maximum cooling air velocity, w„„ = ( Z^/z )

and p is maximum air velocity at the freeze line and Zl is the

freeze line height. They combined these equations and then finally

they obtained the following result.

9^ = 3.3 DC^'wax.Fu)'" X<?.1 xZl"x[-0p^(Z2-Z|*' )
+ Z8.5 + 2.30
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where 6^ is temperature difference between bubble and air at the freeze

line, and D is the diameter of bubble.

Ast (4) performed various experiments with five different cooling

air mass flow rates. If the cooling air flow rate is increased, the

bubble temperature is decreased with decreasing freeze line height.

The blow-up ratio is also affected unless the amount of air inside the

bubble is adjusted. He (4) predicted a heat transfer coefficient at

each different cooling air rate by his experimental result.

Wagner (87) carried out various experiment which affect the heat

transfer coefficient between the bubble surface and the cooling air.

He obtained a heat transfer coefficient, h = 30 Kcal /m^ h °c. His

modelling used is based on temperature dependent Newtonian fluid

proposed by Pearson and Petrie with energy balance equation.

Petrie (70) describes a fundamental study for heat transfer in

film blowing.

2.5 RHEOLOGICAL MODELLING

The original study of the dynamic tubular blown film deals with an

isothermal Newtonian melt and is reported by Pearson and Petrie (68).

They neglect gravity, inertia, surface tension and any forces due to

cooling air (66, 67). In later papers Petrie (69-71) included the

surface tension term, as well as the gravity and inertia. The effect

of inertia appears to be negligible for all practical purposes.

Han and Park report modelling using a power law fluid with a

non-Newtonian elongational viscosity. Petrie (70) has modelled the
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tubular film extrusion a convected Maxwell model behavior and a

neo-Hookean nonlinear elastic model. Nonisothermal modelling of

tubular blown film extrusion has been reported by Petrie (70), Wagner

(87) and Han and Park (24).

2.6 ORIENTATION DEVELOPMENT m FLOWING MELTS AND ITS RELATION TO STRESS

It is well known that a transparent non crystalline solid treated

by heating and rapid quenching gives birefringence, which is the

difference in magnitude of the principal axes of the refractive index

ellipsoid. Early experiments of Brewster (5) showed that application

of stresses produced birefringence. Neuman and Maxwell and later

authors hypothesized the existance of the Stress-Optical Law which was

subsequently verified by experiment. The Stress-Optical or

Rheo-Optical Law may be stated

2 31ATljj = C -CTj)

where ^n,. is birefringence, n is the refractive index tensor

and a, and are the principal stresses along i and j direction

respectively.

Kuhn and Grun (37) first considered the optical properties of a

statistically-kinked long chain molecule, composed of optically

anisotropic links. They showed that a stretched network of flexible

chains could be characterized by two principal refractive indices,

corresponding to directions of polarization respectively parallel and

perpendicular to the direction of extension. Furhter consideration of
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vulcanised rubber as a network of randomly kinked molecular chains was

done by Treloar (86). He showed that the birefringence is a simple

function of the principal extension and is proportional to the

difference between the two corresponding principal stresses, i.e., the

Rheo-Optical Law holds for cross linked rubbers.

Polymer molecules in a melt under stress have non-random

distributions of orientation and birefringence will occur because it

behaves as an anisotropic medium. Lodge (40) was the first to suggest

that the Rheo-Optical Law could be applied to polymer solutions and

melts. For shear flow he writes

An = c((T;, - (f^i^)Cos2Xopt

- 2(^ Sin 2%opt

in v^ich the optical extinction angle Xopt is defined as the angle

between the direction of flow and the principal axes of the stress

tensor, and <7^2 is the shear stress. He argued that the stress-optical

coefficient should be the same as that for a crosslinked elastomer of

the same polymer using an entanglement network model. Fhilippoff (72)

showed the validity of the Rheo-Optical Law on a range of polymer

solutions. In shear flow, he showed that birefringence could be

successfully used to measure normal stresses. Wales (88) gives a

description of a rectangular slit apparatus which can be used for the

measurement of flow birefringence of polymer melts at high shear

stresses. He can measure and An,3 by using his apparatus. Han

and Drexler (22) carried out similar experiments including measurements



16

in the entrance region under isothermal conditions. Matsumoto and

Bogue (45) have also carried out a detailed experimental verification

of the validity of the stress-optical relation in polystyrene under

non-isothermal conditions.

2.7 ORIENTATION REPRESENTATION

Maxwell's displacement vector D has two parts. One part vrfnich is

present in the absence of the molecules, the other part vrinich is

produced by the molecules, so called polarization vector P (64). Hence

D = €oE + P

in which E is the electric field strength and is the dielectric

constant of vacuum. The electric dipole moment P established under the

influence of the field is proportional to the effective field E'

P = oE' 2.34

where a is known as the polarizability.

In an anisotropic material

■  2-35
t

Pk 2.36

v^ere is the dielectric tensor and a^, is the polarizability tensor,

and a„| generally are coaxial for polymer.

By assuming fibre symmetry, the polymer is considered to be an

aggregate of polarizable units with transverse isotropy. Each unit is

defined by the second order polarizability tensor as
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In the chain axis coordinates

(1 =

<^1

o

0

^2

O

0 2.38

in vdcich and 1,„ are the directional cosines, and a. and a, 3""®
km "n l i t.

polarizability along and perpendicular to the polymer chain. If

a^^and are taken as the average polarizabilities parallel and

perpendicular to the fiber axis;

(V= aiCos<|>i_^ + 2a2COS<J)2,^

a^= aiCos«|>i,j. + 2o2Cos<J)2,j.

Since the principal axes are orthogonal,

2.39

C0S'<^2,// =

CO^<p\,L yCl -COS<pt,ip

2.40

Then

2.41

Eq 2.41 leads to the definition of Hermans orientation function

(26) as

2.42
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It was argued by Hermans et. al. (26) that this is equivalent to =

An/^o , where ̂  is the birefringence vrfriich is the difference between the

principal refractive index parallel to the stretch direction, n^, , and

the principal refractive index perpendicular to it, nj_ , for an

oriented specimen, i.e. ̂^^n = n„- n_j_ , and <j> = 9^„ is the angle between

the molecular axis and the fiber axis, and A® = (2/9)'^ [ (n'+2)^/n]

( a, - aj) in which h is the average of and and A® is the

maximum or intrinsic birefringence of the system at full orientation

when cos^^ = 1.

For crystalline filaments Stein defined orientation factors with

respect to all three crystallographic axes. These are called

. Hermans-Stein uniaxial orientation factors given by

,  ̂ 2.43
f. z -j-( 3CCS'cl>j,j - 1 )

where cos<f>^ ^ is the average value of the cosine squared of the angle

between the fiber axis and the j-crystallographic axis (j = a,b,c).

The fj factors are determined from wide angle x-ray diffraction

experiment. Specifically

rf

■' 'Ml 2.44

vrfaere (^j.i ) is the intensity diffracted from the (hkl) planes

v^ich are normal to the j-crystallographic axis.

From the above equation it can be seen that the orientation

function for a given crystal axis has a value of +1 for parallel
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orientation, a value of 0 for random orientation and -1/2 for the

perpendicular orientation with respect to the stretch direction. These

are illustrated in Figure 2.3.

For crystals with orthogonal axes,

cos'<f)g,+ cos^<^^,+ cos^^g, = 1 2.45

and

fc + fb + fa =0 2.45

The Hermans-Stein orientation factors as defined above refer only

to the crystalline phase. The total birefringence. An, is related to

both the crystalline and the amorphous birefringence through

An = XA"f, + (1-X)A°"fg„ +An,„,„ 2.4/

where X is crystallinity, fc and fg^ are the Hermans orientation factor

of the crystalline and amorphous phases, Z!?® and A" are intrinsic

birefringence of fully oriented crystalline and amorphous material.

Values of A°° and A" for polyethylene and polystyrene developed in the

literature are listed in Table 2.1.

Stein (79) was the first to be concerned with biaxial orientation.

He defined biaxial orientation factors given by

fji = 2cos^S| - 1 2.48

where j is crystallographic axis (j = a,b,c) and Stein's angle 5| is the

Eulerian longitude angle between the crystallographic axis and an axis

in the plane of the film. The range of values of Stein's biaxial

orientation factor is +1 to -1 for each given crystal axis. When all

the axes lie in the plane of the film it gives a value of +1, a value

of 0 means axis random with respect to the plane of film (uniaxial) and

a value of -1 indicates that axis lies in the plane perpendicular to
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the plane of film. Stein also derived the crystal contribution to the

birefringence for an orthorhorabic unit cell in terms of the biaxial

orientation factors as

ATl|3-XUi^ac^a+

^1^23 - "f" X'
2.49

ilUac ̂  ̂ ~ + ̂''^bcC 1 "fa^ ̂2b 1

where f, , f^ are uniaxial orientation factors for crystallographic a

and b axes, respectively.

Nomura et al.(58) defined two orientation functions. The first

of these is the same function as Hermans-Stein uniaxial orientation

function but the second function which differs from Stein's mentioned

above is defined by

fjj = sin'<l> cos^S 2.50

'Nhite and Spruiell (90) proposed biaxial orientation factors based

upon the anisotropy of the polarizability tensors. They use the angles

between the chain and crystallographic axes ,and the machine and

transverse directions rather than Euler's angles. For the chain

orientation they obtain

f, = 2cos^<})ei+ cos^^e2- 1 2 51

fj = 2cos^(f)^2+ cos^0j, - 1

where subscript 'c' is chain direction while subscripts 1 and 2 refer

to the reference directions (eg. machine and transverse directions,

respectively). For the case of an orthorhombic crystal these

orientation factors take the form where all three crystallographic axes

are considered.
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a-axis

= 2cos\^ai + eoi^2 -

= 2cOS^a2 + cosl^ai -

b-axis

= 2cos^jj^ + cos^jjj ~

= 2co^2 + -

c-axis

f® = 2coi^ + cos^cs -

_ 2cos^„ + cos^, -

2.52

2.5j

2.54

2.55

where subscript 'a', 'b'and 'c' refer to the crystallographic axis a, b

and c. Only four are independent since

COS^^a) ^ ^ 50*3^^0^ "" 1

COSi^bi COS^52 + C0S^b3 = 1

These orientation factors have the range of values from 1 to -1 as

shown in Table 2.2, and Figure 2.4. The special cases of isotropy

(orientation factors zero), three different types of uniaxial

orientation, and planar orientation are considered. Note that in the

uniaxial case the orientation factors reduce to the well known Hermans'

orientation factor. For planar orientations f," and may vary from 0

to 1. As macromolecules tend toward orientation parallel to the film

normal f® and fj® become negative. Their orientation distribution

function triangle diagram proposed is shown in Figure 2.5.

They also derived the total birefringences ̂n,3 and ̂ njj for

amorphous polymers as

An,
13

A"f®

An„ = A-f,®
2.55
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Table 2.2 White and Spruiell's Biaxial Orientation for Different
Types of Orientation in a Film*.

fB ^5
Orientation 1 2

Isotropic 0 0
2

Uniaxial Machine Direction 3cos ^

2

Chains Parallel to MD +1 0
2

Uniaxial Transverse Di- 0 3cos
rection 2"

Chains Parallel to ID 0 +1

R?ay!ai l-3cos^i) 3 l-3cos^i» 3Non-Planar 3—^ 1—^
CSame as Uniaxial Normal
Direction)

Chains Parallel to ND -1 -1

2  2
Planar cos cos (p^2

Planar Equal Biaxial +1/2 +1/2

Planar Equidirection +1/2 +1/2
(Random about ND)

?  2 2
*cos + COS ^^2 "*■ '^c3 ~ ^
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For two-phase semicrystalline polymers

An„ =x[an C ]+
An„ =x[i- f,'. -CfA]- (1-X)r/i-f,'

where X = volume fraction crystallinity, A"" = intrinsic crystallite

birefringence n, - n, , A", = n,- n,), A"= intrinsic amorphous

birefringence and An, = form birefringence.

Other methods for the representation of orientation functions in

terms of spherical harmonic functions are the Legendre polynomials by

means of Eulerilan angles 9, i/, , and (f). This has been done by Muller

(54), Roe and Krigbaum (73, 74), Roe (74,75), Nomura et al. (58~61)

and McBrierty and Ward (48).

The basic idea is the expansion of the orientation distribution in

terms of Legendre polynomials given by (75)

v^ere ^(^ ,^ ,^) is the orientation distribution function of all

crystallites on the sample in which

^ = cos 9 2.59

and

'o -^0

For the special case of uniaxial orientation, the expansion in

Legendre polynomials gives (48)

j j j2JC^,f,<t>)cl^clfcl6-l 2.50

2.51
00

PnCCOsS) P^COS0
n=<3

where pi^) is the distribution function with

X  2.52
P^iCOS(j>)= / P(<p) P,^COSi<p)SLVil> d<i>

•'/I
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i.e.

P, (cos<}>) = 1/2(3cos^(J) - 1)
2.63

(cos<{>) = 1/8(35cos*0 - 30cos^(|> + 3)

This method has been applied by McBrierty and Ward (48) to NMR

absorption curve and by Roe and Krigbaum (73, 74) to inverse pole

transformation on stereographic charts.

2.8 EXPERIMENTAL METHODS FOR INVESTIGATION OF CRYSTALLINE ORIENTATION

AND MORPHOLOGY

The most useful methods of investigating the structure and

morphology of crystalline polymer film are diffraction techniques.

Wide angle x-ray scattering (WAXS) yields crystallographic structure

and orientation, and small angle x-ray scattering (SAXS) gives

information on the order of a large scale (—100A). Light scattering

yields information on the spherulitic structure. Polarized light can

be used on thin films to determine birefringence which yields

information on orientation. Surface characteristics can be studied by

transmission electron microscope (TEM) and scanning electron microscope

(SEM).

WAXS patterns are important in the characterization of polymer

structure. Crystallinity can be determined from the relative

intensities of the amorphous and crystalline contributions. From the

azimutal intensity of the (Debye) rings a pinhole pattern one can

calculate the amount of the molecullar orientation present in the

crystalline polymer.
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The pole figure is one of the important tools to interprete

crystalline orientation and morphology in both quantitative and

qualitative way. It gives the distribution in space of a given crystal

plane normal, vdiich is called a pole, or poles of a given set of

planes. The experimental schematic of a goniometer for orienting a

sample in the x-ray beam and its corresponding spherical coordinates

<j> and a are shown in Figure 2.6 and Figure 2.7 respectively.

Experimental values of oos'tp needed for the computation of

orientation functions as outlined in the preceeding section can be

determined by averaging cos®^ over the entire surface of the coordinate

sphere. If ̂  is the angle between a chosen crystallographic direction

and a reference direction, this average is expressed mathanatically by

the following equation (92).

.X ̂27L

iiCOS <()=■T7 2.6t/(C ̂
j( dd.d<f>

where I( , a) is the x-ray intensity diffracted from planes

perpendicular to the chosen crystallographic direction. This intensity

is proportional to the pole concentration representing the relative

amount of crystalline material having plane normals in the direction

<p , a. Note that we may write

,Zt 2l«j>) - I( (p,<X) dd. .65

then

J  cos^(j> sin^<f> ci(j>
C0S'<l> = -^^2 ^ 2.66

J U<\>) sin
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SPINDLE AXIS <P\
A

specimen

0-

Figure 2.6 Experimental schenatic of a goniometer for orienting a
sample in the x-ray beam.
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k

Figure 2.7 Position of plane normal by spherical coordinates.
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2.9 ORIENTATION DEVELOPMENT m VITRIFYING MELTS

Various investigators studying polyethylene terephthalate (PET)

(19, 20, 93), polystyrene (22, 45, 62, 88) and high impact polystyrene

(63) have shown that the frozen-in birefringence is determined by the

orientation present in the melt. Studies of melt spun vitrified

polystyrene filaments sheared and uniaxially stretched have been

reported by various investigators. Oda, White, and Clark (62) show

that the birefringence in the filaments is proportional to the

difference in principal stress in the samples at the point of

vitrification and that the coefficient is the melt phase stress-optical

coefficient. The reported values of the stress-optical coefficient, C
-10 -10

,  for polystyrene are 4.1x10 cm^/dyne by Wales (88), 4.95x10 cm /dyne
10

by Han and Drexler (22), 6.1x10* cmVdyne by Matsumoto and Bogue and

4.5x10*^° cm^ /dyne by Oda, White and Clark, and for polyethylene
-10 -10

terephthalate are 7.8x10 cm^/dyne by Hamana (19) and 6.55x10 cm /dyne

by Yasuda et.al. (93). Omotoso, White and Fellers (63) find 'C of
-10

high impact polystyrene to be 4.5x10 cm^/dyne which is the same as for

polystyrene.

When Eq 2.31, page 14, was verified for vitrified polystyrene by

Oda, White and Clark (62),they proposed Eq 2.31 as a general method of

prediction of orientation distributions in fabricated polystyrene

parts. This concept has been used to predict birefringence

distributions injection molded parts by Dietz, White and Clark (13) and

Janeschitz-Kriegl (29).



33

White and Dietz (89) have specifically proposed applying this

approach to tubular film extrusion. According to them, the two

principal birefringences of the film at various positions along the

tube may be taken as

1 + - AP[2xr +7C(Rr y^]ci +
ZKrhcosSi

2.57

vdiere An,, = n, - nj , An,, = n, - n, in vrfach two of principal axes of

the refractive index ellipsoid are in the '1' and '2' direction, and

the third is perpendicular to the sheet. Here it is assumed that the

two principal stresses are

F, -7c^?(.RL-y y
" ~ 27cy-hcos0

2.63

_  (ZKrP^t^cosQ -t x^P(^L-y )
Zxrhcosd '

At the point of vitrification

For the equal biaxially oriented film

For the uniaxially oriented film

An,, = An,3 , AP = 0 2.71

2.69
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Note that the birefringences are presumed to be those that are frozen

into the film, but the take-up forces and the internal pressure AP

are measured on the running film line and hence represent the forces

needed to deform the melt.

2.10 STRUCTURE DEVELOPMENT m MELT SPINNING CRYSTALLINE POLYMER

The crystalline morphology and orientation of melt spun fiber has

been studied as a function of processing condition by Keller (31)»

Ziabicki and Kedzierska (95), Kitao, Ohya, Furukawa and Yamashita (34)

and by Spruiell and 1/fliite and their co-workers (9, 55, 77).

On-line studies of structure development during melt spinning have

been reported for high density polethylene by Katayama, Amano and

Nakamura (30) and by Dees and Spruiell (9), using wide angle x-ray

diffraction and birefringence (Katayama et al.). Polypropylene has

been investigated in similar experiments by Katayama et al. (30),

Nadella, Henson, Spruiell and White (55) and by Ishizuka and Koyama

(28). The rate of crystallization was observed and found to increase

rapidly with applied stress.

Crystalline orientation development was determined by these and

other researchers and interpreted in terms of row structure models,

i.e. a lamellar growth normal to the stress direction. Slight

tendencies toward a-axis orientation were interpreted by Keller and

Machin (33) and Dees and Spriuell (9) to be due to twisting of lamellae

as they grow radially outward from the row nuclei. Tennessee

investigators have also interpreted these structural changes in terms
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of Hermans-Stein orientation factors (9, 55, 77). Basically increasing

draw down was found to first orient the b-axis perpendicular to the

fiber axis, c-axis orientation increases more slowly. At low draw down

HDPE and LDPE some tendency to a-axis orientation is first observed but

at higher draw downs increasing c-axis orientation is found.

Polypropylene shows a lesser tendency to this type of a-axis

orientation but shows striking development of bimodal orientation.

SAXS measurements showed a 100 A repeat distance (32). Transmission

electron microscope observations of surface replicas showed lamellar

structure (35), this has led to the view that melt spun fibers consist

of folded chain "row nucleated" lamellae which grow with their b-axis

in the radial direction of the fiber (see figure on page 99). The

lamellae tilt or twist about their b-axis especially for the case of

polyethylene. Nadella et.al. (55) have shown the orientation factors

in polypropylene depend upon spinning stress levels rather than

kinematic variables.

2.11 STRUCTURE DEVELOPMENT STUDIES FOR TUBULAR FILM EXTRUSION

Film structural study of polyethylene related to blown film

processing conditions (i.e. various blow-up ratios) was carried out by

Holmes and Palmer with flat-plate x-ray diffraction and birefringence

(27). They proposed row orientation in which the b-axis was oriented

in the plane perpendicular to the extrusion direction and the a- and

c-axes were randomly distributed with cylindrical symmetry about

b-axis.
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Lindenmeyer and Lustig (38) investigated crystallite orientation

in HDPE and LDPE film using WAXS and constructed pole figures. At low

blow ratio the orientation of the HDPE and LDPE were approximately the

same. When the blow ratio was increased the LDPE film showed b-axis

perpendicular to the film and a- and c-axes uniformly distributed in

the plane of the film.

Clark and Garber (8) argued using TEM studies that

polyoxymethylene blown film showed nucleating fibrils aligned in the

extrusion direction with twisted bundles of lamellae oriented normal to

the fibrils. They essentially observed row structure and void

formation with increasing elongation percentage.

Nagasawa et al. (56) have made on line studies of birefringence

in the tubular film extrusion of polymer melts under a blow-up ratio of

1. They also made extensive electron microscopic investigations of the

film. They interpreted their results in terms of models similar to the

shish kebab row structures of the type developed by Keller (31)- They

do not consider the infuluence of process variables other than tensile

draw down.

Rohn (76) found for poly(butene-1) blown films that the applied

stress on a polymer melt is directly proportional to the degree of

orientation. He first showed the correlation between tensile break

elongation and birefringence. Hence his measurements were tensile

break elongation to get the degree of orientation, and the elongational

viscosity of melts by tensile tester.

Recently Maddans and Preedy (41) have presented a series of papers

about the orientation of HDPE blown film. They used pole figures to
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characterize the orientation. Two types of orientation are described.

One is a- and c-axes inclined at an angle to the plane of the film

which was developed by Keller and Machin (33), the other type is c-axis

distribution substantially along the machine direction and a- and

b-axes rotated around c-axis which found in cold drawn polyethylene

(49, 50). These types of orientation depend upon the blow-up ratio,

draw down and cooling condition and sample. Some HDPE samples (MI =

12—13 and MI = 7.9) show always former type orientation and the latter

type formed readily in the case of one HDPE samples (MI = 7.5) by

slower cooling condition. They carried out extensive measurement for

films from the latter sample (MI = 7.5). They conclude that under very

low-stress conditions there was almost pure a-axis orientation; with

very high stress there was substantial c-axis orientation, both with

reference to the machine direction. Commercial blowing conditions gave

rather high stress and the a-axis was inclined at 60° to 7(f to the

machine direction in the sheet-normal-direction plane. Also they found

that a high draw down ratio and a low extrusion temperature were most

effective in promoting high-stress crystallization. But they do not

seem to have made any measurements of the actual stresses involved.

Their representation of the a-axis orientation is shown in Figure 2.8.
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Figure 2.8 Representation of the a-axis orientation as a function of
stress during the film blowing process (Maddams and Preedy 1978).



CHAPTER 3

MATERIAL AND EXPERIMENTAL PROCEDURES

3.1 MATERIALS

The polymers used in these experiments were a commercial

polystyrene, Dow Styron 678U (MI = 12.0), similar to the polymer

rheologically characterized in a series of studies from our

laboratories (39, 83), and a commercial high density polyethylene,

Chemplex®Polyethylene 6009 (Ml = 0.98, density = 0.960). Extrusion

temperatures were 180°C for polystyrene and 200°C for HDPE.

3.2 FILM EX'FRUSION APPARATUS AND OPERATING PROCEDURE

The polystyrene and high density polyethylene films were produced

using a 3/4 inch Rainville screw extruder with an annular blown film

die (inside diameter = 1.496cm and outside diameter = 1.605cm). A

sketch of the die is given in Figure 3.1.

The axial tension F^ of the film during processing was measured

with a Tensitron web tension sensor. The pressure within the bubble

was measured with a manometer through a tube connected to the die. The

extrusion rate was measured by weighing the product for a predetermined

time interval during steady state operation. A picture of the

apparatus is shown in Figure 3.2.

39
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Two series of films were produced. The first series of samples

was approximately uniaxial. The films in this series had drawdown

ratios (v^/Vq) in the range 46 to 130, labeled U1-U7, for PS and 5.2 to

16.4, labeled 1-3, for HDFE. A second series of films were made with

an approximately constant blow-up ratio (B) of 2.5. These films had

draw ratios in the range 33 to 60, labeled 1-5, for PS and 3.4 to 10.6,

labeled 4-6, for HDPE. One film of each type was produced with blow-up

ratio 6.2, labeled 'Hi' for PS and 7.94, labeled '8', for HDPE with

equal biaxial extension according to Eq 2.20, page 10. One more HDPE

film was made with B = 5 and Vj^/Vg = 4.7, labeled '7'. Detailed

summaries of the film prepared are presented in Table 3-1 for PS and

Table 3.2 for HDPE.

3.3 CHARACTERIZATION ̂  THE BLOWN FILM

A.BIREFRINGENCE MEASUREMENTS

Both "in-plane" and "out-of-plane" birefringences were measured.

The "in-plane" birefringence represents the difference of index of

refraction between the machine and transverse directions. An,, , and the

"out-of-plane" birefringence represents the difference in index of

refraction between the machine and thickness directions,An,3. This was

accomplished using an instrument equivalent to that of Stein (78) which

allows a sample to be rotated and tilted in the incident polarized

light beam. The governing equation given by Stein for obtaining the

"out-of-plane"birefringence is

Xc r Ri,(I-sinVff / -Rq ] 3,1
do L sin^(p/rf J
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where n is the average index of refraction of the film, Xo is wave

length of the light used in vacuum, d^ is the thickness of the film, R,,

is the retardation of the film for normal incidence expressed in units

of number of waves, and is the retardation of the film tilted

through the angle <J>. Example of the original data sheets used for

polystyrene is shown in Table 3-3. The equipment is shown in Figure

3.3.

B. DENSITY DETERMINATION

The density of polyethylene was determined at 23° C using a

distilled water-isopropyl alcohol density gradient column with a range

of 0.9200 - 0.9700 g/cm®. The samples were allowed to seek their level

of displacement for approximately 8 hours.

The crystalline fraction was obtained through

P -^a 3^2
P  Pc-Pa

where X is the crystalline fraction, is the crystalline density of

polyethylene (f^= 1.002), P, is the amorphous density of PE (p, = 0.855)

and p is sample density measured.

C. SMALL ANGLE X-RAY SCATTERING (SAXS) PATTERNS

SAXS patterns were obtained using a modified Kiessig Camera with

pinhole collimation. The camera was mounted on a Rigaku General

Electric rotating anode x-ray generator. Air scattering was reduced by

evacuating the camera with a mechanical pump. The sample to film

distance was 40cm, the radiation was Cu-Kq and the range of the
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exposure times was from 2 hours to 10 hours.

D. X-RAY POLE FIGURE DETERMINATIONS

X-RAY DIFFRACTION EQUIPMENT; A General Electric manufactured x-ray

diffractometer equipped with a single crystal orienter was used. The

radiation used was crystal-monochromated Cu-Ka of wave length 1.542

Angstroms. The x-ray unit was operated at 40KV and 15MA. With the

diffractometer set at a fixed angle, 20, for diffraction from a chosen

set of diffraction planes, the sample could be tilted and rotated by

the single crystal orienter in order to determine the function I(a ,0)

needed for pole figure plotting or measurement of cos^0 function.

SAMPLE PREPARATION AND INTENSITY CORRECTION; Sheets of the

polyethylene blown film were carefully stacked parallel to the machine

direction in a clamp. Epoxy glue was applied to the trimmed edges to

hold the films together. During curing the films were pressed flat by

a thick glass plate for several hours. Smaller samples used for x-ray

diffraction were then cut from these original "sandwiches." These x-ray

samples were about 1.5mm width each side. This sample was mounted on a

polystyrene rod (see Figure 3.4) and placed in the single crystal

orienter.

After the sample was aligned, 20 scans were made at different a,0

angles for the purpose of determining the intensity correction and

optimun setting 20 value for the particular reflection for which the

pole figure is to be determined. Here a and 0 are the circumferential

and radial angles of the pole with respect to Cartesian reference
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T

1

2 mm

TD MD

Figure 3-4 Samples used on the single crystal orienter with film
packs.
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coordinates (see figure on page 55).

The amorphous,(110) and (200) intensity data were corrected for

overlap by the method of Nichols (57), and Aggarwal and Tilley (1),

using several 29 scans obtain at different a,0angles.

The following assumptions were used

1. The back ground is linear between 29 values of 14.36 and

26.00°.

2. The amorphous scattering has its maximum at 29 = 19.5 and the

maximum of diffracted x-ray intensity from (200) planes is at 29 =

23.65°.

3. The peaks are symmetrical about their respective maxima.

These assumptions allowed small correction for back ground and peak

overlap to be determined and subtracted from the data for each

reflection.

DATA RECORDING AND POLE FIGURE PLOTTING; The data recording was

accomplished automatically using a digital equipment; PDP-15 computer,

with appropriate programs programed by Prof. J. E. Spruiell. The

detailed method for pole figure data acquisition involved an

incremental (step) circular scan in which radial angle, 0, was set and

circumferencial angle, a, was changed incrementally from 0° to 360°.

This process was repeated for different radial angle, 0. Tne circular

scan method is completely automated through an interface between the

single crystal orienter and PDP-15 computer. Data recorded on Dec-tape

and Dec-writer gave cos^0 values at the same time. These data were

then transfered to the disc of the DEC-10 of the university computer
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system for plotting. The pole figure is plotted on the Textronix

screen as well as on the plotter beside the Textronix terminal by the

appropriate programs (see Appendix of reference 12).

E. EVALUATION OF ORIENTATION FUNCTIONS

The polyethylene crystal is orthorhombic with a = 7.41A, b = 4.94A

and chain axis, c r 2.55A (82). This cell is shown in Figure 3.5 and

its important poles are illustrated in Figure 3.6.

As mentioned in Chapter 2, four of the six cosine square averages,

cos^^g, cos </>a2 cos^^j,, cos^^j for polyethylene, must be measured.

Both cos2<f>ai and coP^^ are obtained from the 200 pole figure

through

no

^

3 3

160'

^  ̂^^r200,Z
^=o'

where

and

3S0'

^200 — ̂  ̂200 ̂  pi > ^
a.=o 3.4

d=o'

In the same manner, cos^4>bi ^nd cos^<j>,,j can be measured from the

020 pole distribution.
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Ci

Figure 3.5 Projections of polyethylene unit cell.
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Figure 3.6 Graphical representation of 200, 110, and 020 poles of
polyethylene.



54

Since the intensity of (020) is much weaker than that of (200) or

(110), it is often preferable to obtain data from the 110 reflection

rather than the 020 reflection. Following Wilchinsky's treatment, this

leads to the following formula for evaluating cos'(p^^ and cos'</>b2

the 200 and 110 pole distributions:

—  - 0.50S COS^</>a.i
cos <p,.-

bl~ O.e'dZ
3.5

2 - COS'<l>a,z
COS <p^i- '

0. 69Z

It was convenient to have two samples for the evaluation of cosine

square averages. -One sample had a-angle rotation axis as the

transverse direction and gave cos^,, or cos'^^j directly depending on

the 26 value for the reflecting plane. The other samples had a-angle

rotation axis as the machine direction and gave cos^</>,, or cos'0^,

directly depending on 26 value (see Figure 3.7).
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TD MD

MD

<P,

TD

<P.

MD

Cosine ̂<#>
12 Cosine^0

i1

Figure 3.7 Experimental determination of cos^</>j2 and cos^<t>u



CHAPTER 4

EXPERIMENTAL RESULTS AND DISCUSSION

4.1 AMORPHOUS POLYMER (POLYSTYRENE)

A. RESULTS

Here again '1', '2' and '3' are the machine direction, the

transverse or circumferential direction and the normal or thickness

direction respectively, and An.j = n^ - n, .

Figures 4.1 and 4.2 are plots of the birefringences An,2 , An,3 and

An23 as a function of drawdown ratio v^_ /\ for the uniaxial and

constant blow-up ratio series samples.

For the approximately uniaxial case

and

An23 - 0 4.2

with the magnitude of An,3 increasing with drawdown.

Data for the constant blow-up ratio series (B—2.5) are labeled 1

through 5 in Figure 4.2. Here

An,3 < 0 An,3 < 0 Anjj < 0 4.3

lAn,3| > or |An,2l 4.4

Birefringences An,2 and An,3 increase with drawdown ratio.

For the biaxial film

jAn,2l - 0.25x10® An,3 - Anjj 4.5

56
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-15- V An
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9 ' An.j3

^ : An23
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Valocity Ratio (V^/Vo)

Figure 4.1 Birefringence of polystyrene tubular film as a function of
drawdown condition-uniaxial.
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Following the procedure of Oda, '/\fhite and Clark the birefringences

ACjj are plotted as a function of a.^ - a , the difference in

principal stresses at the line of vitrification in Figure 4.3. The

principal stresses a, , and at this line in tubular film

extrusion are and given by Eq 2.69, page 33, and taken as

zero.

The An,j and {o^ - <T( ) data correlate in a reasonably linear

manner and the data agree rather well with the results of Oda et.al.

which are also shown in Figure 4.3. This is equivalent to agreament

with the Rheo-Optical Law (Eq 2.31, page 14) in the melt.

B. DISCUSSION

The birefringence An,2 and An,3 data of Figure 4.1 and 4.2 can be

used to compute orientation factors, f,® and . For the approximately

uniaxial case of Figure 4.1,

f,® >0 f2® - 0 4.5

with f,® increasing with drawdown ratio, Vl/vo . From Figure 4.4, the

data at constant blow-up ratio gives

:;® > 0 f2®

4  a-. w» A M M ..V M t Ia ^

f® >0 f/ > 0 4.7

f, increases with drawdown, but fj decreases slightly. For the equal

biaxial film

f,® = f2® - 0.01 4.3

These results for the orientation factors are plotted in Figure

4.4 as f,® versus f2®. For such a plot all states of orientation lie

within an isosceles triangle as discussed by White and Spruiell (90).

Because of the relatively modest orientations generated in the
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Figure 4.4 Representation of biaxial orientation factors of extruded
polystyrene tubular film on a triangular diagram.
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polystyrene blown films, only the region near the origin of f° versus

f° space is shown. Uniaxial states lie along the coordinate axes while

states of equal biaxial orientation lie along a line at 45° to either

coordinate axis. As expected the data for the uniaxial films lie along

the f® axis. All of the data lie in the upper quadrant indicating that

the chain orientation in the samples is intermediate between random

(isotropic) and planar (chains parallel to film). For a blow-up ratio

of —2.5, the data progresses with increasing drawdown from a position

near the equal biaxial orientation line to a position representing

nearly uniaxial orientation.

It is striking that the equal biaxial film has rather low

orientation levels. This is despite the high blow-up ratio. In order

to achieve biaxial orientation, the blow-up ratio must equal the

drawdown ratio. This severely limits the drawdown and the level of

stresses which can be developed.

The agreement between these data. White and Dietz prediction (89),

Eq 2.69, page 33, and Oda et.al.'s (62) correlation is of great

importance. It allows apriori predictions of birefringence from

process conditions for tubular film extrusion of polystyrene.

Presumably, the approach could be readily extended to blown films of

other amorphous polymers; it would be necessary only to know the

stress-optical coefficient and the intrinsic birefringence of the

polymer. Perhaps more significantly it shows the validity of this

approach in raultiaxial extension and encourages its use to interpret

other multiaxial processing operations such as blow molding or

thermoforming.
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4.2 SEMI-CRYSTALLINE POLYMER (HDPE)

A. RESULTS

The birefringences and densities measured on the polyethylene film

samples are listed in Table 4.1. The ^n,, , An^j and An,, are

plotted as a function of drawdown ratio (v,_/Vo) for the uniaxial and

constant blow-up ratio series samples in Figure 4.5 and Figure 4.6.

For the approximately uniaxial case

An,3 An,j > 0 4.9

and

^nj3 ~ 0 4L1Q

with the magnitude of An,3 increasing with drawdown. Except for the

change in sign o'f the birefringence due to the change in sign of the

chain polarizabilities, this behavior is similar in qualitative

appearance to that of polystyrene.

In Figure 4.6 the constant blow-up ratio series samples show

An,3 > An,3 > Anj3 >0 4.11

with all birefringences increasing monotonically with drawdown ratio.

In the case of the biaxial film

An,3 - 1.9 X 10"' 4.12

and

An,3 (10 X 10"' ) - An33 (8.2 x 10"' ) 4.13

Note that An,, is comparatively small but not zero; for the pure

biaxial case An,, = 0.

As described in Chapter 2 crystalline orientation of the HDPE

films was studied by preparing pole figures by WAXS techniques.
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Figure 4.5 Birefringence of HDPE tubular film as a function of
drawdown cond it ion-uni ax ial.
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Examples of the 200 and 020 pole distributions (pole figures) are

presented for four cases in Figure 4.7 through 4.14. The figures

present the results for samples 1, 3, 6 and 8, respectively. Samples 1

and 3 are approximately uniaxial cases corresponding to the lowest

drawdown, sample 1, and the highest drawdown, sample 3. Sample 6

corresponds to the highest drawdown sample with a blow-up ratio of 2.2

while sample 8 is the most nearly biaxial case. The pole figures for

the remaining samples (2, 4, 5, 7) and 110 pole figures of samples 1,

3, 6 and 8 are presented in the Appendix.

For the approximately uniaxial case, samples 1-3, sample 1 from

the lowest drawdown (vl/Vo= 5.2) clearly shows a tendency for a-axis

orientation along the machine direction (see 200 pole figure. Figure

4.7). The b-axes of this sample are almost perpendicular to MD and are

randomly disposed in the TD-ND plane (see 020 pole figure. Figure 4.8).

With increasing drawdown, samples 2 and 3, the a-axes are almost

uniformly distributed around the machine direction but exhibit maxima

at about 47° (sample 2) to 61° (sample 3) away from the machine

direction. The b-axes remain nearly 90° to MD but become slightly

concentrated in the transverse direction for sample 3- The 110 pole

figure for each sample corroborates the other two. The 110 poles are

found in a belt at an angle of about 60° to the machine direction.

Although the distribution is nearly random about MD, the highest

contour lines show a tendency to concentrate slightly in the transverse

direction with increasing drawdown. Since the 110 pole lies in the ab

plane at an angle of 57° from a, the location of these 110 maxima are

consistent with the a-axis and b-axis distributions. Generally pole
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figures for sample 1-3 indicate that these samples are very nearly

uniaxially oriented along the machine direction.

The samples in the constant blow-up ratio series (B—2.2) are

labeled 4 through 6. The b-axis distributions are almost the same as

those of the uniaxial samples 1 to 3 except that the b-axes of sample 6

with the highest drawdown, are very slightly biased toward the normal

direction while they are slightly concentrated toward TD in sample 3

(see 020 pole figures, Figure 4.10 and 4.12), the a-axis distribution

shows slightly different behavior from that for the uniaxial case. The

200 pole figure of samples 4 through 6 show that the distributions of

a-axes exhibit a maximum in each quadrant in the MD-ND plane. This

maximum intensity concentration increases and a-axis uniaxiality about

the machine direction decreases with increasing drawdown (^-5—6). The

110 pole figure of sample 6 also confirms this tendency (see Figure

Appendix A.15).

The pole figures of sample 7 look almost the same as those of

sample 5 but the b-axis distribution is similar to that of sample 4.

For the biaxial film, sample 8, the a-axis distribution also

exhibits a maximum in the MD-ND plane in each quadrant, but it is much

weaker than for sample 6 and there is greater intensity in areas of the

pole figure that were very weak for sample 6. A striking feature of

Figure 4.14 is that the b-axis distribution is concentrated in the

direction normal to the film (020 pole figure).

Figure 4.15 shows the effect of processing conditions on small

angle x-ray scattering (SAXS) patterns taken with the beam normal to

the film plane.
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For the uniaxial case 1-3, the SAXS patterns of sample 1 at low

drawdown exhibit a continuous ring with a maximum on the meridian which

gradually changes to a definite two point pattern with increasing

drawdown.

For the constant blow-up ratio series (B—2.2), sample 4-6, the

SAXS patterns are nearly the same as those of uniaxial case but a

little more dispersed around the beam stop, especially for the lower

drawdown ratio samples 4 and 5. The SAXS pattern of sample 7 is

similar to that of sample 4.

For the biaxial film, sample 8, the SAXS pattern exhibits two

nearly uniform rings around the beam stop (first and second order

maxima). The second order ring is difficult to observe on the

reproduction in Figure 4.'15 but is easily seen on the original pattern.

In order to ascertain vrfiether the lamellar orientation distribution in

this sample is isotropic or has biaxial symmetry, two additional SAXS

patterns were made with the beam along either the TD or the MD

directions. These patterns are shown in Figure 4.16. These results

exhibit two point patterns representing a periodicity along the MD

(Figure 4.16a) and along the TD (Figure 4.16b). In the original

patterns two orders of these intensity maxima are readily observed. In

addition to the two point patterns intense diffuse streaks along the

equator are also observed in these patterns. It is believed that these

streaks result from the void scattering associated with laminating many

films together in order to obtain samples for these patterns. In each

pattern the diffuse streaks occur along a direction normal to the film

surface as would be expected from this source. These streaks are thus
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believed to be artifacts that are unrelated to the internal structure

of the films.

B. INTERPRETATION AND DISCUSSION

ORIENTATION REPRESENTATION; The crystalline orientation and

birefringence results presented above may be interpreted quantitatively

in terms of White and Spruiell's orientation factors.

The six cosine squared values, cos'^ai cos^<>,2 cos'0^, cos^0^2

cos'^^i cos20e2 , calculated from the pole figure data of each sample

are listed in Table 4.2. These cosine squared values can be expressed

in terms of White and Spruiell's biaxial orientation factors relative

to each crystallographic axis through Eq 2.52 through 2.54, page 23.

These are given in Table 4.3. These are also plotted as a,function of

drawdown ratio in Figure 4.17 and Figure 4.18.

For the uniaxial case 1 to 3

f"•"■ti > 0 f' <^■2 0

fB
^bi < 0 fS <

^b2 0 4.14
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f ® > 0 C > 0

with increasing drawdown. For the equal biaxial film

f» = f.® - -0.02

fb® - C "0-2

f« ^ ~ +0.22

These orientation factors are plotted in Figure 4.19 as f" versus

f® on the isosceles triangle diagram. The general trend for either

uniaxial or constant blow-up series is toward increasing chain

alignment with the machine direction. The fact that the f^j values for

sample 1 and 2 are greater than zero shows that there is some deviation

from perfect uniaxiallity about the machine direction. However, the

orientation factors of samples 1-3 approach the f' axis with increasing

drawdown showing a tendency toward more nearly uniaxial behavior. The

orientation factors for the constant blow-up ratio series moves further

from the f® axis with drawdown. This trend is opposite that which

would be expected on the basis of kinematic considerations alone and

may be caused by oriented crystal growth resulting from the cooling

condition. The data for sample 8 lies very near the line at 45° to

either coordinate axis indicating that it is biaxially oriented. This

sample shows low c-axis (chain axis) orientation levels in spite of the

rather high blow-up condition. It is interesting that b-axes are more

and more oriented normal to the machine direction with increasing

blow-up ratio.

High density polyethylene is highly crystalline for a polymer but

its crystallinity is only about 70 % (see Table 4.1, page 64).

Therefore orientation in the amorphous regions may be considered. This



36

O 5 C-AxJ«

A ; a>Axis

□ ; b-Axis

(0;Uni43;8=2.2,^;-5,-£|3-;Bi]

f/

Figure 4.19 Representation of crystalline biaxial orientation factor
of HDPE blown film on a triangular diagran.
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amorphous orientation factor can be calculated from several measured or

calculated results through Eq 2.55, page 23. A problem is that the

final calculated value of amorphous orientation involves accumulated

errors from each of the measured or calculated results. The results of

such calculations must thus be viewed and interpreted with caution.

Measured density, calculated crystalline fraction, measured

birefringences and calculated amorphous orientation factors are given

in Table 4.1. These amorphous orientation factors, f° and f® are

plotted as a function of drawdown ratio in Figure 4.20 and Figure 4.21.

Sample 3 shows f® and f® > 0 and the others all have both f® and

fj® < 0. For biaxial sample f® = f® 0.03.

These results are plotted on the isosceles triangle diagram as f,®

versus f® in Figure 4.22. Here again the biaxial state lies on 45'

line and almost isotropic point. The others except sample 3 show that

chains in the amorphous region tend to be perpendicular to the film

surface.

BIREFRINGENCE AND ORIENTATION VERSUS STRESS; The Rheo-Optical Law (Eq

2.31, page 14) can be applied in the polymer melt. If the directions

of flow are the same direction as the principal axes of the stress

tensor, we may write for the amorphous orientation factors of the melt

f'»«_ _ c (crT- _ _c ^

4.13

-am _

where ^n*3 and An"3 are the out-of-plane birefringences of the molten
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Figure 4.22 Representation of amorphous biaxial orientation factors
of HDPE blown film on a triangular diagram.
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sheet and the a's are the principal stresses in the melt.

We may also write

I,- 67123
M  15

-  - C
/C-

The orientation in the melt just prior to crystallization should

thus be determined by the stress state. When crystallization occurs

there will be a discontinuous change in orientation due to oriented

nucleation and growth processes. Unlike the vitrified amorphous

polystyrene samples discussed in Chapter 2, the state of orientation in

the solidified semi-crystalline polymer cannot be directly predicted

from the stress state on the basis of equations 4.18 and 4.19. This

can be denonstrated by plotting the experimental orientation factors

versus the appropriate principal stress differences and comparing these

to the curve predicted by equation 4.18. Such a plot is shown in

Figure 4.23. Both the crystalline c-axis orientation factors

determined from WAXS data and "apparent average chain axis orientation

factors" determined by dividing the experimental birefringence results

by the intrinsic birefringence of the crystalline phase are shown. The

latter differ from the former because of the contribution of the

amorphous phase to the measured birefringence and the fact that the

intrinsic birefringence of the crystalline phase is used. Although

there is considerable scatter, a strong correlation of the measured

orientation factors with principal stress difference is observed.

However, the slope of this relation is much higher than is predicted by
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C-axis orientation factors from WAXS, birefringence and

Rneo—Optical Law as a function of applied stress.
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equation 4.18 (compare to lower curve in Figure 4.23). An equivalent

way to present this result is to plot the experimental room temperature

birefringences of the films versus a, - trj) that is An,2 versus

^11- ^22> ^"13 versus <^,1 , Anjj versus (T22 in Figure 4.24. Data

obtained by Dees and Spruiell (9) for HDPE melt spun fiber are also

coplotted in Figure 4.24 and show a high correlation with the present

results for film. Although an approximately linear relationship is

observed between An,j and <7, - cTj, the slope of this curve for

semi-crystalline polyethylene is much greater than the stress-optical

coefficient, c, for the melt.

In spite of the fact, demonstrated above, that the state of

orientation cannot be predicted from equations 4.18 and 4.19 for

semi-crystalline polymers, Nadella et al. (55) have presented evidence

that for the uniaxial case of fiber spinning the orientation and

crystalline morphology of a given polymer are determined by the melt

stress just prior to crystallization independent of secondary variables

such as melt extrusion temperature, take-up velocity, etc. In effect

this argument states that (for the uniaxial case) the a, b and c-axis

orientation factors are each functions of the uniaxial stress, , and

the nature of crystallization induced orientation changes for the

particular polymer. The nature and sensitivity of a given polymer to

orientation and morphology changes associated with oriented

crystallization must at present be determined for each polymer by

experiment. Symbolically, we may write

fj = (^11 > polymer) 4.20a

f„ = F, (q;, , polymer) 4.20b
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Figure 4.24 Birefringences of, HDPE blown film and melt spun fiber by
Dees and Spruiell as a function of applied stresses difference.
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fc = f"c ( °ii > polymer) 4.20c

In order to extend this idea to the multiaxially oriented thin sheet

samples we might presume that

f,® = G. (o;,-a33, polymer) 4.21a

f® = G, (ajj-a33, polymer) 4.21b

f® - f,® = H, (a;, polymer) 4.21c

where i = a, b or c. On examination of this hypothesis in the light of

the experimental data, it appears that equations 4.21a and 4.21b do not

have general validity. However, a plot of the difference, f® - f,®

versus does give a master plot on which the uniaxial data of

Dees and Spruiell can also be superimposed as shown in Figure 4.25.

This striking result is not yet fully understood, but it appears to

imply that the state of stress during crystallization determines at

least certain features of the orientation distribution function that

B  B
are measured by the difference in orientation factors, f„ - fjj . In

the uniaxial (fiber) case, we have the special case that and f®

are zero, and, hence, f.® (or f, ) are uniquely determined by a,, as

previously found by Nadella et al.

In the same manner data for difference in amorphous orientation

factors, ff - fj®, both computed from the Rheo-Optical Law and

calculated from Eq 2.57, page 27, using experimental crystalline

orientation factors, measured birefriengence and crystallinity are

plotted against principal stress difference, a,, - ajj Figure 4.26.

The amorphous orientation predicted on the basis of the Rheo-Optical

Law shows very low orientation level with positive sign. However,

amorphous orientations of semi-crystalline HOPE which contain 30%
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amorphous region predicted on the basis of the Rheo-Optical Law shows

that the chains in the amorphous region are aligned rapidly along the

transverse direction at first, then degree of orientation along the

machine direction increases slowly (see the solid line in Figure 4.26).

This may be due to the amorphous orientation containing a contribution

from chain folds and only occurring in localized small regions which

are constrained by the crystalline phase. The same tendency was

observed by Matsumoto et al. for uniaxially stretched polypropylene

(44) and poly(ethyleneterephtalate) films (43).

MORPHOLOGY OF POLYETHYLENE BLOWN FILM; The SAXS patterns of our

samples, except sample 8, (see Figure 4.15, page 77) and the

orientation data indicate that samples 1-7 exhibit more or less the row

structures first described by Keller and Machin (33) for melt-extruded

polyethylene films. The characteristic features of these row

structures are lamellae stacked approximately along the machine

direction together with orientations in which the b-axes become

perpendicular to the machine direction while the c-axes gradually

become more aligned along the machine direction, and the a-axis

orientation factor increases at first but it then decreases. These

latter changes in orientation accompany increasing drawdown stresses in

the machine direction. The Keller-Machin model of row structure is

illustrated for the strictly uniaxial case in Figure 4.27. Notice that

at low stresses the lamellae are assumed to twist about the b-axes

which are growing perpendicular to the MD. As stress increases this

twisting is suppressed and the a-axes are assumed to gradually become



99

Low Stress (a)

L

C

a

Fiber Axis

7 b

L

7

High Stress (b)

Figure 4.27 Row nucleated structures formed in filaments crystallized
under stress.
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more nearly perpendicular to MD.

Pole figures consistent with the ideal row structures illustrated

in Figure 4.27 are shown schematically in Figure 4.28. It is to be

noted that the twisted lamellae structure of Figure 4.27a produces a

200 pole figure which exhibits a slight maximum at the MD. The pole

figures shown schematically in Figure 4.28a are equivalent to those

shown for sample 1, Figures 4.7 and 4.8, pages 68 and 69. The "high

stress" case shown schematically as Figure 4.28b is not achieved in any

of the films produced in this research. The pole figures of samples 2

and 3 (see Figure 4.9 and 4.10, pages 70 and 71) would seem to be

intermediate between the two cases shown in Figure 4.28.

The samples with constant blow-up ratio, 4-6, exhibit '^at appears

to be a slightly modified form of the row structure. The SAXS patterns

still indicate that the lamellae are stacked primarily along the

machine direction in a fashion nearly equivalent to that for samples

1-3. But in this form, the orientation distribution is no longer

uniaxial but exhibits a tendency for the a-axes to concentrate somewhat

in the MD-ND plane.

In the biaxial case, sample 8, the morphology appears to be

approximately equivalent to two superimposed row structures. One

component exhibits the usual lamellar arrangement in which the lamellae

are stacked along the machine direction (see Figure 4.15, page 77, and

the two point pattern of Figure 4.16a, page 78). The second component

contains lamellae stacked along the transverse direction (Figure 4.15

and Figure 4.16b). Furthermore, the 020 pole figure (Figure 4.14, page

75) shows that the b-axes tend to lie perpendicular to both MD and TD
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200 020

200 020

Figure 4.28
structures.

Schematic pole figures consistent with the ideal row
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(near ND) in this sample. It is not clear whether the morphology is

some sort of lamellar "basketweave" or some form of duplex row

structure with row nuclei aligned both along MD and along TD as

illustrated in Figure 4.29. The SAXS patterns and orientation data

appear to be consistent with either of these models. It might be

possible to make a distinction between these two possibilities on the

basis of replica transmission electron microscopy, but this has not yet

been done.

Selected data from the literature for crystalline orientation in

polyethylene were plotted in the orientation triangle diagram as shown

in Figure 4.30 which were fully discussed by White and Spruiell (90).

Almost all of the results from the literature show approximately

uniaxial orientation along the machine direction rather than the

transverse direction except Maddams and Preedy's (41) and Lindenmyer

and Lustig's at the highest blow-up condition for LDFE (38). Some pole

figures, such as pole figures for sknple 1, 3 and 6, are similar to

those reported by Maddams and Preedy (41).
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CHAPTER 5

SUMMARY AND CONCLUSIONS

A series of approximately uniaxial and constant blow-up ratio

samples and an equal biaxial sample for both polystrene and

polyethylene were produced. Stress fields in the tubular film process

were computed from the measured take-up tension and bubble pressure

using the theory of Pearson and Petrie.

The in-plane and out-of-plane birefringence of the polystyrene

film was found to depend upon the stresses at vitrification in the

films. The values agreed quantitatively with the correlation of Oda,

White and Clark, i.e. the birefringences were proportional to the

differences in principal stresses (Rheo-Optical Law) with the same

apparent stress-optical constant. The stress optical constant found

was nominally equal to previously reported values of the stress optical

constant of molten polystyrene.

The polyethylene films showed much higher levels of crystalline

orientation than would be expected from the Rheo-Optical Law due to

oriented nucleation and growth of crystals.

The results for White and Spruiell's biaxial orientation factors

were plotted in an isosceles triangle diagram. Uniaxial states for

both polystyrene and polyethylene lay along or close to the coordinate

axis. A series of constant blow-up samples for polystyrene progressed

with increasing drawdown from a position near the equal biaxial

orientation line to a position representing nearly uniaxial orientation

105
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while those for polyethylene moved further from uniaxial orientation

with increasing drawdown. Films prepared according to the kinematic

condition for equal biaxial orientation, namely /v^ = B, exhibited

nearly equal biaxial orientation. The data of both polystyrene and

polyethylene lay close to the line at 45 to either coordinate axis but

had rather low orientation levels in spite of the relatively high

blow-up ratios, B = 6 — 9.

The orientatin for crystallizing polydethylene exhibited a bias in

the direction with the highest stress, i.e. when the differences in

orientation factors along the machine directin and transverse

direction, ff - , were plotted against principal stress difference,

<*11 - ®22 (these plots exhibit almost idendical features to that of the

uniaxial case.

From WAXS and SAXS results the morphological changes of

polyethylene with processing conditions are described. At low stress

state, twisting of lamellae as they grow radially outward from the row

nuclei first described by Keller was favored. This twisting decreased

as the stress in the machine direction increased. A biaxially oriented

sample exhibited a morphology which could be interpreted in terms of

the superposition of two row structure components with one component

having lamellae stacked along the machine direction and one component

having lamellae stacked along the transverse direction.
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