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ABSTRACT

Viscoelastic behavior from the responses of mechanical and

optical properties of amorphous poly 900 -vinyl carbazole (PVK)

is studied with relaxation and vibration techniques over various

temperatures, elongations and frequencies. The relaxation study

is undertaken using a Table kodel Instron with the attachment of

a conventional optical system by simultaneous and continuous

measurements of birefringence and stress. The behavior of bire-

fringence decay and stress decay are followed in the same fashion

during the process of simple relaxation. The vibration study

is carried out using a dynamic birefringence apparatus by

simultaneous measurements of the dynamic quantities of birefrin-

gence, stress and strain. Relaxation and vibration data can be

described by the ,vLF equation through time-temperature super-

position and frequency-temperature equivalence principles indi-

vidually to obtain the master curves of optical and mechanical

functions. The shift factors from relaxation data agree quan-

titatively with those from vibration results. The abnormally

high value of G
2

in the ,-«LF expression may be associated with

the cubic thermal expansion coefficients.

The stress-optical coefficient (S.C.C.) of PVK measured

under the condition of relaxation at constant length is almost

constant over the temperatures range from 210 C to 275 C of this

study and in a agreement with that under dynamic strain.

Stress induced crystallization occurs with an increase of



birefringence and a decrease of stress by stretching amorphous

PVK at high temperature above its glass transition temperature

and elongation ratio greater than 2.0. The rate and magnitude

of stress decay corresponding to crystallization passes through

a maximum at an intermediate extension of elongation ratio 3.0.

The isothermal crystallization kinetics is described by the

Stein equation. The crystallization rate which is very dependent

on the elongation in comparison v/ith temperature increases with

increasing extension.

The deformation of amorphous PVK accompanied by crystall-

ization leads to sharp X-ray diffraction patterns, small angle

light scattering patterns and an increase of infrared dichroism.

The sharp X-ray diffraction peak from the crystalline

component of PVK is located at a Bragg angle 2 0 of 8.2° which

corresponds to the interplanar spacing of 10.5A°. The intensity

and azimuthal dependence of this diffraction peak increases

with extension. At high deformation, the chain direction of the

crystalline phase is almost perfectly aligned toward the stretch-

ing direction.

The morphology of the PVK superstructure as judged from

Hy
patterns of small angle light scattering is a function of

temperature and extension. It has a rod-like texture below

265°C. Above 275°C, it appears to change from spherulitic

structure at 100$ stretching to a combination of spherulitic

and rod-like structures (so called shish-kebab texture) with



further elongation up to 200% extension. Finally it becomes

pure fibrillar texture at higher elongation reflected in the

increase of stress level.
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I. Introduction
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The objective of this research is to study the optical and

mechanical functions of viscoelasticity of amorphous polyvinyl

carbazole, and the behavior of isothermal crystallization as

well as molecular orientation during and after stretching polyvinyl

carbazole under tensile stress by means of rheo-optical techniques.

Poly 9(N)-vinyl carbazole (PVK) used in this study is a

commercial sample (trademark "Luvican") by the German (B.A.S.F.)

process^ ^ v;hich is an adiabatic bulk polymerization under a

high pressure (40 Atm) of inert gas of nitrogen. This is a radi-

cal polymerization initiated by di-tert-butyl peroxide (0.02;,)

activated by 2 : 2-azobisisobutylronitile (0.01%) stirred at 80-

90°. Its molecular weight distribution has been characterized

by gel permeation chromatograph of PVK-THF solution to give

M / M about 7 with Nf = 1.^7 x 10
6

and M = 2.18 x 105 .

PVK is a noncrystalline polymer prepared by free radical

( 1 ) ( 1^)
polymerization v ; or cationic polymerization' PVK can not

be polymerized by an anionic mechanism. . In 196l $ it was

reported that PVK had a high degree of stereoregularity and

crvstalline soherulitic structure with Ziegler-Natta type (

butyllithium-titanium tetrachloride) polymerization^
1 ^. Later

in 1963, the reproducibility of this result of coordinated

polymerization was suspected^
1

' . Stereoregular polymerization

of semi-crystalline of PVK was reported by using catalyst of

the type MR Xn (I-. = metal, R = organic radical and X = halogen)

such as (CpHj A1C1 (1 ^. PVK produced by solid state polymer-

ization with redox catalyst (ammonium persulfite / sodium



-3-

bisulfate) from monomer crystal may be crystallized' 18
^

. It was

found that the infrared spectra of PVK from this solid state

polymerization system is same as that from radical polymerization.

PVK (<5
l/f

H
11

N)
n

whose formula is shown on Figure (70b) has

a rigid and bulky side group which result in its characteristic

property of extreme brittleness at room temperature. Its rigid-

ity is reflected in a high glass transition temperature in the

o ( 2

)

range of 160-250 C v ;

, which increases with molecular weight

and decreases with decreasing solvent content.

PVK is a good dielectric material having a dielectric

constant of 3«0, a power factor about 0.001 and permittivity of

(1

)

3.0 over a wide frequency range , has high thermal stability

(

8

)

and has very good photoconductive properties' '
. Its refractive

index, I.69 at room temperature, is high for the interest of

contact lensw . In comparison to polystyrene, PVK has more

stable dielectric constant over the change of temperature and

frequency, a superior thermal stability and stiffer chains than

(3)
PS for which the conformational paramer is 2.2W •

Polymer materials with the presence of hetero atoms,

electrons and particularly polyaromatic structure have higher

photoresponse than those without containing heterocyclic group

or TT electrons. The interest of photoelectric properties of

vinyl polymers is to have large TT electron system as a pendant

group^ 1
. Poly ::-vinyl carbazole has larger photoconductivity

than any other carbazole derivatives such as poly 2-vinyl

lo\ 4.J (11)(12)
carbazole iy '. The photoconductivity of PVK sensitization



and PVK-Iodine charge transfer mechanism(13) have been investi-

gated. All of these studies were carried out on the unoriented

amorphous PYK and its complexes. The increase of conductivity

of TT electron system with orientation may be due to increase of

the amount of TT -orbital overlap between adjacent molecules as

the effect of pressure^ 1 >. It was reported that the amorphous

oriented filnrhave superior electrical properties ^ than un-

oriented sample.. It was found that crystalline polyacetylene

has higher electrical conductivity and oriented polyacrylnitrile

pyrolyzate has greater electrical conductivity by stretching

before pyrolysis

in the investigation of solution properties of viscosity-

ra0lecular weight relation of PVK. Kuwakara et *«> found that

its large value of conformational parameter tf .
2.85 is due to

the steric effect of repulsion between carbazole groupswhioh

bring about considerable hindrance to free rotation of its chains

This oarametertf. is defined as

Tp^T

—2
v. „ .nuare end-to-end distance of chains and

where IT is the mean square eno

9
0

14li, -rv>^o t nternal rotation.-2

is the corresponding value with .ree Interna

°

ihe large magnitude of shielding and nonuniform shielding

of aromatic protons from nuclear magnatic resonance spectrum

* i interaction of bulky carbazole group

also indicate the mutual interaction

.nit. which is statistically equivalent

The number of monomer units rtilOB

n,.is of chain stiffness which may be

to one random link is a basis of cnai



-5-

measured by evaluating the anisotropy of the random link from

the measured value of the stress-optical coefficient and calcu-

lating the anisotropy of the monomer unit from bond polarizabi-

lities. The values of the equivalent random link for same

polymers have been reported^

.

In the calculation of strain birefringence of polystyrene,

Flory et al*°' concluded that its planar phenyl groups are

parallel to one another and perpendicular to the chain backbone.

(7)In 1970, Crystal proposed that the pendant carbazole groups

of PVK lie close to and parallel to one another from the molecular

model studies of both isotactic and syndrotactic configuration,

Kimura et al^ 19 ^ in 1970 found that crystalline PVK

precipitated from solution and treated by heat under nitrogen

atmosphere is rod like crystal and are packed in pseudohexagonal

array with an isotactic 3/1 helix as well as a syndiotactic 2/1

helix. In the study of single crystal morphologies of PVK grov/n

(7)
from dilute solution, Crystal postulated that rod-shaped

crystal were formed below 115°C and flat thin lamellar crystals

were produced due to chain folding above this temperature.

Recently, lamellar structure of PVK was observed with substrate

induced crystallization ^
20\and the molecular arrangement of

the crystal lattice is a pseudo-hexagonal packing of helical

array with the unit cell parameters a =12.00A° and c = 6.47A 0
.

Crystallinity and orientation affect physical properties

of polymer materials e.g. the electrical^
21 " 23) and mechanical.
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( 1 2k)properties v
»

;
. For uniaxial orientation, it has been report

-

(25-30)
ed •* that the tensile strength along the direction of

stretchin- axis will be improved, because the applied load will

be carried largely by the strong covalent bonds of polymer

chains. The tensile strength in the transverse direction will

be reduced, because the load will be carried primarily by the

weak van der , aals bonds. It is recongnized that the crystallites

of uncrosslinked elastomer are similar to the crosslink points

in a crosslinked rubber giving rise to higher modulus than for

the uncrosslinked rubber with no crystallinity

.

In view of the effect of crystallinity and orientation on

physical properties, overcoming the limitation of physical

strength and the interest of unique photoconductivity of PVK,

the rheo-optical study of PVK has been carried out.

The rheo-optical technique has been introduced by Stein,

and has been reviewed by several authorsw ^ It is the

method of using the electromagnetic radiation to study the defor-

mation and rheology of polymer materials. It includes birefrin-

gence, dichrcism, polarized fluorescence, polarized raman scatter-

ing, X-ray diffraction and small angle light scattering etc.

In polyneric systems, the optical properties of birefringence,

infrared dichroism etc arise from the long-range orientation and

the interference effects of the large size polymer bring about

the phenomena of light scattering and X-ray diffraction etc.

The rheo-optical functions of polymer materials can yield
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the information about the behavior of particular internal stru-

ctures while the mechanical responses can only observe the infor-

mation from a combined contribution of the internal structure

units. The range of linearity of the rheo-optical coefficients

for polymers usually exceeds that for the mechanical property of

modulus. Since the nonlinearity arises primarily from the

processes as bond bending, bond stretching and crystal disloca-

tion formation and motion v/hich would not contribute significent-

ly to the optical properties'"^.



-o-

II. Theoretical and Principles

of Methods
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A. Birefringence

The phenomenon of double refraction which results from the

difference in refractive indices in different directions is

termed birefringence. The principles of double refraction

phenomenon is shown in Figure ( 1 )

.

Retardation R, the number of wave path difference, is

defined as

where d is the sample thickness, 7^ and TS^ are ^ e wave-

lengths of light along stretching direction and the direction

perpendicular in the specimen medium.

From the difinition of refractive index n,

And TL = ^ (3)A2

where and are the refractive index along and perpendicular

to the stretching direction, and ?v0 is the wavelength of light

in vacuum.

Then the birefringence, /\ can be related to retardation by

The order of retardation can be measured with Babinet

compensator and evaluated by the following formula

D = A>L_ (5)



where AX is the amount of shift in the fringe pattern along

the retardation wedge in the compensator and AX0 corresponds

to one wavelength shift.

The birefringence can be described in terms of bond

polarizabilities assuming that the relation between the principal

refractive indices and polarizabilities per unit volume can

follow the lorenz-Lorentz equation

Trf-l 4 ^0

where n is the refractive index of the sample and P is the bond

polarizabilities per unit volume.

By differentiation

6TtdTt 4 - jd
"T~a—v?

= -5~1T dp
(Yl

2
+£)

2 3

dn 3 6n r

(7)

(8)

If the difference of refractive indices is small, then the

where n is the mean value of refracxive index, P„ and Px are

the bond polarizabilities parallel and perpendicular to the

deformation direction.

The birefringence of the multiphase or multicomponent

system by assuming the birefringence to be additive has been
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described by the expression ^8)

A = £(4>.A.) +A
p (10)

where <j). and Aj denotes the volume fraction and birefringence

in the i-th phase respectively and A^ is the form birefringence

representing the contribution from the anisotropic boundaries

such as boundaries of crystalline and amorphous regions or

microvoids due to the distortion of the field of the light wave.

For a semicrystalline polymer, eq (10 ) can be rewritten

as

' where Ac and Aa are the birefringence contributions from

crystalline and amorphous component individually, <^c
is the

volume fraction crystallinity

.

Relating to the orientation function of crystalline

phase f , and of amorphous phase, f , eq ( 11 ) can be represented

A«4i 4>c
+4,4(1 -*e> +AF

(12)

where /V and £s„ are the intrinsic birefringence of perfectly— C Ol

oriented crystalline and amorphous component respectively.

o

The calculation of Ac is illustrated in Section (3.3.)

The linear relationship between birefringence and stress

in amorphous materials has been represented by the equation (7)

A=C-cf
A
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where 6 is the stress and the proportional constant, C, is

called the stress-optical coefficient.

By replacing Aa by assuming the stress optical coefficient,

C, for the amorphous region of the crystalline polymer to be

identical with that for pure amorphous polymer and neglecting

the form birefringence, then

A=A°c fc
4>
c + C-tfCl-fc) M)

By rearranging

4>«

A - C-d
(15)
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B. Dynamic Birefringence

The mechanical response of viscoelastic behaviors of

polymers can be represented by the Maxwell element consisting

of a spring of modulus, E, and dashpot of tensile viscosity,

^ , connected in series. The relaxation time, ^ » is

defined as

t—r 0-6)

The behaviors of viscoelastic polymer subjected to a

sinusoidal strain, £ , and a sinusoidal stress, CT » out of

phase with the strain by the angle, fi , can be described as

ett)«€exp(»u)t)
(17)

tf(t)
«(5.exp(i(u)t+f)) (18)

where tO is the frequency and t is the time.

The complex tensile modulus, E , can be given by

£i£L (20)
ett)

= -f*-exp(i£) (21)

E (23)^hen t0.T\ £
And H lEl

(24)
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The response of a distribution of Maxwell elements yields

E
"J: i +lov dxU~rw" (26)

In term, of relaxation spectra function H ( In T ) • ^

can be expressed as

E*
- /^pHUntMl* if-g^ HdnXl dint

- CO

(27)

The relaxation spectra function, H (In X ) »
is always

positive and stress always leads strain.

Similarly, the optical property of birefringence, A »

in a polymer specimen subjected to a periodic tensile strain,

£ , will generally be out of phase by the angle, oi ,
and

can be written as

A(t) = ^o e*P(',(uH:+0^ (28)

The complex strain optical coefficient, K ,
obtained by

dividing strain, ,

,* ACM
,K=Tc^ (29)

= |Kl(cosot+i sinoi) (3D

- K'
+

«

K" (32)

Then

tan ex. =

(33)

K (35)



Related to elastic birefringence spectra function A ( lnX )

and viscous birefringence spectra function B ( In X ) » K* can be

formulated as^ 39
'

* l i+ujv dlnC+l
J~ jj^e

—

diTa (36)

The birefringence spectra functions, A ( In X ) and

B ( In X ) may be positive or negative to make the strain

optical coefficient increase or decrease and phase difference

,

OL i be positive or negative as a function of frequency.

The complex stress optical coefficient, C and the, phase

difference, (3 , between birefringence and stress can be

derived to give the following formula.

—
V~ (38)

And -t(Ml$ * ~gr-
( "2)

Then C

c

torn 5- tanoC

1+ tool <$*tern c(



The transmission of light, T , shown on Figure (2a) with

a sample between two cross polaroids with polarization direction

at 45° to the stretching direction of the sample as Figure (8)

is

where T
g

is the internal scattering resulted from locally

oriented structures (such as spherulite) with the sample is

placed between two crossed polaroids. A, which is an

attenuation factor due to the reduction of transmission

intensity from other factors than retardation can be written as

A- a-r)
(K+T)d

v/here f is the reflectivity, K is the absorption coefficient,

*X. » is "the turbidity, and d is the thickness of the specimen.

R is the retardation consisting of the retardation of

retarding plates placed in the optical path, R , and the

retardation from sample, R . R is a constant retardation from

reatrding plates and R gives the same formula as eq {k)

which upon differentiation to a Small value of strain, £ ,

yields
9AsO (48)

The Poisson's ratio i
"°y the application of small
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tensile strain is defined as

Mm xU~ "v*^del) (^9)

Another alternative definition of , M , in shear deformation

is 3d

>a= —3 (50)

For the incompressible material i.e. assuming constant

volume deformation as, £ , is small, then

And
' /a =4- (52)

3d d
Thus "al^T (53)

By differentiation of eq ( 45 )

(fL) « Asm (-§) £os(^)+sme|-)(-||-)+^) <5*>

The quantities A and (
^

A

) can De obtained by removing

the analyzer during vibrating sample. In which case, T^ = T and

To make a linear response and maximum sensitivity of

transmission one should adjust R
r

so that R = TJ/j). or

e_tc » Then one wiH obtain

D D . a R 1 , ,

Sin4r cos-f- = SjYlT~
s ~2~ (55)

From eq (47 ), (54 ), ( 55 ) and neglecting (~^) term, the



strain optical coefficient, K, will become

K =

-^(2(^-^)+-4^i (57)

5AS

S£ (56)

When the retardation, R has values of odd integer multiple

of JJ^£ , shown on Figure (2a ) the slope of is maximum

and the linear relationship between T and R is

T-K-R ( 58 )

where k is a proportional constant.

The Lissajous figure corresponding to the relation

between transmission of light and strain is shown in Figure ( 3 ).

In order to make sure the validity of eq (58 ) , a standard

retarding plate v/ith a known small retardation R is inserted

in the optical path, parallel R[[ , and perpendicular R , to

the vibration direction successively to increase or decrease the

total retardation and bring about upper or lov;er Lissa.jous

figures from the displacement of the original one shown in

Figure (3 )

.

The displacement, h, of the Lissajous figures due to the

higher and lower retardation by R shown on Figure ( 3 ) is

Jl L
R 29

Kc + RT (6o)

The deviation Hg of base line from the correct base

line ?
1
?
2

by removing the analyzer during vibration is caused
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by the reflectivity and turbidity of the sample.

Then the dynamic birefringence of the sample, A , can be

expressed as

A=-^(H +H,^ (61)

The sine function of the phase angle difference is

, Ha

H < 62 )

The strain optical coefficient K can be given by

|K>^(h+hz)^+-|a (6 3 )

Then
K-|tfl"sot (6*)

K=|KjsiTUX (65)

The Lissajous figure represents the relationship between

force and strain is shown on Figure ( 2b ) . The stress, O* •

tf-J-g1 (57)

where m is the slope of linear calibration for load voltage

relationship, and S is the cross section area of the sample.

By dividing strain, c * "the dynamic modulus £, becomes

cr
(63)



The phase angle, £ , which stress leads strain is

8 =sin
1 H0

H6 (69)

Then
E' = |E*| C0S <$"

(70)

E"= |E*| smJ (71)

E"
tan -gr

( 72 )

The birefringence-stress relationship can be decuced

either by Lissajous figure method or using birefringence-

strain and stress-strain data to follow eq (37 ) -
( 44 )

* /->

to get stress optical coefficient C and phase difference p .
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C. Infrared Dichroism

Infrared spectroscopy depends on the absorption caused by

changes in the dipole moment accompanying vibration of the

various chromophoric groups in the molecules. The technique

of dichroism concerns the use of the relative absorption

characteristris of the chromorphoric groups to study the

orientation of polymer molecules.

The absorpance A » of a certain chromophoric group can

be described by

where C is a constant depending on the extinction coefficient

and instrumental correction, £ is the electic vector of the

polarized incident beam, JU. is the oscillating dipole coupled

with the vibration, and 0 is the angle between M- and 6

The absorption is a maximum when al and £ are parallel and

is zero when they are perpendicular. The ratio of absorbance

for polarization parallel to that perpendicular to the

stretching direction is called dichroism.

For a certain absorption band, the absorbance for a

polarized electric vector parallel to the stretching direction

A„ , has the relation

= |£lVf cos
2
9

(73)

(74)

A = No. cos
2
e

ii

(75)



where N is the number of chromophoric groups per unit volume

and, a, is another constant.

For the assumption of cylindrical symmetry systems, the

overall average absorption A, is

"t~ Ah +2Ax
A =—3 (76)

- NQL , , .- 3- (77)

Then the absorption for polarized light perpendicular to the

stretching direction, Aj_ , is

Ax-
m'

z
htt (78)

- i-[NCL-Nacos
a
e] (79)

= -yNa.$iYi*e ( 5 °)

The ratio of the intensities of the optical absorption

spectrum for polarized infrared with the electric vector

parallel, A
(|

, and perpendicular, Aj_ , to the direction of

deformation is called dichroic ratio, D.

D=-j*~ (31)

= 2cot*e (82)

Then D~l - 2cot2
6-l (83)

S171 8
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The Herman s orientation function of second moment is

defined as *

jf
m 3<cos e>-l

(56)

Thus the orientation function f , of the absorption band can be

expressed in terms of dichroic ratio D, as

Then the orientation function f , of the polymer chain can be

ralated by

T- dTT TvT (88)

And « 2cot
Z
p (89)

where @ is the angle between the transition moment of the

chromophoric group and the polymer chain, and D
Q

is the

intrinsic dichroism as the chain have perfectly aligned.

In the conventional determination of the dichroic ratio,

the orientation sample and the infrared polarizer are placed

in the sample beam path of a double beam spectrometer. Aj|

and Ajl are the absorption determined successively with the

polarizer inclined to the transmit radiation polarized parallel

first and then perpendicular to the direction of elongation

shown on Figure (J!|)
.

Then -j-

0

In (90)



The infrared dichroism can be employed to determine the

orientation of different fraction of chain segments corres-

ponding to different absorption bands within the same polymer

chain, provided that the directions of transition moment are

known

.

The lev degree of orientation of the polymer chain or

an unfavorable angle to the chain axis will result in the

dichroic ratio D, close to unity^ 0 \ The method for

measuring these cases has been shown by Stein v ; and

differential method has been described^ ^ 2
^ and more recently

used by Stein^3
* and Read et al^'^ K
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D. Small Angle Light Scattering (SALS

)

The photographic method to record directly the complete

scattering pattern caused by the presence of optical isotropic

or anisotropic heterogeneities to characterize the crystalline

superstructure of polymer film has been developed by Stein et

al^ The notation .of a V
y scattering pattern indicates the

vertical alignment of the electric vertors of both polarizer

and analyzer, while the H
y pattern represents the vertical

alignment of polarizer and horizontal arrangement of analyzer

with the polarizer in the same vertical position as that of

deformation. The optical arrangements for the H. and
n ft.

patterns are the same as V
y

and H scattering respectively,

but the electric vector of polarizer is perpendicular to the

stretching direction.

Both the anisotropic sphere^6 and disk (48 '^models

predict the so-called four leaf clover pattern with a distinct

maximum in the H scattering as a function of scattering angle,

Q , at odd multiples of ~^//\. of "the azimuthal angle, JA*

defined in Figure (5 ) . It is a characteristic of a

spherulitic texture. The formula to calculate the average

(^6 )size of the spherulite, R, has been derived as

4_H sin(-%9 = 4.09 (92)
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where T^is the wave length of light in the scattering medium.

The basic scattering theory of the anisotropic rods has

been documented to explain the scattering pattern for poly-

tetrafluoroethylene^6,50 ^
. The scattering amplititude £H

for H
y

polarization from the rods of infinitesimal thickness

and length L in 2-dimensional space ( i.e. (} • 0 ) shown on

Figure (5) was given by^ 0 ^

Eh/ PL Ss\n (*+«*>) cos (oc+tti) tsin(£aL/a)/fcuL/a] ( 93 )

and
CL - sin Co^xc) sin© (W

where p is the scattering power per unit length of the rod,

£ is the optical anisotropy of the rod, to is the angle

between long axis of rod and stretching direction , o(. is the

angle between maximum polarizability direction and long axis

of rod, and the wave number k is defined as

4«4r- (95)

The intensity of scattering, I, proportional to the

square of the amplititude as

where X(OC) is the distribution function of rods. This

equation assumes incoherence of the scattering from different

* .w (96)
V

rods •



-27-

The scattering patterns from anisotropic rods depend
upon the distribution of orientation of the rods, the angle
between optic axis and rod axis, and the relationship

between the refractive index of the rod and that of the

surroundings. It has been extended to describe the 1-

dimensionsl ( 51
> and 2-dimensional (

5?
~

> rods in 3 dimensional

space. The H
y pattern can change their shapes from X-type

(having maximum and minimum intensities at odd and even

multiples of TT^ 0f /X angle)
, to circular- type (inten-

sities at even multiples of
) by variation with polar-

izability angle* '

2
The monotonic decrease in intensity

with increasing scattering angle in the H
y pattern is a

characteristic of rod-like models.
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E. X-ray Diffraction

"ide angle X-ray diffraction („AXD) which reveals the

degree of ordering in the solid materials has been applied to

investigated the degree of crystallinity , the size and the

perfection of crystals, and the orientation behaviors of

crystals in the semicry-stalline polymers.

The geometry of the diffraction pattern from the uniaxial

orientation sample by photographic method is illustrated in

Figure ( 6 ). The polymer sample is placed normal to the

incident X-ray beam, the direction on the photographic film

parallel to the stretching axis is the meridian and the

perpendicular direction is the equator. The position of the

diffraction pattern on the film can be .designated by a radial

distance, R, from the undeviated beam and an azimuthal angle,

/A* , with respect to the meridian.

The "d" spacing corresponding to the set of diffractic.i

planes (h,k,l) can be correlated with diffraction angle, 0 ,

by Bragg equation

where 7k is the wavelength of X-ray, R is the distance from the

center of the photographic film to the diffraction peak and L

is the distance between sample and photographic film.

And

TlA = 2d Sine

tanze =

(97)

(93)
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From the intensity and the distribution along the azimuthal

angle,
,

of the diffraction pattern, the crystallinity and

orientation of the crystal planes can be described qualitatively.

The uniaxial prefered orientation of the crystallographic plane

can be determined from the azimuthal angle dependence taken as

the value of the breadth of the diffraction arcs or spots. The

smaller this orientation angle corresponds to the greater decree

of orientation.



xperimental and Apparatus
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A. Sample Preparation

The technique of preparing films by solution casting ha

been applied during this study, because the polymer i. ; unstabl

with the melt-pressing at high flow temperature. This method

involves forming a viscous solution in a volatile solvent then

drying by vaporizing the solvent. The procedures to make the

film are as follows.

1. Prepare about 10/. polyvinyl carbazole-tetrahydrofuran

solution

.

2. Pour about 20 ml to 60 ml of this viscous solution into

the pyrex glass dish of 6" diameter to make 3 mil to 10 mil

thick of dry sample. The glass dish is positioned on the

even surface checked with level.

3. Cover the dish with aluminum foil then beaker to allow an

atmosphere rich in THF solvent and to prevent the solvent

drying too fast from the surface with consequent wrinkling.

4. After tetrahydrofuran evaporates completely, remove the

dry transparent film from the dish with methanol.

5. Place the film in the vacuum oven at room temperature

overnight the heat to about l6o°C then to 25C°C.

6. Cut the film into rectangular shape on a hot stage at the

temperature about 200°C.



B. Birefringence

The Instron equipped with optical system is used to

obtain birefringence from the measurement of retardation by

using Babinet compensator and the mechanical response of stress

or modulus from the trace of the recorder after amplification

from the load cell. The schematic diagram of the Table Model

Instron (Model TM) with the attachment of conventional optical

arrangement is shown in Figure ( 7 ),

1« Optical System

A mercury vapor lamp (GE AlOOH^) has been used as the light

source and rendered parallel by condensing lens then monochroma-

tized by a monochromatic filter of wavelength 5460 A
0

. The

polarizer and analyzer are placed perpendiculat to each other

and k$° to the stretching direction of the sample. The light

ray is collir.ated with pinhole after passing through the

polarizer. The method of measuring birefringence by using

Babinet compensator has been described^

'

53 » 5*0

2. Mechanical System

The full scale of the force can be controlled with

different range of load cell or by adjusting sensitivity button

in the recorder and has been calibrated by hanging known

weight before experiment. The "Dial Assembly" is used to set
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the specified strain, and the proper £ear ratio is chosen to

regulate the deformation rate.

3. Temperature Control System

The constant temperature cylindrical chamber is made of

two solid aluminum hemicylinders with two circular holes on the

opposite, sides to permit the light to pass through the sample.

It is sufficiently insulated with glass fiber and heated with

Chromalox tubular heating element surrounded with /.ood's metal

(Tflj
= 68°) to increase heat conduction between heating element

and walls of wells in chamber. The heating elements are

regulated a by Fenwal regulator (Series The thermo-

couple placed close to the specimen indicates the temperature

of the system on the panel of Fenv/el Proportional temperature

controller (Series 5^2) which can preset the desired temper-

ature and connected with the power supply. The nitrogen gas

is purged into the chamber during the experiment to avoid

thermal decomposition of the sample. The fixed rod between

the upper clamp and load cell is made of glass fiber to reduce

heat conduction through it.

4. Procedures

The sample is put between the two clamps at the temperature

near the preset temperature and is so adjust that there is

no initial strain on the strip. After the temperature reaches

equilibrium, the sample of original thickness d is stretched



3^-

to the desired extension ratio, 7^ . Simultaneously, the output

of force,
.f , is recorded continuously on the recorder and the

retardation, R, is read from Babinet compensator. With the

assumption of affine deformation, the stress is evaluated by

« m
!$R (99)

where A is the cross section area of original sample.

The birefringence, £ , can be calculated using eq( k )

with correction of sample thickness as

A- ^jyR (100)
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C. Dynamic Birefringence

The dynamic birefringence equipment is schematically

illustrated in Figure ( 3 )

.

1 . Optical System

The optical arrangement for dynamic birefringence apparatus

is similar to the optical attachments of the Instron. The

mercury vapor lamp served as the light source is operated on

the D.C. power from a 125 volt motor-generator filtered

through a condenser choke circuit consisted of inductor and

capacitor components. The intensity of light can be regulated

by a variable resistor in series with the lamp. The photo-

resistive cell is made of CdS with a fixed polaroid and a

rotatable polaroid facing the light source. The battery-

powered photoresistor is a D.C. level compensator located

near the 3.amp and it is a solid state device whose resistance

increases with intensity of radiation. It is employed to

balance the D.C. level from the output of photomultiplier

such that the signal of Lissajous figure of light transmission-

strain relation can be located at the optimum position on

the screen of oscilloscope by rotating the rotatable polaroid.

It has another function of compensating the fluctuation in

intensity of light source to a certain extent.

The retardation plates which are made of mica and inserted

between the sample and the analyzer are supplemented to adjust
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the transmission of light into the linear region with maximum

sensitivity. Then the beam passes through a neutral density

filter to avoid saturation of light intensity then into the

photomultiplier tube powered by a battery.

2. Mechanical Syste rn

The frequency of vibration is regulated by changing the

pully belts to different ratios and dynamic strain is controlled

by the eccenticity of the cams which produce a sinusoidal

vertical diplacement of the upper end of the polymer strip. A

force compensator powered by battery which is a circuit device

composed of resistor and capacitor components is used to balance

the output of force and position the signal of force-strain

Lissajous figure at desired position on the screen of the

oscilloscope by adjusting the resistor. A Schaevitz TDC-4M

miniature Dynamometer using a linear variable differential

transducers (LVDT) have been used to transform the dynamic

strain and force responses into electrical signals. The LVDT

are powered by the audio frequency osielators and their output

signals are traced on the oscilloscope through the amplifiers.

3« Procedures

The retardation plates and the response of the photo-

multiplier have been calibrated with a Babinet compensator

and the function of force transducer (LVDT) has been calibrated
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to have linear force-voltage relation. An output of linear

Lissajous signals (no phass difference) of modulus-strain and

birefringence-strain relations during vibration are attained

by adjusting the capacitor of the attached circuits by using

the elastic spring and quartz wedge instead of the . sample.

In order to have the sample taut between the clamps during

vibration, an intial % static strain has been applied after

temperature equilibrium is attained. The static birefringence

is evaluated from the measurement of retardation by using

Babinet compensator and the static force is balanced with

another stress tranducer in a differential manner. After a

certain period (about 30 minutes) of vibration to assure

stability, the Lissajous figures representing transmission of

light-strain and force-strain relations are traced on the

different channels of Tektronix dual-beam oscilloscope

subsequently. The dynamic optical and mechanical coefficients

can be evaluated according to the equations in the part B of

Chapter II.
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D. Small Angle Light Scattering

The experimental arrangement for photographic low-angle

light scattering is shown on Figure (9 ) . The plane polar-

ized Helium-Neon, Spectra 130 laser light is the light source

with wavelength of 6328A0 in air. A red filter is used for

eliminating the blue fluorescent light from the laser and a

neutral filter may be used when the scattered light is too

intense. A shutter controls the exposure time and the pin-

hole adjusts the diameter of the beam.

After completeing the measurements in part B, the sample

is quenched to room temperature rapidly. It has been found

that the birefringence keeps constant while the stress

increases greatly. Light scattering study is carried out

at room temperature with these specimen positioned between

glass plates and immersed with silicon oil to minimize surface

scattering.
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IV. Results and Discussions



-40-

AA. Glass transition temperature of PVK

The -lass transition temperature, T , for amorphous

polymers ib the temperature at which they change from the

glassy state to the rubbery state. It is associated with the

onset of main-chain segmental motion. There are various

factors (l11, 112) which will influence the glass transition

in amorphous polymers, but only three kinds of effect will be

pointed out in this section. Regarding the chemical strusture,

the bulky nature of the side group of carbazole molecule makes

internal rotation of the chains restricted so that polyvinyl

carbazole is a rigid plastic with one of the highest glass

transition temperatures of vinyl polymers^, with the assum-

ption of equal free volume for all molecular weight fractions,

the effect of molecular weight on the glass transition temper-

ature has been proposed as^ i ^'
,

OO ^

The quantities of *~ and K have been obtained as 500 and

2.2? x 10^ respectively for PVK*
11 ^'. The number average

molecular weight, U , for this study is 2.13 x 10^ which gives

the value of T about 225°C according to eq (Al). Low molecular

weight material soluble in the polymer such as solvent will

soften the polymer materials so as to reduce the glass

. . . (116)
transition temperature
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The static thermodynamic property of heat capacity which

characterizes the -lass transition temperature has been measured

by using differential scanning calorimetry (DSC) in this study.

Figure (2) represents the temperature dependence of the heat

capacity for the commercial PVK. This gives a T of 220. 8°C.
6

Figure (3) which indicates the heat capacity-temperature

relation for the PVK solution cast film without heat treatment

yields T
g

at 153. 8°C. Figure (4) and Figure (5) illustrate

the same function for the PVK film heated to 180°C and 220°C in

vacuum oven and T are 195- 3°G and 217. 5°C respectively. The

latter sample has solvent content about 0.01 percent analyzed

by gas chromatograph^ 117 ^ . The difference of T in this study

seems to be due to the different amount of solvent trace

remained in the samole.
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A. Optical and Mechanical Viscoelastic Behaviors

of Amorphous Polyvinyl Carbazole

1 . Relaxation Method

a. Birefringence and Stress Relaxation

After a step function strain performed by stretching the

polymer sample to a specified extension rapidly then keeping at

constant length and constant temperature, the isothermal

relaxation of optical property of birefringence and mechanical

property of stress of amorphous PVK were measured simul-

taneously and continuously against time over a certain range

of temperature and elongations.

The optical response of birefringence versus time at

elongation ratio 1.1 (10% stretching) over the temperature

range from 210°C to 2?5°C is plotted logarithmically in

Figure ( 14). The corresponding mechanical response of stress

relaxation is shown on Figure (15 ). Under 30$ deformation

(extension ratio 1.3) with the same temperature range as 10%

elongation, the logarithmic birefringence decay and the

corresponding stress decay are shown on Figure (16 ) and

Figure (17 ) respectively. Figure (is ) describes the stress-

time relation of 50% elongation at the temperature of 220°C

over a relatively longer time scale. Under the same deformation,

a family curves of the birefringence and the stress as a

function of time over the temperature range of 21C°C to 2?5°C



43-

are plotted separately on Figure (19) and Figure (20).

The isothermal optical function of birefringence and

isothermal mechanical function of stress increases with extension

but decrease with rising the temperature for the corresponding

deformation in the temperature range of this study. The amount

of decay and the rate of relaxation for both birefringence

and stress decrease with lowering the temperature.

The isothermal birefringence relaxation and the isothermal

stress relaxation behave in the same fashion under the above

conditions. The stress optical coefficient (S.O.C.) during

relaxation at constant length under 30$ elongation as a

function of temperature is shov/n on Figure (21). The value of

, C, (S.O.C.) is almost constant with time and is around

1.2 x 10 cmVdynes for all the temperatures of this study. The

reciprocal relation between S.O.C. and the temperature has been

documented . • The C value with which is not temperature

dependent over this temperature range may be due to the

temperature interval being small. It has been reported *55)

that both stress and birefringence relax in a similar way during

the course of decay for the rubbery polyisobutylene to elucidate

the same molecular mechanism between optical and mechanical

relaxation processes. It was also presented^ ' that the ratio

of birefringence to stress for the rubbery polystyrene during

relaxation and creep is independent of time, molecular weight,

stress and strain up to 95/- elongation, and depends only ^ery

slightly on temperature.



b. Timer Temperature Superposition

The time and temperature dependence of the optical and

mechanical viscoelastic behaviors can be separated by the

phenomenological theory of linear viscoelasticity to have the

interconversion between time and temperature function of any

experimental measurements of viscoelastic responses.

Time-temperature correspondence is the procedure of

superimposing a family of creep curves or relaxation curves

at different times and temperatures. The increase in temperature

with respect to the reference temperature is converted into

longer time by an appropriate value of shift factor, su ,

and vice versa. A typical superimposed master curve of

relaxation is for the well investigated polymer of polyisobuty-

lene< 57 ' 5 ->.

The master curve of the logarithmic plot of the reduced

optical function of birefringence relaxation at 10% deformation

is illustrated on Figure ( 22 ) obtained using time-temperature

superposition with a reference temperature at 220°C. Figure (23)

depicts the master curve of stress relaxation (stress versus

reduced time, t/au,) corresponding to Figure (15 ) with horizon-

tal shift and same reference temperature as Figure (22 )

.

Similarly, by horizontal translation along log t from a family

curves of birefringence relaxation at ")0%> elongation in

Figure (16 ) and stress relaxation in Figure (17 ) with the same

standard temperature of 220°C, the composite curves of
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birefringence and stress responses with reduced variable of time

were obtained and are illustrated in Figure ( 24 ) and Figure
( 25 )

The resulting superimposed curves of birefringence decay and

stress decay at 5O/0 elongation reduced to a standard temperature

of 220°C shown on Figure ( 26 ) and Figure ( 2? ) respectively.

There is good agreement between Figure (lS ) and Figure

( 27 ) . The former curve comes from the direct experimental

measurement of stress decay over a longer time scale at 220°C

and the latter is the composite curve fr.om a family of curves

of stress relaxation over the temperature range from 210°C to

275°C obtained by shifting horizontally along the time axis

using 220°C as the reference temperature. This evidence

indicates that the linear viscoelastic behavior of time-

temperature superposition is applicable to optical and mechanical

relaxation phenomena of amorphous PVK. The vertical shift

factor of relaxation curves p • due to temperature

variation which accounts for the inherent temperature dependence

and density change is slight and has been neglected over the

temperature range of this study.

The temperature dependence at all the relaxation times is

the same according to molecular theory »59t60 f 6l) 0 f dilute

solution and bulk polymers. The shift factor, CLj. , which is

represented by the ratio of relaxation time at the temperature

T to that at the reference temperature T
Q

characterizes the

comooslte curves. The logarithmic plot of the shift factor,
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u^r ""cr~"q CT "T^ (102)

a
T

as a function of temperature using 220°C as the standard tem-

perature is illustrated on Figure (23a ).

An empirical formula to describe the general curve of log

a
T

as a function of temperature has been introduced

^

62 ^ and

called the ,.LF equation

T Ca+T-X

which by rearrangement, gives

T-T. _ _Cl _i

Then, the ,<LF plot of T - T
Q / log a

T
against T - T

Q

will give a straight line with the slope m and intercept i

related to constant C^
0

and C
2
° as

Cx~ -if (103)

The parameters of and C
2
characterize the temperature

dependent of shift factor, a^ , for several polymers have been

(6?reported v J

1

7 J The plot of ,vLF expression with reference

temperature of 220°C is shown on Figure (28b ). The constant

C^
0

and C
2
° are 11.4 and 226.0 respectively. Choosing another

standard temperature T^ , the form of /vLF relation is same as

eq (lOl) and the coefficients and C
2

can be transformed

in terms of the values at T by
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1 CMk-T. (105)

(106)

With the reference temperature at 250°C, Figure (29a)

shows the logarithm of the shift factor against temperature

and Figure (29b) i s the WLP plot. This provides the coeffi-

cients C
1

and C
2

as 9.3 and 245.0 individually from the slope

and intercept of this plot.

2. Vibrational Method

a. Dynamic responses of optical and mechanical functions

The dynamic optical properties and dynamic mechanical

properties were measured simultaneously as a function of

temperature and frequency with the dynamic "birefringence

apparatus. The dynamic birefringence technique for the study

of the relationship between structural changes (molecular

orientational variation) and mechanical properties in the high

polymer field has been introduced and developed by Stein et

(39.65-67 )

a1 for low density and high density polyethylene,

nylon 6, polypropylene and polybutene; Yamada et al
u

' for

rubber, low density polyethylene and polypropylene; Read^^~?° ^

( 71 1 (72)
for polyacetaldehyde; Ruder for polystyrene and Legrancr f



for polytetrafluoroethylene, silicon rubber, PMMA etc. Recently,

then -sector technique ( 7 ^

»

7 ^ ) which can achieve a high pre-

cision by averaging out the fluctuation over many cycles has

been applied for dynamic birefringence measurements for polye-

thylene ( 75
^

.

The dynamic optical response of the variation of ^he real

part of dynamic strain optical coefficient, k\ with frequency

over the temperature range of this study is plotted logarith-

mically on Figure (30 ). Figure (31 ) illustrates the behaviors

of the imaginary component of dynamic strain optical coefficient,
I 1

K , as a function of frequency. The logarithm of dynamic

mechanical responses of the change of the storage component of

dynamic modulus, E , and the loss part of dynamic modulus, E ,

with logarithmic frequency over the same temperature region are

shown in Figure (32 ) and Figure (33 ) respectively.

The real component of stress optical coefficient at a

vibration frequency of 0.5^5 cycles/sec over the temperature

range of this study is depicted in Figure (34 ) . The constant

value of stress optical coefficient (S.O.C.) is about

—8 2
1,4 x 10" cm / dynes which is comparable with that from

— ^ 2
relaxation data (1.2 x 10"" cm /dynes).

1 1

The temperature dependence of optical functions K , K
1 •

and mechanical function E at constant frequency pass through

the maximum at a temperature in the vicinity of the glass

transition temperature • The temperatures of these maxima
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increase with frequency over the frequency range of this study.

The temperature corresponding to the dispersion of the optical
responses are higher than that in correspondence with the dis-

persion of the mechanical responses.

b. Frequency-Temperature Superpositions

The frequency and temperature dependence of the optical

and mechanical viscoelastic functions can be correlated and

superimposed (63 ' 76)
. The effect of an increase in temperature

with respect to the standard temperature corresponds to a

decrease in frequency by parallel translation along the log

frequency axis.

The master curve of reduced function from a family of

curves of real part of strain optical corfficient, K*, by

frequency- temperature correspondence with respect to the

reference temperature at 220°C is shown on Figure (36). The

composites curve of the imaginary component of strain optical

coefficient, K , against reduced frequency by horizontal

shift along frequency scale is plotted in Figure (37). For

reduction to the same standard temperature of 220°C, the

master curves of the vs , frequency are shown on Figure (38)

and Figure (39) respectively. This linear viscoelastic

theory is applicable to both mechanical and optical viscoe-

lastic "oro^oerties for amorphous PVK.
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The logarithmic plot of the reduction factor, a
T

, against

temperature from the master curves of mechanical function e\
and optical function K , K using 220°C as a standard

temperature is shown on Figure ( 4Ca) . The magnitudes of

a
T , employed for frequency-temperature superposition of the

dynamic optical and mechanical data agree quantitatively, with

those from time-temperature correspondence of the birefringence

and stress relaxation results.

The corresponding a'LF plot from the vibration data is

illustrated on Figure (kOb ). The constants of C. and C
2

values in ,.LF formula with the reference temperature at 220°C

are obtained from the slope and intercept of wLF plot as 10.0

and 202.5 respectively.

The concept of the diffusion and viscosity of transport

phenomena depending on the molecular mobility-free volume

relation leads the constant Cg
0

in .-LF equation to^^ '

4= (107)

where f is the fractional free volume at the reference
o

temperature T
Q

and thermal expansion coefficient, oC^
, of free

volume can be expressed by

o> = _i_ (108)

t V+ dT

3y the assumption of a parallel relation between glass volume

and occupied volume- J
, the thermal expansion coefficient

difference above and below glass transition temperature , ,
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equals to,oL,.

The ab.norrr.al igh value of C
2
° from relaxation and vibra-

tion studies may be associated with the small difference of the

thermal expansivities between rubbery and glassy states. The

unusual small value of thermal expansivities of the relative

free volume,^, was found for the dynamic mechanical properties

of methacrylate polymers (7? « 7S .79,30,81
) ^ According tQ the

concept of iso-free volume state posulated by Fox and Flory^ 32\
Simha and i3oyer v > } proposed a general relation between thermal

expansion coefficient and glass transition temperature for

amorphous as

Wr°V'"VK (109)
•

AoC « oLjl-O^ (110)

where O^and are the coefficients of thermal cubical

expansion for amorphous material above and below T_ and K is

a constant. This indicates that the higher the glass transi-

tion temperature, the closer the thermal expansion coefficients

in rubbery and glassy states. Recently, the relation in

eq (109) has also been described by hole theory^
u^

.
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t

B. Stress Induced Crystallization

1. Birefringence and Stress Behaviors During Oriented

Crystallization

Oriented crystallization in polymer materials duo to defor-

mation has been investigated by means of simple extension of

solid statn of polymers^-9^
, shearing of melt (93 "" 96\ and

stirrin" in solution^ 97,98 )
. It is generally recognized that

crystallization and orientation undur stress can enhance the

physical properties of polymer substances through a special

arrangement of molecular configuration. In general, the polymer

materials will be deformed resulting in crystallizaxion and

orientation during the processing operations with the application

of heat ar.d stress, e.g. extrusion' 99 ,1_ 00
injection molding^ 01

^
,

fiber spinning'* 0^, blow molding^ 1 °^
' of molten state and

elongation flow of solution^ . The rate of crystallization

affects the rate of production in processing and the morphology

and the nature of crystallites influence the properties of

the products.

The crystallization of linear and crosslinked rubber in

the solid state can. be produced by stretching so as to have one

axis of the crystallites oriented parallel to the direction of

the extension.*• Such stress induced crystallization has

(90 91

)

been conveniently studied by following its birefringence w '*

or stress^35,

8

°» 8S
)

. m this study, the amorphous PVK is



-53-

stretched to the specified extension ratio at the preset constant

temperature, then the simultaneous and continuous measurements

on the stress and birefringence are performed to follow crys-

tallization in the deformed state ax constant length and at

constant temperature.

a. Step by Step Elongation (ra)

The deformation treatment by stretching amorphous PVK by

50$' intervals to the final specified extension at constant

temperature presented in this section will be called process

Ml thereafter.

The isothermal variation of birefringence with time at

the temperature of 220°C over the various elongation ratios from

1.5 "to 6.0 is plotted on Figure [kl ). The same negative sign

of birefringence is observed as in the relaxation study (A.l.)

and it is attributed to the greater contribution of bond

polarizabilities from the side group of the carbazole monomer

units than that from the vinyl backbones. The decay of

birefringence is reduced with further stretching up to 200^

elongation. At a further extension to a draw ratio 4.0, the

birefringence at first remains constant after deformation and

then after about 5 min. starts to rise . The corresponding

variation of stress with time at 220°C over the same range of

extension is shown on Figure (42 )• *n all the cases, the

stress decreases with time and stress decay is reduced with

increasing elongation. The normal relaxation phenomena



presentee in Section A.l. show that the birefringence and stress
relaxation behave in the sane manner so as to keep the stress

optical coefficient constant during the progress of relaxation.

In other words, this suggests that the stress decay due to the

rearrangement of molecular configuration under the deformed

state at constant length is always accompanied by a decrease of

birefringence for a simple relaxation process. Consequently, the

increase in birefringence with time at higher extension is

believed to arise from the growth of crystallites which have

prefered molecular orientation with respect to stretching
J- O

direction. It has been found that the birefring2nce falls

initially during stretching from the deformed sample at exten-

sion ratio 4.0, then rises to a higher value again. This

phenomenon can result from some degree of breakdown of the

original crystal pattern at leongation ratio 4.0 to rearrange

the molecular chains into new positions. It was reported^ ^°$)

that the orientation function determined by X-ray diffraction

becomes broader during the process of further stretching the

vulcanized polychloroprene in the presence of crystallites and

was interpreted due to the interaction between the crystallites.

At a temperature of 240°C, the isothermal birefringence

changes as a function of time over a range of draw ratios from

1.5 to 6.0 is illustrated on Figure (43). The birefringence

begins to increase at the later stage of relaxation at

elongation ratio 4.0, with a lower rate as well as magnitude

than at a 220°C. The isothermal curve of stress decay under the
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same condition as Figure ( ^3) is depicted in Figure ( 44). The

variation of birefringence and stress with time at 250°C over the

range of extension ratios from 1.5 to 4.0 are plotted on Figure

( 45) and Figure (46 ) respectively. There is no indication of

birefringence rising with time in this range of elongation. At

the higher temperature of 26o°C, Figure (47 ) shows a family

curves of isothermal birefringence relaxation for various extent

sibn ratios from 1.5 to 6.0. The corresponding stress-time

curves at 260°C are shown on Figure (48 ) . in an 0 f these

elongations at 260°C, both the birefringence and stress always

decreases with time, The rate as well as magnitude of stress

decay is reduced with increasing deformation.

The behavior of birefringence and stress with time for

various temperatures and degrees of elongation are essentially

similar to the standard relaxation phenomena discussed in Section

A.l. i.e. birefringence and stress increases with elongation but

decrease with temperature, expect that the sign of slope of

birefringence-time curve changes due to crystallization at high

elongation v/ith lower temperature. At high extension, the

tendency for the isothermal birefringence with time to undergo

a transition from the falling to the rising type of curve

decreases with increasing the temperature due to the more

significant motion of molecular chains at higher temperatures.

b. Initial Elongation of 50^ followed by elongation to the

desired extension (M2)
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In thia section, a different history of deformation (Model

h\2) was studied there the amorphous PVK was first extended to

50% strain, then stretched to the preset elongation. Figure (49 )

shows a family curves of isothermal birefringence changes with '

time at the temperature of ?M0°C over the elongation ratio range

from 2.0 to 6.0. The variation of stress as a function of time

Corresponding to the same conditions at 2*l0
o
C is illustrated on

Figure (50 ) . Birefringence begins to rise just after deforma-

tion at extension ratio 3.0 instead of at elongation ratio k.O

for Ml type treatment as shown on Figure (^3 )• Above the draw

ratio 3»0t the birefringence response is seen to reach a high

value immediately after stretching and its raxe as well as

magnitude of rising decreases at higher elongation. It is also

found that the rate and amount of stress decay with time is

hirher for M2 type stretching shown on Figure ( 50 ) than Ml type

stretching shown on Figure ( ^3 )

.

These facts that the faster rise of birefringence ammora-

panied with faster rate of stress fall can be accounted for

in terms of the higher crystallization rate, i.e. M2 type of

deformation treatment is more favorable for developing crys-

tallites than Ml type stretching.

c. Direct stretching to specified elongation from undeform-

ed state (M3)

The following results have been carried out by stretching
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the original unextended sample directly to the final stage at

constant temperature (mechanism M3) . There are no data for

temperatures below 26o°C, because the sample necked or broke at

high elongation under these conditions.

The isothermal birefringence variation with time for a

series of various extension ratio ranging from 1.5 to 3.0 at

constant temperature of 260°C is shown on Figure ( 51 ) . At low

elongation such as X = 1.5, birefringence always decreases

with time due to simple relaxation as presented in section B.l.a.

As the elongation ratio reaches 2.0, the response of birefringence

falls first after stretching, then it rises with time after 10

minutes of birefringence relaxation, It has been interpreted in

Section 3.1. a that the rising of birefringence in the deformed

state is due to strain induced crystallization with the produced

crystallites lining parallel to the stretching axis. As the

elongation ratio greater than 2.1, the sample becomes very high

by birefringent .after deformation and the birefringence always

increases with time monotonously. The isothermal stress-time

behavior corresponding to the same condition as the birefringence-

time relation at this temperature of 260°C is illustrated in

Figure ( 5?. ) . It is seen that the stress always decreases with

time towared zero. The rate and magnitude of birefringence

increase is shown in Figure ( 51 ) where it is seen to decrease

with increasing elongation, but the rate and amount of decrease

in stress increases with increasing elongation over the extension
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range of this study from elongation ratio 2.0 to 3.0 at 26o°C.

And it is found that the time for the stress decay at zero gets

shorter at higher elongation.

In comparing M2 type and M3 type of deformation at the

temperature of 260°C ranging the extension ratio from 2.0 to 3.0,

it is deduced that. (l) the response of birefringence always

falls with time for K2 type stretching shown on Figure (52 )

but it rises against time for M3 type stretching shown on

Figure (iJ7 ). (2) It is seen in Figure (52 ) that the rate and

magnitude of stress decay decrease with increasing elongation

for ;,2 type deformation, but they bahave in opposite way for .,3

type deformation. (3) The sample is more birefringen t by M3

type extension for a given elongation ratio and it is a rising

function of deformation. Thus it can be concluded that M3 type

deformation is a better mechanism for producing crystallites

from amorphous polyvinyl carbazole and the rate of crystalliza-

tion increases with increasing elongation.

The isothermal response of birefringence as a function of

time at the temperature of 265°C ranging the elongation ratio

from 2.0 to 5.0 is plotted in Figure (53 ). ..hen the extension

ratio is 2.0, it is found that the birefringence decreases with

time initially after stretching then starts to increase after

5 minutes of birefringence decay. From extension ratio 3«0 and

above, the isothermal birefringence always rises with time due

to crystallization with the resulting crystallites orienting
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toward the direction of the reference axis. The absolute value

of birefringence increases with increasing elongation, but the

rate and amount of birefringence increase are reduced with

increasing elongation. In other words, the PVK sample becomes

more birefringen t. at higher extension. The isothermal decay

of stress against time at the same temperature of 265°C over the

same range of elongation is shown on Figure
( 5^ ) . It is

demonstrated t&at the stress always falls with time for all range

of extension and the most drastic reduction of stress occurs at

elongation ratio 3.0. In other words, the rate as well as the

magnitude of stress decay pass through the maximum at the point

of extension ratio 3.0 over the draw ratio from 2.0 to 5.0 at

265°C

A family of curves of isothermal variation of birefringence

with time at the temperature of 2?5°C over a wide range of

elongation ratio from 1.5 to 5.0 is illustrated in Figure (55 ).

The standard relaxation phenomenon which is seen for the sample

at extension ratio 1.5 describes the monotonous falling of

birefringence with time. As the sample is stretched to 75/* at

this temperature of 275°C, the birefringence of the sample drops

first for 10 minutes after stretching and then rises with time

after that, with further stretching to draw ratio 2.0, the

birefringence falls after stretching then rises upward against

time after about 2 minutes of birefringence relaxation. From"

the extension ratio of 2.1 up, the high birefringent sample of



PVK shows an increase of birefringence with time immediately

after stretching and the rate as well as the magnitude of the

increase of birefringence decreases with increasing elon-ation.

A family of curves of monotonous stress decay versus time

corresponding to the same temperature of 2?5°C and same range

of extension from elongation ratio 1.5 to 5.0 is plotted in

Figure (56). It is seen that the initial stress after stretch-

ing is a simple function of deformation, i.e. it becomes higher

with further elongation. However, the rate and magnitude of

stress decay with time increase to a maximum at the intermediate

extension of elongation ratio 3.0 then fall again as the exten-

sion is further increased.

It is known that when a polymer material is subjected to

deformation such as hot stretching, there occur three types of

deformation. The first one is the instaneous elastic defor-

mation with bond stretching or valence angle deformation which

is independent of time and temperature of stretching. The

second sort is the high elastic or time dependent deformation

by rotation of molecular segment. And the third kind is a

viscous deformation or plastic flow with molecular sliding

past each other. The behavior of simple relaxation is mostly

attributed to plastic flow, which results from the breakdown

of the cohesive links due to van der tVaiil s force or due

to physical entanglements. It has been found in this i)art

and in relaxation study that the tension in the rubbery
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state of PVK for a given elongation decreases with raising the

temperature. These results are not consistent with what is

concluded according to the application of the statistical theory

of ideal rubber elasticity, which predicts that the stress of

rubber is linearly prop rtional to absolute temperature at a

constant strain. The discrepan may be due to the contribution

of energy term and plastic flow.

From Plory s crystallization theory^ 106 ) , if crystallites

develop in an elastomer under strain, the stress is consequently

reduced due to the crystalline state being no energy. And the

plastic flow will increase with increasing elongation and temper-

ature. Thereby the rate of stress decay will be accelerated and

its magnitude of reduction will be increased with increasing

elongation at constant temperature due to the complementary

actions of plastic flow and crystallization. However, at higher

elongation, the crystallites formed during stretching can act

as the effective multifunctional crosslinkages which will prevent

any further breakdown of the cohesive links due to plastic flow

with the slippage of chain molecule past each other. Therefore,

the rate and magnitude of stress decay will increase with

elongation and pass through a maximum after which it will decre-

ase again with further stretching. It has been shown before that

the maximum rate and magnitude of stress reduction of PVK occurs

at an extension ratio 3.0 for all the temperature from 260 G to

300°C in this study.

Amonp: other studies, it was reported

'

1 07
' that the process
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of volume decrease of vulcanized natural rubber during crystalli-

zation under stress is reflected in hastening the onset of stress

relaxation at higher elongation over the extension range from

50?: to 200/, stretching. In that work, highest elongation ratio

is 3.0 and the rate of stress decrease does not slow down with

increasing elongation. In 1955, Tobolsky et al (92 ^ found that

the rate of stress decay of natural rubber after simple stretch-

ing increases with increasing extension up to elongaxion ratio

3.0 then it becomes slower for further stretching to elongation

ratio 3.5.

As the temperature increases to 235°C f Figure (57) shows

a family of curves of isothermal birefringence plotted against

time over various elongation ratio ranges from 2.0 to 5.0.

Similarly, at elongation 2.0, birefringence decreases initially

after stretching then increases with time after 2 minutes of

birefringence relaxation. At elongation ratio 3.0 and above,

the PVK sample becomes more birefringent with time at once after

being deformed. Up to an elongation ratio of 4.0, the birefrin-

gence rises with time monotonously in the period of performing

the experiment, the rate and amount of birefringence rising

decrease with increasing extension. However, at elongation ratio

5.0, the abnormal behavior of birefringence-time relation is

observed in that birefringence rises with time immediately after

stretching then falls against time after 15 minutes of rising.

The isothermal stress change as a function of time at 255°C

over the same range of extension is shown on Figure (53) • It is
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also seen that the stress decay becomes faster with increasing

extension in the region from elongation ratio 2.0 to 3.0 then

becomes slower at higher elongation.

When the temperature reaches 300°C, the variation of

birefringence with time at elongation ratio from 2.0 to 5.0 is

illustrated on Figure (59). At draw ratio 2.0, the birefrin-

gence starts to increase against time after 2 minutes of bire-

fringence decay. At higher extension up to draw ratio 3.0, the

birefringence increases with time monotonously right away after

stretching. rtith further extension up to elongation ratio 4.0

and above, it is observed that birefringence rises with time

initially after stretching then falls against time after a

certain period of birefringence rising. The birefringence

begins to fall in about 30 minutes after stretching for elon-

gation ratio 4.0, and in 10 minutes for elongation ratio 5.0.

It has also been found that PVK sample during stretching becomes

more birefringent with increasing elongation up to extension

ratio around 4.5 then the birefringence drops with further

elongation at this temperature of J00 C, This is the same

phenomenon which has been described in Section (B.l.) and it

results in a lower magnitude of birefringence at extension ratio

5.0 than that of extension ratio 4.0. A family of stress-time

curves at J00 G over the same range of extension is plotted on

Figure (60). At elongation ratios lower than 3.0, the stress

decreases with time monotonously and the rate as well as the

magnitude of stress decay are increased with increasing extension



The unusual stress-time behaviors at this temperature of 300°C

are observed for higher elongation ratio at b.O and 5.0. It is

shown that the stress falls with time after stretching then

rises after a certain period of time of stress falling. It has

been found that the time for changing the sign of the slope of

birefringence-time curve at elongation ratic 5.0 is shorter for

300°C than 285°C, and it is shorter at elongation ratio 5.0 than

elongation ratio k.O at 300°C. This suggests that the tendency

of the abnormal transition of the slope of birefringence-time '

curve from positive to negative becomes greater at higher

temperature and elongation.

At the highest temperature of 320°C in this study, the

isothermal birefringence change as a function of time for

different elongation ratio from 2.0 and 3*0 is plotted on

Figure (6l). At elongation ratio 2.0, the time for birefringence

rising begins at 5 minutes after stretching. The corresponding

isothermal stress change using time as a variable at 320 C is

shown on Figure (62). The stress decreases with time mono-

tonously to zero and the sample at elongation ratio 3*0 reaches

zero stress faster than the sample at elongation ratio 2.0.

Summarizing the birefringence-time relation at elongation

ratio 2.0 for all the temperature in this study, it is found

that the time for birefringence to start to rise after stretch-

ing gets shorter from the temperature of 260°C to 275°C then

becomes longer with further raising the temperature. This may
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suggest that 275°C is the temperature for the maximum rate

of crystallization at elongation ratio 2.0. However,, the

crystallization rate is not very temperature dependent and will

be discussed in Section (B.2.).

The significant upturn phenomenon of stress-strain curve

for PVK during stretching has been found around elongation ratio

4.0 for all the temperatures from 265°C to 300°C in this study.

It nas been interpreted as being characteristic of the crystall-

ization process in previous paragraphs. This noteworthy

behavior of the stress-strain curve of PVK at high elongation

is shown on Figure (63) which is a typical trace of stress-

strain behavior from recorder at the temperature of 275°C. It

is evident that the slope of stress-strain curve starts to

rise slowly above extension ratio 3.1 and increasing extension

results in the pronounced upward curvature at extension ratio

4.0 with a steep linear upward slop on further elongation. The

extension ratio 3*1 showing the increasing slope of the stress-

strain curve agrees with the stress-time curve shown on Figure

(56) which indicates that the rate as well as magnitude of

stress decay starts to decrease above this extension ratio.

A similar explanation of crystallization process develop-

ed for butyl rubber was reported by observing an apparent

increasing slope of stress-strain curve at k00 r
/. extension and

a linear ateep slope after 700;. elongation. By measuring the

rise of temoerature due to crystallization on fast stretching
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of butyl rubber (109)
and natural rubber(ll0) , it was shown that

the slope of temperature rise-strain curve is a slowly rising

function of the extension with a steep upward turn and almost

linear continuation at high extension.
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2. Crystallization Kinetics

For a uniaxially oriented crystallization of rubbery

polymers, the change of volume fraction crystallinity with time

can be described in terms of the two phase model using the

Stein equation through the simultaneous and continuous measure-

ments of birefringence and stress. In order to depict the

variation of crystallinity reflected by the increase of bire-

fringence accompanied v/ith the decrease of stress, the effect

of the orientation of the crystalline component, f , and the
c

behavior of the strained amorphous region have to be considered.

If the resulting crystallites are perfectly oriented v/ith their

chain axes parallel to the stretching direction ( as discussed

in Section (B.^)), then the orientation function of the crystall-

ine phase is equal to 1. Provided that the amorphous phase

during crystallization behaviors like pure amorphous material

in simple relaxation study and the total tension is loaded on

the amorphous region, then the expression for the crystallinity

(38)
becomes w .

where A and d are measured quantities, A0
has been calculated

shown in Section (B.3), and C is attained from relaxation data.

The isothermal crystallinity change calculated in this

way as a function of time at temperature of 2cO°C over the

elongation range from 2.0 to 3.0 is shown on Figure {6k). It
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is seen that the volume fraction crystallinity increases with

hi-her extension. Figure (65) illustrates the crystallinity-

time curve at 275°C over a wide range of elongation ratio from

1.75 to 5.0. The crystallization rate may be represented by

the half time, t^
, which is the characteristic parameter

for crystallization indicates the time required for 50# of

total phase transformation from amorphous to crystalline phaise.

The values of for vari °us elongation ratios from 2.0 to

3.0 at 275°C are tabulated on Table (I). This tabulation
1

doesn t include higher extension, beacuse under these condi-

tions, the PVK sample possesses high crystallinity representing

more than half of the final quantity immediately after stertch-

ing. The fact that /g decreases with increasing elongation

shows that the crystallization rate increases with elongation

in this range of extension. This observation is consistent

with the birefringence and stress responses which are presented

in section (B.l.c). The accelerating effect on crystallization

process by increasing extension has been studied and interpret-

ed ^'^ ' as resulting from the corresponding increase in the

equilibrium melting temperature associated with decrease in

the entropy of melt upon stretching. This leads to an increase

in the de~ree of supercooling. The equations which describe

the relationship between the equilibrium melting point and

elongation ratio have been derived^ 0^. The isothermal

crystallization characteristic curves of crystallinity-time
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relation for the temperature at 265°C, 285°C and 300°C over a

range of extension ratios from 2.0 to 5.0 are shown on Figure

(66), Figure (67), and Figure (68). The decrease of crystalli-

nity for 235°C at elongation ratio 5.0 in 30 minutes after

stretching corresponds to the drop of birefringence shown in

Figure (57). The same phenomena are observed for 300°C at

elongation ratios ^.0 and 5.0. At 320°C, the variation of

crystallinity with time for extension ratios 2.0 and 3.0 is

plotted in Figure (69).

In all cases, the PVK sample is more crystalline after

stretching at higher elongations. This suggests that the

crystallization process under stress occurs during the course

of stretching. The half times, t^ , for the elongation ratio

3.0 over the temperature range of this study from 26o°C to

320 C are presented on Table (II). This suggest the surprising

observation that there is no significant effect of temperature

on crystallization rate. Thus it may be concluded that the

elongation effect on the crystallization kinetics is much more

important than the temperature effect from the following facts:

(1) . At elongation ratio 2.0, birefringence first falls after

stretching then rises after a certain period time. However, th

is abcut the same time from temperatures from 2o5°C to 285°C.

(2) . The maximum rate and magnitude of stress decay occurs at

elongation ratio 3.0 for all the temperatures in this study.

(3) . The upward turn of stress strain curve shows up at around
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an Elongation ratio k.O for all the cases. (4). The magnitude

of erystallinity and crystallization rate are more elongation

dependent than temperature dependent. The above statements may
indicate that the crystallization rate-temperature relation of

PVK sample under stress is a relative broad curve. In the nature

rubber system, it was reported (

1

^
» 1*°) that the temperature has

little effect on the value of the elongation ratio at which the

force shows the apparent upturn behavior. However, its crystalli-

zation kinetics is dependent upon both temperature and extension

apparently.

The decrease of erystallinity of PVK at the later atage of

isothermal oriented crystallization accompanied by the falling

type of birefringence-time curve and the rising type of stress-

time curve is observed at higher temperatures and higher elonga-

tions. It was found v
" that a substantial rise in the retractive

force at the later stage of isothermal stretched crystallization

occurs at low elongation rather than at high elongation of

crosslinked trans-polyisoprene . It was interpreted as the volume

contraction which will occur in a highly oriented state and is

more apparent at higher temperatures. A similar behavior of

stress rise has been observed * 1^
' in polyethylene and attributed

to the formation of folded-molecule crystallites. This inter-

pretation seems incompatible with PVK system which shows rod-like

structure judged from H light scattering patterns. The thermal
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degradation of PVK at high temperature is not ruled out even

through it can only account for the drop of birefringence but

not for the rise of stress.
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3. Calculation of Intrinsic Birefringence of Polyvinyl Carbazole

The intrinsic birefringence of PVK molecules will be cal-

culated from bond polarizabilities in this section.

The coordinate system of the film (YZ plane) and the angles

associated with the orientation functions are shown on Figure

(70a). The X-axis is 'perpendicular to the plane of the film.

The set of a,b and c axes and the set of d,e and f axes which

characterize the orientation of backbone and planar carbazole

molecule respectively are illustrated on Figure (?0b). The c

axis is the chain direction; the a axis perpendicular to the c

axis and coplanar with it and C-C backbone. The b axis is

perpendicular to both a and c axes. The d axis is perpendicular

to the planar pendant group, the f axis is along the C-j" bond

and in this plane of carbazole molecule; the e axis is perpen-

dicular to d and f axes and also in this plane of carbazole

froup. The angle, u) , represents the angle between the d axis

and the plane difined by a and c axes.

The relationship between the refractive index differences

and the polarizability differences in Z and Y direction formula-

ted in en (9) is^

- •¥- (-"SF 1 < Rr ft) u«:
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SMUaing the applicability of the Lorenz-Lorentz equation.

For uniaxial stretching along Z direction, the quantity of

(P
z

- P
y ) has been derived as^

118
^

'

(fi-fV) =^r{Pc-^) +i(^^] +^J-P
f]]

(113)

where n
m

is the number of monomer unit per unit volume and is

expressed as

M (11*0

= 3.74* 10
1

where p is the density of PVK, N
Q

is Avogardro's number and

M
m is the molecular weight of the monomer unit of PVK. P

K
is

the polarizability along K direction. The orientation function

f
r

and f^, which are associated with orientation of vinyl chain

and rotation of carbazole molecule resprectively are defined

(118)as
z

.fr=
a<gga (11 4a)

4» £ <€o$*o» -1 (n4t>)

The perfect orientation of monomer unit will give the

intrinsic birefringence corresponding to the maximum polariza-

bility differences. Under this condition, £ is equal to 1.

Then ea(ll3) can be rewritten as

(R -p
Y )=3J4«10

2l

{pc-(^) +^(^^ + -^-3^-Pt^
<" 5)
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Using the assumption of additivity of bond polarizabilities 019 )

the polarizability in a certain K direction can be represented

as

(116)

where b
]L

and b
t

are the longitudinal and transverse polarizabi-

lities of the ith bond, 9 ik
is the angle between axis and the

axis of the i-th bond.

The vinyl chain which is the repeating unit of PVK,

consists of two C-C bonds and three C-H bonds. Taking the

tetrahedral angle 109.8° as the angle between C-C bonds of the

main chain, then the polarizabilities along a, b and c axes are

given as

Pa-a^W^^'+^^-c^^-^^C^ (117)

Pb =2(bt)c.c
+3(li-h

l)c.„Sin
i-ifS' + 3(b,)c.H (H3)

Pc-ZCWIhs M^-^'+Stl^+JKht^. ("9)

The principal polarizabilities of planar benzene ring are

considered as the coplanar polarizability (b
^ ) fi

as well as

perpendicular polarizability (b
, )„ and are calculated as1 D

follows

:

> 6C

(120)

ar

(H = 6[(b
*k/ (b'U (121)
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Using Denbeigh's bond polarizabilities (ll9)
, (b ) and

(b_
L ) 3

are 123. 0 x 1CT 25 cm3 and 63.8 x 1(T 25 cm3 respectively,

and they are 124.5 x 1CT 25 cm3 by using Bunn's bond polarizabi-

lities ( 1 20
'

1 21 } shown on lable (IIIA). These values have been

reported as (l22)
123. 1 x 10" 25cm3 and 63.5 x 10- 25cm3 individually.

The planar carbazole group is composed of one C-C bond,

three C-N bonds and two benzene rings subutracting four C-K

bonds from them. The polarizabilities along d, e and f dire-

ctions are given as

~
.

Pd = 2.Cb,)^(b^ +3Ch
k)c
^4(b

t)c-H
(122)

pe = Z (

b

u)B
+ (

b

x )
c.c

+ 2^ b,)
c-N

cos* 30 + 3 (

-4CCbr b
t
)
c.H

cos
a30°nb

t )c _H ]

P
f = 2 (

b

u)B
+ (

b

t )
c_ c

+ ( + 2 (bx
- b

±) cos
a
i2o°

(123)

(124)

The evaluated values for P., F
p

and P- by using different

source of bond polarizabilities are also shown on Table (IIIB).

Using Denbigh s bond polarizabilities, eq(ll5) can be

rewritten as

o

(Px-Py) = -(o.oc527- 0.0414 (125)

If the planar bulky side groups of PVK are restricted to

being perpendicular to the chain direction, then tO = 0°,

<cos co> = 1 and fw = 1. In this case, the mtnsic birefrin-

gence of PVK ( , is obtained as -0.457 according to eq (112).
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Using Bunn s bond polarizabilities
, eq(U5) becomes

(PZ - PY ) = - (0.00875 - 0.0338 O ( 125a)

Under the same restriction for the rotation ofthe side of

group, the intrinsic birefringence becomes -0.^76.

The intrinsic birefringence of -0.^57 has been used

through this study to evaluate the crystallinity according to

eq (111) through this study. The magnitude of crystallinity

will become lower if the intrinsic birefringence calculated
0

from Bunn-s bond polarizabilities is employed. For instance,

the crystallinity at 26C°C with elongation ratio 3.0 is (20.1 +

1.0)?; by using Denbigh s bond polarizabilities, cut it is

(18.0 - 0.9)',* by using Bunn s .

4. X-ray Diffraction Pattern and Orientation of Crystalline

Phase

Generally, a polycrystalline polymer material is not made

of a single crystal but rather of many crystallites. The result

ing wide angle X-ray diffraction is the superposition of the

diffraction from individual crystallites with nc coherent inter-

ference among different crystals. In this study, a North

American Philips water cooled X-ray diffraction unit (type 'Jo.

120^-5) has been used. The X-ray beam is CuKoi. radiation with

wavelingth 1.5^l9A° obtained by filtering the Cuk@ spectrum

with nickel. The X-ray beam after passing through the (B -filter

is collimated with a pinhole system then penetrates the polymer
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specimen. A beam stop has been used to reduce the darkness

around the central region of the film due to air scattering

from the intense transmitted beam. The flat-film technique has

been employed by using a plate camera consisting of a stationary

specimen stand ass?mbly and reflection standard assembly with

motor-driven cassette designed to take standard If" x 3 - 1/V'

film or smaller.

The X-ray diffraction studies have been performed at room

temperature using the sample subjected to isothermal crystalli-

zation in the deformed state for various temperatures and elon-

gations as described in Section (B.l). The deformed PVK sample

retained its extension after quickly cooling down to room temper

ature. This is consistent with the evidence that the stretched

PVK specimen retains the same birefringence after it is quenched

fast to lower than 200°C. Such a process of treating deformed

PVK sample freezes the PVK molecules in their strained positions

It is known that the retaractive forces existing in the material

become apparent only when the internal viscosity of the material

is reduced at high temperature. Similar behavior was reported^ 1

with stretched polystyrene which remains in the deformed state

after cooling below its glass transition temperature.

A series of X-ray diffraction patterns of PVK at 275°C

over the range of elongation ratio from 1.5 to 3*0 are shown on

Figure (71). At elongation ratio 1 . 5 » it is seen that two

amorphous interference haloes occur resulting from the quasi-



hort-range order with diffraction angle 20 at 7.2° and 20.5
0

respectively. This is similar to the diffraction picture of

undeformed PVK as shown in Figure (77). At elongation ratios

of 2.0 and above, the sharp diffraction due to the crystalline

phase with Bragg angle 2 9 at 3.2° becomes apparent. This

diffraction peak corresponds to the interplanar spacing, d , as

10.5A 0
according to

The structure of PVK crystal was reported

^

20
^ in which

the rod-like PVK molecules are packed parallel in a pseudonexaronal

array where the nearest chain-to-chain distance, a , is approxi-

mately 12.3A
0

. Then the diffraction peak at 2 6 = 8.2° can be

interpreted as (1010) reflection from the hexagonal lactice.

The intensity of this crystalline diffraction peak increases with

further elongation accompanied by a decrease of intensity of the

amorphous diffraction peaks. However, it becomes difficult to

resolve these changes by photographic technique for elongation

ratio above 2.0, since the resulting diffraction patterns look

alike. It has also been observed that the azimuthal dependence

of this crystalline diffraction peak increases with increasing

extension i.e. the width of this diffraction arc is reduced with

further stretching.

In the hexarconal system like PVK crystal with sixfold

( 1 24 125)
symmetry about c-axis, it has been shown " ' 7 that only one
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plane is necessary to determine the independent orientation of

crystal axis. The limiting case for the orientation of c-axis

of chain molecules, f . was proposed^ 1

2

^ as

-fc
=3 *" 2 "fl010

/
Z (12?)

where f — is the orientation function of the normal of
1 01 o , z

(lOTo) plane with respect to the stretching axis Z. This refle-

ction has the maximum intensity on the equator with a narrow arc

having a shape which indicates that these crystal planes tend

to align toward the stretching direction. Consequently, it

suggest that theassumption of perfect orientation of crystalline

PVK molecules with c-axis parallel to the extension axis above

an elongation ratio 2.0 is reasonable.

The aualitative determination of degree of crystal orien-

tation from X-ray diffraction pattern has been determined

^

12c ^

for isotactic polypropylene. A uniform Debye-Scherrer ring is

observed for randomly oriented crystallites, which changes to

an arc under uniaxial orientation with incident X-ray beam

perpendicular to the stretching direction. The Debye-Scherrer

power pattern is obtained as for an undefonr.ed sample again

with the incident. X-ray beam parallel to the reference axis

of a uniaxially oriented sample. Finally the pattern becomes

a Single rotation pattern composed of sharp spots in the limit

of perfect orientation. The determination of molecular stru-

cture for stretch crystallized rubber from its X-ray diffraction
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pattern has been presented (12?)
where it is suggested that the

c-axis of each crystal becomes nearly parallel to the drawing

direction. The arclike shape for the diffraction patterns of

PVK crystallites for deformed sample instead of sharp spot may

arise from the presence of lattice imperfections or from the

PVK crystallites not being perfectly oriented.

By means of a counter diffractometer , the direct recording

of the diffraction angle scan for the undeformed PVK and for an

elongation ratio 3.0 at 275°C are shown on Figure (72). The

azimuthal angle scan with respect to crystalline diffraction

peak at 2 6 = 3.2° for the latter sample is plotted on Figure

(73)« It is seen that the X-ray diffraction photographic patterns

are in agreement with the corresponding counter scans. The

prcfered molecular orientation in the form of an intersifica-

tion of amorphous halo at 2 6 = 20.5° in the meridianal region

is also observed. However, it was reported^ ; that the appli-

cation of X-ray diffraction to investigate the presence of orien-

tation of amorphous phase has little quantitative value.

Figure (7^a) shows the X-ray diffraction patterns for an

elongation ratio of 6.0 over the various temperatures from 220 C

to 260°C. All of them show the sharp arc corresponding to

2© =8.2° along the equatorial region indicating prefered

orientation of the c-axis of crystals toward the stretching axis.

Similar X-ray diffraction photographs at the temperature of 2^0 C

ran~in- the elongation ratio from ^.0 to 6.0 is shown on Figure
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(7^b). The diffraction patterns over the various elongation

ratios from 2.0 to 5.0 for the 265°C, 285°C and 300°G are shown
'

on Figure (75), Figure (76) and Figure (77) individually.

Figure (73a) and Figure (73b) represent the diffraction pictures

for 260°C and 320°C over the various extension ratio 2.0 and 3.0.

Similar to the case for 275°C, it is seen in all cases that the

crystal diffraction peak has the sharp of arc at elongation

ratio 2.0, then it becomes very sharp narrow arc and increases

in intensity accompanied with a decrease in the intensity of

amorphous peaks with further extension. At 300°C, the diffract-

ion patterns for the PYK sample stretched to an elongation

ratio 5.0 for different times corresponding to the isothermal

crystallization period after stretching are shown on Figure (77).

It is seen that the shape of the two diffraction patterns for

times of 30 minutes and 120 minutes are similar, but the inten-

sity at the crystalline peak reflection for the latter is

reduced. This is associated with the phenomena of birefringence

decrease and stress increase presented in Section (B.l.c). The

corresponding diffraction patterns to a Bragg angle scan along

the stretching direction are shown on Figure (99). The evidence

which shows that the decrease of diffraction intensity at the

crystalline peak for the PVK sample at 120 minutes is reflected

in the increa.se of intensity for the amorphous peaks which is

more apparent than in the photographic patterns.



5. Determination of Orientation with Infrared Dichroi sm

For infrared absorption measurements, a Perkin-^lmer

Model 130 Infrared Spectrometer has been used in which the

radiation source comes from an air-cooled globar. This is a

double-beam, ratio-recording instrument with a range of wave

number from 4200 to 180 cm" 1
covered by a set of five gratings.

The deformed PVK sample is placed in the beam with the drawing

axis being aligned at 45° to the extrance slit to minimize

machine polarization effects. The polarizer is located between

the monochrometer and The specimen. This experiment is under-

taken at room temperature for a series of PVK sample in the

stretched state under the same treatment as in Section (B.4).

The assignments of infrared absorption bands for carbazole

crystal have been reported^ 11^
. The absorption band which

represents the out-of-plane vibration of the carbazole ring has

been chosen to study infrared dichroism. The transition moment

angle of a certain absorption band is the molecular structure

parameter for the quantitative determination of molecular

orientation. The 924 CIvi band is of symmetry representative

of its direction of transition moment perpendicular to the

plane of the carbazole group. ith the assumption that the

planar carbazole molecule is perpendicular to the vinyl back-

bone, then the transition moment of this band is in the same

direction as the chain molecules. In other words, the angle

between chain and transition .moment direction of this absorption



band, , is zero. Therefore, the intrinsic dichroism, D ,

becomes

*- '

(128)
e

= oo

1 (129)

Consequently, the expression for the orientation function of

molecular chain can be simplified to be the same as eq(87).

Since the density in the amorphous and the crystalline

phases for PVK sample is about same^
20

^
, it is assumed that

the intrinsic birefringence of both regions are equal. There-

fore, eq (12) can be rearranged to yield

A=A(fc
Xc

+ fa Cl-Xc )]
(130)

-tff
(131)

Below an elongation ratio of 2.0, no apparent crystalline contri-

bution is observed. Then the measured birefringence can be

related to amorphous orientation by

The orientation function data for PVK deformed at various

temperature and elongation from IR dichroism measurements and

birefringence measurements are shown on Table (IV) to Table(VII).

A tycical trace infrared absorption spectra for PVK stretched to

elongation ratio 3.0 at the temperature of 275°C with polariza-

tion parallel and perpendicular to the stretching direction
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are shown on Figure (30)

.

All of the data indicate that the orientation function

determined from infrared dichroism has the same trend as the

birefringence which increases with increasing extent of elon-

gation. At low elongations, it is seen that the orientation

function measured from both sources is in reasonable agreement.

This fact also suggests that the rotation of carbazole molecule

is restricted. The rotation of benzene ring in polystyrene

molecules has been studied
(-^O)

-j-y, e correlation between

infrared dichroism and birefringence measurements.
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6. Korphology

The superstructure of PVK crystal resulting from the stress

induced crystallization is studied by using small angle lighx

scattering. This technique has been applied^ 87 » 91 ' 131 )
in

this laboratory to investigate the morphology of rubber crysta-

llities under strain. This study is performed at room temperature

by sandwiching the deformed PVK sample between microscope cover

glasses using silicone oil as the immersion fluid. The light

scattering patterns of Hy polarization are obtained by setting

the stretching direction parallel to the polarization direction

of the incidnet beam.

The H
y

scattering patterns at the temperature of 240°C

over the elongation ratio range from 2.0 to 6.0 are shown on

Figure (81). Figure (82) represents the H patterns for the

undeformed PVK and for various elongation at 250°C. Figure (83a)

illustrates the H patterns for elongation ratio 2.0 and 3.0 at

260 C. No scattering patterns are observed for the unstretched

and low extension PVK sample. The H scattering patterns at

high elongation in this temperature range up to 2o0 C, show

the X-type patterns with monotonous decrease in intensity along

the scattering angle.

Figure (84a) and Figure (8^b) illustrate a sequence of

H light scattering patterns at the 275°C over a wide range of

extension. They demonstrate the effect of elongation on the
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superstructure of PVK crystallites at 275°C, since these optical

heterogenieties are not present in the undeformed and low elon-

gation PVK sample, but they are developed with stretching in the

same range of extension where the crystallization process has

been described in previous sections. It is seen that the

scattering pattern starts to show the oriented four leaf clover

appearence characteristic of spherulitic structure at an elon-

gation ratio 2.0. Subsequently it is accompanied by an X-type

pattern with no maximum intensity along the scattering angle

which is characteristic of fibrillar scattering by increasing

extension up to an elongation ratio of 3.0. Above an elon-

gation ratio 3.0, only the X-type patterns corresponding to a

rod-like structure are observed. The change of PVK super-

structure from the coexistence of spherulitic and rod-like

texture which is so called shish-kebab superstructure ^32)

to pure fibrillar texture is consistent with the observation

of increasing stress level above elongation ratio 3.0 presented

in Section (3 . i . c)

.

Similar effects of stress or strain on the superstructure

growing in the deformed crystallization systems have been

(94 133 134)
studied by other authors 1 JJ * J

. By means of electron

microscopy, the morphology of natural rubber crystallized

(133)
under strain was reported v JJ where the oi -filments consisting

of lamellae are formed perpendicular to the strain axis at low

elon-ation. Then it coexists with if-fi^ril having chains of
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nuclear running in the direction of strain up to the intermediate
strain at 200;; and becomes pure T-filament at higher strain.

By observing the X-ray diffraction patterns and electron micro-

scopic pictures from the crystallization of polyethylene melt

under stress, it was proposed(W that the polyethylene crystal

texture is in the form of twisted lamellae as in normal polye-

thylene spherulites at low stress. Then it becomes incomplete-

ly twisted lamellae at intermediate stress level and finally

reaches the fibrillar texture under higher stress. Using small

angle light scattering technique during annealing of draw

polyethylene, it was found^ 135 ^ that there coexist fibriller

symmetrical texture and spherulitic texture at intermediate

strain. The solution crystallization of polyethylene oxide-

ethyl alcohol system was reported^?) where the lamellar super-

structure is formed without stirring and the fibrillar texture

is obtained at high rate of stirring.

The common morphologic feature for crystallization under

strain appears to be that the lamellar crystals, the shish-

kebab supersturcture then the fibrillar texture will be formed

with increasing the extent of strain or stress. The similar

results were reported * 136 ' 1 37 »
' for the pressure effect on

the morphology of polyethylene that the fold-chain crystals are

formed at low pressure and the extended-chain crystals are

developed under high pressure.



The similar trend of the superstructure of PVK changing

with elongation has been found for other temperatures. Figure

(85) and Figure (86) represents the series of H
y scattering

patterns 265°C and 285°C respectively over the extension ratio

range from 2.0 to 5.0. A sequence of H
y scattering patterns

at 300°C ranging the elongation ratio from 2.0 to 3.0 are

shown on Figure (83b).
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V. Summary and Conclusion
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In this research, the rheo-optical techniques have been

applied to investigate the mechanical and optical properties of

PVK during and after deformation.

The behaviors of the simple isothermal birefringence rela-

xation and isothermal stress relaxation of amorphous PVK have

been observed in the same manner over temperatures from 210°C

to 275°C and elongations from 10% to 50#. The magnitudes of

birefringence and stress become higher at higher extension but

become lower at higher temperature. In other words, PVK has

higher extent of molecular orientation when it is stretched at

lower temperature. The stress-optical coefficient remains

constant during the process of simple relaxation and almost

independent of temperature over the temperature range of this

study. It is in a agreement with that from dynamic measurement.

In the case where the planar carbazole molecule is res-

tricted to be prependicular to the backbone, the orientation

determined from birefringence measurement is in a reasonable-

agreement with that from infrared dichroism result. The

intrinsic birefringence of PVK repeating unit is -0.^57 by

using Denbigh s bond polarizabilities. The contribution of

bond polarizabilities from the pendent group of the carbazole

monomer unit is much greater than that from vinyl chain. This

can account for the negative quantity of birefringence response.

The phenomenological theory of linear viscoelasticity is

applicable to optical functions and mechanical functions of
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amorphous PVK for the time-temperature superposition of relaxa-

tion data and for the frequency-temperature correspondence of

vibration results. The shift factors which characterize the

master curve of optical and mechanical properties are in a agree-

ment for relaxation and vibration studies. The parameter G p in

WLF formula which has an unusual high value from both relaxation

and vibration measurements may be due to an exceptionally small

difference in thermal expansion coefficient between rubbery and

glassy states.

The crystallization behaviors of deformed PVK under tensile

stress have been observed from the simultaneous responses of

birefringence and stress, X-ray diffraction patterns, small

angle light scattering patterns, and infrared dichroism.

The birefringence begins to increase with time after

stretching above elongation ratio 2.0. During the process of

crystallization, the accelerating decrease of stress accompany-

ing the increase of birefringence up to the intermediate elon-

gation ratio 3.0. However, the rate of decrease of stress

slows down with further extension. An apparent upturn of the

stress-strain curve of PVK occurs at elongation ratio 4.0. The

decrease of birefringence at later atages of isothermal crys-

tallization occurs at elongation ratio 5.0 for 285°C and at

elongation ratio 4.0 and 5.0 for 300°C. This phenomenon is

accompanied by a decrease of infrared dichroism and the decrease

of X-ray diffraction intensity from PVK crystal along with an
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increase of intensity from amorphous halo. This is the opposite

behavior from what is observed during crystallization.

The deformation treatment by direct stretching PVK to the

desired extension gives the most favorable dondition for stress

induced crystallization. Regarding to this point, M2 type

deformation is next and better than mechanism Ml

.

The crystallization rate is accelerated with increasing

elongation. The stretching has much more significant effect on

the crystallization kinetics than the temperature does.

The X-ray diffraction peak at diffraction angle 29 = 8.2°

corresponding to (10 10) reflection of PVK crystal starxs to

show up at elongation ratio 2.0. The intensity of this sharp

diffraction peak increases with increasing extension reflected

in the decrease of intensity in amorphous peaks at diffraction

angle 2 6 =7.2° and 2 9 = 20.5°. The breadth of this diffract-

ion arc~ is reduced at higher elongation so as to indicate the

chain axis of the PVK crystallites oriented toward the direction

of stretching axis.

The H scattering of PVK crystal shows the X-type pattern

with monotonous decrease in intensity along the scattering

angle blow the temperature of 265°C. They represent the fibri-

llar-like structures. Above the temperature of 2?5°C, The Hy

scattering pattern shows four leaf clovers representing the

spherulitic structure of PVK crystal at elongation ratio 2.0.

It becomes the coexistence of spherulitic texture and rod-like



-93-

texture with further extension up to elongation ratio 3 .0. It

yields the pure rod-like structure at higher extension reflected

in the increase of stress level.

\



i

VI. Future .,ork
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The brittle PVK sample in the for, of film is very diffi-
cult to handle at room temperature. It can be improved by re-
ducing T

g
by mixing the polymer with platicizer or by performing

the experiment in solvent atmosphere. It will be interesting
to run similar experiment for these kinds of samples as the
current study

. No real equilibrium stage has been reached and
abnormal rubber elasticity has been found in this current study.
By studying a crosslinked PVK sample one can test rubber elasti-
city and obtain equilibrium data. The crystallization of cross-
linked material is generally reduced. This may result in the
apparent temperature dependence cn the crystallization kinetics.

The thermal expansion coefficient can be determined by

thermal-mechanical analysis. However, there is the difficulty
in making suitable dimensions of PVK specimens for testing at

the present time.

In preliminary experiment, it is found that the birefrin-

gence and stress increase with stretching rate. It will be in-

teresting to study the effect of extension rate on the orienta-

tion, crystallization behaviors and morphology. However, the

PVK sample is constantly broken at high deformation rates.

Since the temperature effect on the crystallization

kinetics is not apparent in this current study, it may become

more obvious to observe this effect by studying the crystalli-

zation behavior by annealing after melting the deformed PVK

crystal.
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on
It will be interesting to observe the effect of elongati

and temperature of stretching on the melting point of deformed

PVK samples, since the melting temperature can be correlated

with the degree of supercooling for the isothermal crystalli-

zation kinetics. It has been tried to locate the melting point

of PVK crystal by differential scanning calorimeter, but there

is no any trace of an endothermic peak. Perhaps the PVK sample

decomposes before T
m

or the heat of fusion is too small. It

was reported' 1 C1 that the melting behavior of PVX-P3EA (poly

P-biphenyl acrylate) copolymer is not observable with DSC

technique because of the decomposition of PVK. It is possibly

by microscope to observe optical anisotropy at the temperature

at which the birefringence disappears or else to observe the dis-

appearance of the light scattering pattern.

It would be worthwhile to measure crystallinity by X-ray

diffTactometer and by density column in order to compare with

the result from birefringence and stress responses. xhe inten-

sity from the diffraction peak at 2 9 =3.2 corresponding to PVK

crystals contains a contribution from the amorphous halo center-

ed at 2 6 = 7.2°. This should be subtracted out. Since the

density in amorphous phase and crystalline phase is very close,

a tall density column is required to determine density with

sufficient accuracy.

The quantitative determination of the orientation function

of PVK crysxal by X-ray dif fractometer can check the assumption

of perfect alignment of chain molecules and give more
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accurate quantity of crystallinity

.

There is no observation of the occurrance of a new in-

frared absorption band for crystalline PVK. However, it may be

interesting xo characterize the orientation function by infrared

dichroism by choosing another abosrption band besides the band

at wave number 92k Cm" 1
. Some preliminary data are shown on

Table (VII).

To see the effect of temperature, the X-ray diffraction,

light scattering, and infrared measurements of deformed PVK

can be performed with and without constraint at elevated

temperatures. Ix would also be worthwhile to perform these

measurements during the process of stretching, relaxation and

crystallization. The maximum intensity of spherulitic stru-

cture of PVK crystal can be located accurately by using photo-

metric light scattering.

To analyze the status of PVK sample after thermal and

stretching treatments, it is interesting to study the temperature

and stretching effects on the thermal and mechanical degrada-

tion. In the preliminary outlook, the free radical frozen in

glassy PVK specimen after stretching at the temperature of

275°C for two hours has been detected by electron paramagnetic

resonance, but not the case after thermal treatment at 275°C

for 3 hours. The increase of weight average molecular weight

accompanin^ the decrease of number average molecular weight



lor the former sar.ple, have been found by gel permeation chro-

matograph. This results in broadening and flatening the mole-

cular weight distribution profile. However, it almost does not

change for the latter sample.

Finally, it is valuable to test the physical properties,

e.g. the electrical conductivity ductility, tensile strength

for these PVK sample treated in this study. However, it has

been found that the oriented PVK becomes easier to be broken

along the stretching direction than unoriented PVK. Perhaps,

the biaxial orientation can be tried to improve the drutility

and tensile strength in both directions.
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CAPTIONS FOR FIGURES

I. Schematic diagram for the double refraction phenomenon.

2a. Schematic illustration of variation of light transmission

versus retardation.

2b. Lissajous' figure of the force-strain relationship.

3. Lissajous' figures of the light intensity-strain relation-

ship.

k. The transmittance-wave number curves for polarizer parallel

and perpendicular to the direction of stretching axis.

5. Coordinate system for light scattering of one-dimensional

rod in three-dimensional space.

6. Geometric system for the X-ray diffraction of uniaxial

oriented polymer film.

7. Schematic diagram of Table Instron with conventional

optical attachments.

8. Sketch of dynamic birefringence apparatus.

9. Schematic diagram of small angle light scattering system.

10. Schematic plot of temperature dependence of heat capacity

for the original commercial PVK.

II. Schematic plot of temperature dependence of heat capacity

for the solution casting PVK film without heat treatment.

12. Schematic plot of temperature dependence of heat capacity

for the solution casting PVK film heated to lS0°C in

vacuum oven.
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13. Schematic plot of temperature dependence of heat capacity
for the solution casting FVK film heated to 220°C in

vacuum oven.

1*. The birefringence relaxation with time at 10% extension

over the temperature range from 210°C to 275°C.

15. The stress relaxation with time at 10% extension over the
»

temperature range from 210°C to 275°C.

16. The birefringence relaxation with time at yo% extension

over the temperature range from 210°C to 275°C.

17. The stress relaxation with time at 30% extension over

the temperature range from 210°C to 275°C.

18. The stress relaxation with time at the temperature of

220°C by 50% stretching.

19. The birefringence relaxation with time at 50% extension

over the temperature range from 210°C to 275°C.

20. The stress relaxation with time at 50% extension over

the temperature range from 210°C to 275°C.

21. The ratio of birefringence to stress during relaxation

at 30,% extension ranging the temperature from 210°C to

275°C

22. The master curve of birefringence relaxation at 10>^

deformation using the temperature at 220°C as the

reference temperature.

23. The master curve of stress relaxation at 10% deformation

using the temperature at 220°C as the reference temperature
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24. The master curve of birefringence relaxation at J0%

deformation using the temperature at 220°C as the

reference temperature.

25. The master curve of stress relaxation at 300 deformation

using the temperature at 220°C as the reference temperature.

26. The master curve of birefringence relaxation at 50$

deformation using the temperature at 220°C as the reference

temperature

.

27. The master curve of stress relaxation at 50$ deformation

using the temperature at 220°C as the reference temperature.

28a. Plot of logarithmic shift factor, ar , from relaxation

data against temperature using the temperature at 220°C

as the standard temperature.

T—

T

28b. Plot of m
r versus T-T using the temperature

Log a
T

at 220°C as the standard temperature T .

29a. Plot of logarithmic shift factor, eu , against temperature

using the temperature at 250°C as the standard temperature.

T-T
29b. Plot of _ ' ^r versus T-T using the temperature

Log a
T

at 250°C as the standard temperature T .

30 . Logarithmic plot of real component of strain optical

coefficient, K , versus frequency.

31 . Logarithmic plot of imaginary component of strain optical

coefficient , K , versus frequency.

32 . Logarithmic plot of real component of modulus , E ,

versus frequency.
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Logarithmic plot of imaginary component of modulus, e",
versus frequency.

The variation of stress optical coefficient (S.O.C.)

with respect to temperature at different frequency.

The master curve of real part of strain optical coeffi-

cient using the reference temperature of 220°C.

The master curve of imaginary part of strain optical

coefficient using the reference temperature of 220°C.

The master curve of real part of modulus using the reference

temperature of 220°C.

The master curve of imaginary part of modulus using the

reference temperature of 220°C.

Plot of logarithmic shift factor, a
T , from vibration

data versus temperature using the standard temperature

of 220°C.

T-TPlot of - r versus T-T using the standard
Lo ~

qtemperature, T , of 220 C.

The variation of birefringence with time at 220°C over

the elongation ratio range from l 8 5 "to 6.0 by Ml type of

deformation.

The variation of stress with time at 220 C over the elon-

gation ratio range from 1.5 to 6.0 by Ml type of deformation.

The variation of birefringence with time at 240°G over

the elongation ratio range from 1.5 to 6.0 by i.l type of

deformation.
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The variation of stress with time at 240°C over the

elongation ratio range from 1.5 to 6.0 by Ml type of

deformation.

The variation of birefringence with time at 250°C over

the elongation ratio range from 1.5 to ^-.0 by Ml type of

deformation.

The variation of stress with time at 250°C over the

elongation ratio range from 1.5 to ^.0 by Ml type of

deformation.

The variation of birefringence with time at 260°C over

the elongation ratio range from 1.5 to 6.0 by Ml type of

deformation.

The variation of stress with time at 260°C over the

elongation ratio range from 1.5 to 6.0 by Ml type of

deformation.

The variation of birefringence with time at 2^0°C rang-

ing the extension ratio from 2.0 to 6.0 stretched by M2

mechanism.

The variation of stress with time at 2^0°C ranging

theextension ratio from 2.0 to 6.0 stretched by M2

mechansim.

The variation of birefringence with time at 26o°C over

the various elongation ratio from 2.0 to
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The variation of stress with time at 26o°C over the various

elongation ratio from 2.0 to 3.0.

The variation of birefringence with time at 265°C over the

various elongation ratio from 2.0 to 5.0.

The variation of stress with time at 265°C over the various

elongation ratio from 2.0 to 5.0

The variation of birefringence with time at 2?5°C over the

various elongation ratio from 1.5 to 5.0.

The variation of stress with time at 275°C over the various

elongation ratio from 1.75 to 5.0.

The variation of birefringence with time at 285°C over the

various elongation ratio from 2.0 to 5.0.

The variatoon of stress with time at 285°C over the various

elongation ratio from 2.0 to 5.0.

The variation of birefringence with time at 300°C over the

various elongation ratio from 2.0 to 5.0.

The variation of stress with time at 300°C over the various

elongation ratio from 2.0 to 5.0.

The variation of birefringence with time at 320°C over the

various elongation from 2.0 to 3.0.

The variation of stress with time at 320°C over the various

elongation ratio from 2.0 to 3.0.

The trace of force-strain curve at 275°C with elongation

ratio u"D to 5»0.
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6k. The variation of crystallinity with time ax ranging

the elongation ratios from 2.0 to 3.0.

65. The variation of crystallinity v/ith time d. 0 ranging

the elongation ratios from 1.75 to 5.0.

66. The variation of crystallinity with time at 26 ranging

the elongation ratios from 2.0 to 5.0.

67. The variation of crystallinity with time CX \j 28 c
;

0
c ranging

the elongation ratios from 2.0 to 5.0.

68. The variation of crystallinity v/ith time at 300°G J. aJ 1^5 -Li 1^

thp elongation ratios from 2.0 to 5.0.

69. The variation of crystallinity with time at 320°C ranging

the elongation ratios from 2.0 to 3.0.

70a. The coordinate system of the film and the angles associated

with the orientation functions.

70b. The formula of the repeating unit of PVK and the axes

characterizing the orientation of backbone and planar

carbazole molecule.

71 . The X-ray diffraction patterns at 275°C over the range of

elongation ratios from 1.5 to 3»0«

72. The X-ray diffraction scans for the undeformed PVK and for

elongation ratio 3.0 at 275°C

73. The X-ray azimuthal angle scans with respect to crystalline

diffraction peak for PVK stretched to 200$ at 2?5°C.

7^a. The X-ray diffraction patterns for an elongation ratio of

6.0 over the various temperature from 220°C to 2c0°C.
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74b. The X-ray diffraction patterns at 240°C ranging the elon-

gation ratios from 4.0 to 6.0.

75* The X-ray diffraction patterns at 265°C over the various

elongation ratios from 2.0 to 5.0.

76. The X-ray diffraction patterns at 285°C over the various

elongatiin ratios- from 2.0 to 5.0.

77. The X-ray diffraction patterns of undeformed PVK and

stretched to the various elongation ratios from 2.0 to

5.0 at 300°C.

78a. The X-ray diffraction patterns at 2oO°C over the various

elongation ratios from 2.0 to 3.0.

78b. The X-ray diffraction patterns at 320°C over the various

elongation ratios from 2.0 to 3.0.

79 # The X-ray diffraction scans for PVK stretched to the

elongation ratio 5»0 at 300°C.

80. The infrared absorption spectra for PVK stretched to the

elongation ratio 3»0 at 275°C with polarization parallel

and perpendicular to the stretching direction.

81. The H light scattering patterns at 240°C ranging the

elongation ratio from 2.0 to 6.0.

82. The H light scattering patterns for the underformed PVK

and for various elongation at 250 G.

83a. The H light scattering patterns at 260°C for elongation

ratio 2.0 and 3.0.
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83b. The Hy
light scattering patterns at 300°C ranging the

elongation ratio from 2.0 to 3.0.

84a. The Hy light scattering patterns at 275°C over the elon-

gation ratio range from 1.75 to 3.0.

84b. The Hy light scattering patterns at 275°C over the

elongation ratio -range from 3.1 to 5.0.

85. The H
y

light scattering patterns at 265°C over the

elongation ratio range from 2.0 to 5.0.

86. The H light scattering patterns at 285°C over the

elongation ratio range from 2.C to 5.0.
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Figure 3
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wave nuimber

Figure 4
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Pigure 5. Coordinate System for Light Scattering of

One-Dimensional Rod in the Three-Dimensional Space
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Pigure 8. Sketch of Dynamic Birefringence Appratus

(A) Light Source (3) Condensing Lens (C) Monochromic Filter

(D) Phtoresistive Cell (£) Pinhole (F) Polarizer

(G) Sample (K) Retardation Plate (I) Analyzer

(J) Neutran Density Filter (K) Babinet Compensator

(L) Photomultiplier Tube (M) Force Tranducer (N) Dial Guag<

(0) Arm of ::echanical Vibrator (P) Horn Gear Reducer

(Q) Transmission System (R) Linear Variable Differential

Transformer (S) Oscillator (T) Rectifier (U) Preamplifier

(V) DC amplifier (, ) Dual-Beam Oscilloscope
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Figure 11
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Tref =250C

Figure 29 a

Figure 29 b
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T=220C
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Firure 73
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LIST OF TABLES

TABLE

I. The effect of temperature on the half-time, t^ , at

elongation ratio 3.0.

II. The effect of elongation on xhe half-time, t^y
2

, at

the temperature of 275°C.

IIIA. The values of principal optical polarizabilities for

bonds

.

III3. The principal optical polarizabilities of vinyl backbone

and carbazole group.

IV. The orientation function determined by infrared dichroism

and birefringence at 210°C, 220°C, 2^0°C , 260°C and 320°C

over the various elongation.

V. The orientation function determined by infrared dichroism

and birefringence at 2?5°G over the various elongation

ratios from 1.5 to 5*0.

VI. The orientation function determined by infrared dichroism

and birefringence at 265°C, 285°C, and 300°C over the

various elongation.

VII. The orientation function determined by infrared dichroism

from various absorption bands.
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TABLE I

The Effect of Temperature on the

Half-Time, tl/p , at Elongation Ratio 3.0

(°C) (Min)

Temperature Time

260 1.2

265 1.1

275 1.0

285 0.5

300 0.65

320 1.1
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TABLE II

The Effect of Elongation on the

Half-Time, tlA>( at the Temperature of 275°C

< t
0

' (Min)

Elongation Ratio Time

2.0 15.0

2.1

2.25 2.5

3.0 1.0
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TAELE IIIA

and

:..olecule

Denbigh Bunn and Daubeny

(c.c.

)

2 C

b, x 10 -

(c.c.;

b
t
xl0

(c.c.

)

~25b^xlO D

(c.c.)

b.xlO 9

18.8 0.2 10.0 2.5

N-H 5.8 8.4 5.8 8.4

C-H 7.9 5.3 8.2 6.0

c-c

( aromatic] 22.5 4.8 22.5 4.8

C-H 15.9 8.9 13.8 2.2

0 123.0 63.8 124.5 64.8



TA3L:J 1 1 13

Palarizabilities
xl0 25 (c.c.

)

Denbigh
xl0 25 (c.c.)

Bunn and Daubeny

, P
a

32.2 30.2

p.
.b

22. 0 27.4*—
I % T

P 42.8 36.3

111.2 114.7

259.3 252.4

244.9 249 .

3
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TABLii IV

C
Temperature

*

T

T D+2

1

- A
T

AT
f =

A0

210 1.1 0.00? 0.031 0.005

210 1.3 0.016 0.082 0.015

210 1.5 0.019 0.088 0.019

220 6.0 (Ml) 0.117 0.058 0.127

230 1.1 0.004 0.015 0.004

230 1.3 0.009 0.040 0.008

230 1.5 0.013 0.055 0.012

240 4.0 (M2) 0.138 0.067 0.14?

240 5.0 C.2) 0.142 0.070 0.153

240

.

6.0 (.M2) 0.147 0.075 0.164

240 6.0 (Ml) 0.110 0.042 0.092

260 3.0 0.157 0.092 0.201

260 6.0 (Ml) 0.063 0.024 0.053

320 2.0 0.010 0.004 0.009

320 3.0 0.094 0.052 0.114



TABLE V

°G
Temperature

x= L . D-l
f — A

" A T
1

D+2

275 1.5 0.004 0.015
'

0.003

275 2.0(90)* 0.047 0.023 0.049

275 2.1(90) O.O83 0.043 0.094

?.75 2.25(90) 0.094 0.058 0.127

275 3.0(15) 0.155 0.123 0.270

275 3.0(30) 0.159 0.130 0.284

275 3.0(60) O.I63 0.135 0.295

275 3.0(90) 0.166 0.140 0.307

275 3-5(30) 0.168 0.155 0.3^0

275 4.0(30) 0.172 0.173 0.373

275 4.5(30) 0.185 0.199 0.436

275 5.0(30) 0.192 0.232 0.507

* The figures indicate the time (min) for isothermal

crystallization
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TABLE VI

emnerature

265

L
D-l
D+2 - A,.

2.0 120) 0.050 0.023

At
A0 "

0.049

265 3,0 90) 0.149 0.110 0.241

265 3.0 60) 0.162 0.120 0.263

265 3.0 120) 0.164 0.135 0.295

26' 4.0 30) 0.169 0.143 O.316

265 4.0 120) 0.170 0.14? 0.322

265 5.0 120) 0.180 0.165 O.36I

235 3.0 30) 0.162 0.136 0.301

235

235

235

300

300

300

300

300

300

300

3.0 90) 0.172

4.0 120) 0.188

5.0 120) 0.176

3.0 120) 0.150

3.0 90) 0.100

0.140

0.178

4.0 10) 0.167

0.147

0.076

0.073

0.107

4.0 90) 0.153 0.09^

5.0 15) 0.137 0.039

5.0 30) O.169 0.032

5.0 120) 0.080 0.042

0.310

0.390

0.322

0.160

0.170

0.233

0.205

0.1.95

0.179

0.092



TABLE VI

I

4

CM
• Orientation Function

- ave ?
Tunber Svrirne*trv

T= 2?5
U
C

= 5.0
T = 275°C

= 2.1
T =: 2o5°C

= 4.0

Tl U A

1
0.165 0. 037

0.715 0.446 O.638

B-.
2

-0. 086 -0. 022 -0. 093

"B^ Bo
1 ' 2

0.0 0.0

6l6 B
2

-0.19^ -0.102 -0.174

3
1

0.192 0.091 0.169

966 A
l

-0.190 -0.079 -0.183

1022 B
2

-0.134 -0.041 -0.171

159^ B
2

-0.114 -0.113

1912
1

-0.213 -0.091
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A.PPENDIX I

The Computer Program for the

Calculation of Relaxation Study

PROGRAM RELAX

1 PROGRAM AMOR RELAX
5 DIMENSION AC20)»BC 1 0 0 ) » C C 100)* DC 100)* E C 2 0 ) » E.*l C 100)* ESC 100)*
IOC FC 100)* R8 100)* ROC 100)* ST

8

1 00) * TTC 1 00)
15C STGC 100)»RRC 100)* EEC20)
35 READ 40*R1*WL*DGF
40 FORMAT < S* 1 X* F5. 2* 2X* E 1 0 . 3* 2X, F6 . 1)

50 READ 60* TE» DO* SLO* WO* ML* M

T

60 FORMAT CS» IX* F6« 1»2X»F5«1*2X»F5.2*2X*F5.2*2X> I3*2X* 13)
70 READ 80* CECJ)* J=1*ML)
80 FORMAT CS* IX* 8 C F4 • 1* IX)

)

105 DO 110 J= 1 * ML
106 ESC J)=EC J)- 1 .0
110 COMTIMUE
125 PRINT 126* TE
126 FORMAT C* TEMP = **F5«1)
127 READ 128* C CROC J)* J= 1*NL)
128 FORMAT C S> 1 X* 9 C F6 • 2* IX )

)

140 PRINT 142* EC J)
142 FORMAT C ///* ELONGATION RATIO = **F4.1>
145 PRINT 146
146 FORM AT C //* TIME STRESS E BIREF SOC*)
150 AC J)=W0*D0*0-00l*C2. 54)**2«0/EC J)
155 EEC J)=SQRTC EC J)

)

160 DCJ)=DO*0« 001*2. 54/EEC J)
162 READ* CRC I )* 1= 1*MT>
164 READ* CFCI )* I=1*MT>
166 READ* CTTC I )* 1= 1*MT)
170 DO 210 I=1*MT
175 STGC I )=FC I ) /AC J)
180 STC I )=STGC I ) *DGF
185 EMC I ) = STC I )/ESC J)

188 RRC I ) = CRC I ) -ROC J) ) /Rl
190 BC I )=RRC I ) *WL/DC J)

200 CC I ) = BC I )/STC I )

210 PRINT 220* TTC I ) * STC I )* EMC I )#BCI )*CC I

)

220 FORMATC 5X* F5. 1 * 2X> E9 • 3* 2A> E9 • 3* 1 X* »E9 • 3> 4X* E9 • 3>

222 MT=MT+3
230 CONTINUE
240 END
READY.



APPENDIX II

The Computer Program for the Calculation

of Stress Induced Crystallization Study

PROGRAM TIT

10 PROGRAM I NSFX ( I NPUT, OUTRUT, TATA* TAPE 5= DATA)
20 DIMENSION EC 20 > , R( 1 00 > , A( 20

)

, D( 20 ) » ST( 1 00 > , B( 1 00 ) * C( 1 00 ) ,

30+ TTC 1 00) » EM( 100), ESC 100)* HOC 100)
31 DIMENSION EC 1 00) , XOC 100),REAC 1 00 ) » X C SO ) , XX C 50 ) , X 1 C 50 ) , XX 1 C 50 )

35 Rl* 5. 36
36 VL=0. 0000546
40 READC 5, 42) PCI » FCO » SOC
41 42 EORMATC 4X, FS.2, F4. 1 , 2X, E75)
50 READC 5, 52)TE, DO, SLO, VO,NL,MT
51 52 FORMATC 3X, F6. 1, 1X,F4. 1, 1X,F5.2, IX, F5.2, IX, I 2, IX, I 3)

70 READC 5, 72) CEC J), J=1,NL>
71 72 FORMATC 3X.F5. 2)

73 READC 5, 75) CRC I ), 1= 1, 10)
74 75 FORMATC 3X, 10CF5. 1, IX)

)

78 79 FOPMATC 3X, 5CE6. 1, IX)

)

80 READC 5, 75) CEC I )• 1= 1, 10)

83 READC 5, 75)CTTC I ), 1=1, 10)
86 READC 5, 75) CREAC I ) , 1= 1, 10)
90 92 FOPMATC 3X, 2CF5. 1, IX)

)

105 DO 110 J= 1,NL
106 ESC J5-ECJ5-1*
109 110 CONTINUE
140 DO 218 J*1,NL
1 50 AC J)=VO*DO*0. 001*2. 54*2. 54/ EC J)

1 55 DCJ)= DO*0. 001*2. 54/SQRTCEC J)

)

169 FRINT 171, TF
170 171 FORM AT C * TEMP = *,F5« 1)

172 PRINT 174,ECJ>
173 174 FORMATC ///*EL0NGAT10N RATIO = *,F5.2)
175 PRINT 177
176 177 FORMATC//* TIME STRESS E BIREF SOC

178+ * LOG LOGI*)
179 DO 218 I=I,MT
180 ST< I )-C EC I )-FC0)*980.0/AC J)

185 FMC I )=STC I ) /ESC J)
186 ROC I )=R1*RFAC I )*1 7.4
190 PCI )=CFC I )-ROC I ))*VL/R1/DCJ)
200 CC I )=PC I ) /STC I

)

205 XCC I > = < PC I)-STCI)*SOC)/CBCI-STCl)*SOC)
206 X C I )= 1-XCC I

)

207 XXC I )=-AL00CXC I )

)

217 218 CONTINUE
220 XFG=XCC 1

)

222 DO 228 1=2, MT
223 IFCXCC I ) .GF.XEG)226, 228

225 226 XFG=XCC I

)

227 228 CONTINUE
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2 30 DO 245 I"1,MT
231 X!( I )=1-XC< I )/XFG
232 I F( XC( I >«CE*XFG>237> 234
233 234 XX 1 ( I ) = - ALO G ( X 1 ( I ) )

23 5 HO TO 24 5

236 237 XX 1 ( I )=0.0
243 245 CONTINUE
2 50 DO 270 I=1,MT
251 PRINT 260,TT(I),ST(I>,EMCI>,B<I>,C<I),XCCI>,XX<I>,XX1CI>
255 2*0 FOR*! AT( F6 • 1 # E9 • 3# E9 • 3* 1X,E9.3, 1 X, E9 . 3# El 0 . 4, F5. 3* 2X, F5. 3)
268 270 CONTINUE
280 END
READY .



APPENDIX III

The Computer Program for the Calculation of

Dynamic Birefringence

LIST D3S5
10 PROGRAM DBS
20 DIMENSION FC 1 00) , FRC 1 00) , FAFC 100) * STC 1 00) , E*!SC 1 00) ,
30C SHC 100), IK 100), THC 100),RTDC 100), BRC 100),FABC 100), CB( 100),
40C HA( 100), 3C 100), SDC 100),P7;CC 100),FP.CC 1 00) , DC 1 00) , TDC 100),
50C S0C( 100),OMEC 100), SOKC 100), SOKRC 100), SOKIC 100), TC 100)
55 DIMENSION £01 C 50), CFC 10)
56 DIMENSION EMRC 1 00) , EMI C 1 00)
60 READ, VL,DE,N,M, CFC
71 READ, <0:;E< J),J*1,M)
73 READ>CCFC J), J=»1,»M)

75 READ,C53ICl),Ial,N)
77 READ,CTCI ), I»1,N>
79 DO 495 J»1,M
80 READ, DO, SLO, SL, WO
8 5 PRINT S6,0*ECJ)
86 FORMATC /////* FREQUENCY * *, F6.3,* CYCLES/ SEC*)
99 READ, C FRC I ) # I a 1, N)
100 READ, ( FAFC I ), I = 1, N)
120 READ,CFRCC I )* I» l*N)
150 R£AD, C BRC i ) , I « 1 , N>
160 READ, CFABCI ),I» 1,N)
170 READ, CCBCI ) ,l»l,N)
180 READ,CHACl)#I»l,N)
190 READ, CBRCU ),1 = 1,N)
210 E=SL/SLO
220 D*DO*0. 001*2. 54/SQRTCE)
230 AaVO*DO*0. 001*2. 54*2. S4/E
2 '40 DO 490 I*l#N
250 FCI)»FRCI)*FAFCl)*CFC*CFCJ)
260 STCI)=»FCI)/A
270 EMSCI)*5TCI)/DE
280 SHCI)=FRCCI)/FRCl)
290 HC1)*ASINCSHCI))
300 THC I )*TANCHCI ))

310 EMRCI)«EMSCI)*COSCSHCl))
320 EMICI) = EMSCI)*SINCSHCI))
330 RTDC I ) »BK( I )*FABC I ) *CBC I ) /HAC I

)

340 BCl)=RTDCI)*WL/D>0.5*SBICI)
350 SDCI)=BRCCI)/BRCI)
360 DCI )»ASINCSDCI))
370 TDC I )»TAMC DC I )

)

380 SOCCI )=BCI )/STCI)
382 SOKCI)»BCI)/DE
384 SOKRCI)«SOKCI)*COSCDCI))
386 SOKICI)«SOKCI)*SINCDCI>)
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390 PRINT 400, TU)
400 FORMATC/V* TEMP « *,F6.I,* DEGREE CENTIGRADE*)
410 PRINT 420
420 FORMATC/* E * ER EI DIRE TANH STRESS*)
430 PRINT 440, F1SC I ) , EMP.C I ), EMI C I ) , BC I ) , THC t ) , STU )

440 F0RMAT(2X,4(E9.3, U),F6.3, K,E9.3>
450 PRINT 460
460 FORMATC/* K KR Kl C TAND*)
470 PRINT 430, SOKCI), SOKRCI), SOKI U ) , SOCU ) ,TDC I )

480 FORMATC 2X, 4C E9 • 3, IX), F6« 3)

49 0 CONTINUE
49 5 CONTINUE
500 END
510 ENDPROG



APPENDIX IV

The Computer Program for the

Correction of X-Ray Intensity

PROGRAM X

10 PROGRAM X-RAY INTEN CORR
15 DIMENSION XIC50)*BIC50)* THETA2 C 50 ) * THETA1 ( 50 ) * NC 10)*

16C A/1C 30) * WWC 30)
20 READ* NM, DEN
25 READ* CNC I )* WWC I )»AMC I )* 1= 1*NM)

30 T0T=0.0
35 DO 50 I=1*NM
40 TOT=TOT+M< I ) *WWC I

)

50 CONTINUE
55 DO 6 5 1=1* MM

60 WC I ) = NC I )*WWC I )/TOT
65 CONTINUE
70 SUM=0.0
75 DO 85 I=1*NM
60 SUM= SUM* WC I ) *AM CI)

85 CONTINUE
90 U= SUM* DEN
95 READ* D* COHIN* MM
100 READ* C CTHEA2C I ) * BI C I ) ) * I = 1 * MM

)

105 READ* CXI C I )* 1= 1*MM)

110 DO 200 1=1 *MM

115 PAI=3«14159
118 RA2=CPAI/180.0)*THETA2CI

)

120 RAl=RA2/2.0
125 THETAl C I ) = THETA2C I ) /2« 0

135 SECA1=1.0/C0SCRA1)
140 CRP0L=1 .0+CCC0SCRA2) )**2.0)

145 CRLORM .0/CSINCRA2)

)

150 CRB=BC I )*EXPC-U*D*SECA1

)

155 CRA=EXPCU*D*SECA1)/SECA1
160 C0R3=XI C I )-CRB
165 C0R2=C0R3*CRP0L*CRA
175 C0RR=C0R1*CRL0R
180 CORF=CORR-COHIN
185 C0R=C0RF*CSINCRA1)**2.0)*CC0SCRA1)

)

190 PRINT 19 5* CORF* THETAl * COR* XI C I

)

195 F0RMATCF10.0*F10-2*2F10.0)
200 CONTINUE
210 END
220 ENDPROG
READY

•
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