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1. INTRODUCTION

1

The distortion of molecular chains in amorphous

crosslinked networks from their most probable configura-

tion by Stretching gives rise to a decrease in configura-

tional entropy. As a consequence, the tendency toward

crystallization is so enhanced that even natural rubber

can crystallize upon stretching at room temperature.
e

Crystallization developed in rubber strtched in sim-A

pie extension has been directly investigated by X-ray,

Ik
density and other methods , When crystallization takes

place in rubber upon stretching, the resulting crystallites

prevent slippage of chain molecules past each other because

these crystallites act as multifunctional crosslinkages

.

As a consequence, raw rubber docs not show any plastic

flow at higher extensions. This was observed by Treloar^

from an experiment on the recovery of deformed rubber to

its original length upon warming.

From the X-ray work of Gehman and Field , it was

shown that the crystallites which were formed in rubber

upon stretching at room temperature were oriented with

their c-axis parallel to the stretching direction. The

crystal orientation resulting from the crystallization of

4
raw rubber upon stretching was also proposed by Treloar

from the observation of the increase in birefringence.

The crystallization accompanying the crystal oricn-
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tation may lead to substantial deviation from the kinetic

theory of rubber elasticity developed by Kuhn and Grun7,8

Q
and Treloar 7 if crosslinked rubber is used for this study.

Treloar10 showed that the hysteresis of the stress-strain

curve and the birefringence-stress curve of the crosslinked

natural rubber was a consequence of the oriented crystal-

lization.

Since crystallization of rubber upon stretching re-

sults in the growth of oriented crystals, the study on the

progress of crystallization may be complicated. It was ob-

served by Treloar that the increase in the birefringence

during crystallization at higher elongations is propor-

tional to the crystallinity determined from the density

method. Crystallization in stretched natural rubber and

synthetic rubber has been studied by many authors by the

observation of theassociated relaxation of tensile

11-17
stress '

. If slightly crosslinked rubber is used for

such studies, one can neglect the stress relaxation due to

the flow of amorphous chains. Then the stress relaxation

after the onset of crystallization may be related to the

development of the crystallization as well as to the mode

of crystal growth.

A statistical thermodynamic treatment of the crys-

tallization of polymer netv/orks held in simple extension

1 R
has been developed by Flory . It is assumed in his theory

that the chains which traverse the resulting crystallites
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are parallel to the stretching direction. He describes the

relation between the equilibrium degree of crystalline ty

and the stress at a given elongation. He also predicts the

stress relaxation accompanying the development of crystal-

lization and the increase of the melting temperature of

the crystallites.

This prediction of stress relaxation has been veri-

fied by many authors11,16,17 . If the rubber is stretched

before any crystallization takes place, subsequent crys-

tallization brings about a reduction in stress. In a cer-

tain conditions, the stress exerted to hold the rubber at

a constant length falls to zero, and the rubber shows a

1

9

spontaneous extension of its length .

The kinetics of crystallization under stress has

ii ]2
been studied by Gent and others ' by observing the cor-

responding volume contraction. It is observed that the

rate of crystallization increases enormously with the ap-

plied strain, and that the Avrami index decreases to values

close to 1.0 at high elongation, which suggests one-dimen-

sional crystal growth.

The influence of strain on the crystallization is

also reflected by the change in the superstructure of the

crystallized materials, which causes substantial changes

in the physical and mechanical properties in rubber net-

2 0
work. This was shown by Andrews , using the electron mi-

croscope for studies of the morphology of natural rubber
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crystallised under stress. He observed that at lower strain,

the crystalline filaments ( 0( - filaments) grow perpendic-

ularly to the strain direction and at higher strain, other

kind of crystalline filaments ( \ -filaments ) run in the

strain direction. It was proposed that the nuclei of o(
-

filaments are formed spontaneously along the strain direc-

tion but can not grow laterally at high elongation because

of the existence of nuclei close to each other.

Crystallization may be entropically expected to de-

pend upon the orientation distribution of the amorphous

chains brought about by the strain before the onset of

crystallization. When the crystallites are formed during

stretching, they may act as additional crosslinkages . As

a consequence, the average degree of alignment of chain

molecules increases drastically with increasing elongation.

This is due to the rapid increase in the number of effect-

ive crosslinks with elongation. The crystallization is

accelerated by the elongation for this reason. Then the

Young's modulus of rubber increases drastically with in-

creasing elongation. This is often observed from the pro-

10 21
nounced upward curvature in the stress-strain curve

The mechanically and physically anisotropic properties

of crystalline polymers are affected by the oriented crys-

tallization. The crystal orientation in solid polymer is

important for obtaining specific properties appropriate

for certain applications of commercial products. The rr.e-
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chanical strength and the transparency of films, fibers

and bottles arc brought about by the industrial processing

operations ' which affect the crystalline morphology.

The usual industrial procedure for inducing the crystal

orientation in the crystalline polymer are extrusion,

spinning, blow and injection molding, as well as the cold

drawing process. Many of . these processes involve the solid-

ification during flow of melt. As a consequence, the ini-

tially formed crystallites during solidification may take

parts in the network as crosslinking points for the stretch-

ed amorphous melt. This causes the further orientation of

amorphous chains v/hich accelerates the crystallization in

a specific direction, depending upon the strain direction

and the temperature gradient in the melt. Then the mecha-

nism of crystal orientation in these processes may depend

upon the rate of deformation or shear, and upon the tem-

perature of deformation and solidification.

Many extensive studies have been carried out on the

crystal orientation resulting from these processes because

of the commercial interest in the development of new prop-

erties of solid polymers.

Keller and Maehin '

'
2 ^ studied the mechanism of the

stress-induced crystallization from the me.lt of polyethy-

lene by observing the superstructure in the crystallized

state. They proposed that crystallites grow from the fibril

nuclei which are formed from the extensional flow of the
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molt, and that at low stress the lamellae crow perpendicu-

larly to the Strain direction with the random orientation

of the a- and e-axes around the b-axis, to give a texture

of spherulitic disks, but that at high stress the lamellae

are lie flat in a plane perpendicular to the stretching

direction without twisting about the b-axis, to give the

c-axis orientation parallel to the strain direction. These

are schematically illustrated in Figure 1

.

29 30Stem and his coworkers 7%J observed from the cross-

linked polyethylene crystallized at stretched state that

there exists a-axis orientation with negative birefringence

at low elongation and that the c-axis orientation appears

preferentially at high elongation.

From the similar experiment of polyethylene, Krig-

31
baum and Hoe observed that the b-axis is always perpen-

dicular to the strain direction in the whole range of elon-

gation and that in addition to this, the preferential c-

axis orientation takes place with increasing elongation.

A much more complex system of crystallization under

stress is injection molding, because the gradients of tem-

perature and stress in polymer melt after the onset of

crystallization are considerably large. Then the morpholo-

gy of molded material is changed with the depth from the

surface to the inside. The extensive studies on the morpho-

32
logy of polyoximethylene molded bar was carried by Clark-' '

33, His observation is schematically illustrated in



Figure 2. Near the surface of the mold wall, the lamellae

are oriented perpendicular to both the surface of the wall

and the injection direction. These lamellae grow toward

the inside of the sample with their growth, and the pre-

ferential orientation with respect to the injection di-

rection is lost because the shear stress in melt after the

molding decreases with development of the crystallization.

The sphcrulite texture is observed close to the inside of

the sample because of the absence of temperature and stress

gradients there.

These practical solidification' are complex, prima-

rily because they are not the isothermal. It is more sim-

ple and straightforward to study the crystallization pro-

cess under stress under isothermal conditions. If the long

chain molecules are crosslinked, it may be possible to

specify the amorphous orientation before Dry crystalliza-

tion takes place. It may be also possible to apply the

kinetic theory of rubber elasticity to the amorphous phase

3/4, 3 <
during crystallization .

Since the birefringence of crystalline polymer depend

upon the crystal orientation as well as the crystallinity

,

the increase in the birefringence during crystallization

may give a clue of understanding the crystallization pro-

cess under stress, just as the stress relaxation does.

Light scattering measurements^ '^ using techniques

developed in our laboratory may help further understanding
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the mode of crystal growth and the crystal orientation in

this crystallization.

In this work, trans 1 ,
polybutadiene was chosen be-

cause it is readily crosslinked , and because it may be

easily extended in the amorphous state and crystallization

occurs over a convenient temperature range.



II. THEORETICAL

9

The X-ray diffraction method is one of the best ab-

solute methods for determining the crys tallinity of crys-

talline polymers^8" 1
. It may, however, be impossible to

follow the crystallization by observing the change in the

X-ray diffraction intensity with time because of the long

time required for the measurement of X-ray diffraction in-

tensity. Consequently, it becomes necessary to develop other

methods to follow crystallization under stress.

The birefringence of a crystalline polymer may be

represented by the equation '
J

a= ac
x
c Aa ft - V + a

f

where ^ and A are the birefringence values per unit

volume of crystalline and amorphous materials, respectively,

A is the form birefringence, expressing the contribution

of an anisotropic boundary between the crystalline and the

amorphous phases , and X is the volume fraction of crys-

talline phase. The crystal and amorphous orientation func-

tions, f and f may be related to the values A and A,
' c a c a

respectively by the following equations

A = A° f n (2)
c c c

A = A0
f (3)^a a a

where A° and A° are the intrinsic birefringence values
c a

for the pure, completely oriented crystalline and amorphous

phases, respectively.
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By replacing eq.(2) and (3) in eq.(l) and neglecting

Apt GC1«(1) is transformed to the equation

A = A0
f x + A° f (1 - X ) (k)

c c c a a K

c J K '

This equation may describe tl. relation between the crvc-

tallinity and the birefringence during crystallization

under stress.

If the Kuhn-Treloar relation8 '^' ^ between the bire-

fringence and the stress which occurs in the perfectly

amorphous network is still sufficient for describing the

amorphous phase during crystallization under stress, the

value may be related to the tensile stress through the

stress-optical coefficient by the equation

\ = C
T

- <S (5)

where C- is the stress-optical coefficient of amorphous

network at the crystallization temperature and d is the

measured stress. Since the stress-optical coefficient of

8 9^-5
the amorphous network is given by the equation '

1

c =

.
( "

2

_
+ 2)2

(b
x

- v s
(6)

^5kT n

where n is the average refractive index, (b
1

- b
2 ) s

is the

polarizability difference for the amorphous statistical

segment, k is Boltzmann constant, then C,
r

is determined by

extrapolating the experimental values of stress-optical

coefficient above melting point to the crystallization

temperature. The values of C,
r

for trans 1 ,4-polybutadiene
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are determined as 0.^15, 0.^25 and 0.^35 X 10" 3 cm
2
/Kg for

'95. 90 and 85 C of the crystallization temperature, respec-

tively, in this work.

The orientation of crystallites produced during crys-

tallization under stress may not be perfectly parallel to

the stretching direction but depend upon the elongation

ratio and the crystallization temperature. Then, it is

necessary to determine the crystal orientation function

f by the X-ray method or others in order to estimate the

crystallini ty from eq.(^). In this work, the value f of
c

trans 1 ,^-polybutadiene was determined from the intensity

distribution of the diffracted X-ray of the (100) plane,

assuming that the crystal orientation in the final state

of crystallization is the same throughout crystallization.

The value of A may be estimated from the theoreti-
c

cal calculation of the polarizability difference of the

polymer chain in the crystal - b
2

)
c
using the additi-

vity of bond polarizability values which have been given

by Denbigh^
,Z^. A° may be related to the quantity (b., -

b 9 ) by the differentiated Lorenz-Lorentz equation

° "
9 n V

c

where n is the average refractive index of crystal,

(b - b„) is the polarizability difference of the repeat
v

1 2'c

unit in the unit cell, V is the volume per repeat unit

in the crystal. Trans 1 ,^-polybutadiene possesses the al-
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ternative zigzag conformation of 1 e planar butadiene unit

Z\° of this polymer is determined as 0.184 cm3 . The

procedure for this calculation is given in Appendix I.

The simultaneous measurement of birefringence and

stress may give the crystallinity of stretched trans 1,4-

polybutadiene during crystallization. For example, the

birefringence at 85°C of crystallization temperature is

represented by the equation

A - 0.184 f X n + 0.435 x 10~ 3
- tf(l - X ) (8)

where f = 0.70, determined by the X-ray method.

By assuming that the crystallites are perfectly ori-

1 R
ented parallel to the stretching direction, Flory has

developed a theory for the crystallization of rubber which

relates the stress for a rubber at elongation 0( to the

crystallinity according to the equation

4 = N
c
k T [(C*

2
- 1/cO - ot(6n

s /ic)
l/2

X
c ] /(l - X

c ) (9)

where (f is the stress per actual area, 0( is the extension

ratio , n is the average number of statistical segments

between crosslinking points, and N is the number of chains

per unit volume. The reduction in stress during crystalli-

zation is a consequence of the decrease in orientation of

the remaining amorphous network chains.

The value n may be estimated by dividing the number

o 3
of segments per cm^ N

g
by the number of chains per cm

N ,or by dividing the molecular weight of a chain between

crosslinking points M by the molecular weight of a segment



V < 13

n
s

= M
c
/M

s (10)

The value M
c

is calculated from the intercept of

Mooney-Rivlin plot 9*5°
t represented by the equation

ZC
X

= f-RT / M
c (ii)

where
J>

is the density of amorphous phase of trans

polybutadiene. The value M of this polymer which is used

for the experiment of crystallization under stress is

16200.

The value M may be experimentally estimated from

the polarizability difference of the statistical segments

(b^ -
^2^s

w^ ch ^ s experimentally determined from eq.(6).

If it is assumed that the optical anisotropy of the statis

tical segment is proportional to its length and is equal

to the summed value of monomer units along it, the value

M may be expressed by the equation
s

M
s = M

o < b
l

- Vs / < b
l

" Vo < 12 >

where M is the molecular weight of monomer unit, and
o

(b< - bo) is the anisotropy of monomer unit. The value
x

1 2 o

(b - b
? ) Q

of trans 1 ,
polybutadiene has been calculated

by several authors^
2 "-^. Using Fukuda's value^

2
for (bj

- b n ) , the value M_ of trans 1 ,4-polybutadiene is deter-
2 o s

mined as M = 186. This value corresponds to n
g

= 87.

If Flory's assumption on the orientation of the sub-

sequent crystallites is sufficient for the crystallization

of trans 1 , ^-polybutadiene in this work, the progress of



crystallization may be simply followed by observing the

stress relaxation alone during crystallization, using

cq. (9)

.



Ill EXPERIMENTAL
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1
. Sample preparation

Trans 1 , *J—polybutadiene was obtained from Phillips

Petroleum Company (Bartleville
, Oklahoma). This sample was

designated Trans -'4- and reported to contain 91% trans

isomer. This polymer was crosslinked with a conventional

curing agent, dicumy] peroxide, after purified by precipi-

tation from benzene solution by methanol. Dicumyl peroxide

(25 to 50 mg) was added to the benzene solution of purified

polymer at concentration of 5 gr/100 ml and then the films

of 5 to 10 mi] thick were cast on a glass plate. After

evaporation of benzene in vacuum, films were crosslinked

at 150°C at 6000 psi for 60 min in a laboratory press in

v/hich the films were held between metal plates covered

with cellophane films. After curing, the films were cooled

in air. Samples of proper size were cut from these films.

The composition of original purified polymer was

determined as 85% trans-content from infrared spectra using

56
Morero 1 s method . The melting point of the crosslinked

polymer was determined by differential scanning calorimetry.

Purified polymer v/as used for the film preparation

as soon as possible because it was observed that sponta-

neous crosslinking occured after two v/eeks of the storage

in vacuum.
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2. Measurement of stress-optical coefficient

of the amorphous network

Stress and birefringence were measured simultaneously

by using the table model Instron tensile tester equipped

with the optical attachments, a mercury lamp, a polarizer

and a Babinet compensator^. The sample was held in the

chamber, through which a flow of air passing through a

heater was circulated. The schematic diagram of this appa-

ratus is shown in Figure 3 .

Samples of dimensions, 0.35 inch x 1.5 mil were for

these measurements. After the sample which was clamped in

the chamber reached a given temperature above its melting

point, the initial length at zero stress was measured.

Then the sample was stretched stepwise by 0.02 inch every

10 min. The measurement of the retardation and the stress

was carried out 10 min after streching the sample, by

reading the equilibrium values of both.

The birefringence was calculated from the retardation

using the equation"^

where \ 0 is the wavelength of mercury light in vacuum

(5^61 A), d is the thickness of the film and R is the

retardation measured in units of number of wavelength.

The value R was determined from the equation

A = (*»/d) R (13)

0
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where ax
q

is the distance along the wedge in the compensa

tor corresponding to one wavelength of retardation and

ax is the amount of shift in the fringe pattern of retar-

dation.

The stress-optical coefficient was calculated from

the slope of the birefringence value versus stress.

3. Measurement of stress and birefringence

during crystallization under stress

Crystallization of the stretched sample was carried

in the same chamber used for the measurement of stress-

optical coefficient. The sample was streched in the chamber
A

at 110 C (above its melting point) and held in this state

for 10 min. Then the sample was cooled down to the crystal-

lization temperature by circulating preheated air at this

temperature. Within 2 min after circulation of the air,

the temperature in the chamber became constant. At this

time, the measurement of the retardation and the stress

was started. The measurement was continued until it became

impossible to measure the retardation because of the in-

crease in turbidity of the film with time due to its crys-

tallization.

The increase in birefringence and the decrease in

stress were observed with the development of crystallinity

.

Using the value of stress-optical coefficient of the amor-
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phous network at crystallization temperature Cr the

birefringence Of the amorphous phase during crystallization

4a wa:j calculated from the same equation developed for the

completely amorphous network by Kuhn-Crun
8

and by Trcloar°

Aa-cytf
(15)

where is the stress during crystallization. This involves

the assumption that the stress on the amorphous region is

the same as the total stress on the polymer and that the

stress-optical coefficient of the amorphous region in the

crystalline polymer is the same as that in the completely

amorphous polymer.

4. Iv.easuri ment of the orientation function

of crystallites resulting from the crys-

tallization under stress

The diffracted intensities of the sample without

strain were measured at various Bragg angles (26) by the

normal-beam transmission method, using the dynamic X-ray

5°
diffrac tometer . The measurement of intensities was made

at every 0.5° of 2 0 in the range of 10 to 15°. From 15 to

25°, it was carried at every 0.2°, and from 25 to 30° at

every 0 5° again. The measurement of the intensity distri-

bution with Bragg angle scanning was carried at several

temper; turcs from room temperature to above the melting

point.
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The intensities of diffracted X-rays at various Brace

anCles were corrected for polarization, absorption, Compton

scattering and the background intensity, according to the
60

equation

I
corr

= K
pol

K
abs (I

exp " I
bkg ) " I

Compt (l6)

where

I
corr = corrected intensity

3"exp
= experimental intensity

*bkg
= t,ac^Srounc^ intensity

I
cornpt

= Compton scattering (incoherent) intensity

K
pol

= P°lar i za '

t ion correction factor

K
abs

= correc 'ti-on factor for sample absorption

and changes in scattering volume

The Compton intensity is given by the equation^
0

I = K F (17)compt compt incoh n

where

p. . = y x. (z.- n f . /) (is)
incoh 4-* 1 1 ij

J*'

where

x^ = mole fraction of atom type i

Z^ = atomic number of atom type i

4- V\

f^. = scattering factor for the j electron of the

i
th atom

Kcompt
= 0XPerimentally determined constant, inde-

pendent of 2 0
61

In a previous report from this laboratory ,
K
compt

was evaluated by assuming that at a sufficiently high 2 6
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value (50° was used), the entire sample scattering inten-

sity conrists of Cornpton scattering. However, Krimm and
62

Tobolsky did not assume that the coherent intensity

vanishes at large angle 28. In this work the previous
f 1

method developed in our laboratory was chosen for its

simplicity. Then the value of K
cQmpt is given by the equa-

tion

K
compt = WMiMto&O)

where

1(50°) = intensity of diffracted X-ray at 2$ = 50°

F. r ,
/ i;aOv b the value of F. . at 2 0 = 50°mcoh(50 ) mcoh v J

Then, the Cornpton scattering intensity at various Bragg

angles was calculated using eq.(17). The atomic scattering

factors used in eq.(l8) are taken from International Tables
/To

for X-ray Crys tallography

The polarization correction factor was calculated

from the equation

K
Ql

= 2/(1 + cos
2
20) (20)

The absorption correction factor was calculated from

6 ^ 66
the equation derived by Gingrich 0l for the incident

beam normal to the film surface

yUd(l - sec 28)
( 21 )

K
abs exp[//d(l - sec 29)] - 1

where

JU = linear absorption coefficient

d b thickness of the film
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The linear absorption coefficient U was calculated

from the equation

P =J>Sw (22)

where

f = density of the sample

/: = density of the i element

w
i

* weight fraction i
th

element in the sample

= linear absorption coefficient of i
th

element

Th e ratio i/Yf)^ of i element is taken as the mass ab-

sorption coefficient from the International Tables of X-

ray Crystallography '.

A computer program for calculation of the corrected

intensity of diffracted X-ray is shown in Appendix II.

Orientation functions of crystallites resulting from

the crystallization under stress were measured by using

the same X-ray diffractometer mentioned above. Crystrlli-

zation of the stretched specimen was carried in the heated

chamber provided with the X-ray diffractometer , whose tem-

perature was controled by circulating heated air. After

the crystallization proceeded for more than 5 hours, the

measurement of the diffracted intensity from the (100)

plane of the hexagonal crystal system of trans 1,^-poly-

butadiene ' was started at various azimuthal angles.

Azimuthal scanning was carried at every 5° from 0 to 90°

of the azimuthal angle. The geometry of the experimental

system is shown in Figure h.
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Assuming that the intensity of the amorphous halo

is symmetrical with respect to its maximum position, the

intensity of the diffracted X-ray from the amorphous phase

at Bragg angle of the (100) reflection was estimated. The

intensity at the Bragg angle which is a symmetric position

of the (100) diffraction peak with respect to the maximum

position of amorphous halo may be identical to the inten-

sity of the amorphous halo at Bragg angle of the (100) re-

flection, according to the above assumption.

The correction of X-ray intensity was done by the

same method described above.

The orientation function of the (100) normal of the

hexagonal crystal system (high temperature form) was cal-

h?cu]ated as follows

The orientation function of the (100) normal is ex-

pressed by the equation

f
ioo = (3 cosZ

°<ioo - (23)

If the incident beam is tilted at O10Q and the detector

was set at (180° - ©10Q ) with respect to the normal of the

, , 2Z may be represented by the
sample film, the value cos CX nn

equation

COS?0U = siri2^ioo
(2t°

where A™ i s "the azimuthal angle. The value sin H 100

wa s estimated from the equation
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where K-f2 100 ) is the relative intensity of the diffracted

X-ray by the (100) plane at the azimuthal angle -& 10 .

The coordinate system used here is shown in Figure 5.

The orientation function of the (100) normal was

measured at several extensions from 0U 1.0 to about 2.0

at two crystallization temperature, 85 and 95°C.

A computer program for calculation of the orientation

function of the (100) normal by the above procedure is

shown in Appendix III.

5. Calculation of the crystallinity

The crystallinity was calculated from the birefringen

value and the stress measured simultaneously and the value

of orientation function determined by X-ray method, as

follows.

The observed birefringence value during crystalliza-

tion may be exp o>ssed by the equation

A= Ac
x
c
+ 4ad - V AF (26)

where A and A are the birefringence values per unit
c a

volume of crystalline and amorphous materials, X
Q

is the

volume fraction of the crystalline phase, and A
p

is the

form birefringence. The values A
Q
and Aa

may be evalu-



ated from the following equations

A: = f
c
A

c (2?)

A a = (28)

v/here A° is the intrinsic birefringence of the crystal

and f is the orientation function of the crystal. The

value of the stress-optical coefficient of amorphous net-

work at the crystallization temperature C,p was estimated

from the plot of the stress-optical coefficient versus

temperature above the melting point. The value A° was the-
c

oretically determined from the crystalline structure and

chain conformation of the high temperature form of trans

1 ,4-polybutadiene, using the principal of the additivity

of bond polarizabilities^ . The method for this calculation

is shown in Appendix I.

Combining eq.(2?) and (28) with eq.(26) and neglect-

ing A p
, the change in crystallinity during crystallization

under stress was calculated.

6. Photographic measurement of small angle

light scattering

The light scattering pattern was me; ;ured by the

conventional method developed in our laboratory, using

the monochromatic laser as a light source . The experi-

mental system is shown in Figure 6.

The light scattering patterns of the film quenched
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at the dry icc-methanol temperature from the molten state

with and without strain were measured at room temperature.

For the slowly cooled film from the molten state without

strain, it was necessary to use very low film thicknesses,

less than 2.0 mil because of the great amount of scattering.

However, the thinner films did not give the same scattering

pattern at different positions, probably because of inhomo-

geneous strain d.l stribution in the film.

The light scattering patterns during crystallization

without strain were measured using the hot stage designed

for the study on the phase transition of liquid crystals.

It took about k min to cool the specimen in the hot stage

from 120 to 85°C (crystallization temperature).

For the experiment of the crystallization under strain,

the film was stretched first. The stretched film was clamped

between small metal frames and then set in the hot stage.

In order to obtain the homogeneous elongation upon stretch-

ing the film, the stretching was carried at about 50 C.

The stretched sample in the hot stage v/as heatc d at

125°C for 10 min and then cooled down to the crystalliza-

tion temperature. Temperature was controlled using an ele-

ctric temperature controller (Versa-Therm)

.

The sample to film dirtance was set to about 16 cm.

Exposure time was varied from 2 to 1/100 sec. to obtain

the appropriate intensity on the picture, except when com-

paring the intensity differences with each other.
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The experimental system for light scattering is il

lustrated in Figure 6.

To avoid surface scattering of the film, both side

of the film were covered with microscope cover glasses

using a silicon oil immersion fluid. The refractive inde

of silicon oil was chosen to approximately match that of

the polymer film.



iv. result:; and discussion

1. The depression of the melting temperature

due to the introduction of crosslinkage

The variation of the melting temperature of uncross-

linked trans 1,4-polybutadiene with the trans-content in

shown in Figure 7, together with the results by several

authors '
" ~ J

. The melting temperature decrease.-s with

decreasing trans-content as theoretically expected.

This is because cis- and vinyl-isomers randomly distributed

along trans-isomer chain may be excluded from the crys-

talline phase because of their structural irregularity.

The melting temperature of pure trans 1 ^-polybutadiene

has been reported to be l48°C .

Introduction of chemically and structurally different

units into a homopolymer given rise to come change in

the size and perfection of crystals as well as the rate

7 5of crystallization
i
since such units can not occur in

76 77
the crystalline phase. According to Flory's theory' ' '' of

the fusion of copolymers, the depression of the melting

temperature for random copolymer, consisting of A units

which crystallize and 3 units which do not, may be repre-

sented by the equation

1/T
m

- l/T° = -(R/Wl
u
)lnX

A (29)

where T° is the melting temperature of homopolymer A,
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^H
u

is the heat of fusion of cryatallizing unit A, x is
A

the mole fraction of A units in the random copolymer and

R is the gas constant. The depression of the melting tem-

perature was calculated, using 4I
U

= 1100 cal/mole^8 and

T
m

= ^ 21
°
K ' This iG shown as a solid line in Figure 7.

There exists quite a good agreement between the theoretical

and experimental values*

V/hen trans 1 ,4-polybutadiene (T = 96°C) was cross-

linked with dicumyl peroxide, a further substantial reduc-

tion in the melting temperature was observed. The varia-

tion of the melting temperature of crosslinked trans 1,4

-polybutadiene with the molecular weight of network chain

M is shown in Figure 8. m was determined from the inter-
c c

cept of Mooney-Rivlin plot which will be discussed later.

The melting temperature appears to depend appreciably

upon the degree of crosslinking. This is attributable to

the steric irregularity of segments around the cross-

linking points.

It has been shown by Mandelkern and his coworkers'

that for natural rubber network, the melting point de-

pression depends only on the fraction of crosslinked units

and not appreciably on the nature of the crosslinking

process. Kuhn^'
80

and Mandelkern
1

have studied this

type of depression of melting temperature for cis-poly-

butadiene network crosslinked chemically and for poly-

ethylene network crosslinked by irradiation, respectively.
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Since in the process of crystallization, the chain

units involved in crosslinkage may be excluded from the

crystalline region and exist in the amorphous region, an

increase in the entropy of fusion AZ will be expected,

compared with an uncrosslinked polymer. As a consequence,

if the heat of fusion AH^ is independent of the introduc-

tion of crosslinking, the melting temperature must be

depressed as given by the equation

T AH /AS (30)m nr m KJ 1

79 82
Florjr' 1

" has theoretically predicted that the introduc-

tion of crosslinking will cause a depression of the

equilibrium melting temperature. According to his theory,

a reduction in the melting temperature for the networks

may be represented by the equation

1/Tm
- l/T° = (R/AH

u )-j> (3D

where j
5 is the fraction of units involved in crosslinkage.

Then if the depression of the melting temperature due to

crosslinking is measured, one can estimate the number of

segments around each crosslinking point excluded from the

crystalline region as follows.

Since f is the ratio of the number of units N
u

involved in crosslinking and excluded from the crystalline

region to the total number of units N° included in net-

works, f is given by the equation

P = N /N° (32)
* u u

If it is assumed that N is proportional to the number
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of chains and that they have the same number of units at

their crosslinking points, which are excluded from crvs-

talline region, then

N
u

= K-P
(33)

where K is a constant. Since 9 and N° are given by the

equations

£ = (Vm
c
)A (3*|.)

N° = (Vm
0
)a (35)

where f0 is the density of amorphous network, A is

Avogadro's number, M and M are molecular weights of

the chain and the monomer unit, respectively. Then,

eq.(32)is transformed to eq«(3.6)

j> = K(M
Q
/M

C
) (36)

By replacing eq.(3^). in eq.(31),

(T° - TJ/T T° = (R/AH ,) • K-I.1 (lA'i ) (37)m m mm u o ' c

As a consequence, (T - T
m )/Tm

ma^ De inversely propor-

tional to M and the K value will be calculated.
c

The quantity (T° - T )/T is plotted against l/iff

in Figure 9 . There exists quite a good proportionality

between (T° - T )/T and l/M which gives K = 10. This
v m m m c

means that each network chain may have five monomer units

around its crosslinking point which can not participate

in crystallization. Since the number of monomer units

per statistical segment in amorphous netv/ork of trans 1,

4-polybutadiene is about 3.5, then 1 *k segments per chain

at a crosslinking point may be prohibited to crystalliza-
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From the dimension of unit cell of trans 1 ,^-poly-

butadiene the radius of a cylind deal segment is calculated
o

as r
Q

a 2.5 A. Since the length of the segment is 3.5 x
o o

4.65 A = 15«3 A, the volume around each crosslinking point

v
Q
which is sterically prohibited volume to crystalliza-

tion is calculated as

v
Q

1.7 x 10~21 cm3

This value is in a good agreement with Gent's value^for

cross? inked natural rubber v = 5.1 x 10"21 crrr^. He esti-

mated his value from the volume contraction accompanied

by crystallization.

The reduction in the segment mobility due to cross-

linking may give rise to a significant effect on the

retardation of the secondary nucleation on the crystal

surface and the subsequent crystal growth. Then it might

be said that the real number of segments at each cross-

linking point which are prohibited from participating in

crystallization is larger than 4 x I A = 5.6, obtained in

this work.

In the basis of thermodynamic consideration of the

fusion of polymers, eq.(31)may not be applicable when

there are some restictions in the size and perfection of

crystallites. In fact, the film of trans 1 , ^-polybutadiene

was observed to become transparent with an increase in

the degree of crosslinking. This may be attributed to the
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decrease in size of crystallites and the imperfection of

the crystallites as well as the decrease in crystallinity

and the decrease in size of the crystalline superstructure.

Mandelkern fn
- has observed from the change of the half

width of the (110) diffraction peak of crosslinked poly-

ethylene that crystallization can not be developed in such

a way that crystallite is as perfect as that of the non-

crosslinked polymer.

2. The stress-optical coefficient and the

anisotropy of the statistical segment

of the amorphous network

The stress-strain relations for the amorphous net-

work of tra is 1 ,4-polybutadiene in simple extension are

shown in Figure'!. 0. The variation of the stress with strain

gradually deviates from a linear relationship at higher

extensions than - l/0( = 0.6. This non-linearity of the

stress against the value (o(- plots is attributed

to the physical interaction between network chains, such

as molecular entanglements.

The statistical theory of rubber elasticity may

describe the stress-strain behaviour of a crosslinked

ideal rubber by the equation

{ = N
c

K T (0(- lM) (38)

where N is the number of chains per unit volume, c( is
c
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the extension ratio, and k is Boltzmann's constant. For

strains below those which give rise to the non-Gaussian.... 8.^5, 85-87
chain distribution due to the finite extensibility of

network chains, the stress may be represented by the equa-

tion proposed by Mooney and Rivlin^9»50

(f/( 0(
2
- ifa) = 2C

1
+ 2C

2/cV (39)

The constant C- is dependent upon the decree of crosslink-

ing and is associated with elastic modulus. The constant

C
2

represents deviations from the kinetic theory of rubber

elasticity. It is independent of the degree of crosslinking.

A Mooney - Rivlin plot for trans 1 , 4-polybutadieno

for various degrees of crosslinking at 110°C is shown in

Figure Hi The molecular weights of network chains deter-

mined from the equation 2C^ b^RT/M are indicated in the

same figure. The deviation of the stress from the kinetic

elasticity theory is reflected by the slope of this plot.

It is clear that the slope of each plot is not affected

by the degree of cross linking.

The optical anisotropy of the deformed netv/ork arises

from the orientation of anisotropic statistical segments,

which is induced by elongation. According to the theoret-

ical treatment by Kuhn and Grui?

'

8^ and by Treloar^'- 8
,

on the optical properties of the Gaussian network subjected

to a simple elongation, the refractive indecies of the

strained network for light with its electric vector parallel

to the extension direction n- and with its electric vector
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perpendicular to the extension n
£

are given as the equa-

tions

_ (n
2

+ 2)
2

kit

*l
= n +— — N

c^
b
l

- Vs< Bt* 1/^)^0)

_ (n
2

+ 2)
2

2 7C
n
2

= n — N (b - b ) (
C(

X
- 1^) (in)

n 135

where and b
£

are the principal polarizabilities of the

statistical segment parallel and perpendicular respective-

ly, to its axis, and n is the average refractive index of

the network which is assumed independent of the strain.

Then the birefringence of the stretched network is given

by the equation

(n
2

+ 2)
2

211: 0
An = m . n2 = = N (b _ b } ( 1/q/)

n ^5

(^2)

If this equation is combined with eq.QS), one can

obtain the linear birefringence-stress relation

an = C-rf (W
where C is the stress-optical coefficient which is inde-

pendent of the strain^ '

(n
2

+ 2)
2

2 1C

c = (b. - b2 ) g m)

Since eq.^f^) does not involve N , the stress-optical

coefficient is independent of the degree of crosslinking

of the network and characteristic of the molecular prop-

erty of the chain.



35

The variation of the birefringence for trans 1,4-

polybutadiene at 110°C with stress is given in Figure 12.

There exists quite a good proportional relation between

the birefringence and the stress even if the stress was

observed to significantly deviate from eq.(38). The

slopes for these plots at the same temperature of measure-

ment are not appreciably changed with the degree of cross-

linking.

The stress-optical coefficient given as the slope of

the birefringence-stress relation in Figure 12 is shown

as a function of temperature in Figure 13. The strain -

optical coefficient increases on the same curve with de-

creasing temp- ture, irrespective of the difference in

the degree of crosslinking. This variation may come from

changes in the temperature of measurement, refractive

index, and the optical anisotropy of the statistical

segment. At the temperatures in this work, the effect of

2 2
the refractive index change on the value (n + 2) /n was

negligibly small. Then the stress - optical coefficient

may be a measure of the optical anisotropy of the statis-

tical segment at various temperatures.

The optical anisotropy (b
1

- b
2 ) g

calculated from

eq.(^) is given as a function of temperature in Figure
o
q

x iit A value of (b
x

- b
2 ) g

- 12.3 A
J
for the 85% trans-

content sample at 110°c was observed in this work. Values

of 10.2 A 3 at 100°C by Fukuda
5

2

and 8.56 A 3 at 95°C by
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89
Nagai for 91% trans-content have been reported. These

values are slightly different from each other. Figure 14

shows that the values - b
2 ) s

decrease with increasing

temperature. This decreases by about 15% as the temperature

is increased from 100 to 1^0°C. It has been reported by

Volungis and Stein 9 ° and by Gent and Vikroy
91

that the

value (b^ - b
2 ) g

for crosslinked polyethylene decreases

by 10 to 30% with increasing temperature from 120 to 1?0

C. If one assumes that (b- - b
2 ) g

is proportional to the

length of the statistical segment, this may show that the

segment becomes shorter and less stiff, or more flexible

as temperature is increased.

As has. been mentioned before, it is observed that

there exists an accurately proportional relation between

the birefringence and the stress. Since the stress-strain

relation is observed to fit the hooney-Rivlin equation,

the birefringence-strain relation may also be represented

89 92
by a Mooney-Kivlin type equation '

W(c*2- l/o() = B
1

+ B
2/« .

(^5)

The above observations have been reported for natural

93
rubber and gutta-percha by Saunders and by Smith and

9 ^4-

Brett , and for cis-butadiene and cis-isoprene rubbers

. 92
by Nagai

In the similar manner as before, the stress-optical

coeffici< nt may be given as
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C = —i £ (/+6)

2(C
X

4 G
2/o<)

Since Cj/Cg * B
1
/B

2
was observed by Nagai

92
, C may be

strain - dependent. But the fact that the stress-bire-

fringence has an accurately linear relation in this work

may Show that C^/Cg ^ within some experimental errors

which may mostly come from the difficulty in the precise

measurement of homogeneously elongated length. In order

to estimate the variation of the birefringence from the

change in stress, it may be quite useful to eliminate the

extension terms ( 0( - l/o() and (B- + B
2/fy)

by taking the

ratio of the birefringence to the stress. The amorphous

contribution to the total birefringence during crystalli-

zation under stress is evaluated from the change in the

stress. This will be discussed later.

The deviation of the stress from the kinetic elasti-

city theory which is represented by C
2

shows that (b^ - b
2 )

s

obtained for unswollen state is not a true optical ani-

sotropy characteristic of the statistical segment itself.

95 96
Many authors have noticed that C

2
decreases for the

swollen state with swelling ratio and approaches zero.

The network chain may become isolated due to the loss of

physical molecular interactions caused by swelling. This

may reduce the internal field effect of dipoles on the

birefringence

.

q 9 . 92
Recently it was reported by Gent-'' and by Nagai
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that the stress-optical coefficient of amorphous networks

of 1,4-polyisoprene and 1 ,^-polybutadicne are appreciably

affected through the orientation of the solvent molecule

with respect to polymer chains by the nature of swelling

solvent, such as its size and the optical anisotropy.

Thus, it may be said that the exact meaning of C
2
-term of

eq.(39) is still uncertain.

3. The variation of stress and birefringence

during crystallization under stress
>

The progress of crystallization in the stretched po-

lymer f * 1m at constant length could be followed by observ-

ing the corresponding changes in tensile stress and bire-

fringence. The sample was stretched in its molten state

at 110°C and then rapidly cooled down and held at the re-

quired crystallization temperature. Simultaneous measure-

ments of the stress and the birefringence were performed.

The variation of the stress during crystallization

at various extension ratios is shown in Figure 15 - !?•

Extension could not exceed 200% because of breaking

of the films. The tensile stress decreases gradually as

crystallization proceeds. The rate of stress relaxation is

quite dependent upon the extension ratio and the crystal-

lization temperature. The stress relaxatio i in this work

is attributed to the formation of oriented crystallites
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which result from the progressive alignment of chain seg-

ments in the crystallites.

The result of the simultaneous measurement of bire-

fringence and stress is given in Figure 18 - 23. The sub-

stantial increase in birefringence with time arises from

the resulting crystallites which are oriented at some pre-

ferential angle with respect to the stretching direction.

The stress relaxation due to the crystallization is

significantly different from the normal stress relaxation

phenomena due to piastre flow, which results from the

breakdown of the cohesive links due to van der Waal's

forces, or due to cohesive mechanical entanglements^'^ .

The stress relaxation phenomena of amorphous polymer due

to the flow is always accompanied by a decrease in bire-

fringence, keeping the stress-optical coefficient constant

99—1 02
. As a consequence, the increase in birefringence

in this work indicates that crystallization takes place

with molecular orientation with respect to the stretching

direction.

In oriented crystallization of polymer network, two

significant contribution to entropy change are considered

as follows: a segment, when participating in the crystal-

lization, sacrifices all its configurational freedom and

accordingly the entropy decreases. The displacement length

of a chain in the amorphous portion is altered when crys-

tallization takes place. Since the crystal grows parallel



to the stretching direction (Z-axis) in Flory's theory 18
,

the Z-component of the displacement vector is decreased.

This gives rise to the additional entropy change according

to the elasticity theory of a mo.lecul.ar network.

Combining the entropy change above with the enthalpy

change due to crystallization, the free energy difference

between the semi-crystalline stretched polymer network and

the totally crystalline polymer AF is calculated. By

differentiating the free energy difference AY with respect

to the extension ratio, one can derive the tensile force
18

of the stretched rubber f subjected to the crystallization,

f = O Av/-dd )

= (9AF/aoOv + ( 3 At/dx i(ax c
/3oO C+7)

c

where f is the force per unit initial cross-sectional area,

X is the cry s tall inity , and o( is the extension ratio,
c

Since (3^/3X )j = .0 at equilibrium with respect to crys-

tal! inity, the tensile force is given by the equation

f = (9AF/30t) x
(^)

c
i p

From this equation, Flory
1 obtained eq.(^9) for tensile

stress

.

f = N RT
c

l/cf) - (6n
s/7r)"x c

]/C! - X
c ) »9)

If ^ = i f
eq.(^9) reduces to the equation for an amorphous

7
Gaussian chain network .

f = K RT( o/- l/o?) (50)

or

=NrRT( (X
- l/0() (51)



where <j is the stress per unit actual area.

From eq.(49), it is expected that the crystallization

due to elongation decreases the tensile stress. Gent11,12 '

103 .

applied the Fiery' s theory of equilibrium state for

considering progressive crystallization. He considered that

the tensile stress at a given degree of crystallinity might

be expressed by eq.(49). From eq.(^9), the degree of crys-

tallinity is given by the equation

( - <T) ( 0(- l/0( 2
)

^ =

^(6n
s/X)

1
°/

2
.

£r(^l/^) "
(52)

If <J0
(6n

s/7c)
l/2 » tf( 0( - l/oft, then

= COU i/tf) (-^-) 1/2*
c

= —— - (CX- l/of) (— (53)

0o 6n
s

where is the stress before crystallization takes place.

Thus, the amount of stress relaxed -rf) is proportional

to the corresponding amount of crystallinity X throughout

1

1

crystallization process. Gent studied this relation by

determing the crystallinity from the volume contraction.

A good proportionality between both quantities was obtained

at high elongations. It should be noted that eq. (53) is

only applicable to highly elongated networks since the

crystallites have been assumed to be oriented to the

stretching direction.

In our experiment, extension was less than about

200^. The measurements of X-ray diffraction and small angle

light scattering showed that the orientation of chain axis

in crystal!.! ties was not parallel to the streching direc-



tion. These will be discussed later.

As has been mentioned/.in the section II, the statis-

tical theory of rubber elasticity may be applied for the

amorphous phase during crystallization as shown in the

following equation

^a - A
a'

f
a = V * <5<0

where Z\a
is the birefringence value per unit volume of

amorphous portion. Combining eq#(5^) with eq.(4) the

amorphous contribution to the total birefringence was

calculated. The results are shown in Figure 18-23. As the

crystallization progresses, the amorphous contribution de-

creases. The increase in total birefringence is much larger

than the decrease in the amorphous contribution. The de-

crease in the amorphous contribution is a consequence of

a decrease in the amount of amorphous phase as well as de-

crease in amorphous orientation.

The stress in a highly elongated rubber which crys-

tallizes during stretching is substantially larger than

when no crystallization occurs'
1" 0 '"'1

. It is involved in

non-equilibrium crystallization and is quite different

from that described in this work. The change of elastic

modulus is attributed to the crystallites formed during

isothermal stretching, which may act as additional cross-

linking points or as reinforcing fillers, hechanical prop-

erties of very low crystalline polymers (less than JO to

20 (

fo) have been studied by assuming the crystallites to act



as the fillers
1011'' 105

.

If crystallites grown during crystallization under

stress act as a filler, the tensile stress at a given

crystallization time may not arise only from the strain of

the amorphous portion. In order to estimate the true stress

due to the strained amorphous portion, the theory of filler

effect developed by Guth106 and Smallwood 107 was used.

F(<(> ) = 1 + 2.5+ +
<t>

2
(55)

where cj> is the volume fraction of fillers in the amor-

phous matrix. Thus, the actual stress 4 may be expressed

by the equation

tf" = l''(4> )« (fa (56)

v/here £ is the stress due to the strained amorphous por-

tion. As a consequence, eq. (57) may be used for describing

the value A » rather than eq . ( 5^ ) •a

A
a ^ CT*4

= C
T

- 6/V{§ ) (57)

As a first approximation, A 0 was calculated from eq.(57)ia

by using the value ^ which was determined from eq. (4) and

(5;4-). The effect of crystallites as the fillers on the

amorphous contribution of birefringence is shown as broken

lines in Figure 18-23. The amorphous contribution calculated

when considering the filler effect decreases more rapidly

with time than the value previously calculated from the

combination of eq.('J-) and (5*0 •
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.

*f. The orientation of crystallites resulting

from crystallization under stress

The plot of the corrected intensities of X-ray dif-

fraction from crosslinked trans 1,4-polybutadiene (M =
c

16200) crystallized in the unstreched state versus Bragg

angles at various temperatures is shown in Figure 24. At

temperatures below the melting point of crystallites (T =

o
171

91 C), two diffraction peaks were observed for each in-

tensity distribution curve. One is a very intense peak c'ue

to (100) reflection of the hexagonal crystal lattice indexed
48by Natta ,

the other is an amorphous halo which appears as

its shoulder.

The (.100) diffraction peak at 2$ = 22,1° at 30°C due

to the pseudo-hexagonal crystal system changed its position

of Bragg angle to the value 29= 20.6° at about 50 °C, due

to the hexagonal crystal system (high temperature form).

This abrupt change of Bragg angle comes from the crystal-

crystal transition which has been studied by several au-

thors^' H t with further increase in measurement

temperature, the intensity of the (100) diffraction peak

decreased and at about 100 °C this peak disappeared because

of the melting of crystallites. On the other hand, the

amorphous halo increased its intensity with increasing

temperature. The Bragg angle at which the intensity maxi-

mum of the (100) diffraction of the high temperature form
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occurs was unchanged with increasing temperature. However,

the corresponding Bragg angle of the amorphous halo de-

crease' with increasing temperature.

The length of the a-axis of both hexagonal unit cells

were calculated from the (100) spacings which were deter-

mined using Bragg' s law.

d
ioo = *-/2sin

<?oo ^8)

The calculated values of the length of the a-axis are
up

shown in Table 1, together with Natta's and Takayanagi's

1] 7 values. These values are consistent with each others.

The X-ray diffraction measurement of the orientation

of crystallites was made on the sample subjected to crys-

tallization in the stretched state at various elongation .

at two crystallization temperature, 85 and 95 0. Crystal-

lization was carried out in the heated chamber provided

with the X-ray diffractometer. The measurement was started

after the crystallization proceeded for more than 5 hours.

The X-ray diffraction patterns which were obtained

are shown in Figure 25. The (100) reflection has an in-

tensity distribution in which the maximum intensity is on

the equator showing that the (100) planes of the crystal

become aligned parallel to the stretching direction. Since

the orientation of the c-axis of this crystal formf
c

is

uniquely defined by the orientation of the (100) normal

f because of .its hexagonal symmetry according to the

,. 12^,125
equation
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f
c

= ~ 2fi00 (59)

it is evident that the c-axis becomes preferentially ori-

ented parallel to the Streching direction. This is con-

sistent with the increase in birefringence with time which

has been discussed in the previous section.

This result is quite distinct from the crystal ori-

entation which has been observed by Stein and his coworkers
29 30 for crosslinked polyethylene film crystallized from

the oriented melt. They observed the a-axis orientation and

the negative birefringence at low elongations which show

that crystals are oriented v/ith their c-axes perpendicular

to the streching direction. Keller " and Krigbaunr '

observed in their similar experiments on crosslinked poly-

ethylene that the maximum position of the a-axis distri-

bution was changed from the meridian to a certain angle

near the equator with increasing elongation ratio, and that

the b-axis was preferentially oriented perpendicular to

the streching direction all over the range of elongation.

26 2 P
For this observation, Keller and his coworkers ~ have

propose! the row structure in which the b-axis orientation

is perpendicular to the stretching direction with the a-

and c-axes randomly oriented around the b-axis, or with c-

axis parallel to the stretching direction, depending upon

the stress.

The results in this work are similar to those of

Krigbaum and Koe on polychloroprene ,
of YaU and Stein



h 7

on crosslinked natural rubber and of Andrews20 on natu-

ral rubber. They all observed that the c-axes aligned to-

ward the streching direction while the a- and b-axes are

randomly distributed around the c-axis . As has bee*pointed

out in the previous section, the observation of the orien-

tation of crystal is important to elucidate the nature of

oriented crystal growth and its mechanism, and the sub-

sequent morphology of crystallized network.

The orientation function v/as calculated using the

method described in the section III. k. The variation of the

orientation function at two crystallization temperatures

85 ari 95 °C as a function of the elongation ratio is shown

in Figure 26. The orientation function is strongly dependent

upon the crystallization temperature, but almost independent

of the elongation ratio (o(<[2.0) used in this work. The c-

axis orientation function becomes more positive indicating

orientation more parallel to the stretching direction with

decreasing crystallization temperature. At considerable

lower temperature the stress required to maintain the origi-

nal stretched length fell to zero in a short times. This

may be attributed to the large orientation function of the

crystal c-axis as well as the large amount of crystallinity

developed in a short time.

The crystal orientation behaviour in the process of

crystallization under stress may result from the thermo-

dynamic effect of equilibrium crystallization base on the



segment orientation of amorphous network. According to the

statistical treatment of a random long chain by Kuhn and

Grur,
8

,
the birefringence Of a strained network is derived

using a series expansion of the inverse Langevin function

as the equation

A = n
1

- n
2

= N
c
(b

i - Vsfr 0? " ^ + T?hr
s
^ + 2tf-!sr)

-^(lOc*6 + 60(3 - i|) + ™.l {6o)

where N
c

is the number of chains per unit volume and (b, -

b
2^s

is an aniL otroPy Of polarizability of the stastical

segment. If we use the segment orientation function which

is given by the equation

fH * (3cos
2
fl - l)/2 (61)

in order to describe the orientation of amorphous chains,

then the birefringence of strained network may be a] so

represented by the equation

A = N
s ( bl - Vs f

s < 62 >

where N is the number of segment per unit volume. As a
s

consequence, the Kubn-Grun theory of Gaussian network chains

which is given by the first term of eq.(6o) predicts that

the segment orientation function of Gaussian network chain

is represented as the equation

f
s

= T(N
c
/N

s )(of
- l/6() (*3)
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The value (N
C
/N,J is identical to the inverse value of the

number of segment per chain. Since value (N /u ) i G ablec s

to be calculated experimentally using eq.(10), (11) and

(12), one can calculate f
fl

as a function of the elongation

ratio

.

Considering a little increase in stiffness of the

chain in the amorphous phase at the crystallization temper-

ature, the number of segments per chain were determined as

about 80 for both crystallization temperatures, 85 and 90

°C. Then eq . (63) is transformed to the equation

f
s = dfe «*

2
- VU) (64)

Using eq. (6^) the value f of stretched network prior to

the crystallization was calculated. The result is shown in

figure 26.

In this figure, theory shows that the orientation of

the amorphous chain before th< onset of crystallization is

surprisingly lower than the crystal orientation function.

How does such a high crystal orientation come from in the

process of crystallization under stress?

118
This question has been studied by Krigbaum and Roe' ,

assuming that the nucleation process controls the overall

crystalline orientation distribution in the crystallized

sample. They derived the orientation distribution function

W({y for the segments of streched amorphous network at

fairly low elongation y
,
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W(0
S ) * 1/2 + (lAn

s )( 3 coc
2
0
s

- i)(c^
2

- l/oC )

+
(65)

where &Q
is the angle which the segment makes with the

stretching direction, and n
g

is the number of statistical

segmants per chain. Since the value cos
29 is calculated

the value £
Q

is calculated from eq. (6l). This gives the

same equation as eq.(63) which was developed by Kuhn and

Grun .

The crystal growth may be a consequence of repeated

secondary nucleation on the surface of crystals and subse-

1?0-1?2
quent rapid growth in two dimensions ' ' . The rate of

nucleation may be expected to depend upon the segment

orientation in the polymer melt. In the process of growth,

the ori' ntation of segments which diffuse from melt to

crystal may be the same as that of segments in the nucleus

upon which growth occurs.

Provided that the critical nucleus contains ^sta-

tistical segments whose alignment is in the same direction.

If P(cj>)dcf> is taken as the probability of finding a sta-

tistical segment in amorphous chain with its axis oriented

in the range of angle ((]>, ^ H d<
f*)»

the rate of nucleation

K(cj>) may be represented by the equation

r;

from the equation

(66)
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R(+) = k(p(^)] (67)

where K is constant. Using eq.(65) for the function P(d>),

Krigbaum and Roe118 derived the orientation distribution

function of the crystal c-axis.

f
c
(as }

BTCTr7fp
. r

, Q (68)

then

7t

C0S ^c ^ )o
f
c
(0

s)
cos\de

s ( 6 9)

In their derivation of eq.(68) and (69), they assumed that

the orientation distribution of crystallites may be the

same as the segment orientation distribution of the secon-

dary nuclei which have been originated so far.

It is very interesting that the critical volume of

nuleus which is represented by the value \) may affect the

crystal growth in the oriented crystallization and the

crystal orientation of subsequent crystalline networks.

Since the crystal orientation is not appreciablly affected

by the elongation in this work and also the segment ori-

entation function f calculated theoretically is not much

changed with elongation, the valued may be almost constant

according to eq.(68) and (69). But the change of the crys-

tallization temperature may give rise to the change of the

value p because the crystal orientation function is af-

fected by the crystallization temperature. According to

120
the classical nuclcation theory developed by FrankeJ
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the critical volume of the nucleus is expressed by the

equation121 ' 122

Cr(£d T 2
v = —Tf— ( m _ T ) (70)

"f m 1

where and ^ is the interfacial free energy between

crystal and its melt, h is the heat of fusion of crystal,

d is the thickness of the nucleus on the crystal surface,

T
m

is the equilibrium melting temperature and T is the

temperature at which nuclei are formed. As a consequence,

the value may be decreased v/ith decreasing crystalli-

zation temperature and may result in the Increase in the

crystal orientation function according to eq.(68) and (69),

5. Variation of crystallinity with elongation

As has been seen in the section IV. 3 , the birefrin-

gence of trans 1 ,^-polybutad i one in its stretched state

increases as crystallization proceeds. It is important for

studies of crystallization kinetics to know how much the

increase in crystallinity will bo reflected in the increase

in the birefringence. In order to describe the birefringence

change during crystallization, the effect of crystal ori-

entation and that of the strained amorphous network have

to be considered.

As has been discussed before, the total birefringence

of crosslinked trans 1 ,4-polybutadiene during crystalliza-
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tion under stress may bo given by eq # (l)
2,^

t yince the

crystal and amorphous orientation functions f and f is
c a

related to the crystal and amorphous birefringence values

A
Q

and. A
a ,

respectively by eq.(2) and (3), the crystal-

linity at a given time after the onset of crystallization

may be derived from eq.(l) as the following equation

xc-—o—Mrs— (71)

where A° and A° are the intrinsic birefringence values
c a

of the crystalline and amorphous phases, respectively.

Substituting eq.(5) into eq.(71), eq.(71) is transformed

to eq.(72)

a -

where C™ is the stress- optical coefficient of amorphous

phase of this polymer at the crystallization temperature,

and is the stress during crystallization. Thus, the

crystallinity is represented as a function of stress and

birefringence

.

The determinations of values AQ t f
Q

and C
(J[1

have

been discussed in the previous sections.

The crystallinity of this polymer was calculated

from eq. (72) by the simultaneous measurement of stress

during crystallization. The variation of crystallinity

with time at the crystallization temperatures of 85, 90

and 95°C are shown in Figures 27, 28 and 29. At each cry
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stall ization temperature, the crystallinity increases rap-

idly with increasing elongation ratio. The strain in the

melt significantly effects the rate of crystallization.
11 1

2

Gent ' - has observed a similar effect of the strain o

the crystallizations of cronslinked natural rubber, trans-

polyisoprene and trans-chloroprene . Andrews 20 has observed

for natural rubber that the rate of growth of (X-filaments

is not appreciably affected but the rate of their nuclea-

tion increases with increasing the strain.

As is seen from eq.(52)
(

the crystallinity is a func-

tion of stress alone* The crystallinity calculated from

eq.(52) us.ing the value of stress is shown in Figures 30

and 31, together with the experimental values determined

from eq. (72) . The crystallinity at the same crystallization

time (100 min at 90 and 95°C, and 30 min at 85°C) increases

with increasing elongation ratio and with decreasing cry-

stallization temperature. The crystallinity at 90 and 95

°C determined from eq. (72) is more than three times higher

than those calculated from the Flory's equation. The cry-

stallinity at 85°C is a little closer to the calculated

value than that in the case of crystallization temperatures

of 90 and 95 C. This tendency is consistent with the re-

sults of crystal orientation measurements in which the

crystal orientation function increases v/ith decreasing the

crystallization temperature.

The effect of the crystallites as a filler which
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has been discussed in the previous section is shown in the

same figures. The difference from the crystal Unity calcu-

lated from eq.(?2) shows that the filler effect increases

with increasing elongation ratio because the rate of cry-

stallization is increased with elongation.

The growth of the crystalline phase of this polymer

was measured fror the increase in crystallinity calculated

above

.

When the nuclei appear randomly in space and then

grow at a certain rate, the change in crystallinity with

time may be described by the Avrami relation for the phase

transformation'

X
c

= Xp, [l - exp(-k'tn )] (73)

where X is the crystallinity at a given time, X to
is the

crystallinity at the final state of crystallization, k'

represents the rate constant of crystallization and n is

the Avrami index, depending upon the mode of nucleation

and crystal growth. For small amount of crystallinity,

eq.(73) is reduced to the equation

X ^ k» *t
n

(7*0
c

Then

In X = n-ln t + In k' » (75)
c

Eq.(7 zO corresponds to the case of free growth of crystal

without impingement. The quantity In X
q

is plotted against

In t in Figures 32,33 and 3^. The value n is observed to

be about 0.7 - 1.0. This shows that the crystal growth may
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be one-dimensional like the rod-like crystal growth, The

value n was observed about 1.0 by Gent11 for crosslinked

natural rubber which was stretched at (X~ 3.0.

The Avrami index n for homopolymer which contains

the non-crystallizing unit? along its chain or for cross-

linked polymer has been observed by several authors to be

smaller than the theoretical value which is determined from

the mode of crystal growth of pure homopolymer. Gent103

observed n = 1.8 ~ 2.5 for the normal crystallization of

crosslinked trans-isoprene instead of n = 3.0 for the un-

crosslinked one. He also observed n = 2.0 for the cross-
i p

linked trans-chloroprene whose trans content is 93?;/ .

These observation may result from the retardation of cry-

stallization in the later stage. The crystal growth habit

is not changed by the presence of chain irregularity. As

a consequence, it may be impossible to describe the iso-

thermal v ystallization curve by a unique value of n as

111
far as eq.(73) is used. Gornich and Mandelkern " have de-

veloped a theory which shows that the presen e of small

amount of non-crystallizing units causes a substantial re-

tardation of crystallization as crystallization proceeds.

In fact, the crystallization curve of branched polyethylene

was observed to deviated appreciably from that expected

from the Avrami equation
112

' 113
. It may be due to the pre-

sence of cis- and trans- isomers in this polymer that the

In t

plot of In X versus deviates from the linear relationship

in this work.
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' The light scattering studies on the

morphology of trans 1 ,4-polybutadiene

( 1 ) Superstructure resulting from the crystallization
A

without stress . The small angle light scattering patterns

of trans 1 ,^-polybutadiene films crystallized without stress

are Shown in Figures 35,36 and 37. Light scattering patt-

erns characteristic of three kinds of superstructure were

observed, depending upon the crystallization condition.

The film which was rapidly crystallized "by quenching from

the molten state to the dry ice-methanol temperature ga\ e

the 0 - 90° type Hy patterns and the type Vy patterns

Shown in Figure 35* The ^5° type Hy patterns shown in Fig-

ure 36 were observed for the film which was crystallized

at 87°C for 5 hours. This Hy pattern has same orientation

of intensity distribution with respect to the polarization

directions as that of a typical four-leaf clover pattern

from polyethylene.
12 ^' 12^ However, .the intensity of scatter-

ed light decreases continuously with increasing scattering

angle, rather than passing through a maximum.

Similar types of H
y

scattering patterns havebeen pre-

sented by Stein and his coworkers
127 " 129 for polytetrafluoro

ethylene and po.l ychlorotrifluoroe thylene as a function of

their crystallization conditions. These polymers exhibit

two ty es of scattering patterns characteristic of two diff-

erent orientations of optic axes with respect to the prin-
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cipal dimension of the scattering structure. They also

show h<? type H
y

patterns at higher crystallization temp-

erature and o°- 90° type H
y

patterns at lower crystallization

temperatures. The 0°- 90° type H
y

patterns are often obs-

erved for collagen materials. 1 ^ 0

The polyethylene-type pattern is well understood and

quantitatively explained on the basis of the scattering

from an anisotropic sphere or diSk in which the optic axis

is perpendicular to the radius and orients helicoidaly about

the radius. Both sphere and disk models predict that

the H
y

scattering intensity rises to a maximum at some

particular scattering angle characteristic of the size of

the sphere or disk and approaches zero with increasing the

scattering angle. This spherulitic model can not explain

the experimentally observed scattering patterns obtained

with and without deformation of polytetrafluoroethylene

f'lm.
1

The rod model has been examined for this kind of

132 133
morphology by Stein and his coworkers. '

The amplitude of scattered light from a rod of length

L and infinitesimal thickness may be represented by the equ-

ation
sin(kaL/2)

E ' - C(M,0) (76)
(kaL/2)

where

a = (1 - cos 9 )sind cos<|) - sino( sin^sinfl sinyM

~ coso( s.in£ cos^ (77)

which reduces to the equation
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a = -cos('0( -ytf ) sin# (73)

for the case cj> = 90°. The angles o( and
<f>

are the angular

coordinates of the rod axis shown in Figure 38. The angle

0\ is the tilt of the rod as measured from the Z-axis.

The angles 0 and JU are the scattering angle and azimuthal

angle, respectively.

£ is the induce! dipolc moment and for anisotropic

rods with optic axis lying along the rod axis

Jj
=

*'
( M )y

* OlxE (79)
r

where r is a vector along the rod to the scattering element

and given as the following equation for the case
<f>

= 90° •

r a r (sinoM + coso(»k ) (80)

is the anisotropy

^=drfl(2 (81)

where 06 arid ofcare the polarizabilities parallel and per-

pendicular to the rod.

For a distribution of rods where N(o()do( are in the

angular interval (c/, o(+ dcO with no phase coherence among

them, the total scattered intensity is expressed by the

equation

I = KL
2

\ (W-0)
2
N(o<)

Bin
2
(kal/2) ^ {82)

6
"*"*" (kaL/2)

2

where K is constant. For a random distribution,

N(of) = N/21C where N is the total number of rods.

Since the vector £ for the V
y

and H
y

polarization

are given by the equations, respectively
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0
y

= ( -sinf,)^ + (cos
ft

)k

0
H

r-.
( -sinfa)^ + (cosj>Jj

(83)

(85)

(86)

then

V
(87)

( M-0)
H = Ecosf

2 -( Jsinof-cosof ) (88)

If the optic axis does not lie along the rod axis but at

an angles to it as shown in Figure 38, then o( in eqs.(8?)

The intensities of V
y

and li
Y

scattering are then

calculated by substituting eqs.(8?) and (88) into eq. (82)

.

The calculated results are shown in Figure 35 and 36.

The o ?. imuthal dependence of the scattered intensities is

patterns in Figure 35 are quite consistent with the cal-

culated results. The Hy pattern in Figure 36 is in good

agreement v/ith the calculated contour plot for 60 90° but

the Vy pattern does not fit. This may be because the V
y

scattering pattern depends upon the choice of the values

of 0/1 and 0(2 •

If the spherulite has a disorder of structure or a

sheaf-like structure in the initial stage of crystallization,

an appreciable increase in intensity at small angles is ob-

distinguish this from the rod structure. When the spheru-

ancl (88) is replaced by c(- of+U)

a function of the angle CO. Fortd=^5°, both Hv and V

served
.13^-136 It may be impossible in this case to
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litic morphology is expected, the typical spherulitic patt-

ern Should appear as crystallization proceeds. However,

the H
v

pattern in Figure 36 was not changed with time,

except though an increase in intensity.

In certain crystallization conditions in which the

crystallization temperature is about 65°C, scattering

patterns specific for spherulite superstructure were obser-

ved, superposed on the 0° - 90° type H
y

pattern as shown

in Figure 37. Comparing the scattering angles, it is seen

that the size of spherulites is very much larger ( >5^()

than that of rods. The appropriately low crystallization

temperature of about 65 C may give rise to the furthi r grow

of lamellae from the rod-like crystallites (Figure 36) to

the spherulitic aggregates (Figure 37)

•

The rod-like structures giving the patterns show- in

Figure 36 is smaller than the spherulitic structure (Fig-

ure 37) but is larger than the other rod-like structures

obtained by quenching (Figure 35). The change in orienta-

tion of scattering patterns of both rod structures may depe

upon how the small original crystal rods make the super rod

in the process of crystallization. If this is the case,

the optic axis must have the same orientation with respect

to the axis of small crystal rods which compose the super

rod, regardless of the principal dimension of super rods.
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( 2 )
Supers true turn resulting from the stress-induced

crystal] ization. The crosslinked sample films were kept

in the streched state above the melting temperature for 10

min and then quenched in the same way as mentioned previously.

Light scattering patterns of these quenched films measured

at room temperature are shown in Figure 39. The stretching

direction was set parallel to the polarization direction

of the incident beam. Scattering patterns show the eight

lobes for Hy polarization and the /+5°-type pattern for Vy

polarization which is quite similar to that obtained for

the unstretched, quenched film already shown in Figure 35.

A substantial difference of scattering pattern between

the stretched (Figure 39) and the unstretched films (Figure

35) is the appearance of eight lobes in Hy scattering

pattern. Both give the similar Vy patterns.

Hy scattering patterns have the same general appearance

over whole range of elongation and show eight lobes. How-

ever, each lobe moves by a small amount toward the horizontal

direction with increasing elongation.

When the crystallization proceeded for 3 hours at 87°C

after the stretched films were heated above melting tempe-

rature for 10 min, the light scattering patterns measured

at the crystallization temperature were affected by the elon-

gation ratio, as shown in Figure ho. The H
y

pattern at low

elongation is different from the eight lobe pattern of the

stretched, quenched film. This might be attributable to
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some change of superstructure due to the crystallization;

Eot.li H
y

and v
v scattering patterns of films crysta-

llized at high temperature (8?°G) at low elongation look

like those expected from the deformed spherulitic super-

structure in which deformation occurs in the horizontal

direction. .Since amorphous chains in the molten phase are

stretched in the vertical direction before the crystalli-

zation takes place, it might be thought that the rate of

crystal growth (which is the secondary nucleation on the

crystal surface) is larger in the horizontal direction than

in any other directions. As a consequence, crystals may

grow in a ellipsoidal aggregate whose long axis is per-

pendicular to the stretching direction. This ellipsoid has

a uniaxial symmetry about the stretching direction.

At high elongation, four new lobes appear for Hy

polarization and the remaining four lobes become diffused,

Such Ganges of scattering pattern due to the difference

of strain may accompany the morphological change in the

crystalline structure. However, the corresponding changes

of the X-ray diffraction pattern and of the crystal orien-

tation as a whole were not observed.

After crystallization in the oriented state for 3

hours, further crystallization < ccured upon cooling slowly

to the room temperature in the same strained state. In

this process, spontaneous extension of film length was

observed, as has been discussed in the section IV. 3.

Light scattering patterns of these films are shown in Fig-



64

urc in. Those show an almost similar eight lobe pattern

as those in Figure 39.

Both H
y

and V
y

scattering patterns at low elongation

(Figure kO) are not changed by further crystallization due

to cooling ( Sec Figure kl). The significant change of

light scattering by cooling at high elongation is the appea

ranee of eight lobes with strong intensity.

From these observations of light scattering pattern

alone, it is uncertain whether the eight lobes in Figure hi

may come from the superposition of the two kinds of morpho-

logies which were observed by Stein and Rhodes for poly-

y 1 ^7ethlene film heat treated under strain. J( The stretched,

quenched film also shows the similar eight lobes pattern

as has been seen above (Figure 39) •

The amorphous polymer shows the light scattering pat-

tern caused by the strain surrounding a void or an inclusio

in a polymer. It was observed that new four lobes were

emerged for Hy polarisation as ethylene-propylene copolymer

was stretched This might be attributable to the strain

heterogeneity around crystallites. Cured natural rubber

showed a weak Hy pattern due to the strain as well as in-

tense cross streaks for V„ polarization due to oriented

crystallites.-^' As a consequence, the contribution of

strained amorphous polymer around crystllites may explain

the eight lobe Hy pattern in this work.

Eight lobe H
y

scatteri7ig patterns have been proposed
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from the theoretical calculation of deformed eplfrulite by

considering the twisting and tilting of the optic axis of

the Scattering element. 1 -32 ' 139 Scattering patterns are

appreciably affected by the parameter K which describes

the tilting angle |B of the optic axis with respect to the

radius and does not so much depend upon the twisting para-

meter ^ which describes the distribution of the optic axis

about the radius,

A s was pointed out previously, the crystal may not

grow spherically when the amorphous chains in the molten

state have an anisotropic orientation distribution.

This is because the growth rates are different in the dif-

ferent directions. Then it may be assumed that the crystal

aggregate resulting from the crystallization under uniaxia

strain has an ellipsoidal shape

•

The optic axis of the scattering element on the hori-

zontal plane of this ellipsoid may be perpendicular to the

radius to the scattering element. But the optic axis of

other scattering element has some angle with respect to

the radius. The optic axis of the scattering element in

the vertical direction may be randomly distributed about

the radius, but the scattering element on the horizontal

plane has the preferential orientation distribution of the

optic axis along the stretching direction.

By using the same procedure as van Aartsen's'
,

the amplitude of scattering from the two-dimensional e!l-
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lipsoid (a elliptical disk) is derived as the equation

E
II. 7.

W

+ W

Pj COgjw Q cos( o[- >u )) -

1

CO
'0

del

P-Q sinfv.' f
j con ( p/ -yU )) .

cos (o(-/0

where
C = (o/,-(/a) E

Q
A
?
/2

W = ( ~ ) A sin©
A

P = (cos fl - sin j3 cos^CO )sin 2o(

Q = € r,in o(/(cos
?
o( + £'? sin of )*

(90)

(91)

(92)

(93)

(9*0

The value € =B/A is the ratio of lengths of semi-minor

and semi-major axes, which describes the ellipticity.

We do not know the orientation distribution of the

optic axis in each scattering element of the ellipsoid

resulting from the oriented crystallization. Assuming that

angles p and 65 are represented by the following equations,

the scattered intensity was calculated.

(S= 90° exP f-K-cos^- £*/(!-
2 2

(95)

g = 2.cos
2
co —1 = 1 -|}xp -Vising 1/(1- €

?
)J

(96)

The calculated results of H
y

patterns which are given by

the first quadrants of whole patterns are shown in Figure

if3, together with the parameters of both tilting and twis-

ting angles, K and rj which were used for the calculations,
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The distribution of the twisting angle <0 about the radius

does not affect the eight lobe pattern. The calculated

pattern is much dependent upon the choice of tilting angle.

Experimental results shown in Figure k\ fit we 13 to

the calculated eight lobe pattern in Figure h}. By choosing

a combination of parameters K and r|
, the deformed spho-

rulitic patterns which were observed for the films crys-

tallized at high temperature under low stress (Figure kO)

are theoretically calculated as shown in Figure ^3. The

computer program for the calculations is given in Appendix

IV.

Eqs.(95) and (9^) may not be eppropria le functions

to describe the angles (S and go . It is still uncertain

that the crystalline aggregate has an ellipsoidal shape.

Because the change in morphology upon crystallization

under stretching may be due to the distribution of nuclei,

relative distance and direction to the adjacent nuclei and

the anisotropy of growth rate of the crystal,
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V. CONCLUSIONS AND FUTURE WORKS

1 . Conclusions

The melting point of trans 1 ,4-polybutadiene wag

measured as 96 C which is considerably lower than the re-

ported value of l'+8°C for the pure trans polymer. 7^ This

is duo to the presence of the structural irregularity along

the polymer chains such as cis- and vinyl- isomers. The

variation of molting points due to the introduction of

crosslinks was considered by Flory's theory. The depression

of the melting point was attributed to the imperfection

of crystallites due to the steric irregularity of segments

around the crossliriking points. This was suggested from

the observation of an increase in transparency of films with

increasing crosslinking.

In the measurement of the stress-optical coefficient

of the amorphous network of this polymer, a linear relation-

ship between birefringr nee and stress was observed even in

the range of strain where the stress-strain relation devi-

ated from the Kuhn's kinetic theory of rubber elasticity

for a simple extension. This suggested that the birefrin-

gence would, be described by the Mooney-Rivlin type equation.

The optical anisotropy of segments (b^ - b
2 )

s
de-

creased with increasing temperature. This was thought to

be due to the decrease in chain stiffness which might cor-



respond to the decrease in the length of segments.

The progress Of crystallization in the stretched

state was examined from the observation of the stress re-

laxation and the birefrigence increase with time. A cal-

culation of crystallinity was performed applying the two-

phase model for the total birefringence. Crystallization

was accelerated by the increase in strain. The calculated

crystallinity was two or three times larger than that cal-

culated from the Flory's theory. This suggested that the

slow stress relaxation might be due to the subsequent crys-

tallites which v/ere not perfectly oriented along the stretch-

ing direction. This was confirmed by the measurement of

crystal orientation function by the X-ray method. The ori-

entation function was aependent upon the crystallization

temperature but was indepedent of the strain in the rarv;e

of this work (0(^2,0). The lower crystallization tempera-

ture brought about the higher crystal orientation.

The observed stress values v/ere corrected for the

filler effect of the crystallites. This correction became

significantly important in the later stage of crystallizatio

The variation of crystallinity as a function of time

was examined using the Avrami relation for the phase trans-

formation. The Avrami index n was observed 0.7 - 1.0.

However, as the crystallization proceeded, variation of the

Avrami index was observed. This is quite similar to the

results for the crystallization of branched polyethylene
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reported by Euchdall and his coworker^ 12
and might be at-

tributable to the delay of the rate of crystallization in

the later Stage because the components in molten state

charge their concentration with crystallization time.

The orientation functions of amorphous segments

before the onset of crystallization were evaluated accord-

ing to the statistical rubber elasticity theory. These

values were surprisingly lower than the orientation func-

tion:: of the subsequent crystallites. The high orientation

function of cry: tallites was considered using the Krigbaum's

treatment of the crystal growth process.

In the small angle light scattering measurement,

three types of scattering patterns were observed for

the unstrained films, Two of these show rod-like struc-

tures, in which the optic axis is oriented at ^5° or 90°

with respect to the principal dimension of super rods.

These patterns were quite consistent with the theoretically

calculated results. The other is a four- leaf clover pat-

tern specific for the spherulitic superstructure, which

was observed at the crystallization temperature of about

65°C

Films crystallised at high temperature under stress

and then observed at this crystallizing temperature gave

different scattering patterns from the above ones. At low

stress, the H
y

pattern look like that of deformed spheru-

litic superstructure. But at high stress, new cross streaks
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appear near the horizontal direction, superposed on the

previous pattern.

On the other hand, strained, quenched films measured

at room temperature showed an eight lobe pattern for H po-

larization in the whole range of strain (d^a.O), As was

mentioned in the section IV. 6, eight lobes are theoretically

expected from the certain choice of tilting angle and twist-

ing angle of the optic axis of scattering element with

respect to the radius of the ellipsoidal aggregates. Since

the amorphous chain is very strained near the crystallites,

this strain inhomogeneity may give rise to the additional

scattering pattern. It is still uncertain in this work

whether the strain inhomogeneity is responsible for the

eight lobe lly pattern.

2. Future works

Since the Flory's theory is based on the perfect

alignment of segments in crystallites parallel to the st-

retching direction, it was not able to describe the experi-

mental data on oriented crystallization of this work.

His theory may be further developed by considering the crys

tals tilted at a certain angles (0,9) with respect to the

stretching direction. If this is the case, the decrease

in the displacement length of chain due to a single segment

in these crystals may b< given by the equations
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x 1- sin0 cos <)>

(9?)

y = 1-sinS sin
<|>

2
~
1,C0S9

(99)

where 6 and $ are the angular coordinates of this segment,

and 1 is the length of segment. Since crystals are dis-

tributed uniaxially aroud the stretching direction, tri-

gonometric functions of angle (j) are defined as average

values

.

sin ^ = cos <jT =0

2 P
sin~(j) = cos cj) : |

Consequently, the equilibrium stress may be represented by

some function of angle £) , which may explain the data of

this work.

The photometric measurement of small angle light

scatte -ir during crystallization with and without strain

which was originally planned ,was not performed because the

hot cell for this experiment was not completed in time*

The intensity change of light scattering with time may

help us measure the change in the size of growing crystals

(rods and spherulites ) . It is proposed to measure the

effect of strain and temperature on the crystal growth

rate, which wil] be compared with results obtained in this

work.

As has been observed previously, crystallization is

expected to depend appreciably upon the averag degree of
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orientation of amorphous chains produced by elongation in
the molten state. The lower the average length of chains

M
c ,

the creator the average decree of alignment of amorphous

segments resulting from a given elongation, according to

eq.(63) for the segment orientation function of amorphous

chains. As a consequence, the decree of crosslinking may

affect appreciably the rate of crystallization under stress.

However, the introduction of crosslinks increases the struc-

tural irregularity along the chain and then may decrease

the crystallinity in the final state of crystallization.

On the other hand, on increasing the content of cis -isomer,

the melting point of copolymer decreases according to* eq. (29]

which results in amorphous rubber-like properties at room

temperature. Thus the crystallization will set in at lower

temperatu] e

.

The variation of the degree of crosslinking and the

concentration of trans content will change the crystalli-

zation rate at a given temperature and at a given elongation.

The studies of these effects may be quite important from

the point of view of the actual applications of rubber-

like materials in the vibrational or constantly elongated

state

.

Thus, the dynamic X-ray studies of the crystallization

may show many interesting effects of the frequence of vi-

bration on the rate of crystallization, because this ex-

perimental condition is much closer to that of the actual
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vibrational usage of rubber-like materials.

There exists other method to study the rate of ori-

ented crystallization. If one can measure the volume con

traction resulting from the crystallization under stress

by the dilatomeler and others, it will be possible to in-

vestigate the kinetics of this crystallization using the

same relation between the crystallinity and the volume

contraction as that of normal crystallization.
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APPENDIX I

Theoretical calculation of the birefringence

of trans 1,4- - polybutadiene crystals
( high

temperature form )

48Natta and his coworkers have reported from X-ray

diffraction studies on crystalline trans 1 ,4-polybutadiene

that the high temperature form (modification II) has a

hexagonal crystal system and that the chain conformation

is a zigzag sxructure of planar butadiene units, in which

one monomer unit is involved in each repeat distance.

The repeat distance is 4.68 5 , measured along the zigzag

axis. The rotational angle of the CHg-CHg bond abQut the

adjacent CH
2
-CH bond is about 80°. The chain conformation

of this form is illustrated in Figure 44.

The Z-axis is taken as C-axis of crystal, and the

x- and y-axss as two perpendicular axes to the C-axis.

If Pj| is the chain polarizability parallel to the C-axis

and Pj_ is the average polarizability perpendicular to the

C-axis, then Pu and Px are expressed by the equations

P - p (Al)

PX = (P
x

+ Py)/2 ^
The polarizability along the x-axis P

x
may be calcu-

lated by using the equation
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+ (b
l " Vc=c cos2 ^c + b

2

6
+ (b

l
* b

2>CH
cos © + b| ) (A3)

P and P
z
will be calculated from the similar equations.

P
x '

P
y

and P
z

of the rnonomcr un:lt in thG crystal of tran^

1 ,4-polybutadiene were calculated in this procedure us.in>

the values of bond polarizabilities
, given by Denbigh

•

Results of this calculation are shown in Table 2.

The refractive index of trans 1 ,^-polybutadiene cry-

stals may be calculated from the Lorentz-Lorenz equation

"
2 - 1 i£7L-

rT
z

+ 2
3

Where n is the average refractive index and P is the average

unit cell polarizability per unit volume, which is given by

the equation

P - (P„ + 2?j. )/3V
c (A5)

-24 3
where V is the unit cell volume, determined as 96.3x1-0 cm .

c

As has been mentioned in the section II, the relation-

ship between the birefringence and the difference in principal

polarizability may be obtained by differentiating eq.(A^).

/2t) (n
2
+ 2)

2
(P« - Px)c (A6)

- I Q ; V7 n c
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Since the number of butadiene units per unit cell is unity,

then

(Pll - Pl ) c
1X(P„ - Pjl ) = 21.2x1.0~

2Zj

'cm3 (A?)

Substituting the values of V , (Pu - Pj. ) and n , the
c c

intrinsic birefringence of trans 1 f 4-polybutadiene crystals

was calculated as 0.183 en. For the calculation of a more

accurate value of A , one should consider the internal

field effect by a dipolar int< raction of neighboring

bonds. '



A P P E N D 1 X II

The computer program for correction of the diffracted

X- ray intensities

10 WvJ OnArt AftAI 1 1

lb DIMENSION E< 1 S0)# b< lbO)*C< 150)# D< 150)
2 0 Du 30 I ' 1,1

1

c b HEAD* L< I

)

3 0 CONTINUE
3b bO 4 b 1=1*71
'4 0 KEADj B< I

4 b CONTINUE
bO 1-1 = 3. )4lb*6
b - CAbb=3.34
bU L J.0b4
6 b IkAC E» 1 . b4

6C LI =7 36.
6 7 BI»701.
70 ANGl-25. ' 180»*PI
7 b AK«*i>IN<ArtGl>/WA<
5 0 An 2= Art*AK
tib P0Ll B 2»/( I* 4 C0£>C'2w*AN61)**2)
9 U Abb 1 = EXH - OAbb* b* ( 1 . - 1 • / LU b ( AM b i ) ) ) * L J S < A.M G 1 )

9b DI«E1 bl

1 C bl = i fbObl*Abbl
1 0 H 1 = 0. 3b*EX>(-fc« 67*aK2)+0. 62*EXJ ( - 2; . 6 b* a* 2

)

1 li AC 1 = 2 • 24* Lai • < - U • 9 7* Art 2 > + 3 • 7 6* La (-23. b2*/.e\2)

1 b hINCl»0.6*< 1 fAril > + 0. 4* ( 6.- 1-AC1 )

120 CINC-DI/FINC1
1 2b bo 1 70 1=1/ / 1

126 ibbll=I-H
127 IfClLbTl) 128*128*131
1 26 Al = I- 1

1 29 ANG* ( 1 0. + 0. b*Al >/360»*PI
1 30 GO 10 140
131 lLbi2=I-6l
132 IMlLbl2> 133* 133* 136 :

1 33 lfI«I-H
1 34 AM G« ( I b« +0« 2*¥ I >/3 60 • *

W

1 3b UJ 10 140
1 36 £1=1- 61

137 AM G=(2b»+0» b*ZI)/360»*KI
140 tfK»bIN< ANG) /WAVE
14b fK2«¥K**K
1 bO 1-AH=U. 38*fcAPC-« • 6

'» **rt2)+0. 62*EXP<- 2? » 8 b* *rt2>

1 bb 1<AC=2. 24*LAp(-0.97*tfrt2)+3. 76*EXJ (-£3« b2**K2)

1 60 FINC"0« 6* ( 1 •- I- AH) + 0* 4*( t »- frAC)

1 6b C( I )«CINC**INC
I 70 COM 1 J oh '.v,.:: — ••



200 DO 2bb I=h71
201 1ES11-I-11
2 02 l.FClbbll) 203, 203,20C
2 03 a J I - 1

2 04 L G= 10. +U. b*Al
2 0b I 10; 22b
i^06 1 Li. i 2= I -61
2 07 IFt 'i 12) 208, 208 ,211
2 08 i I = I - 1 1

2 09 BANG* 1&«V0«2*/X
2 10 LiO 10 225
2 11 ^ I = J - 6 I

2 12 BAtfG»25»*oV&*Zl
2 2 5 BAN u= HAM b/ i 8 Qfi * i- 1

2 3C C0bP=C0b(bAfci0)
2 3b CQ&Bfi*CQSB*COSB
2' 0 10L= 2. /( 1 • + C0M-2)
2 4b a= l./COSB
246 ABS"CABS*D*< I • -X > / < E^F ( CABb* D* < l.-X) )- 1. )

2 50 DC I >«F0L*AEb* ( E< 1 >-B< I )>-C(I

)

2 b b >N 1 IN UE
2 D i f»lN i 26b
2ob POiu^A'l ( 1a, 5HBKAGG* 10/., 4KCIN1, 10a, 5Hl&iCGH>
2 7 0 bJ 29 b 1 = 1,71
27 1 1 Lb i 1- 1- 1

1

2 72 IKlEbU) 273, 273*27(.
273 AI»I-

1

274 BhA6G= 10.+0. b*Al
2 7 00 10 28 b
2*/ lLbl2=I-61
277 IFOE&I2) 278*278*281
2 7 6 If I = I - 1 1

2 79 BhAG&= 15-*0*2*YI
280 GO 10 285
281 zi=i-ei
282 bi-.A6G=2b. + 0. b*ZI
26 b Phlcjl 290, BKAGGj L>< I ) , C( I )

290 FOBMA'i C 1a, F6.2, 6a, 2i« 10. 2)

29b CONTINUE
3 00 EfcJLi

3 0 EN XiV nO G
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A P P E N D 1 X II]

The computer program .for the calculation of orientation

function of (100) normals

10 HiJGf.A.*! Ahf^ci;
1 b DIMENSION hC( b0)> £A< bO) > LCC 50 )j bAf bO), b( bO>
2 0 1)0 30 1=1, 19

2 b ftEAD* hC(I )> EAtl )

JO CO.villiNlUt

3 b KEAD#BC#BA
4 0 hfcAD/ aIUCC, aI NCA
4 b I 41596
3 0 CAB&«3«84
bb 00*046
6 0 BP IG1»20* 7

6b BA;4GOBANG 1/1 80.* PI
7 0 bAvl.2=lb.6
7 b bA;\)GA=bA.\iG.2/ IbO.+M
b 0 CO SC2* CO b ( BAN GC ) * COM BANG.C

)

ttb OObCl = C0b(h'A.\l LC/W. )

9 0 C0bA2*C0b<BAMGA>*CbSCBANGA> /

9 b ANGJ bA^UC/2.
100 AMO^=bA>ibA- ANG i

1 Ob a= U/C0SCANG1 >

110 f« 1. /C0S( ANG2)
lib.- dbl=2./( 1.+C0SC2)
120 Jb2=2./( 1 .+C0bA2)
12b .Bbl EXP<-CABi>*D*( 1.-1./C0SC1) >*C0SC1
1 31 . .Bb2» CABS* L* ( A- y ),*EAP< - CAbb* D)/X/< EXPC- CAbb* D* V ) - EXP(~ CALb* L* X ) )

I Jb LO 1 3b I = 1 > 19

140 L'C( I ) = > ub 1 * Abb i*CEC( I )- bC) - a 1 >JCC

14b DA( I >*P0L2*:ABS2*<£A< I )-BA)-AI;MCA
1 bO DC I ) = LC( I )-LA< 1

>

1 bb COi>J UNUE
160 DE1*A2« 5 • / 180 • *H
16b Dbb=DbbAZ/2.
170 bu-10^0.
17b bu:-il = 0.

lbO bG;"12=0«

18b DO 2 b b 1 = 1,19
190 Al = I - 1

193 AZX'=bbLAZ*Al
2 00 SINA2a SiNC AZM

)

20b b 1 M 2= b 1 4\i A2 + i: b\l AZ

2 io cobA^=cob( i ;m>

21 b U=I - 1

2 20 IF(O) 22b* 2

3

b* 22b
,.22b .y=I-19 :— '' *



2 30 IKI 2bb> ;.35*2bb
2 3b SUM &U» DC I > *CObA£* DfcL
2 4b bUMb2«D( I >*bIN2*C0bAZ*DEL
2b0 GO 10 4270

2bb bUMbO* DC I > *CObA2 DfcLAZ
2 6b SUMb2«DCI>*MN2 CObAZ*DELAZ
2 70 bU*)0»bUW0+bUMbQ
38€, bC/^bU^+bOM^L
ir:bb CONiiNUE
2 90 FAC*bUH2/bUM0
£9b F= ( 3 • * J* AC- 1 . )/c.'.

J 00 PhlN'I 30 b

305 FOhrtAiC Uj . HBANGi* 10a, &HBANG2S
3 1 0 PrtlNl j 1 b* BANG i * BANGS
3 1 s FOhMAl < 1a, Y b. 'd» 1 OAj i' b.

320 Phi.Mi 32b
3 2b FOhMAT C IX# 3HIN i * 1 Oa * An 1 a1

i 1 * V a, 4HIN 12)
3 30 DO 3<-*d 1=1,19 ';

3 3b PhlN'i 340#D<I)*DC(I)#DACI)
340 POhftAl ( 1a* h 10. o* bA, h lu. *bX*M0*2)
3-'iD CU.v'll.X'uL

3 SO PhIN'1 3sb*l*
3bb FOhMAl C 1X# ;2HF»S #F5« 3)
3 60 KML>

3 6b Lr i .0 0
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APPENDIX IV

The computer program of the calculation of light scatterin

patterns for ellipsoidal aggregates

10 P^OGhA^ AK
1 b AMI b=0. 003
20 PULl = 0.00;i
2 b PGL2=- 0.001
3 0 wIM= 1 «

3 b LLL^ 1.

4 0 UMAX" lb.
4b OIM = 0.

b 0 DLL 0= 1 0

.

bb 0i*1Aa=V0.

60 LPbIL=0.6
6 b MALP= 100
7 0 XK«Q«4
7 b HAN* 1 •

8 0 L\ «90.
b b PI --3. 141 59
yO Phi M i 9 b

9 b FOfcMAltdXj JAM! b* 9a* 4H1-0L 1* Jaj iHPOLS* 9X* 5HEPSIL* 6X# 2HXK* 8X* 3KhA' )

100 PHI f)T' 10 b* AM lb* POL 1 * POL i2* EPblL > An* i\M
1 Ob FOhMA'i ( 1 a* M 0. b* 3a* f 10. b* 3a* h 10. b* bA* f b. P* da> F b. 2* bA* r b.

1 10 PKIN1 lib
1 lb FOhrtAlOA* 3HWIN* 10a* 4HLLL V.* 9a* 4HGi.viAX* 9X* 2HPZ* 9X* AH.vJALr)

120 Phi Ml 1 £ b* v. I M * DLL W* GM AA *. LZ. * M AL P
1 2b FOziMAi ( 1a* F 7. 2* 8a* F5.2*7X*F6. 2*9X* F5.2*6X* 14)
130 PhiMl 13b
1 Gb FOftM'A'I ( 18X* 2HHW 1 IX* 2H^U* 9a* 7HL0G(H^>* Ba7HLOG( ID)
14s U= V.I M
1 bO Phi M i lbb* \» .

1 bb FOhMAK 1a* 2HU=* F b. 2)

1 60 W2=to*W
16b G=uIM
170 0a=0/180.*PI
1 7b ALPM =MALP
180 DLAL1 - b. *PI /ALPM
lbb bl = &^/l80.^-hl
190 Cl= 10. ** b*AMI b/LPblL/ v.2

19b C2» l0«**5*P0L2/EPbIL/W3
2 00 bUMri 1 = 0.

2 0b bU»viri^=0.

2 10 SU&Vl*0«
2 1 b bUvik/2= *

2 20 bU:4v3=G.
U'db bO/jWi=0. s

J^-.^Md^r^



'd liO Ui 4 30 I l/NALF
fa35 ;J«I AW- 1

1: 40 - l«N
fc:4b Abl-* .. dlDfcALf
UbO i>I NAU^ i»I i\l< Ab*'>

iibb bl^Abb«blNAb*bJ,\)AL
iiCU blNftAb-bi.vK ti. */U.b>
HCb CO->Ab»COb( ALH),
fcJ'/U CO : Abirf^CObAb* CObAb
BV5 Au»/\b*'-OA
who CObAO* CObCAO)
iriHb CObAOS;*C0bAO*CObA0

B9 b K«Li-blb/bOivl < CObAbfc+fci-'bii'fbi.M Ablr.)

3 00 u*/.* CObAO
3 0b 0»k,*o

b»bl+EAP(-AK* ( l.-LJ^fe)/LFb^*COtALtl)
3.J C0bb«C0i><b>**a
3b0 M^b*bIN(B>*+£
3iib 0" 1 • -fc.Ai-(-ivAM+< l.-fcl-b; ) / U'bfc+bliVAbfe)

3 30 >-H»M.M«AL*<C0fc8»filNB*< U+G)/'0i >

33b h V" L J £>b* CO bAb fe+ b 1 M b* &>! N Abfc* i l.+U>/£.
340 IKOOb/ 0)360/ 34b/ 360
34b A*- ( WHO
3b0 f«W*h
3bb 00 10 37''

160 a* (COb< 0/- 1 . ) /CObAUb
3 6b i «bl.M< 0> /CObAO
370 AHl/»M4*X«» bhAb)-
37' bHV«HH + h*/*bfcAbP
380 bO/iH l»bOMH I* AH v

3bb bOMHbubO.IH^+bH v

3^0 A^/V/«hV*A*bfc.ALJ'

39b bV^»h^*h*y*L»fc-ALF
4 00 bW*A*bbAb^
4 0:> LK,\**'t\+i+ bbAbl-

4 10 feUM V I" SUM VI*AW
4 1b bO/i V/k»bOMV/^+l'Vv

4*0 b0rtV/3«<b0MV <+C^
42b bOrf bOM v/4 UOV/

430 CON I I )UL
43b MHi' Cl/b^*<bUMHl*SUMHfW'W>
4^0 HV/»Ai»lPH*MrtPH

4 4 b AM V * C I * < b U*i V 1 + * * b Ort V b ) C & * ( b OM V 3* U * b U» V 4

)

4 bO v/V* Adi- l/*AMJ v

4bb nvL*ALO0(HV/>
460 WVL* ALOtii ww ;

4 6b Hi! \M 470* 0* liv* nvb* tvb

4 70 tOhM Al < 1 A* r < . 3* 3a# ^hl 3. b> :L 1 b. b)

o /b 0»U« 1 bLU
,

4 HO i U- U " \J%*ihA _ ;
1

—
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4db IK i'j) I 7 0 # 170*4*0
490 lEST*tt-fcMAX
H*b tFClESl) 500# &ld* Blu
bOO l>.= w+DLLU
sub Gu ibO
b 1 0 EN D
t> 1 L> 4-'* ; ^ v;
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CAPTIONS FOR TABLES
The length of the a-axis of trans 1 ,^-poiybutadiene

unit cell.

Values of trans 1 ,4-polyhutadiene chain polar.inability

in the hirh temperature crystal form.
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CAPTIONS f OR FIGURES
1. The orientation of lamellae in molded bars of poly-

oxyme thy lone (from E. S. Clarl^ 2
)

2. Schematic diagram of lamella orientation of polyethylene

due to the crystallization under stress (from A. Keller
??

.)

3. Schematic diagram of the apparatus for the simultaneous

measurements of birefringence and stress.

The geometry of the experimental system for orientation

function measurement by X-ray diffraction method.

5. The coord ' nate system for the calculation of orientation

function of the (100) normals.

6. The experimental system for photographic light scat-

tering.

?. The variation of the melting temperature with the trans

content

.

8. The variation of the melting temperature with the mo-

lecular weight of network chain.

9. The variation of the quantity (T° - T
m
)Am

with' l/l^.

10. The stress-strain relations for the amorphous network

in simple extension.

11. Mooney-Rivlin plots at 110°C for various degrees of

crosslinking.

12. The variation of the birefringence with stress at 110

°C for various degrees of crosslinking.

13. The variation of the stress optical coefficient with
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temperature

.

Ik. The variation of the optical anisotrcpy of the sta-

tistical segment (b^ - b
2 ) g

with temperature.

15. The stress relaxation with time during crystallization

at 85°c.

16. The stress relaxation with time during crystallization

at 90°C.

17. The stress relaxation with time during crystallization

at 95°C.

18. The variation of the birefringence with time during

crystallization at 85°C.

19. The variation of the birefringence with time during

crystallization at 85°C.

20. The variation of the birefringence with time during

crystallization at 90 C.

21. The variation of the birefringence with time during

crystallization at 90°C.

22. The variation of the birefringence with time during

crystallization at 95°C.

23. The variation of the birefringence v/ith time during

crystallization at 95°C

2k. The variation of the X-ray diffraction intensities

at various temperatures with Bragg angle.

25. The X-ray diffraction patterns of the crystallized

films v/ith and without strain.

26. The variation of the orientation function with elon-



gation ratio at two crystallization temperatures,

27. The variation of the crystallinity with time during

crystallization under stress at 85°c.

28. The variation of the crystallinity with time during

crystallization under stress at 90°C.

29. The variation of the crystallinity with time during

crystallization under stress at 95°C.

30. The comparison of the crystallinity calculated from

eq.(?2') in this work (80°C) with that from the Flory's

theory, and the correction for filler effect.

31 . The comparison of the crystallinity calculated from

eq.(7?) in this work (90 and 95°C) with that from

the Flory's theory, and the correction for filler

effect.

32. Avrami plots for the crystallization under various

strains at 85°C.

33. Avrami plots for the crystallization under various

strains at 90°C.

3^. Avrami plots for the crystallization under various

strains at 95°C.

35. The H
y

and V
y

light scattering patterns from the

quenched films without strain, and the calculated

scattering patterns for rod-like aggregates (10= ^5°)-

36. The HL and V
y

light scattering patterns from the

films under the crystallization without strain at

high temperature (87°C) r and the calculated scat-



tering patterns for rod-like aggregates ( U) = 90
0
).

37. The H
y

and V
y

light scattering patterns from the

films under the crystallization without strain at

intermediate temperature (65°C).

38. The coordinate system for the calculation of light

scattering patterns from the rod-like aggregates.

39. The H
y

and V
y

light scattering patterns from the

quenched films with strain.

40. The Hy and V
y

light scattering patterns from the

films under crystallization with strain at high

temperature (87°C).

41. The H„ and V
y

light scattering patterns from the

films which were crystallized in the stretched state

and then cooled down to the room temperature.

42. The coordinate system the calculation of light scat-

tering patterns from the ellipsoidal aggregates.

43. The variation in the calculated H
y

light scattering

patterns with two parameters K and P|

.

44. The chain conformation of trans 1 ,4-polybutadiene

high temperature form.



Table 1 Tho length of the a-axis of trans 1, ^-poly-

butadiene unit cell (A)

Modification
. Natta^8 Takayanagi 117 This work

Low^temperature VM . „. 6o ^
High temperature ^ ^ ^



Table 2 Values of trans 1,^-polybutadiene chain polar-

izahility (hi^h temperature form) (>:1Q~ cnr)

x y z

65.9 69.^ 88.9

P„ - Px

21.2
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