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ABSTRACT

OPTICAL STUDIES OF THE STRESS-INDUCED

CRYSTALLIZATION OF RUBBERS

(April 1976)

Mitsuaki Hashiyama

Directed by: Professor Richard S. Stein

There are only a few methods available to follow crystallization of

a rubber sample under high deformation. In the present investigation develop-

ment and improvement of one method is considered, examined and discussed.

The change in the fraction crystal linity with time and elongation of synthetic

cis-1 ,4-polyisoprene (PIP) was studied through simultaneous measurement of

birefringence and stress. Several theories for birefringence and stress were

applied and examined for their applicability and limitations. Results from

various methods were compared including the one from x-ray measurement. The

method described here proved to be a sensitive and convenient riethod for

determination of crystal linity of such samples.

Thermal effects of rapid extension and crystallization were considered.

For the case of PIP studied here, it was concluded that the effects were small

and could be neglected.

The crystal intrinsic birefringence, A°, of PIP, cis-1 ,4-polybutadiene

and syndiotactic-1 ,2-polybutadiene were calculated from their crystal structures
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using bond polarizabil ities. The different values obtained using several

sets of the polarizabil ities were compared.

An experimental value of A° of PIP was determined as 0.224. This

value was somewhat higher than the calculated values. A primary reason

for this was attributed to the internal field effect after the effect had

been deeply examined from the theoretical point of view.

The deqree of crystal! inity and orientation function of PIP were

determined for samples at various elongations by x-ray measurement. The

crystal 1 inity was in the same range obtained for natural rubber. For

example, 14.3% crystal 1 inity was obtained for a sample stretched to 500%.

The orientation function was determined to be very high (f = 0.98). The
c

Krigbaum-Roe theory was applied to obtain theoretical orientation distri-

butions of the crystalline c axis. From a comparison of the theoretical

and experimental distribution of the axis, the size of the critical nucleus

was determined at various elongations. The size becomes smaller with

elongation.

Morphological studies for PIP samples under various conditions were

carried out using a Dhotographic light scattering technique. It was concluded

that the scattering unit consisted of an assembly of crystals with its fibril

axis parallel to the stretching direction but, at higher elongations, with the

fibril axis at a slight angle to the stretching direction. There was an

indication that at high elongation there may be some interference between

the fibril -like superstructures. When a swollen sample (by nitrobenzene)

was stretched, additional new patterns appeared in the H
v

scattering whose
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origin is not certain. The V
v

scatter inq indicated the disorder within

the superstructure because of the existence of the solvent. The four lobes

in the Vy scattering arose from the secondary crystallization which was very

slow after disruption of the superstructure by heating. When PIP sample

under 250% strain was heated, the scattering pattern was observed until 87°C.

For the sample under 320% strain, the scattering pattern persisted at 105°C.

These temperatures are considered to be higher than the melting temperatures

of these stretched samples. The oriqin of this scattering is not as yet

certain

.
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GENERAL INTRODUCTION

The study on crystallization in high polymers has been one of the

major fields of polymer science since its foundations were established in

the 1930's. Since then many brilliant achievements in this field have been

done.

High polymers can exist as various phases, which is true not only

for high polymers but also for almost any material. As observed in low

molecular weight compounds, a crystalline phase and an amorphous phase can

be observed in many high polymers. Because of the great length of the mole-

cules, however, crystallization in high polymers is a more complex phenomenon

than crystallization in ordinary low molecular weight compounds. There are

important differences between both types of crystallization. One important

difference, which has been well established now, between the structure of a

crystallized polymer and that of a crystalline low molecular weight com-

pound, is that the former has a significant amount of amorphous materials.

Furthermore, in polymeric materials the crystals do not exist as a distinct

phase, but the amorphous segments of molecular chains are connected with the

crystal 1 i tes.

The mechanical and optical properties of a crystalline polymer

depend upon both the internal structure and interaction between the crystal-

line and the amorphous regions. The degree of crystal! inity, orientation

of amorphous and crystalline regions, morphology and perfection within

crystalline regions are the important factors which determine the proper-

ties of polymers. To illustrate the importance of crystal! inity
,
one

property—modulus is- given in Table 1. From this table it is obvious that

crystall inity is a very important factor in changing the properties of a
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Table 1

Values for the Modulus of a Polymer in the

Rubbery, Glassy, and Crystalline States (1)

State Approximate Modulus

(dynes/cm2 )

Amorphous-rubbery

Amorphous-glassy 10
11

Crystal 1 ine 10
12

polymer whose amorphous state is rubbery.

Two models describing the structure of crystalline polymers have

been proposed. The first model is a composite single-phase structure known

as the fringed micelle model (2,3) which is shown in Figure 1. In this

model the polymer chains are precisely aligned over distances corresponding

to the dimensions of the crystallites, and more disordered segments form

amorphous regions. Since chains are very long, it is considered that they

penetrate into several crystalline and amorphous regions. The crystallites

may be considered to be more or less cylindrical in shape. This concept

satisfactorily accounts for many aspects of behavior of a polycrystal 1 ine

polymer. In general, however, it is known to be too simple for a structure

of crystalline polymer, and obviously does not account for more complex

structures such as spherulites which are observed to grow in many crystal-

line polymers.

The secondhand more recent model for the structure of crystalline

polymers has been suggested right after the discovery of single crystals



from dilute polymer solutions, first from polyethylene solution (4-6). The

concept is that a chain folding back and forth to form an intramolecular

crystal lamella whose thickness is of the order of 100 A. This idea is

called the chain folding model and shown in Figure 2. Since then the forma-

tion of single crystals has been reported for many polymers, and it appears

to be quite general and universal (7,8). Spherulites are considered as

superstructures of folded chain lamellae, and found in many melt-crystallized

polymers (9).

In summary, the fringed-micel le concept has largely been displaced

especially for highly crystalline polymers. There are, however, many prob-

lems to solve such as the structure of polymers with low or intermediate

crystal 1 inity, in which the fringed-micelle model may still be the more

appropriate one.

There are essentially two different types of crystallization. The

first is so called "thermally induced crystallization", in which the amor-

phous melt is kept at temperatures between the glass transition temperature

and melting point. The second is "stress-induced crystallization", in which

rubbery polymer is sufficiently stretched to cause the crystallization (10).

The crystallization of rubber-like materials generally includes

both aspects mentioned above. Low temperature crystallization occurs when

rubber is cooled sufficiently in the unstretched state, and spherulitic

structure is formed (11). The rate of low temperature crystallization of

rubber in the unstretched state is generally markedly slower than that

under strain. The axes of the crystallites are randomly oriented, and the

x-ray diffraction pattern of such a crystallized rubber is similar to that

snown by a crystalline powder. Andrews (12) showed that the spherulites
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consist of crystalline islands dispersed with radiating crystalline filaments

and amorphous material. Th i s was called a-fi lament by Andrews and believed

to be a folded chain type crystal. Recently Edwards (13) reported that a

new type of spherulitic lamellar crystal in cis-polyisoprene has been identi-

fied, which was different in growth rate, lamellar thickness, and in direction

of fold plane from those of a-filament. The a-lamellar crystal grows in

prestrained films with the a axis perpendicular to the stretch direction.

The new type of lamellar crystal was identified with the b axis perpendicular

to the stretch direction, and named e-lamella. The multiple melting transi-

tions for cis-polyisoprene have been related to these different morphological

species.

In stress-induced crystallization the crystals had veen visualized

as a system of parallel fringed micelles aligned along the stretching direc-

tion. The electron microscopic studies by Andrews (14), however, revealed

structures sucn as those shown in Figure 3. The fibrous crystals apparently

grew perpendicularly to the stress direction and they were connected by iso-

lated columns whose direction was parallel to the stress direction. The

former crystalline filament was considered as an a-filament and the latter

was called a y-filament.

This discovery was related to the independent result (15) from the

crystallization of polymer melts under stress or flow. In this crystalliza-

tion crystal nuclei are formed parallel to the stress or flow direction.

The subsequent crystal growth is essentially confined to be normal to these

lines. This is shown schematically in Figure 4 (16). If stress is low,

this crystallization was be essentially as in spherulites; if the stress

is high, the lamellae will be prevented from twisting and will align straight.
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In Figure 3, the crystal structure of a stretched rubber is very

similar to the shish-kebab (17) grown from stirred solutions. As with the

case of solution-crystallized shish-kebabs, it has been suggested that also

in the bulk a fibrous backbone (y-filament) was first formed parallel to the

stress direction, and that then untwisted folded chain lamellae (a-fi lament)

grew normal to the stress direction from the backbone as nuclei. The back-

bone chain is considered to be partly or mostly extended-chain crystal,

which is more thermodynamical ly stable.

Recently a new concept for the formation of shish-kebabs was sug-

gested by Nagasawa and Shimornura (18). Their model is that the crystals

grow first by a screw dislocation mechanism, like whiskers, and then later

these are deformed by the shear stress to form the shish-kebab structure,

which means that the shish and kebabs are formed simultaneously, and not

in two steps.

The rubbery state of materials is cnaracterized by their under-

going high elastic deformation. Especially in crossl inked three dimensional

networks, this deformation is generally recoverable and reversible. The

kinetic theory of rubber elasticity has been developed by Kuhn and Gru'n (19,20),

and by Treloar (21), which can describe well the behavior of a crossl inked

rubber at least qualitatively. An experimental stress-strain curve and

theoretical predictions are shown in Figure 5.

However, when the rubber is stretched, the network entropy de-

creases, which causes an increase in the crystallization temperature and the

ability of the rubber to crystallize increases. Consequently crystallization

under strain may occur at higher temperatures than the melting temperature

of the unstrained rubber. The crystallization accompanied by the crystal
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orientation may cause substantial deviation from the kinetic theory of

rubber elasticity. Treloar showed that (22) the hysteresis of the stress-

strain curve and birefringence-stress curve of the crosslinked natural

rubber was a consequence of the oriented crystallization. When the crys-

tallites are formed during stretching, they may act as additional cross-

links. This means there is a rapid increase in the number of effective

crosslinks with elongation. The increase causes the Young's modulus of

rubber to increase drastically with increasing elongation. This phenomenon

is often observed as causing the pronounced upward curvature in the stress-

strain behavior (22,23). This is shown as curve 4 in Figure 5. Further-

more because of the increase of effective crosslinkages, the average degree

of parallel alignment of amorphous chain molecules will increase markedly.

As a result the crystallization will be accelerated by the elongation.

Crystallites formed by stress-induced crystallization have a

tendency to align their c-axis parallel to the stretching direction. Con-

sequently x-ray diffraction patterns show discrete spots superposed on an

amorphous background such as shewn in Figure 6.

The present theoretical understanding of crystallization in rub-

ber-like polymers rest largely on studies of Flory (24). In his theory it

is assumed that the chains wmcn traverse the resulting crystallites are

parallel to the stretching direction. The theory describes the relation

between the equilibrium degree crystal! inity and the stress at a given

elongation. This theory also predicts that the crystallization of pre-

oriented polymers has the effect of reducing the applied stress.

The fact that stress-induced crystals orient along some prefer-

ential direction introcuces the optical anisotropy, in addition to that
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arising from the deformed amorphous regions. The increase in birefringence

was observed during crystallization at high elongations by Treloar (25),

which was proportional to the crystallinity determiend from the density mea-

surement. Recently Smith (26) has developed an equation for birefringence

in stress-induced crystallization using almost the same assumptions which

Flory made in his theory (24). This theory predicts that the birefringence

increases in the course of stress-induced crystallization.

Since crystal orientation and morphology in solid polymers are

important to obtain specific properties appropriate for certain applications

of commercial products, many studies (27-29) have been carried out on struc-

tures resulting from the industrial processes such as extrusion, spinning,

blow and injection moldings, cold drawing, etc. Most of these processes

include the solidification and deformation during flow of melt. These

practical industrial processes may be complex, mainly because they are not

under isothermal conditions. Therefore it is more simple and straightforward

to study stress-induced crystallization under isothermal conditions.

The kinetic study of crystallization under stress may be carried

out by the use of conventional methods such as dilatometry, calorimetry,

and x-ray diffraction. In most systems, however, their use is difficult

because of the long time required for measurement, or because of incon-

venience for need of special experimental arrangements. Therefore, in many

cases the crystallization in stretched natural rubber and synthetic rubber

has been studied by observing the associated relaxation of tensile stress

(30-33). Their results show that the rate of crystallization increases

enormously with the applied strain. However, the degree of crystallinity of

natural rubber is usually small and less than 30% eve.i at very high exten-
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sion. The Avrami index (34) decreases to values close to 1.0 at high elon-

gation, which suggests one-dimensional crystal growth, from pre-existing

nuclei

.

Since the birefringence of crystalline polymers depends upon the

amorphous regions as well as the crystalline regions, the change in the

birefringence during stress-induced crystallization may give a clue to

understanding the crystallization process, just as the stress-relaxation

does. One of the attempts to use the birefringence to follow crystalliza-

tion has been proposed by Stein and Norris (35) and Yau (36), and applied

to several polymers (37,38).

Traditionally, morphological studies of crystalline structure of

a polymer has been carried out mostly by the optical and electron micro-

scope. Since the sizes of the crystalline structure approach, in many cases,

the limit of resolution of the optical microscope, it may be difficult to

clearly distinguish the crystalline structures in a samole by optical micro-

scopic study. The latter method may create possible misleading results, be-

cause samples for study under the electron microscope may be prepared in a

manner much different from the condition in which the sample normally

exists

.

The light scattering technique (39,40) has been developed to study

orientation and morphology of polycrystalline materials. It is a very sensi-

tive and convenient method to provide morphological information about crys-

talline structure for many crystalline polymers. The light scattering study

of the crystallization of natural rubber under stress has been carried out

by Yau and Stein (41 )

.

One of the purposes of this study is an attempt to develop an
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optical (birefringence) method originally proposed by Stein and Morris (35) to

follow crystallization with time, which should be convenient and accurate.

Another purpose of the study is to obtain morphological information about

crystalline structure during stress-induced crystallization by the light

scattering investigation. Since the light scattering study of the crystal-

lization of natural rubber (36), there have been further theoretical and

technological developments. It may be a good time to study the stress-

induced crystallization in light of these new developments. Finally the

applicability and limitation of several theories (24,26,42) for the stress-

induced crystallization are closely examined qualitatively and quantitatively.

Most parts of this work deal with the problems of the crystalliza-

tion of synthetic cis-1 ,4-polyisoprene under large deformations. We may,

however, hope that it will help to obtain an insight into the many relevant

problems of stress-induced crystallization of other rubber-like materials.

/
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Options for Figures

1) A fringed micelle model.

2) A model for the lamellar crystal.

3) Row nucleated or "shish-kebab" structure in strained natural rubber

[from E. H. Andrews (14)].

4) Schematic diagram illustrating crystallization under (a) low stress

and (b) high stress for polyethylene [from A. Keller (16)].

5) Experimental and theoretical stress-strain curves: 1. Experimental

curve of an amorphous sample. 2,3. Gaussian and non-Gaussian predic-

tions for the sample given in 1. 4. Experimental curve of a crystal-

lizable sample.

6) X-ray diffraction pattern of a PIP sample stretched to a = 6.2 at

room temperature.
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CHAPTER I

BIREFRINGENCE STUDIES*

Summary

The change in the fraction crystallinity with time and elongation

of synthetic cis-1 ,4-polyisoprene is studied through simultaneous measure-

ment of birefringence and stress. Results are compared with values estimated

from the decrease in stress arising from the crystallization. Various methods

for calculating the crystallinity from the data are compared. This method

proves to be a sensitive, convenient method for determination of crystal-

linity of such samples.

Introduction

The crystallization of natural rubber in the unstrained and uni-

axially stretched states has been discussed in detail by many authors (1-5).

Theoretical interpretations have also been tried by some authors (7,8). These

theories give the degrees of crystallinity at a constant elongation and

constant temperature. However, differing results are obtained using differ-

ent theories.

For determining the crystallinity of the rubber the x-ray diffrac-

tion method is one of the best absolute methods. It may, however, be impos-

sible to follow the crystallization by observing the change in x-ray diffrac-

*Acknowledgements. Most of the parts in CHAPTER I appeared in the paper

titled "Birefringence Studies of the Strain-Induced Crystallization of Rub-

bers", in Die Makromolekulare Chemie, Suppl . 1 , 579 (1975), which is

authored with R. Gaylord and R. S. Stein.
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tion intensity with time because of the long time required for the x-ray

measurements. Consequently, it becomes necessary to develop other methods

to follow crystallization under stress. A part of this work is to obtain

and develop one of these methods.

W. Kuhn, working along with F. Grun (9) laid down the foundations

of theory of birefringence of stretched rubbers leading to the equation for

the stress-optical coefficient C in the Gaussian approximation

C " A/ ° ~ 45 fikT
; r

s H)

where a is the birefringence, o the stress (based upon the actual cross-

sectional area), n the average refractive index, k Boltzmann's constant,

T the absolute temperature and r
$

the anisotropy of the statistical segment

of the polymer chain. More recent molecular theories of Flory, et al . (10)

and Nagai (11) have yielded expressions for r in terms of bond polariza-

bility tensors, factors describing molecular geometry, and bond rotation

potentials. The validity of this equation has been extensively explored

by Treloar (12), Gent (13), Stein (6), and others and has been shown to be

essentially correct, provided the polymer is sufficiently above its T , is

not crystalline and not too highly crosslinked or too highly elongated.

The value of C is a property of the nature of the monomer unit constituting

the chain and should be independent of the degree of crosslinking and elon-

gation. The value of r may depend upon temperature in a predictable way

because of the changing freedom of bond rotation with temperature. The

slight elongation dependence of birefringence may be described in terms of

an equation (11,13)
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A/(a 2
- 1/a) = 2B

1

+ 2B
2
/a

( 2 )

where a is the elongation ratio, which is analogous to the Mooney-Rivl in

equation (14,15)

a/(a 2 - 1/a) = 2C
]

+ 2(ya (3)

Thus the stress-optical coefficient is given by

B
1

+ B
2
/a

c =

q + C
2
/a <

4 )

Since, generally B^/B-j ^ C^/C-j , C varies with a. However upon swelling,

both B
2

and C
2

become, small and C becomes a independent. Also, it has been

shown (16) that for rubbers crossl inked in the swollen state and then dried

B
2

as well as are small.

It is noteworthy to observe (17) that values of C measured in

the swollen state agree well with values obtained from streaming birefrin-

gences-measurements in dilute solution in the same solvent. Consequently,

the value of C measured in the swollen state appears to be a molecular

property quite accurately described by the Kuhn-GrUn theory. Deviations

which are observed with unswol'len rubbers are a consequence of short range

interactions between molecules not considered in the theory as well and

network complication arising "from such factors as chain entanglements.

The enhancement of the birefringence arising from crystallization

of rubbers was described by Treloar (12) and discussed by P. H. Hermans (18)

for the contribution of the crystals to the birefringence of cellulose

fibers. Following him, Stein and Norris (19) proposed that the birefringence
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of polyethylene could be described by the equation

A = Vc +
<

] - *
c >

A
a

+ A
f (5)

where <j> is the volume fraction crystal 1 inity, a and a are the birefrin-
C ct

gence values per unit volume of the crystalline and amorphous phases, and

A
f

is the form birefringence arising from the interface between the phases.

Its value may be estimated using the technique of Weiner (20) of swelling with

solvents of differing refractive index and found to be of the order of a 5%

contribution. This result is consistent with the conclusions of a recent

theory by Stein and coworkers (21) for the form birefringence of spherulitic

polyethylene. The value of A may, in turn, be given by

A
c

= A
c
° f

c
(6)

for uniaxially birefringent crystal s a
0

is the intrinsic birefringence of

the c-cystal . f is the crystal orientation function defined by

f
c

= [3 <cos 2
e
c
> - l]/2 (7)

where e is the angle between the stretching direction and the crystal optic
c

axis.

Equation (5) has been used extensively by Stein and coworkers (19,

22) for polyethylene and by Samuels (23) for polypropylene for resolving the

total birefringence into contributions from the crystalline and amorphous

parts'. The crystalline orientation function, f
£

, was calculated from x-ray
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diffraction, while the value of a
c
° for polyethylene was equated to micro

scopically measured values for n-paraffin crystals. The amorphous bire-

fringence can be given by a corresponding equation

o

a (8)

By using the value of A
a
° obtained from stress-birefringence measurements

on crosslinked polyethylene above the melting point of the crystals, one

may then use this equation to obtain f the orientation function of thed

amorphous segments, which may then be favorably compared with values ob-

tained using other methods (24).

The extension of this approach to the quantitative study of rub-

ber crystallization was made by Stein and Yau (25) and later applied to the

study of the stress induced crystallization of trans-polypentenamer by

Kraus and Gruver (26). They assumed that stress-induced crystals are per-

fectly oriented so that f =1. They also assumed that the amorphous bire-
c

fringance could be given by the equation

A, = Co (9)
a

where C is the stress-optical coefficient of the amorphous rubber, and a is

the total stress. The applies ion of this equation involves two assumptions

(1) The amorphous phase of the crystallized rubber is identical with that

of the completely amorphous rubber. This neglects the possible perturba-

tion of the amorphous phase by the presence of crystals, and (2) The stress

on tne amorphous phase equals the total stress. This neglects the stress
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concentrating effect of the crystals. Both of these assumptions are probably

fair approximations at low degrees of crystal 1 ini ty, and will be considered

in greater detail later in the paper. Upon including these assumptions in

Equation (5) and neglecting the form birefringence, one obtains

r

A s
*c

A
c°

+ (1 *c ) Co no)

which may be solved for <j> to give

4>

c
= (A - Ca)/(A

c
° - Ca) (11)

Kraus and Gruver assumed that A
c
° > Co so that the denominator of Equation

(11) could be assumed constant. The crystallization rate of transpolypen-

tenamer was sufficiently slow so that it was possible to stretch the poly-

mer prior to crystallization and then observe changes in crystal 1 i nity with

time for the polymer held at constant length. The value of a
0

= 0.27 was

obtained by calibrating against an independent measure of crystal 1 ini ty and

was also found to be in agreement with values calculated from bond polar-

izabilities.

In this paper, we apply this method to the study of the crystal-

lization of synthetic cis-1 ,4-polyisoprene, consider its limitations and im-

provement and compare the results with other methods for following the crys-

tallization.
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Experimental

The sample of synthetic cis-1 ,4-polyisoprena (PIP) was a Goodyear

Natsyn 200 material with an Mn of about 350,000. The cis 1,4 content was in

the range of 97-98%, with the remaining 2-3% being principally vinyl. It

was purified by precipitation by methanol from a 5 g/200 ml solution in

benzene. It was then dried in vacuum at room temperature for 24 hours, re-

dissolved in benzene (20 g/1) along with dicumyl peroxide (DCP) as a cross-

linking agent and with an antioxidant of 2,6-di-tert-butyl-p-cresol in the

propirt-ons, PIP, 100 pts. by weight, DCP, 1 pt., and antioxidant, 0.5 pts.

The solution was cast on a teflon coated pan to give films approximately

400 urn thick. These films were then cured for 30 minutes at 140°C at 5000

psi in a small laboratory press, holding the films between sheets of cello-

phane.

Samples were studied using an Instron tensile tester equipped with

a constant temperature chamber and an optical bench for birefringence mea-

surements using a filtered mercury light source and a Babinet compensator (27)

The birefringence was calculated from the retardation R (in numbers of wave-

lengths) using the equation

A = \
Q

R/d (12)

o

where \
Q

is the wavelength of the mercury green line in vacuum (5461 A) and

d is the thickness of the sample which is calculated from the initial thick-

ness d
Q

assuming uniaxial stretching and incompressibil ity from

1/2
a = a

Q
ad = d

o
a-'

/ ' (13)
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Forces were also measured with the Instron and stresses were

caluclated on the basis of the actual (calculated) cross-sectional areas.

Two types of experiments were conducted. In the first, samples

were stretched rapidly at room temperature at a rate of about 2000 % per

min. to their final elongations after which birefringence and stress were

observed as a function of time. In the second type of experiment, the sam-

ple was stretched at a high enough temperature (90°C) so that crystalliza-

tion did not occur. Then after holding the sample at constant length and

temparature for about 20 min. during which time the stress and birefringence

slightly decreased and approached constant values, the temperature was

lowered rapidly to room temperature (in less than a minute) and changes in

stress and birefringence were observed as a function of time.

The first method suffered from the fact that the crystallization

of PIP was sufficiently rapid so that crystallization may have occurred dur-

ing stretching and that crystals were characteristic of a wide range of

elongations during stretching. While under these conditions, Equation (11)

and its modifications are believed to give the correct value of a, the

crystallization process is not one occurring at constatn elongation, which

complicates the kinetic analysis. Furthermore, equations for describing

the force on the crystallizing rubber such as that proposed by Flory (7)

are based upon the assumption that crystals grow in a network held at fixed

elongation. This assumption is not valid for the first procedure.

Results and Interpretation

Two different rubber samples were used in this investigation

which differed slightly in their degree of crossl inking. Sample A was used
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at elongations of a = 2.87 and 3.98 while B was used for a = 5.0 and 6.0.

The stress-optical coefficient was derived from data obtained at elonga-

tions sufficiently low so that crystallization did not occur. The plots of

stress vs (a 2
- 1/a) for stretching samples A and B rapidly to the indicated

elongations are shown in Figures 1 and 2, respectively. Deviations are seen

from the straight line that would be expected if the rubber obeyed kinetic

rubber elasticity theory. Mooney-Rivl in type plots for these samples for

the stress and birefringence made according to Equations (2) and (3) are

given in Figures 3 and 4 for samples A and B, respectively. From such

plots, the stress-optical coefficient, according to Equation (4) is given by

_ 4.494 + 2.799/a „ 1n -4 2l . ....
* ~ 2.263 + 1.128/a

x 10 cm /k 9 < 14 )

for sample A, and

r 3.104 + 3.862/a „ ln-4 2 /i mc\C =
1.690 + 1.498/ a

x 10 cm / k 9 (15)

for sample B. The difference reflects a somewhat higher degree of cross-

linking for sample A.

For comparisons of the stress-birefringence behaviors of differ-

ent polymers Mooney-Rivl in plots for natural rubber samples are given in

Figure 5. Natural rubber (NR) was obtained from the General Tire and Rub-

ber Company (Akron, Ohio). NR samples used here were prepared by the same

method as described for PIP samples. The stress-birefringence behavior for

cis-1 ,4-polybutadiene (28) is also given in Figure 6. All figures indicate

that the stress-birefringence behaviors can be described by Equations (2)

and (3). In Figure 5, the upturns from the straight lines are observed
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when a becomes larger than two. This phenomenon may be caused by finite

chain extensibility rather than crystallization as shown by Smith and co-

workers (29,30). For PIP, there is no upturn at least in the range shown

in the figures. This difference may be considered as one of the charac-

teristic features for NR and PIP. The fact that the stress-birefringence

behaviors of PIP are described over the broad range by Equations (2) and

(3) indicates that PIP may, probably, be a better polymer to study by the

method used here.

Plots of the variation of stress and birefringence following the

rapid stretching (approximately 2000 % per minute) of these PIP samples by

the designated amounts are given in Figures 7-10.

It is seen that at the lower elongation, there is negligible vari

ation of both stress and birefringence with time while at a = 3.89 a slight

increase in birefringence and decrease in stress is detectable. This trend

becomes appreciable at a - 5.0 and a = 6.0 and is clearly a consequence

of crystallization.

N In applying Equation (11) a correction factor was incorporated

to account for the difference between the total stress and that on the

amorphous phase by dividing the total stress by a factor F(<j> ) proposed by

Guth (31) and Small wood (32) as

FU C
)

= 1 +^ * c
+ 14.1 * 2 (16)

in which the crystals are approximated as spherical filler particles.

This factor was first applied by Akana (31) in the studies of trans-poly-

butadiene. This correction was found to amount to about 30% for the higher
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degrees of crystal 1 inity. It is probable that a more correct FU ) would

approximate the crystals as rod-like inclusions, but the use of the extra

parameter of an axial ratio that this would require did not seem warrented

at this time.

The volume fraction crystal 1 ini ties obtained by substituting (14)

or (15) in Equation (11) were calculated. These were converted to weight

fractions using

X
c

= p
c *c

/[pA + p
a
(l - 4>

c )] (17)

where p
c

and
Pf(

are the densities of the crystalline and amorphous phases.

The value of p for PIP was calculated from its crystal structure as 1.007

g/cm 3
. Values for X

c
determined in this way are plotted as a function of

elongation in Figures 11-14.

At a = 2.87, birefringence indicates negligible crystallization,

while increasing amounts of crystallization are obtained at higher elonga-

tion ratios. It is noted that crystallization is seen at quite early

times> casting doubt on the assumption that the sample is stretched before

crystallization begins. For these calculations, a value of intrinsic crys-

talline birefringence of A
c

° = 0.130 was used which was calculated from

Denbigh's bond polarizabil ities and crystal structure parameters as described

in Appendix I

.

Values of the degree of crystal 1 inity calculated from Flory's

stress equation (7) are also included in Figures 11-14. This equation is

c =

/

;
f(a2 - 1/a) - a(6n

s
A)

1/2
X. f (18)
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where N
Q

is the number of network chains/cm 3
, X

Q
is the weight fraction

crystallinity and n
$

is the average number of segments between crosslinks.

N
c

is obtained from the stress at low elongations when X is negligible

from the initial slope (dashed line) of Figures 1 and 2. n is obtained
s

by dividing the number of segments/cm 3
, N , by N . N is in turn obtainedc s

from

N
s

= pA/M
Qq ( 19 )

where p is the density found to be 0.91 [in agreement with McPherson (34)],

A is Avagadro's number, M
Q

is the molecular weight of the isoprene unit

(C^Hg = 68) -and q is the number of isoprene units per segment. This is

approximated by

i < b * - W (b
* - b

t 'i < 20 >

where (b
£

- b
t

) = r
$

is the anisotropy of the statistical segment given

by Equation (1) and (b - b^.)^ is the anisotropy of the isoprene unit in

-24
the amorphous state given by Treloar (35) as 2.71 x 10 cm 3

. By using

the SOC at a = 1 obtained from Equations (14) and (15), we obtain q = 1.95

and 1.98 for samples A and B, respectively, which agree within experimental

error.

The degrees of crystallinity obtained using Equation (18) differ

appreciably from those obtained from Equation (11) at lower elongations but

agree better at higher elongations. In addition to the previously given

reason of the inapplicability of Equation (18) to the description of crys-

tallization occurring during stretching, deviations are believed to arise

from two additional causes: Equation (18) presumes that in the absence of
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crystallization, the stress is accurately given by the ideal rubber elastic-

ity equation, so that the deviations from this behavior can be accurately

associated with the effects of crystallization. Actually, a fraction of

this deviation may result from non-ideal rubber behavior. Also, limitations

are involved in Flory's derivation of Equation (18). The model implies a

direct single pass model of crystallization with perfectly oriented crystals

where a chain enters the crystal from the amorphous phase and passes through

it without reversing direction. Actually, reverse passing of the chain

through the crystal and multiple passing associated with chain folding is

neglected. The effects of these limitations are considered next under the

more readily treatable situation where the crystallization is accomplished

following stretching.

Data for samples crystallized by the second method where the sam-

ple was heated to 90°C, stretched to a = 6.0 and then rapidly cooled to room

temperature is given in Figure 15. Crystallization is believed to begin

quite early, at about 0.002 hrs, and leads to an increase in birefringence

and decrease in stress. Values of X obtained in this way from the bire-

fringence are plotted in Figure (16).

In order to avoid the previously discussed difficulty in calcu-

lating crystallinity from the stress resulting from deviations from ideal

rubber elasticity theory, a procedure for treating data first suggested

by Gent (3) was adopted. Ratnt, than depending upon rubber elasticity

theory for calculating the stress on the amorphous network prior to crys-

tallization which would be affected by the errors in this theory, the

actual experimental value of the stress was employed. If this value,

designated as a , is used instead of the N
Q
kT (a 2 - 1/a) term in Equation
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(18), it may then be written as

°o
a =

(i - x
c

)

1 " (a* - 1/a) [— 1

c -i (21)

which may then be used for the calculation of X Such values are included

in Figure (16) which agree quite well with those obtained from the bire-

fringence data. n
$

is obtained from N
c

in the equation a
Q

= N
c
kT( a 2 - l/ a )

The limitation of Equation (11) arising from the neglect of per-

turbation of the SOC of the amorphous phase may be explored using the

equation proposed by Smith (8) for the birefringence of a semicrystall i ne

network obtained using assumptions similar to those used in the derivation

of the Flory equation of stress. This is

2irN (n2 + 2)2 f
( b . b )

A = ^—53 <(b
0

- bj„ n X„ +
t's

9n "t'c "s c 5(1 - X
)

(a 2 - l/a) - 2X
p
a (6n /tt)

1/2
+ 3n X 2

(22)

where (b
£

- b
t

)
c

and (b
£

- b
t

)
$

are the statistical segment anisotropics of

the crystalline and amorphous phases. This equation presumes that the amor-

phous phase may be described by the ideal statistical theory up to the point

of crystallization. It is seen that when X =0, Equation (22) reduces to
c

the Kuhn-Grun result. The application of this equation to the determination

of X is found to lead to values differing appreciably from those obtained
c

from Equations (11) and (21). The reason is believed to be primarily re-

lated to the non-ideal behavior of the amorphous phase. This deficiency

may be overcome using the same approach as proposed by Gent for the stress;
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that is, to utilize for the amorphous contribution, the birefringence just

before crystallization commences, designated by A , fj give

A = Q Z I C S C , Q

(b
A

- b
t )

s
(«2 - l/a) n - X

c
j (a- - 1/a)

X |^(a 2 - 1/a) - 2X
c
a(6n

s
/7r)

1/2
+ 3n

s
X
c
2

(23)

Using the value of n
$
obtained from the value of N which is calculated from

A
Q

using the Kuhn-Grun result, (b
£

- b
t )

s
obtained from Equation (1) at

low elongation and calculated values of (b - b.) , X may be calculated
* L C C

and is plotted in Figure (16). The values are in reasonably good agreement

with those obtained using Equation (11) suggesting that at least at the

relatively low degrees of crystal 1 inity encountered in this study, the ap-

proximations inherent in Equation (11) are good.

x Since the recent studies (29,30) of stress-strain isotherms for

rubber above room temperature strongly indicate that non-Gaussian (N-G)

behavior occurs at lower strains than does crystallization, it may be in-

teresting to extend Flory's stress and Smith's birefringence theories by

applying non-Gaussian network theory in place of Gaussian theory which is

used in their derivation. These calculations have been carried out by

Gaylord (36) (see Note 1 for the derivations).

/
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The stress equation is described as

a =
N
c
kT a 1/2

1

X

1/2

20 c Trn 0-
c _

3N
p
kT a

f
,

+ 5S7f^ry[« 3 -^ + n
s
x
c2 (3

a -J,)

- 12x
c (el; a2

" n - x3 '

+ 1. i

3 3^

Sen (24)

and the birefringence is expressed by

A =

2tt N (n 2 + 2)
2

c __
• 9n

(b
(b

£
- b

t)
- b .)„ n X + c/

* A
t'c "s c 5(1 - X )

(a 2 _ l/ a ) + 3n X 2 - 2a X

6n
1/2

aX

1

1/2

5n~n - X
)

s
v

c'

c / 6
s c C \ 71 10 Tin

1 1+
35(1 - Xj 2 |3iT [

a " - 57 )

+
9k [« 'i? r 3 »c

!r + *X 2

6n
c

+ n X «* - ^ aX 3 1 5

s c 3 c

1/2

I
X
c
^ 3 + 1

)(^f
2

(25)

The crystallinity X
Q

may be calculated from Equations (24) and (25) by using

the same approach as described previously to overcome the non-ideal behavior

of the amorphous phase. The calculated values of X are also plotted in

Figure 16.

There is a small difference in the values obtained from the Gaussian

and non-Gaussian equations. The values, however, are considered to be in

reasonably good agreement with those obtained using Equation (11).

We may attempt to fit this isothermal crystallization data to an
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Avrami (37) type equation

X
c

- X. 0 - exp(-k
c
t
n
)] (26)

where Xro is the ultimate crystal 1 i nity, k
Q

is the rate constant, and n is

the Avrami exponent which is often associated with the dimensionality of the

process. This equation may be written in the form

In { -£n[l - (X
C
/XJ]} = lnk

Q
+ nlnt (27)

The value of- was obtained from extrapolation to long times using values

obtained from Equation (11) to give X^ = 0.23 at a = 6.0. The data are

plotted according to Equation (27) in Figure 17 to give a straight line

during the initial period of crystallization with a slope giving a value

of n = 0.93. Such a low value of n is often found for crystallization in

oriented systems and is interpreted as unidirectional growth on predeter-

mi led nucl ei

.

As it is seen from Figure 17, as the crystallization progresses

the deviation from the Avrami equation becomes prominent. One may conclude

that (38) as the transition from amorphous phase to crystalline phase pro-

gresses, the rate of crystallization will become smaller than that predicted

by the theory. The heat liberated by crystallization has been considered

as one of the reasons for the deviation. The possibility was eliminated

however after considering the heat balance within the sample as shown in

Appendix II. Several possible reasons are mentioned by Mandelkern (38)

and otfiers (39). One of them is that if nucleation occurs only by limited
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amount impurities which are activated accidentally with time, the rate of

nucleation will decrease with time considerably because of consumption of

the impurities. At any rate, as the crystal 1 inity increases, the deviation

from the theory appears to increase. The development of the theory for the

region in which the crystal 1 inity becomes large is strongly called for.

The variation of crystal 1 inity with temperature on stepwise cool-

ing was observed by stretching a sample at 90°C and after 30 min, lowering

the temperature in 5° steps. The temperature was kept constant for 15 min

at each temperature after which the stress and birefringence achieved a

constant value. Values for the variation of stress and birefringence de-

termined in. this way are plotted in Figures (18) and (19) for different

extension ratios. At low elongations, the stress is approximately propor-

tional to temperature and the birefringence is independent of temperature

as expected for amorphous rubbers. At higher elongations and lower tem-

peratures, the stress decreases more rapidly with decreasing temperature

and the birefringence increases as a consequence of crystallization. The

arrows show the temperatures at which crystallization is believed to begin.

Crystallization is seen to affect birefringence much more than stress.

The change in X
c
with temperature was calculated using the modi-

fied Equation (11) and is plotted in Figure 20 at a = 4.98 and a = 6.51.

For this purpose the stress-optical coefficient prior to crystallization

was taken from values of stress and birefringence at the position of the

arrows in Figures (18) and (19) and it was calculated at lower temperatures

by assuming it to be inversely proportional to temperature. It is seen

that the melting point of the crystals is greater at the higher elongation

and that the degree of crystal 1 inity increases as the temperature is lowered
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Concl usions

The variation in degree of crystal! inity of a rubber during

stretching, with time following rapid coolinc of a stretched sample or with

temperature during stepwise cool ing of a stretched sample may be followed

by simultaneous measurement of the birefringence and the stress. For sam-

ples isothermally crystallizing at constant length, the degree of crystal-

1 inity calculated from the stress decrease agrees well with that calculated

from the birefringence. At moderate to low degrees of crystal 1 inity errors

resulting from the assumption that the stress-optical coefficient of the

amorphous phase appear to be small.

Note I

An Expansion of Flory's Equation to Non-Gaussian Network*

The network is assumed to be first oriented well enough so that

the subsequently formed crystallites will have their chain axes parallel to

the direction of stretch. As the temperature is lowered, portions of the

network chains enter crystallites. Because repeat units in the crystalline

region traverse a greater distance than they do when free (or amorphous),

the remaining amorphous units of the chains are deformed away from the posi-

Acknowl edgements . Most of Note I is taken from "Theories of Chain Coiling,

Elasticity, and Viscoelasticity", by Prof. K. J. Smith, Jr., in Polymer

Science , edited by A. D. Jenkins, American Elsevier, New York, 1972, and

modified for the derivation of non-Gaussian equations. The derivation was

carried out by Dr. R. Gaylord except the part of the melting temperature.

/
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tions which they had when the entire chain was amorphous. This deformation

must be taken into account; therefore the free energy of fusion can be

written as the sum of two terms: one, the free energy of fusion of the

units in the crystalline phase (calculated on the basis that they are free

or unconstrained) aF^ , and two, the deformational free energy imposed on

the remaining amorphous segments by the crystallites, aF
q

,

AFT = aF + AF
n D (28)

The deformational free energy of a chain of n
s

segments when stretched from

Y
0

to r may -be written to the order of n
s

_1
as

aF
q

= kT
3r 2

\

2^7
__3r 2 9r^
2n

s

272~
+

20n 3
a'»

V
+ V

2n
s
£ 2

+
W^U-

'o

20n
s
3^

\

(29)

After crystallization of m segments the amorphous chain contains only n
$

- m

segments. Furthermore, if the initial deformation is great enough, say

along x, the distance spanned by the n - m amorphous segments will change

from r 2 = x 2 + y 2 + z 2 + r
c
2 = (x - nu) 2 + y 2 + z 2

, the y- and z- directions

being essentially unaffected by the crystallization. Therefore, aF
q
may be

written as

- 3GkT

/ [(x - nu) 2 + y 2 + z 2
]

1 1

(n - m) (n„ - m) 2

l v
s s

'

W(r) dr

9GkT

20(n c
- m) 3^ [(x-m£) 1+ + y

1+ + z
4 + 2(x-m£) 2

(y
2 + z

2
) + 2y

2
z
2
]

/
W(r)dr - <r

/

0 l(n -

1

m) (n -m) 2 20Tn~^T^ <rV (30)
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where <r*
o
> is („, - )»!, < r^> „ | (b> .^ and G |f ^^ ^

active chains in the system.

The distribution w(r) dr is that of the chains before crystall

tion. For simple elongation along x by an amount a it is

iza

W(r)dr
3/2

exp <-
2n.£7 I

^+ a(y2 + Z2)| M 1 ^

+
2n 2 £ 2

s

r*
2

+

(y* + Zf) + 1 (x 2y2 + X 2
Z 2) + 2a2y2 Z

2j j
dxdy(Jz (31)

By carrying out the integration of Equation (31) one obtains

AF n =
GkT

D 2(1 - X )

1

a 2 + -
/6n \

a
1— ^

1/2

10
aX

c (v)
W

,

2«X
c f_6_f/2 +

aX

(A) + 3x - 2n

(1 - X
c

) ,

3X
c
2

10n (1 - X
c

)

+ 36 GkT
c s

"
(1 - X r ) ( 20n

c
(l - Xr )3

J

J) +2n
s
X
c
2

(
3a2+

!)
+3n

1/2

16X

n.V /6n
1/2

(a 3 + 1) - 4n X 3a
C V 6tt J

v 7
S C \ 1

(32)

where X = m/n is the weight fraction of crystal 1 inity.
c s

In the absence of the constraints imposed by the term aF
q

the m

statistical segments would crystallize just as does any other substance.
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Thus we can write

AF
n

= -n,G[AH
u

- TASJ
(33)

where AH
y

and aS
u

are the heat and entropy of fusion respectively, con-

sequently

AF
n

= -mG AH
u
[l - T/rj (34)

since at the fusion point for unstretched chains AS = aH /T° , T° bei
u urn

the crystallization temperature of unstrained chain. Thus

m
ng

AF
T

= -mG aH
u

[1 - T/T°
m
] + aF^ (35)

which represents the change in free energy of a total of Gm statistical

segments crystallizing at constant deformation a.

The stress-strain isotherm at equilibrium crystallization can be

determined by noting that aF
t

is a function of a and m, consequently,

dAF
T

= 61 d" * (5) dm
<
35 >

At equilibrium (3AF^./3m)a = 0 and

dAF
T

pAF,.

da \ 3a
(37)

m

which is simply the retractive force per unit length of unstretched sample,

hence
>
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L_J/\ 1 \ .. /
6nsV

/2
1 v / 6

0/2

s

1 - —™J _\ x 3^ ) 1

{ c

J/2 ] /2

3^" 12X
c fi7 -

2
" "A 3 s

S C \ TT
c V 6tt .

(38)

where f is the refractive force and L
Q

is the length of unstrained sample.

If the number of active chains per unit volume, N is used in place of G,

one would obtain Equation (24).

On setting ( 3AF^/ 3m) a equal to zero and setting X = 0, one ob-

tains an expression for the temperature of incipient crystallization T as
m

T" * T7 2n~ F
(
a

' n
s

) (39)mm s u

where

f(a,n
s

) «a? + 2/a - 2a (Sn^) 172
- i-

( a 2 + 2/a) -
fg (A)

1^

+ 2a
( J/2 •

, 0/2 CA ftb \ a / b

n
s

n

+

In F(a,n ) the first three terms are corresponding to the Gaussian expression

/
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Note II

An Expansion of Smith's Theory to Non-Gaussian Networks*

The birefringence An may be obtained by differentiating the

Lorentz-Lorenz equation as

An * ^ AY (41)

where ay = Y] - y2
is the difference between the polarizabil ities of two

principle axes.

Both crystalline and amorphous regions contribute to the bire-

fringence, hence ay may be separated to yield

2tt (n^ + 2)2
or Uy„ + AYJAn = — 9n— ^c

+ AV ( 42 )

where the subscripts (c and a) denote the crystalline and amorphous contri-

bution, respectively.

In the assumed model the crystallites are perfectly aligned along

the direction of stretch, hence a statistical segment within a crystallite-

is also oriented in this direction. If we denote the longitudinal and the

average transverse components of polarizabil ity of a crystalline statistical

*
Acknowledgements . Most part of the Note II is taken from the article

titled "Birefringence of Semicrystall ine Polymeric Networks", by Prof. K.

J. Smith, Jr., in Journal of Polymer Science, A-2, Vol. 6 (1968), and modi-

fied for the derivation of non-Gaussian equations. The derivation was

carried out by Dr. R. Gaylord.
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segment as b
]c

and b
2c

respectively, we can write ay

Ay
c = n

s
G

(
b
ic " b

2c J X
c (43)

where n
s
G X

Q
is the total number of segments making up the crystalline re-

gion.

If y
x

is the x component of polarizabil ity of a chain in an en-

semble of chains and Yy is the y component of the pol arizabi 1 ity , ( Y -
Y )

is given as

Yx * Y
y

"
3(b

]

- b
2 )

5n
s
£2

1
- 5n~)(*

2 -y 2
)

+
12

fx" - y«* + x^z 2 - y
2
z 2

)] (44)

where b
]

is the polarizabil ity of an amorphous statistical segment along

its long axis, b
2

is the average polarizabil ity in the transverse direction,

and ass the length of a statistical segment.

The total polarizabil ity Ay s
T| ~ Y

2
may be obtained by summing

the contribution of all chains

/
Ay =

I (yx
- Y

y
) dG (45)

where dG is the chain distribution function and is given by the theory of

rubber elasticity. For the case of simple elongation along the x axis

this function is expressed as

dG = G W( Y ) d (y) (46)
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The above results are valid only for completely amorphous networks so their

application to the amorphous portion of semicrystal 1 ine structure entails

some modification.

If we let the subscript a denote the amorphous portion of the

chain we have in lieu of Equation (45)

AY
a

=
' Va dG

a (47)

Because the crystallites are presumed to lie with their chain direction

along the direction of stretch x, x a becomes
a

x
a

= x - X
c
n
s £ (48)

where X
c

n
$
£ is the distance traversed by the crystalline portion of the

chain, but the Y, Z coordinates are unaffected, therefore

y
a

= y

z
a

= z (49)

This means that an amorphous chain with one end located at the

origin of a rectangular coordinate system and the other end located around

the point (x,y,z) will have coordinates (x - X n £, y, z) after X n seg-
c s c s

ments have crystallized. Furthermore, crystallization will reduce the num-

ber of segments in the amorphous portion of a chain spanning the distance

Y
2 = (x - X n £)

2 + y
2 + z 2 is n a = n_(l - XJ . We have therefore

a C S a b C
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AY
a

- | [/ Y

_
3(b

l
- b

2>
p

13/2

2-nn !?

CO

///
[(X - X

c
n
s
*)2 - y2] +

CD

12
3bn*(l - TJW (x - X n

s
l)- -

+ (x - X
c
n
$
£)2 Z 2 y2 z 2 exp 3

ZnJJ a(y 2 + z 2 ) +

(
1 - ^- +

3

4n
r 2n 2 £ 2
s s

a(y2 + Z 2) + 4a^ 20n ^
s

x 4 2
£*2(y- + z

4
) + ^ + i (x 2

y
2 + x 2 z 2

) + 2 a2y2z2 (50)

Integration of Equation (49) yields for amorphous anisotropy

S(bj - b
2

)

i
-

5n
s
n - V (a 2 - 1/a) + 3n X 2

- 2aX

9n

6n

(

6Vr aX

C I I , 10

.(..
a 2

)
§

r- ^X
9

X
c

(4a

l/2-i

c / 6 36

* —
35(1 - Xr7

2 3n
a " J)

X 2 3a 2 +
2a

+ n X 4

s c
4 aX 3

3 c

1/2 vl

K<* S + 1 >(n?) J/ (51)

From Equations (42), (43) and (51) we obtain the expression for the bire

fringence of a semicrystal 1 ine network. Then the birefringence per unit

volume may be expressed by Equation (25).
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Captions for Figures

The variation of stress with (a* - 1/a) for sample A. The dotted

straight line would be expected for kinetic elasticity theory.

The variation of stress with (a 2 - 1/a) for sample B.

Mooney-Rivlin type plots for stress and birefringence for sample A.

Mooney-Rivlin type plots for stress and birefringence for sample B.

Mooney-Rivlin type plots for stress and birefringence for natural

rubber sample.

Mooney-Rivlin type plots for stress and birefringence for cis-1,4-

polybutadiene [from Ong et. al (28)].

The variation of stress and birefringence with time following the

rapid stretching of PIP samples at room temperature at elongation

ratio of 2.87.

The variation of stress and birefringence at elongation ratio of 3.89.

The variation of stress and birefringence at elongation ratio of 5.0.

The variation of stress and birefringence at elongation ratio of 6.0.

The variation in weight fraction crystal 1 ini ty with time following

rapid stretching of PIP samples at room temperature at elongation

ratios of 2.87. Values are given which are obtained from the bire-

fringence Equation (11) and Flory's stress equation (18).

The variation in weight fraction crystal 1 ini ty at elongation ratio of

3.89.

The variation in weight fraction crystal 1 ini ty at elongation ratio of

5.0.

The variation in weight fraction crystal 1 ini ty at elongation ratio of

6.0.
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The variation of stress and birefringence with time following cooling

of a sample of PIP to room temperature following stretching to a =

6 at 90°C.

The variation of weight fraction crystallinity with time following

cooling a PIP sample to room temperature which had been stretched to

a = 6 at 90°C calculated from birefringence using (a) Equation (11)

and (b), (b') Equations (22), (25), respectively, and (c), (c') from

stress using Equations (21), (24), respectively.

An Avrami plot of the isothermal crystallization data on PIP.

The variation of stress with temperature upon stepwise cooling samples

of PIP" stretched to various elongations at 90°C.

The variation of birefringence with temperature upon stepwise cooling

samples of PIP stretched to various elongations at 90°C.

The variation in weight fraction crystallinity with temperature upon

stepwise cooling samples of PIP stretched to a = 4.98 and 6.51 at 90°C
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CHAPTER II

INTRINSIC BIREFRINGENCE AND INTERNAL FIELD

Introduction

The values of the bond polarizabil ity vary considerably depending

upon what state (gas or crystal) the system is in at the time of measure-

ment (1-3). One of the reasons for the differences has been attributed to

internal field effects. This effect is a result from interaction of the

local neighboring fields of other bonds or molecules on the field of some

specified bond.

Stein (4) has evaluated the internal field of a n-paraffin crystal.

The results of his calculations indicate that the effective bond polariza-

bil ities are affected by the internal field arising from the polarization of

the rest of the molecules, and that their values will depend upon molecular

configurations. Samuels (5) obtained the crystal intrinsic birefringence

_3
of isotropic polypropylene as 29.1 x 10 which is markedly small compared

with the amorphous intrinsic birefringence, 61.5 x 10 . This is also

attributed to the result from the strong internal field effect in the poly-

propylene crystal

.

In Appendix I the crystal intrinsic birefringence was calculated

from bond polarizabil ities and in Chapter IV an experimental value was ob-

tained. By comparing these values we feel that the calculated values may

be somewhat underestimated. We also feel that the reason for this disagree-

ment may be due to certain internal field effects, which indicate that the

Lorentz-Lorenz equation used for the calculation may not be suitable for

the polymer crystal. Because the author believes that the internal field
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effect may be a very important factor on many optical problems, not only

for cis-polyisoprene used here, but also for other polymers, in the follow

ing sections several internal field theories will be reviewed and their

applicability and limitations will be considered.

Theories

For high-frequency radiation, the refractive index of a material

is related to its polarization P as (6,7)

n2 - 1 = 4tt P/E
q (1)

where E
Q

is the applied field. P is given by

P Na E
fiff (2)

where N is the number of molecules per unit volume, a is the molecular

polarizability and E ^ is the effective field given by

E
eff

E
o

+ E
int < 3 >

E^
nt

denoting the internal field arising from all the surrounding molecules

If we assume a cavity in which a given molecule is located at the center,

the internal field on the molecule may be described by (9)

E. = EQ + E T
(4)mt S I
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where E
$

is the contribution due to bond charge on the cavity surface and

Ej is due to all of the dipoles inside of the cavity. There are a number

of important cases for which this term, Ej vanishes. If there are a great

many dipoles in the cavity, if they are oriented parallel but randomly dis-

tributed in position, and if there are no correlations between the positions

of the dipoles, then Ej = 0 (8). This is the situation which might prevail

in a gas or a liquid. Similarly, if the dipoles in the cavity are located

at the regular atomic positions of a cubic crystal, then again Ej = 0 (8).

In the general case, however, E, is not zero. Furthermore, if

the material contains several species of molecules, Ej may differ at the

various molecular positions.

In the Lorenz-Lorentz calculation, the molecules around a given

molecule are treated as an isotropic dielectric continuum, and it is as-

sumed that the molecule is located in the center of a spherical cavity in

this continuum. E<~ may be obtained by calculating the field arising from

the polarization charge on the surface of the cavity as

E
s

= (n - 1) E
Q
/3 (5)

Ej has been shown to be zero as described above. The effective field is

then obtained as

E
eff

= [(n2 + 2)/3] E
o

(6)

where k is the internal field factor. From Equations (1), (2), and (6) one
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obtains

4tt

3
(7)

which is the Lorenz-Lorentz equation. Equation (7) was used to calculate

the crystal intrinsic birefringence of cis-1 ,4-polyisoprene in Appendix I.

The internal field in the crystal may, however, not be described

by the model of the spherically-symmetrical Lorentz-Lorentz field, because

the molecules take certain configurations in their crystal. A r,.ore realis-

tic expression for the internal field has been proposed by Stein (4). His

model is that the molecule resides in a cylindrical cavity instead of a

spherical cavity. The cylindrical cavity model gives an explanation about

the discrepancy between the values of the anisotropy of methylene groups

determined from the refractive indices of n-paraffin crystals, from stress-

optical data, and from gas and liquid light scattering depolarization.

In Stein's theory the field parallel to z axis in the center of

the cavity whose symmetrical axis is in the z direction is described as

1
-

f
(8)

i nt,z
= 4tt P 1/2

(1 + f 2
)
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where f is the axial ratio of the cylindrical cavity. The internal field

of x (or y) direction is given by

int,x
= 2tt p

1(1 + f 2
)

1/2 (9)

The internal field factor, k and k may be described as
Z X

k
z

= l + 1)

(1 + f2 )

1/2 (10)

k
x

= 1 + [(n
x
2 - l)/2]

. (1 + f 2 )

T7? (ll-

where n and n are the refractive indices in the z and x direction, respec
Z X

tivelv. If n = n and f = C.3, these equations are eventually equivalent
J x z

to the Lorentz-Lorenz equation.

From Equations (l)-(3) and (8)-(ll), one may obtain the following

equations

(n
z

2 - 1) {
1 - 4tt Na

z
1 SttI)

= 4lT Na
z

I .
(Hf2 )

17^
(12)
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for the z direction and

(n 2 - 1) 1 - 2tt Na

l(1 + f 2
)

1/2
= 4tt Na (13)

for the x (or y) direction.

From these equations the refractive indices, n , n and n may be

calculated by using the values of N and a which are obtained in Appendix I

and by assuming a value for f, the axial ratio of the cylindrical cavity.

The intrinsic birefringence, n - (n + 0/2 may be obtained and compared
^ x y

with the experimental value, 0.224. By this manner one can find the value

of f which gives the best fit to the experimental value. The results were

obtained for Denbigh's (9) and Clement and Bothorel's (10) bond polariza-

bilities. They are given in Table 1; both values a^e reasonably close.

This approach by Stein indicates that the internal field effect

may be one of the reasons for the disagreement between theoretical and

experimental values. It should, however, be mentioned that Stein assumes

that there is no contribution of dipoles within the cavity, i.e., Ej = 0.

For a gas or liquid this may be a good assumption. For polymer crystals

the contribution of E
T
may be significant and should be taken into account
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for quantitative studies.

Recently a more detailed calculation (designated as H-C-S theory)

of the internal field has been proposed by Hong et. al (11). in their

calculation a detailed summation of the dipolar field is carried out over

a crystal. The molecules in their crystal are represented by thin aniso-

tropic rods as shown in Figure 1. These anisotropic rods have different

polarizabilities, a
fl

,
a
b>

and a
c

in the directions of the a, b and c axes

of the unit cell. By using this model they obtained the effective field

of the central rod along the a-axis as

r k' a

= [i--V
-1

E
0

where (a
a
/L) is the polarizabil ity per unit length in the a-axis direction

and k is the internal field factor in the direction of the a-axis. k
1

is
a a

given as ,

J
2x- 2 2sinw.

k
a

= l\7C^ < 3sinw
i

" sinV ~ J-T^) 05)
.1 ^ ia J

J J e
ja\i

where x-, w . and C- are the paremeters which are defined in Figures 2 and

3. e- is the dielectric constant of the j-th chain in the direction of

the a-axis.

For the direction of b-axis

i

E
eff .b U1

"
E
°

- k
b

E
Q

(16)
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where

2y
i

2
/

2sina).

K =
I< -

c- (
3sinw

i

" sin3w .) J

(17)

and for the direction of the c-axis

E
eff, c

=

|j
- ~V^J E

0 (18)

= k
c

E
o

where ,

I i 2(sin 3w
1
. - sinaj,-)

k<\li
—^~J->

These results lead to

n- 2 - 1 = 4tt Na.k. (20)
i i l

v
'

where i is either a, b or c.

In order to calculate the intrinsic birefringence of the PIP

crystal, the H-C-S internal field may be applied. The molecules of PIP

in its crystal align along the c-axis. They may, therefore, be considered

to be anisotropic rods as shown in Figure 1. The geometrical arrangement

of these rods of PIP are similar to those of n-paraffin. The only differ-

ence is the distance between rods.

k', k' and k' were calculated as functions of R, the radius of a
a b c

spherical region of the crystal within which all the induced dipoles are

taken into account. The dielectric constants ejV ej
b

and e-
Q

are assumed

to be unity. The curves in Figure 4 are very similar in shape to those
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obtained for n-paraffin (11), but different in their values. The results

indicate that the values of k;, k' and k' approach limiting values and

change very slowly for R > 30 A.

The values of k;.. and k' for a crystal cylinder with various

height-to-diameter ratios were also calculated. In the case of n-paraffin

crystal, it is found that the values of k;, k£ and k' versus the axial

ratio can be plotted into master curves with negligible deviation. This

is also the case for PIP. The master curves are shown in Figure 5. A

difference between the cases of n-paraffin and PIP, however, is found at

small values of (R/Z). The curves of r , k£ for PIP are very smooth and

approach to certain limiting values, while those for n-paraffin change sig-

nificantly in this region.

In practice, the dielectric constants ej
a

, and e.
Q

for the

j-th chain will be unity only for the chains in the vicinity of the refer-

ence chain. As described by Hong et. al (11), the macroscopic dielectric

constant was used in this work as an approximation. The corrected values

of k^, k^ and k
c

for dielectric constant are shown in Figure 6.

The internal field factors, k , k. and k are calculated from
a D C

Equations (14), (16) and (18). The polarizabil ity of an isoprene monomer

unit, on is calculated in Appendix I for different sets of bond polariza-

bility. L has been determined as 4.05 A by x-ray diffraction (12,13). The

calculated values of k
a ,

k^ and k
c

considering the dielectric constant

(e = 2.4) are given in Table 2.

The change in refractive index corresponding to a small change in

3 = ak in Equation (20) can be found by differentiation
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2n dn = 4ttN dB ^l)

Thus for small refractive index differences

_ 2ir N
A - — A6 (22)

where n is the average refractive index of the material. The crystal in

trinsic birefringence can then be calculated from the difference in b,

which is

3
a

+ eh
Ae = B

c - -^-^ (23 )

n may be described as a first approximation as

n + n, -i n

n = —

—

J*-—

£

= {2 An (/T + /bT + /T) + -L-f-L
l

a b c 4/^\/o-
1

+ -L + ->

^ ^ ^
The crystal intrinsic birefringence, a

0
, of PIP was calculated

for the sets (9,10,14) of polarizabil ity and given in Table 3. The calcu-

lation for a° of n-paraffin was made in the same manner using the values of

k^, k^ and k^ obtained by Hong et. al (11). It is given in Table 4.

For n-paraffin the refractive indices were measured by Bunn and

Daubeny (15) as

n
a

= 1.514

n
b

= 1.519

nr
= 1.575
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The intrinsic birefringence is then

o
n
a

+ n
h

A
c

= n
c "

2
=

°- 0585

In general the calculated values using H-C-S internal field theory are in

good agreement with the experimental values, especially Denbigh's bond

polarizabilities which give an excellent result. Keedy et. al (16) have

reported that a better agreement was found between experimental and theore-

tical birefringence values of polypropylene using Denbigh's data rather

than using that of Bunn and Daubeny.

For PIP however, the calculated values are significantly different

from the value, 0.224, which was obtained experimentally in Chapter IV. A

better agreement was obtained if the Lorentz-Lorenz internal field was used

as shown in Appendix I

.

These two opposite results may indicate a limitation of the applica-

bility of the H-C-S theory. For PIP the fact that A° from the H-C-S equa-

tion takes significantly small or negative values indicates that this theory

may overestimate the internal field effect of the PIP crystal.

The author feels that one of the reasons for this significant dis-

agreement may be due to an assumption made in the derivation of the H-C-S

equations. Hong et. al assume that the induced dipole moments within a

crystal are all the same at any position in the crystal. This may be a

good assumption for n-paraffin. For a crystal of PIP, however, it is very

likely that the induced dipole moment near the boundary of the crystal is

not equal to that around the center of the crystal, because the surrounding

conditions of these two points may be significantly different from each
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other. Due to this reason the H-C-S equation probably overestimates the

internal field effect.

If we consider a small domain within a crystal, in which the in-

duced dipole moments can be considered to be equal to each other because of

the small dimension of the domain compared with the dimension of the crystal

Then we assume that the domain has a size equivalent to that of the cylin-

drical cavity described before. As we have seen, Stein's internal field

theory neglects the contribution from the induced dipoles within the cavity.

Now we may evaluate the contribution using the H-S-C equation in which all

induced dipole moments should be equal to each other.

By using Equation (4) the corresponding equations to Equations

(12) and (13) m?y be given by

z

(25)

and

Nax[
(1 + ; ? j/ 2 -

=4* Na
x
™n 2 - 1 Hi - 2„

j

f 2 )

By using Figure 5 one may obtain the coefficient k^ (or k'
c

) , k% (or k^), and

k' (or k/). Caution must be taken as f is defined by Z/R. The correction
y b

for the dielectric constant may be made by dividing the value without cor-

rectionby the macroscopic dielectric constant.

Following the same procedure described earlier, one can find a

value of f which gives a best agreement between the theoretical and experi-

mental crystal birefringence. They are given in Table 1. The two values

for different sets of polarizabilities are reasonably close to each other.
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The values from Equations (25) and (26) are smaller than those from Equa-

tions (12) and (13). These differences may imply the effect due to the in-

duced dipoles within the cavity which are neglected in Equations (12) and

(13).
:

The values of f indicate that the cavity is rather disk-like. If

we further assume that the shape of the cavity is similar to the total crys-

tal, the crystal in stress induced crystallized PIP sample has a disk-like

shape. This shape may be equivalent to those of kebabs (17) as shown in

Figure 4 in the General Introduction. It is, however, more likely that the

shape of the crystal has nothing to do with the imaginary shape of the

cavity.

We have considered, so far, only the internal field effect in

the crystalline phase. In the real case, however, we may have to consider

the effect due to the existence of the amorphous phase. For polymers like

PIP this may be an important factor because small crystalline domains are

surrounded by large amounts of amorphous phase. The effect due to the ex-

istence of amorphous phase may, therefore, not be neglected, for polymers

like polyethylene the contribution from the amorphous phase may be relatively

small because of the high crystal 1 inity of the materials. These differences

between PIP and polyethylene may be one of the reasons for the disagreement

found here.

In conclusion it is evident that the internal field effect is the

main reason for a large change in crystal birefringence. It has been demon-

strated that the reason for this disagreement between the calculated and

experimental crystal birefringence can be explained by the internal field

effect.



85

References

1. R. J. W. LeFevre, J. Proc. Roy. Soc, New South Wales, 95, 1 (1961 ).

2. H. G. Bolton, Trans. Faraday Soc, 50, 1261 (1954).

3. D. W. Saunders, Trans. Faraday Soc, 53, 860 (1957).

4. R. S. Stein, J. Polym. Sci., A-2, 7, 1021 (1969).

5. R. J. Samuels, J. Polym. Sci., A-2, 6, 1101 (1968).

6. H. A. Lorentz, The Theory of Electrons , Dover, New York (1952).

7. L. Lorenz, Ann. Physik,
1J_, 70 (1880).

8. J. Reitz and F. Mil ford, Foundations of Electromagnetic Theory , Addi son-

Wesley, Mass. , 1967.

9. K. G. Denbigh, Trans. Faraday Soc, 36, 936 (1940).

10. C. Clement and P. Bothorel , J. Chem. Phys., 61_, 878 (1964).

11. S. D. Hong, C. Chang and R. S. Stein, J. Polym. Sci., Polym. Phys. Ed.,

13, 1447 (1975).

12. C. W. Bunn, Proc Roy. Soc, A180, 40 (1942).

13. S. C. Nyburg, Acta Crystal., 7, 385 (1954).

14. M. F. Vuks, Optika Spectroskopiya, 2, 494 (1957).

15. C. W. Bunn and R. deP. Daubeny, Trans. Faraday. Soc, 50, 1 173 (1954).

16. D. A. Keedy, J. Powers and R. S. Stein, J. Appl . Physics, 31_, 1911 (1960).

17. M. Hill and A. Keller, J. Macro. Sci., Phys., B3, 153 (1969).



TABLE 1

The Value of f which Gives an Agreement between

Theoretical and Experimental Crystal Birefringence

Polarizability

Used

From
Equations

(12) and (13)

From
Equations

(25) and (26)

Denbigh (9) 0.78 0.4

Clement
and

Bothorel (10)

0.89 0.5



TABLE 2

The Values of k , k. and k of PIP Crystal
a d c

for Various Sets of Bond Polarizability

(Corrected for Dielectric Constant)

Clement and
Vuks (11) Denbigh (12) Bothorel (13)

0.9313 0.9265 0.9341

1.1971 1.1976 1.1885

0.8638 0.8584 0.8552



TABLE 3

The Intrinsic Birefringence, A° of
c

PIP Calculated from the H-C-S Internal Field

Clement and
vuks (11) Denbigh (12) Bothorel (13)

-0.0124 -0.0036 0.0305



TABLE 4

The Intrinsic Birefringence of n-Paraffin

Calculated from the Lorenz-Lorentz and the H-C-S Internal Fields

q Clement and
A
c

Vuks (14) Denbigh (19) Bothorel (10)

Lorenz-Lorentz n nc ~ n n

Field
0.2697 0.3316 0.2138

Hong Field 0.0422 0.0516 0.0209
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Captions for Figures

Thin rod model used for the calculation of the internal field.

Dipole induced in the molecular chain when the electric field of

the radiation is at thedirection of the chain axis.

Dipole induced in the molecular chains when the electric field of the

radiation is perpendicular to the chain axis.

The coefficients of k^, and k' vs. the radius of the crystal sphere

R. The dielectric constants are taken as unity.

The coefficients of k^, k^ and r vs. the axial ratio of the crystal

cylinder. The dielectric constants are taken as unity.

The corrected values of k^, k^, and k^ for the dielectric constant.
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CHAPTER III

X-RAY STUDIES

Introduction

The mechanical and optical properties of a crystalline polymer

depend upon several factors which are determined by the internal structure

of the polymer (1). Among them the orientation of the crystal and the

crystal linity are probably the most important factors. Therefore it is very

desirable to know these factors.

The crystal linity may be determined by a number of methods such

as density measurement (2), calorimetry (3), x-ray diffraction (4), NMR (5),

and infrared spectrometry (6). These methods have both advantages and dis-

advantages in the time required of measurement and in the instrumental

arrangement etc. For the time independent study of crystalline phase of a

sample under stress, the x-ray diffraction technique is surely the most

absolute and best established method.

The orientation of the crystal may also be measured by those

methods described above. The x-ray diffraction method is, however, the best

for this purpose as well as for the measurement of the crystal 1 inity.

X-ray pictures of PIP samples are shown in Figure 1. They were

taken at room temperature. There is only an amorphous halo at unstrained

state and at low elongation which means zero or negligible crystal 1 inity

in the samples. As the elongation ratio a increases, the diffraction in-

tensity increases and the diffraction peaks become more discrete, indicating

higher crystal 1 inity and higher orientation.
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The quantitative determination of their values will be discussed

in the following sections.

Measurement of the Degree of Crystal 1 initv

There are several methods to determine crystal 1 inity by x-ray

measurement. One of the easy and convenient ways is that (7) the measure-

ment is made at the positions of the intensity peaks as a function of the

azimuthal angle ft. (The coordinate system for x-ray diffraction is shown

in Figure 12). For i-th diffraction peak, an integration over azimuthal

angle is defined by

Jir/Z
K (ft) sinft dft (1)

o

may be calculated. The degree of crystal! inity is then approximately given

i
a,

Amorphous +
J A.

K = ~ J r~ (2)

Ruland (8) has proposed a more correct approach considering disorder of

crystals. The crystal 1 inity is described as

/OO -00

S 2
I ds / S 2T? ds

Xr
= —^ (3)

c

J°°
S2 I ds j S*f? Dds

where S is (2/A) sine, x is the wavelength of the x-rays, e is the Bragg

angle, I is the coherent scattering from the crystalline phase at S, I

is the total coherent scattering. J7 is the weighted mean-square atomic

scattering factor of the sample described by
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I N. f.2
JZ _ _ 1 1

L
i

N
i

being the number of atoms of type i in the stoichiometric formula of the

polymer and f. being the atomic scattering factor of type i. D is an im-

perfection factor which includes the loss of intensity concentrated at

reciprocal lattice points due to displacement of the atoms from their ideal

positions. As a first approximation for unoriented systems, this may be

described as exp (-kS 2
) in which k is the total disorder due to thermal

motion and to lattice imperfection.

The integration of Equation (3) is usually taken over a finite

range (say S0 to S
p

) which gives

/ S 2
I ds

X
c K ~± — (5)

L
s
p

S
2

I ds

S

where
o

s

/
P

S
2 f2

"
ds

K = (6)

p S 2 f7 D ds

A value of K is taken to produce a value of X
c
which is independent of the

integration range.

For a uniaxial ly oriented sample, the diffracted intensity is

dependent upon the azimuthal angle n as well as the Bragg angle. In this

case

I(S) = / I (S,n) sinn dfi (7)

o
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The intensities of diffracted x-ray are corrected for polarization,

absorption, background intensity and incoherent scattering using (9)

t = [~t - T
p-^d se cel f 2 1 fe

yd sec9 l
corr ^exp A

exp back J |j + Cos 22eJ l~Ie7e J
" !

i ncoh

(8)

where

I
corr

= corrected intensity

I
exp = (total) experimental intensity

J
exp back

= back 9 round intensity with no sample

I
incoh

= incoherent intensity

p is the linear absorption coefficient and d is the thickness of the sample

The value of y may be calculated from the equation (10)

P = pI W
i

(y/p)
i

(9)

where p is the density of the sample, W. is the weight fraction of the ith

element in the sample and (y/p)^ is the mass absorption coefficient. For

cis-1 ,4-polyisoprene in this work 3.8 (cnf^) is used as the value of y.

The calculation is shown in Table 1.

The incoherent scattering (Compton scattering) is given by the

equation (11)

^ ' R
(
Z- Pnnl

2
- y f |2 (10)

mn 1

where

(11)
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Z is the atomic number, is the scattering factor of the nth electron,

'

f
mn

is an exchange term due to the interaction of the mth and nth electrons,

P is the reciprocal-lattice vector, y is the position vector within the

atom, <p* and ^ are electronic wavefunctions , and R is the Breit-Dirac

electron recoil factor, which has a value close to unity except for ele-

ments of low atomic number. The calculation of the incoherent scattering

for polyisoprene is given elsewhere (9). In practice the incoherent scat-

tering intensity may be obtained by assuming that (7,12,13) the diffraction

at a sufficiently high Bragg angle is entirely incoherent. The incoherent

intensity at lower angles are then estimated from the calculated curve of

the incoherent scattering. Although Krimm and Tobolsky (14) showed that

the coherent intensity did not entirely vanish even at large Bragg angle,

this procedure for the evaluation of the incoherent scattering is a good

and convenient approximation in a practical sense. The angle 2e = 50 was

used as such an angle. While a somewhat greater angle would have been

desirable, this angle was chosen because of instrument limitations.

Samples of PIP were prepared by the same manner described in

Chapter I. They were a little thicker than the previous ones for the bire-

fringence study to make the x-ray measurements easier (about 50 mils at un-

stretched state). The samples were stretched to certain elongations at

room temperature and held by sample holders for about 40 hours. X-ray mea-

surements were made using the dynamic diffractometer (15) of our laboratory

in a static mode using CuKa radiation. The measurement of intensities was

done at various azimuthal angles such as 0°, 5°, 15°, 28°, 39°, 50°, 70°,

85° and 90°.
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The corrected intensity of the diffracted x-ray from the samples

of PIP at various elongations are shown in Figures 2-4. It is noted that

S 2 Ids = (8/x 3
) l(e,n) x sin 2

e cosede. A typical plot of I(e,n) sin 2
e cose

vs 6 at several values of ft for a sample stretched 420% is given in Figure

6. Each of these plots was resolved into its crystalline and amorphous

contributions and the areas of the total intensity and the amorphous parts

considering the weighting factor sinft are plotted as a function of azimuthal

angle Q as shown in Figures 6-8. The crystalline contribution was taken as

the difference between both. The integration was taken from e = 4.5 (S =

0.1) to 6 = 12 (S
p

= 0.27).

To determine the degree of crystal! inity from the S 2
I and S 2

I
0

curves of any specimen it may be useful to prepare a nomogram of K versus

Sp for a range of values of coefficient k in the lattice-imperfection factor

D = exp (-kS 2
). By using Equations (4) and (6), a nomogram for S = 0.1 and

0

for f 2 corresponding to chemical composition of cis-1 ,4-polyisoprene, i.e.,

(C^Hg)
n>

was calculated using the atomic scattering factor in the Interna-

tional Table (11) and shown in Figure 9. As has been obtained for (CH
2 ) n

composition by Ruland (8), the curves of K versus S
p

are nearly linear.

For a given polypropene sample Ruland could read the optimal value of k

from the nomogram for (CH
2 ) n

composition to make X
Q

as nearly constant as

possible for independent S
p

. In this manner he obtained k = 4 for poly-

propene sample, k = 3 - 5.6 for Nylon 6, and k = 3.6 - 7.7 for Nylon 7.

In this work the diffracted x-ray intensity was measured up to

about S = 0.3. (It was desirable to go to a higher value, however, it was

not done because of instrument limitations). It would not be practical

to proceed with Ruland's method ever this relatively small range. There-

t
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fore, the integration was taken from e = 4.5 (S =0.1) to e = 12 (S =
o \

p
0.27). As seen in Figu-e 9, it is obvious that the value of K is very close

to unity even at high values of k in the range over which the integrations

were taken. Consequently it may be a good approximation to take K as one

over this integration range. If the lattice-imperfection of PIP crystal is

very high, that is high k values, the degree of crystal 1 inity will only be-

come about 20% higher than that obtained by the assumption of K =
1 or k = 0.

Another important thing concerning the determination of X
c
with elongation

is whether or not K varies with elongation. While it is conceivable that (7)

the degree of disorder may vary with elongation and lead to a variation of

K, the assumption of K = 1 in this work is probably still applicable to the

oriented system by the reason discussed above.

The degree of crystal 1 inity X of PIP at different elongations

is given in Table 2 and shown in Figure 10. The degree of crystal 1 inity

of natural rubuer has been measured by several workers (4,16,17) and their

results are also shown in Figure 10. It is noted that the crystal 1 inity

of PIP is comparable with that of natural rubber. It seems, therefore, that

non cis-content (about 3%) in PIP (synthetic polyisoprene) does not have

significant effects at least on the degree of crystal! inity. The non cis-

content, however, may have a significant effect on the rate of crystalliza-

tion.

These values of X will be used later to determine the intrinsic
c

birefringence of PIP crystal.
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Measurement of the Orientation Function ofjv^iLLilfl
Measurement of the Orientation Function

To describe the orientation of crystallites in crystalline fibers

an orientation function was proposed first by Hermans and co-workers (18) as

- j (3 <cosV - 1) (12)

where <cos 2
<j>> represents the mean-square cosine (averaged over all the crys-

tallites) of the angle <}> between a given crystal axis and the reference

direction. In this equation it is assumed that other crystal lographic axes

as well as the one specified are arranged with cylindrical symmetry about

the reference direction (10).

Following Hermans' treatment Stein (19) has proposed the equations

for uniaxial orientation

f..z-i< 3 «**\*>-v

f
b,z

=
1 (3 <cos2

*b,z
>

" ]) (13)

f = i (3 <COS 2
<b > - 1 )

c,z 2
vc,z

where $ , <j>. and $ are the angles between a, b and c crystal axes and
a , z d , z c , z

the reference direction Z. The geometry is shown in Figure 11. For uniaxial

oriented materials the symmetric (most likely stretching) direction is

usually taken as Z direction and the angles a , a
b

and a
Q

may be considered

as being uniformly distributed along the reference (symmetric) direction Z.

The value of <cos 2
<j>> is 1 for perfect alignment with Z, 1/3 for random orien-
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tations, and 0 for perpendicular orientation to Z direction.

If the crystal unit cell is orthogonal, one may obtain

cos 2
* _ + cos 2

<f> u „ + COS 2
<j> = 1 (14)a,z .

r b,z Tc,z v ;

and

f
a,z

+ Vz + f
c,z

5 0

Thus, for an orthogonal crystal only two of the orientation functions are

needed to describe the orientation in uniaxially oriented materials.

The orientation function of a and c axes of cis-polyisoprene crys-

tal may be obtained directly from the measurements for the orientation of

the plane-normal of the (200) and (002) plane, respectively. Because the

crystal unit cell of PIP is orthorhombic (20,21) and because boin diffraction

intensities from the two reflections are strong enough for the measurements.

Bragg angles which are corresponding to the major reflections of PIP are 3.s

follows (20,21)

hki Bragg Angle (2e)

200 14.0

201/201 17.5

120 20.7

002 21.4

Averages of cos 2
<j>

h(a z
may be calculated from the observed in

tensities according to the relation (22,23)

J
U 2

I
hk£

(*) cos 2
<j>

sin^ d<|>

_ 0

- r/2 i_u) sin, d,
(16)

hk£
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where I

h(aU) is the relative intensity of the diffracted x-ray by (hka)

plane.

The inclination of the stretching direction from the horizontal

plane is designated by the angle x, and the samples are symmetrically

tilted with respect to the incident and diffracted beams. The coordinate

system used here is given in Figure 12.

If the sample is uniaxially oriented and if the symmetry axis is

the stretching direction, the angle is equal to the angle X provided

that the Bragg angle 0 is positioned at e
hk£

(24). Then, Equation (16) is

rewritten as

J I(x) cos 2
x sinx dx

<cos 2 4» = <cos 2
x> =

°

7r/2 (17)

I(x) sinx dx/
o

The measurements were performed with the diffractometer described

before (15). The diffraction intensities at various elongations were mea-

sured as a function of azimuthal angle n (or' tt/2 - X) at 8 7.0° for (200)

reflection and at e = 10.7° for (002) reflection. The intensities were cor

rected using Equation (8). They are shown in Figures 13-18. The intensity

from each reflection plane was obtained by subtracting the amorphous inten-

sity from the total intensity.

The values of <cos2 *
n |<;£

> were calculated from Equation (17) and

the orientation functions for the a and c axes were obtained from Equation

(13). The numerical values of them are given in Table 3 and <cos 2 x> is

plotted in Figure 19. By using Equations (14) and (15) <cos 2 x> and the

orientation function for b axis were calculated.
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The values for the b axis are very close to those for the a axis

as expected in axial orientation, which indicates random orientations of a

and b axes around the c axis. It is also noted that the orientation func-

tion is very high even at a = 4.1. This result shows that the assumption

of f
c = 1 used in Chapter I may be very good and gives a justification for

Flory's and Smith's theories (25,26) in which the perfect orientation is

assumed. For natural rubber stretched at room temperature the values of

0.985 at a = 5.0 and 0.982 at a = 7.5 have been reported (4).

Because of the instrumental limitation it is considered there

may be an error or + 1 degree with respect to the angle x. For a system

with very high orientation such as that discussed in this work, this one

degree could be a source of large experimental errors. The fluctuation of

the incident x-ray beam is about 10%. However, since this fluctuation is

random, the error caused by this fluctuation can be minimized if many ex-

perimental points are taken. The possible experimental error may, there-

fore, be considered to be about 2-5%.

The plane-normal distribution function Q(x) may also be obtained

from the intensity by normalization:

Q(x) = I(x)/ I(x) sinx dx (17a)

Q(x) for (200) and (002) planes are calculated and shown in Figures 20 and

21. It should be mentioned that there is an appreciable difference in shape

of the distribution curve for different elongation. On the hand the values

of <cos 2 x> are almost the same for all elongations. This may be natural

because of the fact that the function of cosx does noc change significantly
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if x is smaller than 10°. It may, therefore, be difficult to say that there

is some difference in the orientation for the samples at different elongations

The distribution function Q(x) may, however, describe the differences clearly

The Orientation Distributions of Crystallites and Statistical Chain Segment

Krigbaum and Roe (27) have proposed the orientation function for

statistical segments in a strained amorphous network, using the Kuhn-Grun-

Treloar (28) model of a network of flexible linked chains. Here x is the

angle specifying the orientation of a statistical segment with respect to

the stretching direction. (In the definition this x may be different from

the x described previously. Later in this section, however, this x will be

equivalent to one described before as will be seen). The distribution func-

tion is expressed in series form as (27)

oo

W(0 I W P (O (18)
1=0 *-

*

where 5 = cosx, P
£ (0 is normalized Legendre polynomials and W is the

JO

coefficient. The first seven coefficients have been obtained as

(2)
1/2

W = 1
v

' 0

if) W
2

= (1/5n
s

) (a2 " Va) + (
36/875n

s

2 )(a 4 + a/3 - 4/3a 2
)

+ (108/6125n
s

3 )(a 6 + 3a 3/5 - 8/5a 3
)
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and

2
\l/2

9 J
W
4

= (3/175n
s
2)(^ . 2a + 1/q2) + (216/13475n 3)

(a 6
- 4a 3/5 - 7/5 + 6/5a 3

)

2
\l/2

13 J

W
6

= (27/35035n
s
3)( a 6 . 3a 3 + 3 . 1/a3)

W
£
=0 (if 1 = odd)

( 2 )

1/2
P
Q

=
]

2
xl/2

9 J
P
4

= (35c
4

- 30c
2 + 3)/8

J
P
6

(23U 6
- 315c

4 + 105C 2 - 5)/1613

(20)

where n
$

is the number of statistical segments between crosslinks.

From Equations (18)-(20) the distribution function W(x) can be

calculated at various elongations as a function of x. The value of n
g

may

be obtained by the method described in Chapter I. In this calculation 57

is used as the value of n
$

, which is the average value obtained in Chapter

I. The distribution functions calculated at a = 4.1, 4.7 and 6.1 are shown

in Figure 22. The average value of cos 2 x may be given by

r
J W(x) cos 2

x sinx dx

<cos 2 x> 5 — (21)/IT * '

W(x) sinx dx
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The values of <cos 2 x> are plotted in Figure 19, designated as amorphous.

It is noted that the orientation of the c axis is much higher than that of

the statistical segments prior to crystallization.

To explain this difference Krigbaum and Roe further assume that

the formation of a stable nucleus for crystallization requires the simul-

taneous alignment of v amorphous segments (29). By invoking another assump-

tion that the nucleation process controls the overall crystallite orientation

distribution in the sample, they obtain the orientation distribution of the

crystallite c axis as

[W(x)]
v

%W - —
(22)

r cw(x)]
v

sinx dx
o

then,
71

<cos 2 x> = I cos 2
x Q (x) sinx dx (23)

Now the critical volume of nucleus is represented by the value of v. It

may be interesting to estimate the size of the critical nucleus from x-ray

measurements for the orientation.

One may determine the values of v as they give an agreement be-

tween <cos 2
x> calculated according to Equations (22) and (23) and the value

obtained for (002) reflection as given in Table 3. The values of v can be

obtained independently by a best fit between the theoretical and experimen-

tal distribution curves. In this calculation here the values of v were de-

termined by the former method and given in Table 4. The theoretical dis-

tribution curves were, calculated using these values and shown along with the

experimental ones in Figures 23-25. It is seen that both curves agree well,
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which indicates that the values of v from the best fit are probably close

to those obtained here. Actually the differences between two values of v

are within 5, except the case of a = 4.1, in which case the value from the

best fit is about 20 less than that reported here. However, the general

conclusions are believed to be valid in spite of this uncertainty.

From the values of v the volume of a crystalline nucleus can be

calculated. The dimensions of a unit cell of PIP are given as (20,21)

a = 12.46 A, b = 8.89 8, c = 8.10 A

and 8 isoprene monomer units in the unit cell. The number of monomer units

per segment have been calculated as 1.97 in Chapter I. The volume of the

nucleus changes from 35,800 A 3 (33 K cube) at a = 4.1 to 18,100 A 3
(25 A

cube) at a = 6.1. Both the primary and secondary nuclei are considered to

determine the crystal orientation distribution. As described by Krigbaum

and Roe (29), however, the fact that the number of the latter greatly ex-

ceedSsthat of the former may suggest that the values given above probably

refer to the volume of the secondary nuclei.

For polychloroprene (29) the size of the nucleus has been reported

to be 29,000 A 3 (30 A cube) at a = 1.45, 13,800 A 3 (24 K cube) at a = 4.44,

and 6,500 A 3 (17 A cube). The size of nucleus of PIP is relatively com-

parable with that of polychloroprene.

According to nucleation theories (30-33) the critical nucleus size

is determined by its melting temperature and supercooling. One can, there-

fore, estimate the equilibrium melting temperature using an appropriate

theory from the value of the critical nucleus obtained by the orientation
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measurement. For bulk crystallization Hoffman et. al (34,35) have proposed

an expression for the critical radius p* of a cylindrical secondary nucleus

of fixed length A as

p* =
Ah

f ) (at) ("f

Ah
f J VaT/ (24)

where o
s

and Ah
f

are the lateral surface free energy and the heat of fusion

per unit volume, respectively. T
m

and T are the melting point and crystal-

lization temperature, respectively. aT is the difference between T and T
m

It is well known that the melting point of a cross! inked polymer increases

with elongation (36,37). AT becomes larger with elongation and, therefore,

p * becomes smaller. This may qualitatively explain the observed decrease

in v with a (29)

.

Following Krigbaum and Roe (29), if we consider the polymer seg-

ment to be cylindrical with radius v , and identify a with the lenqth of
o o 3

a segment, then v may be expressed by

s W m

y0
Ah

f J
Vat

(25)

The lateral surface free energy a
$

is not known for cis-polyisoprene under

strain. As a first approximation the value of the average interfacial

free energy 5 for natural rubber at unstretched state is used as a
$

. It

is 3 erg/cm 3 (38). The value of Ahf is given as 6.8 x 10 8 erg/cm 3 (39-41)
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From the dimension of the unit cell of PIP the radius of a segment is cal-

culated as y
q

= 2.97 S. T is taken as 298°K (room temperature).

The estimated values for T
m

from Equation (25) are 28.6°C for

a =4.1, 29°C for a = 4.7 and 30°C for a = 6.1, which are considerably low

as compared with the experimental values. The main reason for this may be

attributed to the value of a
$

. We use the value for natural rubber at un-

stretched state. The surface free energy of a nucleus formed at oriented

systems may not be equal to that at unoriented systems. Furthermore, the

shape of a nucleus may also depend upon the degree of orientation of the

mother phase (amorphous phase). It may, therefore, be questionable to use

Equation (25) for this problem. If Equation (25) is still applicable to an

oriented system, the value of the surface free energy has to be about ten

times higher than that used here in order to give a comparable melting

temperature with the melting temperature determined experimentally.

We should, however, not draw a definite conclusion from the limlte

data obtained here. More theoretical and experimental investigations

will be needed to obtain a quantitatively satisfactory result.
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TABLE 1

Calculation of the Linear Absorption Coefficient

of Cis-l,4-Polyisoprene for CuKa Radiation

Chemical Composition: C CH Q5 8

Molecular Weight: 2 n.A, = 68.119

Densities (g/crcT) : Crystalline, 1.00
Amorphous, 0.91

Mass Absorption Coefficient: ^ = 2 W I ^\
P

i HPA

Atom n A 2
(cm /g)

n.A.
i i

W.
i

Carbon 5 12.011 4.60 60.055 0 .8816 4.055

Hydrogen 8 1.008 0.435 8.064 0 .1184 0.052

68.119 1. 0000 4.107

Mass absorption coefficient (cm /g) : 4. 107

Linear absorption coefficient (cm
-1

)

:

Crystalline, 1.00 x 4.107 = 4.107
Amorphous, 0.91 x 4.107 = 3.737



TABLE 2

The Degree of Crystallinity

at Various Elongations



TABLE 3

The Values of <cos x> (or <coscp>)

a <cos 2
v > <cos

2
xb
> <COS

2
Y >

4.1 0.012
2

0.002
7

0.985
1

4.7 0.010
6

0.003
9

0.985
5

6.1 0.006
3

0.007
1

0.986
6

The Values of the Orientation Functions, f
, fL and f

a b c

f
a

f
b

f
c

4.1 -0.48
2

-0.49
6

0.97
8

4.7 -0.48
4

-0.49
4

0.97
8

6.1 -C.49
1

-0.48
9

C.OC
0



TABLE 4

The Values of v and the Estimated

Volume of Critical Nucleus

- J^L V* (A
3

)

4.1 162 35800

4.7 127 28100

6.9 82 18100
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Captions for Figures

X-ray patterns of PIP samples stretched at room temperature.

The corrected intensity of the diffracted x-ray of PIP at a = 4.1.

Here, n is defined to be equal to x in Figure 12.

The corrected intensity of the diffracted x-ray of PIP at a = 5.2.

The corrected intensity of the diffracted x-ray of PIP at a = 6.0.

The variation of I(e, r) sin
2
e cose with e for a 420% stretched PIP sam

pie at several azimuthal angles.

The variation of S(fl) sinfi with a for a 310% stretched PIP sample.

The variation of S(n) sin^ with si for a 420% stretched PIP sample.

The variation of S(n) sinn with n for a 500% stretched PIP sample.

Nomogram of K values as a function of k and S calculated for the

chemical composition (C C H 0 ) and = 0.1.Don u

Crystal! ifiity in PIP samples at room temperature along with that in

natural rubber measured by others; (A) Alexander, et al . (4);

(B) Goppel and Arlman (16); (c) Nyburg (17).

Stein's (19) coordinate system for specifying orientation modes in

n 1 i n-v% f\ ^

(a) The geometrical relation between inxident x-ray, Sq, diffracted

x-ray, S-j , sample S and detector B in the method of diffractometer

X axis indicates the normal of sample surface.

(b) Coordinate of rotation of a sample. Z is the diffractometer axis.

X' is the direction of the incident x-ray. Z is the stretching

direction. Note: Azimuthal angle a in the section of "Measure-

ment of the Degree of Crystal 1 inity" is defined to be equal to
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X. In the section, "Measurement of the Orientation Function of

Crystallites", however, a is equal to tt/2 -
x .

13) The variation of I with n at e = 7.0° for a PIP sample at a = 4.1.

14) The variation of I with q at e = 10.7° for a PIP sample at a = 4.1.

15) The variation of I with Bite- 7.0° for a PIP sample at a = 4.7.

16) The variation of I with Q at e = 10.7° for a PIP sample at a = 4.7.

17) The variation of I with a at e = 7.0° for a PIP sample at a = 6.1.

18) The variation of I with q at e = 10.7° for a PIP sample at a = 6.1.

19) The variation of <cos x > with elongation for PIP.

20) The (200) plane-normal distribution function Q( x ) obtained from x-ray

measurement for PIP samples at various elongations.

21) The (002) plane-normal distribution function Q( x ) obtained from x-ray

measurement for PIP samples at various elongations.

22) The variation of the distribution function with x calculated from

Equation (18) for various elongations.

23) The experimental (full curve) and theoretical (dotted curve) distribu-

tion function Q( x ) of the (002) plane-normal for a PIP sample stretched

to a = 4.1.

24) The experimental and theoretical distribution function Q( x ) of the

(002) plane-normal for a PIP sample stretched to a = 4.7.

25) The experimental and thee ical distribution function Q( x ) of the

(002) plane-normal for a PIP sample stretched to a = 6.1.



Figure 1
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Figure 7
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Figure 11



Figure 12
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CHAPTER IV

DETERMINATION OF THE CRYSTAL BIREFRINGENCE

Introduction

As shown previously the birefringence, A, of a semi crystal 1 ine

polymer may be described by the equation (1,2)

A = 0
C
A
C

+ (1 - 0C )
A
am

A
f (1)

where <j> is the volume fraction crystal 1 inity and A and a are the bire-c v j c am

fringence contributions of the crystalline and amorphous phase. A
f

is the

form birefringence which has been shown to be a 5-10% contribution to the

overall birefringence (1,3,4). To evaluate a
c

one may take experimental

means using

A
C
=A° f

£ (2)

where^ A is the intrinsic birefringence of the crystal and f is the orier-
^* c

tation function of the optic axis of the crystal.

For polyethylene the value of A° can be obtained directly since

the crystal is isomorphic with those of n-paraffins which have been studied

by Bunn and Daubeny (5). For other crystals, they must be estimated by in-

direct means (6) such as by cel.
L
ion from bond polarizabil i ties as shown

in Appendix I. In such calculations a consideration of the internal field

effect may be essential and very important, which has been discussed in

Chapter II.
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The value of A
am

may be given by an equation analogous to Equation
(2)

A = A° fam am am (3)

o
where „m and are the intrinsic birefringence and orientation functions

of the amorphous segment.

Substituting Equations (2) and (3) into Equation (1), one obtains

4 » f
c

+ (1 - *c ) ^ f
am Af (4 )

By neglecting A
f

and by rearranging Equation (4)

= A
o

+ li^cl ^ a
o

Vc c ^ f
- A

am (5)

The birefringence a and the crystallinity ^ may be determined generally by

conventional methods (7,8). If the orientation functions, f and f canc am'

be obtained by some independent method, for example, x-ray diffraction for

f
c

and infrared dichroism (9) for f then one may plot a/U f„) against

[(1 - * c )/* c ]
f
am/

f
c

to give an intercept a£ and a slope A°
m

. Such a study

has been made by Samuels (10) for polypropylene, by Onogi et. al (11) for

polyethylene and by Dumbleton (12) for poly(ethylene terephthalate) , in

which sonic velocity is used lv determine the orientation. Values for

polypropylene obtained are a° = 0.0291 and a° = 0.0600. The value of A°
c am c

is in reasonable agreement with the theoretical calculation (13). For poly-

(ethylene terephthalate) the values of 0.220 and 0.275 for a
0

and a
0

are
c am

obtained. The experimental values show that (14) the birefringence in the
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amorphous regions, A°
m , is usually higher than that in the crystalline re

gions, a°. This phenomenon has been attributed to the internal field ef-

fect (15).

For rubbers one may calculate * using an expression

A
am

= C a
am (6)

where C is the stress-optical coefficient of the amorphous phase and a is
am

the stress of the amorphous phase which may be described by (16,17)

a
am

=
°/ F^c )

- o/(l + 2.5
«fr€

+ 14.1 «j>

c
2)

( 7 )

where o is the total stress. This approach to evaluate the amorphous con-

tribution was intensively used in Chapter I. Neglecting A
f

and substituting

Equation (2), (6) and (7) into Equation (1), one obtains

(1 - a
) C • a

A =
*c

f
c
A
c

+
(1 + 2.b t + 14.1 o ^ (8)

c c

By rearranging Equation (8)

a o g - *
c

)

*
c
f
c

" A
c

+
(1 + 2.5 ^ + 14.1 ^) ' C 0)

If the stress-optical coefficient C is considered to be constant,

the plot of A/<j> f versus (1 - $ )a/$ f (1 + 2.5 <j> + 14.1
<f>

2
) will pro-
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duce a value of A° from the intercept and a value of C from the slope.

Actually the value of C may depend upon the strain as described previously

by an equation

gk + 2B
2
/g

L " 2C
1

+ 2C
2
/ct (10)

where B
]

, B
2 ,

C
]

and C
2

are constants. Therefore, the method to obtain the

value of a° described above may suffer an error from the change of C with

deformation.

Determination of the Crystal Intrinsic Birefringenc e

As described in the previous Chapter the crystal! inity X and the

orientation function f
c
were measured by x-^ay diffraction method. From the

results of x-ray measurements and the birefringence data reported in Chapter

I, one may determine the value of A°. From Figures 8-10 in Chapter I by

extrapolating the curves one obtains the values of a and a at about 50 hours

after stretching. The corresponding crystal 1 inity and orientation may be

obtained from Figures 10 and 19 in Chapter III. They are shown in Table 1.

At a = 3.89 the value of X r
from x-ray measurement is negligible,

while the birefringence data [Figure 8 in Chapter I] indicates that crystal-

lization occurs at this elongation. This may be demonstrated by the fact

that birefringence is more sensitive in detecting and following crystalliza-

tion under strain than x-ray (6).

The weight fraction crystal 1 inity X determined by x-ray measure-

ment may be converted to the volume fraction using
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where p
c

and ^ are the densities of the crystalline and amorphous phases.

•The values of Pq and Pq are given previously as 1.007 and 0.91 g/cm 3, re-

spectively.

For determining the value of a°, the plotting method expressed by

Equation (9) may not be suitable for this present work since only two points

(
a = 5.0 and 6.0) are available for plotting. The value of a

0
, therefore,

was calculated for each a using Equation (8) and the average value was

taken as the crystal intrinsic birefringence. In this calculation Equa-

tion (15) in Chapter I was used in order to obtain the stress-optical

coefficient C. The value of a° obtained is 0.224 + 0.032.

This value is quite different from that calculated from bond polar-

izabilities in Appendix I, where a value of 0.130 is obtained using Denbigh's

bond polar inabilities (18).

Before discussing this value, the concept of crystallinity should

be reconsidered. As described briefly in the General Introduction and Chapter

III, the presence of both sharp and diffuse diffraction parts in the x-ray

pattern of polymers had once been considered as evidence for a two-phase

concept of polymer structure, in which relatively perfect crystallites are

dispersed in amorphous regions. However, a number of more recent experimen-

tal findings suggest a modification of the earlier notions of polymer struc-

ture in order to explain the phenomena of polymer single crystals, chain

folding, and lattice dislocation. The new picture of polymer structure may

be designated as the crystal defect concept. Is is as yet uncertain whether

the new concept will eventually replace the older one, or rather, tend to

complement it, but present indications are that it will prove to be comple-

mentary (19).
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The crystal -defect concept suggests that a portion of the x-ray
scattering from the crystalline domains may diffuse and contribute to the

so-called amorphous background. Consequently, this raises a question about
the simple method by which crystallinity is estimated by separating the total

diffraction intensity into sharp (crystalline) and diffuse (amorphous) com-

ponents (19).

It should also be mentioned that there is a general disagreement

in the degree of crystallinity obtained by different methods, such as x-ray

diffraction, density, infrared, or NMR (20-23). From these considerations,

as described by Alexander (19), the numerical values of crystalline and

amorphous contents obtained by well-established and purportedly absolute

x-ray techniques are now generally regarded as of doubtful absolute signif-

icance. Thus it may be more practical to differentiate the x-ray crystal-

linity from the crystallinity obtained by other methods. As a result of

these problems, increasing preference is shown for describing the degree

of three-dimensional order by some relative numerical quantity, which may

be termed a crystallinity index (19).

Considering the discussion given above, we now return to the

problem of the value of A^. The crystal 1 inities reported in Chapter III

were obtained by following Ruland's method (24) which considers the lat-

tice imperfections. We assume, however, that the parameter K is 1, which

may lead to about 20% error in the estimation of the crystallinity as dis-

cussed in Chapter III. If we assume that the real crystal! inities are 20%

higher than those obtained in Chapter III, the recalculated value of a
0

c

becomes 0.194 + 0.025. A factor which may cause a significant error for

determination of a° is that there are only two experimental points available.
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The real value of a
c

could, therefore, be outside of the region indicated

by (+) sign.

For a better determination of a° it is desirable to obtain more

experimental points at the region of higher crystal 1 inity. In the experi-

ments (10-12) for the determination of a° usually the range between 10-45%

crystallinity was used. It may be possible to obtain higher crystal 1 ini ty

by stretching more than was used here. An extrapolation of the crystallinity

curve shown in Figure 10 in Chapter III indicates that one could obtain about

21% crystallinity at a = 7.0 and 24% at a = 7.5. It should, however, be

mentioned that the theoretical maximum extension ratio (25) for the sample

used here is probably about 7.5 since the number of statistical segments

of the sample are estimated to be about 55-60. In an actual experiment,

therefore, the network under very high deformation such as a = 7.5 may suf-

fer some undesirable damage such as chain scission.

The birefringence caused by such high deformation may De remarkably

high due to both contributions from high crystallinity and highly oriented

amorphous phase, and the turbidity of the sample will increase significantly.

The measurement of the birefringence will, therefore, become much more diffi-

cult. Actually it was very difficult to measure the birefringence of the

sample even at a = 5 or 6, which must have caused some error in the value

of the birefringence, and consequently in the calculation of A
0

.

c

In order to attain higher elongation the use of samples with lower

crossl inking density (i.e., larger number of statistical segments) may be

considered, provided that the lower crossl inking density does not cause

a decrease in the crystallinity due to the lower orientation of amorphous

segments prior to the crystallization. However, it is more likely that the
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sample with lower crossl inking density may have lower crystal 1 inity at a

given elongation as predicted from Flory's theory (26).

It may also be suggested to go to a lower temperature in order

to obtain higher crystal 1 inity
. This may, however, result in a significant

change of crystal morphology. The author feels that the morphology change

may induce a change in the internal (electrical) field of the crystalline

phase, which will change the birefringence significantly as we have seen

in Chapter II. If this is true, the combined use of the data obtained

from different temperatures will lead to a totally wrong conclusion.

Recently a question for the use of Equation (7) was raised (27).

By considering the predictions of the series and parallel models where the

series model would predict that the stress in the amorphous phase is identi-

cal with the total stress while the parallel model would predict that the

stress is less, we may conclude that the real situation must be somewhere

in between these two extreme bounds. The stress in the amorphous phase is,

however, not constant but distributed about a filler (crystallite) particle.

Consequently there will be a birefringence distribution about a filler par-

ticle as described by Ong and Stein (28). Probably a practical way to

estimate the effect of amorphous birefringence (or stress) will, therefore,

be to integrate the birefringence (stress) contributions about the filler

particle over the whole volume of the sample as mentioned by Stein (27).

Theory is not yet available to treat this problem. Until this treatment

of the problem becomes avai 1 abl e, the correction factor F(<t> )
may be applied

as an empirical expression, whose quantitative use may not be justified,

indicating that there may be some error due to the use of the empirical

expression. If no correction factor is used, that is, if the stress of the
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amorphous phase is assumed to be equal to the total stress, the value of A
°

c
is 0.109 +0.035, which is about 15% smaller than thac obta.ned by using the

factor F(<j> )

.

c

It may be expected that in the near future a better value for a
0

c

of PIP under stress will be obtained by overcoming the difficulties mentioned

above. It is believed, however, that the present value of 0.224 is probably

a fair evaluation for a°. From the data (29) of the birefringence and stress

for natural rubber samples stretched at room temperature, the degree of

crystal 1 inity was estimated using Equation (8) and the value of 0.224 for

A°. The crystal 1 inity change at a = 4.75 with time is shown in Figure 1.

The value of the crystal 1 inity at long time appears to be reasonably consis-

tent with the crystal 1 inity of natural rubber stretched at room temperature

(30-32) which are shown in Figure 10 in Chapter III. This agreement may

support the value of 0.224 for A°.

The definite reason for this disagreement between the experimental

and calculated values of a° is still uncertain. As we have seen in Chapter

II however, the internal field effect may be related to this disagreement.

Discussion

In Chapter I the birefringence method proves at least qualitatively

to be sensitive, and convenient to follow the crystallization of the sam-

ples under large deformations. It may be expected that the method will be

accurate even in the quantitative sense provided that a correct value is

used for a
0

. In Equation (11) in Chapter I we used the value of 0.130 for
0

A
0
which was calculated using Denbigh's bond polarizabil i ties (18). The

c

crystal 1 inity obtained from the equation may, therefore, be considered as
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a "relative crystal 1 inity index" and may be meaningful as long as comparison
and discussion are made on the same basis.

It may, however, be more meaningful to use a better defined crys-
tallinity index such as that obtained by x-ray measurement. If „e use the

value of 0.224 for a° in order to calculate the crystal 1 inity using Equa-

tion (11) in Chapter I, the resulting crystallinity may be considered to

be, in principle, equivalent to the crystallinity index obtained by x-ray

measurement. Then we can discuss the problems quantitatively on the well

defined basis. Since the experimentally determined value of 4° is about

1.7 times the value used in Chapter I, the crystallinity given by Equation

(11) in Chapter I is approximately 70% higher than that obtained using this

new value.

The crystal! ini ties with time were recalculated using the data in

Figures 8-10 in Chapter I, in which PIP samples were stretched rapidly at

room temperature. The calculated values are plotted in Figure 2 for a =

3.89, in Figure 3 for a = 5.0 and in Figure 4 for a = 6.0. It is noted that

the new crystallinity curves calculated using the value of 0.224 for a
0

c

appear qualitatively similar to the old curves (a° = 0.130). The crystal-

Unities at a = 5.0 and 6.0 at long time appear to be in the range of crys-

tallinity determined by the x-ray measurement as expected since the value

of a° (0.224) used here was determined using the crystal 1 ini ties obtained

by x-ray measurement.

These values at a = 5.0 may be compared with those for natural

rubbers given in Figure 1. It appears that natural rubber has a higher

crystallinity at very short times as compared to PIP. The crystallinity

of natural rubber at long time, however, appears to be almost the same as
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that for PIP. This may indicate that the rate of crystallization of natural

rubber at very short time is probably much higher than that of PIP. Possible

reasons for this are that natural rubber is likely to have more impurities

which can be used as nuclei and that 3% non-cis-content in PIP may have some

effect on nucleation.

The crystal! ini ties at a = 3.89, 5.0 and 6.0 given by Flory's

equation (26), described by Equation (18) in Chapter I, appear to be quite

high. The possible reasons for this deviation are discussed extensively in

Chapter I.

The variation of stress and birefringence following rapid cooling

of a sample of PIP to room temperature following stretching to a = 6.0 at

90°C is shown in Figure 15 of Chapter I. From this data one may recalculate

the crystallinity using Equation (8) or Equation (11) in Chapter I with the

value of 0.224 for a£, and using Flory's stress equation and Smith's bire-

fringence equation (33), which are given by Equations (18) and (22) in

Chapter I, respectively. A consideration should be made concerning the

value, of the statistical segment anisotropy of the crystalline phase,

(b
£

- b
t

)
c

. The value of (b
£

- b
t

)
c
may be obtained using the equation

o 2 (n2 + 2)2 (b £ - b t ) c^9* —n v
m W

s

where n is the average refractive index of the crystalline phase, v
s

is the

volume per statistical segment in the crystal, v may be calculated from

the unit cell structure of cis-1 ,4-polyisoprene (34,35) and the number of

monomer unit per segment which has been obtained as 1-97 in Chapter I.

-25
Using n = 1.52, one obtains 5.768 x 10 cm 3

. The rest of the parameters
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are the same as those used in Chapter I. The results obtained by the three

methods are plotted in Figure 5.

It is noted that the value from Equation (11) in Chapter I appears

tobe in the range of crystall inity obtained by x-ray measurement. Equation

(23) in Chapter I produces slightly lower values, in which the crystal 1 inity

at long time is comparable with that obtained by x-ray measurement. The

Flory stress relaxation equation, Equation (21) in Chapter I, appears to

give high crystal 1 ini ties compared with the other two methods. By consider-

ing the crystall ini ties obtained by x-ray measurement, one may conclude

that the values obtained from Equation (21) in Chapter I are probably too

high. Since by using a modified equation such as Equation (21) in Chapter I

we consider stress change only during the crystallization and eliminate any

deviations from ideal rubber elasticity prior to the crystallization, we

may therefore conclude that Equation (21) in Chapter I does not describe

quantitatively the stress relaxation due to tne crystallization and may tend

to overestimate the effect.

It is well known that the Flory theory may not be applicable at

low elongations because of the assumption of perfect orientation of the

crystal phase. The theory may therefore be expected to be more applicable

at higher elongations such as this experiment in which the orientation func-

tion is about 0.98 measured by x-ray. The theory however did not produce

reasonable crystal 1 inities. One may suggest that non-Gaussian effect is

significant at a = 6.0 and is a major reason for the disagreement. It may

therefore be worth applying the non-Gaussian stress equation given by Equa-

tion (24) in Chapter I in order to study the non-Gaussian effect on the

crystallization of PIP. The crystal 1 ini ties calculatad from Equation (24)
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are also plotted in Figure 5 (b«). It is noted that there is an appreciable
non-Gaussian effect, indicating that the non-Gaussiar, effect may be one of
the major reasons for the disagreement, but not the only reason.

One of the possible reasons for the disagreement is described by
Smith (36,37) as follows: "Fiery has developed the stress relaxation theory

using the assumption that the free energy of crystallization of a network is

an absolute minimum. But an absolute minimum in the free energy requires

that the vector direction of that portion of a chain passing through a

crystallite is such that the retraction force exerted by that chain is re-

duced by crystallization. There is, however, a finite and perhaps appre-

ciable probability that crystallization of a chain could occur with this

direction reversed." The two situations may be visualized by Figures 6 (a)

and (b). It is easily seen that the stresses exe-ted in (a) and (b) may
'

be different. This may be one of the reasons for the disagreement between

the crystal lini ties obtained from Equations (11) and (23) in Chapter I.

Another possible reason for the disagreement may be, of course,

attributed to the single pass model of crystallization with perfectly

oriented crystals where a chain enters the crystal from the amorphous phase

and passes through it without reversing direction. There are, however, many

indications (38-40) of the existence of chain folding and superstructure in

a stress-induced crystallized natural rubber sample. These phenomenon will

cause the deviation from the stress-relaxation predicted by Flory's theory.

The deviation will be expected to become larger as crystallization approaches

its final stage. This may be a reason for the difference between the values

obtained from Equations (11) and (23); that is, that the values become larger

as crystallization proceeds
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The b,refH nge„ce equation is obtained using the assump .

tions similar to those used in the derivation of the Elory elation of
stress. It is, however, interesting to see that the birefringence theory
seen, to give fairly reasonable crystal, inities. This may be attributed to
the same reasons as discussed above. In Figure 6 the stress may be differ-
ent between (a) and (b), however, the birefringence may not differ signifi-
cantly because only orientation of the statistical segments is an important
factor to the birefringence. Even in the later stages of crystallization,
in which chain folding and formation of superstructures probably occur to

some extent as long as the orientation of the crystalline phase remains

high and constant, the birefringence theory may not be affected significantly.

The first term of Smith's birefringence equation, Equation (23) in Chapter I,

is an expression of the change in birefringence of the crystalline phase due'

to crystallization. The rest gives the contribution from the amorphous phase.

For a PIP sample the value of (b, - b
t ) e

is not small as compared with thac

of (b
jL

- b
t

)
a

. During crystallization the change of the first term is much

larger than that of the second term which can be neglected as a first ap-

proximation. The fact that the change in amorphous contribution is not im-

portant as compared with that of crystalline contribution may indicate that

the perturbation of amorphous phase due to crystallization is really not an

important factor for this particular system studied here. It is, there-

fore, reasonable that non-Gaussian equation gives very similar results to

those from the Gaussian equation. In Chapter I the perturbation of the

stress-optical coefficient of the amorphous phase was neglected and it was

concluded that the error from the assumption appeared to be small. The

more quantitative consideration in this chapter confirms again that the
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conclusion made in Chapter I is probably correct. The two curves, (a) fro.
equation (11) and (b) from Equation (23) in Figure 5 ,how a similar behavior,
perhaps because of the relatively small perturbation.

However, if one uses suah a polymer whose value of (b - b ) is

relatively small as compared with that of (b
£

- b
t

)
a

for the sale kin/of
study as reported here, the situation will not be the same as concluded in

this paper. For example, polyethylene and polypropylene are probably such

polymers. In this case the first term of Smith's equation becomes no longer

a dominant term and the other terms become important. It may therefore be

expected that the results from Equation (23) will be different from those

of Equation (11). One must take the perturbation effect into the stress-

optical coefficient in this case.

We may attempt to fit this recalculated crystallinity to an Avrami

type equation (41

)

X
c

= X* [1 - exp(-k
c
tn)]

(13)

where^Xoo is the ultimate crystallinity, k
c

is the rate constant, and n is

the Avrami exponent. Following the process described in Chapter I, the plot

of in - X^XJ] vs. int is given in Figure 7. The value of n is very

close to that of 0.93 obtained in Chapter I, which is reasonable because

only relative values of crystallinity are required to apply to the Avrami

equation.

As shown previously during crystallization the change in bire-

fringence in amorphous phase is not important as compared with that in the

crystalline phase. We may, therefore, assume that the change in birefrin-

gence is only due to the increase of crystallinity. This may be expressed by
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(14)

where K
g

is a constant and A and ^ are the birefringence at time t and the
initial birefringence prior to crystallization, respectively. A

q
can be

estimated from Figure 15 in Chapter I by extrapolation. An Avrami plotting
was attempted using this equation and the results are also given in Figure 7.

The results from this simple approximation agree well with those from Equa-

tion (11). This indicates that one may use Equation (14) as a good approxi-

mation for kinetic studies of crystallization of polymers, whose properties

are similar to cis-polyisoprene which is useo here. A corresponding equation

for stress may be expressed by

X
c

= M a
o - °) (15)

where «
s

is a constant and a
Q

and a are the initial stress prior to crystal-

lization and the stress at time t, respectively. The Avrami plot of the

results from this equation is a 1 so shown in Figure 7. It is noted from

the figure that the slope of the straight lines are very similar, which re-

sults in similar value of the Avrami component. The value of the rate con-

stant k
c

is, however, slightly different. This may be due to an error on

the estimation of the value of a As a conclusion for this particular

system studied here, the simple approximations such as Equations (14) and

(15) may be very useful and may be reasonably accurate for the kinetic

studies of crystallization.

The variation of crystal 1 lnity with temperature on stepwise cool-

ing was also recalculated from the data given in Figures 18 and 19 in Chapter
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I by using the value of 0.224 for 4°. They are plotted in Fi gure 8 and
are qua, itatively very similar to the values obtained in Chapter I as ex-
pected

Co ncl us ions

The value of the crystal intrinsic birefringence a° was determined
experimentally to be 0.224. The reconsideration of the data given in Chapter
I shows that the conclusions made in that chapter are generally correct.

Furthermore, it is shown in detail that the perturbation of amorpnous phase
due to crystallization may not be relatively significant and that as a re-

sult of this one can even neglect the change in birefringence (and probably

also stress) in the amorphous phase for the studies of kinetics of crystal-

lization for the system studied here.
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TABLE 1

The Values of A, a, X and f
c c

Used for the Determination of A0

c

a A x 10 a kg/cm

3.89 9.85 36.2

5 -0 25.6 58.0 0.075 0.98

6.0 32.6 78 0 0.140 0.98



163

Captions for Figures

1) The variation in weight fraction crystal 1 inity of natural rubber

with time following rapid stretching at room temperature at elonga-

tion ratio of 4.75.

2) The variation in weight fraction crystall inity with time following

rapid stretching of PIP samples at room temperature at elongation

ratio of 3.89. Values are given which are obtained from the bire-

fringence Equation (11) using the value of 0.224 for a
0

and from
c

Flory's stress equation [Equation (18)].

3) The variation in weight fraction crystal 1 i nity at elongation ratio

of 5.0.

4) The variation in weight fraction crystal 1 inity at elongation ratio

of 6.0.

5) The variation of weight fraction crystal 1 inity recalculated for the

data given in Figure 15 in Chapter I using the value of 0.224 for

A°. (a) from Equation (11), (b) and (b') from Equations (23) and

(25), respectively, and (c) and (c') from Equations (21) end (24),

respectively. All equations are given in Chapter I.

6) Models for stress-induced crystallite and amorphous chains.

7) Avrami plots of the isothermal crystallization data on PIP given

in Figure 15 in Chapter I. 0, A and 9 representing the values

from Equation (11) in Chapter I, Equations (14) and (15), respec-

tively.

8) The variation in weight fraction crystal 1 inity with temperature upon

stepwise cooling samples of PIP stretched to a = 4.98 and a = 6.51

at 90°C.
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CHAPTER V

LIGHT SCATTERING STUDIES

Introduction

For the last 15 years, the light scattering technique has been

developed for the characterization of the structure of crystalline polymers

in the solid state. In principle, it permits the characterization of shape,

size and orientation of organized assembles of crystallites such as

spherulites, rods or shish-kebabs whose dimensions are in the range from

approximately 0.5ym to 10ym.

Since a semicrystalline polymer contains optical heterogeneities

of dimension comparable to the wavelength of light, it scatters light. In

semicrystalline polymers, there are three possible origins for t.;,e hetero-

geneities (1): (i) density fluctuations due to crystal 1 inity, areas of

differing density due to statistical fluctuation or voids, (ii) orientatnn

fluctuation due to anisotropy, and (Hi) anisotropy fluctuation areas of dif-

fering anisotropy. For an example, in the case of natural rubber under strain,

it has been reported (2) that the heterogeneities primarily represent fluc-

tuation in the orientation of an isulro^ iu budici rallicr than Fluctuation

in density and that the scattering does not arise from a variation in density,

average polarizabil i ty , or degree of crystallinity from place to place, but

rather from a variation in orientation of anisotropic bodies.

The light scattering from solids can be treated in terms of two

limiting types of theories (3). The first of these is referred to as the

model approach which calculates the scattering by summing the scattered

amplitudes arising from all of the volume elements composing some structural
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unit such as a sphere or a rod. This approach has been demonstrated to be

useful to explain the morphologies of polyethylene (4) and poly( tetraf 1 uoro-

ethylene) (5) and others (6-7). The second is the statistical approach in

which a structure is described in terms of correlation functions describing

fluctuations in density and orientation. Each of these methods has its

advantages and limitations, and real systems generally lie between the

extremes described by these models (3).

The scattering patterns are usually studies in the H
y

and V
y

modes.

In the Hy mode, the polarizer and analyzer are crossed with respect to their

polarization directions while in the Vy mode they are parallel. For orienced

systems, the stretching direction is usually taken parallel to the polariza-

tion direction of the polarizer.

The light scattering studies of stress-induced crystallization

have been reported for a few polymers (8-10). For natural rubber (8),

intense V
y

scattering was found when the crystallization occurred under high

strains, which is characteristic of the scattering from the aggregates of

dimensions comparable with the wavelength of visible light. Fjrthermore, it

was concluded that the scattering unit consists of an assembly of crystals

with their chain axes parallel to the stretching direction, but, in the case

of very high elongation, with the fibril axis at a slight angle to the

stretching direction. The distance over which the orientation correlation

occurred did not vary appreciably with degree of elongation, temperature or

time, and the scattering intensity change was mostly related to the change of

the degree of crystal 1 inity of the samples.
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As for trans-polybutadiene (9), the situation appeared to be more

complex because the experiments were carried out under the conditions of

low elongations and low temperatures. Consequently the morphology resulting

from these conditions was considered to be a combination of a deformed

spherulite and a rod-like structure.

Their studies and others (11-15) have demonstrated that the light

scattering method is sensitive and convenient to study the morphology of

crystalline polymers. The work reported here was done for the study of

morphology in stress-induced crystallized rubbers (mainly synthetic cis-1,4-

polyisoprene) in the light of the new development of the light scattering

technique.

Theories

Since most of this work was carried out by a photographic method,

it may be more helpful to use theories based on the model approach. Two

basic models for superstructures of crystalline polymers are for spherulites

and rods.

The Hy and Vy scattering intensities from an isolated spherulite

have Deen calculated by Stein and Rhodes (4) as

I
H

(e,u) = K
}

V
Q

2
(3/U

3
)

2
[(a

r
- a

t
) cos(e/2) sin M cos M

x (4sinU - UcosU - 3SiU)]
2

(1)
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V 8,y) = K
2 ^ (3/lj3)2 C(«

r - a
s ) (SiU - sinU)

+ W " a
s ) ( 2sinU " UcosU - SiU)

+ (a
f - a

t ) cos
2
(e/2) cos

2
u (4sinU - UcosU - 3SiU)]

2
(2)

where K
]

and ^ are constants, a
r

and a
t

are radial and tangential polariza-

bilities of the spherulite, respectively, a$ is the average polarizabi 1 Tty

of the surrounding medium, V
Q

is the volume of the spherulite, U (4tt/a')

Rsin(e/2), R is the radius of the spherulite, a' is the wavelength of the

light in the system, e and v are the scattering and azimuthal angles,

respectively, and SiU is given by

U

SiU I
SlSJL dx {3)

As seen from Equations (1) and (2), I depends only upon the
n
V

amsotropy of the scattering element, (a - aj, while I„ depends not only
r t

V
upon the anisetropv but al^o ,,r"^ rsn+iVsi ft***- i+v .n-t--,-™,- t. _ ^\

s

and (o
t

- a ). One may determine the radius of the spherulite from the

intensity peak position, e , by using the expression
1 1 iQ A

U = (4tt/a ' ) R sin (ema II) = 4.09 (4)
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Since I

y
depends upon the sign of (a

r
- a ), one can determine whether the

V t

spherulite is positive (a
p

> a
f ) or not from V

y
scattering.

The theoretical calculation of light scattered from an isolated

rod has also been carried out by Rhodes and Stein (17). Their results for

the scattering amplitude are described as

= K^L 5 sina cosa sin<j> [sin(kaL/2)/(kal_/2)] (5)

E
V
V

= K
4
L

( 6 cos2a + b
t^

[sin (kaL/2)/(kaL/2] (6)

where and are constant, L the length of the rod. 6 is the anisotropy

of the rod which is given by

6 - b
£

- b
t

(7)

where b
£

= b
£

' - b
s

and b
t

= b
t

' - b
g .

b
£

' is the longitudinal polarizabil ity

of the rod, b
' is the tangential polarizabil ity of the rod, and b

$
is the

polarizabil ity of the surroundings. L is the length of the rod. The angle a

is the tilt of the rod as measured from the Z axis (stretching direction).
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The angle * is formed with the projection of the rod in the xy plane, k is

defined as 2ir/X». a is given by

a = sina cos* (1 - cose) - sina sin* sine cosm - cosa sine sin u (8)

For a non-random distribution of rods and no phase relation, one may use a

distribution function. The intensity of scattering is then described as

I = K JJ N(a,*) E
2

da d*
( 9 )

where N(a,<}>) is the distribution function of the rod.

As seen from Equations (5) and (6), H
y

scattering depends only upon

the anisotropy of the rod, 6, but not upon the polarizabil ity of the sur-

rounding. H
y

intensity from the assembled rod will decrease monotonously

with increase of scattering angle. On the other hand, V
y

scattering depends

upon both the anisotropy of the rod and pol arizabil ity of the surrounding.

3y introducing other assumptions, such us a ~iaxi~ ::~ --v-----k-:-> —
M iuii i yl\Jl (XI I £OU III u i i cv, i i U 1

1

of 45° with the rod axis, Stein and Rhodes show that the rod model appears

to be successful in explaining the observed scattering from both oriented

and unoriented polytetrafluoroet-hylene.

Since their proposals of these theories, a number of developments

and improvements for these two models have been made. For example, they

are made for three dimensional spherulites (18), for three dimensional rods (7),
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for perfect spherulites (19,20), for the effect of interference between
anisotropic scattering entities (21), and for the deformation mechanism

(22,23). The many accumulated data and theoretical works show that light
scattering is a convenient, fast and interpret method to study the

morphology of a crystalline solid polymer. As pointed out by Stein (3),

however, it is apparent that light scattering alone will not suffice to

completely characterize the morphology of a polymer film. While the experi-

mental simplicity is attractive, a price is often paid in the difficulty

of theoretical interpretation. It will be best if it is used together

with all other methods that are available for characterizing a system (3).

Experiments and Discussion

1
. Sample Preparation.

A sample of cis-1 ,4-polyisoprene was prepared by the same method

as described in Chapter I. The typical sample thickness was about 10-15 -ils.

Cis-1, 4-polybutadiene (PBD) was Duragen 1203 and believed to have a nominal

cis content of 93%. PBD was purified by the same manner as for PIP. The

purified PBD was dissolved in benzene (5g/100 ml) along with dicumyl peroxide

(DC") as cross! inking agent and with an antiAOidar.t or 2,G-Di-Ter L-Bulyl -P

Cresol in the proportions: PBD, 100 pts. by weight, DCP, 0.2 pts., and

antioxidant, 1 pt. The solution was cast on a teflon-coated pan. These films

were crossl inked at 145° and 5000 PSI for 35 minutes in the same press used

for PIP.
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2. Light Scattering Changes with Elongation.

Samples of PIP and PBD were stretched at room temperature to

certain elongations and light scattering patterns were obtained for cross

polarization, H
y ,

as well as parallel polarization, V
y

. The photographic

apparatus with a Spectra-Physics He-Ne laser has been described elsewhere

(16). A schematic diagram of the apoaratus is shown in Figure 1. The

sample-to-film distance was 11 cm. The patterns of PIP and PBD are shown

in Figures 2 and 3.

For PIP it is noted that there is no scattering in the unstretched

state indicating that the sample is amorphous. The scatterina is first

observed about 150% elongation which is at somewhat lower extension than

that at which crystal 1 inity is usually detected by x-ray. At 180% elonga-

tion, birefringence and stress show small decrease with time as shown in

Figure 7 in Chapter I. At around 250-300%, a strong horizontal streak is

observed in the V
y

pattern, which indicates that rod-like structures are

preferentially oriented in the stretching direction. This type of pattern

was observed in natural rubber (8) under about 300% strain and polyethylene

terephthalate (10) stretched below T
g

. The scattering intensity of the V
v

pattern is approximately 30-80 times more intense than that of the H
y

pat-

tern. (See a footnote on page 206 concerning about this point.)

At higher elongations, new additional four lobes oriented to the

equatorial direction appear in the Vy pattern. In the H
y

pattern it appears

that an important change occurred. It is that the Hy pattern appears to

have a maximum in the e direction at the azimuthal angle of highest intensity,
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which is not found at the lower elongations. To confi™ this phenomena , .
scanning of the intensity along the e angle was carried out. This was done
using an optical multiple channel analyzer (made by Princeton Applied Research)
and a result for . . 6.0 is shown in Figure 4. It is evident that there is a

maximum. This may be indicative of the presence of a spherul itic-tyoe

superstructure in the sample. The orientation of the pattern is similar to

those obtained from ellipsoidal spherulites as reported by several workers

(24-26). Stein and co-workers (27-29) and Samuels (22) have developed light

scattering theories to predict patterns from ellipsoidal spherulites.

Stretching results in the elongation of the spherulites such that the long

axis of these ellipsoidal spherulites is along the stretching direction.

Thus, the light scattering pattern is oriented in the direction perpendicular

to the direction of stretch. From Figure 2, it appears that as the elongation

ratio increases, the morphology in the sample changes from rod-like super-

structure to ellipsoidal spherulite. This may, however, be due to the inter-

ference between rods rather than due to the formation of ellipsoidal spheru-

lite. At high elongation it is likely that the number of rod-like super-

structures increase and that they align fairly regularly. This may cause

the interference.

The H
v
pattern with a maximum position along the e direction was

not found for natural rubber by Yau (8). The author feels that it is probably

due to the insensi ti vity of the apparatus used ten years ago.

In the V
v

pattern, the lobes make about 10° with the eauatorial

direction. This indicates that the superstructure may be tilted about 10°

with respect to the stretching direction. This angle appears to decrease with

elongation. For example, this angle becomes about 5° at a = 7.7, but complete
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alignment may not occur. The existence of the horizontal streak with those

lobes may indicate the coexistence of the rod-like superstructures aligned

parallel to the stretching direction along with those tilted about 10° with

respect to the stretching direction. It is not as yet certain whether the

former eventually change to the latter after long time. A picture at 90 days

after stretching did not show a significant change of the intensity of the

horizontal streak. 90 days, however, may not be long enough for this transition.

For natural rubber, Yau observed that this horizontal streak eventually dis-

appears at very high elongations, which does not agree with the results of

PIP reported here.

The very high intensity for the Vy scattering as compared with the

H
y

scattering may be explained using Eqs. (5) and (6). For the H
y

scattering,

the factor 5 sina cosa in Eq. (5) becomes very small because of the high align-

ment of the superstructure to the stretching direction (a is very small),

while in the Vy scattering the factor (6 Cos
2
a + b

t
) is approximately equal

to 5 -;- b
t

= b^. It is, therefore, very reasonable that the Vy intensity is

very high as compared with the Hy intensity. (See Appendix III)

The scattering patterns from PBD stretched at room temperature are

given in Figure 3. It is noted that very high elongations are required to

cause appreciable scattering. This is reasonable because PBD is much less

crystal 1 izable under a given deformation than PIP or natural rubber. It may

be difficult to obtain good information from the light s-attering patterns

of PBD, however, because they are not as prominent as those of natural rubber

or PIP. From these patterns of PBD, valuable information was obtained. By

comparing the results of PIP and natural rubber with those of PBD, one may

conclude that the light scattering patterns (represented by those at a = 4.9
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in Figure 2) are characteristic for a stress-induced crystallized sample at

3 temperature above the melting temperature of the unstrained sample. As a

consequence of this, the mechanism of the crystallization of NR, PIP and PBD

under stress may oe similar and the resulting crystal morphology will also

be similar.

3. Crystallization of Swollen Samples.

For the studies of the effects of the existence of the solvent on

the morphology, samples swollen by nitrobenzene were stretched at room tem-

perature. Nitrobenzene was used as a swelling solvent because it was rela-

tively less volatile.

PIP samples were swollen by nitrobenzene at room temperature until

an equilibrium was obtained. The degree of swelling may be defined by the

ratio of the weight of solvent to the weight of the PIP sample. The average

value of the degree of swelling is 210%. A swollen PIP sample was stretched

to a certain elongation and a cover glass was put on the surface of the sam-

ple to prevent volatilization. The light scattering patterns were taken at

30 minutes after stretching. The elongation ratio was measured in two ways.

Two lines were drawn on the sample surface and the distance between the lines

was measured before swelling U^
ry)

and after swelling (^w )- After stretching

the distance was measured again and the two kinds of elongation ratios,

ou = l/
i°
A , a~ - 1/

i°
c ,

» were determined. The patterns are shown in Figure 5.
dry l sw

At a
2

= 1.0 (a-j = 1.15), there is no scattering, as expected. The

scattering pacterns seem to appear as c<

2
becomes greater than 2, which is

considered to be consistent with the results of dry samples. The light scat-

tering theory predicts that H
v

scattering should not be changed because the
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H
y

scattering depends upon the anisotropy of the scattering element. However

V
v

scattering may change because it depends upon both the anisotropy of the

element and the polarizabil i ty of the surrounding. By the existence of the

swelling solvent, the V
y

scattering intensity may be changed with the change

of the surrounding condition. The shape of the pattern may, however, not be

changed if the swelling solvent exists uniformly in the sample. The H
y

pat-

terns at u
2

= 2.72 (aj = 3.2) appears to be very similar to that from a dry

sample of comparable elongation. At a
2

= 3.5 and 4.3, however, additional

patterns appear, which are relatively weak, narrow and more oriented to the

equatorial direction. The origin of this scattering is not certain, but it

must be related to the existence of the solvent because the removal of the

solvent by evaporation gives the patterns without narrow scattering, which

is exactly identical to that from dry polymer under the corresponding elon-

gation. This type of pattern was not found for natural rubber by Yau. This

may be due to the difference of experimental procedures. In his experiment,

natural rubber samples were stretched and then swollen by the solvent. He

did not observe any appreciable change in the scattering. Another reason for

this disagreement may be due to the insensi tivity of the apparatus used by

him.

In Vy scattering, there is a significant change in patterns. The

prominent four lobes no longer exist. Instead, a fan-shaped pattern appears

along with an unaffected horizontal streak. As discussed before, the change

of the surrounding condition may change the scattering intensity of the Vy

pattern. It is expected, however, that the shape of the pattern will be

unaffected. A possible reason for the change of the shape of the pattern is
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that the superstructure which is tilted about 10° with respect to the

stretching direction contains the swelling solvent (nitrobenzene) and that

the solvent may not be uniformly contained. Hashimoto, et al . (30), have

shown that the internal disorder in rods leads to a decrease in the azimuthal

dependence of the pattern. Similar effects of disorder have been studied for

a spherulite by Stein and Yoon (21). This conclusion may be applied to the

present case. Because of the existence of the solvent, the superstructure is

less ordered and this leads to less azimuthal dependence.

It is very interesting that after removal of the solvent by leaving

the sample at room temperature for two days, the pattern (Figure 6) becomes

very similar to that obtained from a dry sample stretched to the corresponding

elongation. The present experiments suggest that the crystallization of a

swollen sample is a very interesting phenomena and should be studied further

along with other methods in the future.

4. The Effects of the Immersion Liquids.

It has been found (15) that it is necessary to cover the sample by

glass microscope slides using an immersion fluid which closely matches the

refractive index of the sample in order to minimize the surface scattering.

For example (lb), the light scattering patterns from teflon and nylon filaments

are significantly changed with the refractive index of the oil. In previous

experiments, silicone oil with a refractive index of 1.52 was used as the

immersion liquid because it does not swell the rubber sample significantly.

In the later sections, silicone oil whose refractive index is not 1.52 will

be used as a liquid in a heating bath. We must, therefore, examine the

effects of the refractive index of the immersion liquid before we carry out

further experiments.
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Four different silicone oils were used as immersion oils. A sample
of PIP was stretched to a = 4.6 at room temperature. The scattering patterns

with different silicone oil are given in Figure 7. It is evident that there

is no significant change with the change of the refractive index of the immer

sion oil. One may, therefore, use any silicone oil as an immersion oil for

the system studied here.

5. The Scattering Pattern Change in a Strain Cycle.

In order to study the morphological changes of crystalline super-

structure in a strain cycle, H
y

and V
y

light scattering patterns of PIP were

obtained at various stages of stretching and retraction.

A sample of PIP was first stretched from 0% to 280% and then to

400%. The sample was then retracted back to 330%, 270%, 210% and 170%.

At each elongation, the sample was held for 30 minutes. V
y

scattering

patterns are shown in Figure 8.

As shown by various methods (8), the crystallization in stretched

natural rubber exhibits hysteresis. It is expected that PIP samples show

similar effects as natural rubber. In V
y

scattering patterns, four lobes

can be observed at 210% elongation. When a samDle is stretched directly from

0% to 210%, these four-lobe patterns are not observed, as shown in Figure 2.

This is apparently due to the so-called memory effect of the crystallization.

This kind of phenomena was also found in natural rubber (8) Another sample

of PIP was examined by the same procedure. This sample also showed the

same phenomena. At 210%, this sample was held for 10 hours and Vy

scattering patterns were taken. The result was very similar to that shown
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in Figure 8. The intensity, however, appeared to be slightly less. This

could be due to some photographic process difference. It is not certain

whether this memory effect is permanent as long as the strain is held suf-

ficiently.

As concluded by Yau (8), it appears that there is some degree of

irreversibility of formation and disruption of the superstructure upon

stretching and retraction and that the structure existing at a given strain

does not depend only upon the strain but also upon the entire previous strain

history. When we analyze the hysteresis of mechanical properties of stretched

rubber, we must consider this memory effect of superstructure along with those

of crystal Unity, orientation, etc.

6. The Scattering Change During the Secondary Crystallization.

It has been reported (1) that the secondary crystallization process

is very slow upon recooling after melting the crystal. In their experiment

a natural rubber sample stretched 50C% was heated to 93°C and then cooled to

room temperature, and the scattering patterns were observed during this

period and after cooling. It was found that the formation of the cross-

type four-lobe pattern tuok many hours. If the sample is stretched at room

temperature, the development of the four-lobe pattern is observed immediately.

Since the author feels this is an interesting phenomena, this type of experi-

ment was repeated using a PIP sample.

A sample of PIP was stretched at room temperature up to a = 4.3.

The formation of four lobes in the Vy pattern was observed immediately after

stretching. The sample was placed in the silicone oil bath whose temperature
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was about 95°C. The temperature was held at 95°C for 15 minutes and then

lowered at the rate of l°C/minute to 40°C, and cooled naturally thereafter.

The V
v

and H
y

light scattering patterns were taken with temperature and time.

A main object of this experiment was to confirm the fact that the secondary

crystallization (or the development of the four-lobe pattern in V
y

scat-

tering) was very slow after the crystal was melted.

For melting the crystal, it was necessary to go to higher tempera-

tures than 95°C, but in many cases PIP samples were broken at such high

temperatures. Consequently, 95°C was chosen, which was not high enough for

the melt of all of the crystal but sufficiently high to obtain a non-four-

lobe pattern. H
y

and V
y

patterns with time and temperature are shown in

Figure 9. It is noted that at 95°C the four-lobe type pattern in V
y

scat-

tering disappears, but that some scattering exists. This problem will be

discussed in the later section. As temperature decreases, the horizontal

streak in V
v

scattering becomes intense, as shown by (f) in Figure 9. How-

ever, it takes about 56 hours to obtain the development of the four-lobes

in V
y

scattering as shown by (h). This final pattern appeared to be identical

to that obtained before heating. As concluded for natural rubber, the re-

development of the four-lobe type pattern in Vy scattering is very slow after

its disruption by heating.

A close re-examination of the birefringence data measured by Yau (8)

indicates that the increase of the crystal! inity during the development of the

four lobes is at most 4%. As we have seen in Chapter III, the degree of crystal-

Unity of natural rubber with 400% elongation is approximately 14%. We may,

therefore, conclude that most of the crystallization occurs immediately after



193

the temperature reaches a certain point and that the development of the

four-lobe pattern does not correspond to the main part of the crystallization

but to the secondary crystallization. It is not as yet certain why the

four-lobe formation is so slow after heating, while it appears to be very

fast if the sample is stretched at room temperature. This difference may

result from the difference of crystallization kinetics between both cases.

7. Change of the Scattering Pattern with Time upon Step-Wise

Cool ing.

To closely investigate the problems on the origin of the scat-

tering arisen in the previous section and to re-examine the birefringence

data obtained in Chapter I, the variation of the scattering pattern with

temperature on step-wise cooling was observed by stretching a Sample up

to a = 5.0 at 110°C and after 15 minutes lowering cne temperature in 5°

steps. The temperature was kept constant for 15 minutes at each temperature.

The results of H
v

and V
v

scattering patterns are shown in Figure 10.

It is noted that in both H
v

and V
v

scattering there appears some

scattering at 110°C. This may indicate that some scattering elements exist

at high temperatures such as ilO'C. These scattering patterns are very

similar to those obtained at low elongations as shown in Figure 2. This

problem will be discussed in the following section.

Both Hy and Vy patterns indicate that there are no significant

changes until 75°C. At 50°C the horizontal streak in the Vy pattern appears

to become sharper and more intense, and the intensity of the Hy pattern

increases as shown by A(d) and B(d) in Figure 10. This change appears to
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occur around 60 C. It is very interesting to compare this result with that

obtained by the same experimental procedure as in Chapter I. From Figure 20

in Chapter I, the temperature at which the crystal 1 inity is first detected

is around 55°C for the sample at a = 4.98. One may, therefore, consider

that the occurrence of sharpness and more intensity of the horizontal streak

and of more intensity in H
y

scattering corresponds to the detection of crystal

lization by birefringence and stress.

As discussed in the previous section, around these temperatures

(such as 40° - 50°C), the V
y

pattern indicates the superstructure of the

rod-like structures with the long axis parallel to the stretching direction.

As also discussed previously, it may, however, be difficult to explain satis-

factorily H
v

scattering by the simple model.

At the lower temperature, the four-lobe type scattering pattern

appears in the V
y
mode and the intensities of H

y
and V

y
scattering appear

to increase as the temperature is lowered. At 35°C, the V
y

scattering may

suggest the co-existence of the rod-like structures with their long axis

parallel to the stretching direction and with their axis tilted about 10°

with respect to the stretching direction.

From these experiments, one may conclude that the strong and

sharp horizontal streak in Vy scattering is eventually attributed to the

early stage of crystallization which may be considered as a nucleation stage.

If this is so, one may further conclude, considering the nucleation process,

that in the stress-induced crystallization the nucleation does not occur

uniformly or randomly in the amorphous phase but the nuclei (and new-born

crystals) have some order in the stretching direction. A similar explanation
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was made by Stein, et al
. (1), for natural rubber whereby the crystals

are correlated in orientation over longer distances in the direction of

stretching than in a perpendicular direction. These explanations are

similar to that given to account for the scattering from oriented poly-

ethylene (15,31). It is uncertain whether this ordered structure in the

stretching direction is equivalent to the y filament called by Andrews

(32) and considered to be so by Stein, et al . (1).

From the x-ray diffraction study, the molecular chains in the

crystal are considered to orient close to the stretching direction. If

the alignment is complete, there is no H
y

scattering at small angles.

This may be easily understood from Equation (5). If a is zero, I = KE
2

will be zero. The observations in this section and the previous section

show the existence of a weak H
y

scattering, which may indicate the angle

between the chain and stretching direction is small but not zero. As a

matter of fact, the x-ray study in Chapter III reveals that the average

angle is about 7° from a = 4.1 to a = 6.1. The presence of the H
y

pat-

tern may, therefore, be due to these crystals which are aligned with their

chain axis oriented about 7° with respect to the stretching direction.

It is, however, possible that the Hy scattering may result from the strains

imposed upon the amorphous regions by the growth of crystals. As shown

by Ong, et al. (33), for a filled polymer, such strains produce bire-

fringence around the filler and the birefringence may cause the scattering.

If this is true, it is expected that the Hy pattern will be changed appre-

ciably by swelling because the effect of swelling reduces the amorphous
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strain. As observed in the previous section, the H
y

patterns did not
change significantly. This observation may indicate the possibility of
the explanation for the H

y
scattering.

From the four-lobe pattern in V
y

we consider that the super-

structure is tilted about 10° with respect to the stretching direction.

The reason for the tilt of the long axis of the structure with respect to

the stretching direction is not clear. As suggested by Stein and Yau (1),

this may be related to the analog between the proposed superstructure

and that of the pyramidal polyethylene single crystals (34) in which the

chain axis is tilted with respected to the plane of the crystal platelet.

This is explained on the basis of tilted chains relieving the crowding

of chain folds. Furthermore, as mentioned before, there is an indication

of the formation of ellipsoidal spherulites. This tilting may relieve

some crowding of crystal chains within the superstructure.

All discussion made here explained qualitatively the change of

the scattering pattern after crystallization. If the temperature around

55 C is a real melting temperature, as considered above, what is the

origin of the scattering at the higher temperatures shown in (a), (b)

and (c) of Figure 10? The problem will be discussed in the following

section

.

8. Change of the Scattering Pattern during Heating.

A sample of PIP was stretched up to a = 3.5 at room temperature

and then placed in the silicone oil bath. The bath can be heated at the
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rate of 0.5°C/minute. The H
y

and V
v

patterns are taken with temperature

change. They are given in Figure 11.

It is noted that as the temperature- increases, the scattering

patterns show less azimuthal dependence. It is, however, evident that the

V
y

pattern still shows the Dresence of the same scattering until the

temperature increases to 80°C. This scattering pattern disappears around

87°C. The H
v

pattern shows no scattering at this temperature. This may

be considered as a perfect amorphous state. The observation shows that

at about 80°C there is an indication of the existence of the scattering

which may lead to the existence of a scattering structure. It may be

hard to believe that there is some crystal at such a high temperature as

80°C

For a confirmation of this point, an additional experiment was

carried out. Another sample of PIP was stretched to higher elongation

(a = 4.2) and the variation of scattering patterns were observed with tem-

perature. They are shown in Figure 12. It appears that at 55°C, as shown

by (f) in Figure 12, the four lobes of the Vy Dattern exhibit less intensity

but there is no significant chanae in the horizontal streak. At 80°C,

shown by (c) and (g), the intensities of the H
v

and Vy scattering decrease

appreciably, but the shape of the pattern in H
v

does not change significantly

In Vy scattering, the four-lobe scattering cannot be recognized and the hori-

zontal streak now becomes less intense. At higher temperature, such as

105°C, both Hy and Vy scattering are very similar to those of low elonga-

tions at room temperature. When the temperature rose, the sample was broken.
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The breakage of the sample always occurred if the temperature was increased

higher than 110°C. The final stages, as shown in (d) and (h) of Figure 11,

could not be obtained at a = 4.2, which indicates that the temperature

which will produce the perfect non-scattering state will be higher than

105°C at a = 4.2.

To study the melting temperature, the birefringence may be measured

with temperature. Samples of PIP may be stretched at room temperature and

held between two small metal plates with small holes by using an epoxy

resin (Elmer's EPOXY). Within 5 days, the resin solidified completely and

held the sample without any clamps. The metal plates were placed in a

Mettler FP2. By using a microscope (Carl Zeiss Light Microscope) in

crossed polars, the transmitted intensity was measured with temperature.

The rate of temperature increase was 2°C/minute. The results for a = 4.0

and 5.0 are given in Figures 13 and 14, respectively.

Since the transmitted intensity in the crossed polar mode is

eventually related to the birefringence of the sample, one may obtain the

birefringence change during heating from these measurements. The bire-

-2 -2
frinqence values before heating were 1.02 and 10 and 2.33 x 10 for

a = 4.0 and 5.0, respectively. These values are reasonably consistent

with those obtained in Chapter I.

The melting temperature of rubbers under stress may usually be

measured by observing, the change of the stress or birefringence as tem-

perature is increased. For the stress measurement, the point at which it

becomes proportional to the temperature is considered to be an apparent
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melting temperature (35,36). For the bi, ,-,- ingence method , ^ poin( ^
which the birefringence becomes constant , iy be considered to be the

apparent melting temperature.

In the experiments reported he,,. it appears that 54° and 84°C

are approximately the apparent melting t„,:erature for the sample stretched

at a = 4.0 and 5.0, respectively.

The melting temperature of stre :hed rubber may be described

as

J_
Tm

R

2n
s

AH n
s> (10)

where Tm and Tm are, respectively, the th -modynamic melting temperatures for

strained and unstrained polymer, R is the ;aS constant, n
$

is the number of

statistical segments per crosslinks, AH i the molar enthalpy of fusion of

statistical segment, and F (a, n ) may b. given by Flory (37)

F (a, n
s

)
= a + 2/a - >a

[-—J (11)

and by Krigbaum and Roe (38) ( K-R)
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(<*. n
s

) = 3 - a 2/a
(12)

By using the values of AH and Tm" obtained for natural rubber (39), t8 may

be estimated with elongation. In this calculation, Tm = 16°C and aH =

2160 cal/mole were used. The value was estimated as 70 by the method

described in Chapter I. The calculated melting temperature is shown in

Figure 15. It was mentioned by Mandelkern, et al . (40), that the K-R

equation could not predict the correct range of melting temperature at

high elongations. From Figure 15, it is noted that Flory's equation agrees

better with those obtained here.

From Figure 15, one important conclusion may be obtained.

Equation (11) may not give the exact melting temperature of the PIP sample

used here; however, it can give some idea concerning what the melting tem-

perature should be. As reported earlier in this section, the scattering

pattern disappears completely at very high temperature, such as 87°C, for

the sample stretched to a = 3.5 and it appeared that the temperature for

the sample of a = 4.2 was higher than 105°C. Even considering the wide

error of Flory's equation, we may conclude that these temperatures cannot

be the melting temperature and the melting temperatures must be appreciably

lower than these values. If these arguments are correct (the author feels

that it is probably so), we now have some scattering patterns above the

melting temperature.
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One possible origin for this may be impurities within the sample

which introduce birefringence around themselves as the sample is stretched.

The birefringence may be a reason for this scattering. The scattering fcr

a = 3.5 disappears at 87°C. If this scattering is due to the same impuri-

ties and they are destroyed at 87°C in the sample of a = 3.5, the same

phenomena may occur in the sample of a = 4.2. As we have seen, however,

for the sample of a = 4.2, the complete disappearance of the scattering

was never obtained up to 105°C. These considerations lead to a conclusion

that this scattering may not be due to the impurities within the sample.

Another possible origin is highly-oriented amorphous aggregates.

It is, however, not likely that such aggregates are more stable than crystals

Finally, this scattering may be simply due to very stable crystals which

cannot be detectable by stress or birefringence measurements. At the

moment it app^rs that we cannot explain this scattering pattern which

could have the same origin for the scattering pattern as observed at low

elongations

.

Conclusion

It may be concluded that the scattering unit consists of an assembly

of crystals with its fibril axis parallel to the stretching direction but,

at higher elongations, with the fibril axis at a slight anale to the stretching

direction. Within a fibril, crystals may have their axes slightly tilted

(less than + 7°) with respect to the fibril's long axis. There is an indi-

cation that at high elongation the H
v

scattering has a maximum alonn e
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direction. When a swollen sample is stretched, additional new patterns

appear in the H
y

scattering wnose origin is not certain. In the V
y

scat-

tering, the four lobes show no azimuthal dependence. This may be attri-

buted to the disorder within the superstructure because of the existence of

the solvent. The four lobes in V
y

scattering arise from the secondary

crystallization which is very slow after disruption of the superstructure by

heating. When PIP sample under 250% strain was heated, the scattering

pattern was observed until 87°C. For the sample under 320% strain, the

scattering pattern persisted at 105°C. These temperatures are considered

to be higher than the melting temperatures of these stretched samples.

The origin of this scattering is not as yet certain.
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Captions for Figures

1) Schematic diagram of the photographic light scattering set-up.

2) (A) H
y

light scattering patterns of PIP at different elongations

The arrow indicates the directions of both the polarizer and

stretching. The length of the arrow is 5 cm. The sample-to

film distance, L, is 11 cm.

Elongation Exposure Time,
Photograph Ratio, a t (sec)

(a) 1.0 2
(b) 2.84 2
(c) 3.92 2
(d) 4.9 1.4
(e) 6.93 2

(B) V
v

light scattering patterns of PIP at different elongations.

*** Density Filter
Photograph a t (sec) Used, d

(a) 1.0 1/100 1.0
(b) 2.84 1/100 1.0
(c) 3.92 1/100 1.0
(d) 4.9 1/100 1.0
(e) 6.93 2.0 3.0

3) Hy and Vy light scattering patterns of PBD at different elongations

L = 11 cm.

Note: The exposure time was determined by an old shutter which may

have malfunctioned. The intensity ratio given on Dage 184 was

obtained by using a new shutter.
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Photograph a t
ex

(sec) d

(a)

(b)

(c)

(d)

(e)

(f)

(g)
(h)

1.0

1.0

3.4

3.4
6.5

6.5
7.5

7.5

1/100
1/100
1/25

1/100
4/25
1/100
1/100
1/100

n cU. 6

1.8

0.6

1.2
0.6

1.2

0.9

Scattering intensity along e direction at a = 6.0. M is about 20°.

Sample-to-detector distance, 9 cm, and the length of the detector

(corresponds to 500 channels) is 1.9 cm.

The variation of the scattering patterns of swollen sample stretched

at room temperature. L = 11 cm.

Photograph t
ex

(sec) d

(a) 1.15 . 1.0 1/25
(b) 1.15 1.0 1/100 1.8
(c) 3.17 2.71 1/25
(d) 3.17 2.71 1/100 1.8
(e) 4.12 3.46 4/25
if) 4.12 3.46 1/100 1.8
(g) 5.00 4.3 1/25 0
(h) 5. on 4,3 1/100 1.8

H
v

and Vy scattering patterns after removal of the solvent by leaving

the sample at room temperature for 2 days. L = 11 cm.

***
t (sec) d
ex

'

4/25

1/100 1.8

Photograph

(a)

(b)
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H
v

and V
v

scattering patterns with different immersion oil, L = 11 cm.

For H
v

patterns t
ex

= 1/100, d = 0.9. For V
y

patterns t = 1/100,

d = 1.8.

V
v

scattering patterns in a strain cycle. L = 11 cm.

The variation of H
y

and V
y

scattering with time and temperature. For

H
v ,

t
ex = 1/60, d = 0.6. For Vy, t

ex
= 1/125, d = 1.5.

(A) The variation of H
y

scattering with temperature upon step-wise

cooling. All photographs were taken under the same conditions

except (d) d = 0.3, (e) d = 0.6 and (f) d = 0.6.

(B) The variation of V
y

scattering with temperature upon step-wise

cooling. All photographs were taken under the same conditions.

The variation of H
y

and V
y

scattering patterns at a = 3.5 with

increase of temperature. For H
y ,

t
ex

=l/60, d=C5. For V
y

, t =1/125, d=2.1

The variation of H
y

and V
y

scattering patterns for the sample stretched

to a = 4.2 during heating. For H
v

' tax
=

1 /6Q sC,I=0
* 6

' For VV t
ex

=
1 7 1 25 ' d=

2

' 1 *

The variation of transmitted intensity with temperature for the sample

stretched to a = 4.0.

Thp variation of transmitted intensity with temperature for thp <;amnlp

stretched to a = 5.0.

The calculated melting temperatures from Equations (11) and (12)

designated as Flory and K-R, respectively. The crossed point indicates

the temperature at which no scattering was obtained for the sample

stretched at a = 3.5.
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APPENDIX I

Calculation of Crystal Intrinsic Bi refri ngencg of

Cis-1 ,4-Polyisoprene

The conformation of the molecules in the crystalline unit cell is con-

sidered to be different from that in the amorphous phase. Bunn (1) and

Nyburg (2) have investigated the molecular structure of the crystalline

state of natural rubber.

From an examination of the diffraction data, Bunn (1,3) choses the

basic type (b) in Figure 1. The final form is represented in Figure 2.

It is to be noted that the bond lengths and valence angles diverge con-

siderably from the normal value and that isoprene units are non-planar,

especially with respect to the methyl group, which are some 23° out of the

general plane of the remaining four carbon atoms. Finally the two adjacent

isoprene units are themselves quite different from each other. Bunn favors

a monoclinic cell, having the dimensions

a = 12.46 & b = 8.89 A C (fiber axis) = 8.10 A 6 = 92°

The proposed cell contains four molecular chains running parallel to the

c axis. The repeat distance along the chain axis contains two isoprene

units. There are, therefore, eight isoprene units in the unit cell. In

Table I the coordinates of carbon atoms and hydrogen atoms in a unit cell

are given. For calculating the coordinates of hydrogen atoms it is

assumed that the distance of C-H bond is 1.07 K and that the angle for the

tetrahedral ly hybridized carbon is 109 1/2°.
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Nyburg (2,3) in a later investigation proposed a structure in which the

molecules have a conventional configuration but in which any given site may

be occupied by either a "left-handed" or a "right-handed" molecule - the

left-handed being the mirror image of the right-handed as shown in Figure 3.

The unit cell dimensions and the arrangement of the molecules in the unit

cell correspond closely to Bunn's model. From these basic concepts Nyburg

finally obtained the best agreement with the observed intensities of the dif-

fraction pattern by small variations of the atomic coordinates. His final

structure is shown in Figure 1 (c). in Nyburg' s structure the isoprene

unit, including the methyl group, is strictly planar, and the two isoprene

units in the repeating pattern are identical in their bond structure. The

middle C-C bond, which is abnormally short, is rotated out of the plane of

the isoprene unit by 58°. The final structure is shown in Figure 19 and

the coordinates of each atom are given in Table II. for this calculation

H
3

in Figure 1 is assumed to be on the plane which the five carbon atoms

make and the angle C
2
C
3
H
3

is taken as 118° and the other assumptions are the

same as Bunn's case.

The components of pol arizabil ity , e , e ,3 for each monomer unit
xx yy zz

with respect to a set of coordinate axes OX, OY and OZ, respectively, (where

OZ is taken as the direction of chain axis), may be calculated by using the

standard equations for the transformation of the polarizabil ity tensors (4)

for the individual bond and summing over all bonds. These equations are

given as

b = i n
cos 2

e + 5. sin 2
e 0

)

xx bA t

byy
= U A

- 5t ) sin 2
e cos 2

<j> + £t
(2)
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b
2Z ~ ' V Sln20 Sin2

*
+ ?

t (3)

3
xx i b

xx (4)

.

6
yy

=
1 b

yy (5)

e
zz = I b

zz (6)

where £
£

is the longitudinal bond polarizabil ity, ?
t

is the transverse bond

polarizabil ity, e is the angle between the bond and X axis, <}> is tne angle

between the Y axis and the projection of the bond on the YZ plane.

There have been reported several sets of bond polarizabil ities, i.e.,

those of Bunn (5), Vuks (6), Denbigh (7), and of Clement and Bothorel (8).

Their values are shown in Table III.

Bunn's values for a C-C bond were obtained from the values of the three

refractive indices of n-paraffin. These values, however, are incorrect

because of the use of Lorenz-Lorentz internal field as Volkenstein (10) has

argued quite convincingly and as shown by Hong et. al (11). By introducing

quite simplified assumptions on the internal field of crystalline paraffins,

Vuks has obtained bond polarizabil ities from the same experimental data

as those used by Bunn and Daubeny (12). His calculation may, however, not

be exact as Volkenstein has also mentioned (10). Denbigh's values were ob-

tained from the molecular refractions and the Kerr constants of a number of

simple compounds investigated in the gas phase. Clement and Bothorel 's

results were obtained from the depolarization ratios of Rayleigh scattering

of pure 1 i quids.
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Stein et. al (13) has reported a better agreement between experimental

and theoretical birefringence of polypropylene crystal when Denbigh's values

were used than when Bunn's were used. Nagai and Ishikawa (14) favored the

values of Clement and Bothorel on the study of stress-optical coefficient.

In many papers (9,10,13,14) Bunn's values seem to be discarded or at

least not to be suitable to calculate theoretical birefringence from. In

this work, therefore, we shall not use Bunn's bond polarizabilities. Al-

though Denbigh's values are mainly used in this work, at present there seems

little justification for the choice of Denbigh's value rather than others,

as mentioned by Treloar (3). This problem will be discussed in Chapter 2.

The values of 3
XX >

3
yy

and e
zz

were calculated from Equations (1)-(6)

and given in Table IV for Bunn's model and in Table V for Nyburg's model.

The mean anisotropy of polarizabil ity for a repeating unit in the crystal,

(b - b )° = 6 - (6 + 6 )/2, was also calculated and given in Tables
a* i*w ft- a a yyyy

IV and V.

The crystal intrinsic birefringence, A°, may be calculated using the

differential Lorentz-Lorenz equation (15,16)

o_ / = (b- - bj.)

A
u = ££ \"

_
r

£j _Jr E S (7)
c 9 fi

V

where n is the average refractive index of the material and V is the volume

per repeating unit. The calculated values of are given in Table VI.

Since Nyburg's model for PIP crystal is newer and appears to be more

reasonable than the Bunn model, the former is used in this work. As for

the bond polarizabilities, Denbigh's values, and Clement and Bothor. I's

values are in general favored in many papers (9,10,13,14).
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Calculation of Crystal Intrinsic Birefrincjenceof

Cis-1 ,4-Polybutadiene

The crystal structure of cis-1 ,4-polybutadiene has been studied by

Natta and Corradini (17). Their study shows that the crystal unit cell is

monoclinic and that its dimensions are a = 4.60 A, b = 9.50 A, c = 8.60 A

(fiber axis) and e = 109°. There are 4 monomer units per unit cell. The

model proposed is shown in Figure 4. The atomic coordinates in a unit cell

are given in Table VI I

.

From Equations (l)-(6) we obtained the following values using Denbigh's

bond polarizabil i ties.

6
xx

= 6.032,
6yy

= 7.118, 3
zz

= 9.221

The mean anisotropy of polarizabil ity for monomer unit, (b - b t
)° =

c

e
zz

' (3
xx

+ e
yy

)/2
'

is equa1 t0 2>646 x 10
" 24

cm
~ 3

-

In this case the differential Lorentz-Lorenz equation may not be a

good approximation for a°, because the difference of the polarizabil i ties

is relatively large. Therefore, the original Lorentz-Lorenz equation may

be used.
n, 2 - 1 A
_J = il p ( 8 )

where n
i

is the refractive index along i direction and is the polariza-

bil ity along i direction per unit volume. By using Equation (8) we obtain

n + n

A
o . n .

xj^ = 0 .286
c z 2
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Rubber*Like Pol ymers

A° of syndiotactic
1 ,2-polybutadiene (SPBD) was also calculated to

compare its value with those of PIP and cis-polybutadiene. The crystal

structure of SPBD has been studied by Natta and Corradini (18). The unit

cell is orthohombic and its dimensions are a = 10.98 A, b = 6.60 8 and C

(fiber axis) = 5.14 A. There are four monomers per unit cell. In the

same manner described before the intrinsic birefringence was calculated

using Denbigh's bond polarizabi 1 i ties as

6
xx

= 6 - 791 x 10
~ 24

cm

-24
3
yy

~ 8,076 x 10 cm (per monomer unit)

3
ZZ

7.504 x 10" 24 cm

A° = 0.0054

The value of of SPBD is remarkably small as compared with those of PIP

and PBD because the C=C bond of SPBD is almost parallel to 0Y axis, i.e.

b axis, and because there is little contribution of polarizabil ity of the

bond to Z direction, i.e. c axis.

The calculated and experimental values of A
0

of several polymers are
c

shown in Table VI It.

Most of the values presented here .ire obtained by using the Lorentz-

Lorenz internal field which is describe! by Equation (7) or (8). The
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Lorentz-Lorenz field may, however, not be a good approximation for the actual

internal field in the crystal as pointed out by several workers (10,11,24).

This problem will be discussed in detail in Chapter II.
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TABLE I

Numerical Values for Atom Coordinates

for Bunn's Model of the Crystal of PIP

Atom X I z

C
l

9.432 7.414 -0.202

C
2

8.211 8.045 0.421

C
3

8.024 7.770 1.742

C
4

9.270 7.414 2.641

6.629 7.361 2.171

C
6

9.283 8.526 3.702

C
7

10.529 8.045 4.390

C
8

10.641 7.690 5.694

C
9

9.382 7.992 6.496

C
10

12.061 7.788 6.261

H
l

10.311 7.766 0.299

H
2

9.301 6.352 -0.248

H
3

7.534 8.654 -0.101

H
4

9.103 6.469 3.115
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H
5 10.160 7.474 2.049

H
6 6.629 6.330 2.454

H
? 6.320 7.960 3.002

H
8

5.947 7.510 1.360

H
g

8.445 8.405 4.357

H
10

'9.476 9.467 4.643

H
ll

11.419 8.110 3.773

H
12

9.239 9.050 6.501

H
13

8.530 7.606 5.980

H
14

12.061 7.457 7.281

H
15

12.394 8.803 6.216

H
16

12.718 7.170 5.686
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TABLE II

Numerical Values for Atom Coordinates

for Nyburg's Model of the Crystal of PIP

Atom X y z

c
i 3.078 1.129 1.725

C
2 1.807 1.342 2.479

^3 1.881 1.662 3.815

C
4 3.177 1.876 4.536

C
5 0.399 1.218 1.904

H
l

3.916 1.475 2.335

H
2 3.189 0.073 1.504

H
3 0.980 1.761 4.357

H
4 3.297 2.924 4.751

H
5

3.988 1.527 3.923

H
6

0.000 0.242 2.144

H, -0.230 1.972 2.333

H
8

0 . 436 1.333 0.841
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TABLE IE

Bond Polarizabilities (x 10"24 cm 3
)

Bond c-H C-C

Bunn

Vuks

Set H ± h h h *
t

C=C

0.82 0.60 0.97 0.26 2.90 1.07

0.71 0.62 1.47 0.06 2.82 1.05

Denbigh* 0.79 0.58 1.88 0.02 2.93 0.99

Clement . „ _„
andBothorel °- 81 °' 59 ] - 46 °- 04 3.69 0.66

*Note: One small modification has been introduced for

the C=C (aliphatic) bond by Morgan and Treloar (9) .

In deriving his values, Denbigh assumed a value of 125°

between the C=C and C-H bond in ethylene compared
with the now generally accepted value of 120°. Recal-
culation on the basis of 120° angle gives the corrected

values of £ 0
and TL in Table III.
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TABLE IV

The Value of pxx< Pyy
and for

Bunn's Model of the Crystal Structure of PIP

(Per Two Monomer Units)

(x 10" 24 cm 3
)

( e*-(Vc°
=

Set0f
B B ft ft

Pxx
+ Pyy

Polarizabilities pxx Pyy P zz P zz z—

_

Clement
and Bothorel

Vuks 19.116 14.866 19.778 2.787

Denbigh 20.574 15.057 20.696 2.882

18.393 14.462 21.324 4.897



240

TABLE V

The Values of p ,3 ,3 forKxx' Hyy' P Z2
Ior

•

Nyburg's Model of the Crystal Structure of PIP

(Per Monomer Unit)

(x 10"24 cm 3 )'

Set of

Polarizabilities Pxx yy P P
p +rxx

Vuks 9.788 7.101 10.069 1.625

Denbigh 10.535 7.116 10.536 1.711

Clement
and Bothorel

9.365 6.840 10.820 2.717
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TABLE VI

The Values of the Crystal Intrinsic

Birefringence, A°
c

Set of

Polarlzabillty
Bunn's

Crystal Model
Nyburg's

Crystal Model

Vuks 0.106 0.123

Denbigh 0.110 0.130

Clement
and Bothorel 0.186 C.207
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TABLE VH

Numerical Values for Atom

Coordinates in the Crystal Unit Cell of Cis-l,4-Polybutadi

Atom x

c
l

-0.487 0.0 -0.589

C
2

0.487 0.0 0.589

C
3

0 . 200 1.207 1.505

C
4

-0.200 1.207 2.795

C
5

-0.487 0.0 3.711

H
l

0.374 -0.906 1.147

H
2

1.491 0.061 0.223

H
3

0.337 2.178 1.057

h
4

-0.337 2.178 3.244

H, -0.374 -0.906 3.153

H
6

-1.491 0.061 4.077



TABLE VIII (19)

Some Calculated Values of A0
c

(Intrinsic Birefringence of Polymer Crystals)

Polymer A0
c

Polyethylene (12) 0.059

Cis- 1 , 4-Polyisoprene 0.130

Cis- 1 , 4-Polybutadiene 0.286

Syndiotactic- 1 , 2-Polybutadiene 0.0054

Trans- 1 , 4-Polybutadiene
(Mod. II) (20) 0.183

Poly-N-Vinyl Carbazole (21) -0.457

Polyvinyl Chloride (22) 0.089

t-Polypentenomer (23) 0.268
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Captions for Figures

Basic structure of cis-1 ,4-polyisoprene molecule (3). (a) Projection

normal to plane of isoprene unit. (b,c) Alternative projections parallel

to plane of isoprene unit.

Configuration of rubber molecule in crystal, seen from two different

viewpoints, based on Bunn's model (1). (Bond length in A).

Nyburg's model (2). (a) Isolated molecule, (b) Mirror-related pair

of molecules.

The crystal structure of cis-1 ,4-polybutadiene (17).
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Figure 4
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APPENDIX II

Heat Generation on Extension

The fact that when rubber is stretched rapidly its temperature rises

has been known for a long time (1,2). If stress-induced crystallization

occurs following rapid stretching of a rubber sample to a certain length,

the kinetics of the crystallization may be affected by the temperature rise

of the sample due to the rapid extension. The rate of crystallization

strongly depends upon the crystallization temperature T , especially if

T
c

is near the melting temperature. For an example, it has been reported

that (3) for a linear polyethylene the rate of crystallization at 125°C is

60 times higher than that at 129°C. Consequently an estimation of the

temperature rise on rapid stretching may be useful to consider its effects

on the crystallization.

This phenomenon can be described by thermodynamics. The second law

of thermodynamics is represented by an equation (4)

dE = dQ + dW
(1)

In a reversible process the evolution of heat (-dQ) gives a direct measure

of the change of entropy in the process. If heat is evolved on the exten-

sion of the material, the entropy change is negative. Conversely, if heat

is absorbed, the entropy change is positive.

Assuming that the work is done only by the external force of extension,

f, one obtains for isothermal stretching
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f = /3E
3l;

t
- Var;

T
(2)

where the quantities E, T, S and L have their usual meaning. If there is

no heat exchange with the surrounding medium and if the internal energy of

rubber does not depend on deformation, a thermodynamical consideration

gives an expression (5)

3L Js~ CL~~ C
L Wl (3)

where C
L

is the specific heat at constant sample length. Integrating be-

tween the limits L
Q

and L, one finds the temperature change, T:

it
• Lo

fdL (4)

The term I

yj^J
dL means the entropy change AS when the rubber is

Lg
stretched from the length L to L.3 o

The theory of rubber elasticity gives readily the value of AS for a

Gaussian network as

AS = -
} N

c
k (a

2 + 2/a - 3) (5)

where N is the number of chains per unit volume, k is Boltzmann's constant
c

and a is the elongation ratio. AT is then described as
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As an approximation the specific heat at constant length, C|_, may be re-

placed by the specific heat at constant pressure, Cp . The value of C for

cis-polyisoprene is 0.437 cal/gC°. The value of N may be determined in the

same manner as described in Chapter I. Thus aT can be estimated as a func-

tion of a. The values of AT calculated are given in Table 1.

Equation (4) says that one can also estimate the temperature rise from

the force-strain relationship. A typical force-strain curve is given in

Figure 1. In this work samples were stretched at a rate of 2000 % per

minute. The term J fDL gives the work done on the total sample (not on unit

volume of the sample) and is used to heat up the sample. The values of aT

calculated from Figure 1 are given in Table 2.

The values in Table 1 are higher than those in Table 2. This is be-

cause the values in Table 1 were calculated using the Gaussian rubber elas-

ticity theory, which is now well known to give higher stress than actual

value. The estimation in Table 2, therefore, is probably better than in

Table 1. ^

From Table 2 one may conclude for typical samples used in this work

that at relatively low elongations the temperature rise upon rapid stretch-

ing probably does not have a significant effect on the crystallization which

will occur following the stretching. At higher elongations there may be

some effect on the crystallization, however, it is considered to be small

because of small values of aT. If a very highly crossl inked polymer is used,

the temperature rise may be significantly large because of its high elastic

modulus, which will cause a serious problem on the crystallization kinetics.

In the present estimation it is assumed that the internal energy does

not change with deformations. However internal energy changes have been



252

reported as being typically, for an example, in natural rubber between 10 and

20 % of the total work done (6). Consequently, actual temperature rise will

be expected to be slightly smaller than the value estimated here, since

energy is apparently absorbed by the rotational i someri zation (6).

Heat Generation by Crystallization

If a rubber sample is stretched sufficiently to cause crystallization,

the configurational entropy change will not be the only reason for the tem-

perature rise. The latent heat of crystallization will be superposed on the

effect due to the entropy change. This phenomenon has been observed by

several workers (7-10). This effect due to the crystallization may be a pri-

mary reason for the temperature rise. Rubbers which do not crystallize

usually do not show the very large temperature rise. For an example, the

maximum heating by Hycar OR (butadiene-acrylic nitrile) is less than 2°C

(11), which is very small compared with 14°C reported for natural rubber

and neoprene (7)

.

This thermal phenomenon due to the crystallization may be used as an

indicator for the process of the crystallization. Mitchell and Meier (12)

havestudied the stress-induced crystallization in a rapidly stretched natural

rubber by following the heat evolved when the crystallization is initiated.

In this section the temperature rise due to crystallization is esti-

mated in the adiabatic condition. The heat evolved by the crystallization

may be described as

AQ = -N
c

mq aH
u

= -N n X q AH (7)esc u
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where m is the number of segments in the crystalline phase, q the number

of monomeric units per segment, aH
u

the enthalpy of fusion par monomeric

unit, X
c

the degree of crystal 1 inity and n
$

is the number of statistical

segments between crosslinks.

The values from 1000 to 1170 cal/mole have been reported as aH for
u

natural rubber (13,14). Using a value of 1100 cal/mole (1 .83 x 10' 21
cal/

monomer unit) for aH
u

and typical values for other parameters, which were

obtained in Chapter I as q = 1.98, n
g

= 97.8 and N = 4.21 x 10
19

cm 3
, aQ

can be expressed by

AQ = -14.89 X
c

cal/cc (8)

where (-) sign means that the crystallization is an exthermal process. The

temperature rise corresponding to the crystallization which is given in

Fi 9ures in Chapter I was calculated assuming an adiabatic condi-

tion from Equation (8). It is shown in Table 3. The values in Table 3 are

relatively comparable with the temperature rises reported for natural

rubber (12). It is noted that at low elongation (a = 3.89) the temperature

rise due to crystallization is very small. One may, therefore, conclude

that the crystallization at a = 3.89 is not significantly affected by the

heat liberated by the crystallization itself. At higher elongation (a = 6.0)

however, there may be some affect of the temperature rise on the crystal-

lization. To deal with this problem, one must consider the heat transfer

from the sample to its surrounding materials.

Heat Transfer from A Sample to Air

The adiabatic temperature rise during the crystallization cannot be
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neglected at high elongation as demonstrated above. However, the real sys-

tem is not adiabatic, but the heat can be transferred from the sample to the

surrounding media, which is air in this consideration.

We will consider a case that a thin rubber sample is placed vertically

in the still air. This problem is so called "heat transfer by free convec-

tion" (15). The heat transferred through two surfaces of the sample may

be given as (15)

2A (T
$

- Too) h dt = -C
L

VdT
g (g)

where A is the surface area, T
$

the temperature of the sample at time t,

Too the temperature of the air, h is the convection coefficient, and V is

the volume of the sample.

Integrating Equation (9) from t = 0 to t = 5, one obtains

T
s
-T.+ (T

Q
- TJ exp l™\ (l 0 )

where T
Q

is the initial temperature (at t = 0) of the sample. A function

J is defined as

M+\ - AT _
T
s

~ T°°
/ 2Aht\

The value of the convection coefficient h may be cauculated by the methods

given elsewhere (15-17). The coefficient h may be described as

K
, q„-r\B

h = A ^ (a L3AT) C
(12)

where K is the thermal conductivity of the air, L is the sample height, and
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a is given by

a = g 0 p*-c M
(13)

where g is the acceleration of gravity, 3 the coefficient of thermal expan-

sion of the fluid (air), p the density of fluid, C the specific heat of

fluid, and M is the absolute viscosity of fluid. The constants A and B are

determined from the value of (a L 3AT).

In the case in which T
Q

is about 5-20°F (3-10°C) higher than room tem-

perature (25°C), the coefficient h is given by

h = 0.344 (AT)
1/4

(14)

where the unit is BtU/(hr) (ft 2
) (°F).

Assuming that the initial temperature difference is 10°F (* 5.6°C) and

that h does not change during heat transfer, J was calculated as a function

of time. It is shown in Figure 2 (a). Actually h does depend upon AT.

The result considering this factor, however, is not changed significantly

as shownin Figure 2 (b).

By comparing Table 3 (a = 6.0) with Figure 2, one may conclude that

at later stages of the crystallization there are no heat effects on the

crystallization because heat transfer is fast enough not to build up heat

within the sample. At very initial stages of crystallization, there seems

to be a temperature rise which is small, probably about 1°C. Therefore,

one can say that there is no significant heat effect on the crystallization

of PIP.

In summary we may conclude that as for the study of the crystallization
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of PIP used in this work, we can neglect the heat effect evolved by

stretching or following crystallization. This conclusion is attributed to

two main factors, which are that (1) the rate of crystallization of PIP is

relatively low, and (2) the heat transfer from the sample to the surrounding

media is sufficiently fast to remove heat liberated within the sample.

If polymers with very high rates of crystallization and high crys-

tallinity are used for this kind of study, however, there will be a signifi-

cant effect due to the temperature rise and one will have to take note of

this effect to study the real kinetics of the crystallization
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TABLE 1

Temperature Rise Upon Adibatic Stretching

o
1 AT (C)

1
1

2 0.3

3 1.1



TABLE 2

Temperature Rise Upon Adiabatic Stretching

a

1

2

3

4

5

o

AT (C)

0

0.1

0.5

0.9

1.5



TABLE 3

Adiabatic Temperature Rises by the Crystallization

Shown in Figures in Chapter 1

Time (sec) x
c

a = 6.0

o

AT (C)

10 0.036 1 4
30 0.076 2.9
100 0.085 3.1
300 0.097 3.6
1080 0.109 4 1

3600 0.121 4.5
11400 0.135 5.1
54000 0.148 5.5

a = 3 . 89

10 0 0 7
30 0.002 0.0c

x^U U - UU1 u . J. Q
360 0.005 o.n
1200 0.007 0.2^
3600 0.009 0.3^
11700 0.012 0.4^
45600 0.016 0.6

U
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Captions for Fig ures

1) Force-strain curve of a sample stretched at a rate of 20002 per

minute.

2) The variation of J calculated from Equation (11); ( a ) h given by

Equation (12) is assumed to be constant; (b) actual h is used.
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APPENDIX III

Intensities of The H
y

and V
y

Scattering

The ratio of the H
y

and V
y

scattering intensities from a rod may

be described as

\ (6 cos
2
a + b

t
)

2

\ (6 Sina COSa)
2 (1)

V

where 6, a and b
t

are given in CHAPTER V.

The average polanzability of the amorphous phase may be calculated

using Clement and Bothorel's bond polarizabilities. The value per unit

volume is 0.07276. The average polarizabili ty of the crystalline phase may

be obtained using the result in APPENDIX I. The value is 0.08033. By

assuming that X
Q

= 0.14 (<|>

c
= 0.128), one may obtain the value of the average

polarizability of the surrounding, which is 0.07373.

The longitudinal and tangential polarizabilities of the rod may be

obtained from the result in APPENDIX I. They are 0.09648 and 0.07225,

respectively. Then, the value of 6 and b
t

are 0.02423 and - 0.00148, respec-

tively. From the x-ray studies in CHAPTER III, a is determined to be approxi

mately 7°.

The value of L, /I„ may be obtained from Eq. (1), it is about 58.
V
V

h
V

This result is in reasonably good agreement with the value obtained by the

photographic method. The Denbigh's bond polarizabilities give a value of 85.

The contribution due to the density fluctuation to the total intensity is

about - 6% and 13% for Clement and Bothorel 's and for Denbigh's polariza-
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bilities, respectively. One may, therefore, conclude that the most scatterln
arises from the fluctuation in the orientation of anisotropic bodies.
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