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ABSTRACT

STUDIES OF THE CRYSTALLIZATION BEHAVIOR
01 THE POLY(l,4 BUTYLENE TEREPHTHALATE)/

POLY( ETHYLENE TEREPHTHALATE) BLENDS

May 1978

Antonio Escala Sisquellas, Industrial Engineer, Polytechnic
University of Barcelona

M.S., Ph.D., University of Massachusetts

Directed by: Professor Richard S. Stein

The main purpose of these studies has been to determine the

crystallization behavior of the poly(l,4 butylene terephthal ate)/

poly(ethylene terephthalate) (PBT/PET) blends.

The evidence from wide angle x-ray scattering, differential

scanning calorimetry and infrared spectroscopy shows that both polymers

crystallize separately in the blends, preserving their unit cell struc-

ture, showing separate melting points and their characteristic crystal-

line spectroscopic bands.

While this phase separation occurs in the crystalline state,

only one glass transition temperature, which is intermediate between

those of the pure polymers, is observed by DSC in the amorphous samples.

This first evidence of compatibility of both polymers in the amorphous

state will be corroborated by the crystallization behavior.

The morphology of the crystalline state in the blends was studied

by light microscopy and by small angle light scattering. Samples of

the pure polymers show spherulitic structure. Upon increasing the
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concentration of the other component, the spherulites become coarser,

disordered and strong branching occurs. Finally, in the blends of

intermediate composition, the spherulitic structure is lost. Only

small rod-like crystals appear.

The crystallization kinetics were first studied by depolarized

light intensity, which provides information on the overall crystalliza-

tion behavior but not on the crystallization kinetics of each component.

This information was obtained following the crystallization of the

blends by infrared spectroscopy and density which, although it only

gives information on the overall crystallization behavior, allowed us,

by establishing a correlation with the infrared measurements, to obtain

the absolute degrees of crystal 1 ini ty of each component in the blends.

The infrared studies were performed in the blends at 90°C, 110°C,

130°C, 150°C and 200°C, and the crystallization was followed by the

changes in intensity of the characteristic crystalline bands of each

polymer.

The crystallization kinetics of each component are strongly

affected by the presence of the second one. Examining the crystalliza-

tion rate vs. temperature curves for the PET component, we can observe

how the maximum increases in value and shifts towards lower temperatures

with increasing amounts of PBT. The PBT component shows a decrease of

crystallization rate and a shift of the maximum towards higher tempera-

tures with increasing PET concentration. These effects can be fully

accounted for in terms of the change in T of the amorphous samples,
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which is very strong evidence for the existence of compatibility

between the amorphous polymers.

The results were theoretically explained taking into account

the shift of the T
g

in the amorphous blends and the dilution effect

caused by the presence of the second component.

A comparative study was made of the effect that annealing or

cooling, from the glass or the melt, has on the crystallization

behavior. It was shown how polymers with "low" crystallization rates

(PET) yield identical results in both cases, but how polymers with

high crystallization rates yield different morphologies, crystallization

rates and ultimate crystal 1 ini ties, which can be explained if we con-

sider that, in the melt crystallized samples, when going through the

maximum in crystallization rate, substantial crystallization occurs

and, therefore, the crystallization is not fully isothermal.

The possibility of occurrence of the trans-esterif ication reaction

during the melting period was studied by determining its possible effect

on the crystallization kinetics and intrinsic viscosities of the blends.

It was observed that for up to four minutes in the melt, no significant

effect appears. These results were complemented with a study of the

effect that the processing conditions had on the crystallization

kinetics of the blends.
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CHAPTER I

INTRODUCTION

After having studied in our laboratory polymer blends of amor-

phous polymers with poly-, -caprolactone and polyvinyl chloride) (1-4),

blends with a crystalline component like poly(2,6 dimethyl phenylene

oxide) with isotactic polystyrene (5) and atactic polystyrene with

isotactic polystyrene (6) were studied. The next obvious step was to

become involved in the study of a blend of two polymers which both

crystallize. The system chosen was poly(l,4 butylene terephthalate)/

poly(ethylene terephthalate) (PBT/PET) because of the previous knowledge

of the crystallization behavior of the pure components.

The crystallization behavior of PBT has been extensively studied

in our laboratory (7-9). This polymer has a very high crystallization

rate which usually leads to a skin core morphology during the processing

of the polymer (10). PET is also a semicrystal 1 ine polymer which has

more moderate crystallization rates (11-23). The purpose of the present

study is to observe how the crystallization of each component is affected

by the presence of the second one.

We have first looked at the crystal structure of the two polymers

in the blends. Wide angle x-ray scattering (WAXS), differential scanning

calorimetry (DSC) and infrared spectroscopy (IR) provide us information

on whether each polymer crystallizes separately in the blend according to

their own unit cell structure or if they co-crystallize yielding a new

unit cell structure.

1



Small angle light Scattering (SALS) and polarized light microscopy

provided information on the morphology of the crystalline structures in

the blends under different crystallization conditions.

In order to study the kinetics of crystallization of the blends,

two different approaches have been taken. Depolarized light intensity

(DLI), USC and density provide us with information about the overall

crystallization behavior of the blends, without being able to distinguish

the behavior of each component separately.

To do so, IR has proved to be very effective since we have been

able to isolate absorbance bands which are sensitive to the crystalliza-

tion of each component, but which are unaffected by the crystallization

of the second one. In this way we have been able to follow the crystal-

lization of each component in the blends, under the different crystalli-

zation conditions. These studies have been performed mostly at tempera-

tures below that of the maximum of crystallization rate and show the strong

influence that each polymer has on the crystallization behavior of the

other one. A theoretical explanation of these results is offered through

the approach of Mandelkern (24) which takes into account the dilution

effect caused by the presence of the second component and the change in

the glass transition temperature (T ) of the blends.

Since most of these studies have been performed at low temperatures

by annealing the samples from the glass, a comparative study was made on

the difference in crystallization behavior, when the crystallization is

performed from the glass or the melt.
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The effect of the processing conditions of the blends on the

crystallization behavior was studied, paying special attention to the

effect that the trans-esteri f ication reaction might have on the crystal-

I i zation

.

Finally, although the study of the mechanical properties of the

blends was not the main purpose of these studies, a series of dynamic-

mechanical measurements was performed in order to obtain further infor-

mation on the relaxation behavior.

The samples used throughout these studies were provided by the

General Electric Company. The blends, which covered all the range of

compositions, have been obtained by melt-extruding, in a sterling 1 3/4"

extruder, 80 rpm, at 520°F (271°C), two samples of PBT and PET. The

melt viscosity of PBT at 250°C was 2740 poises and the viscosity average

molecular weight 25,600. PET had a melt viscosity at 270°C of 1250 poises

and a viscosity average molecular weight of 36,800.



CHAPTER II

CRYSTAL STRUCTURE

A. I ntroduction

The determination of the crystal structure of the different blends

was undertaken by WAXS, DSC and IR. The purpose is to determine whether

both polymer blends crystallize separately in the blends or if they co-

crystallize giving a new type of crystal.

The crystal structures of PBT and PET have been studied (25-27);

both unit cells are triclinic. Their dimensions are:

PBT:

PET:

a =
0

4.83A (i
- 99.7°

b =
0

5.96A e
= 115.2°

c =
0

1 1 . 59A Y
= 110.8°

a =

0

4.56A a = 98.5°

b =
0

5.94A 3
= 118°

c = 10.75A

4

Y
= 112°
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lo complement the information on the crystalline polymers, the T

of the blends was determined by DSC in completely amorphous samples.

B_. E xperimenta l

The samples for crystallization were molded between Teflon-coated

aluminum foil, after desiccating the pellets for 24 hours in a vacuum

oven at 120°C, using .a Pasadena press working at 25,000 psi and 280°C.

The molded samples were quenched in an ice water mixture. A 2 mil thick

aluminum shim was placed between the aluminum foil obtaining, therefore,

samples with a thickness gradient. The use of Teflon coated aluminum

foil permits their direct separation without the need to use HC1 to dis-

solve the aluminum foil.

A set of quenched samples was separated and these completely amor-

phous samples were used to determine the T^ of the blends by DSC. The

second set of samples, containing the whole range of compositions, was

melted at 280°C and then crystallized in a fluidized bed for 30 minutes

at 200°C. A third set of samples was melted at 280°C between hot plates

and then crystallized in a fluidized bed for 30 minutes at 230°C, after

which the temperature was dropped to 200°C and the samples were then

crystallized for 30 more minutes.

The wide angle x-ray diffraction patterns from all the samples were

obtained using CuKu radiation. The photographic film was placed 8 cm

from the sample, allowing a better resolution of the different diffraction

lines and avoiding their overlapping.
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The infrared spectra was obtained by a Perkin Elmer Infrared Spec-

trophotometer, Model 283, working in the absorption mode.

The calorimetry studies were done with a Perkin Elmer DSC-2, which

was able to work at subambient temperatures by means of a intracooler

of middle range (-40°C).

C. Results

1. Wide Angle X-Ray Scatter ing Resu l ts .

The diffraction lines for the pure polymers and the blends were

obtained. They show the presence of the PBT and PET diffraction lines in

the blends of intermediate composition. No new lines appear. One there-

fore must conclude that no co-crystallization occurs but that both polymers

crystallize separately in the blends. The blends very rich in one com-

ponent do not show the diffraction lines of the other one, but, as it will

be shown by DSC and IR, this is not due to the fact that it does not crys-

tallize but it is because of the method, which is not sensitive enough to

distinguish them.

The outer lines in the blends appear less intense and much broader,

especially in those blends of intermediate composition. This reflects

the presence of smaller and more disordered crystals. The different dif-

fraction lines for the pure polymers (25-27) and the blends are recorded in

Tables 1 - 8.
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Table 1

Diffraction Lines for PBT

o Relative
Line # 2o dA Intensity

1 9.24 9.57 High

2 16.13 5.50 Low

3 17.5 5.07 High

4 20.7 4.29 Low

5 23.7 3.75 High

6 26.4 3.38 High

TABLE 2

Diffraction Lines for PET

o Relative

Line f
2e dA Intensity

1 16.42 5.40 High

2 17.53 5.07 High

3 21.26 4.18 Low

4 22.23 4.00 High

5 25.68 3.47 Very High
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Table 3

Observed Diffraction Lines for the 90/10 and 80/20

PBT/PET Samples

Line # 2e
0

1 9.24 9.57

2 16.13 5.50

3 17.5 5.07

4 20.7 4.29

5 23.7 3.75

6 26.4 3.38

Relative
IntejTsi_t^_

High

Low

High

Low

High

High

Table 4

Observed Diffraction Lines for the 70/30 Sample

o Relative
Jill 2e dA Intensity

1 9.24 9.57 High

2 16.13 5.50 Low

3 17.5 5.07 High

4 20.7 4.29 Low

5 23.7 3.75 High Broad

6 26.4 3.38 High Broad
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Table 5

Observed Diffraction Lines for the 60/40 Sample

o Relative
Linejf 2e dA Intensity

1 9.24 9.57 High

2 16.13 5.50 Low

3 17.13 5.07 High

4 20.7 4.29 Low

4 21.47 4.18 Low

5 22.57 4.00 High

5 23.7 3.75 High

6 26.4 3.38 High

Table 6

Observed Diffraction from the 50/50 Sample

0 Relative
Line # 2e dA Intensity

1 9.24 9.57 Very Low

2 16.3 5.45 High Broad

3 17.5 5.97 High Broad

4 21.26 4.18 Low

5 22.23 4.00 High Broad

6 25.68 3.47 High Broad

7 26.4 3.38 Low



Line # 2o dA

Table 7

Observed Diffraction from the 40/60 Sample

Relative Intensity

1 16.42 5.40 High

2 17.53 5.06 High

3 21.26 4.18 Low

4 22.23 4.00 High Broad

5 25.68 3.47 Very High Broad

Table 8

Observed Diffraction from the 30/70, 20/80 and 10/90 Sampl

o Relative
Line # 2e dA Intensity

1 16.42 5.40 High

2 17.53 5.06 High

3 21.26 4.18 Low

4 22.23 4.00 High

5 25.68 3.47 Very High
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2. Infra red Spectroscopy Results .

The infrared spectra of PET and of PBT are very similar and it is hard

to isolate a crystalline band which does not appear in the amorphous state

and which is characteristic of one of the components.

Initially the PET crystalline component was observed through the

shift of the 424 cm
1

band in the amorphous state which appears in the

crystalline state at 434 cm'
1

. The PBT crystalline component was observed

through the splitting and broadening that the 498 cm"
1

band undergoes. In

later studies we have isolated other bands, mainly the 848 cm
-1

band for

PET and the 917 and 810 cm"
1

bands for PBT which are very sensitive to

the crystallization process.

Through these studies we have observed the presence of the PBT and

PET in their crystalline state simultaneously in the blends ranging from

90/10 to 30/70 (PBT/PET). In the 20/80 and 10/90 blends, only PET appears

in its crystalline state.

3. Differential Scanning Calorimetry Results .

The melting points of each component in the blends were obtained sepa-

rately by DSC, where, although certain overlapping of the endotherms occurs,

the melting peaks of each polymer can be separated (Figure 1). The melting

of PET can be observed in all the blends while that of PBT can be seen only

in the 100/0 through 30/70 blends. These results are in accordance with

those obtained by IR.
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Table 9

Crystalline Component Present

Blend WAXS DSC IR

100 PBT PBT PBT PRT

90/10 PBT PBT/PET PRT/PFT1 U 1 / iL 1

85/15 PBT PBT/PET PRT/PFT

80/20 PBT PBT/PET PBT/PET

70/30 PBT/PET PBT/PET PBT/PET

60/40 PBT/PET PBT/PET PBT/PET

50/50 PBT/PET PBT/PET PBT/PET

40/60 PET PBT/PET PBT/PET

30/70 PET PBT/PET PBT/PET

20/80 PET PET PET

10/90 PET PET PET

100 PET PET PET PET

The discrepancies that appear in Table 9 only reflect the low

sensitivity of the WAXS method, but the results are in good agreement.

From these results we must conclude that both polymers crystallize

separately in the blends showing, therefore, phase separation in their

crystalline state.

It is important to determine if the same behavior is observed in

the amorphous samples. If phase separation occurs to a large degree, one

would expect to find two T 's in the blends. Calorimetry was therefore
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used to determine the T ' s of the blends. Only one T was found for each
y 9

blend and its value is intermediate between those of PBT and PET, giving

a first indication of their compatibility in the amorphous state

(Figure 2).

The experimental values of T
g
's of the blends closely resemble the

theoretical values calculated according to Fox's equation (28,29):

1

T
1

W
l

+

w Bw

Bw,
(1)

where w-. and are the weight fractions of the two polymers of glass

transition temperatures T and T . As can be seen in Figure 2. a very
g

l
9
2

good fit is obtained for a value for B of 0.4.



CHAPTER III

MORPHOLOGY

A. Introduction

To investigate the morphology of the crystallizing polymers in the

different blends, a series of studies was done in samples crystallized

under different conditions, both isothermal and non-isothermal. The

morphology was studied by small angle light scattering (SALS) and by

polarized light microscopy.

The morphology of PET has been extensively studied (21,22,30).

It has been observed that the isothermal crystallization of the samples

at temperatures between 220°C and 110°C produced the development of 0-90

spherulites, which have their extinction patterns along the directions

of the Nicol prisms. The sizes of the spherulites were dependent on

the crystallization temperature.

The crystallization of PBT has been recently studied (7-9) and

the appearance of two types of spherulites has been observed. In i so-

thermal ly crystalline samples at a temperature above 200 C, regular

spherulites appeared with their maltese crosses in the directions of the

polaroids. When crystallization occurred below 200°C, spherulites with

their maltese crosses 45° to the polaroids appeared.

14
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Corresponding to these morphologies the H
y

light scattering patterns

for the former had their lobes 45° to the polars and when crystallization

proceeded they became circularly symmetric due to secondary scattering.

The latter show the H
y

light scattering patterns with their lobes along

the polars. This rotation is due to the fact that the optic axis of the

crystallites in the spherulites is at 45° to the radius.

The size of the scattering objects which was not distinguishable

under the polarizing microscope can be computed from the position of the

light scattering maximum intensity by using the relationship (31,32)

4k Rn ,
•

4-1 = —r-sin(em/2) (2)

where R = spherulitic radius, A = wavelength of source (= 0.6328 pm for

i

red laser), n = refractive index of polymer, e
m

= corrected scattering

angle for maximum intensity and is related to the actual scattering angle

i

(e ) as sin 6 = sin e /n.v nr m m

For small values of e the above equation reduces to
m

R ¥ rr °- 413/em (3)

m
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where 8
m

IS in radians and the value of R is in micrometers.

B. Experimen tal

Three sets of molded samples were made from all the blends by

pressing previously desiccated pellets between sheets of Teflon-coated

aluminum foil in the Pasadena press at 25,000 psi and 280°C. As there

was no shim, the thickness of the films depended on the applied pressure

and they were about 1 mil thick. They were then placed on a microscope

slide, under a cover glass, and pressed to twice the original surface

area

.

The first set of samples was melted in a Mettler FP2, which has

three rates of temperature change - 0.2°C/min, 2°C/min, and 10°C/min.

After melting them at 280°C they were cooled to 200°C at a 2°C/min rate.

The crystallization was followed through the polarizing light microscope

and by light scattering.

The second set of samples was melted between two hot plates at

280°C for 1 min and crystallized in an oil bath at 130°C for 10 min,

after which the samples were observed by light scattering.

The third set of samples was melted again between hot plates at

280°C for 1 min and then crystallized in the Mettler FP2 at 200°C for 10

min. The samples were examined under the polarizing microscope.
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L. - Samples Crystalliz ed Non- Isothermal]^.

Under the polarizing microscope it was possible to detect the appear-

ance of small crystalline entities in the 100% PET sample. These crystal-

line entities were volume filling and showed no superstructure. The

light scattering patterns for this sample have four lobes in the direc-

tions of the polaroids (Figure 3a). This pattern has never been reported

for isothermal ly crystallized PET, but it can be explained according to

Keller's isothermal crystallization studies under the polarizing micros-

cope (30) that show that as the crystallization temperature was increased

the maltese cross in the spherulites started to show waviness and finally it

was possible to observe extinction crosses at 45° and 90° to the polaroids.

The size of the scattering entities, computed according to Equation (3),

is of the order of 1.5 \im.

For the 100% PBT sample it was possible to observe the appearance

of small rod-like anisotropic structures which became almost immediately

volume filling. The corresponding Hy light scattering pattern, upon

cooling, evolved from that of a liquid to that of a regular spherulite with

a lot of background scattering and the lobes 45° to the polars (Figure 3d).

Finally, the pattern became circularly symmetric due to multiple scattering.

The behavior of the 20/80 sample was very similar to that of PET.

Upon cooling it became immediately filled with small anisotropic entities

without any visible superstructure. At the same time the Hy light scat-

tering pattern was similar to that of slowly cooled PET, with four lobes
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in the direction of the polaroids. The pattern did not change with further

cool ing.

The behavior of the 40/60, 50/50 and 60/40 samples was very similar

in the three cases. Upon slow cooling in the Mettler under the polarizing

microscope, they developed volume filling anisotropic entities which had

no superstructure visible but only birefringent zones of the same retard-

ation order. That is, upon introducing a first order red plate with its

slow direction 45 to the polaroid directions of the microscope, the

retardation colors varied by zones in the different parts of the sample.

However, they remained the same throughout wide areas of the sample.

There was no systematic compensation or addition of retardation colors

like would exist in a spherulitic sample. Upon further crystallization

the retardation order increased similarly for the different areas. It is

normal to infer from this behavior the development of rod-like structures.

The Hy light scattering patterns obtained from these samples corroborated

the existence of this structure (Figures 4c, d), since they showed a

monotonic decrease of intensity from the center in the direction 45° to

the polaroids.

This rod-like structure was preserved in the three blends by slowly

cooling the samples. However, if after cooling the samples to 160°C in

the Mettler, they were removed and allowed to air cool, it was possible to

observe the development of spherulitic structures. In the 40/60 sample

the spherulites were similar to those of PET with their maltese crosses in

the directions of the polaroids. In the 60/40 sample the spherulites pre-

sented different extinction patterns resulting from highly disordered

spherulites (Figure 4b).
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A completely different behavior was observed with the 80/20 sample.

Slow cooling of this sample produced at 218° the appearance of small

entities showing birefringence and different retardation order color from

one to the other in an amorphous background. With further cooling at 175°C

it was possible to observe the appearance of small spherulites with their

maltese crosses 45° to the direction of the polaroids. These spherulites

continued growing and their extinction crosses became multiple and in

several directions. The spherulites are highly branched (Figures 5a, b)

and their retardation colors under the first order red plate vary randomly

throughout the spherulites, indicating a very high degree of disorder.

These spherulites are non-volume filling and their degree of disorder

is such that even in samples isothermally crystallized at 175°C, it is

possible to observe the development of non-spherulitic superstructures,

which are highly branched and resemble dendrites, in an amorphous background

in which some small spherulites developed due to the inefficient quenching

(Figure 5c, d). These dendritic structures can be explained as a result of

the diffusion of the non-crystallizing material.

Upon reheating of these spherulites it is not possible to observe

any part of their melting out first. There is a steady loss of retardation

order and finally at 242°C the samples were completely melted.

The examination of the H
v

light scattering pattern of the above

samples shows mainly the pattern belonging to regular spherulites; the

lobes appear at 45° to the polars.
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2
.

Samp 1 es Isothermal ly Crystallized at 1 30°C

.

The sample with 100% PET showed a light scattering pattern of typical

0-90 spherulites with the lobes 45° to the polaroid directions. The

radius of the spherulite was computed through Equation (3), with its

value 5.43 \im (Figure 6).

The 20/80 sample showed a scattering pattern similar to the pre-

vious one, but somewhat larger and less intense, indicating smaller

and less ordered spherulites. The spherulitic radius obtained for this

sample was 3.6 pm (Figure 6).

The 60/40, 50/50 and 40/60 samples did not show spherulitic light

scattering patterns. Instead the patterns were characteristic of a rod-

like structure (Figure 6).

The 80/20 sample showed two different types of scattering patterns,

corresponding to two different kinds of spherulites. A light scattering

pattern with the four lobes 45° to the polaroid directions characteristic

of regular 0-90 spherulites of 2.96 pm of radius is obtained (Figure 6).

In other locations in the sample it was possible to see a scattering pat-

tern with four lobes along the directions of the polaroids, characteristic

of 45° spherulites. This pattern was larger than the previous one and

much less common. The spherulite radius was 1.66 pm. In other places

in the sample the pattern was circularly symmetric due to the secondary

scattering.

Finally the sample with 100% PBT showed light scattering patterns

with the four lobes along the polaroid directions, which belongs to a

spherulitic superstructure with the maltese cross 45° to the polaroid
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directions. These spherulites were bigger than those of the 80/20,

hciving their radius 2.33 urn (Figure 6).

3. Samples Isothermal ly Crystallized at 200°C.

The samples examined in these cases were those rich in PET. The

examination was done under the polarizing microscope and it is possible

to observe (Figures 7 and 8) how, as the PBT content increases, the

spherulites become smaller, more branched and disorganized.

The PET sample showed extinction crosses in the directions of

the polaroids, but, as the amount of PBT increased, waviness of the

cross appears and finally multiple extinction crosses appear.



CHAPTER IV

DEPOLARIZED LIGHT INTENSITY STUDIES

A. Introduction

The study of the kinetics of crystallization was initiated through

the measurement of the depolarized light intensity (DLI) transmitted

between crossed polaroids.

The use of DLI to follow the kinetics of crystallization has been

widely used (33-38) and basically it follows the method initiated by

Magi 1 1 (33,34) in which a thin polymer sample is sandwiched between cover

slides, melted in a thermostated chamber, and then rapidly transferred

to a hot stage at the crystallization temperature. The intensity of

the light transmitted between crossed polaroids in the light microscope

as a function of time is then measured. The graph obtained has a sig-

moidal shape. Figure 9 shows the intensity of the light transmitted

between crossed polaroids as a function of time for the 50/50 blend crys-

tallized at 200°C. From these plots it is possible to obtain the crystal-

lization half times.

Knowing the value of the intensity, I , when it ceases to increase

and remains constant, which is assumed to represent the completion of the

crystallization process, and that of the intensity at the beginning of the

crystallization, I , it is possible to calculate the degree of crystal-

linity, X , through the empirical equation

22
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1 - X
c 1 - I

C 0
(4)

where I

t
is the intensity of the light transmitted between crossed

polaroids at a time t.

The rate constants are obtained from the Avrami equation (39-43)

where k is a constant and n an integer which is characteristic of the type

of nucleation and growth (39,40). Their values can be directly obtained

from a plot of

These plots have been made for the different blends (Figure 10).

This method, although empirical, describes accurately the primary

initial crystallization, that is, until the sample becomes volume filled

with structured units. However, the intensity transmitted between crossed

polaroids levels off when this occurs, and no further secondary intra-

spherulitic crystallization is seen. Therefore, adequate Avrami exponents
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but lower- crystallization half times than those obtained by other methods

like DSC or density gradient (44), are achieved. Furthermore, the tur-

bidity of the sample changes during the course of crystallization,

further changing the light transmission of the sample.

To circumvent this problem and obtain more accurate crystalliza-

tion half times, it is useful to accompany the DLI measurements with

the measurements of turbidity.

In the polarizing microscopies the DLI can be measured with both

crossed polaroids (I
+ ) or with parallel polaroids (^j)- If one assumes

that the light passes through a single layer of birefringent material,

the transmission for crossed polaroids for the crystal of area A
c

in a total area A lying in a plane perpendicular to the incident beam

with its optic axis at an angle e to the polarization direction is

T+
= N(A /A) sin o cos e sin (nd a/a

q
) (6)

where d is the sample thickness, A is the birefringence and a
q

is the

wavelength of light in vacuum. For N such crystals having random

orientation in a plane (where sin
2
e cos

2
e = 1/3), the transmittance is
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T
+

= (1/2) (NA/A) sin
2

(nd A/A
) (7)^ 0

If the medium is also scattering and has a turbidity, x, this

is modified to give

T
+

= (1/2) (NA/A) sin
2

(nd a/a ) e"
Td

(8)

This equation assumes that the only effect of scattering is to reduce the

intensity of the transmitted light and neglects depolarization effects.

The corresponding equation for parallel polaroids is

T„ = {(1/2) (NA
c
/A) [1 + cos

2
(nd a/A

q
)]

+ [1 - (NA/A)]} e
Td

(9)

Therefore it follows that

(10)
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Through the measurement of turbidity we consider not only the

change of fractional area of the field occupied by crystals but also

the change in birefringence of those aggregates as their crystallinity

increases

.

Finally the intensity of the light transmitted through crossed

polaroids can also be used to detect the melting. The detection of

thermal transitions through DLI has been discussed by Hobbs and Kovacs

(45) and Arnei and Sauer (46). As we increase the temperature, the

intensity of the light transmitted remains constant, until the melting

point is approached where it increases quickly due to recrystal 1 ization

occurring. At the melting point the intensity of the light transmitted

decreases to zero.

B. Experimental

Four sets of molded samples are made from all the blends by pressing

previously desiccated pellets between sheets of Telfon coated aluminum

foil in the Pasadena press at 25,000 psi and 280°C. As there was no shim,

the molded films obtained were 1 mil thick. They were then placed on a

microscope slide, under a cover glass, and pressed to twice the original

surface area.

The first set, on which the melting studies were performed, was

crystallized at 200°C for 30 minutes.

The other samples were melted between hot plates at 280°C and

immediately transferred to the Mettler hot stage (Model FP2) where
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crystallization occurred, i sothermal ly at 200°C, 202°C and 205°C. The

hot stage was placed on a Zeiss polarizing microscope, between crossed

Nicol prisms, and the intensity of the light transmitted was measured as

a function of time using a photocell adapted to the occular of the micros-

cope.

C. Results

The values for the melting points determined by DLI are plotted

in Figure 11. It is possible to observe the depression that melting

temperatures undergo upon the addition of a small amount of the second

polymer.

The melting points obtained by DLI are lower than those from DSC

(Figure 1). Through DSC the melting points of PBT and PET are obtained

separately in the blends, while depolarized light intensity shows the loss

of anisotropy of the whole sample and is very dependent on the morphology.

From the plots of turbidity vs. time, it is possible to obtain

the crystallization half times, which are plotted in Figure 12 for the

different blends crystallized at 200°C, 202°C and 205°C.

These values for the crystallization half times are sensibly

larger than those obtained through the measurement of the depolarized

intensity alone, but they represent more accurately the crystallization

process as they do not only include the initial formation of crystalline

structures but also the further increase of anisotropy as the crystal-

lization proceeded. Therefore, the crystallization half times observed
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through the turbidity measurements are more in agreement with those

obtained through DSC by Pratt and Hobbs for PBT and PET (44).

As we can see, the crystallization half times increase with low

amounts of PET up to the 85/15 blend, and, from there, they go on

decreasing with increasing amounts of PET.

The microscopic observations of the crystallizing samples show

that spherulites developed for the 100, 90/10, 85/15, 80/20 and 70/30

blends. The 60/40, 50/50, 40/60 blends showed only small disordered

crystalline structures. The 30/70, 20/80 and 10/90 blends showed

regular PET spherulites which were very disordered as the concentration

of PBT increases. The blends rich in PBT, which had the lowest crystal-

lization rates, developed a structure containing spherulites which

became disordered and smaller as the crystallization rate increased, up

to a point where only small disordered crystalline structures were

obtained for the samples of intermediate composition.

It is important to notice that the overall birefringence and

degree of crystal 1 ini ty decreased with increasing PET composition.

Through DLI the crystal 1 ini ty measured is its overall value. Therefore,

as the partial crystal 1 ini ty for PBT is much larger than that of PET, as

the percentage of PET increased, the overall crystal 1 ini ty decreased.

The lower crystallization half times for PET with respect to those

of PBT might be misleading and they must be interpreted in terms of the

crystallization temperature. Our crystallization temperatures provide a
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low undercooling for PBT which explains its slow crystallization while

the undercooling for PET is much larger giving a faster crystallization

rate. The longest crystallization half times are obtained for those

samples with the lowest degree of undercooling.

When plotting In [-ln(

I

c
- 1

1
/

1

c
- 1

0 ) H vs. In t, Magi 11 recommends

correcting In t by the induction time lapsed before crystallization

started occurring. In our calculations we have not done so, since, in

our case, due to the large variety of blends, the induction times changed

a lot from blend to blend. Furthermore, its definition is not clear

and cannot equally be applied to a slowly crystallizing spherulitic blend

or to a fast, low crystal 1 ini ty, small structure blend. Therefore, we

have decided to list the straight data from the DLI measurements. A

tentative measurement of the induction times is plotted in Figure 13

and, as we can see, the induction times give also a first measurement

of the crystallization rate, being in direct correspondence to the

crystallization half times.

Taking induction times into account usually reduces the Avrami

exponent by one integer. The Avrami exponents for the different blends

are listed in Table 10.
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Table 10

Uncorrected Avrami Exponents

Blend 200°C 202°C 205°C

100 PBT 3 2.8

90/10 3.5 3.5

80/20 5 5

2.6

3.5

85/15 5 5 5

5.4

70/30 5 5 5

60/40 3.3 3.3 3.3

50/50 3 3 3

40/60 2.5 3 3

30/70 3 3 3

20/80 2 2 2

10/90 2 2 2

The Avrami exponents which reach values of 5 have to be interpreted

in view of the above considerations. Using the induction times plotted

in Figure 13 for the 80/20 blend, the plot of In [-In (1 - X )] vs. In t
c

is corrected by subtracting the induction time. The Avrami exponents

then become 3.3 in contrast to the previous value of 5.5.

The DLI response may actually depend upon the size and morphology

of the transformed phase as well as on its amount. It is apparent from
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microscopic observations that the morphology of the crystallized blend

depends upon its composition, ranging from spherulitic for high concen-

trations of PBT to a more random collection of crystals with increasing

amounts of PET. Thus, the relationship between the amount of transformed

phase and the DLI response may depend on composition of the blend and

may vary during the course of crystallization. Hence the variation of

the Avrami exponent with composition and the abnormally high values for

the intermediate compositions may, at least in part, arise from this effect.

A further complication occurs in this case where there are two

species which simultaneously crystallize. Equation (4) is valid for a

situation where there is an increase in the amount of phase transformation

with time where the birefringence of the developing anisotropic phase

remains constant. The birefringence of a phase depends upon the local

orientation of its constituent crystals. When both species are simultaneously

crystallizing, the contribution to the birefringence by these components

may differ. For example, for the PBT rich blends, the PBT is spherulitic

with the PET presumably being located in interlamel lar (or perhaps larger)

regions within the spherulite. It is likely that the contribution per

unit volume of PBT and PET to the birefringence will differ. Since the

PBT and PET crystallize at different rates, both the amount and birefrin-

gence of the spherulites may change with time, leading to deviations from

Equation (4) and to anomalous Avrami parameters.

The values of K in Avrami 's equation give further information about

the kinetics of crystallization. Their values are listed in Table 11 for

the different blends at the three crystallization temperatures after

obtaining them through
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K • *M (ID
z
}/2

Table 11

Values for the Rate Constant K (sec"
n

)

Blend 200°C 202°C 205°C

100 PBT 2. 13 X lO"
4

1. 03 X lO"
4

4.81 X
_5

10
D

90/10 1

.

64 X 10" 6
2. 05 X lO"

7
4.48 X 10' 8

85/15 9. 35 X 10" 8 4. 18 X 10" 8 1.37 X 10" 8

80/20 1. 54 X 10" 7
8. 60 X 10" 8 4.63 X lO'

9

60/40 1. 98 X 10" 6
1. 31 X 10" 6 2.31 X lO"

7

50/50 9. 02 X 10" 6 3. 27 X 10" 6
3.50 X lO"

7

40/60 2. 49 X 10" 6
5. 35 X 10

-6
1.02 X lO"

6

30/70 1. 93 X lO'
4

1. 14 X lO"
4

4.81 X lO'
5

20/80 6. 00 X lO'
4

3. 93 X lO"
4

2.56 X lO"
4

10/90 6. 36 X lO"
4

4. 33 X lO"
4

3.21 X lO"
4

100 PET 1. 20 X lO"
3

1. 03 X lO"
3

5.35 X lO"
4
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The information provided by DLI on the kinetics of crystallization

is useful but very hard to interpret because DLI follows the overall

crystallization of the sample and does not distinguish between both

components, which we know crystallize separately. Similar information

has been obtained by DSC on the same blends (Figure 14) by Dr. E. Balizer

(47). DSC also follows the overall crystallization behavior and yields

similar results to those obtained by DLI.
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CHAPTER '

DENSITY STUDIES

A. Introducti on

If we consider the semicrystal 1 ine polymer as a two phase system,

with sharp delineation between crystal and amorphous material, we can

define an ideal degree of crystal 1 ini ty. Let p
1

be a particular

measurable intensive property of the polymer and p
1

and p
1

be the

"partial" properties of the crystalline and amorphous components in the

same state as exists in the polymer. Then, if the ideal degree of

crystall inity is X
1

, one can write

P
1

= X
1

p^ + (1 - X
1

) p
1

(12)

This statement is rigorous by the definitions of the partial

properties and must yield the same degree of crystal 1 ini ty by each type

of property measurement.

If we consider the solid composed of an ideal crystalline phase

and an ideal liquid-like phase whose partial properties (p and

(p °) 1

are additive, we can obtain the degree of crystal 1 ini ty X as

1

• X
c (pc
V (1 - X

£ ) (P
a
°)' (13)

34
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This degree of crystal 1 i ni ty for a substance composed of non-

ideal phases will, in general, yield different values, depending on

the property measured.

The specific volume has been widely used (48-55) as a measurement

of the degree of crystal 1 inity

V - V

X = ^—— (H)

or expressing it in terms of the densities

P r P - pa
X
r = — - (15)
c p p

c
- p

a

where p is the density of the crystalline material and p a that of the
c a

amorphous material

.

There is a dispute in the literature over the values of the

crystalline density of PET. For our calculations, we have chosen the

3
value proposed by Bunn (56) and Tadokoro (57), 1.455 g/cm , which has

been traditionally used more often than the value of 1.515 g/cm proposed

by Alter and Bonart (58) which would give lower degrees of crystal 1 inity

for a given density. A similar situation occurs with the PBT
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crystalline density. Boye (59) proposes 1.39 g/cm
3

and this value has

been used by Misra and Stein (7) and by Slagowski (60). Tadokoro (57)

proposes the value of 1.404 g/cni and a similar value of 1.406 g/cm
3

is obtained by Mencik (61). In our calculations we have used the value

obtained by Alter and Bonart (58), 1.433 g/cm
3

, because their WAXS pat-

tern is in very good agreement with the one obtained by us.

The amorphous density for PET is 1.33 g/cm
3

and for PBT is 1.28

3
g/cm . It is apparent that only two decimal digits are significant,

which must be kept in mind when interpreting the results. Moreover,

because of the difficulty involved in quenching PBT, the samples may

not be completely amorphous and therefore the value obtained might be too

high.

With the above densities, the crystallization of the pure PBT and

PET samples can be easily followed, and this was the main purpose of these

density studies: to obtain the absolute degrees of crystal 1 ini ty of PBT

and PET during crystallization and be able later on to establish a corre-

lation between these results and the infrared measurements that would

enable us to obtain the degrees of crystal 1 inity of the polymers in the

blends through the IR measurements.

The crystallization of some of the blends was also followed by

density and an apparent degree of crystal 1 ini ty is obtained from the

following equation
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PET PBTwhere W and W are the weight fractions of PET and PBT in that blend,

PET PBT
p
c

and p
c

are the crystalline densities of the pure polymers and

PBT .PET
P
a

and p
a

are their amorphous densities.

The measurement of the apparent degree of crystal 1 inity again

gives us information only on the overall crystallization behavior and

cannot be used to follow the crystallization of each component separately.

B. Experimental

We will delay the exposition of the sample preparation method to

Chapter VI since the samples were used simultaneously in the density and

IR studies and the latter being more exhaustive.

The density studies were carried out in two different density

3
columns. The first one had a density range of 1.33 to 1.40 g/cm and was

made by establishing a gradient using equal volumes of two mixtures of
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carbon tetrachloride and heptane of the following compositions: 70% CCy
30% C

?
H
16

and 90% CCyW C^. The second column of a density range

1.26 to 1.40 g/cm was made using the following two mixtures: 63% CC1 /

37% C
7
H
16

and 82% CCyi8% C
7
H
16

. Both carbon tetrachloride and heptane

provide excellent wettability of the samples and do not change their

crystallinity by solvent induced crystallization nor appeared to swell the

samples. Samples of PBT and PET were kept in the columns for one week

without the occurrence of any change in density.

Resul ts

The change in density and degree of crystallinity of PET and PBT

with log time for the samples crystallized at 200°C, 150°C and 110°C was

plotted in Figures 15 and 16. It is possible to observe their sigmoidal

shape and how the curves do not superimpose by means of a horizontal

shift that would correct for the rate difference, but that the ultimate

degree of crystallinity achieved is a function of the annealing temperature

A similar behavior has been observed by Hoffman (62).

In the melt crystallized samples, we can observe how at 200°C the

ultimate crystallinity of PET is higher than that of PBT, which depends

on the values chosen for the crystalline densities. The behavior upon

annealing is different for PET and PBT. PET reaches high degrees of crys-

tallinity, the samples become very turbid, and there is microscopic evi-

dence of the formation of small spherulites. Upon annealing, PBT reaches

much lower degrees of crystallinity, the samples do not become turbid and,

when viewed under the polarizing microscope, there is just a slight bire-

fringence with no structures observable.
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The crystallization of the blends cannot be followed as adequately

with the density measurements since both components crystallize separately

and the density measurements indicate only the change of the overall den-

sity with time.

Figure 17 shows the change in amorphous density, obtained using

quenched samples, with blend composition compared to the linear change

between both components. The slightly lower density of the blend from

the linear extrapolation might suggest incompatibility of the amorphous

phases. The deviation is comparable with experimental error and we

believe the main reason for lower densities than expected is due to the

difficulty in obtaining amorphous PBT, which means that the value for

the amorphous density of PBT is too high and, since the PBT component is

easier to quench in the blends, lower overall densities for the blends

are obtained.

We have plotted in Figures 18, 19 and 20 for the 20/80, 40/60 and

50/50 blends the change of density with log time at the three crystalliza-

tion temperatures of 200°C, 150°C and 110°C. Their interpretation in

terms of the apparent degree of crystall inity, which is also plotted in

the same graphs, is difficult, but it is done in these PET rich blends in

order to obtain further information about the PET crystallization behavior

and final crystal 1 ini ties in the presence of PBT. Finally, in Figure 21,

we have plotted the change in apparent ultimate degree of crystal 1 ini ty wit

blend composition at 200°C, 150°C and 110°C (although we believe that at

110°C the crystallization was not completed). We will defer the interpre-

tation of these results to after the IR results have been presented,

because both complement each other and cannot be considered separately.



CHAPTER V I

INFRARED SPECTROSCOPY STUDIES

A. Introduction

All the methods proposed so far provide information on the overall

crystallization kinetics of the blends but cannot distinguish the indivi-

dual rates. Only IR can provide this information by isolating an absorp-

tion band which is sensitive to the crystallization of one component but

remains unaltered during the crystallization of the other one.

IR has been a widely used method to determine the degree of crystal

-

linity (63-66). The specific extinction coefficient, e, at each wave

number can be calculated as (63)

where d is the density of the sample, I is its thickness and log (I/I
0

)

is the optical density.

By knowing the values of the density of the crystalline and amor-

phouse phases it is possible to obtain the extinction coefficient of these

phases and obtain the degree of crystal linity.

dl
log (I/I

Q
) (17)

40
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I e = X
c

e
c

+ (1 " x
c > 'a (18)

where l
q

and ^ are the extinction coefficients of the crystalline and

amorphous phases for a given band.

This procedure can be simplified when a standard reference band

is available by normalizing the absorption of the crystalline band

against the reference band. The variation in thickness and density are

thus accounted for.

The crystallization kinetics of PET have been followed by IR by

Cobbs and Burton (67). It was observed that the 972 cm"
1

band is sensitive

to the crystallization while the 795 cm
-1

band remains unchanged. In

the case of the PBT/PET blends the 972 cm"
1

band is affected by the pre-

sence of PBT. It therefore cannot be used.

Koenig (68) and Boeiro (69) have studied the PET spectra by Fourier

transform IR and assigned the 848 cm
-1

band to the rocking mode of the

trans conformation of the ethylene glycol segments in the crystalline

regions. Since this band is unchanged by the presence of the second com-

ponent (PBT), it will be used to follow the crystallization of PET.

PBT has been recently studied by Koenig (70) who looked at the

-CH^- rocking region. He identified a high energy band at 917 cm
1
which

showed a marked increase in intensity with crystallization. To follow the

crystallization of PBT, we simultaneously monitored the changes in

intensity of the 917 cm"
1

and 810 cm"
1

bands, but the final results are
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plotted in terms of the 917 cm"
1

band which shows a more sensitive change

wi th crystal 1 ization.

The use of the 795 cm"
1

band as a reference band was rejected

since Koenig (68) showed that this band can be assigned to the trans con-

formation of PET. Instead we chose the 632 band which is assigned to

the C-C-C bending mode in the benzene ring (70). In Figure 22 it is seen

how the 917, 848, 810 and 795 cm"
1

bands change in the 60/40 blend crystal-

lized at 90°C for 0, 60 and 600 seconds.

The normalized intensities of the 917 and 848 cm
-1

bands vs. log time

were plotted for each of the blends at the different crystallization tem-

peratures of 200°C, 150°C, 130°C, 110°C and 90°C. The curves obtained

are sigmoidal in nature and they level off when the final crystal 1 ini ty

is achieved. Figures 23 and 24 show two typical curves of the change in

intensity of the 848 cm"
1

band for PET crystallized at 200°C and of the

917 cm"
1

band for PBT crystallized at 200°C with log time.

Because of the limitation of signal to noise ratio, we can follow

the crystallization of PBT only for blends having at least 50% PBT.

Similarly PET crystallization can be followed only in blends having at

least 50% PET.

Because of the different mode of operation of the IR spectropho-

tometer mentioned before, a different treatment must be given to the IR

spectra of those samples crystallized at 200°C from those crystallized

at 150°C, 110°C and 90°C. As it will be shown, the values of the intensity

of the 917 cm"
1

band for PET and those of the 848 cm"
1

band for PBT,

although they remain constant, are different from those for the other

samples.
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The intensity for the PET and PBT crystalline bands in the blends

must be corrected to take into account the contribution to those bands

of the other component and the dilution effect caused by them. The

corrected intensity will reflect the change in crystal 1 i ni ty of the PET

and PBT phase individually, based upon the weight of that phase. In

other words, the corrected intensity would be the observed intensity if

the sample had only one component and it would have crystallized at

the same rate and manner as it did in the blend.

The correction is done according to Equations (19) and (20)

I -MI
917 „ PET 9M D[:T

I
= §*E EH (ig)

917 M~J,/
corr

1

PBT

848
exp

- H
PBT '848

pBT

848
corr

" M
PET

where I 17 and I p . A
are the corrected intensities for the 917 and

917
corr

B4a
corr

848 cm"
1

bands. l QAQ and I Q17 are their experimental values
848

exp
91

exp

measured in the blends. I Q17 is the value for the intensity of the
yi/

PET

917 cm"
1

band for PET and I
ft4ft

is the value of the intenslty of the
m

°PQJ

848 cm"
1

band for PBT, neither of which changes with crystallization.

M and MDrT are the monomer mole fractions for PBT and PET in the blends.

PBT PET
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The correction is done graphically through the use of Figures 25 -

28.

For the pure polymers, since the values of the IR crystalline

bands and the density are known, a linear correlation is established

between the intensity of the crystalline band for each crystallizing

polymer and its degree of crystal 1 inity. This relationship is plotted

in Figure 29 - 32 for PET and PBT. Two different correlations are

obtained for the samples crystallized at 200°C from those at 150°C,

110°C and 90°C because of the previously mentioned change in operating

mode.

It is now possible to assign absolute values to the crystal 1 ini ties

of each component in the blends and follow its change with time. For

each blend the normalized intensity of the crystalline band of each

component is corrected according to Figures 25 - 28 and taking the

corrected intensities to Figures 29 - 32, the absolute degrees of crystal-

1 inity of each component are obtained.

B. Experimental

Samples of the 100/0, 80/20, 60/40, 50/50, 40/60, 20/80, 10/90

and 0/100 (PBT/PET) blends were desiccated in a vacuum oven at 110°C

for 24 hours. They were then compression molded on a Pasadena press at

280°C and 30,000 psi for one minute, after which they were quenched in

an ice water mixture and then melted again in the press without pressure

for another minute. They were then immediately quenched in the ice

water mixture, after which they were crystallized in a fluidized bed at
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150°C, 130°C, 110°C and 90°C for 15, 30, 60, 120, 180, 240, 300, 600,

900 and 1,800 seconds following which they were quenched again.

Two other sets of samples of the same blends, after the initial

pressing and quenching, were remelted between hot plates at 280°C and

transferred immediately to the crystallization bath at 200°C and 150°C.

After the same crystallization times they were quenched in the ice water

mi xture.

The above procedure is very laborious since it involves the pre-

paration of more than 600 samples, but it is necessary if density, IR

and microscopy studies are to be performed on the same samples.

The IR spectra were obtained by a Perkin-Elmer Infrared Spectro-

photometer, Model 283, in the absorption mode, slit N and suppression

mode for the samples crystallized at 200°C and slit 7 with no suppression

for the samples crystallized at 150°C, 110°C and 90°C.

The density measurements previously described were performed on

these samples.

C. Results

From the si gmoidal ly-shaped curves showing the change of intensity

of the crystalline band of each component with log time, the crystalliza-

tion half times can be obtained. Figures 33 - 36 show the crystallization

half times for the PET component vs. PET percentage for 200°C, 150°C,

130°C and 110°C crystallization temperatures. Figures 37 and 38 show the

PBT crystallization half times vs. PBT percentage for the same temperatures.
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Because of the nature of the 916 cm"
1

band, it is possible to obtain

the PBT induction times. These are the elapsed times until the crystal-

line peak appears and they are plotted in Figure 39 as a function of PBT

percentage and crystallization temperature.

Finally, since by the described procedure we have been able to

assign the absolute degrees of crystal 1 ini ty to each component in the

blend, we have plotted in Figures 40 and 41 the final PET and PBT crystal-

linities as a function of blend composition obtained at 200°C, 150°C,

130°C, 110°C and 90°C.

The procedure followed to determine the partial crystal 1 ini ties in

the blends involves a series of approximations like the insensitivity of

the crystalline bands of one polymer to the crystallization of the

second one, the additivity of the intensities of each component and the

additivity of the specific volume of each component. It is important to

estimate the degree of reliability of these results. To do so we have

made an error analysis for the 60/40 and 40/60 blends at 110°C shown

in Figures 42 - 45. This analysis is further used to verify the reliability

of the theoretical interpretation.

It is also possible to compare the actual measured densities in

the crystallized blends with the calculated values from the partial

crystal 1 ini ties according to Equation (21)
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d
calc n.455 X

pET
+ 1.33 (1 - X

pET )] WpET +

[1.43 X
pBT

* 1.28 (1 - X
pBT )] W

pBT (21)

where X
pET

and X
pgT

are the partial crystallinities of PET and PBT in

the blend. W
pET

and W
pBT

are the weight fractions of the component in

the blend.

Table 12 compares the experimental and calculated densities for

a few of the samples. As it is possible to see, the agreement is quite

good and the discrepancies are mainly on the third decimal digit whose

significance in the pure components was already in doubt.



TABLE 12

Comparison of Calculated and Experimental Densities

Blend
T
c Time Sec PBT

X
PET

Densi tv

calc

Dpn ^ i t vL' v. no i l y

expt 1

1

20/80 150 60 0 36 1 .356 1 .359

20/80 150 180 0 36 1.356 1.361

20/80 150 300 0 36 1 .356 1 .362

40/60 150 300 17 40 1 .350 1.353

40/60 150 180 16 40 1 .349 1 .349

40/60 150 60 12 39 1.346 1 .348

40/60 150 30 11 39 1.346 1.346

20/80 110 15 0 5 1 .325 1 .316

20/80 110 300 0 23 1 .348 1.348

20/80 110 900 0 37 1 .358 1 .357

20/80 110 180 0 19 1.339 1.334

20/80 200 90 0 45 1.365 1 .364

50/50 200 30 6 10 1 .316 1.315

50/50 200 180 23 56 1.357 1.357

50/50 200 300 24 66 1.364 1.360

50/50 150 240 24 43 1.350 1.349

50/50 150 900 15 43 1.343 1 .335

80/20 200 300 32 42 1.339 1.330

40/60 200 45 20 36 1.349 1.340

20/80 150 300 0 36 1.356 1.362
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Since the crystallization behavior varies with temperature of

crystallization, we will approach its interpretation looking at the

behavior at each crystallizing temperature separately.

D. Crystallization Under Different Conditions

1. Crystallization at 2Q0°C .

While normally PBT is known to have a faster crystallization rate

than PET, at 200°C its undercooling is only 24°C while that of PET is

65°C. Therefore, the crystallization rate at 200°C is higher for PET

than for PBT, which we already observed by DLI, and can now be seen by

1R and density. While the crystallization half time of PBT in the blends

remains constant, that of PET increases with PBT content showing a

decrease in the crystallization rate of PET. The same behavior was

observed by DLI and can be explained not only as a consequence of a

dilution effect resulting in a need for each component to segregate from

the mixture in order to crystallize, but also as a consequence of the

lower undercooling which reaches a minimum in the 80/20 blend, due to

the melting point depression.

The final PBT crystal 1 ini ty decreases with the increase of the

PET content while a reverse effect occurs with the PET crystal linity

which increases markedly with the presence of PBT. The variation of

apparent degree of crystal! ini ty deduced from density offers further

evidence of the same phenomena. The apparent degree of crystal 1 inity of

the 20/80 blend is higher than that of the 0/100 blend which is a clear
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indication of the increase of PET crystal 1 ini ty, especially if we consider

that there is DSC, WAXS and IR evidence that PBT does not crystallize in

this sample. The apparent degrees of crystal 1 inity for the 40/60 and

50/50 blends are also higher than the expected values and confirm the

increase in crystal 1 i ni ty of PET since the IR and DSC evidence is that

the crystal 1 inity of PBT decreases.

2. Crystallization at 150°C .

The general annealing behavior is characterized by lower crystalli-

nities than for the melt crystallized samples. The rate is dependent on

the difference between the annealing temperature and the glass transition

temperature. The larger the difference between T and T , the faster the
c 9

crystallization rate.

The interpretation of the effect of the difference between T and
c

T
g

on the ultimate degree of crystal 1 inity depends on the approach taken

to explain the nature of the T . In terms of the free volume theory

(71-75), one expects always to obtain the same ultimate degree of crystal-

linity regardless of the annealing temperature; the only difference will

be that the crystallization will proceed at a higher rate at higher

annealing temperatures. However, if the T is explained according to
y

Gi bbs-DiMarzio (76-78) second order transition theory, it may be expected

that not only the crystallization rate depends on the annealing tempera-

ture, but also the ultimate degree of crystal 1 ini ty achieved will vary

with the annealing temperatures. At higher annealing temperatures a

larger number of configurations are available which allows for individual
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rearrangements into different configurations which would facilitate the

achievement of higher ultimate degrees of crystal! inity.

The above considerations are necessary in order to interpret all

the data from the annealing process. It must also be considered that

the T
g

changes with blend composition according to Figure 2 and therefore

even though annealing temperatures will be the same, the difference from

the Tg will vary with blend composition.

It is seen that PET crystallization half times decrease with

increasing PBT concentration, which decreases the T of the blend.
g

Similarly, the crystallization half times for PBT increase with increasing

PET content which increases the T^ of the blends. Because of the close-

ness of the annealing temperature (150°C) to the temperature of maximum

rate of crystallization, both PBT and PET show at this temperature their

lowest crystallization half times. Since the distance from the changing

Tg is quite high, the changes in crystallization rate are not as strong as

those observed at lower annealing temperatures.

The PET crystal 1 inity remains fairly constant with the presence of

PBT in the blends. There are two opposite effects at this temperature

that probably compensate each other. These are the dilution effect by

the PBT and the increase of mobility with the lowering of the T .

The results from the apparent crystall inities obtained through

density are further evidence of this behavior. The apparent degrees of

crystall inity decrease with increasing PBT percentage; they follow very

closely the extrapolated values which show no drastic change in the

partial crystallinities, especially if it is considered that 150°C is the
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only temperature where there is evidence that PBT crystallizes in the 20/80

blend.

3. Crysta llization at 130°C .

As observed at other temperatures, there is a moderate increase in the

crystallization half times of the PBT phase with increasing PET presence.

Correspondingly, there is a dramatic decrease in the crystallization half

time of the PET phase with increasing PBT presence.

The ultimate degrees of crystall inity of each phase in the blends

at 130°C fall, as expected, between those at 110°C and 150°C. For the

PET phase we observe how at high PET compositions the values of the degree

of crystal 1 inity are closer to those obtained at 110°C than to those

obtained at 150°C. At lower PET compositions the values obtained at 130°C

resemble more those obtained at 150°C. For the PBT phase the behavior

is opposite. At high PBT compositions, the degrees of crystal 1 inity at

130°C are closer to those obtained at 150°C than those at 110°C; at lower

PBT compositions the results at 130°C become close to those obtained at

no°c.

An explanation to the above effect can be viewed in terms of the

effect of the presence of the second component on the T
g

of the blend.

The blends with very high PET composition have a very high T
g

and the

difference between T and T is quite small when T 110°C and 130
°
c

g C i<

while it is higher when 1
Q

= 150°C. Similarly in the PBT rich blends,

the presence of the PET component increases the T . For high PBT per-

centages, the difference between T
g

and T
Q

is quite high for T
c

= 150°C
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and 130°C while for 11 0°C it is smaller. As the blend composition changes

so does the T
g

,
increasing the value of T

c
- T

g
in the PET rich blends

and decreasing it for the PBT rich blends. Once the value of T - T
c g

becomes high enough the crystallization behavior becomes very similar for

the various T
c

and the ultimate degrees of crystal 1 ini ty of each phase

become constant. This happens with the PET rich blends once 40% PBT is

present and similarly this constancy of ultimate degree of crystal 1 ini ty

is lost for the PBT phase once 20% PET is present, reflecting in both

cases the same effect.

4. Crystal lization at 110°C .

The most profound changes in crystallization behavior with blend com-

position are seen at this crystallization temperature, since it is quite

close to the PET T = 69°C and distant from the PBT T = 29°C.
9 9

The PET crystallization half times decrease drastically with PBT

percentage, while those of PBT increase with PET content. This reflects

the effects of the changing T . The effect is larger for PET since it is

a slowly crystallizing polymer and this annealing temperature is quite

close to its Tg.

The final crystal 1 ini ty for PBT is lower than that for the other

samples and decreases with increasing PET percentage in the blends. At

the same time, the PET crystall inity increases with the presence of PBT

quite markedly.

Both effects can be accounted for as a consequence of the change

in T in the blends. Evidence for the increase in the PET crystal 1 inity

g

is also provided by the change in apparent degree of crystal 1 inity with
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PBT concentration as calculated from density measurements, although it

is our belief that the crystallization might not be completed for the

pure PET sample.

_ Crysta llization at 90°C.

The crystallization at 90°C is very slow and, since the samples were

not crystallized long enough to allow for a definite determination of the

crystallization half times, these have not been plotted. The plotted

degrees of crystal 1 inity for PBT and PET are those achieved after 80

minutes at the crystallization temperature. Similarly to the previous

cases, it is possible to observe how the PBT crystal 1 ini ty decreases

with PET content in the blends, while the crystallinity of PET increases

with the increasing concentration of PBT, reflecting again the shift in

T . As it can be expected, the values reached are much lower than those

at higher annealing temperatures.

E_. Overall Crystallization Behavior

There is no good theory to explain the ultimate degree of crystal-

linity reached by polymers and therefore our comments in respect to the

effect of the T
g

are, to some extent, conjecture. There is another aspect

of the crystallization behavior which can be more accurately related to

the T of the blends and that is the crystallization rate.

If one examines a typical plot of crystallization rate vs. tempera-

ture of crystallization (Figure 46), a maximum is observed. While at T
|n

the nucleation rate is zero, as the temperature is lowered the nucleation

rate increases which gives increasing crystallization rates. The rate
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increases until the temperature of crystallization becomes so low that

crystallization becomes retarded by the decreasing diffusion rates with

decreasing temperature. Consequently, a maximum in crystallization rate

occurs at some temperature between T
g

and T
m<

At lower temperatures

than this maximum, crystallization rates are diffusion controlled, while

at higher temperatures they are nucleation controlled.

In the studies of the crystallization kinetics of polymer diluent

mixtures, Boon and Azcue (79) observed how the addition of diluent which

lowered the T
g

causes a shift in the crystallization maximum towards

lower temperatures and an increase of its value. A similar behavior was

observed by Nishi and Wang (80).

Similarly in our case we have plotted the crystallization rate

obtained from the crystallization half times vs. temperature of crystal-

lization for the different blends (Figures 47 and 48). For the PET

crystallization rate, we can observe how the maximum in crystallization

rate occurs at lower temperatures as the PBT percent in the blends

increases. At the same time the crystallization rate at the maximum

increases. This behavior is typical of a polymer to which another polymer

which lowers the T^ is added. The maximum is predicted to decrease with

higher percentages of the second polymer. In that case, the effect caused

by the lowering of the T
g

is overcome by the dilution effect caused by

the higher percentage of the second component. We will further look at

this quantitatively in our next chapter.

The behavior of the PBT phase is the opposite to that of the PET

phase. The position of the maximum in the blends is shifted towards
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higher temperatures with increasing amounts of PET. At the same time,

the value of the maximum is lowered. This behavior reflects again the

fact that we are adding to the PBT a polymer of high T , PET, increasing

the Tq of the amorphous phase and causing these changes on the overall

crystallization kinetics curve.

Following the Boon and Azcue approach in order to show that the

shift to lower temperatures of the crystallization range of PET upon

adding PBT, and that the shift to higher temperatures of the crystalli-

zation range of PBT upon adding PET, is mainly a consequence of the

depression of the T and T in the first case and to their increase in
m g

the second case, we must introduce a reduced temperature scale, o,

which is defined as

T - T
9- (22)

T - T
m g

The experimental growth rates are plotted as a function of o in

Figures 49 and 50. With this correction all the maximum occur at the

same reduced temperature and give us further indication that the changes

of crystallization behavior can be accounted for in terms of the changes

in T and T . This provides further evidence of the compatibility of both

g m

polymers in the amorphous state and of the existence of only one T
g

in

the blends which determines the crystallization behavior.
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We must recall that both polymers crystallize separately according

to their own unit cell structure, but we have observed how in doing so

they are affected by the change of the T
g

of their amorphous phase. If

they were segregated in the amorphous phase, they would crystallize with

rates that were independent of the second component. (This neglects

effects that may result from their possibly being a finite size of a

disperse but incomplete amorphous phase.) The fact that their crystal-

lization behavior is affected by the change of T , in a manner determined

by the reduced temperature, is consistent with the T^ observed by DSC

and shows that the T^'s are really representative of the relaxation of

the amorphous phase and is further evidence of compatibility between

both polymers.



CHAPTER VII

THEORETICAL INTERPRETATION

The quantitative interpretation of polymer crystallization has

been offered by Mandelkern (24,81,82) as an extension of the Turnbull-

Fisher expression for nucleation (83,84). The growth rate has generally

been described by the equation

G = G
Q

exp {-AE/KT} exp {-AF*/KT} (23)

where G
Q

is a constant and AE the activation energy for the transport

process at the interface. The term G
Q

exp {-AE/KT} may be considered

a jump rate for the molecular rearrangements which are necessary for

adding a crystallizing unit to the crystal. The quantity aF is the

work required to form a nucleus of critical size.

The term G
Q

{-aE/KT} can be replaced by the segmental jumpt rate

of the molecules in the supercooled phase (85-87). Using the WLF

equation for viscous flow, Hoffman (88-94) obtained
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AF*

KT
(24)

C
1

and C
2

are general constants obtained by Van Antwerpen (19) for PET.

If the growth rate is controlled by two-dimensional surface

nucleation, aF* is given by (94)

where b
Q

is the thickness of a monomolecular layer, o and o
e

are interfacial

free energies per unit area parallel and perpendicular, respectively, to

the molecular chain direction, and aF is the Gibbs free energy difference

between the supercooled phase and the crystalline phase per unit volume.

The last quantity can be approximated by

AF* = 4 b o o /aF
o e

(25)

AF = AH (T - T)/T
m

(26)

where AH is the heat of fusion.

For polymer-diluent mixtures an additional term must be included

in calculating the work required to form a nucleus (24). This additional
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term, containing In represents the probability of selecting the

required number of crystalline sequences from a mixture with volume

fraction of polymer For a two-dimensional nucleus aF* can be calcu

lated (79)

AF* = (4 b
Q

o o
e
/AF') - 2o KT (In v

2
)/b

Q
aF' (27)

where aF' represents the bulk free energy of fusion plus the heat of

mixing of molten polymer with the melt at the specified composition. It

can be approximated by

AF' = AH (T
m

- T)/T (28)

where T
m

is the melting point of the crystalline phase in the mixture

and AH is the heat of fusion as used in Equation (26).

For the growth rate of a polymer-diluent or, in our case of

polymer-polymer mixture, we can use the following equation:
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G = V
2

b
o

exp (

H[C 9 + (T- } exp

-4 b oo T
o e m

KT AH (T - TT

2 T In
m

b AH
o

(29)
III

where T
g

is the glass transition of the blend and v
?

is the volume fraction

in the blend of the polymer whose crystallization we are studying.

This value of G obtained in this way is representative of the

lamellar growth rate. In our case, this data is not available but,

instead, we have a crystallization rate related to the overall crystal-

lization and not associated with any specific morphology. There is also

an uncertainty in the value of the T
m

of each component in the blends

since, although there is a slight depression in the melting point of

each component as shown by DSC, Hoffman-Weeks plots cannot be obtained

because of the recrystal 1 ization of PBT. These two factors induced us

to study theoretically that portion of the crystallization rate vs.

temperature curve which is diffusion controlled. Moreover, most of our

experimental data lies in that region, in which we had already gone through

the maximum in nucleation rate. Thus, nearly all the nuclei are present

and our measurement of the crystallization rate will be a good representa-

tion of G since all the chance in crystal 1 inity will be accounted in
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terms of lamellar growth and no contribution from the creation of new

crystals can be expected.

If we are studying only the diffusion controlled region, G can

be approximated by

G = v
2

G
o

e *e {
- rL(c

2
Ht - t ] )]

I < 30 >

We can use the following values for the parameters in the above

equation (19). R is the gas constant (8.31 J/mole °K), = 6.46 KJ/

mole, = 24°K and v^ is the volume fraction of the polymer being

studied obtained from the weight fractions using for densities the

following values - density of PET = 1.33 g/cm
3

and of PBT = 1.28 g/cm
3

.

With the above parameters, the crystallization rate is obtained

vs. the temperature of crystallization (Figure 51) for the different

blends. Both the PET and PBT crystallization rates are plotted and we

can observe how the slope of the curves for the crystallization

rate of PET is much higher than that for PBT. The same effect was pre-

dicted theoretically. It is also possible to observe how at each of the

crystallization temperatures (110°C, 130°C and 150°C) the crystallization

rates of PET and PBT, as the blends become rich in the second component,

approach each other to reach in the 60/40 and 40/60 values of the same

order of magnitude, an effect which has been also observed experimentally
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The model therefore describes quite well qualitatively the crystalliza-

tion behavior of the blends.

To obtain further quantitative evidence of the agreement, we

have plotted in Figures 52 and 53 the PET and PBT crystallization rate

vs. composition for the three crystallization temperatures. The theo-

retical curves have been adjusted to coincide with the experimental

value for the pure polymers which accounts for the factor G in
o

Equation (30). The agreement is quite good considering the approxima-

tions involved.

During crystallization, the composition of the amorphous phase

varies due to the different crystallization rates of each component.

Therefore, a numerical integration must be performed when theoretically

computing the crystallization rate to take into account the change in

the composition of the amorphous phase which affects the value of v
2

and of the T . This integration was performed, and the results plotted

in Figures 54 and 55 are not too different from those previously obtained.

The approximations involved in the above calculations include

the neglect of the nucleation term which causes us to neglect also any

possible interaction between both polymers. The values of C, and have

a certain degree of uncertainty and we have used the PET values for both

PET and PBT, and for the values of the blends, which may, in reality, be

different. We have also assumed G
Q

to be constant for each polymer. In

fact, it is dependent on molecular weight, on the morphology of the

crystalline structure, and it includes a factor which arises from balancing
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all the forward and backward reactions in the surface nucleation process

which might vary in the blends.

Examining Figures 54 and 55 it can be observed how for PBT the

crystallization rate decreases with increasing PET percent, as expected,

which is due to the rising T and the dilution effect. For PET, the

crystallization rate increases with PBT percent. This increase is due to

the lowering T . The dilution effect, in the range of blends for which

data is available, is not high enough to start decreasing the rate;

the same behavior is predicted theoretically.

It is therefore our feeling that within the approximations involved,

the model describes correctly the crystallization behavior in the diffusion

controlled region and that the changes in crystallization rate can be

accounted for in terms of the changing glass transition temperature,

which, as we have explained, is proof of the compatibility of both polymers

in their amorphous phase.



CHAPTER VIII

COMPARISON IN THE CRYSTALLIZATION FROM

THE GLASS AND THE MELT

The crystallization studies at low temperatures can either be

performed on samples cooled from the melt to the crystallization tem-

perature or on samples which are annealed to the crystallization tem-

perature from the glass. Each method would be indicated for the parti-

cular regions where there would be faster equilibration to the crystal-

lization temperature, without having induced crystal 1 inity in the

amorphous polymer. In general, crystallization from the melt is better

for crystallization temperatures above that of the crystallization rate

maximum and crystallization from the glass is better for temperatures

lower than the maximum.

We observed that for slowly crystallizing polymers both methods

can be used and the growth rates and morphologies obtained will be the

same and only dependent upon the crystallization temperature. Since the

maximum in nucleation rate occurs at lower temperatures than that of

the maximum growth rate, in quenched samples, which are annealed above

the first one, very high nucleation densities are achieved which yield

samples with a large number of spherulites that do not achieve as large a

radius as those samples crystallized from the melt at the same temperature

(19,95-97). With polymers which have a high crystallization rate when

crystallizing from the melt at low temperatures, upon going through the

maximum a substantial crystallization occurs. However, if the same samples
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are quenched from the melt to the amorphous state, although a high number

of nuclei may be formed, they do not grow since the cooling step is too

fast.

The above considerations are usually made, without much experi-

mental evidence, this absence is more evident for the fast crystallizing

polymers. Since in our studies we are dealing with a "fast" and "slow"

crystallizing polymer, it offers a good opportunity to experimentally

verify the above considerations.

Two sets of samples of the different blends were crystallized at

110°C - one from the melt and the other from the glass - and the crystal-

lization half times and degrees of crystal 1 inity were obtained by IR.

The PET crystallization half times vs. PET percent are plotted in

Figure 58. Those of PBT are plotted in Figure 59. It is observed how

the crystallization rate of PET is the same in the samples crystallized

from the melt or the glass. However, the PBT crystallization rate is

higher for those samples crystallized from the melt than for those crystal-

lized from the glass.

The ultimate degrees of crystal 1 inity are plotted in Figures 60

and 61 for the PET and PBT phases. For the PET rich blends, the ultimate

degrees of crystal 1 inity obtained by both methods are similar although,

as the PBT content increases, the T
g

is lowered, the rate increases and

some discrepancies appear. For PBT the values obtained by both methods

are very different. As the PET percentage increases, the rate decreases

and the difference in crystallinity obtained through both methods

decreases

.
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One „ t
.

therefore, conclude that whi le for PET both ,„ethods
y,e,dS ' ""^f.*r PBT, because of the hi gh crysta,„ zation
rates, higher de9rees of crystal ,1„ ity andW crysta ,11 zat1on hal f
t-.es a re obtained for the sa.ples cry sta, , ized from the me ,t. ,„ the
blends these differences are affected oy the a,ready observed chan.es
in the crystallization rates.



CHAPTER IX

TRANS-ESTERIF I CAT I ON STUDIES

The presence of only one T
g

in the amorphous blends could arise

from the trans-esteri f ication reaction occurring between both polymers

during the melting process, forming a copolymer of both species. We

would then infer compatibility between both polymers in the amorphous

state because of the existence of only one T
g
which would actually be

due to the trans-esterification reaction yielding a blend compatibi 1 ized

by the copolymer.

The arguments in favor of compatibility which arise from the

crystallization behavior cannot be easily discussed in terms of the

trans-esterif ication reaction occurring. If this occurs, it is expected

to affect the crystallization behavior. It is therefore important to

know how much it may affect the crystallization data previously obtained.

The trans-esteri fication reaction is very fast in the presence

of a catalyst (98-100). In our case, the polymers have been stabilized

and no catalyst is present. However, during melt blending they are kept

at high temperatures (280°C) for a few minutes at which condition,

therefore, trans-esteri fication may occur even in the stabilized polymers

(101-104). In this section we discuss the time dependence for this

trans-esterification reaction to occur in the melt.
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Flory has shown (98-100) how, if the two initial polyesters have

different molecular weights, the melt viscosity depends on the degree

of trans-esterification. Actually, as the reaction occurs, randomization

of the two polymers takes place and it proceeds until they become Flory

distributed (polydi spersi ty = 2). Since M~ remains constant, we are

not creating nor destroying polymer molecules; the polydi spersi ty is

decreased because of the lowering of R~. Therefore, a decrease of thew

melt viscosity is expected as the trans-esterification reaction occurs.

A similar effect is observed in the intrinsic viscosity for the same

reason. Kotliar (105,106) has studied theoretically the trans-esterifi-

cation reaction and predicted the changes in intrinsic viscosity with

the number of interchanges per number average molecule for the different

Mark-Houwink exponents and the different ratios of initial molecular

weight ratio of the blend components.

In our system, we have measured the intrinsic viscosities of the

50/50 blend in a 60% phenol 40% 1,1,2,2 tetrachloro ethane mixture for

the samples kept at different times in the melt at 280°C (Figure 62).

It is possible to observe how, for up to three minutes in the melt,

there is no substantial change in the intrinsic viscosity, but there is

a very appreciable drop at longer times.

The trans-esterification reaction is expected to affect the crystal-

lization behavior, decreasing the ultimate degree of crystal 1 inity and

the crystallization rate with the occurrence of the randomization reaction.

To study the effect on the crystallization, we have isothermally crystal-

lized samples of the 50/50 blend at 110°C, which had been kept in the melt

for different times. The crystallization was followed by IR according to
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the procedure previously described. The crystallization half times for

the PBT phase in the 50/50 blend are plotted in Figure 63, where we again

observe a sharp increase in crystallization half times after three

minutes in the melt. The same behavior can be observed for the PET

phase (Figure 64) where, after three minutes in the melt, the crystal-

lization half times increase sharply indicating that the trans-esteri f ica-

tion reaction is occurring. Further evidence of the same effect is

obtained by looking at the ultimate degrees of crystall inity for the PBT

and PET phase with time in the melt as seen in Table 13.

Table 13

Ultimate Degrees of Crystallinity

Ti me (min) PBT % PET %

2 , 8 30
solu

2 . 7 28
extr

3 7 28

5 5 20

7 5 18

10 4 15

The PBT degrees of crystallinity are very low and their accuracy

is therefore not good, but those of PET are more easily measured and
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they show a marked decrease after three minutes in the melt. No signi-

ficant different behavior is observed in the solvent blended samples.

From the above experiments, it is possible to conclude that no significant

trans-esteri ( ication occurs within the first three minutes in the melt;

after this time trans-esteri fication occurs and the crystallization

behavior is seriously affected. Similar results have been obtained by

Budin (104) who does not observe any significant trans-esteri f ication

after a few minutes in the melt.

In all our crystallization studies the samples were consistently

kept in the melt for two minutes. Therefore, no significant effect

from the trans-esteri fication reaction is expected and we do not believe

that the compatibility arises from the presence of the copolymer.

We tried to obtain further evidence of this behavior from thin

layer chromatography studies. These studies were performed by preparing

5% solutions in 60% phenol-40% tetrachloro ethane, which were spotted

onto an Analtech silica gel 6.F plate (107), dried at 100°C in a vacuum

oven, cooled, and developed in a mixture of phenol -tetrachloro ethane-

methanol (108). The results were not conclusive but they showed a dif-

ferent behavior for the blend kept 10 minutes in the melt while the

solvent blended samples and those extrusion blended showed a similar

behavior.



CHAPTER X

EFFECT OF THE PROCESSING CONDITIONS

ON THE KINETICS OF CRYSTALLIZATION

The blends, on which all the crystallization studies were performed,

had been obtained by co-extrusion of both polymers and had been stabilized.

It is important to determine whether the processing conditions may

influence the crystallization behavior. Therefore, a series of crystal-

lization studies were made on three blends which had been processed under

different conditions. The information on the processing conditions was

provided by the General Electric Company.

The first sample was a 60/40 (PBT/PET) blend which had been pro-

cessed at different screw speeds. The second sample was a 40/60 (PBT/

PET) blend which had been processed in a similar way. Neither of the

blends contained any stabilizer in order to maximize the possible influence

of the processing conditions. The different screw speeds and residence

times at 520°F (271°C) are given in Table 14.

72



73

Table 14

Screw Speeds and Residence Times in the Extruder

Screw Speed Residence Time
sec

20 100

40 50

60 38

80 25

100 20

In order to measure the effect of the stabilizer, we performed

the studies on five samples of the 75/25 (PBT/PET) blend in which the

stabilizer concentration was 0, 0.5, 0.10, 0.20 and 0.50%.

The three sets of samples were crystallized at 110°C and their

crystallization was followed by IR according to the process previously

outl ined.

In the first set of blends, the crystallization behavior of the

PBT component was followed. The final degrees of crystallinity and

crystallization half times were obtained which are plotted in

Table 15.
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Table 15

PBT Crystallization Behavior in the 60/40 Blend

Screw Degree of Crystallization
Speed Crystallinity Half Times
rm % sec

20 19.0 20

40 17.5 30

60 17.5 30

80 17.5 40

100 16.5 40

The changes are within experimental error for screw speeds from

40 rpm up. However, for 20 rpm, giving the longest residence time, an

increase in crystallinity and rate is observed. The samples presented

a slight brown appearance, showing that some degradation must have

occurred; it is known that PBT degrades, releasing THF and reducing the

molecular weight which would increase the rate. The degradation effect,

as evidenced by the brown appearance, is probably accelerated by the

presence of air. For all the other screw speeds, there is no effect on

the crystallization behavior of the PBT component.

The crystallization behavior of the PET component in the 40/60

blend is recorded in Table 16.
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Table 16

PET Crystallization Behavior in the 40/60 Blend

Screw Degree of Crystallization
Speed Crystal linity Half Times
rpm % sec

20 38.8 50

40 39.0 55

60 39.0 50

80 39.2 65

100 38.8 40

No substantial change is observed in the crystallization behavi

of the PET component with varying screw speeds.

Finally, the PBT crystallization behavior in the blends 75/25

(100 rpm) with different amounts of stabilization was studied. The

results are recorded in Table 17.
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Table 17

PBT Crystallization Behavior in the 75/25 Blend

Stabilizer Degree of Crystallization
Concentration Crystal 1 inity Half Times

s, A sec

0 16.5 30

0.05 15.5 20

0.1 17.5 30

0.2 16.5 30

0.5 18.0 20

In these results we again observe no significant changes,

within experimental error, in the crystallization behavior. Our conclu-

sion is, therefore, that the processing conditions studied do not affect

the crystallization results. Exception must be made in the PBT rich

blends which, if they are kept in the melt for 100 sec or more in

contact with air, undergo degradation evidenced by the brown coloration

that appears. The requirement of contact with air must be underlined

since no evidence of degradation for those times is seen in samples

which are not kept in contact with air.

Since all our samples were prepared at 60 rpm, no influence in

the crystallization behavior by the processing conditions is expected.



CHAPTER XI

DYNAMIC-MECHANICAL STUDIES

Although it was not the main purpose of the present study to des-

cribe the mechanical properties of the PBT/PET blends, dynamic-

mechanical studies can provide us with information about the relaxa-

tion behavior of the blends and from it we can get a more complete

knowledge of their compatibility.

When a stress or a strain is applied to a viscoelastic material,

part of the energy is stored elastically and part is lost in the form

of heat. The ratio of the energy lost to that stored is a measure of

the damping characteristics of the material. In the Rheovibron, a sinu-

soidal strain of fixed frequency is applied to one end of a small sample,

held in slight tension, and the response or stress is measured at the

other end by a transducer. The stress in phase and 90° out of phase

with the strain and the phase angle are measured over a wide temperature

range.

The samples, which have been desiccated for 24 hours, are pressed

between aluminum foil and after two minutes in the melt they are

quenched in an ice water mixture. Since these samples are thicker (10

to 15 mils), the quenching process is not perfect and we expect some

crystallites to be formed in the low T , PBT rich blends.
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rhe samples are placed in a Rheovibron Model DDV-II and the low

temperature accessory is placed In position and filled with dry ice.

The range of temperatures studied therefore starts at 0°C and would

clearly cover the PBT relaxation.

Directly from the Rheovibron one obtains the value of tanfi

which is the ratio between the loss modulus and the elastic modulus, as

well as the value of G*. From these values it is possible to obtain

the elastic and loss modulus.

G' = G* cos iS (31)

G" = G* sin6 = G' tanfi (32)

The results are plotted in Figures 65 - 74. We have shown the

results obtained at 110 Hz. Similar results were obtained at 35 Hz.

The complex modulus G* is plotted in Figures 65 and 66 for the dif-

ferent blends. These plots show the fall in the complex modulus with

temperature when the T^ is reached. An important feature is observed;

when the temperature reaches the T^ the modulus starts to decrease,

with higher temperatures the modulus increases in value again, it levels

off and, finally, with further increases in temperature it decreases

again. This behavior is observed in the blends and is most pronounced
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in the 20/80 blend. It is our belief that this increase in modulus

with temperature is due to an increase in the PET crystal 1 ini ty in the

blends which occus during the experiment. This increase is favored

by the lowering of the T
g

in the blends and by the increase in

crystallization rate induced by the presence of PBT as already dis-

cussed.

The evidence for the crystallization arises from the examination

of the samples during the experiment which become white as the modulus

starts to increase. This whitening of the sample is most pronounced

in the 20/80 blend which has the highest PET concentration. This

increase in crystal 1 inity is mostly due to the PET component because

the PBT, when annealed, does not become white. The drop in modulus with

the T occurs at lower temperatures for the 0/100, 20/80, and 40/60

blends. For the PBT rich blends the values are quite close and this is

mainly due to the fact that the PET component is not completely amor-

phous which increases the T
g

in the PBT rich blends.

The values of tan6 with temperature are recorded in Figures 67

and 68 for 110 Hz. Only one relaxation is observed in the blends which

is further evidence of their compatibility. It is possible to observe

how, as we proceed from the PET rich samples to those rich in PBT, the

tan6 curves become broader and the value of the maximum decreases.

This behavior shows an increase in the crystal 1 ini ty of the samples

which was expected with the lower T
g
's due to the inefficiency of the

quenching process (109-111).
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Finally, the T
g

vs. blend composition is plotted for the different

blends at the two frequencies in Figures 73 and 74. The values are

obtained from the tan.s and the loss modulus. In the PBT rich blends

the T 's are very similar because the samples had some crystal 1 ini ty

induced by the quenching process. With higher PET concentrations, the

T
g
's increase until they reach the value for pure PET. The existence of

only one glass transition in the blends is further evidence of their

compatibility. These results must be compared with those obtained by

DSC. The T
g

values for the PET rich blends are similar and the dif-

ferences arise from the selection of frequencies. The values for the

PBT rich blends are higher than those obtained by DSC. The differences,

as mentioned before, are not only due to the selection of frequency but

mainly to the fact that the quenching process, to obtain thick enough

samples, is inefficient. Some crystallization occurs mainly in the

PBT phase changing the composition of the amorphous phase and the T



CHAPTER XII

CONCLUSIONS

1. PBT and PET crystallize separately in the blends.

2. PBT and PET show only one glass transition temperature in

the amorphous blends. Its value is intermediate between those of the

pure polymers.

3. The spherulitic morphology of PBT and PET is preserved upon

the addition of small amounts of the other components. With higher

amounts, the spherulites become coarser and more disordered and

finally the spherulitic morphology is lost in the blends of inter-

mediate composition.

4. The overall crystallization rate at high temperatures is

depressed with the addition of the second component reaching a minimum

in the 85/15 blend.

5. The crystallization kinetics of each component in the blends

can be determined by the use of IR spectroscopy.

6. At high temperatures both the PBT and PET crystallization

rates are decreased with the presence of the second component.

7. At low temperatures, the crystallization rate of PET is

increased with increasing PBT percent while that of PBT is decreased

with increasing amounts of PET.
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8. The crystallization rate curves vs. temperature curves for

PET show a shift of the maximum toward lower temperatures and an

increase of its value with increasing amounts of PBT. A similar shift

toward higher temperatures is observed for the PBT crystallization.

The value of the maximum decreases with increasing concentration of

PET. The shift in the maximum in crystallization rate can be corrected

by plotting the crystallization rate vs. a reduced temperature which

takes into account the change in T
g

in the blends.

9. The above effects were theoretically accounted for by fol-

lowing Mandelkern's approach to the kinetics of crystallization of a

polymer diluent mixture, adapted to the diffusion controlled region.

10. Because of the strong influence of the other component to

the kinetics of crystallization of PBT and PET, which is consistent

with the single T observed in the amorphous blends, compatibility

between both polymers in their amorphous state was concluded.

11. For a slowly crystallizing polymer (PET), crystallization

from the glass or the melt, at temperatures below those of the

maximum, yields the same crystallization half times and ultimate

degrees of crystal! inity. A different behavior is observed for a

fast crystallizing polymer (PBT) which, when crystallized from the melt,

shows much higher crystallization rates and ultimate crystall inities.

12. The trans-esterification reaction for up to 3 minutes in

the melt does not occur in a significant amount to alter either the

crystallization kinetics or intrinsic viscosity of the blends.
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13. The studied processing conditions did not affect the crystal-

lization behavior of the blends.



CHAPTER XIII

SUGGESTIONS FOR FUTURE RESEARCH

1. The compatibility of both polymers in their amorphous state

could be further studied by neutron scattering.

2. The reasons for compatibility between both polymers could

be studied, through Fourier transform infrared spectroscopy of the

blends, which might be able to establish the interactions between both

polymers

.

3. The occurrence of the trans-esteri fication reaction between

both polymers when the blends are kept a long time in the melt could

be further studied by thin layer chromatography and gel permeation

chromatography.

4. The composition-physical properties relationship for the

different blends could be studied, varying crystallization conditions

and degree of trans-esteri f ication.

5. Low angle x-ray scattering studies could be conducted to

estimate the variation of lamellar dimensions with the composition of

the different blends.

6. Studies on the morphologies of the different structures

induced during crystallization could be performed by using a scanning

electron microscope. Special attention should be given to the already

seen highly branched spherulites and the other disordered structures.
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