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ABSTRACT: Physical aging characteristics of poly(ethyl-
ene terephthalate) have been evaluated in relationship to
volume fraction levels of crystallinity up to 25%. Changes
in the enthalpies of relaxation, monitored at aging temper-
atures from 55 to 65°C, are found to give good fits with
the Cowie-Ferguson model. Overall equilibrium enthalpy
of relaxation values decrease linearly with increased crys-
tallinity. They increase with decreased aging temperature,
providing extrapolated lower temperature results that are
validated in terms of specific heat relationships. Activation
energies for enthalpic relaxations are found to increase
from 337 to 361 kJ/mole as crystallinity increases up to
25%. Overall relaxation endotherms are further resolved
into contributions from interspherulitic and intraspherulitic

amorphous regions. Interspherulitic, equilibrium enthal-
pies of relaxation decrease with increased levels of crystal-
linity, while intraspherulic values show corresponding in-
creases. Characteristic relaxation times of the intraspherulic
regions increase greatly, as levels of crystallinity increase;
however, interspherulitic relaxation times decrease very
slightly. Dynamic differential scanning calorimetry results
show two glass transitions in the case of a 25% crystalline
sample and a single transition for noncrystallized mate-
rial. © 2007 Wiley Periodicals, Inc. ] Appl Polym Sci 106: 3435-
3443, 2007

Key words: poly(ethylene terephthalate); physical aging;
crystallinity; enthalpy of relaxation; relaxation time

INTRODUCTION

The phenomena of physical aging have been studied
extensively in amorphous poly(ethylene terephtha-
late) (PET) and results are well documented.'™*
Additional studies have been reported describing the
behavior of semicrystalline PET.">?* The effects of
physical aging on mechanical properties and environ-
mental stress crack resistance have also been investi-
gated by others"*'' as well as in our laborato-
ries.'%%%532 Previous systematic polyester studies at
the Polymer Institute have included aging effects on
physical properties and environmental stress cracking
behaviors of amorphous homopolymers,'*'? copoly-
mers,2?>2% plends'?>?” and oriented PET.'2?%3! The
objectives of the current investigations are to evaluate
aging effects on physical properties and environmen-
tal stress cracking behaviors of semicrystalline PET,
with emphasis on low levels of crystallinity (within

Correspondence to: S. A. Jabarin (saleh.jabarin@utoledo.
edu).

*Present address: Tulane University, New Orleans, Louisi-
ana.

Contract grant sponsor: PET Industrial Research Consor-
tium.

Journal of Applied Polymer Science, Vol. 106, 3435-3443 (2007)
©2007 Wiley Periodicals, Inc.

ST GIWILEY .

. InterScience’

DISCOVER SOMETHING GREAT

the range up to 25%). In this article, we present
results of the physical aging characterization of the
semicrystalline PET. An additional paper is in pro-
gress, describing the relationships among physical
aging, mechanical properties, and the environmental
stress crack resistance of the semicrystalline PET.
While previous studies have correlated the overall
effects of crystallinity with the enthalpies of relaxa-
tion and relaxation times, the current study seeks to
further evaluate the specific effects of different levels
of crystallinity on the amorphous phases inside and
outside the spherulites. For this purpose, our study
utilized samples quiescently crystallized at 115°C, to
attain levels of crystallinity up to 25%. Samples crys-
tallized for different times at a given temperature,
exhibit similar modes of crystallization and growth.
With increasing exposure times, their spherulites
increase in size and number. For this reason, samples
can be prepared with various distributions of amor-
phous materials, both outside (interspherulitic) and
within (intraspherulitic or inter-lamellar) the spheru-
lites. Such a series of samples permits evaluations of
materials with substantially amorphous characteris-
tics, through a range in which spherulites have
formed at increasing levels of crystallinity in a contin-
uous amorphous phase. As sample crystallinity in-
creases, the spherulites begin to impinge and their
growth reduces the interspherulitic amorphous phase,
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while correspondingly larger amorphous regions re-
side within the spherulites. At levels of crystallinity
exceeding 25%, spherulitic impingement is present
and some secondary crystallization may also occur.
The purpose of the current work has been to investi-
gate changes in aging behavior of PET within a range
of crystallinity that has commercial significance. Non-
oriented PET materials frequently achieve low levels
of thermally induced crystallinity during production
and subsequently experience aging related problems
in terms of impact failures and/or environmental
stress cracking.

Samples prepared in the range from 0 to 25% crys-
tallinity were held at aging temperatures from 55 to
65°C and periodically evaluated in terms of changes
in enthalpy of relaxation or free volume recovery,
recorded during differential scanning calorimetry.
This aging temperature range was chosen to be well
below the glass transition and crystallization temper-
atures of PET, but to be high enough to attain equilib-
rium conditions during physical aging. Initial eva-
luations characterized changes in terms of overall
relaxation behavior in relationship to levels of crystal-
linity and exposure temperatures. Physical aging
results were then further resolved to describe relative
influences of the interspherulitic as well as intra-
spherulitic amorphous components on their corre-
sponding enthalpies of relaxation, equilibrium relaxa-
tion values, and characteristic relaxation times.

EXPERIMENTAL

Evaluated materials were commercially extruded
sheet with thickness values from 0.25 to 0.38 mm. The
sheet was prepared from Eastman 9921 PET copoly-
mer with an intrinsic viscosity of 0.8 dL/g, corre-
sponding to a number average molecular weight (M,,)
of 26,000 and containing 3.5 mol % cyclohexane dime-
thanol (CHDM). All samples were exposed to 85°C
for 15 min to remove residual stress and previous
aging history, before further treatment or evaluation.
Various levels of crystallinity were achieved as a
result of controlled exposure times in a 115°C circulat-
ing air oven.

Sample densities were determined at 25°C accord-
ing to ASTM procedure D-1505. The density gradient
column was prepared from aqueous calcium nitrate
solutions and calibrated with glass beads of known
densities. Accuracy was within +0.0003 g/cm’. Vol-
ume fraction crystallinity (X.) was calculated from
sample density (p) values according to:

Xe=(p—pa)/(Pc = Pa) 1)

The amorphous density (p,) of this copolymer was
taken as 1.323 g/ cm® (Ref. 33) and that of the 100%
crystalline material (p.) as 1.455 g/ cm® (Ref. 34).
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Samples prepared at specified levels of crystallinity
were exposed to aging temperatures of 55, 60, and
65°C in a circulating dry air oven. Portions of each
material were removed periodically for evaluation,
with a Perkin-Elmer (DSC-7) differential scanning cal-
orimeter equipped with nitrogen purge. Standard
DSC measurements were conducted at 10°C per min.
Dynamic differential scanning calorimetry (DDSC)
measurements utilized 35 repetitive heat cool cycles,
with an underlying heating rate (By) of 1°C per mi-
nute, temperature amplitude (T,) of 1.5°C, and a fre-
quency (fop) of 833 mHz. These parameters were
calculated according to Refs. 12, 35, 36:

By = B1(T5 — T1)/2(T2 — Th) (2)
T, =05[T, — (T1 + T3)/2] 3)
fo=B1/2(T2 = T1) (4)

where 3, is the heating rate, T; is the initial tempera-
ture, T, is the temperature after heating, and Tj is
the temperature after cooling.

Small angle light scattering measurements were
used to obtain values for the spherulitic radii of sam-
ples prepared with various levels of crystallinity. The
apparatus consists of a Spectra Physics model 155
helium-neon gas laser (Ao = 635.8 nm), a rotatable po-
larizer, fixed analyzer, optical display panel, camera,
and computer equipped with IMAQ.vi programs for
LabVIEW 5.0. The four-leaf clover patterns were
measured in the Hv scattering mode (with the polar-
izer and analyzer perpendicular to each other). Spher-
ulitic radii were obtained according to Ref. 37:

B 4nR i ©® max

4.1 k in 5

®)

where A is the wavelength of light in the scattering
medium, R is the spherulite radius, and ® max is the
scattering angle where the intensity is maximum.

RESULTS AND DISCUSSION

Amorphous polymeric materials are known to exhibit
decreased molecular mobility with decreased expo-
sure temperature. When such a material is quickly
cooled from the liquid, to a temperature (T,) below its
glass transition temperature (T), various kinetic con-
strains cause it to be in a nonequilibrium state, with
excess enthalpy (H). As schematically illustrated in
Figure 1,238 at T, the material has an initial enthalpy
(H,) shown as the thin solid line. If the material is
held at T, for a specific time, H, will decrease to H,,
shown as the heavy solid line. If the material is cooled
very slowly or held at T, for an infinite time, H, will
further decrease to reach its equilibrium enthalpy
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Figure 1 Schematic illustration, showing the relationship
between PET aged in the glassy state and the relaxation
endotherm, in terms of enthalpy versus temperature
changes.

(Heg), shown as the dashed line. As these changes
occur, the molecular chains of the material relax to-
ward a lower energy state, with decreased entropy or
internal energy, releasing a small amount of heat.
Materials that have been aged at T, can be heated in a
DSC to record the change in energy that has occurred
during aging. The relaxation endotherm, which
occurs near T, results from, and is proportional to re-
covery of the lost enthalpy or free volume. The size of
the relaxation endotherm increases, with increased
aging time. As aging temperatures approach T, these
changes are more rapid; however, the equilibrium
enthalpy values achieved at higher temperatures de-
crease as illustrated in Figure 1.

Samples prepared with volume fraction levels of
crystallinity up to 25% were exposed to aging temper-
atures of 55, 60, and 65°C. They were then periodi-
cally monitored in terms of changes in their relaxation
endotherm (AH) values. Figure 2 gives an example of
the relationships observed at 65°C. Similar results
were observed at 55 and 60°C. The overall enthalpies
of relaxation are seen to increase with increasing
aging times. Samples with higher crystalline fractions
are found to exhibit smaller changes in their relaxa-
tion endotherm (AH) values, than those with larger
amorphous contents. These differences are greater
than can be accounted for by normalizing the data to
100% amorphous content. Even in the case of 25%
crystalline samples, normalized values obtained after
aging at 65°C would change only from 2.24 to 2.99 J/g.
After 60°C aging, the increase would be from 3.09 to
412 J/g and after 55°C aging from 4.54 to 6.05 J/g.
These normalized values are significantly lower than
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those obtained for equivalent noncrystallized materi-
als. The observed differences result not only from
reduction in overall amorphous component, but also
from restrictions imparted by its location and distri-
bution. All values are; therefore, reported as meas-
ured, in terms of the total sample mass, regardless of
crystalline content.

To further describe the kinetics of physical aging,
the Cowie-Ferguson model'>***" was applied to the
data as shown in Figure 2. This empirical equation
has been used to describe enthalpic aging as a func-
tion of exposure time at a given temperature accord-
ing to:

AH(t,, T,) = AHeq(ta)[l - d)(ta)} (6)

where:

(ta) = exp[—(ta/tc)’] @)

Values for AH (t,, T,) represent the enthalpy lost
during sample aging for a given time (f,) and temper-
ature (T,). The relaxation function term (¢ (£,))
describes the kinetics of the approach of the system to
the equilibrium state. Nonlinear cure-fitting analysis
can be used to determine values for the equilibrium
enthalpy of relaxation [AHq (T,)] at a given tempera-
ture, as well as the characteristic relaxation time (t.),
and the nonlinearity parameter (B)."****° Although
the AH.q values obtained with this model are some-
what limited by its dependence on the experimental
time scale, the results give a good approximation of
material characteristics.

Tables I-III give Cowie-Ferguson parameters ob-
tained by modeling 55, 60, and 65°C relaxation data.
In addition to the Cowie-Ferguson equilibrium relax-

—— 4.6%
—&— 5.7%
§4 —F— BB%
b= 10.8%
—— 14.3%
44 —F—202%
—y 250%

Enthalpy of Relaxation (AH, J/ig)
(&)

Aging Time (hr)
Figure 2 Changes in relaxation enthalpy, recorded for
samples with levels of crystallinity up to 25%, are plotted
as functions of aging times at 65°C.
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TABLE I
Comparisons of Cowie-Ferguson Equilibrium Relaxation Endotherm (AH.,)
Parameters for Semicrystalline PET

Densit;/ AHq AHq AHq Extrapolated

(g/em®) X (%) (/9 65C (/g 60°C (/g 55°C  AHe (/g)50°C
1.3290 4.6 5.29 6.83 8.17 9.64
1.3305 5.7 4.97 6.23 7.81 9.18
1.3344 8.6 4.62 6.02 7.46 8.87
1.3372 10.8 4.63 5.78 7.12 8.33
1.3419 14.3 3.67 4.71 5.83 6.90
1.3496 20.2 3.18 419 5.34 6.40
1.3560 25.0 2.24 3.09 4.54 5.59

ation endotherm (AH,,) values obtained at the evalu-
ation temperatures, Table I also gives extrapolated
values for 50°C exposures, since within a narrow tem-
perature range the relationships between AH,, values
and aging temperatures are linear. This is consistent
with behavior described in Figure 1. Figure 3 includes
this 50°C data and illustrates the linear relationships
between AH.q values and volume fraction levels of
crystallinity.

The validity of extrapolating equilibrium relaxation
endotherm (AH.q) values to lower temperatures was
examined in terms of specific heat changes, recorded
for noncrystallized (4.6%) and semi crystalline
(20.2%) samples. As indicated in Figure 1, above T,,
enthalpy decreases linearly during cooling. In the
glass transition region, there is a change in slope,
because the polymer has excess enthalpy. At tempera-
tures near and below T, physical aging and loss of
enthalpy occur and values approach the extrapolated
(dashed) line of Figure 1. The difference between the
enthalpy of the glassy state and the equilibrium ex-
trapolated line is AH. If the calculated AH.q values
that were obtained either from the Cowie-Ferguson
model or from lower temperature extrapolations are
valid, the corresponding differences between H and
AH,q should fall on the extrapolated equilibrium line.
At a given temperature (T), enthalpy (H) equals spe-
cific heat (C,) times temperature or:

H = (C,)(T) ®)

Figure 4 gives an example of this behavior for ma-
terial containing 20.2% crystallinity and with lower
temperature values extended to 35°C. In this figure
the filled points are obtained from eq. (8), while the
unfilled points are calculated from eq. (8) minus
AHq. Tt can be seen that the unfilled points fall on
the extrapolated line, indicating the validity of the
data.

The characteristic relaxation times (f)) given on
Table III have been plotted as functions of % crystal-
linity in Figure 5. As can be seen, . values increase
with increased levels of sample crystallinity. Equiva-
lent samples aged at lower temperatures, also exhibit
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higher t. values. The slower aging behaviors, repre-
sented by larger t. values, indicate that longer times
are required for these samples to reach equilibrium
conditions.

An Arrhenius type plot of In f. versus reciprocal
aging temperature can be used to calculate the activa-
tion energy (E) required for enthalpic relaxation
according to:

t. = Aexp(E/RT)) 9)

or

Int. =InA+ (E/R)(1/T) (10)
where t. is the characteristic relaxation time, T is the
aging temperature (K), R is the gas constant (8.314 J/
(deg mole) or 1.987 cal/(deg mole)), A is the frequency
factor, and slope = E/R. A plot of this nature is
shown in Figure 6 for uncrystallized sheet, aged at 55,
60, and 65°C. These data yield an activation energy of
337 kJ/mole. This figure also includes data taken
from the literature'*" to illustrate the good correla-
tion with results reported for other amorphous PET
and obtained with modulated DSC measurements.
Aging data obtained for samples prepared at each
level of crystallinity, were plotted in the manner
described above to provide respective activation en-
ergy values given in Table IIl. As crystallinity increases
from 4.6 to 25% activation energies increased from

TABLE II
Comparisons of Cowie-Ferguson Nonlinearity ()
Parameters for Semicrystalline PET

Densi B

(g/cm’) X, (%) 65°C 60°C 55°C
1.3290 46 0.36 0.37 0.30
1.3305 5.7 0.33 0.36 0.30
1.3344 8.6 0.35 0.36 0.32
1.3372 10.8 0.36 0.42 0.34
1.3419 14.3 0.43 0.40 0.32
1.3496 20.2 0.48 0.48 0.36
1.3560 25.0 0.49 0.44 0.39
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TABLE III
Comparisons of Cowie-Ferguson Characteristic Relaxation Time (f.) Parameters and
Activation Energy Values for Semicrystalline PET

t. (h) Activation
Densit;l energy
(g/cm’) X, (%) 65°C 60°C 55°C (kJ /mol)
1.3292 4.6 13.5 123 524 337
1.3305 5.7 13.6 141 571 344
1.3344 8.6 15.5 159 675 347
1.3372 10.8 17.7 186 789 350
1.3419 14.3 19.7 206 911 353
1.3496 20.2 27.9 298 1374 358
1.3560 25.0 339 366 1702 361

337 to 361 kJ/mole. This increased energy require-
ment can be explained by the more restrained chain
mobility that results from increased levels of crystal-
linity.

Additional samples, crystallized to various levels,
were monitored in terms of their spherulite radii
using small angle light scattering. The relationship of
average spherulitic radii to sample crystallinity is
shown in Figure 7. It can be seen that changes in radii
are greater as initial levels of crystallinity increase. At
higher levels of crystallinity; however, change in the
radii are much smaller. This takes place because at
low levels of crystallinity, the spherulites are growing
into amorphous regions of the polymer without any
obstructions. As levels of crystallinity increase, the
spherulites begin to impinge on one another, limiting
radial increases. As this occurs, there is less inter-
spherulitic amorphous material available for increased
crystallization. After long exposure times at higher
temperatures, amorphous material within spherulite
can also be utilized for increased crystallinity. This
changing distribution of amorphous polymer content
is responsible for differences in aging behavior and
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Figure 3 Equilibrium relaxation endotherm values are
plotted as functions of % crystallinity for samples aged at
55-65°C. Extrapolated values for 50°C are included.

for the two peaks recorded in the cases of some relax-
ation endotherms.

Previously described results have utilized the total
relaxation endotherms, obtained while heating aged
samples in a DSC. These results have been further
resolved to describe aging behavior that occurs
throughout the interspherulitic amorphous region
(between the spherulites) as well as the intraspheru-
litic regions wihin them. Figure 8 gives an example of
relaxation endotherms exhibited by samples that
have undergone aging in both interspherulic and
intraspherulitic amorphous regions. The size and dis-
tribution of these peaks changes with the crystalline
content of the sample, as well as its aging history. The
lower temperature peak (A;) results from aging of the
more mobile interspherulitic amorphous material and
is most prevalent in samples with the lowest levels of
crystallinity. Peak A, occurs at slightly higher temper-
atures and results from aging changes within the
inter-lamellar amorphous regions of the spherulites.
This peak, representing more restricted amorphous
regions, is most prevalent among samples with higher
levels of crystallinity.

200,00 |
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160.00 |
140.0 |
120,00 |
100.0° |
800
60.0 |

H (J/g)

40.0 |
200 |

oot

0 20 40 6 80 100 120
Temperature ("C)

Figure 4 Measured (filled points) and calculated (open

points) enthalpy values are plotted as functions of temper-
ature for 20.2% crystalline material.
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Figure 5 Characteristic relaxation time values, obtained
with the Cowie-Ferguson model, are plotted as functions
of % crystallinity for samples aged at 55-65°C.

The relative contributions to the relaxation process
of the two amorphous regions have been evaluated in
terms of areas enclosed by peaks A; and A,. These
calculations utilized the DSC partial area program
supplied by Perkin Elmer to separate most of the
peaks. This method was used for separation of sym-
metrical peaks by measuring areas of the lower tem-
perature half of peak A; and higher temperature half
of peak A,. These half areas were doubled to give
each peak area. In cases where the peaks were not
symmetrical, a double Gaussian resolution method
was adopted. In this method, the endothermic peak is
described to be of a 3-parameter Gaussian form:

Y= ae(fo'S(%y) (11)

where y is the heat flow, x is temperature, a is the
maximum height of the peak, b is the mid-height

®  nod crystallized
0O reference 15
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M /
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o
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'

0.0028 00020 0.0030 00031
T ("K)

Figure 6 An Arrhenius plot showing characteristic relaxa-
tion time values (In t.) in terms of the reciprocal of agin%
temperature. Values from references (Aref-Azar et al.'
and Bailey et al.') are included.
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Figure 7 Average spherulite radii are plotted in relation-
ship to overall levels of sample crystallinity.

width, and x; is the peak center position. The area
under a Gaussian curve is

Y= abV2n (12)

The double Gaussian equation used to simulate the
two relaxation peaks is:

y= ae(70'5 (Xfo)z) + ce(70'5<%)2) (13)

The parameters a and ¢ are the maximum heights
of the peaks, b and d are the mid-height widths and x,
and x; are the peak center positions. After obtaining
parameters a, b, ¢, and d by curve fitting, each peak
area was calculated. Results obtained using the two
different methods were found to be in good agree-
ment, when applied to symmetrical peaks.

4 A1

Heat Flow {mw)
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Baselne

21.6 T T T T T T T
75 BO &5 S0 95 100 105 1110 (]
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Figure 8 An example of lower temperature interspheru-
litic (A;) and higher temperature intraspherulitic (A,)
relaxation endotherms recorded for aged samples of mod-
erate crystallinity.
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Figure 9 Changes in interspherulitic (A;) relaxation en-
thalpy, recorded for samples with levels of crystallinity up
to 20.2%, are plotted as functions of aging times at 65°C.

Changes in the enthalpies of relaxation of peak A;
are shown as functions of aging time in Figure 9.
These are changes that occur in the interspherulitic
amorphous region. Intraspherulitic changes, repre-
sented by peak A, are shown in Figure 10. It can be
seen that increased aging time results in increased
enthalpic relaxation of all amorphous regions. In the
case of interspherulitic (A;) changes, samples with
increased crystallinity show decreased peak size,
while in the case of intraspherultic (A;) relaxations,
this trend is reversed. Samples with the lowest level
of crystallinity do not exhibit peak A,, while peak
A is absent in the case of samples containing 25%
crystallinity.

As with the previously described overall endo-
therm evaluations, the Cowie-Ferguson model was
applied to these data. Table IV gives an overview of
results obtained from these analyses of peaks A; and
A, for samples aged at 65°C. The relationships of
interspherulitic and intraspherulitic relaxation endo-
therm equilibrium values are shown in Figure 11,
plotted as functions of % crystallinity. This plot shows
that as levels of crystallinity increase and interspheru-
litic (A;) amorphous regions are reduced, maximum
equilibrium enthalpy of relaxation values achieved in
this region are also reduced. At the same time, it can
be seen that maximum intraspherulitic (A,) values
increase with increased levels of crystallinity.

Figure 12 shows the relationships of characteristic
relaxation times required for aging within the various
amorphous regions. As can be seen, relaxation times
obtained for materials within the intraspherulitic
regions (A,) increase greatly, while those for inter-
spherulitic (A;) regions decrease slightly as levels of
crystallinity increase. These slight reductions can be
explained in terms of the reduced amorphous phase

3441

present between the spherulites. An additional expla-
nation could include the influence of a more mobile,
lower molecular weight component, expelled into the
interspherulitic region by the advancing crystalline
front. The much longer times required for aging
within the inter-lamellar amorphous regions of more
highly crystalline samples, result from the decreased
molecular mobility within these restricted areas.
Additional work is in progress to describe the impli-
cations of the different behaviors exhibited by inter-
spherulitic and intraspherulitic amorphous regions
and their relationships to mechanical properties and
environmental stress cracking behaviors.

A number of researchers have used DSC measure-
ments to investigate changes in the positions and
intensities of relaxation endotherms exhibited by
aged semicrystalline PET. Among these, Zhao
et al.**** observed dual endothermic relaxation peaks
and attributed their presence to free and constrained
amorphous regions within the aged polymer. Mon-
tserrat and Cortez** as well as Alves et al.*' have
observed lower temperature endotherms believed to
result from interspherulitic relaxations and higher
temperature endotherms thought to originate from
intraspherulitic relaxations. These two separate endo-
therms were utilized for discussions of the two amor-
phous regions; however, two glass transitions
obtained with DSC were not shown. In additional
work Colomer et al.*> have used thermally stimulated
depolarization currents to show three individual
relaxations associated with the amorphous interlam-
ellar zone, amorphous regions, and crystalline-amor-
phous interphases. Current DDSC results provide

2.3

2.0 1

0.5

Enthalpy of Relaxation (AH, J/g)

0.0 -
1 10 100 1000

Aging Time (hours)

Figure 10 Changes in intraspherulitic (A,) relaxation en-
thalpy, recorded for sample with levels of crystallinity
from 8.6% to 25.0%, are plotted as functions of aging times
at 65°C.
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TABLE IV
Interspherulitic and Intraspherulitic Peak Resolution
Cowie-Ferguson (CF) Parameters for PET
Samples Aged at 65°C

CF parameters
for A,

CF parameters
for A,

Densi AHeq AHq
(g/em”) X (%) (/g9 B () d/g) B  th

1.3290 4.6 529 036 135 - -
1.3344 8.6 419 038 118 068 1.0 11.1
1.3372 10.8 407 039 115 083 076 16.5
1.3419 14.3 241 048 10.6 135 061 201
1.3496 20.2 122 0.64 100 200 049 247
1.3560 25.0 - - - 224 049 339

additional evidence to support the existence of inter-
spherulitic and intraspherulitic amorphous regions.
Figure 13(a) shows change in specific heat as a func-
tion of temperature for an unaged noncrystallized
sample. This material exhibits a clear step change in
baseline at T, (77°C) as indicated by the single well-
defined peak of the specific heat derivative. Results
shown in Figure 13(b) were obtained for an unaged
sample containing 25% crystallinity. In this case, a
broad glass transition region, with two-step changes
can be observed. These individual transitions are
shown more clearly by the two peaks of the specific
heat derivative. The lower temperature (77°C) transi-
tion corresponds to the interspherulitic amorphous
region, while the smaller, higher temperature (83°C)
transition arises from the more restricted interlamel-
lar amorphous regions.

SUMMARY AND CONCLUSIONS

The current study has utilized samples of PET, with
levels of crystallinity up to 25%, to investigate their
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Figure 11 Equilibrium relaxation endotherm values for

interspherulitic (A;) and intraspherulitic (A,) regions are

plotted as functions of % crystallinity.
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Figure 12 Characteristic relaxation times obtained for

interspherulitic (A;) and intraspherulitic (A;) regions are
plotted as functions of % crystallinity.

aging characteristics at temperatures from 55 to 65°C.
Changes in relaxation endotherms have been exam-
ined, using DSC and modeled to yield relaxation
times and equilibrium relaxation values. Additional
evaluations have included specific heat measure-
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Figure 13 DDSC specific heat results are shown plotted
as functions of temperature, illustrating: (a) a single T, and
its derivative for noncrystallized PET and (b) a double T,
and its derivative for a sample of 25% crystallinity.
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ments, small angle light scattering analysis, and
DDSC. Results show specific individual relaxations of
the two amorphous phases and two separate glass
transition temperatures. The interspherulitic and
intraspherulitic amorphous regions each exhibit sepa-
rate characteristic relaxation times and equilibrium
relaxation values. In addition, specific heat measure-
ments confirm the validity of extrapolating aging data
to lower temperatures of aging. Specific conclusions
resulting from this work are given below.

1. Changes in overall enthalpy of relaxation values
are reduced by increased sample crystallinity
and accelerated by increased aging temperature.

2. The Cowie-Ferguson model fits data obtained
for physical aging under conditions of com-
bined and separated influences of interspheru-
litic and intraspherulitic relaxations.

3. Specific heat changes show the validity of equi-
librium relaxation endotherm values, obtained
with the Cowie-Ferguson model and through
extrapolation to lower temperatures.

4. Activation energies for relaxation increase from
337 to 361 kJ/mole as sample crystallinities
increase from 4.6 to 25%.

5. Interspherulitic amorphous regions (A,) give lower
equilibrium relaxation endotherms as levels of
sample crystallinity increase, while intraspheruli-
tic amorphous regions (A,) give correspondingly
higher equilibrium relaxation endotherms. These
differences follow changes in distributions of
amorphous contents, from outside the spherulites
to within them.

6. At higher levels of sample crystallinity, charac-
teristic relaxation times obtained for interspher-
ulitic amorphous regions decrease very slightly,
while those of intraspherulitic amorphous regions
increase greatly.

7. Dynamic DSC results for a sample with 25% crys-
tallinity show the presents of two glass transi-
tion temperatures, corresponding to interspher-
ulitic and intraspherulitic amorphous regions. A
single interspherulitic transition is exhibited by
a noncrystallized sample.
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