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Abstract

The effect of physical aging and de-aging on cold crystallization rates of polyethylene terephthalate, (PET) has been investigated by
differential scanning calorimetry (DSC). Storage of amorphous PET below the glass transition increases the rates of subsequent cold
crystallization on heating above the glass transition temperature,Tg, and the increase in rate depends on the extent of physical aging
which has developed. Various effects, from the development of primary nuclei on storage to a general decrease of the fictive temperature,
have been considered. Both SEM and hot stage light microscopy of the bulk crystallizing specimens show that physical aging increased the
number of spherulites present in the sample. De-aging, by heating aged specimens to higher temperatures but belowTg, was observed to
reduce the extent of physical aging and the increase in the rates of crystallization closely followed the residual extent of aging.q 2000
Elsevier Science Ltd. All rights reserved.
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1. Introduction

Volume relaxation studies [1–3] have revealed that on
cooling a liquid, without the onset of crystallization, to a
temperature below the glass transition temperature (Tg) it is
no longer in thermal equilibrium with temperature and pres-
sure. However, as the mobility of the chain segments is not
zero, equilibrium will be achieved at a rate that is dependent
on the storage temperature. This relaxation process has been
called physical aging and as it is accompanied by a change
in material and mechanical properties [4–6], it is of consid-
erable commercial importance.

There has been some argument as to whether these
changes due to physical aging can persist aboveTg and for
example change the rates and mechanism of crystallization.
Harget and Siegmann [7] using small-angle X-ray scattering
(SAXS) to detect structural changes in PET on aging found
that the crystallites produced on subsequent heating were
more densely packed and the crystallization developed more
rapidly in aged PET specimens than unaged ones. Results
from both WAXS and LAXS indicated that aging amor-
phous PET increased the structural order of the glass. Ahar-
oni [8] interpreted this ordering to an increase in the packing

of the molecular chains and the production of a more
uniform segment density. Yeh and Geil [9] observed the
formation of these ordered domains using transmission elec-
tron microscopy. These domains had a nodular structure of
about 75 Åin diameter. However, Lowe [10] reported that
these nodular structures were an artifact of electron beam
damage of the specimen. Vittoria et al. [11,12] also
described the existence of ordered domains within glasses,
which formed during aging and grew with aging time.

In explaining the change in thermodynamic functions
such as enthalpy, free volume towards equilibrium on
aging, Kovacs et al. [13–15] suggested some form of struc-
tural rearrangements may happen within the glass. Recently,
Mcgonigle et al. [16] reported that physical aging altered the
rates of cold crystallization of PET and they invoked two
competitive mechanism to explain these effect—one of
molecular ordering and the other of reduced chain segmen-
tal mobility on physical aging. Accordingly, short-term
aging accelerated the subsequent crystallization, while
long-term aging retarded it.

Ito et al. [17] observed that changes occurred in the IR
spectrum of PET on aging, and they attributed these to
changes in chain conformation. Qian et al. [18] explained
the conformational change on aging to a type of inter-chain
cohesion with local parallel alignment of neighboring chain
segments. They considered that cohesional entanglements
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produced were the precursor to nucleation and increased
rate of crystallization. A similar study has been made by
Hay et al. [19] and the changes in conformation of the
methylene sequence on aging were attributed to that
which occurred normally in the liquid state on cooling and
that they were not on account of the development of ordered
domains.

The conformational and structural changes that occur
during the aging of amorphous glasses still remain a subject
of speculation and controversy.

De-aging appears to be an alternative method of resolving
some of this controversy. This phenomenon is considered to
be the reverse of aging and has been widely discussed by
Kovacs et al. [20], Wright [21], Struik [4] and Behrens and
Hodge [22]. It is generally considered that physical aging is
thermally reversible such that heating to higher tempera-
tures destroys the aging that developed at the lower
temperature. The rate of reversal of the aging appears to
be related to the temperature increase and the temperature
to which the sample is heated. Generally de-aging occurs
rapidly but below the glass transition is accompanied by the
sample re-aging at this increased temperature.

The paper aims to confirm that the extent of physical
aging and subsequent de-aging have an effect on the rate
of crystallization of PET aboveTg. Attention has also been
paid to the nucleation density on crystallization and whether
it is altered by aging as this would imply the formation of
ordered domains that persist in the liquid up to the crystal-
lization temperature.

2. Experimental

Commercial PET was supplied by ICI Ltd in sheet form.
Its viscosity average molecular weight was16 kg mol21 and
polydispersity 2.2. PET was dried in vacuum at 1008C for
12 h before use. Disc specimens, 3.0 mm in diameter and

1.5 mm thick, were cut from the dried sheet and sealed in
aluminum pans for DSC measurements. They were melted
at 2808C for 3 min and rapidly quenched in liquid nitrogen
to produce amorphous samples. Rectangular SEM speci-
mens, 6× 6 × 0:8 mm3 were cut from amorphous plaques,
moulded at 2908C and 20 MN m22 pressure for 3 min in a
hydraulic press and quenched in ice/water. The same proce-
dure was used to prepare 40–60mm thick films for use in a
polarized light microscopy and DETA. These specimens
were amorphous as measured by density and to WAXS.

A Perkin–Elmer differential scanning calorimeter, model
DSC-2, interfaced to a PC, was used to measure the thermal
properties of PET. The temperature of the calorimeter was
calibrated from the m. pt. of zone-refined stearic acid and
99.999% indium. The thermal response of the calorimeter
was calibrated from the enthalpy of fusion of indium.
Isothermal experiments were carried out in DSC by heating
the samples at 1608C min21 from the storage temperature to
a predetermined crystallization temperature,Tc. Measure-
ment of the rate of heat evolved was continued until crystal-
lization was complete. Dynamic scans were carried out by
heating from room temperature to 2808C at 108C min21. All
DSC experiments were repeated with fresh samples to check
reproducibility.

A dielectric thermal analyzer, DETA, from Polymer
Laboratories Ltd, was used to characterize the extent of
physical aging in the PET samples. The DETA was
equipped with parallel electrodes placed in a thermostat
furnace and used to follow the change in dielectric constant,
e 0 with applied frequency, time and temperature. To ensure
good electrical contact between the electrodes and speci-
mens, both sides of the specimens were sputtered with a
thin layer of gold using an Emitech Coater, model K550.

The morphology of the PET specimens were examined by
scanning electron microscopy, Model Jeol 5410. Potassium
hydroxide/methanol solution was used to etch the surface
and reveal the spherulites. By controlling the concentration
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Fig. 1. The evolution of physical aging with time.



of etchant and etching time, amorphous region was selec-
tively removed; and the crystalline regions exposed on the
surface of the specimen. The specimens were coated with
gold and a silver paint adhesive was used to make electrical
contact with a metal holder. This reduced charging-up
effects on exposure of the specimens to the electron beam.

Direct observations of the development of crystalline
regions were made using a polarized light microscope
(Leitz Dialux Pol.) with a Linkam hot stage (TH600) and
temperature controller (PR600). The heating rate from
ambient to the crystallization temperature was
908C min21. Image analyses were carried out with a Leica
Quantimet 500 and a Nikon light microscope on the spheru-
litic size distribution. Aging of the specimens was carried
out in ovens controlled tô 0.18C.

3. Results

3.1. Development of physical aging

DSC was used to measure the extent of relaxation towards
equilibrium as a function of storage time from the progres-
sive increase in the endothermic peak on heating aged
samples through the glass transition. Fig. 1 shows the devel-
opment of physical aging with time for a sample aged at
608C. Similar results were obtained at 40, 50 and 708C. The

endotherms were measured by subtracting the thermal
response of the quenched glass from that of the aged
samples between two fixed temperatures as suggested by
Savill and Richardson [23]. As aging developed, the
endothermic peak increased in size and shifted to higher
temperatures.

The enthalpy change,DHt at time t, was related to the
extent of relaxation,f t, by Cowie and Ferguson’s relation-
ship [24], i.e.

DHt � DH∞�1 2 ft� �1�
whereDH∞ is the enthalpy change at equilibrium.

The Kohlrausch–Williams–Watts [25–26] equation was
used to relatef t, to time, t,

ft � exp�2�t=t�b� �2�
t is the average relaxation time, andb is a measure of the
width of the underlying relaxation spectrum of the aging
process. The combined equation,

DHt � DH∞�1 2 exp�2�t=t�b�� �3�
shows the development ofDHt with time, see Fig. 2. A non-
linear least-square fitting procedure was used to determine
DH∞; t ; b and the half-life of the relaxation process,t1/2.
The values are tabulated in Table 1 and best fit curves are
shown with the experimental results in Fig. 2. The half-life
of the relaxation,t1/2, increased with decreasing aging
temperature, and appeared to follow an Arrhenius relation-
ship with an activation enthalpy of 470̂ 20 kJ mol21

: This
is in good agreement with a previously reported value [27].

3.2. The effect of physical aging on isothermal
crystallization rates

PET specimens aged at 40 and 608C for different periods
of time were subsequently crystallized at 110, 115 and 1208C.
In DSC thermograms, the maximum rates of crystallization
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Fig. 2. The change in enthalpy of the glass with time at various aging temperatures.

Table 1
Parameters for enthalpy relaxation of PET in physical aging

Parameters Temperature (8C)

40 50 60 70

DH∞ (J g21) 18.0 13.6 5.9 3.1
t (min) 1.0× 108 5.0× 105 4.5× 102 71
b 0.21 0.31 0.32 0.39
t1/2 (min) 1.7× 107 1.5× 105 1.42× 102 27



shifted to shorter times with increasing aging time and aging
temperature. Samples aged at 608C with small under cooling
from theTg, appeared to be affected more than samples aged
at 408C but the changes were consistent with the extent of
aging which had developed within the specimens.

The isothermal crystallization rates were analyzed using
the Avrami [28,29] equation such that,

1 2 Xt � exp�2Ztn� �4�

Relating the fractional crystallinity,Xt, to time,t, a compo-
site rate constant,Z, and the Avrami exponent,n. The value
of n is characteristic of the crystallization mechanism [30]
and Z includes both nucleation density and growth rate
constants. The rate parameters for aged and quenched
samples are listed in Table 2. Crystallization half-life
were used as a measure of the rate of crystallization and is
shown in Fig. 3 as a function of the aging time and tempera-
ture. Aging clearly leads to faster crystallization rates.
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Table 2
The Avrami rate parameters

Temperature,
Tc (8C)

Avrami indexn
(^0.2)

Half-life t1/2

(min)
Nucleation densityN
(Nuclei/m3)

Rate ConstantZ
(min23)

Linear growth rateg
(m/min)

110 Un-aged 2.6 38.4 1:1 × 1013 1:2 × 1025 6:4 × 1027

Aged 2.7 28.0 3:2 × 1013 3:1 × 1025 6:2 × 1027

115 Un-aged 2.5 19.9 9:6 × 1012 8:8 × 1025 1:3 × 1026

Aged 2.7 13.2 3:0 × 1013 3:0 × 1024 1:3 × 1026

120 Un-aged 2.5 9.93 9:2 × 1012 7:0 × 1024 2:6 × 1026

Aged 2.6 6.67 2:8 × 1013 2:3 × 1023 2:7 × 1026

Fig. 3. The effect of aging on the crystallization half-lives.



However, the Avrami exponent,n was not observed to
change and within the experimental error was 2:6^ 0:2;
consistent with the growth and impingement of heteroge-
neously nucleated spherulites, for whichn� 3:0.

Since there was no change in crystallization mechanism, the
observed increase in rate on aging can only be attributed to an
increase in nucleation density or spherulitic growth rate.

Samples which had been aged at 40, 50, 60 and 708C for
different periods of time were also heated at 108C min21

through the glass transition until they crystallized. The
changes that occurred, as measured by DSC, can be seen
in Fig. 4. An endothermic process, attributed to enthalpic
relaxation, is seen superimposed on the glass transition
followed by an exotherm due to crystallization. With
increasing aging there was a slight shift in the observed
endotherms to lower temperature but this was only apparent
with a high extents of aging. The temperature corresponding
to the maximum rate of crystallization shows the shift and
although it was consistent with the crystallization rate
increasing with increasing extent of aging the trend is not
as marked as in the isothermal crystallization studies, when
a heating rate of 1608C min21 was used.

Samples, aged at 408C for less than 96 h, exhibited a pre-
transition endotherm, as can be seen in Fig. 4a, and the
subsequent maximum rate of crystallization showed little
or no change with aging. Similarly samples aged at 50
and 608C for short times did not show any increase in the
rate of crystallization over that of quenched material. The
difference between isothermal and dynamic rate studies is
the heating rate betweenTa andTc, i.e. 160 and 108C min21,
respectively, and the slower rate of heating enabled the
aging process to be reversed. Nevertheless, aging at higher
temperatures and to a high degree of conversion appeared to
increase the rate of dynamic crystallization.

3.3. The effect of physical aging on the glass transition
temperature

According to Richardson [31] the properties of a glass are
not uniquely determined by temperature and pressure but
are influenced by history and so theTg changes during aging.
Using the procedure adopted by Richardson and Savill [32]
theTg values during aging were measured. TheTg of amor-
phous PET was found to be 748C, and it decreased with
extent of aging, see Fig. 5, depending on temperature and
time. At the highest aging temperature, 708C, aging
proceeded rapidly and theTg shifted to the aging tempera-
ture, Ta, as equilibrium was achieved. At the lowest aging
temperature, 408C, Tg decreased so slowly that it never
reached close to the value ofTa. The overall trend was for
Tg to decrease with aging time but the extent of the decrease
increased with the under-cooling fromTg.

3.4. The effect of aging on nucleation density

Crystalline PET samples were viewed by SEM after etch-
ing. This revealed the underlying spherulitic texture of the
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Fig. 4. The effect of aging on the dynamic crystallization of PET.



specimens, see Fig. 6. In order to determine the effect of
aging, identical heating and cooling profiles were adopted
for the aged and quenched specimens and the samples were
crystallized under same conditions. The average size of the
spherulites was much smaller in the aged specimens as well
as being dependent on the crystallization temperature, see
Fig. 6. Aged samples formed more spherulites than the

quenched samples, by a factor of 3, in agreement with the
increase of crystallization rate on aging. Since the compo-
site rate constant,z, incorporates nucleation density and
growth rate, the change in nucleation density alone is suffi-
cient to account for the increase in overall crystallization
rate, see Table 2. It would appear that the crystal growth is
also unaltered by aging.
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Fig. 5. The decrease of the glass transition temperature with aging.

Fig. 6. Electron micrographs of etched crystalline PET samples.



Hot-stage polarized-light microscopy was used to study
nucleation and growth characteristics of the aged speci-
mens. The thin film specimens were aged and heated to
the crystallization temperature at 908C min21. The progress
of the crystallization was followed and recorded by video
but it was not possible to determine the size of spherulite
quantitatively. There were too many spherulites to resolve
due to the limited depth of focus. However, using image
analyses, the fractional crystallinity was determined from
the relative amount of birefringence developed. As can be
seen from Table 3 the initial onset of crystallization devel-
oped faster in aged than quenched material but both samples
achieved the same final fractional crystallinity. Again aging
accelerated the development of crystallization, but it did not
change the final degree of crystallinity.

Aging has been shown to be reversed on heating to
temperatures above the aging temperature, but lower than
Tg—a process of de-aging. If aging increase the crystalliza-

tion rate then de-aging should reverse the effect. The effect
of heating aged samples at 58C above their aging tempera-
ture for different periods on the subsequent crystallization
rate at 1188C can be seen in Fig. 7. Initially the half-lives
increased with time up to a maximum and then decreased
again. The crystallization half-lives, however, at the maxi-
mum did not returned to that of the quenched sample. Aging
was not completely removed by this treatment. The initial
increase in half-lives was attributed to a limited extent of de-
aging, followed at a later stage by a second re-aging process
occurring at this higher temperature. The subsequent crys-
tallization rates reflected the residual degree of aging within
the sample.

DETA was used to monitor the development of aging in
PET from the change in dielectric constant,e 0, with time at
55 and 608C. The reduction in dielectric constant with time
occurred over the same time scale as aging as measured by
DSC, see Fig. 8. However, on heating the sample by 5 and
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Table 3
Time dependence of the fractional crystallinity in unaged and aged PET specimens by image analysis

Crystallization
temperature (8C)

Crystallization
time (min)

Crystalline area fraction (%)

Un-aged Aged at 408C for
4 days

Aged at 608C for
4 days

130 5 13:3^ 0:7 14:0^ 1:0 15:0^ 1:0
15 21:3^ 2:3 24:6^ 1:4 24:8^ 2:0
25 25:0^ 1:0 25:0^ 2:0 25:7^ 1:7

140 4 10:3^ 0:7 19:0^ 1:0
10 16:3^ 1:3 24:7^ 2:7 24:2^ 1:2
25 27:3^ 1:7 27:3^ 1:7 27:3^ 2:7

150 4 15:3^ 1:7 24:0^ 2:0 23:7^ 1:7
6 18:8^ 2:2 26:3^ 1:7 26:7^ 2:3

15 29:6^ 1:4 29:3^ 1:7

160 2 18:7^ 1:7 23:3^ 0:7 25:6^ 2:6
4 21:7^ 2:3 25:6^ 1:6 27:7^ 2:7

15 28:3^ 1:7 29:6^ 0:4 29:3^ 1:3

Fig. 7. The change in crystallization half-life on de-aging.



108C, an increase in dielectric constant was observed,
followed by a slow decrease at longer times to values simi-
lar to those observed in the previously aged specimen. The
initial rise in dielectric constant on heating was to slow to be
attributed to the temperature rise and was due to the de-
aging of the sample. It was subsequently followed by a
decrease in dielectric constant at the higher temperature
analogous to a re-aging process at the higher temperature.
The crystallization rates studies followed the same trend
with time. It was apparent that aging was not completely
eliminated and the crystallization half-lives did not return to
the original value of the quenched sample (i.e. 809 s at the
1188C) and similarly, the dielectric constant,e 0, did not
return to the initial value of the quenched sample. Never-
theless, the rate of crystallization is closely related to the
extent of aging in the specimen.

4. Discussion

As described above, physical aging results in a decrease
of the glass transition temperature by the relaxation of the
chain toward equilibrium conformations but the time
required to achieve equilibrium is long and dependent on
the under-cooling fromTg. The reverse process of enthalpic
relaxation equally is kinetic in nature, does not occur instan-
taneously but time is required for equilibrium to be to
attained. This is apparent in DSC measurements with displa-
cements of the observed glass transition temperature to
higher values with extent of aging. Some memory of sample
history is retained on heating into the liquid and the fictive
temperature will be lower than sample temperature. The
increased rates of crystallization in previously aged speci-
mens we attribute to some retention of a memory of the
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Fig. 8. The change in dielectric constant of PET on aging atTa and de-aging atT2.

Fig. 9. Rates of crystallization against temperature for PET.



glassy state. The increase in rates is too small to be attrib-
uted to the overall decreased inTg. Samples aged at 608C for
96 h have a decrease inTg of up to 138C and at 408C of up to
6.58C. However, the rates of crystallization can be super-
imposed on those of the quenched unaged specimen by a
shift of the temperature by about 2.5 and 1.58C, see Fig. 9.
These results are also in agreement with the de-aging
experiment that suggest that thermal history is largely
destroyed during heating fromTa to Tc, but the extent to
which it is removed will be determined by the rate of heat-
ing. The effect is greater in aged sample on heating to the
crystallization temperature at 160 rather than 108C min21

because less time is available for the liquid to achieve equi-
librium.

The direct effect of changing theTg on the rate of crystal
growth rate,g, was first described by Turbull-Fisher [33] but
later extended to polymer crystal growth rates by Hoffman–
Lauritzen [34]. The crystal growth rate,g, close toTg is
related to the crystallization temperature,T, andTg, by

g� g0 exp�2DE=R �T 2 �Tg 2 30��� �5�

where R is the gas constant,g0 a function of temperature, but
independent ofTg, and DE is the activation energy of
viscous flow, normally taken to be 6.28 kJ g21. The crystal
growth rate,g, was observed to be independent of the extent
of aging, see Table 2, and the nucleation density alone is
responsible for the increased rate of crystallization.

Nucleation in PET is heterogeneous and the density of
nuclei produced during crystallization increases with
decreasing crystallization temperature, following an appar-
ent exponential decay, see Fig. 10. This is the reverse
temperature dependence to Eq. (5), in that the nucleation
density would fall to zero asT approachesTg-30. Nucleation
on heterogeneities occurs on a range of different size
particles or structural irregularities, and the progressively
smaller ones become effective nuclei with increasing

super-cooling from the melting point. There is a threefold
increase in nucleation density on aging at 608C and nuclea-
tion density exhibits a similar increase with decreasing
temperature to that observed in the quenched material. To
all intent and purpose aged material has nucleation densities
more appropriate to crystallizing at lower temperatures and
indeed the increased densities are consistent with nucleation
having occurred in the quenched glass at about 50–708C, i.e.
at the aging temperature. This can be seen in Fig. 10 where
the nucleation densities of the aged specimens have been
laterally transposed on to the extrapolated temperature
dependence of the quenched samples by using aging rather
crystallization temperature.

It would appear that aging increases the number on crys-
tallization nuclei in PET. Since the rate of crystallization
increases with extent of aging, during all the aging and de-
aging experiments, the number of nuclei must increase with
extent of aging. The question remains as to whether these
nuclei grow in size as well as number. Using SYNCHRO-
TRON radiation LAXS studies were carried on PET
samples that were both quenched and aged at 608C to
close to equilibrium. The collection channels used were
capable of resolving structures from 20 to 150 A˚ . The scat-
tering envelopes from both materials were identical and no
differences were detected. It was not possible to detect any
structural changes occurring during aging by this means.

5. Conclusion

Physical aging increases the rates of cold crystallization
of PET not by decreasing the fictive temperature of the
glass, as the crystal growth rate does not change but by
increasing the nucleation density. Complete de-aging elim-
inates the effect and heating the aged glass at different heat-
ing rates alters the residual amount of aging and changes the
subsequent crystallization rate. In the faster rates of heating
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Fig. 10. The change of nucleation density with temperature.



there is insufficient time for the melt to attain equilibrium
before the onset of crystallization. The non-equilibrium
liquid then retains a memory of aging.

No evidence has been obtained from LAXS to suggest
that ordered domains are present in the aged material that
can act as crystal nuclei. Instead there is evidence that the
changes in molecular structure which accompanies aging is
reversed on heating. Certain of these structures can act as
nuclei during subsequent crystallization but being thermally
labile the extent to which they persist at the crystallization
temperature, and act as nuclei, is dependent on thermal
history. Consequently the subsequent crystallization rates
of PET are dependent on sample history.
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