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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 temperaiyrend 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 Ty wasabserved to
reduce the extent of physical aging and the increase in the rates of crystallization closely followed the residual extent ©f2agiag.

Elsevier Science Ltd. All rights reserved.
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1. Introduction of the molecular chains and the production of a more
uniform segment density. Yeh and Geil [9] observed the
Volume relaxation studies [1-3] have revealed that on formation of these ordered domains using transmission elec-
cooling a liquid, without the onset of crystallization, to a tron microscopy. These domains had a nodular structure of
temperature below the glass transition temperatlgkeit(is about 75 Ain diameter. However, Lowe [10] reported that
no longer in thermal equilibrium with temperature and pres- these nodular structures were an artifact of electron beam
sure. However, as the mobility of the chain segments is not damage of the specimen. Vittoria et al. [11,12] also
zero, equilibrium will be achieved at a rate that is dependent described the existence of ordered domains within glasses,
on the storage temperature. This relaxation process has beewhich formed during aging and grew with aging time.
called physical aging and as it is accompanied by a change In explaining the change in thermodynamic functions
in material and mechanical properties [4—6], it is of consid- such as enthalpy, free volume towards equilibrium on
erable commercial importance. aging, Kovacs et al. [13—15] suggested some form of struc-
There has been some argument as to whether theseural rearrangements may happen within the glass. Recently,
changes due to physical aging can persist adigwend for Mcgonigle et al. [16] reported that physical aging altered the
example change the rates and mechanism of crystallization.rates of cold crystallization of PET and they invoked two
Harget and Siegmann [7] using small-angle X-ray scattering competitive mechanism to explain these effect—one of
(SAXS) to detect structural changes in PET on aging found molecular ordering and the other of reduced chain segmen-
that the crystallites produced on subsequent heating weretal mobility on physical aging. Accordingly, short-term
more densely packed and the crystallization developed moreaging accelerated the subsequent crystallization, while
rapidly in aged PET specimens than unaged ones. Resultdong-term aging retarded it.
from both WAXS and LAXS indicated that aging amor- Ito et al. [17] observed that changes occurred in the IR
phous PET increased the structural order of the glass. Ahar-spectrum of PET on aging, and they attributed these to
oni [8] interpreted this ordering to an increase in the packing changes in chain conformation. Qian et al. [18] explained
the conformational change on aging to a type of inter-chain
"+ Corresponding author. Tel.#+ 44-121-414-4544; fax-+ 44-121-414- cohesion with local pa_rallel alignment of _neighboring chain
5232 segments. They considered that cohesional entanglements
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Fig. 1. The evolution of physical aging with time.

produced were the precursor to nucleation and increasedl.5 mm thick, were cut from the dried sheet and sealed in
rate of crystallization. A similar study has been made by aluminum pans for DSC measurements. They were melted
Hay et al. [19] and the changes in conformation of the at 280C for 3 min and rapidly quenched in liquid nitrogen
methylene sequence on aging were attributed to thatto produce amorphous samples. Rectangular SEM speci-
which occurred normally in the liquid state on cooling and mens, 6x 6 x 0.8 mnt were cut from amorphous plaques,
that they were not on account of the development of ordered moulded at 298C and 20 MN m pressure for 3 min in a
domains. hydraulic press and quenched in ice/water. The same proce-
The conformational and structural changes that occur dure was used to prepare 40—6f thick films for use in a
during the aging of amorphous glasses still remain a subjectpolarized light microscopy and DETA. These specimens
of speculation and controversy. were amorphous as measured by density and to WAXS.
De-aging appears to be an alternative method of resolving A Perkin—Elmer differential scanning calorimeter, model
some of this controversy. This phenomenon is considered toDSC-2, interfaced to a PC, was used to measure the thermal
be the reverse of aging and has been widely discussed byproperties of PET. The temperature of the calorimeter was
Kovacs et al. [20], Wright [21], Struik [4] and Behrens and calibrated from the m. pt. of zone-refined stearic acid and
Hodge [22]. It is generally considered that physical aging is 99.999% indium. The thermal response of the calorimeter
thermally reversible such that heating to higher tempera- was calibrated from the enthalpy of fusion of indium.
tures destroys the aging that developed at the lower Isothermal experiments were carried out in DSC by heating
temperature. The rate of reversal of the aging appears tothe samples at 16G min~* from the storage temperature to
be related to the temperature increase and the temperatura predetermined crystallization temperaturg, Measure-
to which the sample is heated. Generally de-aging occursment of the rate of heat evolved was continued until crystal-
rapidly but below the glass transition is accompanied by the lization was complete. Dynamic scans were carried out by
sample re-aging at this increased temperature. heating from room temperature to 280at 10C min~. Al
The paper aims to confirm that the extent of physical DSC experiments were repeated with fresh samples to check
aging and subsequent de-aging have an effect on the rateeproducibility.
of crystallization of PET abov&,. Attention has also been A dielectric thermal analyzer, DETA, from Polymer
paid to the nucleation density on crystallization and whether Laboratories Ltd, was used to characterize the extent of
it is altered by aging as this would imply the formation of physical aging in the PET samples. The DETA was
ordered domains that persist in the liquid up to the crystal- equipped with parallel electrodes placed in a thermostat
lization temperature. furnace and used to follow the change in dielectric constant,
¢’ with applied frequency, time and temperature. To ensure
good electrical contact between the electrodes and speci-
2. Experimental mens, both sides of the specimens were sputtered with a
thin layer of gold using an Emitech Coater, model K550.
Commercial PET was supplied by ICI Ltd in sheet form. The morphology of the PET specimens were examined by
Its viscosity average molecular weight was16 kg malnd scanning electron microscopy, Model Jeol 5410. Potassium
polydispersity 2.2. PET was dried in vacuum at XD@or hydroxide/methanol solution was used to etch the surface
12 h before use. Disc specimens, 3.0 mm in diameter andand reveal the spherulites. By controlling the concentration
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Fig. 2. The change in enthalpy of the glass with time at various aging temperatures.

of etchant and etching time, amorphous region was selec-endotherms were measured by subtracting the thermal
tively removed; and the crystalline regions exposed on the response of the quenched glass from that of the aged
surface of the specimen. The specimens were coated withsamples between two fixed temperatures as suggested by
gold and a silver paint adhesive was used to make electricalSavill and Richardson [23]. As aging developed, the
contact with a metal holder. This reduced charging-up endothermic peak increased in size and shifted to higher
effects on exposure of the specimens to the electron beam.temperatures.

Direct observations of the development of crystaline  The enthalpy change\H, at timet, was related to the
regions were made using a polarized light microscope extent of relaxationg,, by Cowie and Ferguson'’s relation-
(Leitz Dialux Pol.) with a Linkam hot stage (TH600) and ship [24], i.e.
temperature controller (PR600). The heating rate from .
ambient to the crystallization temperature was AH = AHw (1~ ¢y) @
90°C min~*. Image analyses were carried out with a Leica whereAH,, is the enthalpy change at equilibrium.
Quantimet 500 and a Nikon light microscope on the spheru-  The Kohlrausch—Williams—Watts [25—-26] equation was
litic size distribution. Aging of the specimens was carried used to relateb, to time,t,
out in ovens controlled tac0.1°C.

b = exp(—(t/n)’) @)

7 is the average relaxation time, apdis a measure of the
3. Results width of the underlying relaxation spectrum of the aging

) ] process. The combined equation,
3.1. Development of physical aging
AH, = AH,(1 — exp(—(t/7)P)) 3
D_SC was usedto measure the exte.nt of relaxation towardsShOWS the development &, with time, see Fig. 2. A non-
equilibrium as a function of storage time from the progres-

sive increase in the endothermic peak on heating agedllnear least-square fitting procedure was used to determine

samples through the glass transition. Fig. 1 shows the deveI-AH‘”; 7 B and the haIf-hfg of the relaxation prpces§,2.
X . L The values are tabulated in Table 1 and best fit curves are
opment of physical aging with time for a sample aged at

60°C. Similar results were obtained at 40, 50 an8C.0rhe shown with the_ experlmental resuIt; In Fig. 2. T_he halff“fe
of the relaxation,ty;,, increased with decreasing aging

Table 1 temperature, and appeared to follow an Arrhenius relation-

Parameters for enthalpy relaxation of PET in physical aging ship with an activation enthalpy of 470 20 kJ mol . This
is in good agreement with a previously reported value [27].

Parameters Temperatur€j

40 50 60 70 3.2. The effect of physical aging on isothermal

crystallization rates

AH., (3 g 18.0 13.6 5.9 3.1

7 (min) 10x10°  50x10°  45x10° 71 PET specimens aged at 40 and®dor different periods

B 0.21 0.31 0.32 0.39 ; ;

s (min) 175107 LEx10°  Laox 1G? >7 of time were subsequently crystallized at 110, 115 and@20

In DSC thermograms, the maximum rates of crystallization
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Table 2
The Avrami rate parameters
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Temperature, Avrami indexn Half-life ty, Nucleation densityN Rate Constant Linear growth ratey
T, (°C) (x0.2) (min) (Nuclei/nr) (min~%) (m/min)
110 Un-aged 2.6 38.4 Ax 108 1.2x10°° 6.4x1077
Aged 2.7 28.0 2x 108 31x10° 6.2x1077
115 Un-aged 25 19.9 Bx 1012 88x10°° 1.3x10°°
Aged 2.7 13.2 Dx 10" 30x10* 13%x10°°
120 Un-aged 25 9.93 Bx 1012 7.0x107* 26x10°°
Aged 2.6 6.67 Bx 10 2.3x10°° 2.7x10°°

shifted to shorter times with increasing aging time and aging Relating the fractional crystallinityX;, to time,t, a compo-

temperature. Samples aged at®With small under cooling

site rate constang, and the Avrami exponent, The value

from theT,, appeared to be affected more than samples agedof n is characteristic of the crystallization mechanism [30]
at 40C but the changes were consistent with the extent of and Z includes both nucleation density and growth rate

aging which had developed within the specimens.

the Avrami [28,29] equation such that,

1— X = exp(—Zt"

Half-life ( min. )

Half-life ( min.)

45

)

constants. The rate parameters for aged and quenched
The isothermal crystallization rates were analyzed using 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-
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Fig. 3. The effect of aging on the crystallization half-lives.

ture. Aging clearly leads to faster crystallization rates.
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Fig. 4. The effect of aging on the dynamic crystallization of PET.
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However, the Avrami exponenty was not observed to
change and within the experimental error waé 2 0.2,
consistent with the growth and impingement of heteroge-
neously nucleated spherulites, for whieh= 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 afi@ 7@
different periods of time were also heated af@®nin*
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 16€ min~* was used.

Samples, aged at 20 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 60C 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 betwed@pandT,, i.e. 160 and 1TC min™?,
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 thgchanges during aging.
Using the procedure adopted by Richardson and Savill [32]
the T, values during aging were measured. Tiyef amor-
phous PET was found to be @, and it decreased with
extent of aging, see Fig. 5, depending on temperature and
time. At the highest aging temperature, °C0 aging
proceeded rapidly and thE, shifted to the aging tempera-
ture, T,, as equilibrium was achieved. At the lowest aging
temperature, 4C, T, decreased so slowly that it never
reached close to the value ®f The overall trend was for
T, to decrease with aging time but the extent of the decrease
increased with the under-cooling froiy.

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. 5. The decrease of the glass transition temperature with aging.

specimens, see Fig. 6. In order to determine the effect of quenched samples, by a factor of 3, in agreement with the
aging, identical heating and cooling profiles were adopted increase of crystallization rate on aging. Since the compo-
for the aged and quenched specimens and the samples wersite rate constantz, incorporates nucleation density and
crystallized under same conditions. The average size of thegrowth rate, the change in nucleation density alone is sulffi-
spherulites was much smaller in the aged specimens as welkient to account for the increase in overall crystallization
as being dependent on the crystallization temperature, segate, see Table 2. It would appear that the crystal growth is
Fig. 6. Aged samples formed more spherulites than the also unaltered by aging.

Fig. 6. Electron micrographs of etched crystalline PET samples.
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Table 3
Time dependence of the fractional crystallinity in unaged and aged PET specimens by image analysis
Crystallization Crystallization Crystalline area fraction (%)
temperature°C) time (min)
Un-aged Aged at 4C for Aged at 60C for
4 days 4 days
130 5 133+ 0.7 140+ 10 150+ 1.0
15 213+23 246+ 14 248 £ 2.0
25 250+ 1.0 250+ 20 257+ 17
140 4 103+ 0.7 190+ 1.0
10 163+ 13 247 £ 2.7 242+ 12
25 27317 273+ 17 273+ 27
150 4 153+ 17 240+ 20 237+ 17
6 188+ 22 263+ 17 267 £ 23
15 296+ 1.4 293+ 17
160 2 187+ 1.7 233+ 0.7 256 + 2.6
4 217+ 23 256+ 1.6 277 £ 27
15 283+ 17 296 = 04 293+ 13

Hot-stage polarized-light microscopy was used to study tion rate then de-aging should reverse the effect. The effect
nucleation and growth characteristics of the aged speci- of heating aged samples dtGabove their aging tempera-
mens. The thin film specimens were aged and heated toture for different periods on the subsequent crystallization
the crystallization temperature at®@min . The progress  rate at 118C can be seen in Fig. 7. Initially the half-lives
of the crystallization was followed and recorded by video increased with time up to a maximum and then decreased
but it was not possible to determine the size of spherulite again. The crystallization half-lives, however, at the maxi-
guantitatively. There were too many spherulites to resolve mum did not returned to that of the quenched sample. Aging
due to the limited depth of focus. However, using image was not completely removed by this treatment. The initial
analyses, the fractional crystallinity was determined from increase in half-lives was attributed to a limited extent of de-
the relative amount of birefringence developed. As can be aging, followed at a later stage by a second re-aging process
seen from Table 3 the initial onset of crystallization devel- occurring at this higher temperature. The subsequent crys-
oped faster in aged than quenched material but both samplesallization rates reflected the residual degree of aging within
achieved the same final fractional crystallinity. Again aging the sample.
accelerated the development of crystallization, butit did not DETA was used to monitor the development of aging in
change the final degree of crystallinity. PET from the change in dielectric constaft, with time at

Aging has been shown to be reversed on heating to 55 and 60C. The reduction in dielectric constant with time
temperatures above the aging temperature, but lower thanoccurred over the same time scale as aging as measured by
Ty—a process of de-aging. If aging increase the crystalliza- DSC, see Fig. 8. However, on heating the sample by 5 and

760 T T T A T T T M T T T T

740 ] — ]
720] o o \ ]
700 4 / \] . ]
680 43— T ———
660 4
640
620 ]
600 ]
580 ]
560 ]
540 ]
520 ,.0"\
500 T ]

T T T T T T T T 1 T T T T

0 10 20 30 40 50 60 70 80
Deaging time (min.)

Half-life (sec)

Fig. 7. The change in crystallization half-life on de-aging.
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Fig. 8. The change in dielectric constant of PET on aging,and de-aging af,.

10°C, an increase in dielectric constant was observed, 4. Discussion

followed by a slow decrease at longer times to values simi-

lar to those observed in the previously aged specimen. The As described above, physical aging results in a decrease
initial rise in dielectric constant on heating was to slow to be of the glass transition temperature by the relaxation of the
attributed to the temperature rise and was due to the de-chain toward equilibrium conformations but the time
aging of the sample. It was subsequently followed by a required to achieve equilibrium is long and dependent on
decrease in dielectric constant at the higher temperaturethe under-cooling fronT;. The reverse process of enthalpic
analogous to a re-aging process at the higher temperaturerelaxation equally is kinetic in nature, does not occur instan-
The crystallization rates studies followed the same trend taneously but time is required for equilibrium to be to
with time. It was apparent that aging was not completely attained. This is apparent in DSC measurements with displa-
eliminated and the crystallization half-lives did not returnto cements of the observed glass transition temperature to
the original value of the quenched sample (i.e. 809 s at the higher values with extent of aging. Some memory of sample
118C) and similarly, the dielectric constarg,, did not history is retained on heating into the liquid and the fictive
return to the initial value of the quenched sample. Never- temperature will be lower than sample temperature. The
theless, the rate of crystallization is closely related to the increased rates of crystallization in previously aged speci-
extent of aging in the specimen. mens we attribute to some retention of a memory of the

26
24 |
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20 |
18 |
16 |
14

Reciprocal of half-life x104 (s™)

108 110 112 114 116 118 120 122
Crystallization temperature ( °C)

Fig. 9. Rates of crystallization against temperature for PET.
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glassy state. The increase in rates is too small to be attrib-super-cooling from the melting point. There is a threefold
uted to the overall decreasedlip Samples aged at 80D for increase in nucleation density on aging at®&@nd nuclea-

96 h have a decreaseTgof up to 13C and at 40C of up to tion density exhibits a similar increase with decreasing
6.5°C. However, the rates of crystallization can be super- temperature to that observed in the quenched material. To
imposed on those of the quenched unaged specimen by all intent and purpose aged material has nucleation densities
shift of the temperature by about 2.5 and°Cpsee Fig. 9. more appropriate to crystallizing at lower temperatures and
These results are also in agreement with the de-agingindeed the increased densities are consistent with nucleation
experiment that suggest that thermal history is largely having occurred in the quenched glass at about 505, 1.
destroyed during heating from, to T, but the extent to at the aging temperature. This can be seen in Fig. 10 where
which it is removed will be determined by the rate of heat- the nucleation densities of the aged specimens have been
ing. The effect is greater in aged sample on heating to thelaterally transposed on to the extrapolated temperature

crystallization temperature at 160 rather thaiCl@nin™* dependence of the quenched samples by using aging rather
because less time is available for the liquid to achieve equi- crystallization temperature.
librium. It would appear that aging increases the number on crys-

The direct effect of changing thg, on the rate of crystal tallization nuclei in PET. Since the rate of crystallization
growth rateg, was first described by Turbull-Fisher [33] but increases with extent of aging, during all the aging and de-
later extended to polymer crystal growth rates by Hoffman— aging experiments, the number of nuclei must increase with

Lauritzen [34]. The crystal growth ratg, close toTj is extent of aging. The question remains as to whether these

related to the crystallization temperatuiig,andT,, by nuclei grow in size as well as number. Using SYNCHRO-
TRON radiation LAXS studies were carried on PET

g=g exp—AE/R(T — [Ty — 30D) ©) samples that were both quenched and aged &t 60

close to equilibrium. The collection channels used were
where R is the gas constagt,a function of temperature, but  capable of resolving structures from 20 to 150The scat-
independent ofT,, and AE is the activation energy of tering envelopes from both materials were identical and no
viscous flow, normally taken to be 6.28 kd'g The crystal differences were detected. It was not possible to detect any
growth rateg, was observed to be independent of the extent structural changes occurring during aging by this means.
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 5. Conclusion

nuclei produced during crystallization increases with
decreasing crystallization temperature, following an appar- Physical aging increases the rates of cold crystallization
ent exponential decay, see Fig. 10. This is the reverseof PET not by decreasing the fictive temperature of the
temperature dependence to Eq. (5), in that the nucleationglass, as the crystal growth rate does not change but by
density would fall to zero a$ approache3,-30. Nucleation increasing the nucleation density. Complete de-aging elim-
on heterogeneities occurs on a range of different size inates the effect and heating the aged glass at different heat-
particles or structural irregularities, and the progressively ing rates alters the residual amount of aging and changes the
smaller ones become effective nuclei with increasing subsequent crystallization rate. In the faster rates of heating
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[6] Kemish DJ, Hay JN. Polymer 1985;26:905.
[7] Harget PJ, Siegmann A. J Appl Phys 1972;43:4357.

there is insufficient time for the melt to attain equilibrium

before the onset of crystallization. The non-equilibrium [5] Aheroni SM. 3 Appl Poly S0 1973:17-1507

|IC1UId the_” retains a memory Of, aging. [9] Yeh GSY, Geil Ppk‘i). J M)altcromol Séi Phys 1968;2:13.

No evidence has been obtained from LAXS to suggest [10] Lowe A. PhD thesis, University of Liverpool, 1977.

that ordered domains are present in the aged material thaff11] vittoria V, Petrillo E, Russo R. J Polym Sci -Phys B 1996;35:147.

can act as crystal nuclei. Instead there is evidence that the[12] Bove L, D’Amello CD, Gorrasi G, Guadagno L, Vittoria V. Polym

changes in molecular structure which accompanies aging is _ Bull 1997:38:579.

reversed on heating. Certain of these structures can act a:%ls] Hutchinson JM, Aklonis J, Kovacs AJ. ACS Polym Prepr 1975;16:94.
) . o . 14] Hutchinson JM, Kovacs AJ. J Polym Sci, Polym Phys Ed

nuclei during subsequent crystallization but being thermally 1976:14:1575.

labile the extent to which they persist at the crystallization [15] Kovacs AJ, Aklonis JM, Hutchinson JM, Ramos AR. J Polym Sci,

temperature, and act as nuclei, is dependent on thermal Polym Phys Ed 1979;17:1079.

history. Consequently the subsequent crystallization rates[16] McGonigle E-A, Daly JH, Gallagher S, Jenkins SD, Liggat JJ, Olsson

of PET are dependent on sample history.
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