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Enthalpy relaxations during physical ageing have been examined for two amorphous poly(ethylene 
terephthalate) (PET) samples with different thermo-mechanical glass-forming histories by differential 
scanning calorimetry. The relaxation behaviour of the PET glass formed by casting the drawn melts on a 
metal roller at 10°C can be explained from a molecular viewpoint, assuming that the glass consists of a 
network structure with strand chains and crosslinks. It is shown that the physical ageing of the glass gives 
rise to three different modes of structural rearrangement: (i) strand chain relaxation with relatively short 
relaxation times, associated with local segmental rearrangements within the strand chains; (ii) enthalpy 
redistribution, which forms the non-homogeneous dissipative structures of lower- and higher-enthalpy 
regions; and (iii) network rearrangements taking place slowly with long-distance, diffusive motions of the 
crosslinks. On the other hand, it is also shown that a single mode of structural rearrangement occurs for the 
ultraquenched PET glass formed by quenching directly into liquid nitrogen. 
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INTRODUCTION 

When a polymer glass is aged below its glass transition 
temperature (Tg), the glassy structure is gradually re- 
organized towards an equilibrium state by eliminating 
some of the excess enthalpy. Such an enthalpy relaxation 
is combined with conformational transitions from one 
rotational isomeric state to another in the polymer 
backbone 1'2 and further requires large-scale conforma- 
tional changes on the molecular level. 

The relaxation gradually proceeds in the glassy state 
because the chain arrangements are strongly restricted 
by some intra- and inter-chain couplings of the neigh- 
bouring chain units (segments) 3. The intra-chain coupling 
results from chemical bonding in a chain, while the 
inter-chain coupling results from inter-chain interactions 
between neighbouring segments. From the nature of 
cooperative couplings in the glassy state, the kinetics of 
thermodynamic quantities such as enthalpy and specific 
volume is strongly dependent on the instantaneous 
structure of glassy polymers. 

The kinetics of physical ageing that occurs in glassy 
polymers has been extensively investigated experi- 
mentally ~9 and theoretically 1°-x3 recently. Ngai et  

al. ~ 8  have viewed the relaxation kinetics as the result 
of cooperative rearrangements of small parts of polymer 
chains. Further, some approaches using molecular models 
have been made for analysing the cooperative motions 
of amorphous glassy chains. Adachi 19 has developed a 
coupling model in which a segment of polymer chain 
rotates synchronously like gears together with the neigh- 
bouring segments. Takeuchi and R o e  z°'2~ have shown 
by means of molecular dynamics simulations that the 
configurational transitions in the polyethylene model are 

highly cooperative among the segments neighbouring the 
chain in the temperature region of T r Lindenmeyer 22-2'~ 
has analysed thermodynamically the relaxation process 
of glassy polymers and suggested that glass formation 
may occur by a dissipative process that results in 
inhomogeneous structures. However, the phenomena of 
relaxation in glassy polymers are not yet fully understood 
from the viewpoint of molecular kinetics. 

The structure of amorphous glassy polymers is very 
delicate and sometimes complicated, and strongly de- 
pendent on the histories of glass forming. There have 
been several reports 25-3~ on the formation of ordered 
structures in amorphous polymers during physical ageing~ 
while other reports 32-35 have shown that the amorphous 
structure is homogeneous, rather than non-homogeneous. 

If the relaxation kinetics leading to the formation of 
some ordered structures is operative during physical 
ageing, the thermodynamic quantities that are sensitive 
to such microstructures are expected to change charac- 
teristically with ageing period. Poly(ethylene terepthalate) 
(PET) is easy to obtain in different glassy states by 
selecting suitable preparation conditions. Therefore, PET 
appears to be a suitable material in which to study the 
effect of local chain organizations on the enthalpy 
relaxations of glassy polymers. 

In this work the enthalpy relaxation of PET glasses 
with different glass-forming histories has been studied 
with a view to elucidating the molecular process 
occurring during physical ageing. The PET glasses have 
shown their own individual ageing behaviour reflected 
in the position, magnitude and shape of the endothermic 
recovery peak of heat capacity (Cp) in differential 
scanning calorimetry (d.s.c.). From the analysis of these 
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ageing behaviours, some new information is derived on 
molecular kinetics occurring during physical ageing. 

EXPERIMENTAL 

Materials 
A commercial PET with a number-average molecular 

weight of about 18 000 was used. The PET polymer was 
dried under vacuum at 20°C for more than 1 month. A 
35 pm thick PET film placed between aluminium foils 
was moulded at 270°C for 2 min using a hydraulic press. 
PET samples cut directly from the moulded film were 
kept in a nitrogen-purged oven at 290°C for 5 min to erase 
the effect of the previous thermo-mechanical histories. 
The samples were then quenched directly in liquid 
nitrogen, and are designated as PET I glass. 

The second PET sample (designated PET II glass) was 
prepared using a screw extruder with T die. The ca. 
100#m thick films were extruded at 290°C and then 
quenched by casting the drawn melts from the T die on 
a rotating roller plate with chromium, which was located 
under the T die and had a surface temperature of 10°C. 

The PET I and II glasses were introduced into a 
thermostatic air oven maintained at the desired ageing 
temperature T~, for an ageing time t a between 0.1 and 
800 h. 

Measurernen ls 

The density of each unaged or aged sample was 
measured at 25°C using a density gradient tube with 
carbon tetrachloride and n-heptane. The crystallinity of 

all the samples was under 3.5%, estimated from density. 
Further, all the unaged and aged samples were amorphous 
by X-ray studies. 

A Perkin-Elmer differential scanning calorimeter 
(DSC type II) was used for the thermal measurements at 
different heating rates, and Cp curves were obtained for 
each PET sample after isothermal ageing below Tg. The 
samples weighed 5 mg. The enthalpy lost by the ageing 
was determined by measurements of the peak area 
enclosed by Cp curves and the line obtained by extra- 
polating to the transition region the baseline established 
at temperatures above Tg. 

RESULTS AND DISCUSSION 

The Cp curves are shown in Figure 1 for the PET II glass 
aged at 60 and 70°C for the indicated times. The glass 
aged at 60°C for 48h indicates heat-capacity (Cp) 
composite peaks with a shoulder. The two peaks grow in 
magnitude and position with ageing time t,, for ageing time 
above 48 h. Further, for the glasses aged at 70°C, a much 
broader two-peak curve appears at an early stage of 
physical ageing and changes its shape in somewhat 
irregular ways for ageing times between 2 and 166 h. 

Figure 2 shows the ageing behaviours of the PET I 
glass aged at 60°C as a reference sample for the PET II 
glass. It can be seen that the single endothermic peak 
grows in magnitude and moves to higher temperatures 
with increasing t,. These behaviours are well established 
features of physical ageing for glassy polymers, as 
observed by others a6-41. 
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F i g u r e  1 D.s.c. curves of the PET II glasses aged at T~ = 60°C (a) and 70°C (b) for the indicated ageing times (h). Heating rate of 5°C m i n -  1 
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Figure 2 D.s.c. curves of the PET I glass aged at T~ = 60°C for the 
indicated ageing times (h). D.s.c. measurements  were made under the 
same conditions as Figure 1 
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Figure 3 Peak temperature versus ageing time ta for the PET ! (O) 
and II (O) glasses aged at T~ = 60°C 

The ageing-time dependences of the maximum position 
of endothermic Cp peak (taken as Tin,.) are shown in 
Figure 3 for the ageing temperature of 60°C. The peaks 
appearing at lower and higher temperature for the PET 
II glass are designated Tm.,(U) and Tm.,(L), respectively. 
Tm~dU) increasees sigmoidally with log t~ in the same way 
as Tin,. for the PET I glass. On the contrary, Tma.(L) 
decreases at an early stage of ageing time in which the 
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two peaks appear, and then increases through a minimum 
with t.. For ageing times greater than about 500 h, T,,.x 
for the PET I glass and Tmax(U) for the PET II glass are 
close to 84°C. 

From the appearance of two Cp peaks, it is suggested 
that different types of chain aggregates are formed in 
the amorphous matrix of the PET II glass at some 
degree of enthalpy relaxation. As previously mentioned, 
the PET II glass, prepared by gradually cooling the 
melt drawn mechanically from the T die in contact 
with the casting roller, experiences complicated thermo- 
mechanical histories, as compared with the ultraquenched 
PET II glass prepared by rapidly quenching from the 
isotropic static melt. Therefore, it is evident that the 
kinetics of enthalpy relaxations depends strongly on the 
glass-forming histories. 

The time dependence of enthalpy is described by a 
relaxation function #5(t,, T~) defined as: 

#5(ta, T.)=[H(t~, T~)--H(oo, Ta)]/[H(O, T.)-H(oo, T.)] (1) 

where H(t., T~) is the enthalpy of the glasses aged at the 
temperature T~ for a period of time t~; H(0, T,) is the 
enthalpy of the unaged glasses at T.; and H(oo, T.) is the 
equilibrium enthalpy at T~. Experimental values of 
[H(0, T~)-H(oo, T~)] were measured by determining the 
limiting value of d.s.c, energy absorption, obtained for a 
prolonged ageing time. The relaxation function #5 is 
obtained by using the value of H(ta, T~) determined from 
the Cp peak area, and also by approximating the value 
of H(oo, T.) as the values obtained at 700 and 160h for 
the ageing temperatures of 60 and 70°C, respectively. 

The ageing-time dependences of #5 are shown in 
Figure 4 for the aged PET I and II glasses; #5 decreases 
according to the following three modes for the PET II 
glass. Mode I appearing in the early stage of ageing is 
in a short-time regime where #5 decreases linearly with 
log ta. In this regime the function #5 of the PET II glass 
is linear in the same way as that of the PET I glass, 
although the slope of #5 for the PET II glass is slightly 
larger. Mode II is in the middle-time regime where #5 
becomes almost independent of log ta. Finally, mode III 
is in the longer-time regime where a secondary decrease 
of #5 occurs. It can be said that the chain rearrangements 
of glassy polymers occur in the second regime, accompany- 
ing enthalpy exchanges between chain segments, rather 
than with net enthalpy relaxations. The similar shape of #5 
curves is shown in Figure 4 for the PET II glasses aged 
at 60 and 70°C, and one curve can be almost superimposed 
on the other by a horizontal shift along the log t. axis. 
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Figure 4 Relaxation function ~ versus ageing time t= for the PET I 
(O) and II (O, D) glasses. Ageing temperatures are indicated in the 
figure, and Roman numerals represent the types of enthalpy relaxation 
mode 
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The rate of isothermal change of the function (9 is given 
approximately in terms of an effective relaxation time zeff 
by directly applying the phenomenological equation 
proposed by Kovacs42: 

d(9/dt. = -- (9/~'eff (2) 
The value of %ff can be calculated from the values of (9 
and t a by using the equation: 

%. = - t.(9/I-0.4343 d(9/d(log t.)] (3) 

From the thermo-rheological assumption that the 
distribution of relaxation times is independent of tem- 
perature, confirmed above by the time-temperature 
superposition of (9, the effective relaxation time %ff is 
given 43 by: 

"C©ff = A exp(Eh/R T) exp( - C(9) (4) 

where E h is the apparent activation energy and A and C 
are constants. 

The calculated values of log ~©ff are shown versus (9 in 
Figure 5. It is found that the value of log %u decreases 
linearly with (9 for the PET I glass, while the PET II 
glass shows a discontinuous jump of log %ff at nearly the 
same value of (9 for the different ageing temperatures. 
This discontinuous point for log %re corresponds to the 
transition of (9 from mode II to mode I. From the data 
of ~¢ff for the ageing temperatures of 60 and 70°C, the 
following values are obtained in the range of (9 = 0.35-1.0 
for the PET II glass using equation (4): 

A = 10- 3o E h = 55 kcal mol- 1 C = 3.3 (5) 

This value of E h is in reasonable agreement with that 
reported by others 37,43. Another method of obtaining the 
apparent activation energy was proposed by Moynihan 
et al. 44. They showed that the dependence of the 
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Figure 5 Effective relaxation time %ff v e r s u s  relaxation function gb for 
the PET I ( 0 )  and II (©, R)  glasses aged at the indicated temperatures 
for various ageing times. Roman numerals represent the types of 
enthalpy relaxation mode 
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Peak temperature versus q for the PET II glass aged at 60°C 

maximum position of endothermic Cp peak, Tm,x, on 
heating rate q is given to a high degree of approximation 
by: 

d ln lql/d Tm=x = E~/R T2~x (6) 

where Tm~ x is the temperature in the middle of the 
transition range. 

Figure 6 shows the values of Tm.x(U) and Tm~(L ) as a 
function of log q for the PET II glass aged at 60°C for 
450h. As expected from equation (6), the two plots of 
Tma~(U) and Tmax(L) are linear, and the value of Eh, 
determined from the slope, is 49 kcal mol-z and agrees 
well with the above value of 55kcalmo1-1 from the 
temperature dependence of %ff. 

A MODEL FOR RELAXATION 

Now, a model of chain networks is proposed to account 
for the above-mentioned relaxation phenomena of the 
PET II glass from molecular points of view. An essential 
structural feature of the model is the existence of a chain 
aggregate structure within the amorphous matrix of the 
unaged PET II glass. The existence of such a structure 
has been confirmed by Lee et al. 45, who have shown that 
aggregate nuclei consisting of a local alignment of 
neighbouring chains exist in the PET glass quenched at 
a relatively high temperature below Tg, while the 
ultraquenched PET glass quenched directly in liquid 
isopentane has no structure and no local order. 

In the chain-network model for the PET II glass, it is 
assumed that the local order aggregate existing uniformly 
in the amorphous matrix of polymer chains acts as 
crosslinks of the chain network. In Figure 7a, the strand 
chains and crosslinks are shown schematically as a 
structural element of the network. In this model, a strand 
(tie) chain between two crosslinks is loose just as a 
random coil chain in amorphous isotropic polymers, 
since the amorphous chains of the PET II glass are 
possibly in relaxed states though the glass is formed by 
quenching of the drawn melt. Therefore, the configura- 
tions and local environments of the strand chain are the 
same as those of free chain segments. Further, it is also 
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Figure 7 Microstructure models formed during isothermal ageing. 
Unaged glassy (a), homogeneous relaxed (b), two-phase dissipative (c) 
and equilibrium liquid-like (d) structures. Roman numerals represent 
the types of enthalpy relaxation mode 

assumed that the presence of free chains and chain ends 
(cilia) is negligible. 

In the isothermal ageing, the following three modes 
are proposed for the decay of the excess enthalpy stored 
by the segments of strand chains. The excess enthalpy of 
the chain segments is either (a) transformed into enthalpy, 
which flows to the inter-chain local environments of the 
neighbouring chains (designated by process I), or (b) 
stored by increasing the enthalpy of other neighbouring 
local segments along the strand chain (designated by 
process II). Further, the excess enthalpy stored as 
inter-chain potential energy is (c) converted into heat 
flowing to the environments of polymer samples, followed 
by inter-chain packing accompanying the arrangements 
of the centre of gravity of polymer chains within the 
matrix of polymer chains. In the polymer-chain systems, 
the enthalpy transfer along a polymer chain is more 
predominant than that between two separate chains 
because of weak inter-chain interactions, compared with 
the relatively strong intra-chain interaction of segment 
connectivity. Consequently, it is possible that the chain 
molecule is maintained at different energy levels from its 
neighbouring chains. 

It is suggested from the above results of Figures 2-4 
that the aged PET I glass is composed mainly of a single 
amorphous phase of free chains with no microstructure. 
Then, during the isothermal ageing, progressive relaxa- 
tions of the glassy structures occur towards its equi- 
librium chain conformation as defined by a given ageing 
temperature. Further, a homogeneous high packing of 
polymer chains is formed by a simultaneous operation 
of the processes I, II and III. That is to say, there is no 
necessity to assume some formations of order structures 
to account for the enthalpy relaxation phenomena. 

In the case of the PET II glass, the initial enthalpy 
relaxation of mode I, occurring for relatively short times 
of ageing, is governed by the local conformational 
rearrangements of strand chains, characterized by the 
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local environment of neighbouring chains. According to 
the above model, there are no substantial differences in 
the local chain environments between the PET I and II 
glasses. The chain aggregate formed in the aged PET II 
glass by mode I relaxations is shown schematically in 
Figure 7b. From the above-mentioned similarities of the 
local environments and configurations of strand chains, 
the relaxation function ~ and the effective relaxation time 
"Cef f of the PET II glass are nearly the same as those of 
the PET I glass in the early stage of ageing (Figures 3 
and 4). 

In the second stage of ageing, the relaxation mode II 
in which the excess enthalpy is redistributed in the 
network chains is governed mainly by process II. The 
long-distance configurational changes of strand chains 
are disturbed, and then hindered appreciably by the 
existence of crosslinks owing to the large differences in 
relaxation times between the strand chains and crosslinks 
of networks. Therefore, the chain arrangements proceed 
mainly within the strand chains with a constant distance 
between two crosslinks. As shown in Figure 7c, the 
structure (b) formed by the mode I process is transformed 
into the two-phase structure (c) by the mode II process, 
in which the lower-density regions of chain packing are 
produced by simultaneously forming higher-density 
regions in the strand chain. In other words, the excess 
enthalpy of strand chains can be more efficiently redistri- 
buted by the formation of non-homogeneous structures, 
in which enthalpy liberated in one region of the strand 
chains is dissipated by the process of concentrating high- 
enthalpy (lower-density) structures in adjacent regions 
along the strand chains. Lindenmeyer 22 24 discussed the 
formation of the same non-homogeneous dissipative 
structures during the glass-forming process of amorphous 
polymers. Further, it is quite obvious that the two Cp 
peaks appearing at lower and higher temperatures 
correspond to the higher-enthalpy (lower-density) and 
lower-enthalpy (higher-density) regions, respectively. At 
the early stage of enthalpy redistributions, the excess 
enthalpy of the lower-enthalpy regions decreases with 
ageing time, following an increase in the excess enthalpy 
of the higher-enthalpy regions. However, as the physical 
ageing proceeds, the enthalpy supplied from the lower- 
enthalpy regions decreases owing to an increase in the 
relaxation times of chain arrangements in the regions. 
Therefore, the excess enthalpy of the higher-enthalpy 
regions is released appreciably by the inter-chain enthalpy 
transfers of the processes I and III, rather than stored 
by the process II. Consequently, Tm,x(L ) decreases and 
then increases through a minimum with ageing time 
(Figure 3), since Tma x increases with amount of excess- 
enthalpy relaxation. On the other hand, from the 
monotonic increases of Tm,x(U) in the same way as Tm,x 
of the PET I glass (Figure 3), the chain conformations 
seem to be rearranged in the lower-enthalpy regions, 
irrespective of the existence of the crosslinks. 

In the final stage of ageing, the large-distance re- 
arrangements of the networks to form their homogeneous 
equilibrium conformations (the mode III of relaxation) 
are induced by accompanying the displacement and 
rearrangement of the crosslinks. A structural model is 
shown in Figure 7d for the formed chain packing of the 
equilibrium PET II glass. 

In Figure 1, the two C v peaks appear for the PET II 
glass aged at 60°C even for an ageing time of ca. 700 h. 
Therefore, it can be said that the equilibrium structure 
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is n o t  e s t ab l i shed  for  the  aged  glass, a l t h o u g h  the  glass 
possesses  nea r ly  its e q u i l i b r i u m  en tha lpy .  
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