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Abstract

The glass transition of a semicrystalline PET is studied by dynamic mechanical analysis (DMA) and thermally stimulated recovery (TSR).
The DMA results allowed us to construct a master curve for E' and D', where the shift factors were modelled with the Vogel-Fulcher—
Tamman—Hesse (VFTH) equation above T,. Using the thermal sampling procedure, the TSR technique allowed us to decompose the
complex distribution of retardation times into a set of quasi-elementary processes. At the compensation point a broad distribution of
retardation times is observed using DSC data. The TSR results show a typical increase of the activation energies in the glassy state, followed
by a decrease above T, that may be modelled with the VFTH equation. This observation was explained taking into account both the typical
time scale range of TS experiments and the evolution of the retardation times distribution with temperatures below and above T,, under the
Adams—Gibbs theory. The evolution of the activation energies from the TSR results was shown to be compatible with the DMA and DSC

data. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The glass transition is the freezing of a supercooled liquid
into an amorphous solid. When a liquid is continuously
cooled, the rate of diffusion decreases while the viscosity
increases, due to a diminishing molecular mobility. The
departure from the equilibrium of the material, which is
assigned to the formation of the glassy state, depends
upon the time scale of the experiment, as well as on the
conformational dynamics of the polymeric segments.
Therefore the glass transition is observed to be a kinetic
phenomenon under typical experimental conditions. The
study of the features of polymers near their glass transition
is important both for fundamental understanding and for
their use in various applications. In fact, the formation of
the glassy state results in changes in numerous characteris-
tics including mechanical, dielectric, optical and barrier
properties.

Several spectroscopic techniques have been used to study
the dynamics of the glass transition, including dielectric,
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mechanical, NMR and calorimetric analysis [1-4]. Ther-
mally stimulated techniques, such as thermally stimulated
depolarisation currents (TSDC) or thermally stimulated
recovery (TSR), are transient-like techniques that allow
for the investigation of the conformational mobility with a
low equivalent frequency [5—10]. TSDC probes essentially
the dipolar relaxation and TSR is more sensitive to struc-
tural motions that lead to geometrical changes in the
sample. By using a specific experimental protocol (thermal
sampling, TS, or thermal windowing), thermally stimulated
techniques are able to decompose a complex process, char-
acterised by a distribution of characteristic times, into its
quasi-elementary components, enabling the analysis of the
fine structure of the global spectra [11].

In the previous paper of this series it was demonstrated
that TSR experiments can be performed in a conventional
dynamic mechanical analyser [12]. This possibility will be
explored in this work for the study of the glass transition
of a semicrystalline poly(ethylene terephthalate) (PET),
enabling a complementary analysis of the data obtained
from dynamic mechanical spectroscopy and thermally
stimulated experiments. The possibility of comparing the
results obtained with these techniques in experiments
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Fig. 1. Master curves of the studied PET sample for the storage modulus
(E") and storage compliance (D') constructed from isothermal curves
carried out from 51.6 to 103.8 °C. Inset graphics: isochronal result (f =
1 Hz) showing the loss modulus and loss compliance (E” and D", respec-
tively).

performed on samples tested under the same conditions (for
instance, the same stress mode, thermal environment,
geometry,...) allows for a deeper insight in the study of
the mechanical behaviour of polymeric materials. The
glass transition studied by differential scanning calorimetry
(DSC) on the same material will be also compared with the
mechanical data, in order to observe how the conforma-
tional mobility within the polymeric chains changes with
the type of excitation used to investigate the conformational
mobility of the polymer chains.

2. Experimental

The studied material was PET, supplied by Goodfellow—
catalogue number ES3030310. The sample, in a form of a
bar with 1 mm thickness, was kept for 1h at 163 °C to
induce crystallinity. In that way no appreciable changes in
the microstructure is expected if one works repeatedly with
the same sample at temperature below ~160 °C.

Both the dynamic mechanical analysis (DMA) and TSR
experiments were carried out in a DMA7e Perkin—Elmer
analyser with controlled cooling accessory. Continuous
flux of high purity helium (flow rate of ~65 cm’ min~")
was used to improve heat transfer throughout the sample
surroundings during the experiments.

The experiments on the polymer were carried out with the
three point bending mode. The sample was placed over a 15-
mm bending platform and a 5-mm knife-edge probe tip
provided the mechanical excitation.

The DMA experiments were performed in isothermal
conditions, at different temperatures, from 51.6 to 103.8 °C
every 2 °C. At each temperature the frequency was scanned
from 0.6 to 15 Hz. A static stress of 2.4 X 10° Pa and a

dynamic stress of 2 X 10° Pa were imposed to the sample
in all experiments.

Using the TSR technique one may perform at least two
kind of experiments: the TSR global and the thermal
sampling (or windowing) experiments. In both types of
experiments a static stress, o, is applied during an iso-
thermal period (at creep temperature 7,) and during a
temperature program at constant rate between T, and
T, — AT,. Then without any stress the strain is partially
recovered during an isothermal period at T, — AT,
followed by a cooling down to T,. Finally, the strain is
measured, as a function of temperature, during heating at
constant rate (3 = d7/dr) up to a temperature well above T,.
The difference between both experiments is that, in a TSR
global experiment T, — AT,, = T, whereas in a TS experi-
ment AT, ~3°C and Ty < T,. In all the experiments
carried out in this work we used =4 Kmin ' and for
the TS experiments AT,, = 3 °C.

In TS experiments the recovery measured during the heat-
ing scan is due to the molecular groups that were activated
during the application of static stress o, which are those
having relaxation times at 7, around a certain characteristic
time 7, which depends on the period of time in which the
charge is applied. Thus, the TS experiment allows to resolve
the complex relaxational spectrum in nearly elementary
mechanisms. On the contrary, in the TSR global experi-
ments the complex nature of the relaxation is studied
because all the conformational motions with relaxation
times around 7, between T, and T, are activated. The
ensemble of the TS experiments within the glass transition
region gives an overall picture of the processes associated to
the relaxation as probed at low frequencies.

3. Results and discussion
3.1. Dynamic mechanical results

The viscoelastic behaviour of the studied PET was inves-
tigated by isothermal DMA experiments within the glass
transition range. By horizontal shift of the isothermal E’
and D’ vs. log f results obtained at different temperatures
it was possible to construct the master curves both for the
storage modulus, E', and storage compliance, D' (Fig. 1).
The shift factors are found to be the same for the two curves.

The shift factors above T, were successfully described by
the WLF equation [13]

m(T) C(T—T)

log o =~ o+ @ =19 M

logar =

where ay is the shift factor, 7" is a reference temperature and
C, and C, depend on the material and on T*. This expression
is usually valid for polymers over the temperature range
T, <T <T,+100°C (where T, is the glass transition
temperature) and when T is identified with T, it was seen
that C; and C, assume ‘universal’ values close to 17.44 and
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Fig. 2. TS results of the studied PET in the glass transition region, obtained
at different creep temperatures, 7.

51.6 °C, respectively [13]. In a more recent work the deter-
mination of C; and C, in the glass transition zone, on a wide
range of polymers, indicated that C; may range between 15
and 26 and C, between 20 and 130 °C [14]. This description
can also be used at temperatures below 7 if the polymer is
at its equilibrium density. It is easy to show that Eq. (1) is
equivalent to the Vogel—-Fulcher—Tamman—Hesse equation
(VFTH) [15-17],

7(T) = 79 exp (@)

T-T,

where 7 is a pre-exponential factor and B and T are specific
adjustable parameters. As commented by Angell [18], 7, is
seen as a microscopic quantity related to the frequency of
attempts to cross some barrier opposing the rearrangement
of particles involved in the relaxation [19,20], or the time a
molecule needs to move into some free space [21-23]. Tj is
a diverging temperature, implying the physical impossibil-
ity of configurational changes in the solid (the configura-
tional entropy, S, tends to O at that temperature), close to the
Kauzmann temperature [24] and BT, is a parameter which
can be related with the fragility concept first introduced by
Angell [25].

The C; and C, parameters were calculated by a linear
regression of 1/log ar vs. 1/(T — T") in the viscous liquid
phase, using 7° = 81.3 °C. The B and T, parameters of the
VFTH equation can also be directly calculated from the C,
and C, parameters. We observed the same C; and C, para-
meters for both E' and D' results: C; = 18.1 and C, =
71.8 °C. Those values, that are in agreement with those
referred in Ref. [14], lead to the Vogel parameters B =
2999.7 K and Ty = 11.3 °C. The pre-exponential factor of
the VFTH equation can be known if one accede to any pair
of 7(T'). An isochronal experiment performed at f = 1 Hz
(7= 127wf = 0.159s), shown in the inset of Fig. 1,
presented the maximum of E” and D" at T = 82.8 and
104.4 °C, respectively. The obtained pre-exponential factors
are: 2.04 X 10™% s for the E’ results and 1.97 X 10~ s for
the D’ results. This allowed, for the first case, to calculate all

120 40
10} -
O - .
»
~
o
< i
10 F 4
20 . L L
2.6 2.8 3.0 3.2

10°K/ T

Fig. 3. Solid lines: Arrhenius lines of several TS experiments on the studied
PET in the glass transition region. In the glassy state the lines converge
(dotted lines) to the compensation point (circle). The distribution of retar-
dation times at the compensation temperature (7, = 100 °C), calculated
from DSC data, is shown as a function of log 7 using the same axis as
for the Arrhenius plot.

the VFTH parameters of the relaxation times whereas, for
the second case, the same parameters for the retardation
times.

3.2. TSR results

The PET sample was studied by TSR using the TS proce-
dure. Some normalised & vs. T curves obtained in the glass
transition region are shown in Fig. 2. The low temperature
plateau of the TS curves increases as T, increases. This is a
typical behaviour of this kind of experiments [26,27]. Simi-
larly, TS results from TSDC experiments in the glassy state,
exhibit an increase of the total polarisation with increasing
polarisation temperature towards 7, [6,7,28]. The explana-
tion for this behaviour will be given later.

The anelastic response associated to each TS curve is
usually analysed as a quasi-elementary process, often
modelled by a Debye (for dielectric response) or a Voigt—
Kelvin model (for mechanical response). The temperature
dependence of the retardation time of such curves are
obtained up to near the temperature of maximum strain-
rate, using the so-called Bucci method (see details in the
first part of the work [12])

1 &(T)

B |de(T)dT| )

T) =
where 3 is the heating rate. The relaxation map for some TS
results in the studied PET is shown in Fig. 3. The character-
istic times range between 100 s (near the temperature of
maximum strain-rate) and 10 000 s, which are compara-
tively high if one takes the reciprocal frequencies usually
employed in dynamic spectroscopic techniques. Due to the
narrow characteristic time range observed in the TS relaxa-
tion map, the Arrhenius equation is usually used to fit the
data, allowing to obtain both the activation energy, E,, and
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Fig. 4. Squares: retardation time at the inflexion temperature of the TS
curves (Tpa) as a function of Ty, for the studied PET. Circles: mean
characteristic times as a function of temperature calculated from the master
curve of E' (relaxation times, T,.ja,) and calculated from the master curve of
D’ (retardation times, Teuq); the dotted lines linked to these data are extra-
polations to higher temperatures according to the VFTH equation. Solid
line: mean retardation times as a function of temperature for a DSC experi-
ment on cooling at 40 °C min ! [31].

the pre-exponential factor, 7y of each TS curve

(T) = 7 exp% “)
where R is the perfect constant gas. The dotted lines in Fig. 3
are the Arrhenius fittings of the TS data obtained at T,
below T,. As often reported, the Arrhenius lines of the TS
curves obtained in the glass transition region but below T,
tend to converge in a single point, the compensation point
characterised by a compensation temperature (7.) and a
compensation time (7). This compensation phenomenon
can be seen by the almost perfect linear relationship
between the activation energies and pre-exponential factors
of the different TS curves. The compensation parameters
can be obtained from a fitting of such kind of plot [27].
For the case of the studied PET, we obtained 7, = 100 °C
and 7. = 2 s. Although this compensation effect has been
extensively discussed in the literature [29,30] an unambigu-
ous consensus about its physical origin was not yet
achieved.

An important feature of the compensation effect is that it
predicts that all individual processes in the glassy state that
would be involved in the glass transition should have the
same characteristic time at the compensation temperature.

Complementary data of the glass transition dynamics of
the studied material, obtained by DSC, could be used for the
determination of the distribution of characteristic times at
T.. The DSC results of this material obtained with different
thermal histories were analysed using a phenomenological
model based on configurational entropy concepts [31]. This
model is a modification of the Scherer—Hodge model
[32,33] and has the advantage of avoiding the calculation
of the fictive temperature, which needs a previous assump-
tion for the form of the temperature dependence of the
configurational heat capacity with temperature. It was then

possible to calculate the temperature dependence of 7 and
the exponent of the KWW stretched-exponential decay
function [34,35], B, that gives information of the distribu-
tion of characteristic times. The distribution function G(7)
associated with the KWW model, can be calculated numeri-
cally using [36]

T o (1
G(n = T /;) k!

Bk+1
sin(mBk)[(Bk + 1)( T‘M)

.
&)

where T, s the characteristic time of the KWW model and
I'(x) is the gamma function. Using Ty (7T, = 100 °C) =
1.1 s and B = 0.22, extracted for Ref. [31], it was possible
to compute the distribution of characteristic times at the
compensation temperature using Eq. (5). This distribution
function is shown in Fig. 3. It is clear that at T = T, a broad
distribution of characteristic times exists. This disclaims a
genuine physical meaning of the compensation phenom-
enon, that predicts a single retardation time at 7. Thus,
the compensation effect seems to be associated to a conse-
quence of some intrinsic features of the technique.

3.3. Temperature dependence of the characteristic times
and activation energies

The values of 7 calculated with Eq. (3) at the temperature
of maximum strain-rate, Ty, is often a measure of the time
scale of TS experiments due to the fact that at that tempera-
ture the variation of the strain during the recovery process is
maximum. Fig. 4 show 7(T},,x) as a function of T}, for the
different TS curves (squares). The retardation times do not
vary significantly in the logarithmic axis, taking values near
107 s, like as in TSDC data [37]. Such values are also typical
for DSC time scales.

During TSR experiments we measure a strain at zero
stress, i.e. the intrinsic response of the system has a char-
acter of susceptibility. Thus, the characteristic times asso-
ciated with the TSR techniques are retardation times.
Therefore the dynamic viscoelastic parameter that could
be compared with the TSR results and that reflex such char-
acteristic times, is the compliance (D" = D' — iD").

From the previous DMA results we can plot the tempera-
ture dependence of the mean retardation (from the D' data)
and relaxation (from the E' data) times in the studied
temperature range (Fig. 4). The DMA data in the equili-
brium region were fitted according to the VFTH equation
and the corresponding extrapolations of the characteristic
times were extended to higher temperatures in Fig. 4 (dotted
lines). Note that DMA data in Fig. 4 are, in nature, different
from the TSR one. The former are assigned to the mean
characteristic times at each temperature and the later are
related with the temperature dependence of specific modes
(from the distribution of retardation times associated to the
glass transition) probed at approximately the same time
scale (102 S).

Fig. 4 also show the mean retardation times calculated
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Fig. 5. Activation energies as a function of temperature calculated in both
the glassy and equilibrium states from TS (circles) and from DSC experi-
ments (solid line). The dashed line is the activation energy calculated from
the DMA results in the equilibrium state, using the VFTH equation. The
error in the TS data is assumed to be below 10% [12] and it was found that
in DSC the error in the activation energy when one used the method
proposed should be around 5% [44]. The errors in the DMA line were
obtained from the errors of the fitting with the WLF equation.

from DSC experiments using a modelling procedure, pre-
viously described [31]. Above T, such data can be compared
with the retardation times obtained by DMA. It can be seen
in Fig. 4 that the lines are quite parallel being the DSC times
higher than the DMA ones. In fact the same physical
phenomenon is analysed, which is assigned to the confor-
mation rearrangements in the glass transition region. There-
fore, the change of the dynamics with temperature should be
probed similarly by both techniques. Nevertheless, the type
of solicitation and the measured properties are distinct. Thus
the DSC and DMA times at a given temperature should not
be necessarily equal. It should be noted that in the glassy
state the direct comparison between the DSC and DMA
data can no longer be valid due to the fact that both experi-
ments are performed under very distinct thermal histories.
The DSC curve corresponds to a cooling experiment at
40 °C min~' whereas the DMA data results from isothermal
experiments, where the sample stayed ~20 min at each
temperature.

The DSC data covers a temperature range that goes from
the glassy state up to the equilibrium phase. Below 7,
(=92 °C) a typical Arrhenius-like behaviour is detected
from the linearity between log 7 and 1/T. Above T, the
VFTH model describes well with the results [31]. This beha-
viour is also observed with the DMA data (Fig. 4).

Some theories have been able to account for the VFTH
equation. For example, the work of Adams and Gibbs [19]
enabled to relate the mean structural relaxation time with
the temperature and the configurational entropy

NASEAM

ks TS. ©

T= Ty exp

where N, is the Avogadro’s number, s; is the entropy of the
minimum number of particles able to rearrange coopera-
tively, Aw is the activation energy per particle opposing a

cooperative rearrangement of the liquid/glass structure, kg
is the Boltzmann constant, and 7, is the reciprocal of an
attempt frequency, similarly to the one in Eq. (2). The
temperature dependence of S, may be calculated from the
configurational heat capacity, AC,

san=| 2%ar 7
=1 ™

Considering in a simple approach, AC, to be proportional to
1/T [38] one may write

AC,(T) = AC,(T)T,/T. (8)

As the heat capacity discontinuity at T, arises mostly from
configurational contributions we may use this expression in
the integral of Eq. (7):

T_TO

S(T) = T,AC,(T,) )
The substitution of Eq. (9) in Eq. (6) can lead to the VFTH
formula with B = Nsc AuTy/kgT,AC,(Ty).

The theory of Adams and Gibbs is also appropriate to
describe the evolution of the relaxation time throughout
the glassy state. When the freezing of the cooperative
mobility become visible upon cooling, near T,, the con-
figurational entropy tends to be constant and Eq. (6) takes
the Arrhenius equation with apparent activation energy
NseAu/S,. Therefore the Adams and Gibbs theory explains
the change from the VFTH to the Arrhenius regime that is
seen in Fig. 4 for the DSC curve. At temperatures above the
glass transition temperature, the apparent activation energy,
E, = Rd(In 7)/d(1/T), increases as the temperature decreases
according to the VFTH equation:

RBT?

E(T) = T=T2

(10)
The apparent activation energy of the studied PET obtained
by DSC, obtained from differentiation of data shown in Fig.
4, is shown in Fig. 5 (solid line). The temperature depen-
dence of E, goes through a maximum at a temperature
around 7, when the change between the Arrhenius and
VFTH regimes takes place. This behaviour has been also
shown in low-frequency dielectric spectroscopy [39] and
TSDC techniques [40].

In this work the dependence of E, with T, obtained
with the TS technique, will also be analysed. Usually such
kind of plots, often presented in classical TSDC and TSR
results, is used to extract some information of the studied
relaxational process (broadness, maximum energy, coopera-
tivity,...), as can be seen, for example, in Refs. [26,41,42].
Such representation for the results on the semicrystalline
PET studied in this work is shown in Fig. 5 (open circles).
One observes that the activation energy increases in the
glassy state, which is always observed in TSDC and TSR
results in the glass transition region. These values can go up
to 400-500 kJ mol !, due to the cooperative character of
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Fig. 6. Typical profile of the distribution of relaxation/retardation times in
the glass transition region. The thick line represents the logarithm of the
mean characteristic time against 1/7. The thinner lines correspond to a
measure of the envelope of the distribution of characteristic times. Some
Arrhenius lines that could be obtained from TS experiments are shown for
the typical frequency range associated with the TSR technique, Trsr-

the conformational rearrangements within the macromole-
cular segments. However, above a temperature around 7,
the activation energy starts to decrease continuously with
increasing temperature. These tendencies for the E, path
was also observable by TSDC in different systems (e.g.
[41-43]). An explanation for that behaviour will be given
now.

In order to simplify the discussion we will consider a
thermorheologically simple system, i.e. a system in which
all the molecular mechanisms contributing to the time and
frequency dependent modulus and compliance functions
have the same temperature dependence. A typical relaxation
map of this system, in its glass transition region, is shown in
Fig. 6. The thicker line represents the mean characteristic
time as a function of reciprocal of temperature. Two lines
follow this thick line in both the up and down sides and
essay to represent the edges of the distribution for each
temperature at a certain level; for example, at a given
temperature, 90% of the retardation times are included
between these two lines. An hypothesis of such distribution
of retardation times is shown as a vertical bell-shaped curve
at two different temperatures, in the glassy and equilibrated
states. Fig. 6 shows the dynamic behaviour at temperatures
above T,, with the typical VFTH behaviour, and the
progress to an Arrhenius response when the temperature
decreases in the direction of the glassy state.

Some typical straight Arrhenius lines, obtained from TS
experiments at different 7, (as those of Fig. 3), are shown
schematically in Fig. 6. When one performs TS experiments
at a given creep temperature, 7, the strain recovery of the
activated species are monitored during the final heating.
Such species are the ones that at temperatures around 7T,
have retardation times of the order of 71gg ~ 107s.

For low T, (experiments in the glassy state) the apparent
activation energy is close to the activation energy of the

glass. When T, increases the activation energy increases
due to the progress towards the thermodynamic equilibrium
(see increase of the slope of the Arrhenius lines in Fig. 6).
Note that during this increase of T, in the glassy state the
intensity of the activated modes in a TS experiment
increases because one approaches the maximum of the
distribution of retardation times, that occurs near T,. There-
fore, an increase of g is expected (or the total polarization
for the case of TSDC experiments) when T, increases in the
glassy state. This tendency is well observed in Fig. 2.

When T is of the order of the calorimetric T, the amor-
phous fraction of the material is essentially in the equili-
brium liquid region and for further increases of T, the
activation energy continuously decreases. This decrease
can be easily understood from Fig. 6: if a retardation time
in the equilibrium state is fixed, the apparent activation
energy assigned to the components of the distribution of
retardation times decreases as the temperature increases.
The apparent activation energy in this region may be
given by Eq. (10).

An interesting result of this work is that Fig. 5 shows a
good agreement between DSC and TSR. It seems that the
maximum in E, that represents the transition from VFTH to
Arrhenius regimes occurs at the same temperature in two
techniques, that have close equivalent frequencies. The
apparent activation energy was also plotted for the DMA
results in the equilibrated state (T'> T,) calculated with Eq.
(10), using the obtained VFTH parameter values. Again in
this temperature region, the DMA results are consistent with
those obtained with the other two techniques.

The agreement in the results from the three techniques
indicates that the change of the characteristic times with
temperature is independent, in this case, on the spectro-
scopic technique used. This agreement should only be pos-
sible if the studied system has a thermorheologically simple
character. In fact, the frequency range acceded by the TSR
technique is fundamentally unchanged and the characteris-
tic times used for the calculation of the activation energy
from the DSC and DMA techniques covers a broad range
(Fig. 4). It should be added in this context that the TSR
technique could be used, in principle, in thermorheologi-
cally complex systems. As commented by McCrum [45],
it is not a requirement for performing TS experiments that
all characteristic times have the same shift factor. What is
required is that the narrow packet of stimulated processes
(typically 1.5 decades wide, as seen in this work) have the
same activation energy within the error of the experiment.

4. Conclusions

Master curves of E’ and D' were successfully constructed
for a semicrystalline PET in the glass transition region. The
Vogel-Fulcher—Tamman—Hesse parameters were obtained
from the shift factors. Using the same equipment, it was
possible to perform TSR experiments, namely using the
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TS protocol. Such experiments enabled to draw Arrhenius
lines that showed the typical compensation behaviour. It
was shown that at the compensation temperature the retar-
dation times are characterised by a broad distribution.

Above T, the mechanical retardation times are higher
than the calorimetric ones. However, the apparent activation
energies agree above T, for these two techniques. Moreover,
the apparent activation energy of the DSC results is in good
agreement with the activation energies of the TS data, both
in the glassy and rubbery states.

The activation energies increase as the temperature
increases up to 105 °C and decreases for higher tempera-
tures. This tendency was explained by looking at the evolu-
tion of the distribution of retardation times with temperature,
both below and above T, and the time scale range of the TS
experiments.
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