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Using mechanical spectroscopies to study the
glass transition dynamics in unsaturated
polyester resins cured with different styrene

contents

Abstract The control of chemical
architecture has been one relevant
parameter in the study of glass
transition dynamics in macromolec-
ular systems. In this study, two
polyester resins differing in the sty-
rene content that was added in the
curing process were studied using
two complementary mechanical
spectroscopy techniques: dynamic
mechanical analysis (DMA) and
thermally stimulated recovery
(TSR). Both techniques showed that
the o-relaxation is shifted to higher
temperatures (longer times) with
increasing styrene content. Master
curves were obtained from the DMA
data. The shift factors were used to
obtain the temperature dependence
of the apparent activation energy,
E,(T). The TSR results also permit-

ted to obtain E,(7T) that also exhib-
ited a maximum around T,. This
behaviour, apparently universally
observed in thermally stimulated
techniques, was explained by the
shift from a Vogel-Fulcher-Tam-
man-Hesse to an Arrhenius regime.
The data also allowed to calculate
the fragility index of the two mate-
rials, which was found to be higher
for the one with higher styrene con-
tent. Remarks are made on the
dependency of the values of this
parameter obtained from different
techniques.

Keywords DMA - TSR - Segmental
mobility - Relaxations - Thermoset
polymers

Introduction

The molecular mechanisms assigned to the occurrence of
glass transition are extremely complex and remain one
of the most important unsolved problems concerning
condensed matter physics. A huge number of papers and
dedicated meetings have discussed this issue from both
an experimental and theoretical point of view [1-5].
Experimentally, the vitrification process may be moni-
tored though the change of different physical/thermo-
dynamic properties, such as heat capacity, thermal
expansivity, dielectric permittivity or modulus. Here, it
has long been recognised that the frequency or time
dependence on the observed dynamics should also be

mapped out to gain deeper insights on the kinetic nature
of glass transition [6]. One may change the time scale of
experiments either by changing the frequency (isother-
mal) of the external excitation or temperature (for a
fixed frequency), and measure the corresponding re-
sponse. Examples of such dynamic techniques are
dielectric spectroscopy or mechanical spectroscopy (or
dynamic mechanical analysis—DMA), where a wide
range of frequencies are accessible. Alternatively, quasi-
static techniques may be used, which usually give access
to low-frequency information. In the mechanical area,
creep and stress relaxation are tools frequently used to
probe molecular mobility in the time domain [7]. In this
context, it has been shown that isothermal conventional
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quasi-static mechanical tests can be used to study glass
transition dynamics, and the corresponding equivalent
frequency may be estimated [§8]. Transient-like tests may
also be performed under non-isothermal conditions,
where a static stimulus is imposed on the sample and the
response is measured while the sample is heated, usually
at a constant rate. The thermally stimulated depolar-
isation current technique (TSDC) is the most used,
where the polarisation release of a previously poled
sample at higher temperatures is measured as a function
of temperature, during heating at a constant rate [9]. The
mechanical equivalents of this technique are the ther-
mally stimulated creep (TSCreep) or thermally stimu-
lated recovery (TSR), which were found to give
complementary information with respect to the dynamic
data [10, 11].

A good strategy that contributes to the understand-
ing of the glass transition phenomenon is to analyse
systems with different and controllable chemical struc-
tures and microstructures. Unsaturated polyester resins
(UPR) cured with different styrene contents are widely
used in the coating technology area and constitute an
adequate system for such a study of glass transition
dynamics as a function of chemical architectures [12]. In
fact, such thermosets may be easily adapted to specific
applications by changing either the nature of the
unsaturated polyester chain or the ratio of the amounts
of styrene/polyester, therefore making them adequate
for systematic studies of glass transition dynamics. In
this work, the viscoelastic properties in the glass tran-
sition region, of two materials differing in the styrene
content, will be compared, using both dynamic and
transient-like techniques. Both DMA and TSR results,
obtained in the same equipment and operative condi-
tions will be compared.

Experimental

TECHNIBAT CO. (Gravigny, France) provided the
UPR studied in this work. The polyester resins consist of
maleic anhydride (1 mol), isophthalic acid (1 mol) and
propylene glycol (2 mol) mixed in styrene monomer
solution. The initiator was methylethylketone peroxide
(MEKP, AKZO) and the promoter was cobalt octoate
(AKZO). To initiate the reaction, 0.2% (w/w) of the
promoter solution which contains 6% (w/w) of cobalt
octoate was first mixed with the resin. Then 1.5% (w/w)
of the initiator solution was added to the mixture
(resin + styrene + promoter). According to the method
described elsewhere [13], the thermal cycle performed to
obtain the solid state consisted of isothermal curing at
25 °C for 24 h followed by a post curing at 80 °C for 6 h
and a second post curing of 2 h at 120 °C. With this
method the maximum degree of transformation is
reached. In order to perform the mechanical experi-

ments, bulk materials (rods) were obtained by adequate
moulding conditions. Two materials were studied in this
work, differing only in the styrene content: 0.25 and 0.38
(w/w), labelled in this work as UPR25 and UPR38,
respectively.

Both the DMA and TSR experiments were carried
out in a DMAT7e Perkin-Elmer analyser with controlled
cooling accessory. A continuous flux of high purity he-
lium (flow rate of ~65 cm® min~') was used to improve
heat transfer throughout the sample surroundings dur-
ing 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 48.8 to
115.4 °C every 3 °C. At each temperature the frequency
was scanned from 0.8 to 20 Hz. The dynamic stresses
applied were such that the provided measurements were
within the viscoelastic linear regime.

Using the TSR technique one may perform at least two
kinds of experiments: the TSR global and the thermal
sampling (TS) (or windowing) experiments. In both types
of experiments a static stress, oo, is applied in a given
temperature range after an isothermal period (between T,
and T,—-AT,). Then the strain is frozen-in by cooling
down to Ty, without any stress, and the strain is measured,
as a function of the temperature, on heating at a constant
rate (¢ = d T/d 1) up to a temperature well above T',. The
difference between both experiments is that in a TSR
global experiment AT,, = T, whereas in a TS experiment
AT,~3°C and Ty< <T,. In all the experiments carried
out in this work, we used ¢ * =4 °C min~"' and for the TS
experiments AT,, =3 °C. All coolings were performed at
20 °C min~' . More details on the experimental proce-
dures may be found in one of our previous works [10].

In the TSR global experiments, the complex nature of
the relaxation is studied because conformational mo-
tions are activated with a certain characteristic time
between T, and T,. On the other hand, the TS experi-
ments allow to resolve the complex relaxational spec-
trum. Each TS curve can be analysed as a
thermostimulated mechanical recovery process of an
elementary mechanism, because only the processes
within a narrow temperature range are activated. The
ensemble of the TS experiments within the glass transi-
tion region gives an overall picture of the processes
associated with the relaxation as probed at low fre-
quencies.

In this work, the temperature correction was per-
formed using the procedures described in Reference [14].
For the DMA experiments, the measured temperatures
of ice melting were extrapolated to zero heating rate,
while for the TSR experiments, the data for ¢* =
4 K min~! were used directly.
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Results
Dynamic mechanical analysis

Isothermal DMA data was collected for both UPR25
(from 60.8 to 110.1 °C) and UPR38 (from 48.8 to
115.4 °C), in the region of their glass transition. The
storage and loss moduli (E” and E”) for the two mate-
rials are shown in Figs. 1 and 2, for most temperatures
analysed. These results were used to plot isochronal data
for the two materials. In Fig. 3, for example, both E’
and E” are represented as a function of temperature for
a frequency of 1 Hz. The E” curves permit to conclude
that the glass transition of UPR38 is higher than UPR25
(temperature of maximum E” is 76 and 85 °C for
UPR25 and UPR38, respectively). The increase of the
value of the glass transition temperature by increasing
the styrene content is the expected behaviour. Indeed, as
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Fig. 1 Dynamic mechanical analysis isothermal curves for

UPR2S5 at different temperatures (in the graphics in °C). a storage
modulus versus frequency, b loss modulus versus frequency

demonstrated by Bureau et al. [12] and by Delahaye
et al. [13], the increase of the styrene content allows to
increase the styrenic chain length bonded to the maleic
chain and progressively the properties of the mixture
tends toward the characteristic of a polystyrene material.
From the DSC results, it was found that the difference
on the T,s" was about 12 °C (83 and 95 °C for UPR25
and UPR38, respectively, obtained at 10 °C min™") [12].
At this stage of the data presentation, we have to also
say that with this value of ¢, the glass transition ob-
served on a DSC trace occurs on a very broad temper-
ature domain (AT,=71+11 °C and AT,=69+4 °C for
UPR25 and UPR38, respectively) [12]. Another feature
found in Fig. 3 is the higher values of E’ for UPR25 in
the glassy state (lower temperatures) than for UPR38.
The time—temperature correspondence principle may
be used in the results of Figs. 1 and 2 to obtain the
viscoelastic information in a wide frequency range, by
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UPR38 at different temperatures (in the graphics in °C). a storage
modulus versus frequency, b loss modulus versus frequency
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Fig. 3 Storage and loss moduli (filled and open symbols, respec-
tively) of UPR25 (squares) and UPR38 (circles) at 1 Hz, extracted
from the isothermal data (Figs. 1 and 2), as a function of
temperature

simple horizontal shifting of the data [7]. Master curves
of E’ for UPR25 and UPR38 are shown in Fig. 4, for
reference temperatures 7, of 92.5 and 92.3 °C, respec-
tively. In principle, a small vertical shift due to the
temperature dependence of p T/p.sTier should also be
applied [7], but in this case the correction seemed to be
negligible. As expected, the results in Figs. 3 and 4 are
consistent. For example, it is clear from the master
curves that UPR25 has been shifted to higher frequen-
cies (lower times) than UPR38, indicating faster seg-
mental motions.

The temperature shift factors, log a7, associated with
the construction of the master curves contain information

E'/GPa

log (f/Hz)

Fig. 4 Master curve for the storage modulus of UPR25 and
UPR38 obtained from horizontal displacements of the data in
Figs. 1 and 2, for reference temperatures 92.5 and 92.3 °C,
respectively

about the glass transition dynamics. In the present study,
one is interested in comparing dynamic results with TSR.
The characteristic times assigned to the TSR response
correspond to retardation times, as we are measuring the
temperature dependence of a susceptibility quantity
(strain for a given fixed stress applied during the creep
period). The characteristic times associated with the
temperature shift factor of E” are relaxation times. These
may be changed to the corresponding retardation times
(that are related to the mechanical compliance data,
D*=D" — i D”) taking into account that the dynamic
information contained in E” and D’ (or E” and D”) are
equivalent but shifted in the temperature axis. Therefore,
thelog arversus T for the retardation times were obtained
from the data taken from the £” master curve but shifted to
higher temperatures, corresponding to the difference in
the temperature axis of the maximum of D” and E”, for
the same frequency. The isochronal data for D” at 1 Hzis
shown in the inset of Fig. 5. It was found that the maxi-
mum of D" is located 36.9 °C above the E” peak, for both
UPR25 and UPR38. Figure 5 represents the temperature
dependence of log ay for the retardation times.

The results will be used to calculate the temperature
dependence of the activation energy, which will be
compared with the TSR data.

Thermally stimulated recovery

Figure 6 shows some TS curves obtained from 62.7 to
105.6 °C for UPR25 and between 61.8 and 103.7 °C for
UPR38. The data represents the normalised strain (with
respect to the creep stress) as a function of temperature.
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Fig. 5 Temperature shift factor assigned to the retardation times,
for UPR25 (squares) and UPR38 (circles) for reference tempera-
tures of 129.4 and 129.2 °C, respectively. Inset graphics: D" as a
function of temperature for a frequency of 1 Hz
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For all the samples, the curves are shifted to higher
temperatures when T, increases, due to the fact that the
relaxational modes that are isolated correspond to
modes that, for the equivalent time of the TS experi-
ments (~10>-10% s [15]), are active around T, i.e. will be
released during heating at increasing temperatures with
increasing 7.

The anelastic response associated to each TS curve is
usually analysed as a quasi-elementary process, often
modelled with a Voigt-Kelvin model. The temperature
dependence of the retardation times of such curves are
obtained up to near the temperature of maximum strain-
rate using the relationship that is derived from the e(7)
expression taken from the Voigt-Kelvin model:
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Fig. 6 Normalised strain obtained during TS experiments on

UPR25 (a) and UPR38 (b) at different creep temperatures 7, (in
the graphics, in °C)

where ¢* is the heating rate. Usually, an Arrhenius
dependence of ©(7) is assumed :

E,

Int(T) =Int +RT (2)
which permits to obtain both the activation energy, E,,
and the pre-exponential factor, 7y, of each TS curve,
from a linear regression of In ©(7) versus 1/7T. More
details about the calculation of the thermokinetic
parameters may be found in a previous work [10].
Therefore, 7(T) curves were obtained for the two mate-
rials for each T, analysed (not shown), that allowed to
determine E, for each TS experiment. In the next sec-
tion, such results will be analysed. It should be em-
phasised that Eq. 1 is only valid for relaxation processes
arising from an infinitely narrow distribution of char-
acteristic times. Therefore, errors are always committed
when one is dealing with experimental results, where the
TS procedure is never capable of completely isolating a
complex relaxation into individual components. How-
ever, these errors may be minimised, for example, by
using only the initial part of the ¢(T) curve, up to the
temperature of inflexion [10].

Discussion

Figure 7 shows the apparent activation energy obtained
for the two materials with TSR (symbols), as a function
of Tphax, the temperature of maximum strain rate (i.e. the
temperature at which de/d T presents a maximum); Ty,ax
accompanies the trend of 7, though exhibiting higher
values, and better describes the temperature of the
process as it corresponds to the temperature at which the
previously isolated modes relax faster. An increase of E,
is observed with increasing 7, in the glassy region of the
transition, followed by a decrease in the equilibrium
state. In order to explain this behaviour, one should
consider the general temperature evolution of the char-
acteristic times around 7, in glass-forming systems, as
well as the existence of a distribution of times. An
explanation has already been given elsewhere [16], but it
will be again briefly discussed here.

Figure 8 shows schematically log © versus 1/7. The
(1) line corresponds to the mean retardation time, and
the distribution of times is represented by the intensity of
the bands around the {z) curves (obviously, in reality we
should have a continuous intensity gradient). Darker
colour for corresponds to higher values for the proba-
bility density function, which, as expected, occurs near
(t). We will consider here a thermorheological simple
system, where the shape of the distribution of retarda-
tion times does not change with temperature.

With TS experiments one isolates the retardation
times that at T; are around the characteristic times of
the technique (around 100 s [15]). In fact, longer times
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Fig. 7 Temperature dependence of the apparent activation energy
obtained by TS experiments for UPR25 (squares) and UPR38
(circles), represented as a function of temperature of maximum
strain rate, Tpax, and by DMA (dashed and dotted lines for UPR25
and UPR38, respectively), obtained from numerical derivation of
the shift factor data (Fig. 5). The solid line is the prediction for a
zero-entropy case (non-cooperative processes)—see text

are not activated within the creep time at T, and shorter
ones are relaxed at T,—-AT,, during the isothermal
recovery stage. Therefore, as T, increases from the
glassy to the liquid regions of the glass transition, TS
curves are probing narrow distributed molecular mo-
tions at a time scale of ~100 s, scanning the broad dis-
tribution of retardation times in an horizontal way
(dotted line in Fig. 8), rather than the vertical scanning
of isothermal dynamic tests. Figure 8 represents this
distribution of ‘“‘glass transition temperatures” (dashed
line) of the variety of modes that may be activated at
such equivalent frequencies. The general shape of the (t)
line will be discussed now. At higher temperatures, it

follows a Vogel-Fulcher-Tamman-Hesse equation
(VFTH) [17-19]:

B
lnr(T)zlnrg—l—— T0<Tg (3)

T—-T

where 1, is a pre-exponential factor and B and T, are
adjustable parameters. When the temperature decreases
throughout the glassy state, the VFTH behaviour
gradually tends to an Arrhenius behaviour (Eq. 2).
Therefore, the curvature in the relaxation plot of Fig. 8
should tend to be a straight line with decreasing tem-
perature. The global shape of the characteristic times in
the temperature axis shown in Fig. 8 helps to justify the
trend in E,(7T) found in Fig. 7 for the TS data. In the
glassy region, one is isolating the modes that tend, at
lower temperatures, to follow the Arrhenius behaviour
(lower apparent activation energy). With increasing 7,
the trend adopts progressively the VFTH behaviour,

/ﬁs‘ lines

| To iJ13

Fig. 8 Scheme representing the evolution of the characteristic times
around T. () is the mean retardation time and the different bands
around this line represent the intensity (higher for increasing
darkness) of the probability density function for the retardation
times. The dashed curve represents the distribution of modes that
are active with retardation times equivalent to the TSR experiments
(t75r~100-1,000 s), as a function of temperature. The [ine
segments represent typical Arrhenius plots obtained from TS
experiments at different 7,

and thus the activation energy increases (see straight
lines representing Arrhenius TS lines in Fig. 8). How-
ever, for higher values of 7, in the equilibrium state, the
apparent activation energies should decrease with
increasing T, as the times follow a VFTH regime.
Therefore, an increase of £, would be expected followed
by a decrease around Ty, as T, increases. This is in fact
what we observe in Fig. 7 for both UPR25 and UPR38
(symbols). As expected, the maximum of E, occurs at
higher temperatures for UPR38 as its 7T, is higher. It
should be pointed out that such a trend in E,(7) has also
been found in TSDC experiments (e.g. [20-22]),
although to our knowledge such explanations have
never been provided.

An apparent activation energy plot may also be ob-
tained from the dynamic data, by differentiating the shift
factors, shown in Fig. 5:

dlogar
AT @)

Here the E,(T) trend should follow the shape of the
slope of the (r) line shown in Fig. 8, where again a
maximum is observed near T, on the transition between
the VFTH and Arrhenius regimes. The maxima of the
E.(T) data obtained by TSR and DMA do not coincide
in the temperature axis. Such behaviour was observed in
other systems and assigned to the different thermal

Eo(T) = R(In 10)
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history of the samples during the two kinds of experi-
ments [16, 23]. Figure 8 also suggests that the activation
energies obtained by dynamic data are higher than the
ones obtained by TSR. A possible explanation could be
related to the non-exponential response of the glass
transition dynamics. It was suggested that for systems
that relax with time according to a stretch-exponential
form (i.e. exp[—(t/7)]), the parameter determined by
most of the methods is not the activation energy, but
rather the product  E, [24]. This could mean that we
could be measuring an activation energy lower than the
true one.

Figure 8 may also be useful to understand the vari-
ation of the low temperature values of €/, (in the pla-
teau) with T, (see Fig. 6). The results suggest that such
values increase with 7T, in the glassy state and, above
84.5 and 90.6 °C for UPR25 and UPR38, respectively,
they start to decrease. As mentioned previously, during
TS experiments one isolates modes with characteristic
times around 100 s that are active at 7. For low values
of T,, one is in the glassy region and the number of
modes exhibited by such time scales is scarce; the same
applies for temperatures much above T,, where most of
the segmental motions are much faster (lower 7). The
dashed line in Fig. 8 represents the distribution of modes
that are active at the TSR equivalent times. It is clearly
seen that the values of T, that could activate more
modes are obtained when the experiments are performed
around T,. That is the reason why the permanent
deformation that is stored during a TS experiment (i.e.
the value of €/g, after the creep and the recovery steps) is
higher when T, is close to 7.

Relevant information that may be analysed from
Fig. 7 is the cooperative nature of the processes that
were isolated using the TS procedure. It is well known
that segmental motions involve cooperative conforma-
tional rearrangements [25]. However, when T, goes
through the glassy state, one isolates mechanisms that
are progressively simpler and that tend to an Arrhenius
behaviour. In Adams and Gibbs theory [25], this would
imply a freezing of the cooperative motions and thus the
vanishing of the configurational entropy, S.. In that
case, the activation energy would tend to N ASC*AM/SC,
where N, is the Avogadro’s number, s is the entropy of
the minimum number of particles able to rearrange
cooperatively and Apu is the activation energy per particle
opposing a cooperative rearrangement of the liquid/
glass structure. In this context, it would be interesting to
conclude on the cooperative nature of the processes
observed in the glassy state. Are such modes simple,
involving only the motion of chains that do not interfere
with the neighbouring groups of atoms or molecules?
Or, on the contrary, do the molecular motions assigned
to this process involve, in part, a range of related mo-
tions within an appreciable correlation volume? Stark-
weather formalism was shown to be a suitable tool for

assigning a relaxation as either “complex” (cooperative
in nature) or “‘simple” (localised mobility) [26, 27]. This
procedure is based on the use of the concept of activa-
tion entropy, AS, where the activation energy of the
process is compared to the activation energy of a zero-
entropy (non-cooperative) process. For the case of
AS =0, it can be shown that [26, 27]:

ksT
bt (0]

where f is the frequency of the experiment, ky is the
Boltzmann constant and / is the Planck constant. In
TSR experiments, the equivalent frequency f can be as-
sumed to be around 107>° Hz [15]. The E,(T) line for
the case of AS=0 was added to the data in Fig. 7 (solid
line). It can be seen that around T, the experimental
values of E, strongly deviate from the zero-entropy line.
This would be expected because at such high tempera-
tures the processes are highly cooperative. However, in
the glassy region the values of E, are lower but are still
much higher than the ones given by the AS=0 predic-
tion. Moreover, from the trend of the results towards
lower temperatures, it is not expected that the experi-
mental values would reach a non-cooperative character.
Such deviation from the non-cooperative behaviour in
the glassy state has been observed in thermally stimu-
lated results, including a similar polyester thermoset
(with no styrene content) [28]. The values of E, of the
system studied in that work [28] are similar to the ones
observed for UPR25 and UPR3S8. It should also be
mentioned in this context that similar UPRs that were
studied in the present work were analysed using TSDC,
by Chebli et al. [29]. Also in that work, the values of E,
were of the same order of magnitude as the ones mea-
sured by TSR, and again strong deviation from the zero-
entropy prediction was observed [29]; only at lower
temperatures, the f relaxation exhibits a nearly non-
cooperative character. We will use the F,(7) data ob-
tained in this work to gather further information about
the structural and dynamic features of the glass transi-
tion of such systems.

The classification of liquids as ““strong” and ““fragile”
has been promoted by Angell to describe the relaxation
in glass-forming systems [30]. One relevant parameter
here is the fragility index, m, that is related to the rate at
which the characteristic times, or other related property
such as viscosity, decreases with increasing temperature
at Ty, when plotted on a normalised T,/T plot:

o dlogt | Eu(Ty)
~ d(T/T)];, In(10)RT,

(5)

m

(6)

Values of m=16 correspond to Arrhenius behaviour
(strong limit) and for m>200 the system reaches the
fragile limit, where a strong curvature is found in the
Angell plot (log t versus T,/T) [31].
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There are different ways of determining the fragility
of glass-forming liquids. However, when one pretends to
quantify it, the final results may depend upon the tech-
nique and calculation procedure used. It was suggested
that the E,(7) data obtained from TSR could be a
suitable method to infer the fragility of polymer systems
[16]. However, when m is calculated from DSC, DMA
and TSR data on the same system, we end up with dif-
ferent values, that reflect the different thermal history of
the sample and the physical probe used to determine the
dynamics of the system [16, 23]. Other reasons can ex-
plain these differences, including our definition of 7(7y)
= 100 s, which is known to be not an universal value
and depending on the method used can vary from 107
to 100 s [32]. As the value of m is related to the slope of
In(t) at T,, some fluctuation of the 7, temperature can
give important differences for the value of m. This
problem is not sensitive for measurements performed on
strong or very strong liquids but is very important for
fragile materials.

In this work, we also used the data from Fig. 7 to cal-
culate the fragility indexes of UPR25 and UPR38. The T,
was estimated at the maximum of E,(7T), using in this case
the DM A results (isothermal data), yielding 86.0 and 95.4
for UPR25 and UPR38, respectively. Such values are very
close to the calorimetric 7,s (83 and 95 °C[13]). From the
values of E, at such maximum temperatures of the DMA
results, (Table 1) it may be possible to calculate m, using
Eq. 6 (Table 1). We should discuss here the time scale at
which the transition from the liquid region (in equilib-
rium) to the glassy region (non-equilibrium) takes place,
which occurs at the temperature of maximum E,(7). In
the DMA data, this should be dependent upon the
equilibration time between each isothermal frequency
scan: if we keep the sample for a longer time between each
experiment, we can study the system in equilibrium during
longer times, i.e. down to lower temperatures. In this
work, the sample rested about 10 min between each
experiment, which is quite compatible with the time scale
of a DSC experiment. This could be the reason why the
maximum of E,(T) observed by DMA is similar to the
calorimetric 7.

One could also use the maximum values of E,
obtained from the TS experiments, or the values of E, of
the TS experiments that exhibit the highest creep plateau
(i.e. the highest values of ¢/, before the final recovery

Table 1 Information obtained from the data in Fig. 7 (DMA
results) and values of m obtained from different techniques

UPR25 UPR38 Reference
T,/ °C 86.0 95.4 This work (DMA)
Ea(Tg)/kJ.mol_l 385 430 This work (DMA)
m(DMA) 56 61 This work (DMA)
m(DSC) 91 135 [13]
m(dielectric) 64 92-113 [32]

process during heating). A similar procedure was used in
TSDC experiments to estimate the fragility index [33].
As discussed previously, the values of E, determined
from TSR are lower than the ones obtained from DMA.
Therefore, one would obtain lower values of m, as the
difference in the temperatures of maximum E, observed
from the TS and DMA results is not significant for the
calculations. In this context, it would be interesting to
compare the obtained values of m with the ones ob-
tained by DSC [13] and dielectric relaxation spectros-
copy [34]. Table 1 shows the compiled results. It can be
concluded that DSC gives the highest values for fragility
and DMA the lowest. The variations of fragility values
observed between these two samples are coherent with
the structure engaged. Indeed, the greater the styrene
content, the greater the average length of the lateral
chain; thus, the greater the cooperative domains implied
in the relaxation process, as a consequence, the greater
the fragility [35].

Conclusions

This work demonstrated that mechanical spectroscopic
methods are adequate for studying the glass transition
dynamics in unsaturated polyester polymers, being sen-
sitive to the styrene content that was cured with the re-
sin. As found in previous calorimetric and dielectric
studies, T, was found to increase with increasing styrene
content. TSR tests were successfully implemented in the
study of segmental mobility in such thermosets. The
relaxation plots obtained from TS experiments allowed
to calculate the temperature dependence of the apparent
activation energy. The values obtained for E, were
similar to those obtained by dielectric methods and from
TSR experiments performed in an equivalent system
(without styrene). The FE,(7) trend observed was ex-
plained taking into account the temperature dependence
of the retardation times. TSR experiments probe the
conformational cooperative mobility at time scales of
the order of 100 s. Then, the Arrhenius plot undergoes a
progressive change from the VFTH behaviour (in the
liquid state) towards an Arrhenius regime (in the glassy
state) at experiments near T,. At such time scales, the
activation energies of the processes activated at different
temperature windows present a peak, with a maximum
around T,. The same trend was observed in the dynamic
results (DMA). Such data was used to examine the
fragile nature of the systems. It was found that the fra-
gility index, m, is higher for the polymer with more
styrene (rigid segments), which was attributed to the
increase of the cooperative domains associated with the
segmental mobility due to the increase of the average
styrenic chain length; the same behaviour has already
been reported from DSC and dielectric relaxation
experiments.
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