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Abstract

In this work, the variations of the relaxation times are investigated above and below the glass transition temperature of
a model amorphous polymer, the polycarbonate. Three different techniques (calorimetric, dielectric and thermostimulated
currents) are used to achieve this goal. The relaxation time at the glass transition temperature was determined at the tem-
perature dependence convergence of the relaxation times calculated with dynamic dielectric spectroscopy (DDS) for the
liquid state and thermostimulated depolarisation currents (TSDC) for the vitreous state. We find a value of s(Tg) =
110 s for PC samples. The knowledge of the temperature dependence, s(T), and the value s(Tg) enables to determine
the glass-forming liquid fragility index, m. We find m = 178 ± 5.

Keywords: Polycarbonate; Glass transition; Fragility; Thermostimulated currents; Dynamic dielectric spectroscopy; Differential scanning
calorimetry
1. Introduction

An important question concerning the under-
standing of the amorphous polymer properties is
linked to a correct description of the structural
relaxation mechanisms occurring in the vicinity of
the glass transition.
doi:10.1016/j.eurpolymj.2006.09.019

* Corresponding author. Tel.: +33 0 2 32 95 50 86; fax: +33 0 2
32 95 50 82.

E-mail address: laurent.delbreilh@univ-rouen.fr (L. Delbreilh).
The glass transition characterized by its tempera-
ture Tg is up to day impossible to predict in regard
with the structures engaged in the liquid phase. One
of the problems is the influence of the sample ther-
mal history. Indeed it is established that Tg depends
on the cooling rate used during the vitrification pro-
cess [1], on the heating rate [2,3], on the glass ‘‘age’’
[4] and of course on the glass-forming liquid struc-
tural characteristics [5].

The glass transition appears as a mobile border
separating a thermodynamic stable liquid phase
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Fig. 1. Repeat unit of polycarbonate.
from a disordered and thus unstable glassy phase.
The existence of this structural disorder contributes
to a lower material density, which means that the
volume occupied by the molecules is greater than
the one expected under equilibrium conditions. As
a consequence, maintaining a glass at a temperature
Ta < Tg will lead to structural evolutions involving
volume entropy and enthalpy decrease. After an
infinite duration annealing performed at Ta < Tg

the glassy system must reach the thermodynamic
equilibrium given by the liquid curve extrapolated
at Ta. This phenomena which does not modify the
sample chemistry is called ‘‘physical ageing’’.

For T > Tg the liquid state properties govern the
molecular dynamics. The characterization of the
liquid state appears as the first fundamental step
to be done to understand the glassy state properties.
To achieve this purpose, the ‘‘strong–fragile’’ glass-
forming liquid concept proposed by Angell can be
used [6].

This author proposed to analyse and compare
the viscosity variations for several glass-forming liq-
uids for temperatures close to Tg. So, these liquids
can be defined using the ‘‘strong–fragile’’ concept,
with two limit behaviours. Strong glass-forming liq-
uids have an Arrhenius behaviour for the viscosity
variations versus Tg/T while fragile glass-forming
liquids present a Vogel–Tamman–Fulcher behav-
iour in this temperature range. To quantify the
‘‘strong–fragile’’ behaviour of a glass-forming liquid
a fragility index m has been defined [7] depending on
the shear relaxation time variation versus Tg/T for
T = Tg:

m ¼ d logðsÞð Þ
d

T g

T

� �
������
T¼T g

ð1Þ

The fragility indexes presented in the literature
exhibit values ranging from m = 16 for a very strong
glass-forming liquid to m P 250 for very fragile
glass-forming liquids [8,9].

The calculation of m requires a correct knowl-
edge of Tg and thus of s(Tg). In many already pub-
lished works a value of 100 s is considered to be
acceptable for s(Tg). Nevertheless, this value of
relaxation time is not universal and as recently
reported by Dargent et al. [10] depends on the struc-
ture engaged. A value of s(Tg) = 16 s has been
found for a wholly amorphous PET and this value
rises up to s(Tg) = 600 s for the same PET drawn
with a rate k = 5 (k = l/l0 where l0 is the initial
sample length and l is the length after the elonga-
tion). For these authors, a correct determination
of s(Tg) requires measurements performed with at
least three different experimental ways as calori-
metry – thermally depolarisation currents – dielec-
tric spectroscopy.

Our goal is to apply this analysis protocol so as
to determine the fragility value for a model amor-
phous polymer, the polycarbonate. This material
allows us to study the main parameters of the relax-
ation process associated to the glass transition.
2. Experimental

Bisphenol A polycarbonate (PC) supplied by
General Electrics has been used for this study. The
polymer grade used was LEXAN 141. Before
moulding, PC pellets were dried at 110 �C for 5 to
10 h. Samples of PC were moulded at 250 �C to
obtain 1 mm thick sheets.

The PC molecular unit is presented on Fig. 1.
Before carrying out the experiments, each sample

was heated up to an annealing temperature (Ta)
above the glass transition temperature (Tg): Ta =
160 �C. This allows to erase the effects of previous
thermal treatment.

DSC measurements were performed on a TA
Instruments TMDSC 2920. For this study, samples
were heated up to 180 �C (30 �C above Tg) and
cooled down to 60 �C (90 �C below Tg) at a rate
qc = 10 �C/min. Then, measurements were per-
formed with a constant heating rate qh = 10 �C/
min. The DSC apparatus was calibrated in temper-
ature and energy using the melting of an Indium
sample. Sample masses were around 10 mg and were
put in aluminium pans. The experiments were car-
ried out under nitrogen ambiance.

TSDC measurements were performed on an
apparatus developed in our laboratory [11]. For
these measurements the protocol presented on
Fig. 2 was applied on the sample.

For TSDC measurements, an electric field
(0.4 MV m�1) was applied to the sample at a polar-
isation temperature Tp = 155 �C for 2 min. Then,



Fig. 3. DSC measurements of PC sample after a cooling from
180 �C to 60 �C with cooling rates qc = 10 �C/min and qh =
10 �C/min.

Fig. 2. TSDC complex measurement protocol.
the sample was cooled down to T0 = 60 �C and the
electric field was removed. After a 2 min annealing
at T0, the TSDC measurement was realized from
T0 to Tp with a heating rate of 7 �C/min. During
this measurement, the depolarisation current versus
the temperature is called complex relaxation spec-
trum. As it is monitored in the temperature range
associated with the glass transition of the polycar-
bonate, it is labelled a relaxation mode.

DDS experiments were performed with a Novo-
control BDS4000 broadband dielectric spectrom-
eter. The frequency range for measurements was
from 0.1 up to 3.106 Hz in a temperature range from
130 to 190 �C by steps of 2.5 �C.
3. Results

Fig. 3 shows the DSC measurements obtained on
a rejuvenated PC. In the temperature domain
scanned, a classical endothermic step of heat capac-
ity is observed traducing the glass transition phe-
nomenon. Superposed to this heat capacity step, a
small relaxation endothermic peak appears. From
this measurement we may determine the value of
the glass transition temperature Tg according to
the equivalent area procedure proposed by Moyni-
han [1,2]. Then, we may calculate the value at Tg

of DCp(Tg) = Cpl � Cpg where Cpl is the liquid heat
capacity and Cpg is the vitreous heat capacity. We
find DCp(Tg) = 0.24 J/(g K) and Tg = 143.4 �C, val-
ues in good agreement with those given in the liter-
ature by Orreindy and Bauwens [12,13].

For many wholly amorphous linear polymers,
DCp(Tg) is ranging from 0.1 J/(g K) to 0.4 J/(g K).
Our PC samples do not differ from the other
linear thermoplastics with a value comparable to
the DCp(Tg) = 0.24 J/(g K) obtained for a PCT [14]
or DCp(Tg) = 0.31 J/(g K) obtained for a PET [14].

According to Angell’s works [9], low values for
DCp (for instance DCp(Tg) = 0.1 J/(g K)) can be
associated with a ‘‘strong’’ behaviour and at the
extreme opposite a high value (DCp(Tg) = 0.4
J/(g K)) to a ‘‘fragile’’ behaviour. The value
obtained for PC is in the middle of the range con-
cerning a ‘‘strong/fragile’’ scale classification. As
we have shown [15], the use of DCp value to charac-
terize the fragility of a glass forming liquid when
applied to linear polymers must be done carefully.
Indeed, the variation range of DCp is not wide
enough to permit a good resolution on the fragility
behaviour variations. However, according to rela-
tion (1), we may expect a non-Arrhenius depen-
dence for the variation of the relaxation time.

Fig. 4 shows the frequency dependence of the
dielectric loss factor e00 obtained for different tem-
peratures on the same sample. We observe the clas-
sical behaviour, i.e., the dielectric loss peak shifts to
higher frequencies with increasing temperatures.
The variations of e00(f) present at low frequencies
and high temperatures an important rising associ-
ated with a conductivity process occurring in the
liquid amorphous phase. This is a common phe-
nomenon widely described in the literature. This
appears in addition to the dielectric relaxation peak
[16,17].

The TSDC signal obtained is presented on Fig. 5.
Several authors observed this TSDC depolarisa-

tion peak on polycarbonate in the same temperature
range [18,19]. It is attributed to the dielectric mani-
festation of the glass transition as observed by



Fig. 6. Arrhenius plot of relaxation times associated with a
relaxation process recorded with DDS measurements.

Fig. 4. Isothermal dielectric spectra e00 versus log(f) for PC
sample recorded for temperature ranging from 130 �C to 190 �C
with an incremental step of 2.5 �C.

Fig. 5. TSDC complex spectrum of PC sample recorded after a
polarisation at Tp = 155 �C for 2 min with E = 0.4 MV m�1.
DSC and is labelled a relaxation process. The mag-
nitude of this peak is related to the number of dipoles
implied in the cooperative motions associated to the
molecular mobility enhancement at Tg. The charac-
teristic temperature associated to the depolarisation
peak is chosen at the maximum of the peak and it
gives for our sample a value of Ta = 148 �C.
Table 1
VTF parameters of PC

s0 (s) B T0 (K)

2 · 10�14 1330 379
4. Discussion

For the dielectric relaxation peaks presented on
Fig. 4, characterizing the a relaxation mode and
for each temperature T, two parameters can easily
be determined, the frequency sweep temperature
and a characteristic relaxation time s calculated
with the relationship:

s ¼ 1

2pfmax

ð2Þ

where fmax is the frequency taken at the peak
maximum.

As expected with the value of DCp(Tg), log(s)
variations versus 1/T plotted on Fig. 6 cannot be
described with an Arrhenius model. We propose
the use of a Vogel–Tamman–Fulcher relationship
[20–22]:

s ¼ s0 exp
B

T � T 0

� �
ð3Þ

The pre-exponential factor s0, the parameter B

and the temperature T0 = Tk, Kauzmann tempera-
ture, are determined by means of a fitting procedure
and the results are reported in Table 1. These values
are in the same range that ones reported in the liter-
ature: Tk = 373 K, B = 1450 [23] and Tk = 372 K
[24]. We find a value Tk = 379 K. Depending on
the glass-forming liquid fragility, the Tk value can
be linked to the Tg value in such a way that the
difference Tg � Tk must be lower than 50 �C. This
difference must be considered as a rough estimate,
and we find for our sample Tg � Tk = 38 �C which
is not out of the expected domain of variations.



Fig. 7. Arrhenius plot of relaxation times associated with a
relaxation process recorded with TSDC measurements.

Fig. 8. Superposition of relaxations times calculated from TSDC
and DDS measurements, the glass transition plotted is calculated
from DSC data.
From the knowledge of the B and Tk values, the
fragility index can be calculated according to:

m ¼ BT g

2:3� ðT g � T kÞ2
ð4Þ

This relationship (4) is easily obtained by cou-
pling relationships (1) and (3). Nevertheless, the
use of relationship (4) requires the knowledge of a
value for Tg. The main question is: what is the value
for Tg? Or the equivalent question: what is the value
of s(Tg)?

This is not an easy problem because, as previ-
ously mentioned [9], the idea of s(Tg) = 100 s is
not universal. To precise this value without specific
assumption we have to provide another independent
experimental protocol to suppress this unknown
value.

The experimental way chosen to achieve this goal
is the use of thermostimulated depolarisation cur-
rents (TSDC). It permits to calculate the evolution
of the relaxation time associated with the a relaxa-
tion mode in vitreous state. There are different ways
to analyse the relaxation time distribution. The sim-
plest could be to consider a Debye-like polarisation
decrease as used in many studies [25,26]. This first
method does not take into account the complexity
of the relaxation response by omitting a relaxation
time distribution. Thus, the a relaxation mode is
better described by means of a Kohlrausch–
Williams–Watts (KWW) equation as shown by
Alegria et al. [27]:

QðtÞ ¼ Q0 exp � t
s

� �b
� �

ð5Þ

where QðtÞ ¼
R1

t I dt, Q0 is the initially stored
charge, I the depolarisation current and the b
parameter characterizes the non-Debye behaviour
of the a relaxation mode. The relaxation time asso-
ciated to the a relaxation mode, s(T) can be calcu-
lated with the relation:

s ¼ b
Q
I

ln
Q0

Q

� � 1�1=b½ �

ð6Þ

Fig. 7 presents the temperature dependence of
relaxation time s obtained with the relation (6).
(For PC, b has been shown to be equal to 0.46
[28]). Such types of relaxation times dependence
for others techniques, DSC for instance [29]. It
can be observed that in the glassy state the same
shape has been observed, with a linear variation,
in the Arrhenius diagram, at low temperatures and
an important modification of this behaviour in the
glass transition temperature range.

From the three experimental procedures, for two
of them (DDS, CDTS) we plot the temperature
dependences of the relaxation times above and
below the glass transition. Plotting these relaxation
times on the same scale leads to the data presented
on Fig. 8. It is clear TSDC and DDS measurements
permit a clear focus on a convergence point.

By adding the value of Tg estimated by DSC on
this figure, it is found that the 3 measurement
methods (DSC, DDS and TSDC) gives a behaviour



Table 2
Polycarbonate glass transition temperature, fragility index
value m

Tg (�C) m Ref.

DSC 143.4 170 [15]
DDS – 178 Our sample
convergence for a relaxation time s = 110 s ± 10 s.
Thus for this polymer we find that TSDC, DDS
and DSC data allow as firstly reported by Dargent
et al. [10] an unique value for the relaxation time
at the glass transition temperature. For this poly-
mer, the generally reported value, s(Tg) = 100 s is
obtained. Thus we may estimate the value of s(Tg)
from three independent experimental protocols.
From the knowledge of s(Tg), we may now calculate
the value of the fragility index according to the Eq.
(4). We find m = 178 ± 5 using the DDS results. This
value is close to the one calculated using DSC results
and already published [15]: m = 170 ± 5. The values
obtained are reported in Table 2.

5. Conclusion

In this work we have shown that a correct deter-
mination of the s(Tg) value requires the use of more
than one technique. We have proposed the use of
TSDC, DDS and DSC as experimental independent
methods. The correct determination of s(Tg) enables
an accurate calculation of the fragility index, we find
respectively s(Tg) = 110 s ± 10 and m = 178 ± 5.

References

[1] Moynihan CT, Easteal MA, Debolt AJ, Tucker J. J Am
Ceram Soc 1976;59:12–6.

[2] Debolt MA, Easteal AJ, Macedo PB, Moynihan CT. J Am
Ceram Soc 1976;59:16–21.

[3] Mathot VBF. Calorimetry and thermal analysis of polymers.
In: Mathot VBF, editor. Munich (Germany, Vienna and
New York): Hanser Publishers; 1994.

[4] Hodge IM, Huvard GS. Macromolecules 1983;16(3):371–5.
[5] Wunderlich B, Jones LD. J Macromol Sci-Phys B 1969;3:
67.

[6] Angell CA. In: Ngai KL, Wright GB, editors. Relaxation in
complex systems. Washington DC: Naval Research Labo-
ratory; 1984. p. 3.

[7] Ngai KL, Rendell RW, Lacourse WC, Stevens HJ. The phys-
ics of non-crystalline solids. Taylor & Francis; 1992. p. 309.

[8] Vilgis TA. Phys Rev B 1993;47:2282–5.
[9] Bohmer R, Angell CA, Richert R, Blumen A, editors.

Disorder effects of relaxation processes. Springer; 1994.
[10] Dargent E, Bureau E, Delbreilh L, Zumailan A, Saiter JM.

Polymer 2005;46:3090–5.
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