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Abstract

Dielectric experiments are often performed in non-isothermal conditions. Thus, there is a difference be-
tween the temperature of the sample and the sensor temperature. In this work we propose and compare
three temperature calibration methods based on the detection of transitions or relaxations: i) the melting
of high-purity metallic standards (indium and tin), ii) the 2™ order phase transition of a ferroelectric
crystal (TGS); iii) the a-relaxation of an amorphous polymer (poly(carbonate)). The results obtained
from the three different methods were used to construct a calibration curve for a given heating rate.
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Introduction

Dielectric relaxation spectroscopy or dielectric thermal analysis (DETA) has been
widely used to investigate the electric polarization and conduction processes in a va-
riety of materials such as polymers, crystals, organic substances or ceramics. DETA
provides information about the motional processes at a molecular level associated to
relaxations/transitions throughout a large frequency range: combined modern dielec-
tric spectrometers are able to cover a very broad frequency range from the millihertz
up to the microwave region. Moreover, this technique also provides direct practical
relevant information concerning, among others, insulation properties, piezoelectric,
pyroelectric and ferroelectric behaviour and microwave adsorption characteristics.
Most of the DETA experiments are performed in isothermal conditions, where
the complex permittivity (€ (w)=¢(w)—i€’(w)) is measured over a frequency scan. In
this case, the treatment of the experimental data and the theoretical interpretation of
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the results are relatively simple; this is due to the fact that the characteristic time of
the processes (or its distribution) is kept constant during the experiment. Similar ex-
periments can be performed in a heating/cooling mode experiment at a specific fre-
quency, measuring the real permittivity €(7) and the loss tangent tand(7)=€"(7)/€(T)
as a function of temperature (isochronal experiments). This type of experiments may
be more suitable in some situations such as:

* To identify quickly the relaxational spectrum of a material in a routine proce-
dure of identification or in quality control. In general, the regions of relaxation may
become more evident when the results are expressed as a function of the temperature,
relatively to those obtained in isothermal conditions and expressed as a function of
frequency (see [1] for a poly(ester) and references therein).

» To investigate the thermodynamic transitions in materials. In this case, only
one temperature scan is needed because the general features of a pure thermodynamic
transition do not depend on frequency.

* To monitor reactions (polymerisation or curing, for example) or crystallisation
in non-isothermal conditions.

The isochronal experiments can be performed even when the complex permit-
tivity is needed at different frequencies and temperatures. It is possible to program
isochronal experiments where € is measured at different frequencies settled prior to
the experiment. Some commercial equipment enables such kind of experimental pro-
cedure. If the frequencies are high enough (typically above 500 Hz) and a relatively
short number of frequencies is used (below 10) we can obtain reliable values at low
temperature rates (~1°C min").

In the non-isothermal method the sample is not in thermal equilibrium and the
existence of a thermal lag between the sample temperature and the temperature of the
thermocouple must be considered. In fact, this has been a major problem in many
thermal analysis techniques (see discussion in [2]) because the thermocouple that
measures the temperature of the sample is seldom in direct contact with the sample.
Therefore, it is expected that, at a given time, the temperature of the sample is not
equal to the temperature read by the sensor. For the required experimental condition it
is thus important to undertake some appropriate measures which will allow one to
know, at any moment of the experiment the correspondence of the indicated sensor
temperature 7 to the real temperature of the sample 7.

In this paper we propose and compare three different methods that may be used
to correct the temperature axis of isochronal dielectric experiments. All these meth-
ods use systems that have a relaxation or transition that is well characterised in terms
of its positions in the temperature axis. The method has been used to construct the
temperature calibration curve of a Polymer Laboratories apparatus (PL) for a given
heating rate.
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Experimental

Materials

The two metallic standards were used in this work were indium (99.99999% purity)
and tin (99.9999% purity), from Goodfellow. These metals exhibit melting tempera-
tures of 156.6 and 231.4°C, respectively.

Tri-glycine sulfate (TGS, (NH,CH,COOH),-H,SO,) exhibits ferroelectric prop-
erties at room temperature with the 2" order ferroelectric phase transition at 49°C.
TGS crystals were grown by a slow cooling technique — from 45°C to room tempera-
ture at a rate of 0.25°C/day — from a water solution. Glycine and sulphuric acid were
from Aldrich Chemicals.

The polymer used was a commercial poly(carbonate) (Goodfellow, code num-
ber CT301300/1) in the form of an extruded isotropic film (0.1 mm thickness).

The structure of the studied poly(carbonate) is:

g
+O C OC+
[ I
CH, 0
This material has a calorimetric glass transition around 150°C. Due to possible
crystallisation the film was subjected to a thermal treatment at ca 200°C for more

than 1 h. After this treatment, successive temperature scans of the film in the PL
equipment (see below) up to 220°C did not show differences in the obtained traces.

Equipments

The dielectric relaxation experiments were carried out with two different apparatus:

Polymer Laboratories equipment (PL)

The Polymer Laboratories DETA apparatus consists in a General Radio 1693 digital
RLC bridge, a dielectric spectrometer head, a temperature controller unit (Model
706) and a controlling computer with PL software. The two components of permit-
tivity (€ and €") are obtained by measuring the capacity and the loss tangent (tand) on
the DETA bridge.

The dielectric spectrometer cell consists of a lower base with provision for
mounting the sample, and a furnace chamber (internal dimensions: 6 cm diameter and
6 cm high). The temperature is measured by a small 100 ohm platinum resistance
Thermometer (PT100) placed at ca 5 mm below the bottom electrode.

Measurements were performed over the frequency range 100 Hz to 100 kHz in
constant heating mode at temperature rates between 0.2 and 8°C min ' in the tempera-
ture range 25 to 250°C. Prior to the experiments the usual calibration routines of in-
ternal reference resistors and removal of stray effects due to leads and cell were per-
formed.
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Novocontrol equipment (NC)

This equipment consists of a Hewlett-Packard impedance analyser HP 4284 A, cover-
ing a frequency range from 20 Hz to 1 MHz, a BDS 1200 sample cell, and a tempera-
ture control module (QUATRO Cryosystem from Novocontrol GmbH) which allows
for isothermal and ramp temperature experiments.

The poly(carbonate) (PC) film was studied in this equipment. For the experi-
ments in the NC equipment, the PC film was sputtered on both sides with a gold layer
to enhance the electrical contact. The film was kept between two gold-plated elec-
trodes (diameter 20 mm) of the sample cell, which is mounted into a BDS 1100
cryostat and exposed to a heated gas stream evaporated from a liquid nitrogen dewar.
The temperature in the cryostat is measured by a platinum PT100-type sensor which
is fit into the lower electrode.

The parallel capacitance (proportional to the real part of the complex permit-
tivity, €") and the loss tangent (tand=€"/€") were measured both in isothermal and
ramp temperature tests.

Results and discussion

Fusion of high-purity metallic standards

The fusion of high-purity metallic standards has been extensively applied in the tem-
perature calibration of several thermal analysis techniques [2]. For example, in differ-
ential scanning calorimetry (DSC) and differential thermal analysis (DTA) tech-
niques, the onsets of the fusion peaks of these materials are compared with the
corresponding melting point. The same principle holds in dynamic (or thermal) me-
chanical analysis where the fusion of metals is monitored during heating by means of
the penetration of a probe-tip through the sample [2]. It should be mentioned that
temperature calibration of dielectric measurements in dynamic scanning mode using
indium has been already reported [3].

Owing to the electrical conductivity of such materials, they cannot be employed
directly to calibrate the temperature axis of DETA equipments. In this work we pro-
pose the use of metallic standards in a special arrangement that undergoes some mod-
ification when the metal melts.

We have designed the following experiment. A piece of the metallic standard (~10
mg) with a flat cylindrical geometry (~100 pum high) is placed between two poly(imide)
sheets (15%15 mm and 200 pm thick). Poly(imide) is a very stable polymer that does not
present appreciable dielectric changes in the temperature range under consideration. This
set-up is then placed between two steel discs of 24 mm diameter. This assembly is
mounted between the electrode plaques of the PL equipment. The mobile top electrode is
moved down until some pressure is created, assuring a good physical contact through all
elements. The top electrode is then fixed in order to maintain the distance between the
electrodes during the experiment (situation I in Fig. 1). The initial temperature is set well
below the melting temperature, enabling the heating rate to stabilize before the melting.
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Fig. 1 Scheme of the set-up for the temperature calibration of the PL equipment using
electrodes of the PL equipment, B — metallic plaques,
C — polyimide films, D — metallic sample

metallic standards. A —

During heating, the metal melts at a certain temperature. At this moment the top
steel disc (B in Fig. 1) separates from the top electrode by gravity and a new empty
layer between B and the top electrode is formed (situation II in Fig. 1). The signal of
the apparatus will be modified due to this geometric change.

Two examples of such experiments, with indium (7,=156.6°C) and tin (7 =
231.4°C) are shown in Figs 2a and 2b, respectively. The melting temperature read by the
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Fig 2 Storage permittivity during a temperature scan in the PL equipment with indium
(a) and tin (b), according to the set-up of Fig. 1, at 1°C min ' and measured at
two frequencies (squares: 500 Hz, circles: 1000 Hz). Inset in Fig. 2a: method for

obtain the onset temperature, 7opset
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thermocouple is calculated by the onset temperature, 7, ., as explained in the inset of
Fig. 2a. In this case we obtain 7, =145.2+0.2°C for indium and 7 =215.5+0.2°C for
tin. The onsets were found to be independent of the frequency used, due to the fact that
melting is a pure 1¥ order thermodynamic transition.

The gradual increase in€’ observed in Fig. 2 above T, is due to the progressive
melting of the metals associated with their thermal resistance.

A variety of metals and even organic compounds may be used in this method,
provided that the theoretical melt temperature is well known and that the melt is suffi-
ciently fluid. A list of recommended standards with melting temperatures from —38 to
1064°C is presented in [4].

Transitions in crystals

Chemically and crystallographically, TGS is not by far the simplest ferroelectric
known, but its phenomenological behaviour is very simple. It represents, in fact, one
of the most typical examples of a ferroelectric, the behaviour of which fits quite per-
fectly the description given by the thermodynamic theory for 2™ order phase transi-
tions, with the Curie temperature at 49°C [5]. In the vicinity of the transition tempera-
ture the dielectric constant along the ferroelectric b-axis shows a pronounced
anomaly. The dielectric constant follows a Curie-Weiss law and the Curie-Weiss
temperature agrees practically with the Curie temperature [5]. For the dielectric mea-
surements, samples in the shape of thin slices (d=1.5 mm) were oriented perpendicu-
larly to the polar b-axis and silver painting served as electrodes. The temperature de-
pendence of €'(T) and tand( 7)) were measured at several velocities ranging from 0.2 to
8°C min' in the PL equipment described above. One can thus compare the tempera-
ture of the maximum in €' with the true transition temperature.
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Fig. 3 Storage permittivity of TGS measured at 1 kHz in the PL equipment at different
scanning rates (in the legend)
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In Fig. 3 the €' vs. T results obtained for TGS at different rates are shown in the
region of the ferroelectric transition. The peaks are well defined, enabling the deter-
mination of the transition temperature as read by the sensor —7..

The differences observed between the real and observed temperatures may be a
result of different factors. The most important are the inaccuracy of the thermocouple
reading itself and the effect of the thermal resistance between the thermocouple and
the sample. The former effect should be scanning rate independent, whereas the sec-
ond factor depends on the scanning rate (3=d7/dr): as [3 increases the sensor tempera-
ture gradually separates from the real temperature (or, at least, from the temperature
read at low scanning rates). This effect is shown in Fig. 3 where 7, is found to in-
crease with increasing [3.

Due to the fact that the sensor is located outside the capacitor plates, several fac-
tors contribute to the thermal resistance associated with the dependence of 7, on f3:
the ceramic wrapping the thermocouple, the air gap between the sensor and the ca-
pacitor, the capacitor plates, and even the own thermal resistance of the sample. As
we shall see later, the last factor is very small if we measure thin films, which is not
the case in this particular system.

In Fig. 4 the sensor temperature at maximum of €’ is plotted vs. the heating rate.
The plot shows that a linear relationship is maintained between these two variables
(the linear fitting yields R=0.997, Fig. 4). The slope of the fitting is related, among
other factors, with the thermal resistance between the thermocouple and the sample.
The slope should increase as the thermal resistance increases. For this particular case,
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Fig. 4 Maximum of the storage permittivity as a function of the heating rate for TGS
(data extracted from Fig. 3)
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the results suggest that the calibration must be carried at the same heating rate of the
experiments.

The plot in Fig. 4 also enables to correct the temperature for isothermal experi-
ments. The procedure is to use the intercept of the fitting curve as the sensor tempera-
ture, i.e., an isothermal situation can be predicted by observing the calibration curve
in Fig. 4 for the case - 0. Note that the intercept (44.49°C) is different from the ex-
pected value for the studied transition. This difference may be due to two different
reasons: 1) the sensor is not well calibrated or ii) the existence of heat fluxes inside the
furnace. Those fluxes may exist even in isothermal conditions because there are still a
hot and a cold thermal sources coupled to the furnace that originates temperature gra-
dients inside the chamber.

It is interesting to note that due to the fact that the studied phase transition occur-
ring in TGS is a second order thermodynamic transition, showing no thermal hyster-
esis, we could use this material to correct the temperature axis in dielectric equipment
under cooling conditions.

a-Relaxation in amorphous polymers

The a-relaxation usually observed in amorphous polymers corresponds to the dy-
namic glass transition process and is due to the micro-Brownian cooperative reorien-
tations of the polymeric segments. We will assume in this section that the location in
the corrected temperature axis of the a-relaxation of a stable amorphous polymer is
not dependent on the testing mode: isothermal or isochronal (heating or cooling). The
usual frequencies used in isochronal DETA studies are well above the ‘equivalent
frequency’ of the heating process itself (for instance, usual DSC experiments probes
the chain dynamics of the sample at frequencies around 10 Hz [6]). Therefore, the
temperature of maximum tand of the a-relaxation, 7, is above the calorimetric
glass transition temperature and 7' should not be affected by the structural relax-
ation of the glassy material. Moreover the applied frequencies used are high enough
so that the temperature dependence of the response is not smeared out by the heating
process; i.e. if the permittivity must be resolved within a temperature interval A7, we
assure that we have w>>B/AT. For all these reasons, we may expect that the dynam-
ic-dielectrical response of the material in this temperature range (near the tempera-
ture of maximum tand) is only temperature and frequency dependent (not heating rate
dependent) and can be used as a probe to the calibration procedure like the two sys-
tems described before. The same idea was discussed in the comparison between iso-
thermal and isochronal dielectric experiments on polyethylene terephthalate [1].

In this work we used poly(carbonate) (PC), an amorphous thermoplastic. We fo-
cus on the tand data due to the fact that this quantity is not dependent on the geometry
of the sample. Therefore, the comparison between results obtained in different appa-
ratus, and/or where the comparison of results when the measurement of the thickness
of the samples may be difficult, is better achieved by using tand instead of the loss
permittivity, €".
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flHz

Fig. 5 Isothermal frequency scans in the NC equipment, from 100 Hz to 1 MHz, on the
polycarbonate film at different temperatures, from 200 to 130°C (every 2°C).
a — storage permittivity, b — loss permittivity
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Fig. 6 Loss tangent obtained isothermally, as a function of temperature for different
frequencies (see legend)

We will assume that the thermocouple of the NC equipment is well calibrated:
this could be verified by running the experiments with the first method (metallic stan-
dards) at a very low heating rate (<0.5°C min"). In fact, the use of this method re-
quires that the dielectric property of the polymeric standard is well characterized as a

function of temperature.
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In a first set of experiments, PC was investigated in the NC equipment in iso-
thermal conditions. This will assure that the sensor temperature is the same as the
sample temperature. The sample was annealed at 220°C prior to the experiments. A
frequency scan from 20 Hz to 1 MHz was made every 1°C in decreasing temperature
from 200 to 130°C. The system was kept at each temperature during a time necessary
to warrant that the temperature was constant within 20.05°C. The isothermal experi-
ments are shown in Fig. 5, in temperature intervals of 2°C.

In Fig. 6 the tand values obtained in the isothermal experiments are plotted vs. tem-
perature for 500 Hz, 1 kHz, 5 kHz, 10 kHz, 50 kHz, 100 kHz, 500 kHz and 1 MHz. It is
important to stress that we assumed the thermocouple in the NC equipment to be well
calibrated. Therefore, the temperature axis in Fig. 6 corresponds also to the temperature
of the sample. We can, thus, use this poly(carbonate) film to calibrate the temperature of
our PL equipment. For example, we have a maximum of tand at 165°C for the frequency
of 1 kHz (Fig. 6).

Isochronal experiments were also carried out in the NC equipment at 1 kHz and
scanning rates of -8, —4, -2, —1, +1, +2, +4 and +8°C min . The negative sign in the
heating rate means that the experiments began at 200°C and the sample was cooled
down to 130°C at that rate. The opposite procedure was applied in the heating experi-
ments (positive sign). The results for the loss tangent are shown in Fig. 7 together
with the isothermal data. It can be seen that all points overlap, indicating that the re-
sults of the experiments apparently do not depend on the scanning rate. This behav-
iour is different from the results obtained in the PL equipment (Fig. 3), where the
temperature location of the processes strongly depends on the scanning rate. This dif-
ference can be explained by the fact that in the NC equipment the thermocouple con-
tacts directly with the upper part of the lower electrode, i.e., it is very close to the
sample. Therefore the thermal resistance between both is very small. Moreover, the
thermal resistance of the sample is also small because the film is very thin.
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Fig. 7 Loss tangent of polycarbonate measured in the NC equipment at 1 kHz at differ-

ent scanning rates (see legend). For comparison purposes the isothermal results
are included (open squares)
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Fig. 8 Isochronal results of polycarbonate measured in the PL equipment at 1°C min "'
for two frequencies: squares — 500 Hz; circles — 1 kHz

The same polycarbonate was studied in the PL equipment at 1°C min™' and sev-
eral frequencies between 100 Hz and 100 kHz. In Fig. 8 the tand is plot vs. frequency
for 500 and 1000 Hz. The maximum of the tand is, in this case, located at 151.3°C for
the frequency of 1 kHz, which is different from the results shown in Fig. 6. This indi-
cates that, when the sensor reads 151.3°C, the sample is at 165°C.

Concluding remarks

In the three previous sections, three methods for correcting the temperature axis of di-
electric spectroscopy equipments (DETA) were suggested: the fusion of metallic
standards, the 2" order ferroelectric transition of a crystal and the a-relaxation of an
amorphous polymer. The systems used for the calibration covered a wide range of
temperatures.

It is interesting to group the results in order to construct a calibration curve that
allow, for this particular case, to correct the temperature axis of the PL equipment for
experiments carried out, for example, at 1°C min .

We can use directly the information obtained from the experiments with the me-
tallic standards and with the poly(carbonate), because the experiments were per-
formed in the PL apparatus at 1°C min"'. We can also use the results obtained with the
crystalline system (TGS), interpolating the results shown in Fig. 4 in order to obtain
the sensor temperature at the maximum of €' for a heating rate of 1°C min .

The calibration curve is shown in Fig. 9. It should be stressed that this calibra-
tion curve is only valid for the PL equipment with the used thermocouple and the de-
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scribed set-up. A good linear relationship is observed between the sensor temperature
and the corresponding real temperature of the sample. For example, for other thermal
analysis techniques, such as DSC, it is often observed that a plot of T, vs. T, for differ-
ent standards obtained with the same heating rate follows a nearly linear relationship

[7].
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Fig. 9 Calibration curve for the PL equipment at 1°C min ' (real temperature of the
samples, 7, as a function of the read temperature of the sensor, 7) constructed
with the results obtained by the three methods proposed in the work (R=0.9998)

It must be noticed that the temperature range of the calibration curve shown in
Fig. 9 could be extended by using different crystals, amorphous polymers and metals.

The methods presented in this work could be used, with simple modifications, to
correct the temperature in other equipments such as those used to carry out transient
experiments either in isothermal conditions or during temperature sweeps. The later
experimental protocol is usually associated with the so-called thermally stimulated
currents technique (TSC).
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