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Abstract

Modulated temperature calorimetry has been carried out on silver iodide using a novel apparatus, which could expose the sample to conventional
heating, microwave heating or any combination of the two. A 20 °C reduction in temperature for the 3—a phase transition was achieved when
the sample was irradiated with microwave energy. Quasi-isothermal studies also suggested that silver iodide could be transformed between states
without changing its temperature when irradiated with microwaves. This study suggests a genuine ‘microwave effect’ is occurring in this material.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Many investigators have reported unexpected effects result-
ing from the use of microwave radiation as an alternative energy
source during the processing of materials. This has included
apparent evidence for accelerated kinetics for a range of pro-
cesses in ceramic, polymeric and organic systems [1-12]. It
is now generally, though not unanimously, accepted that a
‘microwave effect’ exists. The primary reasons for any remain-
ing uncertainty are the fact that the evidence is often gathered
by comparing experiments performed using conventional radi-
ant furnaces with those done in a microwave applicator of
completely different specification (e.g. geometry, power level,
etc.). Thus it is impossible to vary the energy source with-
out simultaneously affecting a wide range of other variables.
Furthermore, there are often associated uncertainties with tem-
perature measurement. Pyrometry is often used with microwave
heating whilst thermocouples are used in the conventional exper-
iments. When a single technique is used, it is usually a shielded
thermocouple—even though the presence of the metallic shield-
ing is known to distort the local microwave field [13]. Finally,
the surface temperature is usually measured. With conventional

* Corresponding author. Fax: +44 1509 223949.
E-mail address: d.m.price@lboro.ac.uk (D.M. Price).

0040-6031/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.tca.2006.01.010

heating this will be the hottest part of the specimen, whilst with
microwave heating it will be the coolest. This leads to difficulties
in making a direct comparison of data.

The precise nature, origins and magnitude of the effect are
far less well established and, as a result, a number of the-
ories have been postulated [1,8—12]. These include: lowered
activation energies [11]; enhanced diffusion due to increased
vibrational frequency of the ions caused by the electric field of
the microwave radiation [8,9]; the excitation of a non-thermal
phonon distribution in the polycrystalline lattice [10,14]; quasi-
static polarisation of the lattice near point defects [15]; and
the ponderomotive action of the high frequency electric field
on charged vacancies in the ionic crystal lattice [16]. The
variety of different theories reflect a lack of agreement about
microwave/material interactions, although it is possible that
there are a number of contributory factors to the microwave
effect and that more than one of the above hypotheses are impor-
tant.

In order to afford a direct comparison of data, a hybrid
conventional/microwave heated calorimeter has been developed
[17]. Although other instruments have been described which
employ pure microwave power to examine specimens under
the influence of an microwave field [18-22], our apparatus per-
mits measurements to be made with a combination of energy
inputs from 100% conventional to 100% microwave power. This
apparatus has been used to investigate reports of anomalous
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behaviour in silver iodide [23], which undergoes a solid state
phase transition at 147 °C from the low temperature [3-phase
(Wurtzite structure) to the high temperature, ionically conduct-
ing a-phase (body centred cubic iodide containing a disordered
silver ion sublattice) [24]. Robb et al. studied this transition
using temperature resolved in situ powder X-ray diffraction [23].
Under the influence of conventional heating, the structural tran-
sition was detected at the expected temperature. When heated by
2.45 GHz microwave radiation the transition was detected some
50°C lower than expected. This effect was attributed to multi-
phonon coupling between the microwave field and low-lying
transverse optic modes of silver iodide. The current researchers
have also obtained evidence for a reduction in transition tem-
perature under the influence of microwave heating and attribute
this effect to the production of defects in the 3-Agl lattice which
favours the formation of a-Agl [25]. In this publication studies
are reported on this material using AC calorimetry under the
influence of a microwave field.

2. Experimental

Polycrystalline silver iodide powder (99.999%) from Acros
Organics, UK was pressed into cylindrical pellets measuring
7 mm in diameter and 5 mm high by uniaxial compression. This
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yielded samples of approximate density 4.9 +0.3 gcm ™, i.e.
83% of theoretical density.

A schematic diagram of the apparatus is shown in Fig. 1. It
could heat the samples using pure conventional heating, a hot
gas source, pure microwave heating or in a hybrid mode with
fixed amounts of microwave energy being supplied. Sample tem-
perature was automatically controlled via the surrounding air
temperature. A rectangular waveguide (not shown) was used to
launch microwave radiation from a continuously variable 500 W
magnetron operating at 2.45 GHz into a cylindrical cavity con-
taining the specimen holder at its axis. Motorised chokes at
the top and bottom of the cavity were adjusted so that the E-
field within the cavity, measured by loop antennas orthogonal
to the specimen, was maximised. Ancillary tuning by a manual
three-stub tuner in the launch section was employed to minimise
reflected power. By these means the cavity could be operated in
a TEj11 mode with the maximum field intensity at the sample
position.

Conventional heating of the sample was achieved by pass-
ing compressed air (51min~'), heated by a 750 W process gas
heater, around the specimen holder. The temperature of the
specimen was monitored by a fluoroptic thermometer (Luxtron
model 790) which was calibrated according to the manufac-
turer’s instructions using an ice-water bath as a single reference
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Fig. 1. Schematic diagram of test cavity showing arrangement for heating sample and positions of temperature sensors.
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point. The power supplied to the heater and magnetron, input
air temperature and sample temperature were recorded by A/D
converters (PicoLog ADC-16 and TC-08). A temperature con-
troller (Eurotherm 2408) was used to control the power to the
heating system.

In the present work, the equipment was operated as a modu-
lated temperature calorimeter in which the sample temperature
was programmed to oscillate between two limits using the heated
air supply. From the amplitude of the air temperature oscillation,
(Ta), required to achieve the desired sample temperature oscil-
lation, (Ts), it was possible to estimate the specific heat capacity,
Cp, of the specimen according to the relation [26]:

Cp = k(Ta)/(Ts)

where k is a correction for the thermal mass of the sample holder,
specimen and heat losses in the system (i.e. the baseline). Over
a narrow temperature range, kK was assumed to be constant and
so the data was simply normalised to the published specific heat
capacity of silver iodide [27,28] as the interest was not in estab-
lishing precise measurements of this parameter but to use the
changes in C), that accompany the phase transition to locate the
temperature at which it occurred under different heating condi-
tions.

3. Results and discussion

Fig. 2 shows raw data obtained from an experiment in which
the specimen temperature was alternated by £2 °C about a mean
value every 2 min. These temperature steps were repeated for 1 h
and then the mean value incremented by 2 °C in order to perform
a step-wise temperature sweep. The derived heat capacity data
are shown in Fig. 3. Here the phase transition of silver iodide is
accompanied by a peak in heat capacity at the normal transition
temperature and there is a reduction in heat capacity from the
[B-phase to the a-phase as expected.

Fig. 4 shows raw data obtained using the exactly same tem-
perature program, but with the specimen irradiated with 50 W of
microwave power and correspondingly less conventional energy.
There is a noticeable drop in the average air temperature required
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Fig. 2. Raw data for a stepwise isothermal modulated temperature calorimetry
experiment on Agl in the absence of microwave energy. Inset shows expansion
of sample temperature response over several modulations.
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Fig. 3. Heat capacity of Agl derived from the raw data in Fig. 2.
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Fig. 4. Raw data for a stepwise isothermal modulated temperature calorimetry
experiment on Agl in the presence of 50 W of microwave energy.

to maintain the specimen at the set point between 128 and 130 °C
indicating that coupling between the sample and the microwave
field has increased due to the formation of a-Agl. The derived
heat capacity data shown in Fig. 5 does not show a peak in
heat capacity at the phase transition as in Fig. 3, a feature that
is discussed below, but there is a characteristic decrease in the
baseline heat capacity that indicates that the phase transition
has occurred over the temperature range 128—130 °C. When the
microwave power level was increased to 75 W, and the conven-
tional energy reduced further to enable the same temperature
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Fig. 5. Heat capacity of Agl derived from the raw data in Fig. 4.
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Fig. 6. Raw data for a quasi-isothermal modulated temperature calorimetry
experiment on Agl with increasing and decreasing levels of microwave energy.

programme to be followed, the apparent transition tempera-
ture was reduced to around 120 °C. Use of higher microwave
powers was not possible due to difficulties in controlling the
specimen temperature immediately after it had transformed to
a-Agl, making clear identification of the transition temperature
impossible.

A further experiment using modulated temperature calorime-
try in combination with microwave heating is illustrated in Fig. 6.
Unlike earlier measurements, the average specimen tempera-
ture was set to 130 °C and modulated by £2 °C about a mean
value every 2 min for the whole experiment. The background
microwave power was then cycled in small steps between 0 W
(no power) and 70 W, the amount of conventional heat being
reduced to maintain the average set temperature. The resultant
derived heat capacity data are shown in Fig. 7. It will be observed
that there was a reversible transformation between 3-Agl and o-
Agl with the change in the microwave energy level, the incident
power at the transition point, ~50 W, being consistent with the
same change seen under the stepwise heating data in Fig. 5.
Again, there was no peak in heat capacity seen during the tran-
sition, c.f. Fig. 3. In earlier studies by modulated-temperature
DSC it was postulated that this excess heat capacity seen under
conventional heating was a consequence of the formation of
defects in the B-Agl lattice which precede the formation a-Agl
[25]. The absence of an excess heat capacity in the presence of
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Fig. 7. Heat capacity of Agl derived from the raw data in Fig. 6.

microwaves prior to the phase change suggests that microwave
irradiation (rather than the background thermal field) provides
a mechanism for defect formation (perhaps by concentrating
existing defects or by an interaction which creates new ones)
and thus “catalyses” the transition to the a-phase.

4. Conclusions

Modulated temperature calorimetry of silver iodide using
hybrid microwave/conventional heating showed that the B—a
phase transition temperature of silver iodide was reduced from
147°C to at least 120 °C when the specimen was exposed to
microwave irradiation. No excess heat capacity (attributed to
defect formation) was observed under conditions where the spec-
imen was irradiated by microwaves. This indicated a potential
mechanism for this effect by which the electromagnetic field pro-
motes the formation of defects in the low temperature lattice via
an athermal process. These defects then initiated transformation
to the high temperature form under conditions when it would be
metastable. By cycling the microwave power while the average
specimen temperature was not changed it was shown that this
effect is reversible.
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