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Abstract

The modulated adiabatic scanning calorimeter (MASC) described here is designed to work in both the time-domain

(adiabatic-like step-scanning) and in the frequency domain (modulated temperature/power-scanning) operational modes. The

cylindrical form of the cell and the controlled thermal environment in which the sample is located make it possible: (i) to write

detailed and reliable equations to describe the heat ¯ow; (ii) to derive analytical relations to calculate the energy release from

the sample and the real and imaginary parts of the complex heat capacity at the modulation frequency; (iii) to study narrow

phase transitions using the power modulated scanning mode; and (iv) to generate adiabatic-like conditions. The thermal

environment is controlled by means of an active thermal shield which is kept at a temperature close to that of the sample cell

in order to minimise the thermal gradients to which the sample is exposed. The temperature difference between the shield and

the cell is set at the value required to control or cancel heat leakage from the cell. MASC can be used to carry out

measurements on a single sample in different operational modes that can be made operative under the control of its built-in

software. The parameters of interest can be automatically calculated by means of a program based on a model of the

cell� sample system that will be described in a second paper.

To test the performance of the calorimeter, samples of materials which undergo a ®rst-order phase transition or a glass

transition (indium, ice, and polystyrene) were studied. The speci®c features of the calorimetric cell, the calibration procedure,

and the experimental results are reported and discussed. # 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Calorimetry is an experimental technique that is

widely used in many research ®elds, particularly in the

material sciences, to study chemical, physical and

biological processes. Ideally the calorimetric study

of an unknown sample would make use of a `̀ ®rst

look'' run, obtained by scanning the temperature in the

interval of interest. Based on this preliminary data, the

most suitable mode for further calorimetric studies

would be determined and applied. Many different

operational modes have been developed, each one

generally being recommended for certain applications

and not others [1±3]. Unfortunately, all of the calori-

meters currently available perform optimally in only a

single mode, so more than one calorimeter (not all of

which are commercially available) would be needed to

carry out thorough studies. Thus, the ideal approach

outlined above is not feasible for practical and eco-

nomic reasons, and compromises are necessary. As a

consequence, reliable and detailed calorimetric stu-

dies can be performed only on a limited class of

samples and processes, unless the researchers have
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the resources to design and build the exact calorimeter

for their needs in-house.

MASC, the calorimeter described here, is the most

recent in a family of instruments developed in the

authors' laboratory [4,5]. It offers a relatively simple

and very ¯exible tool for solving problems of interest

in many ®elds, where calorimetry can be usefully

applied. The cylindrical symmetry of the sample cell

and the control of its thermal environment provide the

basis for a theoretical model which allows to derive

the relationships between the measured quantities and

the parameters that characterise the sample [5,6].

These features of MASC also make it possible to

obtain all of the advantages of modulated temperature

calorimetry (MTC), and can help expanding the ®eld

of frequency domain calorimetry [7,8]. At present

MTC can be used with con®dence only if the experi-

mental conditions and the instrumental parameters are

under control and do not vary with time [9±11].

The active thermal shield built into the MASC

allows the user to control the heat ¯ow to and from

the sample in a highly accurate and reproducible

manner during the experimental run. When the long-

itudinal heat losses of the cell are compensated for by

the radial heat ¯ow from the shield, an adiabatic-like

operational mode is obtained.

MASC functions by controlling either the cell

temperature itself or the power supplied to the cell.

The quantity measured is therefore either the cell

temperature as it changes up or down as a function

of a programmed heat ¯ow or the power supplied to

the cell to track the programmed temperature pro®le.

The stability over time and the reproducibility of the

data makes the performance of this instrument com-

parable to that of twin-cell differential instruments.

2. The instrument design and measuring
procedures

The main features of the MASC, together with

details of the cell design and the calibration procedure,

are reported and discussed below.

2.1. The calorimetric head

The calorimetric head and the sample cell are

shown schematically in Fig. 1. The novel feature of

the MASC is its active thermal shield, which was

introduced both to minimise the temperature gradient,

DT, along the sample and to scan up and down the

sample temperature by reproducible heat ¯ows. With-

out this shield in the calorimeter, DT increases more

and more markedly as the cell temperature, T, is

scanned above the bath temperature, Tb (e.g. if

T > Tb � 1008C, DT was 18C as may be seen from

Fig. 1. Schematic and enlarged diagram showing a vertical section

of the calorimetric head: 1, stainless steel tube for sample top-

loading; 2, electrical links; 3, thermal insulator; 4, sample cell

(stainless-steel); 5, cell heater (coated manganine wire); 6, thermal

bath (aluminium); 7, cell temperature sensor (nickel alloy-99 type

by Driver Harris); 8, shield temperature sensor (nickel alloy-99

type by Driver Harris); 9, sample container (pyrex); 10, thermal

shield heater (coated manganine wire); 11, thermal shield

(aluminium); 12, thermal insulator.
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the apparent melting interval of an 8 cm sample of

indium).

The instrument's program maintains Tb at a con-

stant (�0.0028C) and suitable value (�208C below the

starting point of the temperature interval being mea-

sured) and the shield temperature (Ts) at a distance dT

above or below the cell temperature. During the

experimental run the cell temperature may either:

(i) change spontaneously; or (ii) follow a programmed

temperature curve, as a function of the heat supplied to

the cell and/or the heat ¯ow from the shield. To

achieve this, a pair of wires, one for the sensor and

one for the heater, are wound uniformly around the

outside of both the cell and the shield (Fig. 1). The cell

sensor (nickel alloy 99 type, Driver Harris) measures

the average temperature of the cell, which is practi-

cally equivalent to the sample temperature since the

gradient along the cell length is very small (<10 mK)

and the radial heat diffusion time in the cell� sample

is <1 s if the temperature range of the experiment is far

enough from the sample phase transition interval. The

heaters of the MASC consist of metal resistors with a

low temperature coef®cient (coated manganine alloy).

A block diagram of the MASC with its principle

components is shown in Fig. 2. The multimeters used

to measure the sensor resistance and the applied

voltage are commercially available instruments inter-

faced to a PC and controlled by a program written

using LabVIEW software. The sensitivity of the

instrument for temperature measurements is 0.1 mK.

The measured data are stored for the analysis and

utilised in the control program during the experimen-

tal run. Two temperature control procedures, propor-

tional-integral-differential (PID), are contained in the

program: the ®rst changes the cell temperature, T;

while the second maintains T ÿ T s � dT . By chan-

ging the sign and value of dT it is possible to scan up

and down the sample temperature. The same principle

was utilised by Jeong in his modi®ed adiabatic calori-

meter [12].

The adiabatic-like conditions (power loss from the

cell controlled to within �30 mW) created by the

MASC can be used to study slow-rate exo/endother-

mic processes and to accurately measure transition

enthalpies and temperatures. Thus the instrument is

suitable for sample purity tests based on the melting-

point depression [13].

2.2. The calibration procedure

The temperature calibration procedure involves two

distinct phases. In the ®rst phase the bath temperature,

Tb, is gradually changed, covering the entire tempera-

ture interval (typically from 250 to 470 K) in incre-

mental steps of a few degrees; no power is supplied to

the cell or to the shield heaters. After each incremental

step, and until equilibrium is attained, the resistance

values, Ri(t), for the heaters and sensors, and Tb(t) are

measured and automatically stored. A secondary,

standard thermometer (Hart Scienti®c, mod. 501)

measures Tb to an accuracy of �0.018C, and the

sample cell and the thermal shield temperatures are

assumed to be equal to Tb. The plateaux of the

experimental curves Ri(t) and Tb(t) are then ®tted to

calculate the Ri and Tb values. The sensor Ri against T

curves are ®tted to polynomial equations in order to

obtain Ti � f �Ri�, the thermometric functions utilised

in the MASC control program.

In the second phase, the accuracy of the MASC

temperature scale is substantially improved by directly

measuring the cell temperature. To do this the melting

temperature of indium, water, and/or some other

reference substance, with a transition interval width

compatible with the accuracy to be attained, is ®rst

studied with MASC operating in the adiabatic-like

mode. The temperature scale correction, generally a

few hundredths of a degree at higher temperatures,

is the difference between the tabulated referenceFig. 2. Block diagram of the calorimeter.
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temperature and the value measured by the cell sensor

according to the ®rst phase of the calibration proce-

dure.

During the course of an experimental run, the bath

temperature is kept constant while the shield and cell

temperatures are changed by supplying power to the

heaters. When the shield temperature is increased to

above the bath temperature, a temperature gradient

occurs along the shield. This gradient results in a Ts

value (i.e. the mean temperature value along the shield

length covered by the sensor) that is lower than the

temperature of that part of the shield which faces the

cell. To minimise this effect, the length of the shield

sensor is as long as the sample cell (Fig. 1). In any

case, when no power is supplied to the cell, a tem-

perature difference dT�T� � T ÿ T s between the cell

and the shield is present and its value increases more

and more with the increasing difference between Ts

and the bath temperature. dT(T) can be accurately

determined by step-scanning Ts with Tb kept constant

and measuring the equilibrium T value. The measured

dT(T) values can be ®tted to a second order polyno-

mial equation (for example, when Tb is set at ÿ258C,

one obtains dT�T� � ÿ0:1001� 6:464� 10ÿ3 T�
7:772� 10ÿ6 T2).

During an experimental run T can change, either

spontaneously or when power is supplied to the hea-

ters, owing to exothermic processes occurring in the

sample. If the shield temperature is maintained at

T ÿ dT�T�, the heat ¯ow from the cell is null and

adiabatic-like conditions are obtained.

The total heat ¯ow to the cell can be maintained at a

®xed value, F, by setting the shield temperature at the

appropriate value T s � T ÿ dT�T� � F=l�T�, where

l(T) is the heat exchange coef®cient between the

shield and the cell. At room pressure the temperature

dependence of the heat exchange coef®cient is: l�T��
26:6� 10ÿ3 � 8:73� 10ÿ5 T � 6:48� 10ÿ8 T2.

The experimental criterion for the attainment of

adiabatic-like conditions is the stability of T(t) for a

time longer than the measurement interval. This

means that during this interval longitudinal heat losses

are balanced by the radial heat ¯ow. This is always

possible, but a temperature gradient along the sample

is the inescapable price to be paid. To minimise this

effect in the MASC, particular attention was devoted

to the thermal insulation of the cell top, which is open

for sample loading. A simple and reliable way to test

the temperature gradient along the cell is to study the

sharp phase transition of indium. We found that an

indium sample ®lling 90% of the cell length (Fig. 1)

apparently melts along a temperature interval that is as

large as the temperature gradient along the cell itself,

the melting interval of indium being only 0.0012 K

(see experimental results reported below).

The power supplied to the MASC cell is calculated

from the known heater resistance, which is invariant

over time, and the applied voltage value measured

using a multimeter (Keithley, mod. 2010). The result-

ing accuracy is suf®cient for most purposes. To

increase the accuracy of the power measurement, so

that it is higher than the sensitivity of the calorimeter, a

four-wire connection to the cell heater for the simul-

taneous measurement of current and voltage can be

used.

3. MASC operation modes

The MASC operational modes are listed in Table 1.

When working in modes A, B or C, the power supplied

to the cell heater is the measured quantity.

The shield temperature is generally set below the

cell temperature in order to maintain a ®xed negative

heat ¯ow. Under these conditions the cell temperature

can be scanned up and down by manipulating the

power supplied to the cell heater. In the other modes

the thermal shield is utilised to supply controlled heat

¯ows to the sample cell or to compensate for the

longitudinal heat losses so as to obtain adiabatic-like

conditions. In these modes the cell temperature is the

quantity measured during the experimental run.

The cell temperature can be assumed to be equal to

the sample temperature only at equilibrium. This

condition is attained after just a few seconds if the

cell is ®lled with a sample that is far from its phase

transitions, as the characteristic time of the radial heat

¯ow is less than 1 s. In contrast, the spatial uniformity

of the sample temperature cannot be attained in a short

period of time within the phase transition interval. The

measured P(t) or T(t) describe the heat storage process

in the cell� sample system and generally relaxes

toward the equilibrium value with a characteristic

time. In principle the relaxation time contains infor-

mation both on the heat diffusion within the non-

homogeneous sample and on the heat absorption/
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release rate, i.e. on the phase transition process. In this

case the analysis is not straightforward as the cell

temperature represents the mean temperature of the

sample only when the total heat ¯ow from the cell

surface is null. Consequently the temperature mea-

sured on the cell during a scanning and/or modulated

run is not coincident with the sample temperature.

G.W.H. HoÈhne recently presented a `̀ low pass ®lter''

model designed to correct the heat capacity and

temperature of a sample measured by modulated

calorimetry [9]. The `̀ real'' sample properties can

be measured only if the temperature relaxation time,

t of the cell� sample system is known. MASC can

calculate t from an analysis of the time-domain data

obtained using the adiabatic-like step-scanning mode,

so that modulated calorimetry can also be applied to

the study of the phase transition region using HoÈhne's

model.

4. Examples of the application of MASC

The ®rst-order phase transitions of indium and

water and the glass transition of a thermoplastic

polymer were studied to demonstrate the main fea-

tures of MASC's operational modes and the advan-

tages of their combined use on a single sample.

Moreover, the features of the melting of indium and

of water were used to calibrate the MASC time scale

within the phase transition interval and to develop a

model of the cell� sample system [6].

4.1. Indium melting

The melting of 0.3647 g of indium (purity 99.999%,

Aldrich), as observed in the temperature scanning

mode at a rate of 1 K/h, is shown in Fig. 3. A linear

increase in the measured power against temperature is

present on the low temperature side of the melting

peak. Small deviations occur only at the beginning and

near the maximum. Conventional DSC analysis [14]

places the melting onset at 156.638C.

An adiabatic-like step-scanning run, performed

with heat pulses of 0.25 J, supplied at intervals of

900 s for a period 25 s, is shown in Fig. 4. The melting

temperature, as derived from the `̀ plateau'' of the T

against time curve, is 156.6268C. The `̀ plateau''

actually exhibits a width, i.e. the melting occurs in

an temperature interval of 0.00128C. The temperature

pro®les following each heat pulse (see insert, Fig. 4)

are well ®tted, if one discards the ®rst two points (4 s),

by a single exponential decay function. The relaxation

time, t, against the supplied heat, Q, together with the

melting curves measured using different calorimetric

operational modes, are shown in Fig. 5. The Q-scan

curve is obtained by supplying 5 mW to the cell under

adiabatic-like conditions. The T-scan curve is calcu-

lated by the integration of P(t), the power supplied to

Table 1

MASC operational modes and their potential ®elds of application

Calorimetric modes Measured quantity Derived quantities Features and application fields

(A) T-scan P(t) DH, Cp First-look runs and fast measurements

(B) T-step scan P(t) DH, Cp, t Time domain

High sensitivity

Phase transitions

(C) T-modulation added to (A) and (B) P(o) Cp � �o� Frequency domain

Separation of T-dependent from

T-independent processes

(D) Enthalpy-scan (at constant power) T(t) DH, Cp Fast runs as in mode (A)

Phase-transitions

(E) Enthalpy-step scan T(t) Cp, DH, t, Teq Time domain

Phase transitions

(F) P-modulation added to (D) and (E) T(o) Cp � �o� The features of mode (C)

Very sharp transitions
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scan the cell temperature at a rate of 1 K/h. The data

points of the adiabatic-like step-scanning curve repre-

sent the equilibrium values of the cell temperature

after each heat pulse. The apparent Tonset shifts

upwards in the curves obtained by scanning the tem-

perature or enthalpy. Moreover, the melting curve is

stretched more and more when the scanning rate (or

equivalently the supplied power) is increased, parti-

cularly near the melting end, where the relaxation time

increases (Fig. 5). These effects are also signi®cant at

Fig. 3. Melting of indium observed in the temperature scanning mode: power supplied to the cell vs. temperature at dT=dt � 1 K/h. The

shoulder on the high temperature side of the peak and the small exothermic signal at the end of the peak are due to the recovery time (about

50 s) of the power control unit of MASC.

Fig. 4. Melting of indium observed in the adiabatic-like step-scanning mode: cell temperature vs. time, while supplying heat pulses of 0.25 J

supplied in a period of 25 s at time intervals of 900 s. The insert shows the temperature relaxation after a heat pulse.
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very slow scanning rates and are due to the heat

diffusion in the system and to the measuring time

scale. Consequently the `̀ true'' melting temperature

of indium is 156.6268C, i.e. the temperature measured

during the adiabatic-like run in Fig. 5, which is in good

agreement with the value reported in the literature

(156.608C). The melting interval is 0.00128C, a value

so small that it can be attributed either to a residual

temperature gradient on the sample or to an inherent

property of indium melting. The temperature relaxa-

tion time in the melting interval, due to the high

thermal conductivity and the rapid melting rate of

indium, represents the smallest time t0 which it is

possible to observe with the MASC. This time is the

sum of the instrumental time to transfer the heat to the

sample and the heat diffusion time in the sample

during melting.

4.2. Ice melting

The melting of an ice sample (from bi-distilled

water) weighing 74.80 mg was studied with the

MASC operating in the T-scanning mode at a rate

of 6 K/h. The power supplied to the cell versus the cell

temperature is shown in Fig. 6 and the value of Tonset

has been derived from the graph. An adiabatic-like

run, in which equal heat pulses of 0.5 J supplied in 50 s

to the cell at time intervals of 900 s, is shown in Fig. 7.

The graphical analysis was used to derive Tonset and

the melting interval. The two values are ÿ0.004 and

0.0088C, respectively. To check that the measured

melting interval was not due to an artefact related

to a temperature gradient on the cell, a second run was

performed on a sample weighing 256 mg, i.e. about

three times longer than the ®rst one. The same result

was obtained.

The melting curves of ice measured using different

calorimetric modes are shown in Fig. 8. The Tonset

value from Fig. 6 is in good agreement with the value

obtained using the adiabatic-like mode. The cell tem-

perature relaxation time of water is lower in the ®rst

part of the melting interval than that of indium, but

increases to higher values towards the end of melting

(compare Figs. 5 and 8). The different sample lengths

and thermal conductivities of the two materials

explain this behaviour. Indeed, the relaxation time

of water, after correction for sample length and con-

ductivity effects, turns out to be practically the same as

t0 [6].

Ice exhibits a well-known pre-melting process,

which is a result of the polycrystallinity and degree

of impurity of the ice [15,16]. The pre-melting process

Fig. 5. Melting of indium observed in different calorimetric modes: cell temperature and cell temperature relaxation time vs. the energy

supplied to the cell. The relaxation time was calculated from the temperature pro®le after each pulse of the adiabatic-like step-scanning run in

Fig. 4.
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in Fig. 6 occurs in the region just before the linear

increase in the P versus T peak. In Fig. 7 its appear-

ance is marked by an extra contribution to the enthalpy

change and it ends at the beginning of the melting

interval.

Important insights into the pre-melting features of

ice can be obtained with modulated calorimetry,

which provides direct data on the ability of the phase

transition to follow the temperature modulation. The

real and imaginary parts of the complex heat capacity

of the water sample, measured in the power-modulated

enthalpy-scanning mode, and a plot of the average

cell temperature versus Q, are both shown in Fig. 9.

The power supplied to the cell under adiabatic-like

Fig. 6. Melting of ice observed in the temperature scanning mode: power supplied to the cell vs. temperature at dT=dt � 6 K/h.

Fig. 7. Melting of ice observed in the adiabatic-like step-scanning mode: cell temperature vs. time, while supplying heat pulses of 0.25 J

supplied in a period of 25 s at time intervals of 900 s.
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conditions is P�t� � P0 � dP sin�ot�, where: P0 �
1 mW; dP � 6 mW; t � 2p=o � 600 s. The equa-

tions used to calculate the values in Fig. 9 are reported

and discussed elsewhere [5,6]. This calorimetric mode

of the MASC is more appropriate than temperature-

modulation to study sharp phase transitions in the

frequency domain. Indeed, it is experimentally impos-

sible to impose temperature modulation with ampli-

tudes compatible with the transition interval.

Consequently the advantages of modulated calorime-

try cannot be obtained, as recently pointed out by B.

Wunderlich et al. [17,18].

Fig. 8. Melting of ice observed in different calorimetric modes: cell temperature and cell temperature relaxation time vs. the energy supplied

to the cell. The relaxation time was calculated from the temperature pro®le after each pulse of the adiabatic-like step-scanning run in Fig. 7.

Fig. 9. Melting of ice observed in the P-modulated enthalpy scanning mode: the mean cell temperature and C0 and C00 of the sample vs. the

energy supplied to the cell. The applied power pro®le was P�t� � P0 � dP sin�ot�, where: P0 � 1 mW; dP � 6 mW; t � 2p=o � 600 s.
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4.3. Polymerisation and glass transition

The glass transition of a thermosetting polymer,

observed either during the isothermal growth of the

macromolecule in the chemical reaction, or scanning

up/down the temperature gradient, has been thor-

oughly studied earlier using a differential calorimeter

[5] and the results have been published [19]. The

measurements carried out on a thermosetting polymer

sample using the MASC showed a comparable accu-

racy and similar features to the previous data and so

are not reported here.

In Fig. 10 the glass transition curves of polystyrene

obtained using the temperature modulated scanning

mode at modulation periods and modulation ampli-

tudes in the range of 150±2400 s and 0.25±18C,

respectively, are shown. The scanning rate was

0.125 K/period. Fig. 10B shows the phase angle shift

calculated from the P(t) curves, measured at the

reported modulation periods. The phase angle shows

a broad peak from which it is possible to obtain, at

least qualitatively, the glass transition temperature at

the modulation frequency used. It is also possible to

calculate the real and imaginary parts of the complex

heat capacity and to obtain information on the glass

transition [5,6]. The C0 and C00 against T curves from

the 600 s run are shown in Fig. 10A. The glass

transition temperature is marked by the in¯exion point

Fig. 10. Glass transition of polystyrene observed in the temperature modulated scanning mode: A, C0 and C00 vs. temperature during a 600 s

modulation period; B, P(t) phase angle shift vs. T for different modulation periods.
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of the C0 curve, which is coincident with the peak of

the C00 curve, as is to be expected for a dynamic

transition [20].

There is general agreement regarding the advan-

tages of modulated calorimetry for the characterisa-

tion of glassy materials. Particularly signi®cant is the

possibility of measuring vitri®cation simultaneously

with the extent of polymerisation at the point where

the transition occurs in thermosetting polymers [19].

5. Conclusions

The calorimeter described here is capable of con-

ducting both time domain and frequency domain

calorimetry on one and the same sample. The MASC

can therefore be utilised for quantitative modulated

calorimetry and applied to the study of phase transi-

tions much more easily than commercially available

calorimeters. Adiabatic-like calorimetry can be car-

ried out, with all of the accompanying advantages of

this operation mode, i.e. the accurate determination of

the transition temperature and transition interval;

increased sensitivity for studying slow processes;

and better results in sample purity tests based on

the melting-point depression [13]. The MASC fea-

tures allow to develop a theoretical model of the

cell� sample system for the analysis of the experi-

mental data. The sample characterisation is improved

by the use of combined time domain and frequency

domain experiments [6].

In comparison to the two-cell differential calori-

meter built earlier in the same laboratory [5], the

MASC presents many signi®cant advantages: (i) since

it is a single cell calorimeter, it is easier to construct,

particularly when a large sample must be studied [21];

(ii) it constitutes a multi-mode calorimeter; and (iii) its

cell does not contains mercury, which not only pre-

sents a hazard in itself, but also can create problems in

terms of the repeatability of successive runs on dif-

ferent samples. Indeed, with the earlier calorimeter it

was practically impossible to avoid the adhesion of

small quantities of mercury to the surface of the

sample container.

The study of indium melting in the different opera-

tional modes of MASC con®rms the usefulness of this

element for calorimeter calibration: (i) the melting

transition is practically ideal and can be utilised to test

the temperature gradient in the sample cell, since the

melting interval of indium is only 0.00128C; and (ii)

the temperature relaxation time (t0) measured in the

melting interval of indium represents the time neces-

sary to supply the latent heat of a sharp and very rapid

phase transition to a sample of high thermal conduc-

tivity. Only phase transition kinetics with character-

istic time longer than t0 could be studied.

The melting of ice occurs in a temperature interval

of 0:008� 0:0018C. This interval is signi®cantly lar-

ger than that of the instrument's sensitivity, also taking

the apparent melting interval of indium as the limit

value. The same value of the melting interval was

obtained with two ice samples of different lengths (70

and 20 mm, respectively), thus excluding the effects of

a temperature gradient on the cell. Below and above

the melting interval of ice, modulated calorimetry

gives, as do other calorimetric modes, the thermody-

namic heat capacity of the solid and liquid phases,

respectively. The pre-melting region is marked by an

increase in C0, which peaks just before the beginning

of the melting interval (Fig. 9). On the contrary C00

remains practically null until a sharp increase occurs

near the C0 curve peak. It is evident that in the ®rst part

of the pre-melting region the cell temperature oscil-

lates in phase with the enthalpy (the temperature

relaxation time is negligible compared with the mod-

ulation period). A more detailed analysis and inter-

pretation of the modulated calorimetry data in the

melting interval would require a model for the heat

diffusion in the cell� sample system, which lies

beyond the scope of the present paper. However,

the power-modulated enthalpy scan utilised for the

study of ice melting could potentially broaden the

®elds of application of modulated calorimetry to the

study of any type of phase transition, independently of

the transition interval width.

One possible explanation for the non-null melting

interval of indium and ice could be the polycrystalline

nature of the samples, the fact that the melting tem-

perature is dependent on the crystallite size, and the

effect of sample impurities. Further analysis of the

results reported here and further experiments will be

necessary to arrive at a satisfactory explanation.

Nevertheless, our preliminary data underlines the

potential advantages and uses of the MASC, which

offers the possibility of the combined use of different

calorimetric modes. It would appear to be particularly
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adapted to the study of slow phase transitions, as in

ageing processes and in the crystallisation of highly

viscous liquids.
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