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Abstract

The melting and crystallization behaviour of pure mercury under pressure was experimentally investigated using a scanning calorimeter, which
is a sensitive Calvet type differential calorimeter combined with a computer controlled high-pressure pump driven by a stepping motor. In order
to have a good control of calorimetric block temperature, starting from —75°C, the jacket of calorimetric block was connected to a powerful
cryostat, which is also computer controlled. This set-up allows to determine the latent heat of fusion/crystallization of mercury and the associated
volume changes. Typically, one of the independent variable (p, V, or T) is kept constant, another one is changed with time, and both the enthalpy
effect and the change of the remaining third variable are measured with high accuracy. Fusion/crystallization of mercury was investigated both
during temperature and pressure scans and n-propanol was used as pressurization fluid. Both methods gave high accuracy data of latent heat of
fusion/crystallization of pure mercury. The data obtained by the two different methods are comparatively discussed and making use of Clapeyron
equation, the pressure and temperature derivatives of the mercury melting temperature were calculated. A special attention was paid to the manner

in which the pressurization rate affects the calorimetric signal.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Calorimetric methods have always been widely used in inves-
tigation of phase transitions. Phase transitions are very important
in industrial practice; ignorance of a phase diagram, particularly
at extreme conditions of pressure, temperature, and of chemical
reactivity, is a limiting factor to the development of industrial
processes [1].

When the goal is to investigate the pressure effects on the
physical properties of compounds the calorimetric set-up must
be adapted by adding an high-pressure line; it requires pres-
sure resistant and heavy cells and, at least, two problems which
are not easy to handle must be solved, namely: high pressure,
up to 500 MPa, and need of special equipment with skillful
experience in their use [2]. There are few currently available
commercial high-pressure calorimeters, so that potential work-
ers in this field must construct their own. However, introducing
pressure as an additional variable in thermal analysis gives addi-
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tional insight into the behaviour of investigated systems and
a better understanding of their thermodynamics. Calorimeters
operating with a single cell and with two cells (viz., differential),
respectively, were used in this aim and a detailed comparison
concerning the measure of the latent heat of fusion of water
was reported [3]. In the case of single cell calorimeters, the
heat dissipated by the cell has to be subtracted from the over-
all calorimetric signal [4]. With the two cell calorimeters the
heat flux detectors are mounted into so-called twin differen-
tial arrangement. Two systems — measuring and reference — are
made as equal as possible to one another and they operate in
common surrounding in a symmetric arrangement. If the mea-
suring errors in both systems are nearly equal, they can be offset
by differential measurements and all external perturbations are
compensated.

Another problem to face concerns the pressure-transmitting
medium, which necessarily enters the cells. Two different princi-
ples have been used, namely, constant mass or constant volume.
Most of the studies available in literature related to liquids used
the constant volume technique. The studied liquid was itself
the pressure-transmitting fluid. The constant mass approach can
instead be used for solid materials. It was presented by some
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authors [5,6]; one device [5] used mercury as a pressurization
fluid and the sample to be studied was installed above the mer-
cury level (the sample was then ‘floating” above the mercury,
beneath the obturator of the cell) or the sample was placed either
into an open glass ampoule or enclosed in a flexible, lead or
plastic, pouch. When the aim is to investigate in interactions
between the solid samples and supercritical fluids, the last ones
act as pressure-transmitting fluids [1,7-9].

In most applications high-pressure calorimetry is carried out
at constant pressure while the tracked phenomenon is observed
on increasing or decreasing the temperature (either stepwise or
at constant scanning rate) [10]. Other investigations were done
under isothermal conditions and pressure changes were made
step-wise or at a constant rate [2,8,11]. The third mode of oper-
ation supposes the step-wise, or at a continuous rate, variation of
volume under isothermal conditions, with concomitant record-
ing of pressure and heat flux [12]. The possibility of controlling
the three most important thermodynamic variables (p, V, and
T) in calorimetric measurements makes it possible to perform
simultaneous measurements of both thermal and mechanical
contributions to the thermodynamic potential changes caused
by the perturbation [13]. The simultaneous determination of
both thermal and mechanical contributions to the total change of
thermodynamic potential not only leads to the complete thermo-
dynamic description of the system under study, but also permits
investigation of systems with limited stability or systems with
irreversible transitions. This approach is also very useful in ana-
lyzing the course of a transition. By a proper external change of
the controlling variable, the transition under investigation can
be accelerated, impeded, or even stopped at any degree of its
advancement and then taken back to the beginning, all with
simultaneous recording of the heat and mechanical variable vari-
ations. This permits not only determination of the total changes
of the thermodynamic functions for the transition but also allows
analysis of their evolution along the advancement of the trans-
formation. For this reason the technique was called scanning
transitiometry [14]. Nowadays, such pVT-calorimeters are cur-
rently commercialized (BGR-Tech Ltd., Poland) and one of them
was used in this study. The technique has been operated over
wide pressure (up to 400 MPa) and temperature (25-300°C?1)
ranges with the step-wise or the linear scan of the variable
change.

One of the aims of this study was to extend the working
temperature interval toward low temperatures range (down to
—80°C). When dealing with high-pressure low-temperature
calorimetry another challenge must be overcome namely, a suit-
able combination between the calorimetric block and the cooling
device. Advantageously, the calorimetric block, we used in this
study, is surrounded by a heating-cooling shield which was con-
nected to a powerful refrigerated heating circulator for closed
systems. The first part of present work is devoted to the perfor-
mances of this assembly.

1 Although temperature in Kelvin (K) is the recommended thermodynamic
temperature, we used for convenience throughout this paper the temperature in
Celsius (°C).

The second part is focused on the effect of pressure
on the fusion/crystallization of mercury. As it was already
mentioned, mercury was often used as pressurizing fluid
due to its chemical inertia and very good as well as well-
known thermomechanical coefficients (ap=1.80 x 10~4 K1
and k7 =0.41 x 10~* MPa~1). However, at low temperatures its
use it limited, T, = —38.83°C, and this temperature increases
with pressure. In 1911 Bridgman [15,16], using a high-pressure
press, located the melting curve of mercury and thereafter used
the equilibrium pressure at 0°C as a fixed point in the calibra-
tion of his manganin-wire resistance gauges, just as the ice point
and the boiling point of water at normal atmospheric pressure
are used for the calibration of thermometers. His value of the
equilibrium pressure, 7492 bars, was obtained by means of a
free-piston gauge, and was supposed to be accurate to about
1/10 of 1%. In 1953 Johnson and Newhall [17] described the
controlled-clearance piston gauge, or dead-weight tester, which
provides a substantial gain in accuracy over the reentrant type
developed by Bridgman. In their paper they reported a determi-
nation of the mercury 0°C freezing pressure, stating the value
of 7568 bars.

This paper presents the data obtained with scanning transi-
tiometry concerning the effect of pressure, in the pressure range
from 0.1 to 100 MPa, on the latent heat of fusion/crystallization
of mercury. The experiments were performed in both isobaric
scanning temperature and in isothermal scanning pressure con-
ditions. A comparison is made concerning the two modes of
operation. The comparison concerns the measured latent heats of
fusion/crystallization, the size and shape of recorded heat fluxes,
and the delay between the recorded calorimetric and mechanical
signals.

2. Experimental part
2.1. Chemicals

Propyl alcohol p.a. with purity >99.5 mole% was provided
by (Fine Chemicals) Acros Organics France. It was distilled at
atmospheric pressure, under nitrogen atmosphere, prior the use.
Mercury was provided by Sigma-Aldrich (99.995%), France,
and used without further purification.

2.2. Apparatus

A schematic view of the assembly transitiometer+
ultracryostat is shown in Fig. 1. It consists of a BGR-Tech scan-
ning transitiometer connected to a Hiiber unistat, model 390w.
The connection between the cryostat and the heating-cooling
shield of the calorimetric block is made via two flexible ther-
moisolated hoses.

The transitiometer itself is constructed as a twin calorime-
ter with a variable volume. It is equipped with high-pressure
vessels, a pVT system, and LabVIEW-based virtual instru-
ment (VI) software. Two cylindrical calorimetric detectors
(@=17mm, I1=80mm) each made from 622 thermocouples
(chromel-alumel) are mounted differentially and connected to
a nanovolt amplifier, which is functioning as a non-inverting



FE. Dan, J.-P.E. Grolier / Thermochimica Acta 446 (2006) 73-83 75

Heating elements
{80 & 300w)

Pt 100 probe
i

PC (STEP MOTOR
ULTRACRYOSTAT

HUBER unistat 390w

v‘mv‘mj

£
Ve

7

EAAALARAAN

i

CALORIMETER}

iy

SN

]
Y

iy
7

i
LA

-

(-90...200 °C) Thermopile

HP PUMP
400 MPa 10 cm?

Fig. 1. Schematic view of the assembly scanning transitiometer + cryostat.

amplifier, whose gain is given by an external resistance (with
0.1% precision). The calorimetric detectors are placed ina metal-
lic block, the temperature of which is directly controlled with
a digital feedback loop of 22 bits resolution (~10~4°C), being
part of the transitiometer software. The calorimetric block is sur-
rounded by a heating-cooling jacket, which is connected to the
cryostat. The calorimetric block is embedded by an additional
heating-cooling shield. The temperature difference between the
block and the heating-cooling shield is set to a constant value
(5, 10, 20, or 30 °C) and is controlled by an analogue controller;
at low temperature this heating-cooling shield performs only as
thermal isolation. The temperature measurements, both absolute
and differential, are performed with calibrated 100 €2 Pt sensors.
The Pt100 temperature sensor is placed between the sample and
the reference cell. The absolute accuracy for isothermal mea-
surements is £0.05 °C, and in the scanning mode it is 0.1 °C.
The heaters are homogeneously embedded on the outer surfaces
of both the calorimetric block and the heating-cooling shield.
The whole assembly is placed in thermal insulation enclosed in
a stainless steel body and placed on a stand, which permits mov-
ing the calorimeter up and down over the calorimetric vessels.
When performing measurements near 0 °C or below, dry air is
pumped through the apparatus, in order to prevent the conden-
sation of waters vapours from air. A more detailed scheme of
the whole assembly is given in Ref. [1]. The variable volume is
realized with a stepping motor driven piston pump. The resolu-
tion of the volume detection is ca. 5.24 x 10~% cm?® per step, as
it was found by the measurement of the piston displacement for
given numbers of steps. The total variable volume is 9 cm®. The
calorimeter block can be lifted to load the sample into the cell, or
for cleaning. The pressure sensors are connected close to the pis-
ton pump. Pressure can be detected with a precision of 4 kPa.
When the calorimeter block is lifted the mercury is filled in an
open glass ampoule and weighed. Then the ampoule is placed in
the sample cell and resting on a spring (in order to be positioned
in the central active part of the detector zone), where it is in con-
tact with the hydraulic pressurizing fluid (propyl alcohol). The
system is completely filled with alcohol under special attention
for the elimination of possible air bubbles, which can affect the
accuracy of volume changes during the experiment. After clos-

ing the (measuring) cell the calorimeter block is moved down
over the two cells which are then located into the cylindrical heat
flux detectors.

The cryostat attached to calorimeter was a Huber refriger-
ated heating circulator for closed systems, unistat 390w model.
Its operating temperature ranges from —90 to 200 °C, with tem-
perature stability at —10°C of 0.02°C and cooling power at
0, —20, —40, —60 and —80°C of 5.2, 5, 4.2, 3.1, and 0.9 kW,
respectively. The maxim delivery of circulating pump is 40 I/min
and the maximal delivery pressure is 1.5 bars. The cryostat is
microprocessor controllable and equipped with an RS232 inter-
face. The cryostat is PC-controlled thanks to a Labwordsoft®
3.01 graphical software. The software allows to build the tem-
perature program (up to 99 sequences), controls the temperature
with high accuracy, and performs data acquisition into a file,
with a selectable frequency.

2.3. Experimental procedures

As it was already mentioned, fusion/crystallization of mer-
cury under pressure was investigated during both isobaric and
isothermal conditions. During isothermal pressure scans the
calorimeter temperature is selected firstly, around —40°C, and
the temperature of cooling fluid (cryostat) is programmed to
be 20°C below the calorimeter temperature. In this way the
electronic heater control enables an extremely stable tempera-
ture during the experiment. The stability of temperature is better
than +1/1000 °C. As soon as the thermal equilibrium is attained,
about 2 h, the pressure is adjusted to the desired value. For the
investigation of fusion phenomenon the pressure was contin-
uously decreased while for crystallisation it was continuously
increased into the pre-established range (e.g. 10-100 MPa). The
scanning rates were ranging from 0.2 to 1 MPamin—1, the typi-
cal value being 0.4 MPamin—1.

For isobaric temperature scans, the temperature program of
calorimetric block was combined with the cryostat program,
as illustrated in Fig. 2, in order to assure a stable temperature
gradient during temperature scanning experiments; this insures
a very stable baseline of the heat flux signal with a minimum
of noise. Thus, as Fig. 2(a) shows, during the fusion runs the
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Fig. 2. The temperature program for the transitiometer (dashed line) and cryostat (full line) during isobaric temperatures scans, heating (a) and cooling (b).

temperature of the cooling-heating fluid is lower than that of the
calorimetric block during the equilibration periods (isothermal
segment) and it is higher, with a gradient of 20°C, during
the dynamic segment; just before the beginning of scanning
temperature the temperature of heating/cooling device jumps
rapidly (in 5min) and runs in parallel with the temperature
of calorimetric block. In such a way, the scanning rate could
be increased to 0.6-0.7°Cmin~1, which is about twice the
maximal scanning rate with this type of calorimeter but without
the help of heating fluid. During crystallisation runs always
the temperature of cooling fluid is below the temperature of
calorimetric block. However, the initial temperature gradient
(e.g. 30°C) is progressively decreased to 15 °C, because below
—80 °C the temperature of cryostat is hardly controlled. Under
such conditions, a minimal difference between target and real
temperatures and a stable baseline were achieved for scanning
rates up to 0.2°C min~? (typically 0.15°C min~1).

It is worth notice that the pressure control is achieved with the
stepping motor of the high-pressure pump turning only in one
direction (compression or decompression) during the experi-
ment. In this way the volume change during the transition is
proportional to the recorded number of steps. The data acqui-
sition and process control is enabled with a computer program
written in LabVIEW.

2.4. Calibration procedure

The calibration was performed with the melting signal of ref-
erence substances, e.g. n-octane (—56.76 °C and 180.00Jg~1),
n-decane (—26.66°C and 199.87Jg~1), and distilled water
(0.01°Cand 333.5Jg~1). The calorimetric peaks were recorded
and their integration allowed to calculate the sensibility coef-
ficient of calorimeter which depends by the gain of nanovolt
amplifier. The average value of three determinations was con-
sidered.

3. Results and discussion

3.1. Validation of the pVT-calorimeter + ultracryostat
assembly

As it was already mentioned, performing high-pressure low-
temperature pV7-calorimetry is a challenge and a special atten-

tion should be paid to the proper functioning of the whole
experimental set-up. It is well-known that calorimetric block
of a Calvet-type calorimeter is rather bulky with high thermal
inertia and large time constant. Consequently, a powerful freez-
ing unit is required to bring the calorimetrer at low temperatures
(below —70°C). On the other hand Calvet-type calorimeters are
highly sensitive instruments and any perturbation of the tem-
perature of calorimetric block is reflected in the stability of
baseline and induces a noisy heat flux signal. This means that
in addition to a powerful and easy programmable cryostat, a
heating-cooling fluid with excellent physical properties at low
temperature (e.g. viscosity, thermal stability, heat capacity, etc.)
is required. The most complex temperature program is that used
during isobaric runs with positive slope of temperature (mercury
fusion) and the recorded temperatures for both cryostat (heating-
cooling fluid) and calorimetric block (sample) are illustrated in
Fig. 3.

Evidently, the heating-cooling fluid temperature fits reason-
ably well the programmed temperature with the exception of the
parts were sudden changes of temperature slope occur. As is seen
in the upper part of Fig. 3(a) the worst situation happens at the
end of temperature jump from —70 to —40°C and at the begin-
ning of temperature increase with slope equal to the calorimeter
scanning rate, i.e. 0.4 °C min—. In other words, the temperature
signal corresponding to the heating fluid is noisy in the first half
of hour from the beginning of dynamic segment of calorimeter
program of temperature. This behaviour induces a deflection of
the real temperature of calorimeter to target temperature of about
0.8 °C which exponentially diminishes and fits well with the tar-
get temperature in about 45 min. Consequently, in this mode of
operation the initial temperature should be about 20 °C below
the expected transition temperature. Of course, a simple three
temperature segments program of the cryostat, keeping all the
time the cryostat’s temperature below the calorimetric block’s
temperature with constant gradient of temperature gives better
results. The first mode was privileged because another goal was
to investigate the pressure effect on a polymer glass transition,
and it is recognized that the associated heat effect to this transi-
tion is weak; it increases with increasing the scanning rate. With
this mode of operation, just at the beginning of dynamic seg-
ment of temperature, the cooling fluid becomes a heating fluid
for the calorimetric block and working together with the heating
element allows higher scanning rates.
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Fig. 3. Temperature evolution during the experiment for the cryostat (a) and calorimetric block (b). In the upper part the differences between the target temperatures
and the real ones are given in both cases. Scanning temperature rate, 0.4 °C min—!; pressure, 50 MPa.

An additional advantage of working with a constant gradient
of temperature between the colorimeter and cryostat is illustrated
in Fig. 4. Since the temperature gradient between the “heat-
ing fluid” and the calorimetric block was kept constant (20 °C)
the power uptake of the heating elements was quasi-constant,
around 40% of total power with the exception of beginning of
the dynamic segment, so that the interference of sudden changes
of power uptake on the calorimetric signal was avoided.

3.2. Temperature calibration

For temperature calibration, the fusion temperatures of mer-
cury and water at atmospheric pressure have been taken as ref-
erence. The choice of these substances is justified by the fact
that the measured transition temperatures in the present work
range between the transition temperatures at normal pressure
of the two references. In accordance with IST-90, the recom-
mended fusion temperatures are 234.3156 K (—38.8344 °C) and
276.16 (0.01°C) for mercury and water, respectively; from
NIST reports, the corresponding recommended enthalpies of
fusion are, in order, 11.469 + 0.008 Jg~ and 333.5+0.2Jg 1,
respectively [18-20]. The average values of four measure-
ments for fusion temperatures at normal pressure were
—37.5159 4 0.0325 °C for mercury and 0.1235 4 0.0319 °C for
water. The deviation between the measured and calibration tem-
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Fig. 4. Evolution of the calorimetric bock temperature and heater uptake (% of
total power) during a temperature scan, 0.4 °C min—1, under isobaric conditions.

peratures increases from 0.1135 to 1.3185 °C when the tempera-
ture decreases from 0 to about —39 °C. To calculate the corrected
temperature Teore from the measured temperature Trmeas We used
the following linear regression equation:

Teorr = 1.032014Tmeas — 0.117454 (1)

with the temperature in °C. As usual, the transition temperature
was determined from the extrapolated onset of phase transition.
The overall uncertainty of corrected temperatures was below
0.065°C. The temperature sensor being placed in the calori-
metric block and not in contact with the pressurised sample (see
Fig. 1), we assumed that the pressure does not affect the accuracy
of temperature measurement and the Eq. (1) was further used to
make the temperature correction in all experiments carried out
under pressure.

3.3. Isobaric fusion/crystallization of mercury

A typical example of mercury fusion at 50 MPa during
temperature scanning at 0.4°Cmin~! is given in Fig. 5. The
scanned interval of temperature was between —60 and —10°C.
The four recorded variables, pressure, temperature, calorimet-
ric signal, and associated volume change, are plotted against
time.

The pressure p was kept constant by controlling the volume
change V of the high pressure, HP, line. The pressure deviation
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Fig. 5. Hllustration of the raw data recorded during the isobaric temperature
scanning between —60 and —10°C. The scanning rate, pressure, and sample
mass were 0.4 °C min—1, 50 MPa and 5.569 g, respectively.
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Table 1

Pressure dependence of the mercury fusion temperature (in °C) and enthalpy of fusion

Pressure (MPa) Tonset (°C) Tpeak (°C) Toffset (°C) Peak height A; (mW g~1) Peak width at half-height W; (°C) AfsH (Jg71)
15 —38.285 —35.878 —33.602 —24.868 2.469 11.456
30 —37.389 —35.054 —32.783 —24.986 2.419 11.466
50 —36.366 —34.074 —31.876 —25.331 2.453 11.470
70 —35.536 —34.473 —31.017 —26.198 2.181 11.483
90 —34.412 —32.357 —30.356 —26.854 2221 11.498

from the target value was 40.03 MPa, with little noise around
the phase transition. When the temperature reached the corre-
sponding phase change temperature, the sample started melting.
The peak increased until the complete melting of the sample
and declined back to the initial base line. A significant volume
change is also seen at the melting transition.

The pressure effect on the melting of mercury is illustrated by
five calorimetric plots obtained at 15, 30, 50, 70, and 90 MPa in
Fig. 6(a) and on its crystallization is illustrated by three calori-
metric plots at 15, 30, and 50 MPa, Fig. 6(b), respectively.

As can be seen in Fig. 6(a) both the fusion temperature, Tfys,
and the solidification temperature, Ty, are shifted toward higher
temperatures with increasing the pressure. In Fig. 6(a) the fusion
peaks obtained at 70 and 90 MPa seem to be more intense, but
this is related to the fact that the gain of nanovolt amplifier
was increased from 1501 to 3401 for the two experiments. The
heat flux curves were defined by the following parameters: peak
height, Aj, peak width at half-height, Wj, and peak position, Ty
or py, depending on the experimental conditions, i.e. isother-
mal or isobaric measurement. On its turn, the peak position was
always determined from the intercept of the greatest slopes of
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the calorimetric curve with the baseline, as Tonset Or Toffset, and
Tpeak as the temperature corresponding to the intersection of the
two tangents. The fusion heat was evaluated by integrating the
calorimetric peak corrected by the sensibility coefficient, after
subtraction of the baseline. The data concerning the effect of
pressure on the mercury fusion are collected in Table 1. The
enthalpy of fusion is almost the same (slightly increasing with
pressure). As this table shows the larger intensities of the peaks
recorded at 70 and 90 MPa are compensated by lower peaks
width at half-height W;.

The volume changes associated to the mercury fusion/
crystallization were simultaneously recorded and are plotted in
Fig. 7(a). The derivatives of volume change with temperature
are also illustrated in Fig. 7(b), after smoothing.

There is a good accordance between the effect of pressure on
the transition temperatures measured by enthalpy of fusion and
volume change, Table 2. The variation of fusion temperature
with pressure was also calculated from the peaks of rate
of volume change variation with temperature. In addition,
the volume change was calculated via Clausius-Clapeyron
equation, Eq. (2), and the obtained results are compared with
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Fig. 7. Specific volume variation, AVgpec, as a function of temperature and pressure (a) and the rate of volume change, d(A Vspec)/dT, (b) during the mercury fusion

under isobaric conditions.
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Table 2

Comparative fusion temperatures and volume changes obtained from calorimet-
ricand pVT measurements, and from p VT measurements via Clausius-Clapeyron
equation during mercury fusion at different pressures

Pressure (MPa)  Tonset (°C) from: AtusVepee (1073 cm3g™1)
Heat flux  d(AVspec)/dT  Experimental ~ Calculated
from Eq. (2)
15 —38.285 —37.987 2491 2.497
30 —37.389 —37.086 2.451 2.450
50 —36.366 —36.117 2423 2.441
70 —35.536 —35.262 2.411 2.439
90 —34.412 —-34.503 2.398 2.426
the experimental ones.
dfyy  AyV AyV
(2)

dp ~ AgS "AgH

As Table 2 and Fig. 8(a) show the fusion temperatures deter-
mined from volume change measurements are slightly shifted
toward higher temperatures and the temperature difference
continuously decreases, from 0.3 to 0.1°C with the increase
of pressure from 15 to 90 MPa. In addition, the calculated
volume changes during transition via Eq. (2) are higher
then the experimentally obtained by integration of the peaks
depicted in Fig. 7(b), especially at high pressure (over 50 MPa).
The difference comes from both integration accuracy of the
d(AVspec)/dT curves, which are noisy and suffered severe
smoothing, and from fusion temperature values, which were
taken from mechanical (volume changes) curves.

The representation of fusion and crystallization temperatures
as functions of pressure give the plots represented in Fig. 8(a)
and (b). From these values as well from the data collected in
Tables 1 and 2 the following regression curves have been calcu-
lated:

Trus = To = 0.2921 + (0.0504 = 0.00506) p 3)
Terist = —44.340 & 0.127 + (0.052 & 0.00366) p (4)

AfisV = AfusVo £ 1 x 107* — (2.894 + 0.477)107%p
+ (1.643 4 0.445)1078 p? (5)

where p is the pressure in MPa, Tp=-38.8344°C (from
IST-90 [20]) and AVp=2.467x103cmig~! (from
AfusHo=11.469Jg~1 via the Clausius-Clapeyron equa-
tion) are chosen so as to fit the well-known best values of
this substance at normal pressure. In Egs. (3) and (4) the
given standard deviation define the limits of best value esti-
mation and leads to an uncertainty of about 0.5 and less than
0.4°C at 100 MPa for fusion and crystallization temperatures,
respectively.

In Egs. (3) and (4) the two slopes dTfs/dp=
(0.0504 +0.00506) and dTgst/dp =(0.052 +0.00366) are
close enough to each other and relatively small, which suggest a
small effect of pressure on the mercury transition temperatures.

The pressure dependence of the heat of fusion of mercury
may be estimated from the heat flux data as:

AfusH = AfusHo — (3 £2.2)107%p + (7.529 + 2.342)1075 p?
(6)

where p is the pressure in MPa and AfsHo=11.469 +
0.008 Jg~* at normal pressure. The enthalpy of fusion increases
somewhat with pressure; this increase is less than 0.5% per
100 MPa in the investigated range of pressure.

3.4. Isothermal fusion/crystallization of mercury

It is recognized that the pressure scanning has an opposite
effect to the temperature scanning on the fusion/crystallization;
thus the melting occurs during the increase of temperature and
during pressure decrease (decompression) while the solidifica-
tion occurs during temperature decrease and pressure increase
(compression) under isothermal or isobaric conditions, respec-
tively. Consequently, the fusion of mercury was investigated
during pressure scanning from 100 to 1 MPa at a constant rate,
typically 0.4 MPamin—1. The raw data acquired at —39°C are
plotted in Fig. 9. As depicted in this figure, when the pressure
decreases to reach the corresponding phase change tempera-
ture (calorimeter’s temperature) the sample starts melting and
the associated volume change suddenly modifies the slope. The
peak of fusion increases almost linearly until complete melting
of mercury and declines back quickly to the baseline.
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Table 3

The main characteristics of mercury fusion peaks obtained during isothermal pressure scans (decompression)
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Ttus (°C) Ponset (MPa) Peak height, Aj (mWg~1) Peak width at half-height W; (MPa) AfsH (Jg71)
Tmeas TCOI’I’
—39.0 —40.366 28.592 8.104 9.014 11.359
—38.5 —39.850 37.682 8.037 9.175 11.336
—38.0 —39.334 47.065 10.196 7.571 11.543
-37.5 —38.818 56.120 10.096 7.509 11.448
—36.5 —37.786 74.993 9.829 8.036 11.502
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Fig. 9. Illustration of the raw data recorded during the isothermal pressure scan- 3
ning between 100 and 1 MPa. The scanning rate, temperature, and sample mass 20 +
were 0.4 MPamin—1, —39°C and 5.569 g, respectively. C
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Six calorimetric plots at temperatures ranging from —39.5
to —36.5°C with a temperature step of 0.5°C are presented in
Fig. 10(a). The solidification of mercury happens during pres-
sure increase and three calorimetric plots illustrating this process
at —40, —39.5,and —39 °Care givenin Fig. 10(b). The pressures
corresponding to the phase change increase with increasing the
temperature. The main characteristics of the fusion peaks are
given in Table 3.

Once again, the heats of fusion evaluated by integrating
the calorimetric peaks are in fairly good accordance with the
data from literature (refs. [18] and [20]) even better than those
obtained during isobaric conditions. The peaks are less regular
as those obtained under isobaric condition, but the differences
in peaks heights, Aj, are compensated by peaks width at half-
height, W;, which led to almost the same values of enthalpy of
fusion. In addition, the melting pressures were experimentally
repeatable but the freezing pressures were not, that is the amount
of superpression varies erratically.

The temperature dependence of the pressures corresponding
to the onset of melting gives a straight line, Fig. 11, with the

Temperature (°C)

Fig.11. Temperature dependence of the pressure corresponding to the beginning
of mercury fusion (together with the regression curve). The pressure scanning
rate was 0.4 MPamin~1,

regression Eq. (7):

pius = (18.0154 & 0.366)T + 755.6 + 14.497 @)

where T is the working temperature in °C. Extrapolation to the
ordinate gives the value of 755.6 MPa which is in good agree-
ment with the value found by Johnson and Newhall, 756.8 MPa,
for the mercury at 0 °C freezing pressure.

The impact of the pressurization rate appears clearly in Fig. 12
and Table 4. As Fig. 12(a) shows, when represented in func-
tion of time, the peaks height increases and becomes narrower
with increasing pressurization rates. However, when the heat flux
(peak height) is plotted against pressure (Table 4) it is evident
that as for isobaric calorimetry, a higher scanning rate yields a
lager span of the peak. Thus, the span, expressed by the peak

—&— -39.5°C

20

—o— -40°C

Heat Flux (mW-g™")

'
—_
j—y

.......................................

-39.0°C
-38.5°C
-38.0°C
-37.5°C
-36.5°C

Pressure (MPa)

181
164
144
124

Heat Flux (mW-g™")

Pressure (MPa)

Fig. 10. Thermograms of mercury fusion (a) and crystallization (b) at different temperatures. In both cases the scanning pressure rate was 0.4 MPamin—?,
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Fig. 12. Thermograms of mercury fusion in function of pressure scanning rate (a) and the scanning rate effect on the pressure corresponding to the onset of mercury
fusion and peak width at half-height (b).

Table 4

Effect of pressure scanning rate on the main characteristics of the fusion peaks

Scanning rate (MPamin—1)

Ponset (MPa)

Ppeak (MPa)

Poffset (MPa)

Peak height, A; (mWg~1)

Peak width at half-height W; (MPa)

0.2 38.364 29.187 27.71

0.3 38.069 26.864 25.031
0.4 37.704 24.826 22.961
0.6 37.336 21.967 18.323
0.8 36.828 20.371 14.801

5.896 6.188
7.055 7.524
8.067 9.131
9.705 10.982
11.516 12.479

width at half-height, increases from 6.18 to 12.48 MPa when the
scanning rate increases from 0.2 to 1 MPamin—1.

As it is seen in Fig. 12(b), at a given temperature the fusion
pressure decreases with increasing the pressurizing rate. Apply-
ing a regression function to our mercury data gives:
pius = (—2.2255 + 0.481)%7 + 38.63 +0.244 (8)
where dp/dr is the pressure scanning rate in MPamin—! and
Pius 1S the pressure (in MPa) corresponding to the beginning of
mercury fusion at a given temperature (Tineas = —38.5°C). The
Pius IS shifted toward lower values by about 2.23 MPa when the

pressure scanning rate increases with 1 MPamin—1.

3.5. Comments concerning temperature versus pressure
scanning

In Fig. 13 typical thermograms of mercury fusion/
solidification from temperature scanning (0.4°Cmin~! at

30
F p = 50MPa
201
[ Crystallization

Fusion

Heat Flux (mW-g-1)
<

Temperature (°C)

50 MPa) and pressure scanning (0.4 MPamin—1 at —39°C) are
depicted. In both cases the heights of crystallization peaks are
higher compared to that of fusion peaks which, in turn, are
more spanned. As Fig. 13(a) shows, at the same pressure, the
crystallization starts at lower temperatures, the supercooling
shift being of about 5°C; the same behaviour was observed
under isothermal conditions, where the superpression is of about
18 MPa.

At studied scanning rates, the heights of the melt-
ing/solidification peaks are higher under isobaric conditions,
almost twice in the case of crystallization and three times
higher for melting curves, which is more clearly depicted in
Fig. 14(a), where an additional coordinate axis was added for
sake of clarity. According to the data given in Table 4 con-
cerning the effect of the pressure scanning rate on the peaks
height and width at half-height and the analysis of the equa-
tions describing their evolution with scanning rate suggests
that a pressure scanning rate of more than 2 MPamin~?! is
required in order to have heat flux curves with comparable

15 T
£ (b) T=-39°C
= 107 Crystallization
o
2 5
é .
EO:.; L e e
L 5 15 35 45 55 66
o
g -5 .
£ Fusion
-10

Pressure (MPa)

Fig. 13. Heat flux curves obtained during isobaric temperature scanning (a) and isothermal pressure scanning (b). The positive heat flux curves correspond to
crystallization (descending temperature and ascending pressure), while those below 0 heat flow correspond to melting (ascending temperature and descending

pressure).
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Fig. 14. Heat flux curves (a) the rates of volume change, d(A Vspec)/dt, (b) obtained during isobaric (full line) and isothermal (dashed line) conditions. The conditions

of measurements were those given in Fig. 12.
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Fig. 15. Heat flux curves and their integrals (enthalpies) (full lines) of the mercury fusion and associated volume changes and their derivatives, d(AV)/dt (dashed

lines) obtained under isobaric (a) and isothermal (b) conditions.

height and span to those obtained during temperature scan-
ning.

Unexpectedly, when the rates of volume change are consid-
ered, Fig. 14(b), the peak corresponding to the pressure scanning
is narrower and its intensity is higher with almost one order of
magnitude than the corresponding one to the temperature scan-
ning under isobaric conditions. In order to clarify this aspect,
in Fig. 15 both the heat fluxes and their integrals (enthalpies)
and the volume changes and their derivatives d(A Vspec)/dr are
plotted against time for isothermal and isobaric measurements.
For sake of simplicity the melting heat fluxes and their integrals
were taken in absolute value. As expected, during temperature
scanning, Fig. 15(a), the phase change is firstly distinguished by
the volume change, most likely due to the high time constant of
the calorimeter. In the ascending part of the heat flux and rate
of volume change curves, the two signals runs almost parallel
but the derivative of volume change declines back faster. Dur-
ing pressure scanning, Fig. 15(b), apparently the fusion is firstly
distinguished from calorimetric measurement but, after a while,
the volume variation associated to the melting suddenly changes
of slope and the whole transition takes less than 4 min whereas
from calorimetric measurement the phase change requires about
1 h. This peculiar behaviour is still under investigation.

4. Conclusions

In our work a pVT-Calvet type differential calorimeter was
coupled with a powerful cryostat in order to investigate the effect
of pressure on the phase transitions and corresponding tran-
sition temperatures at low temperatures (up to —80°C). Both
devices are PC controlled, allowing independent programming
of temperature sequences, temperature control during exper-
iment, and data acquisition for offline analysis of assembly
performances. In the first part, a careful analysis of recorded
temperatures of the calorimetric block and of the heating/cooling
fluid and their deviation from the target temperatures allowed
the validation of both assembly and chosen experimental
technique.

In the second part, mercury phase transitions under pressure
were investigated by scanning transitiometry in the pressure
range from 0.1 to 100 MPa. Mercury was selected as model
substance due to the fact that it is widely used as pressurizing
fluid in high-pressure calorimetric measurements. Reproducible
measurements were obtained with this set-up and the resulting
phase transition parameters are in good agreement with literature
values. The experiments were performed both under isobaric
conditions (temperature scanning) and isothermal conditions
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(pressure scanning) and the most relevant findings lead to the
following conclusions.

Both in isothermal and isobaric conditions the latent heat
(enthalpy) of fusion of mercury, obtained by integration of
heat flux curves, was in good agreement with literature values
(11.469 & 0.008 J mol—1 at normal pressure), slightly increasing
with pressure (the increase is less than 0.5% per 100 MPa) in the
investigated range of pressure.

e Under isobaric conditions both the fusion and crystalliza-
tion temperatures increase linearly with pressure; the two
slopes dT5ys/dp and dTgist/dp were 0.0504 £ 0.00506 and
0.052 +0.00366 °C MPa™1, respectively.

e Under isothermal conditions the pressures corresponding to
the phase transitions also increase linearly with increasing
the temperature, with a slope of 18.0154 + 0.366 MPa°C~1.
Further, the extrapolation of the fitting equation py, =AT) at
0°C freezing pressure gives the value of 755.6 + 14.497 MPa
that in accordance with literature value (756.8 MPa in ref.
[17]).

e The pressure scanning rate affects the shape of the calori-
metric curves; thus, both the height of heat flux curves
and the pressure span, expressed by peaks width at half-
height, increase with scanning rate. As compared to heat
flux curves obtained under isobaric conditions the heat flux
curves recorded during pressure scanning are less intense
and more spanned and pressure scanning rates of more that
2 MPamin—! are required in order to have similar curves.

e Due to the supercooling and superpression effects the solid-
ification is retarded with respect to melting by about 5°C
and 18 MPa under isobaric and isothermal conditions, respec-
tively.

The main advantage of pVT-calorimetry is the possibility
of concomitant recording of both the heat flux and the vol-
ume variations associated to the phase transition. The mea-
sured volume changes are accurate and in good accordance with
the values calculated via Clapeyron equation from experimen-
tal heats of fusion. The data furnished by the two techniques
are complementary to each other and their critical analysis
allows a more accurate interpretation of the phase transition

phenomenon. Thus, due to the large time constant of calorime-
ter the calorimetric phase transitions are a little delayed and
spanned as compared to those obtained from volumetric mea-
surements.
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