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ABSTRACT

A high pressure differential thermal analysis (DTA) apparatus is described

which is capable of operation in the pressure range up to 500 MPa and at temperatures
from 25 to 300°C. The requirements for quantitative DTA are examined. The appara-
tus enables the determination of heat of transition under high pressure by using small

samples.
INTRODUCTION

Differential thermal analysié is a sensitive and convenient means for studying
phase transitions under high pressure. Several designs of high pressure DTA cell
suitable to study organic compounds and polymers have been described in the
literature® ~S. These systems were designed to be operated at pressure up to about
0.8 GPa and temperatures from 300 to 700 K. Recent developments in high pressure
DTA enabled measurements to be made on small samples, of the order of mg?~%.
This gave satisfactory resclution of thermal events under high pressure. Melting acd
rotational transition peaks of n-alkanes were resolved?, and the comnliaated behavior
of melting and crystallization of polyethylene were elucidated®- 8. The author also
obtained, by using high pressure micro-DTA?3, the pressure dependence of melting
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In order to understand thoroughly phase transition at high pressures, it is
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heat of trapsition as a function of pressure and temperature. Up to the present, the
heat of transition under high pressure has been obtained through the Clausius-
Clapeyron equation from dilatometric measurements. The experimental determina-
tion by this method is connected with some difficulties. The number of the data
available remains inconsiderable since P. W. Bridgman’s time. It is desirable to
develop a quantitative, dynamic thermal method under high’ pressure. ‘As far as the
author is aware, no quantitative DTA under high pressure has.ever been reported.
Although there were attempts to operate a differential scanning calorimeter under
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high pressurc®*- *2, it scems that in the determination of the heat of transition of any
substance, some problems remain to be solved.

Ozawa proposcd the conditions of DTA cell design to be satisfied for the
quantitative determination of heat evolved or absorbed, on the basis of the heat
transfer equation for cylindrical cells, 2nd he verified his theory experimentally'3~16,
The design requirements are the placement of a thermal barrier between the sample
and the heating block and temperature measurement at the sample surface. The same
conclusion was later presented by McIntosh et al.' 7. It seemed that the high pressure
DTA cell used by Takamizawa et al.® could be easily modified to a quantitative one,
in which pressure-transmitting fluid plays a role as the thermal barrier and the
temperature is measured bencath a metal cup containing the sample. It is the object
of this paper to describe this apparatus which is capable of operation under pressures
up to 0.5 GPa and ar temperatures from 250 to 530 K. Results obtained on several
substances will be presented. From these we could suggest future development of
DTA under high pressure.

EXPERIMENTAL

Description of apparatus

A schematic diagram of the high pressure DTA system employed is il'ustrated
in Fig. I. A hand oil pump and an intensifier were used to generate hydrostatic
pressure in dimethyl silicone oil (TSF 451, 10 cStoke, Toshiba Silicone Co., Ltd.); the
pressure was fed to the DTA vessel and a container for a manganin coil gauge. In
arder to 2void iemperature correction for the gauge, the intensifier and the gauge
vessel, together with a bridge box, were thermostated. The gauge was calibrated
through the relation between melting point and pressure for mercury, as previously
described in detail' S,

The high pressure DTA cell is shown in Fig. 2(a) and (b). A vessel for DTA (A)
was made of stainless steel (SUS 27B) with 10 mm inner and 70 mm outer diameter.
The vessel, wound non-inductively with two sheathed heaters (500 W x 2), (K) was
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Fig. 1. Schermatic diagram of high pressure DTA system.
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Fig. 2. (2) Drawing of high pressure DTA cell. (b) Details of cell arrangement. A, High pressure
vessel (furnace); B, DTA plug; C, sheathed thermocouplies; D, sample and reference cup; E, bigh
femperature resistant epoxy resin; F, fast-curing epoxy resin; G, sample and reference substances;
H, SBR O-ring with armored ring; I, RTY silicone rubber; J, threaded plug; K, heaters; L, collar
and pipe; M, solder. - :

used as a heating block. The heating rate was controlled manually by adjusting the
voltage supplied to the heaters. This method allowed a linear heating rate up to about
8 K/min over the measured temperature range. Two sheathed thermocouples of
Alumel-Chromel (2ABAcl0, Philips) (C) were soldered to a plug (B) and used as an
open type. The bare portion of the thermocouple wires was about 8 mrh long. The
sample and reference containers consisted of 1.2 or 2 mm by 2 mm in diameter
platinum cups (D) soldered to the thermojunctions. Sealing for the filler of the sheathed
tube and fixing of the position of the cups were done with heat resistant epoxy resin
(Epicote 828) (E), which provided a satisfactory perfermance at high temperature
and pressure. The tight seal of the plug (B) was obtained by the use of a SBR O-ring
(H) with an armored ring of phosphor bronze.

The sample temperature was measured with a reference voltage unit (type
3109, Yokogawa Electric Works, Ltd.) and a two-pen recorder (VP-654B, Matsushita
Communicztion Industrial Co., Ltd.). The temperature difference was amplified with
a d.c. amplifier (AM-1002B, Ohkura Electric Co., Ltd.) and recorded on the same
chart as the temperature.
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Materials

The substances used for the high pressure measurements were gallinm, indium,
bismuth (each of purity above 99.9929{, Wako Pure Chemical Industrics, Lid.),
n-octadecane (purity above 99Y, Tokyo Kagaku Seiki Co., Ltd.) and n-tetraccsane
(Tokvo Kasei Kozyo Co., Ltd.). The n-octadecane was used without further purifi-
cation and the n-tetracosane was purified by treating it several times with conc.
sulfuric acid at 120°C, followed by crystallization from n-pentane solution. These
n-alkanes respectively gave a sharp and single peak on the gel permeation chromato-
eraphy chart. In addition, tin (purity 99.9997,, Wako Pure Chemical Industries,
Ltd.) and n-hexacontaine were used for the measurements at atmospheric pressure
only. The preparation and purification of the latter were briefly described elsewhere!©.

Temiperature calibration

Each DTA thermocouple used was calibrated in the temperature range to be
measured against a standard thermocouple. This was a sheated thermocouple of
insulated closed-type, which had been calibrated on the basis of the melting poirts of
four substances, naphthalene, benzoic acid, In and Sn. The two organic compounds
used were purified by a Zone-melting technique. The effect of pressure on the e.m.f.
of the thermocouple could not be detected up to 0.5 GPa within & 0.002 mV.

Experimental procedure

The sample setung procedure was basically the same; a sample that had been
shaped to fit the cup and weighed on a microbalance was placed in the sample cup
and thinly covered by epoxy resin (fast-curing type at room temperature): the resin
was further covered by RTYV silicone rubber (Silastic 731, Dow Coming Corp.).
The epoxy resin was used to fix the sample during the operation of raising or lowering
the pressure and also to protect the alkanes from dissolution by the pressure-trans-
mitting liquid. The alkane was closely fitted to the cup by pushing down it by a
Tefion rod and was covered by an 2luminum foil before fixing by epoxy resin. A
small amount of siliccne grease was used to give a good contact between the metallic
sample and the bottom of the cup. Since bismuth was found to react with platinum on
melting at high pressure, the cup was protected with a thin, matched liner made of
Teflon film. A similar amount of lead was placed in the reference cup with the same
procedure as that described above.

After the plug with the DTA sensors was installed, the pressure in the system
was adjusted to a level below the measuring pressure. Once the pressure was stabilized,
the heating was begun and the sample and the differential temperatures were recorded.
A heating rate of 4 K/min was normally employed. There was an increase in pressure
as a result of heating the ceil. An amplified output signal of the pressure bridge was
recorded, where one division deflection on the chart amounted to about 0.5 MPa.
During the heating, the pressure was readjusted to artain the desired measuring
pressure at melting within - 1 MPa_ The pressure was taken at the moment melting
started. The change during the melting was from 0.3 to 0.5 MPa.
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The area betwesn an endothermic peak and a linear base line was determined
by a weighing method; its standard deviation was within about 1%

RESULTS AND DISCUSSION

Quantitative DTA has to satisfy the following requirements: (a) the peak area,
A, is proportional to the heat absorbed or evolved in a2 sample

AHm = K A ¢}

where K is the proportionality coefficient, 4/ the heat of transition per unit mass,
and m the weight of the sample; (b) the coeflicient does not depend on the thermal
characteristics of the sample. For the cell design proposed by Ozawa, the coefficient
was given approximately by the relation’?

;o m 13 R;
K=2liin (E') @
where 2 is the thermal conductivity of the thermal barrier, / the length of the sample
container, R; its radius, and R, the outer radius of the thermal barrier. The coefficient
is a2 function of pressure and temperature in terms of A of a given thermal barrier.
The present cell design does not strictly satisfy the conditions necessary to derive
eqn. (2). Then. it needs to prove empirically the quantitativity of the cell.

Figure 3 shows a chart of a DTA run on 4.128 mg of Bi at 500 MPa at a heating
rate of 4 K/min, indicating the AT signal at low noise level. The area and shape of the
peaks were reproducible on repeated runs. These results allowed accurate measure-
ments of peak area. The peak area decreased with an increase in pressure whereas the
difference in temperature between peak and intersection was almost constant. Both
temperatures were determined within -+ 0.2 K for the metallic samples and = 0.4 K
for the n-alkanes, irrespective of measuring pressure and sample size. The pressure
dependences of melting point for these samples were in good agreement with those

30 sec

Fig. 3. DTA chart for melting of 4.128 mg Bi at 500 MPa at a heating rate of 4 K min—2.
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Fig 4. Pcak area at various pressures vs. samiple size for indium. Numerals i~icate pressure.

Fig 5. Peak area at various pressures vs. sample size for n-tetracosane. Numerals indicate pressure.

reported. Moreover, it was excellent in the resolution of solid-solid transition and
melting peaks for n-C,H 4, observed at atmospheric pressure, because of the small
sample size.

Reiauon between pezk area and sample size at various pressures are shown in
Figs. 4 and 5 for In and #-C, (H 5, respectively. The pressures were controlled within
= 0.7 MPa at 150, 300, 400, and 500 MPa. For In and Bi, DTA measurements at
atmospheric pressure could not be made. It was necessary to apply 2 slight pressure
of below 2 MPa to suppress the evolution of bubbles in the silicone oil used as the
thermal barrier and to prevent the efifect of its thermal convection. This slight pressure
has scarcely any effect on the melting points and heats of melting. The results, as
shown in Figs. 4 and 5, indicate that requirement (a) for quantitative DTA is satisfied
irespective of pressure. The ratio A/m was determined within a standard deviation of
= 0.7 for In and of = 1.59% for n-C,.H 5,- The large value for the latter is partly
due to slight uncertainty in the drawing of a base line and also to weighing errors.
A similar degree of error was observed for the other substances. It is here pointed out
that the depth of the sample cup manifested an influence on the ratio of peak area at
150 MPa to that at atmospheric oressure. The data in Figs. 4 and 5 were obtained
using a cell of 1.2 mm depth, whereas one of 2 mm gave almost the same areas. This
may be ascribed to the effect of convection in the thermal barrier in the low pressure
region.

In order to calculate K as a function of pressurc and temperature, it is necessary
to use known values of the heat of melting under pressure, AH. We have data on the
melting of Bi and Ga by Bridgman'®, and of n-alkanes by Nelson et al.2?. Before
using these data, some revisions were needed. Although Bridgman’s data have been
presented as smoothed relations of 4 H against pressure. his pressure scale is different
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from a present one. Correction was made according to the recommendations given
by Babb?!- 22, Furthermore, the value of the heat of melting at atmospheric pressure,
AH,, for Ga was lower by 4.5% than the literature value?3, 80.2 Jg~!. Using this
4H4 and assuming that the pressure coefiicient of AH given by Bridgman remains
constant, we corrected his relation. Similar correction was also applied to the data
for n-C; gH 5. Because the data for n-C,  H 5o was significantly scattered, its pressure
coefficient of 4 H was assumed to be the same as that for n-C, gH, . As AH, for both
n-alkanes, calorimetric data?® were used. Although indium is suitable for use as a
standard substance for DTA, its A H under pressure has not been reported. A calculat-
ed dependence of 4 H on pressure?’ was utilized. In this way, used values of 4 H under
pressure have some uncertainty.

Measurements on Sn and n-CggH  ,; were done only at atmospheric pressure.
A literature value of 4H for Sn?* was used. For the latter, 4H, was determined by
means of a Perkin-Elmer DSC-1B and through the Clausius—Clapeyron equation.
An average value of 238 <+ 2 Jg~! was used.

The proportionality coefficients at various pressures are plotted against tempera-
ture in Fig. 6. A good, smooth curve car be drawn through the data at atmospheric
pressure. This clearly shows that the present cell, in which a liquid thermal barrier
having a large Z is used, satisfies requirement (b) for the quantitativity, at least for
measurements at atmospheric pressure. On the basis of this result, we may obtain
K at each high pressure as a function of temperature only despite the small number of
data points and their scatter. This scatter is partly due to the uncertainty in the value
of 4f used. Thus, we can have a thermal mean for the determination of heats of
transition under high pressure.

When we know Z for the silicone oil as a function of pressure and temperature,
the behavior of K is approximately predicted according to eqn. (2). The functional
form of its Z, however, has not been reported except at atmospheric pressure. In
general, the thermal conductivity of liquids at atmospheric pressure has a negative

@
"o
"
88

K /md K'min

IOL X | 2 [] 2 1 ]
300 400 S00
’ T/K

Fig 6. Temperature dependence of proportionality coefficient at various pressures. Cys, Cz4, and
Ceo indicate n-octadecane, n-tetracosane, and r-hexacontane, respectively.
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TABLE }

COMPARISON OF THE PRESSURE DEPENDENCE OF THE PROPORTIONAL COEFFICIENT WITH THAT OF THERMAL
CONDUCTIVITY OF ORGANIC LIQUIDS

(K is the proportional coefficient at 30°C, Z the mean values of thermal conductivity of 13 simple
organic liquids at 30°C*%. Subscripts indicate pressures in MPa.)

P Ky/K=n 7.9 %300

( S P a}

<00 093 095 =-0.01

390 085 0.89 = 0.01

130 0.72 0.78 = 003
0.1 0.6 0.61 = 0.05

temperature coefiicient. It is known that at higher pressure the temperature coefficient
is reversed, and this occurs at about 300 MPa?é. Due to such complexity, we cannot
examine exactly the behavior of X in terms of 4, but the following may be said. For the
silicone oil at atmospheric pressure, . at 200°C is lower by about 109, than that at
30°C*". Increase in K at atmospheric pressure, as shown in Fig. 6, is ascribed to the
efiect of convection in the thermal barrier. That is, the temperature gradient within it
developed during melting is diminished by convection. Its effect may become smaller
in the low temperature and high pressure region. Next, we examine the effect of
pressure on X in this region. Ratios of K at 30°C at each pressure to that at 300 MPa

1.3
Xiap
X
1.1
1 :
10§ o=
p /MPa
{a) (b)

K\\ K'

Fig 7. Effect of the thickness of the thermal barrier on propontionality coefiicients. Schematic
drawing for arrzngement of cclls is shown in below (2) Normal cell; (b) cell with a copper heating
block. Proportionality cocfiicients, X and K’, were obtained on In by using the cells (3) and (b),
respectively.
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are given in Table 1. As a rough estimate of the pressure dependence of 4 at 30°C, we
use average values of simple organic liquids giver by Bridgman?®. The ratios on
average conductivity, 4, are also given in Table 1. This shows that X under higher
pressure is approximately proportional to £, that is, at least in the high pressure and
low temperature region, heat conductively flows within the thermal barrier.

As described in the experimental section, the present cell, being designed mainly
from the view point of operation, has a thick thermal barrier. The effect of the
thickness on the convection was examined on runs on In. As shown in Fig. 7, a copper
block having two holes was placed around the sample containers. The proportionality
coefficient, K’, obtained by using this cell are compared with X obtained by the normal
cell. The ratio of K/K’, as shown in Fig. 7, is constant over the higher pressure range,
whereas it decreases at low pressure. This also shows that the convection appreciably
occurs in the usual cell in the low pressure and high temperature region. It is noted
that we could make quantitative, and reproducible measurements despite of the
occurrence of the convection. In this connection, the thicker thermal barrier is said
to be advantageous from the view points of operation under high pressure and of
DTA sensitivity.

CONCLUSION

The simple DTA system described in this paper enabled determinations of heat
of transition as well as of transition temperature under high pressure up io 500 MPa.
We can obtain basic thermodynamic data on samples limited in size. Stability and

sensitivity of the AT signal pcrmit investigations on phenomena of minute signal, for
example, the determination of glass transition temperature under pressures. It is, in
further development, necessary to establish a calibration method by using electrical
energy in order to minimize error due to the uncertaintly of 4AH values of standard
substances svnder high pressure.
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