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Part 1. Relation to the sensitivity of a thermocouple
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Abstract

Relation between the calibration coefficient of a DSC sensor 4(7) and the sensitivity of a thermocouple
€(7T) which the sensor is made from was derived from the analysis of a heat transfer inside a DSC cell.
Ratio e(T)/k(T) is equal to A+BT>. The first component depends on heat conduction and the second
one on radiation.

The relationship was tested for DSC-204 Netzsch using (i) data on calibration vs. enthalpies of
phase transitions (reference samples) and (i/) measurements of heat capacity of corundum. Both tests
show very good agreement between experimental data and predicted theoretical function.
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Introduction

Heat-flow sensor in a DSC is made from a thermocouple. The sensitivity of a thermo-
couple (¢) depends on temperature and, hence, the calibration coefficient (k) of the
sensor depends on temperature as well. But the functions &(7) and k(7)) differ from one
another. Functions k(7)) for three calorimeters (DSC-30 Mettler, DSC-111 Setaram and
DSC-204 Netzsch) are shown in Fig. 1. These were provided with manufacturers:
Setaram and Netzsch use polynomials, Mettler showed a picture in the User’s Manual.
Function ¢(7) for thermocouple ‘E’ is also shown in Fig. 1, for this thermocouple
works as a sensor in DSC-204. The type of thermocouple in DSC-30 and DSC-111 was
not indicated by the manufacturers. The difference between &(7) and &(7) is evident.
The former increases with temperature over the whole temperature range, but the latter
increases at low temperatures reaching the maximum and decreases after.

There is no theory predicting correct value of the electromotive force (e.m.f.) for
a thermocouple at a given temperature. It is conventional that function g(7) is mea-
sured and then used in a tabular or polynomial form. Similarly, the sensitivity of a
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Fig. 1 Calibration coefficient as a function of temperature: 1 — DSC-111 Setaram; 2 —
DSC-30 Mettler (metal sensor); 3 — DSC-204 Netzsch. For comparison,
sensitivity of thermocouple ‘£’ is shown (4)

sensor made from the thermocouple is measured and used in a polynomial form. No
analytical functional relation between €(7) and k(7)) is there in the literature. In the
recommendation of the working group ‘Calibration of Scanning Calorimeters’ of the
GEFTA, no analytical expression for £(7) is recommended, the graphics are dis-
cussed only [1].

The objective of this work was to develop adequate model explaining the differ-
ence between sensitivity of thermocouple and heat-flow sensor and to test it. The
equation derived from the model is intended to be useful in the arrangement of a sen-
sitivity calibration for heat-flow DSCs.

The model

A scheme of a DSC cell operating is shown in Fig. 2. Two crucibles, one with a sam-
ple (S) and one empty, i.e., reference (R), are at their positions. Thermocouple is posi-
tioned as close as possible to a bottom of a crucible to measure its temperature as cor-
rect as possible. At steady heating, the built-in furnace increases temperature of the
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Fig. 2 Heat transfer to the crucibles, reference (R) and sample (S), inside a DSC cell at
heating: W, — radiation; ¥, — heat conductivity. Voltage readings of a
thermocouple: AU
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DSC cell with a constant heating rate f=d7y/dz. Temperatures of two crucibles, sam-
ple (Ts) and reference (7y), increase nearly with the same heating rate but differ from
one another at every moment: 7p>T>Ts. It is the heat transfer from overheated inner
walls of the DSC cells toward underheated crucibles that increases their tempera-
tures. Two kinds of energy act inside the cell and change the temperature of cruci-
bles: 1) vibration of atoms constituting solids and 2) radiation. These provide also
two kinds of heat transfer. Vibrational energy propagates by means of a direct contact
between a source and recipient. Heat transfer is described by equation

1 1dQ

W= Ema=hgrad, (1)
where ¢ is the rate at which heat Q crosses an area S, and A is the coefficient of heat
conductivity. For a crucible inside the DSC cell,

40, ¢ Iy
d !

where S| is the area of a contact between crucible and sensor, i.e. the area of a bottom
of the crucible, / is the distance between a heat source and a sample holder.

Surface of a crucible simultaneously absorbs and emits radiation according to
the Stefan—Boltzman equation

) )

l I/Vr = l @ =cT*
S S dt
where ¢ is the emissivity of the substance which the crucible is made of (e=1 for an
ideal ‘blackbody’, £=0.85 for oxidized metals and £=0.3 for unoxidized metals,
especially when they are polished), o is the Stefan’s constant (5.6697-107° W m = K™¥).
The sum of energy change due to the radiation is
do,
dr
where S, is the area of a crucible exposed to the radiation.
Heat flow to the reference crucible is the sum of the two contributions:

, )

=68, (T*-T), “4)

WR=W=SGS2R(TR4_TF4)+S1R}\]’7R(TR_TF )- )
t

R

In a DSC, all the parameters for crucibles and sample holders are identical:
S1r=815=81, Ser=825=52, ARZAs=A, [R=Is=1. (6)

The difference in heat flow between sample and reference crucibles is

AW=WsWy=ecS, (T} -T}) +S, 7”7 (T,~Ty). (7)
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The formula can be transformed into linear expression of the temperature
difference:

I =Ty = (I + I Ty + T T AT (T =Ty )=AT (=T ), (8)
because

Ts—TR:AT<<TFzTSzTR. (9)

The equation for the difference in heat flow is
AW=(486S2T3+SI7;JAT. (10)
The temperature difference between two crucibles is measured with a thermocouple
T= AU (11)

e(T)

where AU is the e.m.f. Now the relationship between heat flow and readings of a
sensor is

3
oy deoS TS L
e(T) k(T)

where k(7) is the sensitivity of the sensor or the calibration coefficient of a heat-flow
calorimeter. The values of S}, S5, €, ¢ and / do not depend on temperature. Thermal
conductivity depends on temperature but the functions A(7) differ for particular
substances. It increases significantly at very low temperatures but changes slightly at
elevated temperatures. In a temperature range of 200-900 K, A increases for several
metals and most alloys, decreases for most metals and several alloys, or is nearly
constant for several metals and alloys. Most changes are within the limits of £50%.
The data for aluminium, constantan and inconel are listed in Table 1. Aluminium is a
most suitable material for DSC crucibles, the alloys are used for the construction of
sample holders [2]. As thermal conductivity changes with temperature much less
than sensitivity of a thermocouple and radiation heat transfer, it is reasonable to
consider A constant. Now the calibration coefficient is

e(T 1
k(T)= () 3 =(T) T
S A/ I+4ecS,T A+BT

AU, (12)

(13)

Table 1 Thermal conductivity (in W m ™' K') of selected materials as a function of temperature [4]

. Temperature/K
Material
200 300 400 500 600 700 800 900
Aluminium 237 237 240 236 236 225 218 210
Inconel 11 12 14 15 17 19 20
Constantan 21 23 26 31 37

J. Therm. Anal. Cal., 76, 2004



DREBUSHCHAK: CALIBRATION COEFFICIENT 945

Thus, the calibration coefficient of a heat-flow DSC is equal to the sensitivity of
a thermocouple, which the sensor is made from, divided by sum 4+BT>. Shown in
Fig. 1, the decrease of the calibration coefficient at elevated temperatures is the result
of increasing radiation heat transfer.

Testing the relationship

Sensitivity of a thermocouple changes significantly with temperature but, fortunately,
the function €(7) is well known for conventional types of thermocouples. In DSC-204,
function g(7) for thermocouple ‘E” is used for the correction of measured values. This
operation is built in the measuring procedure that is governed by controller TASC
414/4 and is used for all instruments operating with the latter [3]. Instead of true
experimental data AU(T) at controller’s input, a user receives corrected data

AU(T)

o) =AT(T) (14)

at controller’s output. The calibration coefficient for the corrected DSC signal can be
derived immediately from Eq. (10):

AW:(SIX+48052T3 ]AT: L AT (usBTHAT (15)
! K (T)

We can test the validity of the relationship between thermocouple sensitivity and
calibration coefficient just checking how experimental data on the inverse of calibra-
tion coefficient for DSC-204 fit polynomial 4+BT". The results of the testing are
shown in Fig. 3. Here, two types of data are presented. Squares indicate the results of
the calibration vs. phase transitions. The measurements were proceeded by the manu-
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Fig. 3 Testing the calibration coefficient corrected for sensitivity of the thermocouple:
the calibration vs. the enthalpies of phase transitions of reference materials (1)
and that vs. heat capacity of corundum measured at scanning heating (2). Dashed
line is a guide for eyes. Dotted line is a linear polynomial fitting the
experimental data better than 1%
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facturer in November, 2001. Dotted line indicates the fitting polynomial A+BT>. We
know nothing about the accuracy of the calibration measurements carried out by the
manufacturer (number of runs, the standard deviation, quality of the standards, the
order in which they were measured, etc.). Hence, we cannot conclude to what extent
the difference between experimental data and fitting line is produced by experimental
error or by inadequacy of the formula. Anyway, the difference is nearly equal to the
random experimental error. This proves that the model explains relation between &(7)
and k(7)) correctly.

The second type of data is a heat-capacity measurement of corundum. The experi-
ment was carried out with a single crystal of Al,O; (Reference Sample COTC-1a,
distributed by the Physico-Technical and Radio-Technical Measurements Institute, Ural
Branch). Seven runs with the crystal (sample mass 60.68 mg) and seven runs with empty
crucible were performed at a heating rate of 15 K min ' over the temperature range
350-720 K. At scanning heating, heat capacity is calculated according to formula

e =LV LT @) 1 ALT)-AT, (1) (16
mpBmp k() mf3 k (T)

where m is the sample mass, W is the heat flow, B is the heating rate, " and AT are the
readings (uncorrected and corrected, respectively) of a thermocouple-sensor. Subscribes
S and B refer to the experiments with and without sample, respectively. Heat capacity of
corundum is well known, and we can calculate the calibration coefficient according to

1AL -AT,(T)
mp G, (T)

k' (T)= amn

The results are shown in Fig. 3 as the solid line. The line fits to polynomial
A+BT? with very high accuracy. The difference does not exceed 1%.

Two lines, the calibration vs. melting points and that vs. heat capacity, differ
systematically from one another. This is the result of a drift in the sensitivity of the
sensor of DSC-204. Users” Manual for DSC-204 recommends to make new calibration
after two months. The heat capacity measurements were performed one year after the
manufacturers’ calibration. Intermediate calibrations produced the results falling in
between these two lines.

The temperature range where the relationship between the calibration coeffi-
cient of a DSC and sensitivity of the thermocouple was tested is that most suitable for
calorimetric investigations of molecular crystals and pharmaceuticals [5, 6].

Terms and units

Correcting the voltage readings of a sensor to the sensitivity of a thermocouple makes
an unusual problem for users. Strictly speaking, & (7) and k(T) are measured in
different units, K W' and V W', respectively, because (7) is measured in V K. All
handbooks on thermal analysis explain the operation of a sensor of a heat-flow DSC in
terms of voltage as AV(T). Function AT(7T) was never discussed. Probably, for the sake
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of convenience, Users’ Manual and computer Help documents for Netzsch-204 operate
only with convenient uV (measured and corrected signal) and pV mW ' (calibration
coefficient). This can be justified if we agree that fictitious function & (7) identical in
value with ¢(7), but dimensionless, is used instead of the latter. Such a complicated
consideration makes simultaneous correction of a DSC signal for thermocouple
sensitivity and measuring the signal in volts accurate. Alternatively, we have to
measure and discuss the corrected DSC signal in K (mK, puK, etc.) and the calibration
coefficient in uK/mW.

Conclusions

Temperature functions for a thermocouple sensitivity £(7) and a calibration coefficient
of a heat-flow DSC sensor k(7)) are related with one another. Ratio &(7)/k(T) equals to a
function A4+BT°>, where the first term deals with the heat transfer due to the heat
conduction and the second one to the radiation. The coefficients 4 and B depend on the
construction of a sensor and crucibles.

Experimental testing of the ratio &(7)/k(T) for DSC-204 was carried out using
two ways of calibration: (i) enthalpies of the phase transitions in reference materials
and heat capacity of corundum. The results prove that the relationship is valid.

This report is the first one of the series. Next reports will consider optimizing
temperature calibration (an experiment and evaluation), calibration of k(7) as a
function of heating rate, and a relation between thermal event in a crucible and
detected DSC signal.
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