
Introduction

The theoretical equations giving the calorimetric sig-

nal of a coupled cell heat flux DSC during a first order

transition were given in previous papers [1]. The be-

havior of disc type coupled cells heat flux DSC is de-

scribed [2–6] by the equations:
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where

• � – temperature of the furnace,

• T1, T2 – temperature of the crucible side, sample

and reference respectively,

• R1, R2 – furnace–crucible side resistors, sample and

reference respectively,

• C1, C2 – crucible side heat capacity, sample and

reference respectively,

• r – crucible–crucible resistor,

• � – heat flux of the transformation in the sample.

The equations describing a first order transition

were established. In this paper, these equations are

used on real experiments of the melting of three pure

metals, so as to establish a method giving the values

of the resistors and capacitors of a disc type coupled

cell heat flux DSC apparatus.

Experimental

A heat flux DSC apparatus gives a differential signal 
V

measured with a differential thermocouple array between

the product and reference crucibles [7–9]. As explained

previously [1] this signal gives the temperature difference


T =T1–T2, and the power difference 
W.

Materials

The closest approximation of a first order transition is

the melting of high purity metal [10, 11]. Indium, gal-

lium and mercury (purity 99.999%) were purchased

from Aldrich. The samples were sealed in aluminum

crucibles (40 �L), previously dried at 180°C for three

days. Masses were in the 20–100 mg range. Experi-

ments were done as follows.

The sample was put into the DSC, at an initial

temperature Tinit below the melting temperature of the

metal. It was heated at a temperature Tend above its

melting temperature with a heating rate of 2 K min–1.

The liquid was then cooled to Tinit with a cooling rate

of 2 K min–1. The DSC curve of crystallized com-

pound was then recorded from Tinit up to the end of the

melting process Tend at a heating rate �. The next ex-

periment was done with another heating rate � and

new values for Tinit and Tend.

For each metal, a series of experiments was done

at several heating rates from 0.1 up to 2.4 K mn–1. For

some series the place of the product and reference

crucibles were exchanged (to test the symmetry of the

apparatus). Other series were done after removing and
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replacing one or both crucibles (to test the repro-

ducibility of the thermal resistors crucible – thermo-

couples).

Apparatus

A Mettler TA 2000 B DSC apparatus described

elsewhere [12] was used. It was flushed with dry

argon, chosen on the basis of its chemical inertia, low

thermal conductivity and density.

The apparatus was controlled by a computer.

Experiments were carried out under the control of

programs, written for this purpose.

Measurements

A typical experiment is given in Fig. 1.

In order to improve the reproducibility of the

measurements, a specific computation program was

written. The computation are done as follows:

• Time at the onset of the melting tb:

It is taken as the time of the intersection of the

extrapolation of the leading edge of the peak and the

baseline. The temperature of the furnace at this time is

easily obtained.

• Time at the maximum of the peak te:

It is the intersection of the leading edge of the

peak fitted as a straight line, and the tangent at the

inflexion point of its falling edge. Another method is

to find the change of the sign of d(
T)/dt between the

beginning and the end of the peak.

• Transformation of 
V into 
T:

It is simply computed using the fem g of the

thermocouples Au/Ni measured previously [3].
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• Slope of the peak p:

The derivative of the calorimetric signal 
T [1],

at the leading part of the peak, is fitted as

p
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where p is the value of the fit of d(
T)/dt at t=te.

• Determination of the height of the peak h:

It is represented by BC: it is measured between

the extrapolation of the baseline and the extrapolation

of the peak at te,

• Stot is the area AC expressed in K s, (hatched area)

• Str is the area ABC expressed in K s

• Sc is the area BC expressed in K s

The baseline is made of two straight lines: the

first one is the extrapolation of the line �� up to the

maximum of the peak te. The second one is the extrap-

olation of the line �. The duration of the melting tm is

readily obtained as tm=te–tb.

Results and discussion

Experimental verification of the model

The very first question is to establish whether or not,

the model is adequately represented by the model

given in Eq. (1) i.e. a heat flux coupled cells calorime-

ter. Furthermore, it is important to verify R1=R2.

Area of the peak

The area of the peak of melting of a sample must not

depend on the heating rate, and the same area of the

peak of melting should be found when the sample and

the reference crucibles have been exchanged.

Results are plotted in Fig. 2. A fit using the series

of measurements for the crucibles in a position, or

after exchange, shows a difference. It amounts

to 1/360. The difference between the resistors furnace

crucible on product or reference side is not signi-

ficant. The calorimeter is then symmetrical, so in this

paper, R1=R2=R.
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Fig. 1 Melting of In at �=1 K min–1

Fig. 2 Melting of In. Stot=f(�). � – material and reference

crucible arranged in a position, + – the position of the

crucibles were exchanged. ��� – line for each series of

measurements, --- – line for the series



Height of the peak of melting h

Duration of melting tm is the solution of Eq. (4), as

found in [1]:
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Height of the peak of melting at his maximum h
is given by Eq. (5),
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Plot of h vs. � is given in Fig. 3. It is well repre-

sented by a fit h=f(�1/2) [13–15].

Agreement of the data with theoretical equation

based on a heat flux coupled cells DSC, support this

model. Furthermore, the measurements do not depend

on the position of the crucibles, showing that the re-

sistors furnace-product or reference crucibles are

nearly identical.

Determination of the resistors r, R

The equations established previously [1] requires that

the ratio of the resistors r/R has to be first determined.

In a second step, the resistors may be obtained.

From the experiments, two methods, based on two

different equations may be used:

Determination of the ratio of the resistors

The slope p of the peak of melting is given by:

p
r

r R
�

�
– � (6)

Measurements are plotted in Fig. 4. The ratio R/r
is easily obtained. It is given in Table 1. It decreases

with the temperature, from about 3 at 156°C (In),

down to 0.9 at –39°C (Hg).

Determination of the resistors r, R

As explained above, two methods were used.

Using the total area Stot

The relation between the area of the peak of melting

and the quantity of heat of the first order transition is

simply:

Q
R r
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R
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e

tot (7)

The determination of Stot, is done as explained in

I-3. In Fig. 5 Stot vs. heating rate is plotted. As ex-

pected and as is widely known, this area does not de-

pend on heating rate �.

As explained using other sets of data, the

apparatus is symmetric since Stot does not depend on

the position of the crucibles.

Using the duration of melting tm

Equation (4) gives the relation between duration of

melting, quantity of heat and heating rate. The results

are plotted in Fig. 6.

The results for r, R are reported in Table 2. Both

methods give a good agreement.

This method does not require a baseline. It is

thought that its accuracy is better.
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Table 1 Ratio of the resistors r/R

Metal Tm/°C 
H/J g–1 r/(r+R) r/R

In 156.61 28.42 0.7623 3.22

Ga 29.76 79.88 0.5924 1.45

Hg –38.85 11.469 0.4899 0.960

Fig. 3 h vs. heating rate � of In. � – material and reference

crucible arranged in a position, + – the position of the

crucibles were exchanged

Fig. 4 Slope of the peak p vs. heating rate. � – material and

reference crucible arranged in a position, + – the posi-

tion of the crucibles are exchanged



An equation R=f(T) is computed as R=a1+b1T
and r=a2+b2T.

Determination of the heat capacity

Two equations may be used for the determination of

the heat capacity on product (C1 or �C1 ) ( �C1 is the heat

capacity of the product side) and reference (C2) sides.

The area of the falling part of the peak of melting SC

and the thermal lag� may be used.

Area of the falling part of the peak SC

When melting is terminated at tm, the sample is at Tm.

If no melting had occurred the temperature of the

sample TP should be

TP=Tm+�tm (8)

The quantity of heat QP to warm the product cru-

cible from Tm up to TP is

Q C TP

T

T

d

m

P

� � 1 (9)

When melting began, the reference crucible was

at �Tm .At the end of the melting, its temperature TR is:

T T
r

r R
tR m m� � �

�
� (10)

The difference of the quantity of heat entering

each crucible is:
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Assuming that the values of �C1 and C2 do not

change on the temperature interval of the falling part

of the peak:

Q Q C t C t
r

r R
P R m m– –� �

�
1 2� � (12)

On the DSC curve, the area of the falling part SC

of the DSC curve 
W is QP–QR. Hence:
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Use of this last equation requires the determination

of the difference C1–C2 (Fig. 1). It is given by Eq. (14):
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(14)

Three series of experiments were done using dif-

ferent references and product crucibles. Results are

plotted in Fig. 7. The values are given in Table 3.

As expected, curves 1 and 3 are symmetric

proving that the measuring device itself has a very

small asymmetry.

A plot of SC/(Retm) vs. � is given in Fig. 8.

The slope gives the value of �C1 and C2 because dC=
�C1–C2 and Re were measured previously.

For some series of experiments, the position of

the crucibles were exchanged. However, only the sign

of the signal is changed. It shows that the apparatus is

symmetric.

The computation is done using Eq. (13). It gives

the values of �C1 and C2. The heat capacity [16–18] of

the product and of the crucible or only that of the ref-

erence crucible can be easily computed. Then the heat

capacity of the disc CS can be obtained.

Results are given in Table 4.

An equation CS=f(T) is computed as

CS=a+bT+cT –1.
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Table 2 Computed values for r and R

Tm/
°C

R

R r

a

�
Ra/

mW K–1
ra/

mW K–1
Rb/

mW K–1
rb/

mW K–1

156.61 0.7624 0.199 0.650 0.206 0.669

29.76 0.5924 0.365 0.499 0.372 0.509

–38.85 0.4899 0.537 0.48 0.564 0.504

aMethod using Q/Stot vs. heating rate �, bmethod using

Q/� vs. tm

Fig. 5 Re=S/Q=f(�) for In, Ga, Hg. � – material and reference

crucible arranged in a position, + – the position of the

crucibles were exchanged

Fig. 6 Q/�=f(tm). For In, Ga, Hg (bottom to top). � – material

and reference crucible arranged in a position, + – the

position of the crucibles were exchanged



Thermal lag �

The temperature of the sample is lower than that of

the furnace on heating, and greater on warming

[19, 20]. That difference of temperature is called the

thermal lag �. For a symmetric heat flux coupled cells

DSC, it is given by:

� ��
�

�

�
�

�

�
�RC

R

r R
C C1

2

1 2
2

– ( – ) (15)

A plot of �=f(�) is given in Fig. 9 and the results

are reported in Table 4.

The agreement between both methods is excellent.

Simulation and comparison with the experiments

The simulation of an experiment is easy, and it was

interesting to compare an experiment with its theoret-

ical representation. The melting of indium was cho-

sen. The computation uses Eq. (1), with three steps:

• from the initial temperature to the temperature of

melting of the sample

• melting of the sample

• reinstallation of a stationary state

An experiment and its simulation are given in

Fig. 10. The difference between the experiment and

the computation shows that the shape of the peak is

well represented. Differences are mostly at the begin-

ning and the maximum of the peak. The error on the

quantity of heat is very low.

The same computation done with gallium or

mercury gives a good fit between the real and the

simulated experiments.
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Table 4 Heat capacity product and reference sides using both
methods, heat capacity of the disc based on method 2

Tm/°C

Method 1 Method 2

�C1 / C2/ �C1 / C2/ Cs/

mJ K–1

156.61 158 144 157 143 97

29.76 128 93 124 89 78

–38.85 89 77 89 76 42

Table 3 Mass of metal, reference material and crucibles

Curve number Product side Reference side

1 In=104.1 mg crucible=49.2 mg Al2O3=186.09 mg crucible=48.6 mg

2 In=104.1 mg crucible=49.2 mg Al2O3=0 mg crucible=49.5 mg

3 Al2O3=186.09 mg crucible=48.6 mg In=104.1 mg crucible=49.2 mg

Fig. 7 
T=f(�) for several product crucibles (Table 3)

Fig. 8 Sc/(tmRe)=f(�); � – material and reference crucible ar-

ranged in a position, � – the position of the crucibles

were exchanged

Fig. 9 �=f(�) at the temperature of melting of In; � – material

and reference crucible arranged in a position,

+ – the position of the crucibles were exchanged



Conclusions

The DSC apparatus used is well represented by the

simple model of a couple cells heat flux calorimeter.

The values of the resistors are obtained using two

methods which give close values. The determination

of the heat capacities is much more difficult, but the

values found agree.

The simulation of the melting of the metals used

shows that the model is a good representation of the

apparatus, and support the validity of the methods of

determination of the values of resistors and capacitors.
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Fig. 10 Melting of In at 1 K mn–1. Continuous line:

experiment, dotted line: simulation, the difference

between the two curves is in full line, the scale is ×10
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