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Abstract

Measurements with a plate transducer, up to 1600°C, are investigated in the current paper. The calibration of the transducer,
comparative measurements concerning the accuracy of specific heat capacity determination, the modelling for the high-
temperature range and results for three steels are presented. The results are used to develop the database dbs for thermal

simulation computations. © 1998 Elsevier Science B.V.
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1. Introduction

Ensuring availability of secured thermal properties
of metallic substances has great importance for the
thermal process simulation, which is of growing inter-
est in many fields of metallurgy, metal forming,
manufacturing and joining techniques.

The numeric analysis often considerably reduces
the experimental expenditure during the technology
processing. For example, in the case of welding, the
knowledge of the temperature field and of the joint
geometry is the basis for process optimization. From
these, the quality of the joint and the crystalline
structure in the heat-influence zone can be derived
[1,2]. For low-alloy steels, the cooling time between
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800° and 500°C (fg5-time) decisively influences the
structural shape. Computations with the developed
programme system TENAS [3] showed that the use
of reliable material properties is an essential pre-
condition for precise simulation calculations. In par-
ticular, the melting enthalpy Aph and the melting
temperature 7, have an essential influence on the
tg/5-time besides the specific heat capacity. For this
reason, a database for steels is built-up, which contains
the heat capacity dependent on the temperature, the
phase change enthalpies and their assigned tempera-
tures. This is planned both, as an extra module for the
mentioned programme system TENAS and as a stand-
alone information programme.

However, there are great gaps in the availability of
thermophysical properties of steels, in particular
>1000°C. In connection with simulations, special
materials and, above all, newly developed steels
require experimental investigations in order to obtain
the characteristic thermophysical properties.
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2. Experimental

Measurements were carried out with the thermal
analysis system SETARAM TGA 92 and a DSC plate
transducer with platinum/rhodium thermocouples
(type B). The graphite resistor furnace is usable up
to 1600°C. The calibration of the transducer and
comparative measurements are presented. All runs
were done at the heating rate of 3 K/min. The use
of platinum crucibles is especially useful for heat-
capacity measurements. However, because they are
not suitable for steels, nor could long-time stability be
achieved with platinum-coated alumina crucibles, a
measuring variant is described which makes use of an
Al,03 sample crucible and a platinum reference cru-
cible. The model of heat-capacity determination and
preliminary measurements for three different steels
are presented in this paper.

2.1. Preliminary investigations

The use of a DSC plate transducer for the determi-
nation of the specific heat capacity did not ensure
precise results, particularly in the high-temperature
range. Therefore, after evaluation of literature [4,5],
preliminary investigations were carried out with the
aim of an improvement in sensitivity and reproduci-
bility. Helium and argon were used as carrier gases.
Helium has a considerably better thermal conductivity
(Aem~9AAr at 1000°C), which reduces the thermal
resistance between the crucibles and the transducer.

Correspondingly, the series of measurements using
helium showed a better reproducibility in spite of a
lower DSC signal (Fig. 1). The use of crucibles with
lids improved the reproducibility too. The specified
heat-transfer conditions are managed in this manner
for the sample cylinder. The comparison between
Al,0O; and platinum crucibles yielded better results
using platinum crucibles. However, these crucibles
cannot be used for steels in the range of high tem-
peratures. For this reason, Al,O; crucibles were
coated with platinum (vacuum evaporation and sput-
tering). But the achieved coatings showed no long-
time stability. Every heating process caused a change
of the emissivity and, therefore, a change of the heat-
transfer conditions. Reproducible measurements
could not be achieved in this manner. The emissivity
€ was controlled using the infrared thermography
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Fig. 1. Influence of sweep gas on the DSC-signal (same conditions
of measurements).

system AGEMA THYV 900. Fig. 2 shows sample cru-
cibles heated uniformly in a furnace. The evaluation of
the thermogram in Fig. 3 illustrates the change of the
emissivity of the coated crucibles compared to the
Al,O3 and platinum crucibles.

The high emissivity € of Al,Oj is responsible for a
better heat transfer, at high temperatures, between the
sample and reference compared to the platinum cru-
cibles. This leads to a decrease in the temperature
difference between the sample side and the reference
side of the measuring system (7;—7;) and, therefore, in
the DSC signal. For this reason, investigations were
carried out with a platinum crucible as the reference
crucible, in spite of the basic requirement of creating
conditions which are as identical as possible for
sample and reference side. The sample was in an
Al,Oj3 crucible for the aforementioned reasons. The
basic influence of the emissivity of both crucibles on
the DSC signal will be examined by analyzing the heat
transport.

2.2. Modelling

For a description of the heat transport processes, a
simplified model was chosen, which neglects the
contact resistances and suggests the principle of
homogeneous temperatures of the measuring system
relating to both, the sample (7;) and the reference (7})
side. The following essential assumptions are the basis
of the model:
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Fig. 2. Infrared thermographic image of different crucibles (for the numbering of crucibles see Fig. 3).
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Fig. 3. Experimentally determined emissivity for different crucible
surfaces.

Neglect of the resistances of heat conduction for
sample and reference as well as their crucibles
(borderline case Bi=-0).

Dominance of radiation heat transfer between fur-
nace and sample crucible (Qfs) as well as between
furnace and reference crucible (Qy,) at the consid-
ered temperature range of 7>1000 K.

Calculation of the heat-transfer coefficient, caused
by radiation, from the relationship valid for small
differences between furnace temperature 7¢ and the
temperature of measuring system at the sample side
Ts:

Ti + T,
Qrad = 4550(%> = Esa:ad (D

No interactions between sample and reference
crucible.

Quasi-stationary conditions.

Assumption of a total heat capacity of the empty
crucible and its support for both sample (C, ;) and
reference (C,) sides of the transducer.

With these assumptions, the following simplified

model equations can be set up:
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Egs. (5) and (7) and the index ‘b’ refer to the blank
run. Assuming quasi-stationary conditions

dT, dT, dT
o () 2 8)
dr e/, dt

and also dAT<T,, the signal difference between
sample run and blank run is given by the equation

1 (mc),dT¢
af A g dt

rad

(Tr - Ts) - (Tr - Ts)b ~ (9)
For sufficiently small heating rates, making the quasi-
stationary conditions available, the integration of
Eq. (9) between two temperature plateaus at 77 and
T, provides

T

(mc)s | (Tz - Tl) ~ EsafadA
Ty

153 (10)
/ (T, — T) — (T, — T,),Jdr

1

Corresponding to Eq. (10), emissivity of the reference
crucible ¢, has no influence on the signal difference of
the step-scanning method. But the low emissivity of
platinum (epjain =~ 0.1€41,0,) exerts influence on the
level of the single DSC signals (Egs. (6) and (7)). This
effect is equivalent to an increase of heat capacity of
the reference side (Cy,). Fig. 4 clearly shows the
experimental confirmation of the signal enlargement
for a cylindrical platinum sample. The base lines
corresponding to both crucible combinations are
represented in Fig. 5. Due to the enlarged signals,
the signal-to-noise ratio of the individual curves is
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Fig. 4. Experiments with platinum cylinder using different
reference crucibles (transducer: DSC; sweep gas: helium; cruci-
bles: Al,O3/Pt; sample: platinum; mass: 1.71 g; and heating rate:
3 K/min).
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Fig. 5. Base lines for different crucible combinations (transducer:
DSC; sweep gas: helium; crucibles: Al,O5/Pt; sample: blank; and
heating rate: 3 K/min).

improved. That facilitates placing the base line for
integration of the peaks and reduces the error, see
Fig. 6. However, the decisive advantage is the essen-
tial decrease in thermal interactions between sample
and the reference crucible.

2.3. Calibration

Due to the structural transition occurring during the
heating up of steels, the continuous-scanning method
was used to determine the specific heat. In addition,
the step-scanning method was used beyond the transi-
tion points. For the continuous method, no calibration
is necessary by the evaluation of three runs (sample,
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Fig. 6. Possible positions of the base line caused by the signal
noise.

reference and blank). The choice of a heat capacity of
the reference has to be equal, as far as possible, to that
of the sample.

This is essential for the reliability of the results.
Because of the unknown particular heat capacity of the
sample, two or three reference tests may be necessary
to approach the heat capacity of the sample.

The influence of using a platinum reference crucible
was examined with the step-scanning method. In
accordance with the programmed heating up curve,
the heat capacities were determined at 1000°, 1200°
and 1400°C, respectively. The step between two tem-
perature plateaus was 20 K. For each sample, three
measurements were carried out. The good, reprodu-
cible results are shown in Fig. 7. In spite of noniden-
tical curves due to small changes in the signal level,

reproducibility
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Fig. 7. Reproducibility of DSC-signal (transducer: DSC; sweep
gas: helium; crucibles: Al,O3/Pt; sample: nickel; mass: 719.1 mg;
heating rate: 3 K/min; and temperature interval: 790-810°C).

the areas determined by integration are in good agree-
ment.

Nickel, platinum and tungsten cylinders was used as
reference materials for the calibration of the signal
areas. The cylinders have to be manufactured so as to
have a good contact with the bottom of the crucible.
One of the signal curves of the calibration runs with
platinum cylinder is shown in Fig. 4 (Al,O3/Pt cru-
cibles). After repeated steel melting, a new calibration
was necessary.

3. Results
3.1. Experimental results
Measurements were carried out for three types of

steel. The chemical composition of the steels is illu-
strated in Table 1. In Fig. 8, the signal curve of S600

Table 1

Chemical composition of steels in %

Steel C Si Mn P S Cr Ni

S355T 0.17 0.42 1.46 0.032 0.013 0.24 0.05

S600 0.08 0.32 1.38 0.010 0.008 1.44 0.40

X6CrNiMoTil7122 0.03 0.43 1.04 0.025 0.004 16.92 10.63
Cu Mo N \% Al Nb Ti

S355T 0.04 — 0.009 0.01 — — —

S600 0.10 0.44 0.009 — — 0.006 —

X6CrNiMoTil7122 0.16 2.09 — 0.09 0.028 — 0.25
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Fig. 8. DSC-curve and signal evaluation for S600 (transducer:
DSC; sweep gas: helium; crucibles: Al,O5/Pt; sample: S600; mass:
584.1 mg; and heating rate: 3 K/min).

Table 2
Experimentally determined values of specific heat capacity, in
J/(gK).
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Fig. 9. Specific heat capacity for S355T and pure iron (continuous-
scanning method).

1/ °C S355T S600 X6CrNiMoT17122
1000 0.62 0.43 0.44
1200 0.68 0.50 0.53
1400 0.72 0.51 0.74

using the step-scanning method is presented including
the evaluation of the areas. The heat capacity was
determined, averaging the areas of three tests. The
results are shown in Table 2. The relatively high value
of the specific heat capacity for steel X6CrNi-
MoTil7122 at 1400°C may be explained by its proxi-
mity to the melting point and by the phase change of
particular alloy components. The results for S355T are
in a good agreement with the measurements carried
out with the continuous-scanning method. These are
presented in Fig. 9 in comparison with pure iron. The
DSC signal for the melting of S600 and the computed
melting enthalpy are shown in Fig. 10. For compar-
ison, the corresponding data of the two other steels are
also plotted in the diagram.

Further systematic measurements will be carried
out in order to supplement the database dbs for the
simulation calculations.

3.2. Database
The database dbs (Fig. 11) was developed on the

basis of thermophysical properties from the available
literature to make these properties available for simu-
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Fig. 10. DSC-signal in the region of melting with evaluation
(transducer: DSC; sweep gas: helium; crucibles: Al,O3/Al,03;
sample: S600; mass: 583.6 mg; and heating rate: 3 K/min).
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Fig. 11. Main menu on the database dbs of steels.
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lation computations. The programme was written in
the interpreter-language TCL/TK and runs on UNIX
and LINUX platforms. All numerical data of a certain
steel may be edited and visualized via the main menu.
The steels are subdivided in groups according to the
European standard EN 10027-2 and can be identified
by the steel number. The material property, chosen in
the submenu Property, can be presented graphically by
activating the check button Graphic and saved in
different graphic formats. The check button Regres-
sion enables, for example, the polynomial regression
up to 10th degree. The activation of the check button
Table causes a display of the available thermophysical
properties. Via the check button Paper, a complete
document can be made in LaTeX or POSTSCRIPT
format. It contains all available information of the
selected steel as the nomenclature according to the
European Standards, references, alloy composition,
regression formulae of the material properties and
graphical representations. The numerical data of ther-
mophysical properties and the alloying contribution,
taken mainly from the Refs. [6-10], are stored in a
defined ASCI format. Hence, the data are available for
the programme system TENAS [3] too.

The database will be actualized by using results of
further experiments to improve the accuracy of the
simulation computations.

4. Conclusion

With the database dbs, a powerful module for the
purpose of thermal simulation calculations is pro-
vided. The wide gaps in the availability of thermo-
physical properties at high temperature require
additional experiments, especially for new materials.

The employed thermal analysis system permits the
determination of phase change enthalpies and the
corresponding temperatures with good accuracy.
The determination of specific heat capacities requires
a high expenditure, especially due to he calibration.
The use of platinum reference crucible improved the
signal-to-noise ratio and led to a good reproducibility
of the experiments. For a final evaluation of the
described method, further experiments and the com-
parison with measurements made with a high-tem-
perature calorimeter for identical samples are
necessary.

A heat-transfer surface

Bi Biot number: Bi=al./\, I, — characteristic
length

c specific heat capacity

Cis total heat capacity of the sample side of the
transducer, including crucible

Cir total heat capacity of the reference side of

the transducer, including crucible
m mass

t time

Ty furnace temperature

T, temperature of measuring system at the
sample side

T, phase-change temperature

T, temperature of measuring system at the
reference side

Ox radiation heat flow rate from furnace to
sample side

Os radiation heat flow rate from furnace to
reference side

Qrad heat-transfer coefficient of radiation

g modified heat transfer of radiation

5 emissivity

Es emissivity of sample crucible

Er emissivity of reference crucible

AAr thermal conductivity of argon

AHe thermal conductivity of helium

o Stefan—Boltzmann constant

Aph phase change enthalpy
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