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The French National Metrology Institute LNE-LCM has modified a high temperature Laser Flash apparatus in
order to perform the measurement of the specific heat of solids by drop calorimetry. A sample hanging on a thin
wire held by a motorised gripper, is heated by the inductive furnace and dropped into a heat-flux Calvet calo-
rimeter maintained at near ambient temperature. The calorimeter is equipped with an in-situ electrical cali-
bration system in order to perform accurate and reliable measurements of energy directly traceable to the
International System of Units (SI). The electrical calibration system has been designed for the calibration of the
calorimeter by electrical substitution (Joule effect) and remains in-situ during the drop of the heated sample,
keeping exactly the same experimental configuration during both steps of calibration and measurement. The
metrological features (sensitivity, linearity) of the calorimeter have been evaluated by investigating the influence
of the level of energy and dissipation time on the determination of the sensitivity factor of the heat-flux calo-
rimeter. A calibration and measurement procedure was established in order to enable the measurement of the
enthalpy increments of solids up to 2700 °C. The first results obtained for the determination of the specific heat
of a-alumina (SRM-720), tungsten and graphite, as well as for the measurements of the enthalpy of fusion of pure

copper are in good agreement with literature values and a relative uncertainty of 5% can be obtained.

1. Introduction

Drop calorimetry [1,2] is an old technique for the quantification of
the heat released by a sample when it is heated at a known temperature
and then dropped into a receiving calorimeter. In many apparatuses, the
initial specimen temperature is greater than the calorimeter’s one which
is usually maintained around room temperature, or at the ice point (like
Bunsen type ice calorimeter [3]). The calorimeter measures the heat
evolved in cooling the sample to the calorimeter temperature. In some
other cases, the sample is maintained at near room temperature and
dropped in a heated calorimeter in order to quantify how much heat the
specimen “absorbs” to reach the calorimeter temperature [4]. The lim-
itation of this second type of drop-calorimeters is the development of
heat-flux sensor with sufficient sensitivity and low noise level at high
temperatures [5].

In conventional drop calorimetry where the sample is heated in a
furnace then dropped in a calorimeter, the main sources of uncertainty
are associated with temperature measurement and the attainment of
equilibrium in the furnace, the evaluation of heat losses during drop, the
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measurement of the heat released in the calorimeter, and the repro-
ducibility of the initial and final states of the sample [6]. At high tem-
peratures, chemical reactions between the sample and the container can
lead to serious uncertainties. They may be avoided by either electro-
magnetic levitation of the sample in a vacuum furnace [7], or by aero-
dynamic levitation [8].

Despite the development of different measurement techniques for
thermophysical properties measurements, accurate measurement of
specific heat above 1500 °C remains a very challenging experimental
issue. But the derivation of specific heat from enthalpy data obtained
with drop calorimetry remains the most reliable method [9].

The French National Metrology Institute LNE-LCM has developed a
Laser Flash Apparatus (LFA) [10] for the measurement of the thermal
diffusivity of solids by the laser flash method [11] from ambient tem-
perature up to 3000 °C. In the framework of the European project EMPIR
17IND11 Hi-TRACE [12], the LNE-LCM works on the development of a
metrological reference facility for traceable measurements of the spe-
cific heat of solid materials at high temperatures (up to 3000 °C). The
chosen approach is based on measurements of enthalpy increments by
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the drop calorimetry method where the tested specimen is heated in the
inductive furnace of the diffusivimeter and dropped in a heat-flux
calorimeter at room temperature. Different elements were added to
the LFA in order to adapt it for the measurement of specific heat of solids
at high temperatures, keeping the possibility to switch between thermal
diffusivity and specific heat measurements using the same set-up.

2. Description of the drop-calorimeter set-up

The new drop-calorimeter, presented in Fig. 1, was developed using
an existing induction furnace incorporated in a high-temperature laser-
flash diffusivimeter presented in [10]. For specific heat measurements,
the induction furnace is equipped at the top with a motorised gripper
and with a differential heat-flux calorimeter at the bottom to receive the
specimen heated in the furnace. The enthalpy increment measured by
the calorimeter corresponds to the cooling of the sample from the initial
temperature in the furnace to the temperature of the calorimeter.

The specimen is placed inside the induction furnace in a container
suspended from a thin wire held by an automated gripper. The tem-
perature of the specimen is measured using optical pyrometers covering
the range from 500 °C up to 3000 °C. The pyrometers “see” the bottom
face of the container through a periscope made of a flat silver mirror
inclined at 45° and held between the furnace and the calorimeter on a
horizontally motorised translator. Once the temperature of the specimen
is measured after stabilisation, the deflection mirror translates in order
to let the specimen drop in the calorimeter for enthalpy measurement.
The different elements of the drop calorimeter are described herein after
in addition to a brief description of the measurement method.

Motorised Gripper

Laser beam

Induction furna
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2.1. Differential heat flux calorimeter

The calorimeter is composed of two Calvet [13,14] thermopiles
plugged in a thermalized cylindrical massive block of aluminum. The
block is stabilised at near room temperature (25 °C) using temperature
regulated water circulation in a jacket around the block. The schematic
drawing of the calorimeter is presented in Fig. 2.

Each thermopile delivers a voltage proportional to the heat flux from
the cell inside the fluxmeter to the aluminum block. The thermopiles of
the two fluxmeters are electrically connected in opposition in order to

Alumina recuperation tubes

I

Aluminum block

Calibration crucible
L1
Thermopile
|
L 4
Specimen \
Water jacket

Fig. 2. Schematic of the calorimeter.
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Fig. 1. LNE-LCM set-up for thermal diffusivity and specific heat measurements at high temperatures.
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compensate the parasitical heat fluxes due to any temperature fluctua-
tion of the block. Indeed, the electromotive force (EMF) generated by the
arrangement of two fluxmeters connected in opposition is proportional
to the difference between the heat fluxes dissipated in the two cells. A
calibrated resistance temperature sensor (Pt-100) measures the mean
temperature of the aluminum block. Two identical high density and air
tight alumina tubes, closed at one end and equipped with a protection
material of tungsten or graphite inside, are inserted in the calorimeter
cells. The protection materials protect the alumina tubes from the high
temperature of the dropped specimens. The upper open ends of the tubes
are hermetically connected to the furnace through the intermediate
chamber containing a movable periscope and a shutter (in Fig. 1).

When a heated specimen is dropped in the “sample* cell, it transfers
its heat to the aluminum block through the thermopile of the “sample
fluxmeter”. The electrical signal S(t) delivered by the two fluxmeters
connected in opposition is measured as a function of time t. The time
integration of this signal divided by the sensitivity coefficient p of the
thermopiles (expressed in uV-W™?) gives the heat released by the spec-
imen in the calorimeter. The accuracy of the energy measurements is
therefore directly dependent on the determination of the sensitivity
coefficient of the calorimeter.

An in-situ electrical calibration system enabling to perform the heat
calibration of the calorimeter by Joule effect was developed in order to
prevent any modification of the experimental conditions during mea-
surement. An acquisition system with calibrated devices has been
assembled in order to perform accurate and traceable measurements.

This calibration system consists in a resistance heating wire of
nickel-chromium alloy (Ni80/Cr20), having an electrical resistivity of
1.08 x 10® Q-m, wound on a length of 60 mm around an alumina
crucible of 30 mm external diameter and 90 mm long (cf. Fig. 3a). The
heating wire has a diameter of 0.25 mm, and is connected from the
upper part of the crucible in 4-wire configuration to a programmable DC
power supply (Keithley 2200) and a digital multimeter (HP 34970A).
This multimeter measures the voltage drops across the heating wire as
well as across a standard resistance of 0.1 Q, installed in series with the
heating wire for accurate current measurement. Copper wires are used
for current supply and voltage measurement at the upper part of the
calibration crucible. These wires exit the calorimeter through a special
gas-tight connector (cf. Fig. 3b).

Alumina specimen-recuperation tube

Holes for current supply
& voltage wires

7

Heating element

a)
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A calibrated multimeter (Agilent 34970A) measures the electro-
motive force delivered by the thermopiles and the resistance of the Pt-
100 in addition to voltage drops over the heater and the standard
resistance. A computer runs a Labview program that controls and syn-
chronises both the electrical power dissipation in the heating wire and
the data acquisition by the digital multimeter. The multimeter, the
standard resistance as well as the time base of the computer have been
calibrated. An identical calibration system is put in each alumina tube in
order to keep the thermal symmetry of the two cells. Only the calibration
system, in which the specimen is supposed to drop, is connected to the
power supply and to the digital multimeter HP 34970A.

The calibration of the calorimeter consists in releasing a known
amount of energy in the drop cell, and in recording the response of the
thermopiles versus time. More details of the calibration procedure can
be found in papers [15,16].

2.2. Mechanical parts

2.2.1. Motorised gripper

The sample container is held by a motorised gripper (presented in
Fig. 1) using a thin wire of tungsten or tantalum (diameter of 50 pm, or
100 pm). The wire is pinched in the grove of the gripper which can be
aligned manually along the axis of the furnace and of the sample cell of
the calorimeter. The drop of the sample is controlled by the Labview
program which synchronizes the movements of the elements (gripper,
deflection mirror and shutter).

2.2.2. Induction furnace

The specimen inside the container is heated by a graphite susceptor
which is itself heated by the copper inductive coil of the furnace. The
type of the furnace is CELES MP50/400 with a nominal power of 50 kW.

2.2.3. Intermediate chamber with movable periscope and movable shutter
The intermediate chamber contains the movable deflection mirror
and the movable shutter which reduces the heat fluxes by radiation from
the hot elements in the furnace toward the sample cell of the
calorimeter.
The deflection mirror is inclined at 45° in order to enable the py-
rometers to measure the temperature of the sample container through a

Gas tight 4-wires connector

Pt-100 Thermometer

b) Gas-tight connector of the Pt-100 &
calorimetric signal

Fig. 3. Design of the electrical calibration crucible.
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50 mm diameter uncoated barium fluoride (BaF5) window. The mirror
can move along a horizontal axis. The shutter is placed just below the
mirror. The shutter is composed of a circular water-cooled thick metallic
mirror that covers the entire opening of the sample cell. It is switched
when the sample container is released by the gripper letting the sample
and the container drop into the calorimeter sample cell. Just after the
container is in the sample cell, the shutter is switched back to the po-
sition above the sample cell. The shutter and deflection mirror move-
ments are controlled by the Labview program.

2.2.4. Specimen container

Different specimen containers are used; they are made of tungsten,
tantalum or graphite depending on the material tested. The design of the
specimen container is presented in Fig. 4. The design accepts specimens
of maximum 5 mm in diameter and 20 mm height. The specimen
container is not airtight, and it is supposed that it is filled with helium
(the same atmosphere during the drops).

2.3. Temperature measurement of the specimen heated in the induction
furnace

Over 1000 °C, the specimen’s temperature is measured by a bi-color
pyrometer (IMPAC infratherm ISQ 5) that operates from 1000 °C to
3000 °C. The pyrometer was initially calibrated for measurement of
radiance temperature with reference black body sources in a National
Metrology Laboratory.

3. Principle of the specific heat measurement by the drop
method

The principle of drop calorimetry (from hot to cold temperature) is
described in details in [1,2] and in different scientific papers [9].

When a container containing a specimen, both heated in the furnace,
drops in the calorimeter maintained at near room temperature, the time
integration of the signal S(t) delivered by the calorimeter as a function
the time ¢, divided by the sensitivity coefficient p of the calorimeter gives
the enthalpy variation of the container and specimen between the initial
temperature in the furnace and the temperature of the calorimeter.

Two successive drops are performed for each temperature level, one
with the container empty and another one with the container and the

Fig. 4. Specimen container design.
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specimen. The sample is easily removed after each drop. The enthalpy
measurement with the empty container allows to compensate heat losses
during the drop and to correct the results from the influence of the
container. The assumption is that the heat losses during the drop are
identical with the empty container or with the container with the
sample.

The curve of the enthalpy increments as a function of the tempera-
ture is obtained by keeping constant the temperature of the calorimeter
(To), and performing different drops with different temperatures of the
container and sample in the furnace.

Knowing the mass of the sample (m), determined using a calibrated
balance, the enthalpy variation of the sample between the two ther-
modynamic states (identified by the temperature of the sample T, and
the temperature of the calorimeter Tp) is given by equation (1).

T
AH(T) = n/ c,(T)-dT @™
T
With n the number of mols (n = m/M), and M the molecular weight
of the material.
The specific heat at a given temperature can be derived from the
smoothed enthalpy increment results by differentiation as given by
equation (2).

o =3 (") @

The mathematical models used for fitting enthalpy increments
(expressed in Joule) of empty and full containers versus temperature are
given by equation (3).

D
H(T) — Haog.15 :/‘\-"-B-T+C.T2_:,_7 3)

with T the temperature in K.

The difference between the enthalpy increments of full and empty
container, which represent the enthalpy increments of only the sample,
are modelled [21,22] with a similar mathematical model taking into
account boundary conditions. Differentiating this equation and taking
into account the mass of the sample leads to the following relationship
giving the specific heat as a function of temperature.

c,(T) :% <B+2C~T—%> 4)

4. Experimentations and results

The first important experimental work performed was the in-situ
calibration of the measurement of the temperature of the sample con-
tained in a container heated by the induction furnace. Then the metro-
logical performances (sensitivity, linearity) of the heat flux calorimeter
were characterised by using the calibration system incorporated
permanently in the calorimeter. The new setup was then applied to the
measurements of the enthalpy increments and enthalpy of fusion of
some materials with well-known enthalpy variations as a function of
temperature and the uncertainties for determination of specific heat
were assessed.

4.1. In-situ calibration of the sample temperature measurement

The pyrometer was initially calibrated in radiance temperature using
reference blackbodies, but the radiative and thermal configurations
when measuring the temperature of a sample inside the container heated
in the induction furnace are very different from the conditions of the
initial calibration. Indeed the container is heated by a graphite susceptor
itself heated by the helical shaped heating inductive coil of the furnace.
The inductive coil has four loops and is 60 mm high and the susceptor is
70 mm high. As the heating zone is quite short and the temperature is
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high, the heated parts (susceptor, container empty or with the sample)
are submitted to very high local heat fluxes generating strong temper-
ature non-homogeneities. Therefore, it was suspected that the mean
temperature of the sample inside the container could be quite different
from the one measured by the pyrometer on the bottom of the container.
To quantify the errors on the sample mean temperature measurement,
the pyrometer was calibrated in-situ with phase transition fixed points
placed in the containers used for the enthalpy measurements. The
principle of the in-situ calibration by phase transitions of fixed points
was presented in [17] for the measurement of the sample temperature
for thermal diffusivity configuration. The principle of the in-situ cali-
bration consists in replacing the sample by a small crucible filled with a
pure material or an eutectic alloy and to continuously measure the
temperature with the pyrometer while heating or cooling the sample
with a low heating rate until the material in the crucible is fully melted
or freezed. The phase change is identified by a plateau of the tempera-
ture measured by the pyrometer versus time. Fig. 5 shows an example of
the melting and freezing plateaus (seen by the pyrometer) because of the
presence of copper in the specimen container during heating and cooling
the crucible containing copper.

As the material is a pure material or an eutectic alloy the freezing or
fusion occurs at a fixed known temperature. For the calibration, the
sample is heated or let cooled with various heating or cooling rates and
the error on the temperature measured by the pyrometer is extrapolated
to the case where the heating or cooling rate is zero'°. For the calibra-
tions in temperature, pure copper with freezing point at 1084 °C and the
two eutectic alloys Pt-C with melting temperature at 1738 °C and Ir-C
with melting temperature at 2291 °C [18,19] were used. The copper
and eutectic alloys were contained in graphite protecting crucibles to
avoid pollution when metallic containers (tungsten, tantalum) were
used. The results of in-situ calibrations of the sample temperature
measurements are given in Table 1. The correction is the value to be
added to the indicated temperature in order to get the corrected tem-
perature. Results differ from one container to another with the same
fixed points.

It is clear that the temperature calibration is a critical point as it
differs from one container to another using the same fixed points and
corrections are very significant especially at high temperatures.

4.2. Characterisation of the linearity of the calorimeter

The linearity of the calorimeter was examined in isothermal condi-
tions by measuring the sensitivity as a function of the energy dissipated
inside the sample cell. The calorimeter was maintained at a constant
temperature of 25 °C, and the sensitivity was determined for various
power levels produced by the calibration system during a fixed dissi-
pation time. Table 2 gives the sensitivity values, for four different
amounts of energy ranging approximately from 50 J to 590 J dissipated
during the dissipation time of 60 s. These results show a very small
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Fig. 5. Melting and freezing plateaus of Cu in graphite container.
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Table 1
In-situ temperature calibration with different containers.
Container Fixed Temperature indicated by the Correction
point pyrometer (°C) (O]
Tantalum Cu 1087 -3
Pt-C 1701 37
Ir-C 2200 91
Graphite Cu 1066 18
Pt-C 1670 68
Ir-C 2164 127
Tungsten Cu 1053 31
Pt-C 1658 80
Ir-C 2158 133
Table 2

Thermopiles sensitivity as a function of dissipated energy.

Electrical energy dissipated (J) Thermopiles sensitivity (uV-W~1)

51.67 49,209
206.84 49,234
465.43 49,238
589.98 49,253
Mean value 49,233
Relative standard deviation (%) 0.04

dependence of the sensitivity to the dissipated energy with a relative
standard deviation on the four values less than 0.05%, and validate
therefore the assumption of linearity of the calorimeter.

The influence of the dissipation time on the determination of the
calorimeter sensitivity was also studied at 25 °C. The calorimeter was
disconnected from the furnace and the atmosphere that fills the ther-
mopiles was air (instead of helium when performing drops). This is why
the sensitivity in these conditions is different from other sensitivities.
Several tests were performed by releasing the same energy amount
(about 586 J) in the sample cell for different dissipation times ranging
from 60 to 300 s by adjusting the electrical current in the heater for each
dissipation time. The results presented in Table 3 demonstrate the non-
dependence of the sensitivity determination to the dissipation time, with
a relative standard deviation on the seven values of sensitivity of about
0.03%.

4.3. Measurement of the enthalpy of fusion of pure copper

Several shots of pure copper (6 N) from Goodfellow were put in a
graphite container which was attached to the motorised gripper with a
thin tantalum wire of 50 ym diameter. In order to measure the enthalpy
of fusion of copper, different drops were carried out for two samples
(with mass of 2.0656 g and 3.4394 g respectively) heated at tempera-
tures above and below the melting temperature. Enthalpy increments of
the container and the sample are measured. Subtracting from these
enthalpies’ increments, the enthalpy increments of the graphite
container leads to the enthalpy increments of the copper samples. The
shift in the enthalpy increments at the temperature of fusion is due
mainly to the enthalpy of fusion of copper.

Table 3
Thermopiles sensitivity as a function of the dissipation time.

Dissipation time (s) Electrical energy Thermopiles sensitivity

dissipated (J) uv-w1h
60 588.99 49,423
120 585.65 49,418
180 583.66 49,419
240 583.88 49,395
300 589.19 49,387
Mean value 49,408
Relative standard 0.03

deviation (%)
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Taking the molecular weight of copper as M(Cu) = 63.546 g-mol ™},
Tables 4 and 5 present the enthalpy increments of the two copper
specimens. Fig. 6 shows the enthalpy increments of only the second
copper sample of 3.4394 g. The temperature of the calorimetric block
was maintained at 25 °C. The temperature of fusion measured (without
correction) by the pyrometer is 1066 °C. The estimation of the enthalpy
of fusion of copper is done using linear regression fits of the enthalpy
increments at the solid phase and the liquid one.

The enthalpy of fusion of the specimen is considered as the gap, at
the temperature of fusion, between the two regression lines of enthalpy
increments of the solid and liquid states before and after the fusion.

Fitting enthalpy increments of copper samples before and after the
temperature of fusion with two linear regressions and taking the shift at
this temperature, the measured enthalpies of fusion for the two speci-
mens of 2.0656 g and 3.4394 g are respectively 12727.27 J-mol~! and
12743.58 J-mol L. These values are in good agreement with the value of
(12928 + 277) J-mol ! recommended by Stglen [6].

4.4. Measurement of the specific heat of the a-alumina

A tantalum container with a height of 15 mm and a wire of tungsten
100 um in diameter were used to measure the specific heat of the
a-alumina (SRM 720 [20]). The mass of the a-alumina specimen was
0.31745 g, and the mass of the tantalum container with the wire was
6.3640 g. Drops of empty and full container were done for four initial
temperatures in the furnace and enthalpy increments were measured as
presented in Table 6. The initial temperature of the container and
container plus sample were corrected using the results of measurement
of melting temperature of copper and Pt-C eutectic in the same tantalum
container but with a thin graphite crucible for separation from tantalum.
A linear correction of the temperature indicated by the pyrometer was
applied using the two temperature calibration points.

A comparison between the measured differences in energy per gram
at the four temperature points and the certified enthalpy increments of
the SRM-720 is presented in Fig. 7. The molecular weight of the SRM-
720 is M(Al,03) = 101.9613 g-mol _.

Table 7 presents the comparison between the certified values of the
specific heat of the SRM-720 and the values measured with the high
temperature drop calorimeter of LNE. The relative deviation between
the measured values and the certified ones is lower than 1.2% from
1200 °C to 1800 °C

4.5. Measurements of the specific heat of pure tungsten

The enthalpy increments of pure tungsten (99.95% purity from
Goodfellow) were measured in the same way as for a-alumina. The
measurements were performed on a cylindrical specimen (10 mm height
and 5 mm diameter) of 3.4826 g with a specimen container made of
tungsten and a holding wire of tungsten (100 um in diameter). The
overall mass of the empty container with the wire was 6.1502 g. Mea-
surements were done in the temperature range 1200 °C to 2200 °C.

Electrical calibrations of the calorimeter sensitivity were performed
after the drop of the specimen container in order to determine the

Table 4
Enthalpy increments of the first copper sample (2.0656 g).

Initial state Temp. indicated by Calorimeter Variation of enthalpy

of the the pyrometer (°C) sensitivity of the copper sample
copper (pV~W’1) (J-mol™)
Solid 1054 45,502 27863.77
1034 27060.47
1004 26130.15
1014 26206.80
Liquid 1086 45,502 41469.61
1105 41788.41
1123 42308.39

Thermal Science and Engineering Progress 26 (2021) 101130

Table 5
Enthalpy increments of the second copper sample (3.4394 g).

Initial state Temp. indicated by Calorimeter Variation of enthalpy
of the the pyrometer (°C) sensitivity of the copper sample
copper (pV~W’1) (J-mol™ 1)
Solid 1057 45,495 28456.11

1005 26745.99

1014 26967.68

1023 27200.65

1037 27749.91

1046 28009.61

Liquid 1131 45,495 43478.75

1148 44073.48

1112 42840.39

1171 44817.12

1093 42225.79
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Fig. 6. Enthalpy increments of a copper sample (m = 3.4394 g).

sensitivity with the container and sample in the sample cell of the
calorimeter. This way of proceeding ensured that the experimental
conditions were similar as when measuring enthalpy of the container or
container with sample. The electrical energy is chosen approximately
equivalent to the order of magnitude of the enthalpy variation of the
specimen and container.

Table 8 gives the results obtained on empty and full container for
temperatures in the range from 1200 °C to 2200 °C.

This leads to the determination of the enthalpy increments of the
tungsten specimen presented in Fig. 8 and compared with the literature
values from NIST [23]. The molecular weight of tungsten is taken M(W)
= 183.85 g-mol 1.

Specific heat of the studied specimen is derived from the enthalpy
increment’s fitting curve. Table 9 presents the specific heat values
determined by LNE and NIST [23,24] values in the studied temperature
range. The maximum relative deviation between the specific heat of
tungsten obtained by LNE and the data from NIST is 1.7% in the tem-
perature range from 1200 °C to 2200 °C.

4.6. Measurements of the specific heat of isotropic graphite IG210

The specific heat of a high density isotropic graphite (IG210 from
Toyo Tanso France) was determined by the above described method.
The mass of the specimen (20 mm height and 5 mm in diameter) was
0.68936 g. The specimen was put in a high density graphite container
and attached to the gripper with a tantalum fine wire (50 um in diam-
eter). The mass of the empty container with the tantalum wire was
1.37371 g.

Tables 10 presents the enthalpy variations of the empty container
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Table 6
Enthalpy increments obtained for empty tantalum container and for the tantalum container with the SRM-720 specimen.
Temp. indicated by the pyrometer (°C) Corrected temperature (°C) Thermopiles sensitivity (uV-W 1) Variation of enthalpy (J)
Empty container 1205 1210 45,470 1089
1415 1433 1307
1593 1623 1496
1817 1862 1743
Full container 1204 1209 45,470 1523
1418 1437 1831
1594 1624 2098
1817 1862 2458

increments’ curve is presented in Fig. 9.

= SRM-720
2.6x10° ® Measurements
: 4.7. Uncertainty estimation of the specific heat measurements by the drop
2.4x10° L calorimeter
T 2.2x10° 4 'y According to the measurement method, the uncertainty associated
2 .- with the specific heat measurement are the combination of uncertainties
2 2.0x10° o o associated with the following parameters:
2 H
5] s .
£ 1.8x10" " e The mass of the specimen,
S 4 exi0" e o The temperature of the specimen in the container,
(;l, ’ h e The temperature of the empty container before the drop,
T 1.4x10° s o The temperature of the calorimeter,
E e e The sensitivity of the calorimeter,
1.2x10° Eh e The enthalpy variations calculated from the signals delivered by the
calorimeter,
1.0x10° T T T T T T 1 i Tt i
1200 1200 1600 1800 2000 2200 2200 e The .mathematlcal model for fitting enthalpy increments of the
specimen,
Temperature (K)
Fig. 7. Comparison of the measured enthalpy increments with certified .
enthalpy increments of the SRM-720. 6.5x10" 7 °
= NIST values
__ 6.0x10" 1 ® Measured values -
Table 7 S . é
Comparison between the specific heat measured by LNE on SRM-720 and the £ 5510 1 .
. )
certified values. e . .
£ 5.0x10° H
Temperature Specific heat Specific heat - Relative ) .
(K) measured by LNE Certified value from deviation from % 4.5x10*
Jmol LK NIST (J-mol “.K™ 1) the certified E °
value (%) 2 4.0x10° L]
1473.15 130.41 131.98 —-1.19 E ®
1673.15 132.77 134.06 —0.97 E 3.5x10" o .
1873.15 135.00 135.67 —0.49 .
2073.15 137.14 136.94 0.14 3.0x10° -
T T T T T T 1
1400 1600 1800 2000 2200 2400 2600

and of the container with the graphite specimen for initial temperatures

in the range 1000 °C to 2700 °C. The temperature of the calorimeter is

always stabilised at 25 °C. Fig. 8. Comparison of the measured enthalpy increments of tungsten with
The specific heat obtained by differentiation of the enthalpy NIST values.

Temperature (K)

Table 8
Enthalpy increments obtained for tungsten empty container and for the tungsten container with the tungsten specimen.
Temp. indicated by the pyrometer (°C) Corrected temperature (°C) Thermopiles sensitivity (uV-W~1) Variation of enthalpy (J)
Empty container 1196 1236 45,491 1084
1410 1469 1290
1613 1691 1491
1822 1920 1751
1991 2106 1932
2194 2330 2153
Full container 1186 1226 45,491 1682
1392 1449 2003
1591 1667 2315
1795 1891 2717
1956 2068 3017
2156 2288 3387
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Table 9
Comparison between the specific heat measured by LNE on tungsten and values
from NIST.

Temperature Specific heat calculated Certified value Relative
K) from the measurements from NIST deviation from
results (J-mol 1K) (J-mol 1K™ the certified
value (%)
1473.15 29.5890 29.7411 —0.5
1673.15 30.6928 30.6869 0.0
1873.15 31.7985 31.6295 0.5
2073.15 32.9055 32.6496 0.8
2273.15 34.0133 33.5150 1.5
2473.15 35.1217 34.5345 1.7
Table 10

Enthalpy increments obtained for the empty graphite container and of the
graphite container with the graphite specimen.

Temperature Corrected Thermopiles Variation
indicated by the temperature sensitivity of enthalpy
pyrometer (°C) (°C) (uv-wh (@)

Empty 1025 1016 45,477 2188
container 1192 1203 2615
1403 1439 3196
1595 1654 3743
1809 1894 4030
2014 2123 4562
2200 2331 5036
2387 2541 5546
2546 2719 5919
Container 1039 1032 45,477 3329
and 1203 1215 4002
graphite 1417 1455 4907
sample 1605 1665 5743
1805 1889 6283
2017 2126 7201
2201 2332 7947
2392 2546 8799
2554 2728 9374
2.5 7 —m— Specific heat of graphite G210
2.4+
2.3 4
] /./
— 224 u
¥ 1 I/
o 217 -
=) 20 1 I/
‘g _ I/
< 19+ —
= 1 I/
g 184 o
Q i
n
1.7 4
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1.5

T T T T T T T T 1
1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
Temperature (K)

Fig. 9. Measured specific heat of the isotropic graphite specimen 1G210.

e The heat loss of the specimen during the drop and during the cooling
in the calorimeter.

The standard uncertainties of these different parameters are esti-
mated in the case of the determination of the specific heat of a sample of
a-alumina (SRM-720). They are detailed in the following parts.
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e Uncertainty associated with the measurement of the mass of the
sample

The uncertainty associated with the measurement of the mass of the
tested specimen is a combination of several uncertainty sources
including the linearity, the resolution, the calibration, the repeatability
and the reproducibility of the used balance. It has been estimated to be
equal to 0.12 mg as a standard uncertainty.

e Uncertainty associated with the temperature of the specimen

The uncertainty associated with the temperature of the specimen is
estimated during the temperature calibration process to be equal to
+6 °C. A rectangular probability distribution associated with this tem-
perature uncertainty leads to the standard uncertainty:

e Uncertainty associated with the temperature of the empty container

The uncertainty associated with the temperature of the empty
container is also estimated to be equal to the uncertainty associated with
the temperature of the specimen during the temperature calibration
process to be equal to + 6 °C. A rectangular probability distribution
associated with this temperature uncertainty leads to the standard
uncertainty:

tte (Tpmpry) = (\%) =4°C

e Uncertainty associated with the temperature of the calorimeter

The temperature of the calorimeter maintained at 25 °C is measured
using a calibrated Pt-100 thermometer. This temperature is maintained
within 0.1 °C and the uncertainty associated with the temperature of the
calorimeter before the drop of the sample has no significant effect on the
measurement of enthalpy increments. This uncertainty will be neglected
in the uncertainty budget.

e Uncertainty associated with the areas of the peaks of empty and full
container drops

The uncertainty associated with the areas of the peaks of empty and
full container drops is estimated from the influence of the integration
limits and the base line selection. Taking different integration limits
with a linear baseline calculation mode, the relative uncertainty is
estimated to be better than 0.1%. This uncertainty will be maximised by
taking:

u.(A)
A

=0.1%

e Uncertainty associated with the sensitivity of the calorimeter

The sensitivity of the calorimeter p at its near ambient temperature
(25 °C maintained using a temperature regulated water jacket) is
calculated by:

ﬂ:_' (5)

With A.: The area of the calibration peak, and E the corresponding
released electrical energy.

The electrical energy is measured, by the two electrical voltage drops
over the heater and over the standard resistance in addition to the
dissipation time, with an uncertainty of about 0.06%. The area of the
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corresponding peak is measured with an uncertainty of about 0.1%. This
leads to the determination of the sensitivity of the calorimeter with a
standard relative uncertainty of about 0.12%.

e Uncertainty associated with the mathematical model for fitting
enthalpy increments of the specimen.

The mathematical models for fitting enthalpy increments (expressed
in Joule) of empty and full container is given previously in equation (3).

The deviation of the fitting curve from experimental measurements
varies between —0.70% and 0.69%. This deviation is more important
than the uncertainty associated with individual uncertainty on the
measured enthalpy increments; which is about 0.16% taking in account
the uncertainties associated with the sensitivity (0.12%) and the areas of
the drop peaks (0.1%).

A rectangular probability distribution associated with this fitting
uncertainty leads to the standard uncertainty of the mathematical
model:

u(r(AHFilling) = (0\;?) =0.4%

This uncertainty will be associated with the specific heat fitting,
which is the differentiation of this mathematical model.

e Uncertainty associated with the heat loss of the specimen during its
drop and after it.

A comparison between the measured differences in energy per gram
at the four temperature points and the certified enthalpy increments of
the SRM-720 was shown in Fig. 6. According to this figure, the mea-
surements of enthalpy increments of the certified reference material
a-alumina (SRM-720) gave a deviation from the certified enthalpy in-
crements from —2.58% to —0.96%. This leads to a mean heat loss
correction of about 1.7% on the enthalpy increments. This heat loss
correction is not applied to enthalpy increments, but it is directly
included in the estimation of the uncertainty associated with the specific
heat.

e Uncertainty budget on the measurement of specific heat of SRM-720

The final relative expanded uncertainty of the specific heat deter-
mination is given by:

G

Sp

=3.5%

With a reported result (given as an example at 1600 °C)
¢, = (1324 £0.047) J.g7 "K'

At the moment, the uncertainty on specific heat measurements of
other materials than SRM 720 exceeds this relative expanded uncer-
tainty of 3.5% evaluated for the sapphire, especially at higher
temperatures.

5. Conclusion

LNE-LCM has adapted its homemade high temperature Laser Flash
Apparatus in order to measure enthalpy increments by drop calorimetry
and to determine specific heat of solid materials at high temperatures.
The correct technical operation of the installation has been demon-
strated up to 2700° C. The measurement of the sample temperature in
the induction furnace was calibrated by using three fixed points melting
from 1084 °C to 2291 °C. The calibrations gave large corrections for the
temperature indicated by the pyrometer and at this stage, the assessment
of the uncertainty on the sample temperature in the furnace is difficult
and remains provisional.
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The global validations of specific heat measurement on two materials
with known specific heats (alumina, pure tungsten) showed that from
1200 to 2200 °C, the specific heat measurements with the prototype
setup with induction furnace can be done with a relative uncertainty of a
few percent (less than 5%). However, it must be noticed that those re-
sults are obtained with significant temperature corrections for the
sample temperature in the furnace before the drop. Due to the large
sample temperature corrections, the accurate assessment of un-
certainties on the measured specific heat is difficult.

The next step for improving the uncertainties will be to improve the
furnace or use another furnace. Indeed, the uncertainty on the mean
sample temperature in the furnace before the drop in the calorimeter is
mostly due to the difficulty to measure the temperature of the container
by pyrometry and to the non-uniformities of the temperatures of the
sample and of the container. The non-uniformities of the temperatures
are due to the very high radiation heat fluxes at high temperatures
accentuated by the very large opening of the furnace that does not
constitute an isothermal enclosure around the container with the
sample.
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