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Abstract Tungsten—rhenium (W-Re) thermocouples are widely used in industry for
measurements at high temperatures, up to 2000 °C. Since the electromotive force (emf)
of a W-Re thermocouple is known to change during exposure at high temperatures,
evaluation of the emf stability is essential for measuring temperature precisely and for
realizing precise temperature control used to ensure the quality of products subject to
annealing processes. To evaluate precisely the thermoelectric stability around 2000 °C,
two Ru—C (1953 °C) cells (crucible and Ru—C eutectic alloy) were constructed in our
laboratory. The key feature of the cells is that their dimensions are large to ensure there
is sufficient immersion available to evaluate the homogeneity characteristics of the
thermocouples. By using one of the Ru—C cells, the drift and inhomogeneity of Type C
(tungsten—5 % rhenium vs tungsten—26 % rhenium) thermocouples during an exposure
to high temperature around 2000 °C were evaluated. Furthermore, to explore possible
applications of the eutectic point to other types of high-temperature thermocouples,
the drift of an IrRh/Ir thermocouple (iridium—40% rhodium vs iridium) was also
evaluated using another Ru—C cell. The tests with W—Re and IrRh/Ir thermocouples
demonstrate that the newly developed Ru—C cells can be used to successfully realize
melting plateaux repeatedly. This enables the long-term drift measurements essential
for the evaluation and improvement of high-temperature thermocouples. The results
obtained in this study will also be useful for evaluating the uncertainty of thermocouple
calibrations at around 2000 °C.
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1 Introduction

In industry, high-temperature thermocouples are widely used for realizing precise
temperature control applied to maintain the quality of products that are subject to
an annealing process at high temperature up to 2000 °C. Tungsten—rhenium (W-Re)
thermocouples are one of the most used high-temperature thermocouples for these
purposes, especially for applications in vacuum or in an inert-gas atmosphere.

Recently, a number of metal-carbide—carbon fixed points have been devel-
oped for applications in radiation thermometry. Many of these fixed points, espe-
cially the Co-C (1324°C), Ni-C (1329°C), Pd—-C (1492°C), Pt—C (1738°C),
Cr;C3—Cr3C; (1742 °C), Ru—C (1953 °C), and Ir—C (2290 °C) eutectic points and
Cr3Cy—C (1826 °C) peritectic point [ 1-8], are also applicable for the characterization
and stability testing of W—Re thermocouples. This means that these points are not
only applicable for measurements of the stability of W—Re thermocouples but also
to conduct precise evaluation. Both the development of experimental apparatus of
fixed points and the evaluation of thermocouples are important to realize precise tem-
perature measurements at high temperature [3,9-12]. NMIJ has been developing the
metal-carbon (M—-C) eutectic-point cells and the high-temperature furnaces aiming
for their application to high-temperature thermocouples. Using the developed M—C
eutectic-point apparatus, the characteristics of high-temperature thermocouples have
been evaluated to seek further improvement in their design and the annealing process
to enhance their stability [4,12—14].

In the present study, at first, two Ru—C cells (crucible and Ru—C eutectic alloy)
were constructed in our laboratory for a precise evaluation of the high-temperature
thermocouples around 2000 °C. To minimize the effect due to the heat flux along the
thermocouple sheath, the immersion length of the thermometer well was designed to
be 116 mm. This increased immersion depth, which is aimed at a thorough evaluation
of thermocouple characteristics, is a key feature of our work. More typically, miniature
cells are designed for practical applications and have smaller immersion depths [6,8].
After evaluation of the melting and freezing plateaux of the constructed Ru—C cells
under Ar gas, the drift of a Type C (tungsten—5 % rhenium vs tungsten—26 % rhenium)
thermocouple during exposure to high temperatures around the Ru—C eutectic point
was evaluated. The inhomogeneity of the Type C thermocouple was examined at
140 °C using a water heat-pipe furnace in between the drift measurements at the
Ru-C eutectic point for investigation of the mechanism of the drift.

Additionally, there are also potential demands in industry for use of thermocouples
under an oxidizing atmosphere at higher temperatures. However, oxidation of wires for
the W—Re thermocouples can easily occur and this limits its suitability for some appli-
cations. As one possibility to solve this problem, the IrRh/Ir thermocouple is known
to be applicable in an oxidizing atmosphere up to approximately 2100 °C [15]. How-
ever, to the author’s knowledge, precise stability data of [rRh/Ir thermocouples using
eutectic points are not reported. To investigate the stability and to explore feasibility
of IrRh/Ir thermocouples at high temperature, the drift of an IrRh/Ir thermocouple
(iridium—40 % rhodium vs iridium) was evaluated using another Ru—C cell.
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2 Realization of Ru-C Eutectic Point
2.1 Measurement Setup of High-Temperature Furnace

To realize melting and freezing plateaux of Ru—C cells, a high-temperature furnace
was employed. A schematic diagram of the high-temperature furnace is shown in
Fig. 1.

The high-temperature furnace is a vertical electric furnace and consists of three-
zone heaters made of carbon-fiber-reinforced carbon (C/C) composite, graphite disks,
and a graphite tube as a thermometer well, in order to avoid contamination of metal
components from the furnace. The furnace was filled with argon (Ar) gas flowing
through gas ports during the heating. Temperature stability and uniformity with the
Ru-C cell were measured using a Type C monitoring thermocouple before the drift
tests were performed. This monitoring thermocouple has been exposed to 1950 °C
for more than 20 h before use, and has been confirmed to be stable by checking the
electromotive force (emf) three times at the Ru—C eutectic point prior to the following
tests. Using this Type C monitoring thermocouple, it was found that the stability of the
Ru-C cell was within 0.1 °C for over a 1h period. The temperature distribution from
the full-immersion position of the thermometer well upward to 10 cm was within 2 °C
when the Ru—C alloy is all solid. Figure 2 shows a temperature profile of the high-
temperature furnace. The temperature profile was measured at 1950 °C by moving a
Type C monitoring thermocouple in the direction of extracting the thermocouple out
from the thermometer well. As shown in Fig.2, the temperature gradient region was
approximately between 300 mm and 600 mm from the full-immersion position.
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Graphite disk
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Fig. 1 Schematic diagram of high-temperature furnace
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Fig. 2 Temperature profiles of high-temperature furnace containing the Ru—C cell and the water heat-pipe
furnace (water HPF) used for inhomogeneity measurement

2.2 Construction of Ru—C Cell

To evaluate precisely the thermoelectric stability of W-Re thermocouples around
2000 °C, Ru—C cells were constructed in our laboratory. Figure 3 shows the dimensions
of the Ru—C cells. The crucibles are made from high-purity graphite (99.9995 %, nom-
inal value) having an outer diameter of 38 mm, and a height of 140 mm. The immersion
length of the thermometer well was designed as 116 mm to minimize the effect due
to the heat flux along the thermocouple sheath. All graphite crucibles were baked
at 2000 °C for 3 h in vacuum before the filling of the ruthenium (Ru) powder and
graphite powder. For making two Ru—C cells, graphite crucibles were filled with pure
Ru powder (99.991 %, analyzed with an optical emission quantometer by the supplier)
mixed with graphite powder of high purity (99.9999 %, nominal value) at approxi-
mately their eutectic composition. These cells were labeled RuC-a3 and RuC-a4. After
filling, RuC-a3 and RuC-a4 contained 250 g and 231 g Ru metal, respectively.

2.3 Measurement Procedure of Ru—C Eutectic Point

To check the melting and freezing plateaux of the Ru—C cell in the high-temperature
furnace before drift tests of high-temperature thermocouples, a Type C monitoring
thermocouple was used. Since the thermocouple sheath is fixed on the flange, we
took care that the tip of the thermocouple sheath does not contact the bottom of ther-
mometer well to avoid breakage of the thermometer well. We insert the thermocouple
before raising the furnace temperature. The tip of the sheath of the thermocouple was
then adjusted to 10 mm above the bottom of the graphite well when the temperature
reached around 1950 °C. The melting and freezing plateaux were induced by adjust-
ing the setting temperature of the furnace, Tyuround. We applied a stepwise setting
with deviations with respect to the melting point temperature, Tinel¢. This deviation
| Tsurround — Tmelt| Was held constant during the melt and freeze; however, its value was
altered according to the type of thermocouple under test. According to convention,
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Fig. 3 Schematic diagram of the Ru—C cell

the melting point is taken as the point of inflection of the melting curve, which was
obtained by a least-squares fit of a third-order polynomial function to the melting
curve, while for the freezing point at the peak of the plateau soon after the supercool.

The digital multimeter used was Fluke 8508 A, and the temperature of the reference
junction for the measurements of drift was 0.00 °C realized using an automatically-
operated ice-point device. The stability of the automatically-operated ice-point device
for the reference junction of the thermocouple was estimated to be 6.5 mK (2 o) accord-
ing to our measurements.

2.4 Melting and Freezing Plateaux

Before the drift tests of thermocouples, the melting and freezing plateaux of RuC-a3
and RuC-a4 were observed by means of the Type C monitoring thermocouples. Fig-
ure 4a, b shows the melting and freezing plateaux of RuC-a3 and RuC-a4, respectively.
The temperature setting, | Tsurround — Tmelt|, Was 16 °C. The emfs of the thermocouples
at the melting and freezing points were determined as described in Sect. 2.3.

The melting and freezing plateaux of RuC-a3 were measured three times, and the
standard deviation of the readings were 1.4 wV and 1.8 wV, respectively. The change
of 1.4V in the emf of the Type C thermocouple at the Ru—C eutectic point was
equivalent to 0.11 °C. The difference between the mean values of melting and freezing
points was 4.1 wV, equivalent to 0.33 °C.

In a similar way, the melting and freezing points of RuC-a4 were measured three
times to resultin standard uncertainties of 0.8 .V and 0.9 WV, respectively. The change
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of 0.8 WV in the emf of the Type C thermocouple at the Ru—C eutectic point was
equivalent to 0.06 °C. The difference between the mean values of melting and freezing
points was 3.6 WV, equivalent to 0.29 °C.

As shown in Fig. 4a, b, the melting and freezing plateau shapes of RuC-a3 and RuC-
a4 are satisfactory, so these cells are usable for precise drift measurements of high-
temperature thermocouples at around 1950 °C, described in the following sections.

3 Evaluation of W-Re Thermocouple

As in the previous section, the stability of the two newly constructed Ru—C cells
is sufficient to evaluate the characteristics of high-temperature thermocouples. By
successively realizing the plateaux of the eutectic point, we can evaluate the drift of
the emf. One interesting topic would be the drift of brand new thermocouples. So in
this study, RuC-a3 and RuC-a4 were used for drift tests of a Type C thermocouple and
an IrRh/Ir thermocouple, respectively. The information of fixed points are summarized
in Table 1 and also in the following sections.
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Table 1 Characteristics of

RuC Cells Ru-C cell Ru powder Graphite crucible (%)
RuC-a3 99.991 % 250 g 99.9995
RuC-a4 99.991 % 231 g 99.9995

Table 2 Notation and characteristics of thermocouples evaluated at the Ru—C eutectic point

Thermocouple Twin-bore insulator Sheath Comments

Type Label Material  Unit length (mm) Material Dimensions (mm)

TypeC C-5 BeO 38 Ta $ 6 x L700,t0.35 Insulators and sheath
tubes were baked at
1000°C for 3 h in
Ar gas before
assembly at the
manufacturer

IrRW/Ir Ir-Rh-6 HfO, 50 Ir $6 x L750, t1 -

The evaluated thermocouples were not annealed at NMIJ before the drift measurements

3.1 Construction of W—Re Thermocouples

A Type C thermocouple labeled “C-5 was prepared for the stability test at approxi-
mately 1953 °C using the Ru—C cells and the high-temperature furnace described in
Sects.2.1 and 2.2. C-5 was purchased from a manufacturer that constructed the Type C
thermocouple labeled C-3 in [4]. The diameter and length of wires of C-5 were 0.5 mm
and 2000 mm, respectively. Beryllia (BeO) twin-bore tubes and a tantalum (Ta) tube
were used as insulators separating the wires and a thermocouple sheath, respectively,
following the information in [16]. Wires were threaded through the BeO twin-bore
tubes whose length was approximately 40 mm. These assemblies were inserted into
the Ta tube, whose outside diameter, thickness, and length were 6 mm, 0.35 mm, and
700 mm, respectively. BeO and Ta tubes were baked in Ar gas at 1000 °C for 3 h before
the thermocouple assembly was completed by the manufacturer. After the assembly,
Ta tubes of C-5 were sealed to prevent the leakage of small pieces of BeO twin-bow
tubes, and filled with Ar gas to avoid the oxidation of thermocouple wires. Some of the
information about C-5 is summarized in Table 2 with that of the IrRh/Ir thermocouple
described later in Sect.4.1.

3.2 Measurement Setup for Inhomogeneity Measurements

Inhomogeneity of W—Re thermocouple was measured by scanning the thermocouple
with a water heat-pipe furnace in between the drift measurements at the Ru—C eutectic
point. Detection of even a minor emf change due to the inhomogeneity of thermocouple
wires exposed at around 1950 °C requires a scanning furnace with high temperature
stability. The scanning furnace must have zones of satisfactory temperature uniformity
and a steep temperature gradient region, with which the inhomogeneous region of the
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wires can be identified. To satisfy these conditions, a furnace containing a pressure-
controlled water heat-pipe was constructed in our institute. The stability of the furnace,
when working at 140 °C, was within 5 mK during 12 h which is the period for five scans
of the automatic inhomogeneity tests. Details of this furnace, including a schematic
diagram of the furnace, is described in [4,17].

The temperature profile of the water heat-pipe furnace is shown in Fig. 2. It is also
measured by moving the Type C monitoring thermocouple at 140 °C in the same condi-
tion as that of the measurement of inhomogeneity described later. It was found that the
temperature gradient region of the water heat-pipe furnace was located approximately
600 mm from the full-immersion position.

3.3 Measurement Procedure
3.3.1 Drift Measurement Procedure for Type C Thermocouple

To investigate the emf change (drift) of a Type C thermocouple around 1950 °C, emf
values of C-5 were measured at the Ru—C eutectic point by using RuC-a3 in the high-
temperature furnace. As already described in Sect.2.3, the tip of the thermocouple
sheath of C-5 was set apart from the bottom of the thermometer well. The tip of
the sheath of C-5 was held 10 mm above the bottom of the graphite well around
1950 °C. The melting and freezing cycles of the RuC-a3 were performed every 2h,
basically following the same procedure as described in [4]. To obtain the melting and
freezing plateaux of the RuC-a3, the heating and cooling patterns were applied as
stepwise temperature changes. The temperature setting, | Tsurround — Tmelt|, was 16 °C.
The melting and freezing cycles of RuC-a3 were repeated 112 times during the drift
measurements. When interrupting to measure the inhomogeneity in between and also
after finishing the drift measurements, C-5 was withdrawn from the well after the
high-temperature furnace was cooled to room temperature.

3.3.2 Measurement Procedure of Inhomogeneity of Type C Thermocouple

To investigate the inhomogeneity of a thermocouple exposed at around 1950 °C, emf
values of C-5 were measured at 140 °C by using the water heat-pipe furnace, where
the thermocouple was moved upward at 5 mm-min~! from full immersion to approx-
imately 610 mm. At first, the inhomogeneity of C-5 was measured using the water
heat-pipe furnace before the drift measurement at 1950 °C. After the drift measure-
ment, the inhomogeneity of C-5 was measured again as the inhomogeneity post expo-
sure at around 1950 °C for the arbitrary period, and then, the drift measurements were
re-started. In this study, the inhomogeneity of C-5 was measured 15 times.

The emf of the thermocouple was measured automatically using a digital multimeter
(Wavetek/Datron 1281). The reference junction of the thermocouple was maintained
at 0 °C using crushed ice. Although the measured emf includes the emf due to ambient
temperature and the reference junction, its fluctuation is negligible since the room
temperature is stable.
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Fig. 5 Emfs of C-5 measured at the melting and freezing points of Ru—C cell, RuC-a3
3.4 Observation of Drift and Inhomogeneity of Type C Thermocouple
3.4.1 Drift of Type C Thermocouple at Ru—C Eutectic Point

Figure 5 shows emf changes (drifts) of C-5. The position of the measuring junction of
the thermocouple during the measurements was fixed at the full-immersion position
d = 0 mm, as shown in Fig. 1. The ordinate shows the emfs of C-5, while the abscissa
shows the exposure time at around 1950 °C. Closed circles and open triangles indicate
the emfs at the melting and freezing points of RuC-a3, respectively. Down arrows in
Fig.5 indicate that C-5 was withdrawn after cooling the high-temperature furnace to
room temperature, which interrupted the drift measurements. As shown in Fig. 5, the
initial emf value at the melting point after 1 h exposure was 33 522.2 iV, and then, the
emf value at the freezing point after 2h exposure was 33 079.8 wV. The emf of C-5
decreased about 442 'V (35 °C) within the first 2 h exposure at around 1950 °C. This
difference between the emfs for melting and freezing is significant; however, a similar
change for Type C thermocouples at the Ru—C eutectic point has been also reported in
[6]. The emf change of C-5 in the exposure time from 5 h to 15 h was approximately
70 wV (5.6°C). After 15 h exposure, the emf of C-5 decreased gradually. The emf
difference of C-5 between 15 h and 230 h exposures was 100 pV (8.0 °C).

To check the reproducibility of the melting and freezing temperatures of RuC-
a3 during the drift measurement, a comparison of the emf at melting and freezing
temperatures before and after the drift measurement was conducted using the Type C
monitoring thermocouple. Since the emfs measured before and after the drift measure-
ment agreed within 3.7 pV (equivalent to 0.3 °C) at the melting point and 10.6 wV
(equivalent to 0.8 °C) at the freezing point, respectively, it is considered that the emf
changes shown in Fig. 5 indicate the drifts of C-5.

3.4.2 Inhomogeneity of Type C Thermocouple Measured at 140 °C

The thermoelectric inhomogeneity characteristics were measured using the water heat-
pipe furnace during the measurement of the emf drift at the Ru—C eutectic point. The
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Fig. 6 Emf changes of C-5 measured at 140 °C by scanning the thermocouple within a water heat-pipe
furnace during the drift measurement at the Ru—C eutectic point

inhomogeneity of C-5 was measured at the “as received condition” (0 h exposure) and
at the intermediate condition (from 2 h to 179 h exposures). At the end of the drift
measurements (231 h exposure), an inhomogeneity measurement was not possible
since the Ta sheath of C-5 was slightly bent due to exposure at around 1950 °C for a
long period for the drift test.

The inhomogeneity tests were performed five times at each exposure time. For
each scan, the inhomogeneity was measured by dragging the thermocouple out of
the furnace. No obvious change was observed among the five scans within the same
inhomogeneity test. Figure 6 shows the mean emf values of C-5 at 140 °C, using the
water heat-pipe furnace, as a function of distance from the top of the heat pipe, diqp.
When the tip of the test thermocouple is inserted at the full-immersion position, diop =
610 mm, the gradient region of the heat-pipe furnace was located at approximately
610 mm from the tip of the test thermocouple [17]. This means that the emf generated
in the thermocouple wires at around 610 mm from the tip of the test thermocouple
is observed when the tip of the test thermocouple is at the full-immersion position,
diop = 610 mm. According to a relationship between d,, and the temperature profile
of the high-temperature furnace shown in Fig. 1, the exposure temperatures can be
obtained. The exposure temperatures are indicated in Fig. 6 with down arrows.

As shown in Fig. 6, it is obvious that the inhomogeneity vastly increased within
the first 2h exposure. The inhomogeneity below diop, = 500 mm has increased espe-
cially significantly. In other words, the inhomogeneity of the locations exposed above
approximately 700 °C increased significantly within the first 2h exposure. This emf
change is considered to be mainly caused by grain growth in the W-rich wire (W5Re)
of the Type C thermocouple [18].
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Fig.7 Emf difference, E,, — Ep, between the emf values at 2 h exposure, Ep, and at x h exposure, E
of C-5 measured at 140 °C using the water heat-pipe furnace during the drift measurement at the Ru—-C
eutectic point

In order to clarify further emf changes of C-5 beyond 2h exposure, the emf differ-
ence, En — Eop, where Epy is the emf after 2h exposure, and E,p, being that after x h
exposure, is calculated and shown in Fig. 7. The ordinate in Fig.7 shows E,y, — Eop,
while the abscissa shows the distance, diop, from the top of the water heat pipe. The
exposure temperatures are indicated with arrows. It was found that E,, — E»p around
1200 °C and above 1500 °C decreased gradually after exposure. This result around
1200 °C agrees with that obtained from C-3 in [4]. As described in [4], to explain
these emf changes, there are several possibilities. Burns et al. [18] examined the drift
of the Type D (W-3 % Re vs W-25 % Re) thermocouple around 2000 °C and reported
the preferential loss of Re from the thermoelements of W-25 % Re. Rempe et al. [19]
investigated the drift of Type C at 1500 °C, and reported the impact of precipitate for-
mation due to material phase changes on the thermoelectric response. At the present
state, the mechanism of this emf change is not clear, but considering the findings
reported in [18,19] explaining the phenomenon related to Re within the thermoelec-
tric wire, we speculate that the emf change observed in our measurements may also
have been related to the Re-rich wire (W-26 % Re).

4 Application to IrRh/Ir Thermocouple
4.1 Preparation of IrRh/Ir Thermocouples

The IrRh/Ir thermocouple is known to be applicable up to approximately 2100 °C [15].
To investigate the stability and to explore the feasibility of the IrRh/Ir thermocouple
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at high temperature, the IrRh/Ir thermocouple labeled “Ir-Rh-6" was prepared. The
diameter and length of wires of Ir-Rh-6 used were 0.5 mm and 2000 mm, respectively.
Hafnia (HfO;) twin-bore tubes were used as insulators separating the wires. The wires
were threaded through the HfO, twin-bore tubes whose length was approximately
50 mm. These assemblies were inserted into the iridium (Ir) tube, whose outside
diameter, thickness, and length were 6 mm, 1 mm, and 750 mm, respectively, instead
of a Ta tube to avoid the breakage of thermocouple wires, since a chemical reaction
occurs between Ir and Ta metals at approximately 1950 °C [20].

The emf change (drift) of Ir—-Rh-6 around 1950 °C was measured at the Ru—-C
eutectic point by using RuC-a4 in the high-temperature furnace, except during an
interruption for inhomogeneity measurements. The melting and freezing cycles of the
Ru—C cell were performed every 4 h under the temperature setting, | Tsurround — Tmelt|
of 8 °C. The melting and freezing cycles of RuC-a4 were repeated 13 times during the
drift measurements.

4.2 Dirift of IrRh/Ir Thermocouples at Ru—C Eutectic Point

During the drift measurements of Ir-Rh-6 using RuC-a4 in the high-temperature fur-
nace, the position of the measuring junction of Ir-Rh-6 was fixed at the full-immersion
positiond = 0 mm during the measurements.

Figure 8 shows the emf changes (drifts) of [r-Rh-6. The ordinate shows the emfs
of Ir-Rh-6, while the abscissa shows the exposure time at around 1950 °C. Closed
circles and open triangles indicate the emfs at the melting and freezing points of RuC-
a4, respectively. Such an initial large emf change reported for C-5 in Fig.5 did not
appear immediately after exposure for IrRh/Ir. The emf of Ir—Rh-6 at the melting point
increased gradually, while that at the freezing point showed an almost constant value
for the first 40 h after exposure. It was found that the emf changes of Ir—Rh-6 at the

10600 [
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10580 £ Ir-Rh-6 o Freezing
10560 - I5°C
10540 F
10520 |

Emf, uVv

10500 \M
10480

10460 F
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Fig. 8 Emfs of I-Rh-6 measured at the melting and freezing points of Ru—C cell, RuC-a4
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melting and freezing points were approximately 30 wV (5.5°C) and 10 pV (1.9°C),
respectively, within the first 40 h exposure.

To check the reproducibility of the melting and freezing temperatures of RuC-a4
during the drift measurement, the comparison of the emfs at melting and freezing
temperatures, before and after the drift measurement, was conducted using the Type C
monitoring thermocouple. Since the emfs measured before and after the drift measure-
ment agreed within 1.7 wV (equivalent to 0.1 °C) and 2.0 uV (equivalent to 0.2 °C) at
the melting and freezing points, respectively, we consider that the emf changes shown
in Fig. 8 indicate the drifts of Ir-Rh-6.

This result implies that the Ru—C cell is also useful for the evaluation of drift of high-
temperature thermocouples, and its application is not limited to W—Re thermocouples.

5 Conclusion

NMIJ, AIST has been developing M—C eutectic-point cells and high-temperature fur-
naces aiming for their application to high-temperature thermocouples. Using the devel-
oped M-C eutectic-point apparatus, the characteristics of high-temperature thermo-
couples has been evaluated to seek further improvement. In this study, two Ru—C cells
for thermocouple calibration were constructed. The cells showed good melting and
freezing plateaux by means of a Type C thermocouple. The emf of the Type C ther-
mocouple, C-5, at around 1953 °C decreased rapidly within the first 2h, and after that,
the emf tended to decrease gradually. The emf of C-5 measured at 140 °C aimed for
determining the inhomogeneity effect on the emf using the heat-pipe furnace showed
large emf changes due to the exposure around 1200 °C and that above around 1500 °C
in the high-temperature furnace.

In addition, to investigate a possible application of another type of high-temperature
thermocouples, the drift of the IrRh/Ir thermocouple, Ir-Rh-6, was evaluated. It was
found that the emf of Ir—Rh-6 at the melting point of Ru—C cell tended to increase
gradually for the first 40 h exposure and then decrease.

Since this report is at the early stage of our ongoing project to seek the feasibility
of the Ru—C eutectic point to calibrate high-temperature thermocouples, one Type C
thermocouple and one IrRh/Ir thermocouple were used to investigate the drift and
inhomogeneity. Nevertheless, these experimental results show that the Ru—C eutectic
point is useful to investigate accurately the drift of high-temperature thermocouples.
The evaluation of drift and inhomogeneity is important for an accurate thermocou-
ple calibration. The results obtained in this study will be useful for evaluating the
uncertainty of thermocouple calibration at around 2000 °C.
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