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Abstract
The paper describes the metrological characterization of the highly stable Pt-
40%Rh/Pt-6%Rh thermocouples to determine their reference function in the temper-
ature range between 0 °C and 1769 °C. The preparation of the Pt-40%Rh/Pt-6%Rh 
thermocouples is described, as well as the measurement procedures and the meas-
urement results of comparison and fixed point measurements for the determination 
of the reference function with low uncertainties.

Keywords  Noble metal thermocouples · Reference function · Thermoelectric 
stability and homogeneity

1  Introduction

The current state of the art for contact thermometry measurements between about 
1000 °C and 1600 °C includes the known platinum/rhodium alloyed thermocouples, 
Type R (Pt-13%Rh vs. Pt), Type S (Pt-10%Rh vs. Pt), and Type B (Pt-30%Rh vs. 

 *	 Frank Edler 
	 frank.edler@ptb.de

1	 Physikalisch-Technische Bundesanstalt, Berlin, Germany
2	 Univerity of Ljubljana, Ljubljana, Slovenia
3	 Centro Espanol de Metrología, Alfar 2, Tres Cantos, 28760 Madrid, Spain
4	 National Physical Laboratory, Hampton Road, Teddington, UK
5	 Turkiye Bilimsel Ve Teknolojik Arastirma Kurumu, Gebze Yerleşkesi, 41470 Gebze, Kocaeli, 

Turkey
6	 Danish Technological Institute, Kongsvang Allé 29, 8000 Aarhus C, Denmark
7	 Czech Metrology Institute, Brno, Czech Republic

http://orcid.org/0000-0002-0413-1337
http://crossmark.crossref.org/dialog/?doi=10.1007/s10765-021-02895-w&domain=pdf


	 International Journal of Thermophysics (2021) 42:150

1 3

150  Page 2 of 13

Pt-6%Rh). Their advantage is that they can be used at very high temperatures up 
to about 1750 °C (Types R and S) and up to about 1820 °C (Type B), but at tem-
peratures above about 1200 °C additional drifts occurs mainly due to the increase 
in thermoelectric inhomogeneity. This degradation requires their regular calibra-
tion, especially when highly accurate measurements are required. Furthermore, pure 
platinum tends to accelerate in grain growth at high temperatures, which affects the 
mechanical stability of the thermoelements. To the authors’ knowledge the selection 
of Pt–Rh alloys in common use (i.e. Type R, S, B [1] and Land-Jewell [2]) have not 
been subjected to optimization [3]. Recent investigation showed that the high tem-
perature thermoelectric stability of Pt–Rh alloy wires improves with the mass frac-
tion of Rh [4]. If significant contamination of the wires is not taken into account, the 
most important factor governing thermoelectric stability and homogeneity of Pt–Rh 
wires is probably oxide vapor transport processes [5–8]. In the frame of the EMPIR 
project EMPRESS [9] a model to relate the electromotive force (emf) drift rate of 
Pt–Rh thermoelements to dS/dc, i.e. the sensitivity of the Seebeck coefficient, S, to 
rhodium mass fraction, c, the optimal composition of the pair of Pt–Rh wires that 
minimizes thermoelectric drift was determined [10]. The model has been applied to 
four multi-wire thermocouples each comprising 5 or 7 Pt–Rh wires of different com-
position. Three of them were exposed to different temperatures of approximately 
1324 °C and 1492 °C, i.e. the melting points of the Co–C and Pd–C high tempera-
ture fixed points [11, 12], respectively. One thermocouple was exposed to a series of 
temperatures between 1315 °C and 1450 °C. As a result of this long-term study (up 
to 6000 h), an optimal low drift combination of two thermoelements was identified: 
the Pt-40%Rh vs. Pt-6%Rh thermocouple. The performance was significantly better 
than the conventional types and therefore are expected to have better performance. 
In order to facilitate the widespread use of this new Pt-40%Rh vs. Pt-6%Rh thermo-
couple type, its emf-temperature reference function has been established by different 
National Metrology Institutes (NMIs).

This paper describes the determination of the emf-temperature reference func-
tion for Pt-40%Rh vs. Pt-6%Rh thermocouples and is structured as follows: Sect. 2 
describes the preparation of the thermocouples, Sect. 3 presents details of the exper-
imental procedure and in Sect. 4 the measurement data are summarized. The con-
struction of the emf-temperature reference function is described in Sect. 5, and its 
uncertainty in Sect. 6.

2 � Preparation of Thermocouples

The Pt-40%Rh and Pt-6%Rh thermoelements used to construct a total of 11 thermo-
couples were manufactured by Johnson Matthey (UK) and distributed to the partici-
pating institutes. The thermocouple wires had a diameter of 0.5 mm and had been 
taken from the same batch, respectively. The thermocouples were constructed and 
thermoelectrically stabilized at PTB (3 + 1 (for DTI)), NPL (2 + 1 (for UL)), CEM 
(2), CMI (1), and TUBITAK (1) according to the following procedure:

•	 Cleaning of the thermoelements (pure ethanol and distilled water)
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•	 Electrical anneal of each thermoelement at 1300 °C for 4 h in air
•	 Assembling of the thermoelements in a twin-bore sheath (diameter ≥ 4  mm, 

length: ≥ 600 mm)
•	 Furnace anneal of the thermocouple at 1350  °C for at least 200  h in air to 

improve the thermoelectric stability
•	 Repeated measurements of the thermocouple emf during furnace anneal at the 

freezing point of copper as a check of its thermoelectric stability after about 10 
and 50 h and then in steps of about 50 h. The emf difference between the last two 
measurements at the freezing point of copper should be less than 0.5 µV (≈50 
mK) indicating sufficient thermoelectric stability

•	 Check of the thermoelectric homogeneity in a liquid bath at 400 °C or in a suit-
able furnace at a temperature not higher than 550 °C after the furnace annealing 
at 1350 ºC and after achieving the requested thermoelectric stability

The results for measuring the initial thermoelectric stability of the thermocouples 
at the freezing point of copper (1084.62 °C) are shown in Fig. 1. With the excep-
tion of the thermocouple CMI-01, all thermocouples achieved the mentioned stabil-
ity criterion (difference lower than 0.5 µV between two consecutive measurements 
at Cu fixed point) after (200–440) h annealing at 1350 °C. Also remarkable is the 
agreement of the measured thermoelectric voltages of all thermocouples at the Cu 
freezing point within a temperature equivalent of about 1 K.

The Pt-40%Rh vs. Pt-6%Rh thermocouples PTB E2-18-02 and NPL TC1 
were sent to DTI and UL respectively, to perform the measurements there. The 
other thermocouples were used at the manufacturer laboratories for the deter-
mination of the emf-temperature reference function. With the thermocouple 

Fig. 1   Thermoelectric stability before starting the comparison measurements
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PTB E2-18-05, long-term tests were carried out at 1350  °C and 1400  °C with 
repeated checks of its thermoelectric voltage at the freezing temperature of cop-
per (1084.62 °C). The results of the emf measurements at the freezing point of 
Cu point are presented in Fig. 2. The combined uncertainty of the measurements 
(k = 1) was 1.1 µV. They revealed an exceptionally high thermoelectric stability 
of the thermocouple E2-18-05. After about 550 h, the thermoelectric voltage at 
the Cu point remained stable within ± 0.5  µV, which corresponds to a tempera-
ture equivalent of about ± 50 mK. During the next 500 h of annealing at 1350 °C, 
the emf at the copper point increased by approx. 0.4 µV, which corresponds to a 
drift rate of + (7–8) mK per 100 h. In the further annealing process at 1350 °C, 
a drift rate of about + 3 mK·100 h−1 was obtained. The increase of the ageing 
temperature from 1350 °C to 1400 °C after about 2690 h was accompanied with 
a slight decrease in the emf at the Cu point by about 0.5 µV. The calibration fur-
nace used for the measurements at the freezing point of Cu failed after about 
4000  h annealing time of the thermocouple PTB E2-18-05. The different tem-
perature profile of the second furnace used to check the emf at the freezing point 
of copper caused a further slightly negative drop of the emf by about 0.6 µV. By 
correcting this effect, the emf at the freezing point of copper remained stable 
within about ± 0.5  µV. These results of the thermoelectric stability are used in 
Sect. 6 as one uncertainty contribution to calculate the uncertainty of the refer-
ence function.

Fig. 2   Thermoelectric long-term stability of the Pt-40%Rh vs. Pt-6%Rh PTB E2-18–05 at the freezing 
point of copper versus annealing time at temperatures of 1350 °C and 1400 °C
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3 � Experimental Procedure

All the measurements to determine the emf-temperature reference function of Pt-
40%Rh vs. Pt-6%Rh thermocouples are traceable to the International Temperature 
Scale of 1990 (ITS-90) [13]. Two types of measurements were performed. The 
first type was performed in isothermal enclosures where the reference tempera-
ture is determined by calibrated standard thermometers, (comparison method) 
and the second type at fixed points of the ITS-90. Both methods were collected 
in the temperature range between 0 °C and 1769 °C. The measurements were per-
formed at increasing temperatures to avoid the influence of possible high tem-
perature irreversible structural changes of the thermoelements on the properties 
of the reference function in the lower temperature range (T < 1100 °C). The fol-
lowing general principles were applied:

•	 The comparison measurements provide the most data points and were there-
fore considered as the key task for the determination of the reference function

•	 Fixed point measurements were carried out mainly to check the thermoelec-
tric stability of the Pt-40%Rh vs. Pt-6%Rh thermocouples during the measure-
ments by comparison, but were also used to determine the reference function

•	 Repeated homogeneity tests of the Pt-40%Rh vs. Pt-6%Rh thermocouples 
were performed

Before starting the measurements, the Pt-40%Rh vs. Pt-6%Rh thermocouples 
were annealed at 400 °C for 24 h so that all thermocouples were in the same ther-
moelectric state. The calibrations of the Pt-40%Rh vs. Pt-6%Rh thermocouples 
were performed step by step over different temperature ranges. The standard ther-
mometers used for the comparison measurements as well as the thermocouples 
themselves were calibrated at fixed points initially, followed by two runs of com-
parison measurements in the respective temperature range, and a recalibration of 
the Pt-40%Rh vs. Pt-6%Rh thermocouples at the same fixed points as initially. At 
the end of each of the cycles the thermoelectric homogeneity of the Pt-40%Rh vs. 
Pt-6%Rh thermocouples was tested at 400 °C. The following temperature ranges 
were chosen:

(a)	 0–400 °C (Fixed points: Ice-point, Ga, In, Sn, Zn. 2 cycles of comparison meas-
urements with temperature steps of 25 °C in water bath + oil bath + salt bath or 
dry block calibrator. Fixed points: Ice-point, Ga, In, Sn, Zn)

(b)	 400–1000/1100 °C (Fixed points: Al, Ag, Cu. 2 cycles of comparison meas-
urements in salt bath and/or furnaces with temperature steps of (25–30) °C. 
Fixed points: Al, Ag, Cu). Due to the critical temperature range (500–950) °C 
with preferential rhodium oxidation, the Pt-40%Rh vs. Pt-6%Rh thermocouples 
were annealed for 4 h at 1100 °C (causes the dissociation of surface oxide lay-
ers) and 24 h at 400 °C (causes short-range-ordering effects), This annealing 
was performed after the initial fixed point measurements and before starting 
the first run of the comparison measurements. After finishing the first run of 
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comparison measurements, the additional annealing procedure (4 h at 1100 °C 
and 24 h at 400 °C) of the thermocouples was repeated). Thereafter, the second 
run of comparison measurements was performed. At the end of the 2nd run, 
the thermocouples were annealed again for 4 h at 1100 °C and 24 h at 400 °C, 
before the Pt-40%Rh vs. Pt-6%Rh thermocouples were calibrated at fixed points 
as described above.

(c)	 1000–1350 °C (Fixed points: Cu, Fe–C, Co–C or Ni–C. 2 cycles of comparison 
measurements at furnaces with temperature steps of (25–30) °C. Fixed points: 
Cu, Fe–C, Co–C or Ni–C)

(d)	 Temperatures above 1350 °C (Fixed points: Pd–C, Pd, Rh–C, Pt. 2 cycles of 
comparison measurements at furnace with temperature steps of about 25 °C. 
Fixed points: Pd–C, Pd, Rh–C, Pt)

Table  1 summarizes information about the temperature ranges of the compari-
son measurements, the apparatus, and standard thermometers used in the different 
laboratories.

Table 1   Overview of equipment for the measurements by comparison

a SPRT standard platinum resistance thermometer
b TC thermocouple

Laboratory Temperature ranges 
comparison measure-
ments

Apparatus Standard thermometer

PTB 0–550 °C Water, oil and salt bath T < 660: SPRTsa

560–980 °C Pressure-controlled heat-pipe T > 660 °C: Au/Pt TCsb

NPL 0–700 °C Dry block calibrator
Ice, 3-zone furnaces,
single zone furnace for wire bridge 

method

Built-in calibrated 
platinum

Resistance thermometer 
for dry block compari-
son

CEM 0–275 ºC Water and oil bath 2 SPRTsa

300–650 ºC Heat pipe furnace 1 SPRT and 1 Au/Pt TCb

675–975 ºC Heat pipe furnace 1 Au/Pt and 1 type R TCb

1000–1325 ºC 3-zone furnace 2 Type R TCb

1350–1550 ºC 3-zone furnace Radiation thermometer
UL 25–300 °C Water and oil bath 25–600 °C: SPRTa

300–950 °C Caesium and sodium heat pipes 600–1000 °C: Au/Pt TCb

950–1100 °C Thermocouple calibration furnace 1000–1100 °C: Pt/Pd TCb

TUBITAK 1000–1325 °C 3-zone furnace Pt/Pd TCsb

DTI 0–550 °C Oil baths and salt bath T < 550: SPRTsa

580–1000 °C 3-zone furnace T > 550 °C: Type S TCb

CMI 25–200 °C Water and oil bath SPRTa

250–640 °C 3-zones vertical furnace SPRTa

670–1000 °C Potassium and sodium heat pipes Au/Pt TCa
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4 � Experimental Results

According to the procedure described in Sect. 3 the ten Pt-40%Rh vs. Pt-6%Rh 
thermocouples were calibrated by comparison (25/30 °C steps) and at fixed points 
as summarized in Table 2.

For each of the 10 Pt-40%Rh vs. Pt-6%Rh thermocouples different numbers of 
temperature/emf pairs were obtained, between 21 (TUBITAK-01) and 77 (CEM-
2018–1/2). The data of the thermocouples CEM-2018-1 and CEM-2018-2 cov-
ered the widest temperature range and the difference between them was smaller 
than the expanded uncertainty. As stated in [14], least squares fitting to determine 
the emf-temperature relationship of a thermocouple is valid only if all data are 
from one thermocouple or if the data are from a set of statistically indistinguish-
able thermocouples. Therefore, based on all data measured, the data of the CEM 
thermocouples were chosen for construction of the reference function.

The immersion profiles of the both CEM thermocouples measured at 400 °C 
in a vertical furnace demonstrated a good thermoelectric homogeneity as shown 
in Fig.  3. Maximum emf deviations over the length of homogeneous tempera-
ture in the furnace (about 20 cm) are lower than ± 1 µV, even after the thermo-
couples were exposed to the highest temperatures at the melting points of Rh–C 
(1657 °C) and of platinum (1769 °C).

The measurements of both CEM thermocouples at the fixed points showed a 
good agreement between them in their emf values within a temperature equiva-
lent lower than 1 K. Only the emf values at the Rh–C eutectic fixed point revealed 
a difference of about 1.7 K between the two CEM thermocouples. Table 3 con-
tains the mean thermoelectric voltages calculated from the emfs measured at the 
fixed points, before and after the comparison measurements were carried out in 
the individual temperature ranges (see Sect. 3). The related emf differences and 
temperature differences between the both CEM thermocouples are also presented.

Table 2   Temperature ranges for comparison measurements and fixed points involved in each measure-
ments range for a particular thermocouple

Thermocouple Range of comparison 
measurement/ °C

Fixed points

PTB E2-18-02 (at DTI) 25–1000 Icepoint—Al
PTB E2-18-03 25–980 Ga–Cu, Fe–C, Co–C, Ni–C, Pd, Rh–C, Pt
PTB E2-18-04 25–980 Ga–Cu, Fe–C, Co–C, Ni–C, Pd
NPL TC1 (at UL) 25–1100 Ga–Cu
NPL TC2 and NPL TC3 25–700 Icepoint—Cu, Co–C, Pd–C, Pt
CEM-2018-1 and
CEM-2018-2

25–1550 Icepoint—Cu, Co–C (Rh–C, Pt at PTB)

TUBITAK-01 1000–1325 Icepoint—Ag
CMI-01 25–1000 Icepoint—Cu, Co–C
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5 � Construction of the emf‑Temperature Reference Function

Two runs between 25 °C and 1550 °C in steps of about 25 K were measured with 
both CEM thermocouples. The mean values of four nominal emf measurements at 

Fig. 3   Immersion profiles of the thermocouples CEM-2018-1/2 at 400 °C after the measurements at the 
different temperature ranges

Table 3   Emfs measured at fixed 
points and differences between 
the two CEM thermocouples

a TPW triple point of water

Fixed point CEM-
2018-1 
emf·µV−1

CEM-
2018-2 
emf·µV−1

Difference 
∆emf·µV−1

Differ-
ence 
∆T·K−1

TPWa 0.27 0.29 0.02 –
Ga 9.67 9.69 0.02 0.039
In 166.74 166.88 0.14 0.071
Sn 345.97 346.12 0.15 0.054
Zn 1057.55 1057.34 0.21 0.044
Al 2498.43 2497.03 1.4 0.195
Ag 5075.74 5072.57 3.17 0.319
Cu 6352.72 6348.12 4.6 0.421
Co–C 9168.22 9156.84 11.38 0.922
Rh–C 13,496.1 13,474.0 22.1 1.68
Pt 14,955.8 14,951.6 4.2 0.312
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each temperature were taken into account for the determination of the reference 
function. Additionally, the mean emfs measured at the fixed points of the ITS-90 
listed in Table 3 were used with the exception of the emfs of the freezing point of Cu 
and the melting point of Co–C eutectic. These two emf values showed unexplained 
deviations from the fitting curves. It should be noted that the Rh–C (1657 °C) and 
the Pt (1769 °C) melting points were measured at PTB to extend the temperature 
range. In this way, in total 69 emf/temperature pairs were taken into account. The 
reference function is a weighted least squares polynomial fit with the form of Eq. 1 
where the thermoelectric voltage emf is in µV and temperature t in °C (1):

Weights equal u–2, where u is the reported standard uncertainty of a particular meas-
urement. Goodness of the fit is evaluated with the “root mean square” (rms) values 
due to error. Table 4 gives the rms values of different trial fits.

According to Table  4, the combination of a 6th degree polynomial below the 
temperature of the freezing point of Al (660,323  °C) and an 8th degree polyno-
mial above the Al freezing point gives an adequately low rms value. Continuity 
is achieved by defining the proper starting point of the second polynomial with a 
very high weight value. The coefficients of the final reference function are listed in 
Table 5.

6 � Uncertainty of the Reference Function

The uncertainties of the single emf data of the CEM thermocouples are summarized 
in Table 6 and discussed below. Table 6 contains the maximum uncertainty contri-
butions ui in µV and in different temperature ranges, which were used to calculate 
the uncertainties of the single emf values.

The repeatability (Type A uncertainty) is the standard deviation of the emf-
readings of the two CEM thermocouples. The stability of the isothermal enclosures 
(baths and furnaces) was estimated from the temperature fluctuations measured by 

(1)emf =

n
∑

i=0

ai ⋅ t
i

Table 4   Different trial fits Polynomial degree Continuous breakpoint rms

6 None 1.152691
7 None 1.05878
8 None 1.042294
9 None 0.84356
6/8 Al 0.648968
6/9 Al 0.644711
7/9 Al 0.628778
8/9 Al 0.569134
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one of the reference thermometers. The uncertainty of the reference thermometer 
calibration was calculated from their calibrations at fixed points. Their drifts are 
the differences of the readings before and after the comparison measurement runs 
at a fixed point of the corresponding temperature range. The homogeneity of the 
isothermal enclosure was evaluated, at each measurement point, by the difference 
between the two standard thermometers. The uncertainty of the electrical measure-
ment includes the calibration uncertainty of the voltmeter used, its resolution and its 
drift. The voltmeter was calibrated every day and the 24 h stability specification of 
the manufacturer was chosen as the uncertainty contribution of the drift. The ther-
moelectric homogeneity emfhom of the thermocouples was measured at 400 ºC. This 
value was extrapolated to each temperature T according to Eq. 2:

A maximum emfhom(400 °C) value of 0.5 µV of was considered. The uncertainty due 
to the thermoelectric stability of the CEM thermocouples were calculated using the 
results of the long-term investigation of the Pt-40%Rh vs. Pt-6%Rh thermocouple, 
PTB E2-18-05, at 1350  °C (2686  h) and subsequently at 1400  °C (1815  h) with 
repeated checks of the thermoelectric voltage at the freezing point temperature of 
copper (1084.62 °C). After about 500 h, the thermoelectric voltage at the Cu point 
remained stable within ± 0.5 µV, which corresponds to a temperature equivalent of 
less than ± 50 mK. The value emfstab of 0.5  µV was used to calculate uncertainty 
contribution due to the thermoelectric stability at the different temperatures accord-
ing to Eq. 3:

The expanded uncertainty (k = 2) of the reference function is the sum of the point 
by point expanded uncertainties of the single emf values and of the absolute fit-
ting residuals. It can be roughly approximated with a 4th order polynomial (Fig. 4), 
which results in uncertainties that increase from about 2 µV at low temperatures up 

(2)emfhom(T) = emfhom(400
◦C) ⋅

(emf (T) − emf (25◦C)

(emf (400◦C) − emf (25◦C)

(3)emfstab(T) = emfstab(1084, 62
◦C) ⋅

emf (T)

emf (1084, 62◦C)

Table 5   Reference function 
coefficients

Coefficients Below Al Above Al

a0 0 71,435.3813
a1 0.137315647  − 568.1009491
a2 0.006333794 1.941456131
a3  − 3.65645E-06  − 0.003686384
a4 8.80882E-09 4.29132E-06
a5  − 1.13502E-11  − 3.12896E-09
a6 5.40932E-15 1.39612E-12
a7  − 3.48828E-16
a8 3.73963E-20
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to about 450 °C, to 5 µV at 800 °C, to 10 µV at 1200 °C and to 37 µV at 1769 °C. 
This corresponds to temperature equivalents of approximately 0.4  K at 450  °C, 
0.5 K at 800 °C, 0.8 K at 1200 °C and almost 3 K at 1769 °C. It should be noted, that 
the Seebeck coefficient at temperatures below about 250 °C is lower than 3 µV·K−1. 
This low thermoelectric sensitivity makes the usage of the Pt-40%Rh vs. Pt-6%Rh 
not useful at temperatures below 250 °C.

7 � Summary

Based on the results of comparison and fixed point measurements using two Pt-
40%Rh/Pt-6%Rh thermocouples, a reference function in the temperature range 
between 0  °C and 1769  °C was determined for this new thermocouple type. The 
expanded uncertainty of this reference function between about 250 °C and 800 °C 
is about 0.5 K. It increases to about 1 K at 1350 °C, 1.6 K at 1550 °C, and 3 K at 
1769 °C. The special feature of the Pt-40%Rh vs. Pt-6%Rh thermocouples is the fact 
that the composition of the thermocouple wires was based first time on an optimi-
zation which should guarantee only low drifts at high temperatures (T > 1100 °C). 
Therefore, the main application temperatures of this new thermocouple type are 
temperatures above 1100 °C where the high thermoelectric stability becomes par-
ticularly apparent.
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