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Barring the presence of signiﬁcant amounts of
impurities, an important cause of thermoelectric
inhomogeneity and therefore calibration drift of
platinum-rhodium thermocouples at high temperatures
is the vaporisation and transport of the oxides of Pt and
Rh, which causes local changes in wire composition.
By examining the vapour pressures of Pt and Rh oxides
and their temperature dependence, it is shown that at a
given temperature there is an optimal wire composition
at which evaporation of the oxides has no effect on the
wire composition, provided the vapour does not leave
the vicinity of the wire. This may also have applications
for Pt-Rh heater elements.

Introduction
Noble metal thermocouples based on Pt and Rh are
widely used in industry for applications requiring high
accuracy and good long-term stability. Thermocouples
consist of two dissimilar metal wires joined together at
one end (the measurement junction). Usually the other
end of each wire is connected to a copper wire which is
connected in turn to a high accuracy voltmeter to enable
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measurement of the voltage across the two wires. The
two junctions between the thermocouple wires and the
copper wires are held at a known temperature; this
comprises the reference junction. Thermocouples rely
on the thermoelectric principle (1–4) to generate an
electromotive force (emf) in response to a temperature
gradient along the metal wires, which, since the wires
are dissimilar, manifests itself as a measurable voltage
across the wires. As the temperature at the reference
junction of the wires is known and the thermocouple
provides a measure of the temperature gradient from
the measurement junction to the reference junction,
the thermocouple can be used as a temperature
sensor. Thermocouples are calibrated by exposing
the measurement junction to known temperatures; this
enables the relationship between emf and temperature
to be established.
However, above about 1300ºC, where many high-value
manufacturing processes operate, most conventional
Pt-Rh thermocouples exhibit thermoelectric instability
(1, 5–7) which causes a progressive loss of information
about the relationship between emf and temperature.
This results in reduced process efﬁciency, increased
environmental footprint and increased product
rejection rates. The general trend of process control
towards higher temperatures to increase efﬁciency
places increasing demands on thermocouple stability.
Furthermore, above about 1300ºC only thermocouples
with Pt-Rh alloy thermoelements of substantial Rh
content are recommended, due to the high sensitivity
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into solid metal. The high-temperature end will become
depleted and the temperature gradient region enriched
(1, 6). These limitations should be borne in mind when
considering the analysis.

The Model
The vapour pressures of PtO2 and RhO2 are directly
proportional to the partial pressure of oxygen in the
atmosphere (8), so the following argument applies to Pt
and Rh in air. In pure oxygen gas with partial pressure
100,000 Pa, it has been shown by Alcock and Hooper
(8) that the vapour pressure (P) of PtO2 is given by
Equation (i):
log PPt = –

(8585 ± 74)
+ (0.204 ± 0.047) + 5
T

(i)

For RhO2 it is given by Equation (ii):
log PRh = –

(9866 ± 126)
+ (1.079 ± 0.079) + 5
T

(ii)

The temperature range of validity is from 1000ºC
to 1600ºC. Here, P has units of Pa and T has units
of K. It is assumed that the uncertainties given in (8)
represent expanded uncertainties (coverage factor
k = 2) associated with a normal probability distribution.
The vapour pressures are plotted in Figure 1 together
with their corresponding uncertainties. Also shown in

10

Pressure, Pa

of alloys of low Rh content to changing composition
arising from the signiﬁcant vapour pressure of Pt
and Rh oxides (6, 8–10) and the resulting vapour
transport (1, 5, 6, 8–14). For this temperature range,
Pt-30%Rh/Pt-6%Rh (designated Type B) (15, 16) and
Pt-40%Rh/Pt-20%Rh (Land-Jewell thermocouple)
(17) are in widespread use. Above about 1500ºC the
Land-Jewell thermocouple is preferred for long term
use. In this report, it is shown how to optimise the
Pt-Rh wire composition to minimise local composition
changes at high temperature due to vapour transport
and thereby maximise thermoelectric homogeneity
(and therefore stability). This is also applicable to heater
elements, where it is desirable to minimise the change
in resistance associated with changing composition.
Local changes in composition of Pt-Rh wires are due to
evaporation of the oxides of Pt and Rh. Only saturation
vapour pressures are considered in this analysis. The
vapour pressures of the pure metals Pt and Rh are
several orders of magnitude smaller than those of their
oxides; only the oxide vapours are considered in this
analysis. The vapour pressure of platinum oxide (PtO2)
and rhodium oxide (RhO2) have been well characterised
and are well known as a function of temperature (8). If
the vapour pressures of the two oxides PtO2 and RhO2
are in the same proportion as the molar amount of the
two elements Pt and Rh, and there is no signiﬁcant
vapour transport away from the evaporation site, the
amount of composition change should be minimised.
As the temperature dependence of the oxide vapour
pressure is monotonic, at a given temperature there is
a unique Pt-Rh alloy which corresponds to the case
where the oxide vapour pressures are in the same
proportion as the molar ratio of the species in the
wire. Thus, in this study the optimal composition is
determined as a function of temperature.
This study is concerned with an isothermal wire
in stagnant conditions. It should be pointed out that,
in the case of a thermocouple in typical usage, only
those parts of the wires in the temperature gradient
generate the emf. Hence, for application to a
real-world system, it is more plausible to base
calculations on an intermediate location within the
gradient, where the temperature gradient is large and
where oxide vapour pressure is signiﬁcant. Stagnant
conditions are assumed: when a temperature gradient
is present vapour pumping action occurs within the
temperature gradient region. The oxide vapour will
naturally diffuse to the low-temperature regions and
either condense back to a solid form or disassociate
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Fig. 1. Vapour pressure as a function of temperature for
each oxide in isolation (1). Note the crossover where the Rh
oxide vapour pressure exceeds that of the Pt oxide above
about 1200ºC. Short dashed lines represent uncertainty
arising from the parameters given in (8). Grey lines indicate
data of Selman (6)
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PPt

=

fRh
fPt

=

fRh
1 – fRh

=


1+

(v)

It is then possible to plot the optimal wire composition
(in terms of the more familiar wt% rather than molar
fraction); this is done in Figure 3.
It can be shown with Monte Carlo techniques that
the uncertainty of fRh is approximately represented
by a normal distribution, regardless of the initial
distribution of uncertainties in the original expressions
for the vapour pressures (P) (8). The uncertainties of
the parameters in (8) were propagated to estimate
the resulting uncertainty in fRh using the Monte Carlo
method (dashed lines in Figure 3).
Having found the optimum wire composition at a
particular temperature (Figure 3), the remaining
question is then what the composition of the other
wire should be. It might be suggested that the other
240
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Fig. 2. Variation of the molar ratio of Rh and Pt in the wire
and the ratio of Rh and Pt oxide vapour pressures, with
wire Rh composition. Two temperatures are considered:
1100ºC (blue vapour pressure ratio) and 1600ºC (red vapour
pressure ratio). At each temperature, the ratios are equal at
the intersection of the two curves; at this point, there is no
preferential volatilisation of Rh or Pt oxides. The Rh content
of the wire corresponding to this point is optimal
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It follows that the optimum fRh(opt) takes the value
(Equation (v)):
fRh (opt) =

0.5

(iii)

(iv)

PPt

1.0
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Setting Equation (iv):
PRh

1.5

Optimal Rh content, wt%

PRh

Rh:Pt molar ratio in wire
Rh:Pt oxide vapour pressure ratio, 1100ºC
Rh:Pt oxide vapour pressure ratio, 1600ºC

2.0

Rh/Pt molar ratio

Figure 1 are the vapour pressure values of Selman
(6) which extend to 1500ºC, though the values of
Alcock and Hooper are used in preference in this study
because Selman does not describe how the vapour
pressures were derived.
It is assumed that the thermocouple wire is in a
stagnant environment, i.e. vapour does not leave the
system. In Figure 2, the molar ratio of Rh and Pt,
fRh/fPt, in the wire is plotted as a function of Rh content
in wt%. The ratio of vapour pressures of Rh and Pt,
PRh/PPt at two temperatures are used to calculate the
optimum Pt-Rh composition where the vaporisation
leaves it unchanged. When the two curves intersect,
the ratios are the same, i.e. Pt and Rh atoms leave
the wire in the same proportion as their population in
the wire. This means that vaporisation of the oxides
leave the wire composition unchanged. It can be seen
in Figure 2 that this optimum composition, expressed
in terms of wt% Rh, is dependent on temperature.
Rather than using graphical methods, it is of interest
to develop an algorithm to locate the optimum fRh at
a given temperature. It occurs when the ratio of oxide
vapour pressures is equal to the ratio of molar amount
of species in the wire (Equation (iii)):
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Fig. 3. Variation of optimal Rh composition (wt%), fRh(opt)
with temperature. This is the point of intersection of the two
curves shown in Figure 2, determined at all temperatures.
Dashed lines represent the propagated uncertainty,
coverage factor k = 2

wire should have lower Rh content to avoid inﬂuencing
the optimum wire with excess RhO2 vapour. How
much lower this should be depends on the acceptable
sensitivity (μV ºC–1).
However, given the magnitude of the uncertainties
(Figure 3), it is proposed that the optimum strategy is
to use a thermocouple having wires of compositions at
© 2016 Crown Copyright
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the extremes of the uncertainty limits applicable to the
envisaged temperature range of use. For example, if
the thermocouple is expected to be used up to 1500ºC,
the upper bound on the optimum Rh composition
is 50 wt%, while the lower bound is 35 wt%. In this
case one may choose the Pt-50%Rh vs. Pt-35%Rh
thermocouple, provided the sensitivity (about
1.5 μV ºC–1) is high enough for useful measurements.
Note that the above analysis suggests that the
Land-Jewell (Pt-40%Rh vs. Pt-20%Rh) thermocouple
is not a bad all-round choice for temperature
measurements above 1100ºC.
This analysis ignores the fact that in use, the
length of the thermocouple will experience the whole
range of temperatures from that considered down
to the temperature at the reference junction. This
approximation is partly justiﬁed by the fact that the
vapour pressures of both oxides and therefore the
effect considered here, decrease exponentially with
temperature, with correspondingly diminishing inﬂuence
of oxide evaporation. The study is based on one set
of measurements of the vapour pressure of Pt and Rh
oxides which to the author’s knowledge represents the
only sufﬁciently complete data set; should further data
come to light it may of course be necessary to review
the ﬁndings.

Conclusion
By considering transport of Pt and Rh oxide vapour,
it has been shown that there is an optimum Pt-Rh
wire composition at a given temperature of use for
which the evaporation of oxides has no effect on the
wire composition, provided the vapour does not leave
the vicinity of the wire. This analysis offers a range
of suitable wire compositions to study in long-term
thermocouple drift tests. The ﬁndings may also be of
interest for heating applications, where changing Pt-Rh
composition results in changing resistance; here the
composition of the heating element could be tailored to
minimise compositional change.

Acknowledgments
The author is grateful to Richard Rusby (National
Physical Laboratory (NPL), UK) for helpful comments
on the manuscript. This work was carried out as part
of a European Metrology Programme for Innovation
and Research (EMPIR) project to enhance process
efﬁciency through improved temperature control
(EMPRESS). The EMPIR is jointly funded by the EMPIR

241

Johnson Matthey Technol. Rev., 2016, 60, (4)

participating countries within the European Association
of National Metrology Institutes (EURAMET) and
the European Union. © Crown Copyright 2016.
Reproduced by permission of the Controller of Her
Majesty’s Stationery Ofﬁce (HMSO) and the Queen’s
printer for Scotland.

References
1. T. J. Quinn, ‘Thermocouples’, in “Temperature”,
Academic Press, London, UK, 1983
2. R. D. Barnard, “Thermoelectricity in Metals and
Alloys”, Taylor & Francis Group, London, UK, 1972
3. F. J. Blatt, P. A. Schroeder, C. L. Foiles and D. Greig,
“Thermoelectric Power of Metals”, Plenum Press,
New York, USA, 1976
4. D.
D.
Pollock,
“Thermoelectricity:
Theory,
Thermometry, Tool”, ASTM Special Technical
Publication 852, American Society for Testing and
Materials, Philadelphia, Pennsylvania, USA, 1985
5. A. S. Darling and G. L. Selman, “Some Effects of
Environment on the Performance of Noble Metal
Thermocouples”, Vol. 4, Part 3, TMCSI, 1972, pp.
1633–1644
6. G. L. Selman, “On the Stability of Metal Sheathed
Noble Metal Thermocouples”, Vol. 4, Part 3, Section
8C, STSI, 1972, pp. 1883–1840
7. I. L. Rogel’berg and V. M. Beilin, “Alloys for
Thermocouples: Handbook”, Metallurgiya, Moscow,
Russia, 1983
8. C. B. Alcock and G. W. Hooper, Proc. Roy. Soc. A,
1960, 254, (1279), 551
9. F. Edler and P. Ederer, AIP Conf. Proc., 2013,
1552, 532
10. J. C. Chaston, Platinum Metals Rev., 1975, 19,
(4), 135
11. J. Sojka, V. Vodárek, J. Sobotka and M. Dubský, J.
Less Common Metals, 1991, 171, (1), 41
12. M. Rubel, M. Pszonicka, M. F. Ebel, A. Jabłoński
and W. Palczewska, J. Less Common Metals, 1986,
125, 7
13. H. Jehn, J. Less Common Metals, 1984, 100, 321
14. C. A. Krier and R. I. Jaffee, J. Less Common Metals,
1963, 5, (5), 411
15. British Standards Institution, Thermocouples – Part 1:
E.M.F. Speciﬁcations and Tolerances, BS EN 60584
1: 2013, BSI, London, UK
16. G. W. Burns and J. S. Gallagher, J. Res. Nat. Bur.
Stds., 1966, 70C, (2), 89
17. R. E. Bedford, Rev. Sci. Instrum., 1965, 36, (11), 1571

© 2016 Crown Copyright

http://dx.doi.org/10.1595/205651316X692662

Johnson Matthey Technol. Rev., 2016, 60, (4)

The Author
Jonathan Pearce, a fellow of the Institute of Physics (FInstP), is a Principal Research Scientist at
NPL, where he is responsible for contact thermometry, mainly comprising metrology associated
with thermocouples and platinum resistance thermometers. His focus is on solving temperature
measurement problems across government, industry and academia. His main interests are
improving process control in high-value manufacturing and harsh environments, reducing
measurement uncertainty in the realisation and dissemination of the International System of Units
(abbreviated SI from the French: Système international dʹunités) unit of temperature, the kelvin and
its approximation by the International Temperature Scale of 1990. He joined NPL in 2006 following
appointments in the USA and France, and represents the UK on two task groups of the Consultative
Committee for Thermometry at the Bureau International des Poids et Mesures (BIPM).

242

© 2016 Crown Copyright

