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Abstract

A new high quality 25-ohm platinum res stance thermometer with an incond protection sheeth
was devel oped. The thermometer adopts SPRT design techniques and meets al of the
requirements of the ITS-90. It is more durable and affordable than typical SPRTSs.

The structure and design of the thermometer are briefly discussed in this paper. The test results
of agroup of thermometers are presented. The tests included long-term and short-term daility,
therma cycling, thermd hysteresis, insulation resstance and W(Ga) vaue. The test results show
the thermometer to be an excellent secondary standard for a temperature laboratory in the range
from —200°C to 661°C.

Introduction

Long-stem standard platinum resistance thermometers (SPRTS) are used to interpolate
temperature in the range from 84K to 660°C on the International Temperature Scale of 1990
(ITS-90). They are widely used as standard or reference thermometers to calibrate other
thermometers and to measure temperature precisely in primary and secondary laboratories. Most
SPRTsare stableto aslittle as 2 mK per year at the triple point of water. However, SPRTs are
fragile and expensive compared with industrid platinum resstance thermometers (IPRTS).
SPRTs are easly made unstable¥s even damaged¥. after mechanica shock. For many
laboratories where accuracy and stability are of foremost importance, SPRTs are the first choice,
but extreme care in use is hecessary to obtain the highest measurement accuracy.

For many temperature measurements and cdibrations in secondary laboratories, SPRTs are more
accurate than necessary and cost more than budgets alow. At the sametime, typical IPRTs have
not been accurate or stable enough to meet |aboratory requirements. A compromise between
SPRTsand IPRTs resulted in the developmernt of anew high-qudity platinum resstance
thermometer (PRT).

Eight of the new PRT were developed and tested. The PRT’ s temperature range isfrom —200°C
to 665°C. The thermometer adopts SPRT design techniques and meets dl of the requirements of
the ITS-90. For ruggedness, it aso adopts some techniques used in manufacturing IPRTS. The
accuracy, stability, cost, and ruggedness characteristics of the thermometer al fall between those
of SPRTsand typica IPRTSs. Thelong-term drift at the triple point of water is better than 0.02°C,



and the short-term stability is better than 0.004°C. The tested thermometers have excellent
thermd cydling performance, very low thermd hysteresis effects, and extremely high insuletion
resstance.

Thermometer Structure and Design

The structure of the thermometer isshown in Fig.1. All parts used in the thermometer are
cleaned and fired carefully before assembly. The thermometer eement is crafted using 0.07-mm-
diameter high-purity platinum wire wound in a quartz cross support, and has a resstance at
0.01°C of 25.5 ohms. The sensor wireisfirst wound into a smal-diameter coil. The coil isthen
wound on to the cross support. The coil ends are welded to the 0.3-nmm-diameter lead wire. The
thermometer utilizes afour-termina congtruction to diminate leed resstance. The four lead
wires are fixed on the cross support. A sensor protection capsule is used to shield and hold the
resstance element. A specia powder mixtureisfilled into the sensor capsule to support the
element wire to protect the dement from mechanica shocks. A powder is chosen that will not
contaminate the platinum and is gpecidly mixed not only to protect the eement from mechanica
shocks but aso to enable the platinum sensor wire to expand and contract fredy. After al
element parts and powder are assembled into the capsule, a pure mixture of gases, including
oxygen, isfilled into the sensor at high temperature. The sensor is hermeticaly sedled under
pressure, which is adjusted to be around 101,325 Pa at the upper limit temperature (665°C).
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Fig. 1 Structure of the thermometer

The four thermometer leads are insulated by thin-waled sngle-bore duminatubing separated by
aduminadisks. A 6.25-mm outsde-diameter Incond 600 sheath encases the sensor and leadsin a
pure gas-mixture atmosphere, which includes oxygen. The unit is hermeticaly seded using a
glass-to-metd sedl. The junction between the platinum leads and the externa copper leadsis
desgned to minimize therma EMFs generated by temperature differences. Four pure copper
joints fixed in the thermometer’ s handle are used to connect the platinum leads and the externd
copper leads. Gold-plated spade lugs terminate the lead wires.

Testing and Results

Measurement Apparatus

The resstance of the thermometer was measured with adigital data system, induding Hart
Sdentific’'s Modd 1590 Super- Thermometer 1. The Super- Thermometer achieves 1-ppm

accuracy with an external standard resistor. A Leeds & Northrup 100-ohm DC standard resistor
was used. Thetriple point of water and the freezing point of auminum (two fixed points on the



ITS-90) were used in the thermometer tests. The uncertainty of the redlized triple point of weater
was better than 0.1 mK. Thefreezing point of duminum was redized usng a mdting curve
technique through a“min” duminum cdll and asmal furnace with a 3-zone heater and a
programmed controller. The uncertainty of the freezing point of duminum was better than 5 mK.

Long-Term Stability

The long-term gability of the new high-quality PRT wastested at the triple point of water and

the freezing point of duminum after long-term annedling a 665°C for atotal 1000 hours. After
each 100 hours of annedling, the furnace containing the thermometers was cooled to 480°C at a
rate of 3°C per minute. The thermometers were then removed from the furnace and cooled to
room temperature. The resistance of the thermometers R(tp) was first measured &t the triple point
of water. Then the resstance of the thermometers R(Al) was measured at the freezing point of
duminum. The Rtp was then measured once again. The resistance ratio W(AI) was calculated,
based on the formula W(A=R(AI/R(tp).
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Fig. 3 Long-term gability & the freezing point of duminum

The R(tp) and W(AI) drift for four of the thermometers, as an example, are shown in Fig. 2 and
Fig. 3. Thedrift of R(tp) was equivdent to less than 0.02°C during the 1000 hours of annedling



at 665 °C. The W(AI) went up very fast for the first 400 hours. After 400 hours, the W(AI)
tended to be stable with a gradual rate of increase. For the last 600 hours, the W(AL) drift for dl
the test thermometers was less than 0.01°C. The fact that R(tp) went down and the W(AI) went
up means that the strain on the eement was eiminated gradudly and the e ement was not
contaminated by the inconel protection sheath. The test results indicate that the R(tp) and W(AI)
tend to be stable. The trend of W(AI) is more pronounced than that of R(tp). Thisis because the
resstance of the thermometers at the triple point of water includes long-term drift in addition to
the dimination of srain, while the drift of the resstance ratio (usudly) does not include R(tp)
drift. Long-term stability tests are not yet complete and will last for years.

Three thermometers were made six months ago and were used as reference standards for testing
precision dry-well cdibrators manufactured at Hart Scientific. They were used heavily dmost
every day over the range from 50°C to 650°C. Recently, the three thermometers were re-checked
at the triple point of water. The changesin the R(tp) vaues arelisted in Table 1. In each case, the
drift of R(tp) islessthan 0.004°C.

Table 1. R(tp) Drift after practical use

Datey  S/N 087 SN 091 SIN092 |Notes

10/29/99  25.36905W 25.58697W 25.52565W |measured after production

4/4/00]  25,36920W 25.58661W 2552530W |provided by Hart's calibration laboratory

DR(tp)* (d/dR)|  0.0015°C -00036°C | -0.0035°C
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Fig. 4 Short-term gability & the triple point of water
Short- Term Stability

The short-term stability of the thermometers was also tested at the triple point of water and the
freezing point of duminum. The R(AI) and R(tp) were measured twice each day for a period of
Sx days, and the W(AI) was caculated. During the testing, the thermometer was exposed to
different temperatures from —196°C to 665°C at random intervas lasting from 10 to 60 minutes.
The thermometer was dways removed from the bath or furnace without annedling. Asan
example, the test results of one thermometer (S/N 068) are shown in Fig. 4 and Fig. 5. The test
results show that the stability of R(tp) and W(AI) are better than 0.004°C and 0.005°C

respectively.
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Fig. 5 Short-term Sahility at the freezing point of duminum
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Fig. 7 W(AI) changes after thermd cydling
Thermd Cyding Effects

Cooling athermometer rgpidly from high temperatures to room temperature can quench excess
lattice-dte vacancies in the platinum crysta structure causing the R(tp) of the thermometer to
increasd?. For SPRTs used at temperatures above 450°C but less than 700°C, the thermometers
should first be annedled for two hours a the maximum operating temperature®.. Afterward, the



furnace containing the thermometers should be cooled to 450°C with a cooling rate of 2°C per
minute, then the thermometers could be removed from the furnace to room temperature.

Because the new PRT is a secondary standard, the annedling procedure should be smplified for
convenience. Six thermometers were tested to investigate the effects of the thermd cyding
(without annealing) from —196°C to 665°C. The test procedure was as follows:

1. Theresgtance of the thermometers was measured at the freezing point of duminum and the
triple point of weater before thermad cycling.

2. Thethermometers were immersed into a Liquid Nitrogen (LN2) bath (-196°C) for 10
minutes.

3. They were removed from the bath and warmed to room temperature.

4. They wereinserted into afurnace with atemperature of 665°C for 10 minutes.

5. The thermometers were taken out of the furnace and cooled to room temperature.

Thisis onethermad cycle. The same procedure was repeated ten times. After ten thermd cycles
without annedling, the resstance of the thermometers at the triple point of water and the freezing
point of duminum was again measured. The comparison results for R(tp) and W(AI) before and
after the therma cydling are shown in Fig. 6 and Fig. 7. The differences of R(tp) and W(AI)
before and after thermal cycling arelessthan 2 mK and 1 mK respectively. This indicates that
the new PRTs show excdlent thermd cycling effects. The annedling procedure is not necessary
for them as a secondary standard, unless the thermometer has experienced mechanica shock.

Thermd Hysteress Effects

The nature and evauation methods of therma hysteresisin platinum resistance thermometers
have been presented by D. J. Curtis™. In order to investigate whether the new PRTs are
susceptible to thermd hysteresis, we cdibrated the thermometers by comparison with an SPRT

a thetriple point of water and at three other points over the temperature range from 0.01°C to
650°C for both increasing and decreasing temperatures. Three thermometers were first calibrated
at the triple point of water. Then they were calibrated by comparison at 50°C, 350°C, 650°C,
350°C and 50°C in that order. During the comparison, the thermometers were not moved. After
comparison, the thermometers were cdibrated at the triple point of water again. The data
measured during the half-cycle of increasing temperatures is compared with the data measured
during the hdf-cycle of decreasing temperatures and is shown in Fig. 8.

To avoid instrumentation errors during the comparison, the same SPRT and the same two

res stance measuring instruments (Hart 1590 Super- Thermometers) were used throughout the
test. Each of the test thermometers used the same Super- Thermometer (through a scanner), while
the SPRT used a different Super- Thermometer. Each of the test thermometers was compared
with the SPRT, one a atime, at each temperature point. During each comparison, data fromthe
SPRT and one of the test thermometers were Smultaneoudy recorded for 5 minutes. This
procedure diminated drift effects resulting from the temperature controller. The system error
between the two Super- Thermometersis not introduced into the comparison results, because the
comparison was done between the same thermometers usng the same Super- Thermometer at the
same temperature point. Each temperature point was measured twice during each temperature
cycle. During the comparison, a furnace with atemperature range from 30°C to 680°C was used.



The horizontal and vertical temperature gradients of the furnace could be partidly diminated
because they were stable a each temperature point. The accuracy of this comparison system was
better than 5 mK.

The test results show no detectable hysteresis for the new PRTs. The resistance differences were
equivaent to less than 2 mK. These differences are within the range of short-term stability and
comparison accuracy.

Fig. 8 The test results of thermd hysteresis
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It isevident that eectrica insulation leskage is a Sgnificant source of thermometer error at
temperatures above 500°C and can increase rapidly with thermometer stem temperatures /. The
insulation resstance between the four leads and the Incond sheath can be easlly measured on
any thermometer. However, it is difficult to check the insulation resistance across the sensing
element. In order to do so at high temperatures, a specid thermometer was congtructed. This
thermometer was virtually amost identicd to the new thermometer in every respect, except the
element wire, whichwas cut at its midpoint. This offered a more reliable way to messure the
insulation leakage between the two pairs of current-potentid leads. The insulation resistance was
measured under 100 volts by the Megohmmeter (AEMC Ingtruments Model 1000N). The
measurement results are listed in Table 2. Based on the measurement method suggested by
ASTM!®! the readings should be taken within 10 seconds of the voltage application. The
measurements across the leads were taken with both norma and reversed polarity, because the
insulation resstance changes after reversaing polarity. The low reading measured, which is 90

MW at 665°C, should be used to caculate the error caused by eectricd insulation leskage.
Therefore, the error due to eectricad insulation leskage is about 0.8 MK a 665 °C.

Table 2 Insulation resistance for N 0107 PRT

22 °C 665 °C
L eads to sheath 40 GW 100MW
Leadsto leads 7 GW 0 MW
Leadsto leads (reverse) 150 MW




W(Ga) Vdue

For a platinum resistance thermometer to be acceptable as an ITS-90 interpolaing instrument, it
must be made from pure platinum and exhibit a resstance ratio a the gdlium mdting point
W(Ga) larger than 1.11807!. Six thermometers were calibrated a the melting point of gallium.
The W(Ga) was caculated and isliged in Table 3.

From the W(Ga) vaue, we can dso determine whether the thermometer was contaminated after
it was used at high temperature. Before being cdibrated at the melting point of gdlium, these test
thermometers were annealed for more than 1000 hours and underwent various tests such as those
described in this paper. The W(Ga) remained very high, which means the thermometers were not
contaminated. It is the contamination from PRTS metd sheaths that restricts most PRT
manufacturers fromraising their thermometer’s' upper temperature limits Typicaly, a PRT with
ametd sheeath can only be used practicaly up to 500°C.

Table 4. The resstance ratio at the melting point of Gallium
S/N 069 S/N 070 SN 071 SIN 072 SIN 074 SN 075
W(Ga) | 11181193 | 11181192 | 11181195 | 11181161 | 11181206 | 11181152

Conclusions

The new PRT was developed to fill the gap between highly accurate but fragile SPRTs and
rugged but less accurate IPRTS, based on a compromise of structure design. The structure of the
thermometer is Smilar to that of an SPRT. The differences indude the gpplication of certain
techniques to protect the element from contamination at high temperature and mechanica

shocks. It isimportant to find just the right materia for the sensor. Not only does the sensor need
protection from contamination and mechanical shock; it should aso exhibit excellent
performance in the areas of thermd cyding and therma hysteress. The test results indicate that
the new high-quaity platinum resistance thermometer is an excdllent temperature standard for
secondary laboratories in the temperature range from —200°C to 661°C. The new thermometer is
shown to have sgnificant potentid for secondary temperature laboratories, which typicaly need
accuracy and stability of 0.02°C at the triple of water.
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