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Abstra ct

Calibration curves to 4000of have been established for

rhenium-molybdenum and rhenium-tungsten thermocouples

in vacuum, hydrogen, or inert atmospheres. The practical

application of rhenium-molybdenum thermocouples is

limited to measurements up to 3200°F. Rhenium-tungsten

thermocouples, however, measure temperatures up to and

apparently higher than 4000°F.



Introduction

The need for materials that are suitable for thermoelectric applications has increased

because of accelerated programs in the research of high-temperature materials and the

limitations of existing thermocouples. For example, a thermocouple that is reliable for

the measurement of temperatures to 4000°F in reducing or neutral atmospheres would

be especially useful for determining melting points, controlling furnace temperatures,

and studying phase diagrams.

In the past the measurement of high temperatures by means other than the optical

pyrometer method has been the subject of extensive research. Platinum thermocouples,

which are useful for temperatures to about 2600°F, are unstable in hydrogen and are

generally satisfactory only in oxidizing atmospheres. Chromel-Alumel thermocouples

have a temperature limitation of about 2000°F. Tungsten-molybdenum and tungsten

iridium thermocouples are limited because the tungsten-molybdenum combination has a

low thermal emf and becomes brittle upon temperature cycling and because iridium is

extremely brittle and is very scarce.

In the Selection of a suitable thermocouple material a survey was made of metals

known to have high melting points. Rhenium was of particular interest because of its

strength and ductility. In addition, it was available in the form of commercial wire

products. For these reasons initial efforts were concentrated on a study of rhenium in

combination with other high-temperature metals.

Rhenium was suggested as a replacement for rhodium in platinum-rhodium thermo

couples nearly thirty years ago, and a limited amount of work has been reported in

European literature. Recently, investigations of rhenium have been conducted at Battelle

Memorial Institute under the auspices of the United States Air Force.* As a result of

this work rhenium combined with platinum was found to be a promising material for

thermocouples. Furthermore, it was found that rhenium combined with molybdenum or

tungsten could possibly be used for very-high-temperature applications. The studies at

Battelle provided a basis for extended investigation of rhenium-molybdenum and rhenium-

tungsten thermocouples at General Electric.

Thermocouples composed of these materials were found to have the following advan

tages:"

1. High thermoelectric potential.

2. High thermoelectric power.

3. Very high melting point of all components in the rhenium-tungsten and rhenium

molybdenum thermocouples.

4. Chemical stability in neutral or reducing atmospheres for rhenium-tungsten or

rhenium-molybdenum thermocouples.

5. Ductility for rhenium or rhenium-alloy legs of thermocouples after temperature cycling.

*WADC Technical Report 56-319, “A Survey of the Literature on Rhenium,” C. T. Sims, et al., Battelle Memorial

Institute, ASTIA Document No. AD 110596, June 1956.
fri:
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A series of calibration experiments has been conducted at ANPD to test the perform-

ance of rhenium-molybdenum and rhenium-tungsten thermocouples in hydrogen, vacuum,

or inert atmospheres at high temperatures. In the first set of experiments a calibration

Curve was established to 3200of, and in the second group the curve was extended to

4000°F. The following discussion of thermocouple studies includes a description of ma

terials and procedures and a review of results for both sets of experiments.



Experimental Procedure

The objective of the initial investigation was to calibrate rhenium-molybdenum and

rhenium-tungsten thermocouples with sufficient accuracy to permit their use in instru

mentation. Experiments were also conducted to determine the effect, if any, of con

tinuous temperature cycling in neutral or reducing atmospheres.

Pure molybdenum and tungsten wire were readily available, and a quantity of 0.025–

inch-diameter, high-purity rhenium wire was obtained. Chemical analyses of the basic

materials used are shown in Table 1. Rhenium-molybdenum and rhenium-tungsten

thermocouples were prepared by joining the component wires with inert arc welding.

Platinum-platinum – 10 rhodium and Chromel-Alumel thermocouples were prepared as

standards and calibrated. Double-bore beryllium oxide refractory sleeves were used to

insulate that portion of the thermocouples that was in the hot zone of the furnace.

Calibration was carried out in high-temperature vacuum furnaces normally used for

sintering. A cross section of the apparatus is shown in Figure 1. The junctions of a

rhenium-molybdenum and rhenium-tungsten thermocouple were inserted into holes in a

2-inch-diameter molybdenum cylinder that was suspended in the hot zone of a high

temperature vacuum furnace by means of molybdenum rods. The thermocouple wires

were brought out through rubber seals in the muffle cover.

In the first set of experiments a standardized platinum-platinum – 10 rhodium thermo

couple was installed in a similar manner to measure reference temperatures, but this

type of thermocouple proved to be unstable in vacuum. Therefore, the apparatus was

modified to permit heating of the platinum thermocouple in a normal atmosphere while

the rhenium thermocouples were heated in vacuum. The closed end of a heavy-wall

aluminum oxide protection tube was inserted into the molybdenum cylinder and was

sealed by a rubber stopper in the muffle cover. This arrangement proved adequate for

isolating the platinum-rhodium reference thermocouple from the furnace atmosphere,

and the aluminum oxide tube proved satisfactory for temperatures up to 3200°F. The

cold junctions of all thermocouples were maintained at 32of in an ice bath.

A vacuum of 5 microns was maintained in the furnace muffle while the temperature

versus emf relationship for rhenium-molybdenum and rhenium-tungsten thermocouples

was obtained up to 3000of; a high-precision Minneapolis-Honeywell Rubicon, using the

platinum-rhodium standardized thermocouple, was used to measure temperatures.

Chromel-Alumel thermocouples were calibrated to 2500°F in the same manner. The ac

curacy of the reference temperatures was substantiated by recalibration of the standard

platinum-rhodium thermocouple at the conclusion of the experiments. Above the range

of platinum-rhodium thermocouples (3000of), temperatures were measured with a
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CHEMICAL ANALYSES OF MATERIALS USED FOR THERMOCOUPLE STUDIES

TABLE 1

Elements Rhenium, 9% Molybdenum, 9% Tungsten, %

Chromium < 0.01 < 0.10 < 0.01

Nickel < 0.01 < 0.10 < 0.01

Iron < 0.1 < 0.10 < 0.1

Cobalt < 0.01 < 0.01 < 0.01

Manganese < 0.01 < 0.10 < 0.01

Boron < 0.005 < 0.005 < 0.005

Lithium < 0.005 < 0.005 < 0.005

Cadmium < 0.005 < 0.01 < 0.005

Lead < 0.005 < 0.005 < 0.005

Copper - < 0.01 -

Zirconium - < 0.005 -

Hafnium - < 0.005 -

Tantalum < 0.01 - < 0.01

Titanium < 0.01 - < 0.01

Balance Rhenium Balance Molybdenum Balance Tungsten
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standardized optical pyrometer by sighting on a black-body hole in the molybdenum

cylinder. This optical method was also used to make frequent checks of the reference

thermocouple at lower temperatures.

After several preliminary calibration runs a second rhenium-molybdenum thermo

couple was installed in the molybdenum cylinder adjacent to the original rhenium-

molybdenum thermocouple. The thermal stability of rhenium thermocouples was proved

by comparing the emf of the new thermocouple with the emf of the one that had been

temperature-cycled several times. A possible source of error due to induced emf from

the furnace heating element was eliminated by adequate filtering of the thermocouple in

put to the potentiometer. Filtering resulted also in faster instrument response.

Additional proof of the thermal stability of rhenium thermocouples was shown by com

paring the emf of a new rhenium-molybdenum thermocouple operating in vacuum with

that of another that had been temperature-cycled many times in a hydrogen atmosphere.

The latter thermocouple had previously been installed in the furnace close to the heating

element.



Results

Both rhenium-molybdenum and rhenium-tungsten thermocouples produced a high emf and

exhibited good sensitivity to temperature change. The data for the calibration of these

thermocouples are shown in Figure 2 and are compared with that for standard Chromel

Alumeland platinum-rhodium thermocouples in Figure 3. The emf values were consider

ably higher at particular temperatures than those reported at Battelle Memorial Institute,

although the calibration curves were of Similar slope. This variation in emf is attributed

to the difference in the purity of rhenium wire.

As shown in Figure 2 the emf generated by rhenium-molybdenum thermocouples levels

off at about 3400of. On the other hand, rhenium-tungsten thermocouples continue to

show an increasing emf with temperature beyond 4000of. The temperature limitation

for their use appears to be about 5000°F where an eutectic in the system is formed.*

A comparison of the data from the calibration of the cycled thermocouple and the new

rhenium-molybdenum thermocouple shows that temperature cycling had no effect upon

thermoelectric properties. In addition, emf values for the rhenium-molybdenum thermo

couple that was cycled in a hydrogen atmosphere agree exactly with those for the thermo

couple cycled in vacuum.

The rhenium leg of all experimental thermocouples remained ductile after temperature

cycling. Of particular significance was the excellent ductility of the rhenium-molybdenum

thermocouple installed in the furnace and cycled many times in a hydrogen atmosphere.

The brittleness that is characteristic of tungsten and molybdenum following tempera

ture cycling caused no difficulty. In fact, the molybdenum wires were surprisingly duc

tile and could be readily handled. However, brittleness will undoubtedly be a problem in

this type of thermocouple when it is used in various applications that are subject to hand

ling.

A solution to the problem May lie in the use of molybdenum-rhenium or tungsten

rhenium alloy wire. Recently published data on the ductility of such alloys are encourag

ing. For example, G. A. Geach and J. E. Hughes report that certain alloys of rhenium

with tungsten or molybdenum are not subject to the recrystallization embrittlement that

is characteristic of tungsten or molybdenum. " These alloys are apparently easily worked

and could readily be drawn into fine wires. In view of this development additional studies

are being conducted to determine the thermoelectric properties of these alloys and their

possible use as thermocouple materials.

*WADC Technical Report 54-371, Supplement 1, “Investigation of Rhenium,” C. T. Sims, et. al., Battelle Memorial

Institute, ASTIA Document No. AD 97301, September 1956.

"G. A. Geach and J. E. Hughes, “The Alloys of Rhenium with Molybdenum or with Tungsten and Having Good High

Temperature Properties,” Plansu Proceedings 1955, Pergamon Press Ltd., London, 1956.
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Conclusions

1. Rhenium thermocouples have been established as reliable for measuring tempera

tures to 4000°F in vacuum, hydrogen, or inert atmospheres.

2. Rhenium-tungsten thermocouples have been calibrated to 4000°F with an accuracy

of 0.1 millivolt.

3. Rhenium-molybdenum thermocouples are useful only to 3200of because of limita

tions in thermoelectric power.

4. Rhenium-tungsten thermocouples are useful for measurements from room tempera

ture to 4000°F, and the only limitation to their use appears to be an eutectic oc

curring in the system at about 5000°F.

At this time rhenium-molybdenum and rhenium-tungsten thermocouples have been used

extensively for accurate temperature control of equipment in melting, sintering, and

other heat-treating activities. In addition, they have been used for thermal-analysis

studies and have proved to be extremely sensitive for determining thermal arrests in

cooling cycles.

As a result of extensive uses of rhenium-molybdenum thermocouples and of subsequent

calibration of a considerable number of these thermocouples, accurate emf values as a

function of temperature were established to 2700°F. These data are listed in Table 2.

Studies will be continued in which similar data will be presented both for rhenium-

molybdenum and rhenium-tungsten thermocouples at higher temperatures. Calibrations

to 5000°F for rhenium-tungsten thermocouples will also be conducted when problems in

constructing high-temperature furnaces are resolved.

In addition, a series of workable alloys of rhenium-molybdenum and rhenium-tungsten

is being fabricated into 0.025-inch-diameter wire. This alloy wire in combination with

unalloyed rhenium, molybdenum, or tungsten will be used in developmental thermo

couples. If one of these alloy combinations proves to have favorable thermoelectric

properties, an extremely ductile thermocouple will be available.
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