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Instability of Refractory Metal Thermocouples

B. E. WALKER, Jr., C. T. EwING, aAND R. R. MILLER

Inorganic and Nuclear Chemistry Branch
Chemistry Division

Thermoelectric instabilities of some refractory metal thermocouples have been studied in the tem-
perature range 1000° to 2000°C under vacuum and neutral atmospheres. The sources of instability
were found to be complex, involving contamination from ceramic protection tubes and furnace en-
vironments, preferential volatilization, and various thermal anomalies such as recrystallization and

phase changes in the refractory thermoelements. Refractory thermocouples and thermoelements were
studied under a variety of conditions, and emf changes associated with each were noted. Recommenda-
tions were made for the selection and application of these thermocouples to attain maximum thermo-

electric stability.

INTRODUCTION

This Laboratory is engaged in high-temperature
property investigations extending above 2000°C.
For precise temperature measurements over ex-
tended periods, thermocouples appear to offer
the most promise if material compatibility is within
acceptable limits. Prior to recent investigations (1),
however, the reliability of even the common
LeChatelier couple could not be predicted above
1000°C from available data. Refractory metal
thermocouples are relatively new, and thermal emf
vs temperature relationships for most combina-
tions are provisionél or tentative. Consequently,
it seems logical to study stability shifts in these
materials and their compatibility before the emf
vs temperature curves for various combinations
are standardized.

The instability (change in emf output with time)
of a thermocouple at constant immersion is
normally associated with compositional or other
changes in the thermal gradient zone of each
element. These changes may result from contami-
nation by furnace atmosphere and ceramic pro-
tection tubes, from exchange of alloying elements
at welded junctions, from preferential volatiliza-
tion of one metal (or oxide) from an alloy leg, or
from temperature-induced transitions in the
thermoelements. The magnitude of the changes
which contribute to instability may also be in-
fluenced by time, temperature, atmosphere, wire
size, and other geometry effects.

NRI Problem C05-08; ONR RR-007-01-46-5400. This is an interim
report; work is continuing. Manuscript submitted December 3, 1964.

Since refractory metals, in general, readily
oxidize in air, the present investigation has been
restricted to inert atmosphere and vacuum. The
ultimate purpose of these studies is to find a re-
liable thermocouple for use above 2500°C; there-
fore, bnly refractory materials with melting points
exceeding 2500°C were considered. These in-
cluded W, Re, Ta, Mo, and several alloys of these
metals. The current phase of the instability study
extends to approximately 2000°C.

In searching the literature for suitable re-
fractory metal couples for high temperature
application, information on ductility, thermo-
electric output, material compatibility, chemical
homogeneity, and thermoelectric stability was
found to be restricted and contradictory. In
the case of stability, contradiction has often re-
sulted from a lack of control over factors such as
immersion depth, environmental contamination,
and chemical inhomogeneities in the thermo-
elements. The purpose of this investigation was
to study factors which influence the stability of
refractory metal thermocouples and to develop
criteria for the selection and application of these
couples.

EXPERIMENTAL METHOD

The methods employed for the stability studies
were discussed in detail in a previous article (1).
Briefly, the procedure was as follows: Well-
sheathed thermocouples were fired in a furnace
at a predetermined temperature and immersion
depth for a specified time. Bare thermoelements
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were fired by passing electric current through
them for specific times and temperatures. Upon
removal from the firing operation, each individual
test leg was joined to a reference wire of the
same material; and the junction was pulled into
the stability furnace (Fig. 1), which was provided
with a protective atmosphere. Measurements
were then made of the potential (using a Rubicon
Type B potentiometer in a shielded system)
between the test wire and its reference at various
positions along the test wire from its original
junction or from a convenient point in the case
of electrically fired wires. If the test wire and
reference wire were identical before heat treat-
ment, observed readings represented deviations
in the thermoelectric force of the test wire for
a temperature difference of 860°C (the difference
in temperature between the stability furnace and
room). Unheated sections of a test wire were
always compared to the reference standard. Thus,
any thermoelectric potential between the test
wire and its reference, generated by chemical
or physical inhomogeneity, was readily detectable.
In practice, if unheated test wires and reference
wires were taken from the same lot, they were
generally identical within =20 uV.

EXPERIMENTAL RESULTS

Instability Tests on Thermoelements
of Refractory Metals and Alloys
in Argon and Vacuum

Maximum thermoelectric changes at a tempera-
ture difference of 860°C for individual elements
of W, Re, W-26% Re, Mo, Re-50% Mo, W-3% Re,
and W-5% Re, sheathed in low-iron-content
alumina and fired at about 1625°C in argon, or
unsheathed and fired electrically at the same
temperature, are shown graphically as a func-
tion of firing time in Figs. 2, 3, and 4. The bare
wire tests provided a frame of reference, and
permitted the instability associated with the sheath-
ing to be separated from that associated with re-
crystallization or other internal changes in the
refractory metals. Low-iron-content alumina in-
sulators were used for sheathing tests because
previous studies involving noble metal thermo-
couples indicated that iron was the main con-
taminant contributing to thermoelectric insta-
bility (1). Since the previous study also showed

that instability resulting from contamination was a
function of wire size, all tests were made with
20-mil-diameter wire. The furnaces used for the
firing tests had isothermal zones of approximately
3 in., and the plotted changes for thermoelements
fired in this manner represent the maximum
observed deviation in the thermal emf at 860°C
(relative to 0°C) for that portion of wire subjected
to full firing temperature. For wires fired elec-
trically, the plotted change represents the observed
deviation in the thermal emf at 860°C for the full
length of the wire (usually 18 to 24 in.).

The sign convention used in Fig. 2 and sub-
sequent data follows the generally accepted form.
The thermoelectric change is designated negative
when a negative charge is generated at the cold
end and is designated positive when generated at
the hot end. When two legs are joined to form a
thermocouple, this convention dictates that a
positive change in emf (in the thermal gradient
zone) of that leg attached to the negative post of
the potentiometer will decrease the emf of the
couple, while a positive change in the leg attached
to the positive post will increase the emf of the
couple.

Figure 2 shows the maximum instability changes
at 860°C for W thermoelements as a function of
firing times at 1625°C. These results include tests
on bare wires and wires sheathed in alumina.
The electrical firings were limited to 48 hr, because
of the repeated failure of the W wires beyond this
time as a result of burn-outs caused by the weight
of the wire. The tests with W were made on wires
from two different sources, but instability differ-
ences between the two were negligible.

It is obvious from Fig. 2 that a large part of
the initial instability noted for W results from
internal changes and can be eliminated by pre-
firing. Firing for periods of 0.1 to 1 hr on bare
wires produced emf changes of approximately
110 uV, and 4 to 48 hr firings on bare and sheath-
ed wires produced changes of approximately 150
1V. However, the wires emerge from firing tests in
an extremely brittle condition. The additional
change noted between 48 and 150 hr may be due
to further internal changes in the wire or to
sheathing contamination. Spectrographic analyses
of samples fired for 120 hr did not reveal signif-
icant changes from the original wire, while samples
fired for 240 and 360 hr showed contamination
by nearly all constituents normally found in
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alumina sheathing. The latter spectrographic
studies were made on remaining portions of wire
since several inches of the original wire had re-
acted to destruction. The higher oxides of many
refractory metals are quite volatile, and the dis-
appearance of their reaction products with
alumina is not unexpected.

The instability changes for Re thermoelements,
also shown in Fig. 2, were practically nil to 360
hr at a firing temperature of 1625°C. No con-
tamination from alumina sheathing was evident,
and the small change noted occurred in the first
few minutes of heating. This initial shift ap-
parently is due to internal changes. Electrical
firings of Re in argon were also limited to 48 hr,
since failure of the wire occurred beyond this
time. The Re wires for the tests were from two
different sources, but instability differences
between the two were negligible.

The maximum emf changes at 860°C for W-26%
Re thermoelements are shown in Fig. 3. The
greatest change in emf occurs in the heating
period up to 48 hr. The slight difference in emf
between electrically fired wires after 48 hr of
heating and sheathed wires after 140 hr indicates
that most of the instability can be attributed to
internal changes in the wires. In sheathed wires
fired for 240 and 360 hr, extensive reaction with
alumina was observed; therefore, a portion of
the instability noted to 140 hr may be due to
sheathing contamination, since impurities con-
tained in alumina (principally Fe and Mg) are
evident in spectrographic analyses of these
samples. W-28% Re thermoelements (not shown
in any of the figures) from another source were
also tested in argon at 1625°C in alumina sheath-
ing. These wires showed maximum emf changes of
200 uV after 20 hr firing and 500 uV after 120
hr. Spectrographic studies of these samples also
revealed a strong pickup of Fe from the alumina
sheathing. On the other hand, W-25% Re wires
from a third source were found to have approxi-
mately the same instability changes for these
test conditions as the W-26% Re thermoelements.

Instability data for Mo thermoelements are
also shown in Fig. 3. The source of the small
instability of Mo is apparently twofold, from
reaction with alumina sheathing and from internal
changes in the wire. Figure 3 demonstrates that in
this case these mechanisms are competing. Un-
sheathed wires fired for intervals up to 72 hr at

1625°C indicate maximum instability of about
100 uV, whereas those fired in alumina sheathing
for from 72 to 120 hr show changes of 50 uV
in the opposite direction and give evidence of
pickup of several constituents of alumina sheath-
ing. As in the case of W elements, prefiring could
remove that part of the instability resulting from
internal changes, but at the cost of severe em-
brittlement.

Maximum instability changes for W-3% Re
thermoelements are shown in Fig. 4. For firing
times up to 120 hr, the instability of this alloy
was practically negligible. However, another
batch of the same type wire had an initial change
of +400 uV in a few hours but no additional
change for firing times extending to 120 hr.
Neither spectrographic nor wet analyses of the
two batches indicated any significant differences
in composition, but small impurity differences
may escape detection. It was found that prefiring
the second lot of wire to 1625°C for 4 hr in argon
removed practically all of this instability change.
The wire, although somewhat embrittled, re-
mained sufficiently ductile for further use.

Figure 4 also shows instability data for Re-50%
Mo wires. The small instability of this material
for intervals up to 140 hr firing is apparently
due to internal changes in the wire, since no sig-
nificant differences between bare and sheathed
wires were observed. However, several results
for longer term tests (240 and 360 hr) indicated
gross changes (—1400 uV) and strong pickup of
alumina constituents, particularly Al, Mg, and Fe.

Maximum emf changes at 860°C for W-5%
Re wires (two lots from the same source) are also
given in Fig. 4. Agreement of the instability data
between the two lots was very good. Except for
two tests, instability data for bare and sheathed
wires were on the same curve. Consequently,
the main source of instability of this material
up to 120 hr is apparently internal changes in
the wire.

Reproducible data for Ta thermoelements
could not be determined with reasonable accuracy
by the methods employed in the present investiga-
tion. Stability of this material could not be achieved,
and continuous emf shifts of significant propor-
tions were observed when wires were fired for
several hours at 860°C. Although no practical
evaluations of Ta were possible, some general
observations were noted. Tantalum wiresreacted to

ATITITLLUIANN
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destruction in a matter of a few hr when fired in
alumina sheathing in argon at 1625°C. Wires fired
electrically in argon failed in a relatively short
time and emerged from testing in an extremely
brittle condition. Tantalum elements were suc-
cessfully fired electrically for periods of 24 hr at
1625°C in vacuum and were more ductile than
those fired in argon.

The effect of temperature on the stability of
refractory thermoelements in argon was studied
by 24-hr electrical firings at various temperatures.
The emf changes at 860°C for thermoelements
fired in this manner at temperatures from 1000°
to 2000°C are shown in Figs. 5, 6, 7. In varying
degrees, the instability of these materials in-
creased with increasing temperature. W, Re, Mo,
and W-3% Re show fairly gradual increases,
but rates for W-26% Re and Re-50% Mo increase
more rapidly above 1600°C. The experimental
data for W-5% Re were somewhat scattered; but,
in general, the instability changes for this alloy
were greater above 1600°C than for W-3% Re
thermoelements.

All stability tests on refractory thermoelements
in vacuum were conducted by electrical firing
techniques. The data obtained, however, were
found to be invalid beyond 24 hr (8 to 12 hr for
Re) because of reaction between the thermo-
elements and small quantities of oil vapor from
the diffusion pump. Metallographic examinations
provided positive evidence of chemical reaction
for the long-term vacuum-fired wires. The
changes generated by this reaction ranged as
high as 8000 uV (at 860°C) for refractory metal
samples fired at 1625°C for 120 hr. A number of
tests were made in an effort to eliminate the
effect of the back-diffusion of the oil vapor. A
chevron baffle system was regularly used between
the test chamber and the diffusion pump; and for
several tests with Re wire, liquid nitrogen was
used as a trap coolant. Back-diffusion was not
eliminated, however, as evidenced by a decreased
but still  significant reaction between Re wire
and carbon. Limited tests with a vac-ion pump
at 107® to 1071® torr for several thermoelements
produced instability changes of the same magni-
tude as those observed in comparable argon
studies.

The contamination of refractory metals by
carbon or oxygen in vacuums of 107% to 1077
torr was also observed by Inouye (2) at 600° to
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Fig. 5 — Emf changes (uV) at 860°C for W and Re thermocle-
ments fired bare in argon for 24 hours at various temperatures
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1200°C. He estimated the permissible pressures
for noncontamination to be below 10-7 torr. Since
these conditions could not be reached with present
facilities, further tests in vacuum were discon-
tinued.

The limited tests in the vac-ion pump system
and the shorter time vacuum tests at 1625°C in
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the regular test chamber (up to 24 hr) indicate
agreement with the instability data in argon
atmospheres. This does not mean that instabil-
ities of refractory metals fired in argon and
vacuum will necessarily be in agreement for
longer time periods.

Test wires and reference wires for all the argon
and vacuum tests were of the highest grades
available. However, the firing tests made in this
investigation indicated that emf changes occurred
in many of the wires in very short time intervals
and appeared to be associated with recrystalliza-
tion, volatilization of impurities, or other thermally
induced changes. Prefiring appeared to be bene-
ficial for some materials, but the majority became
extremely fragile, with a consequent increase in
the failure rate during use.

Instability of Refractory
Metal Thermocouples in Argon

It was noted by Chaussain (3) and by the authors
in previous work (1) that the thermal emf change
caused by contamination in noble metal thermo-
elements was linear with temperature, regardless
of the degree of contamination. Therefore, the
thermoelectric power a expressed in uV/°C gen-
erated by a given emf instability should have the
same value at any temperature. In the present

investigation, the emf changes induced in re-
fractory metals were apparently more complex,
involving contamination from sheathing, loss
or gain of impurities, internal changes in the
thermoelements, and combinations of these.
Consequently, the changes were not necessarily
linear with temperature, and « was usually not
constant with temperature. Figure 8 illustrates
the behavior of the thermoelectric power a with
respect to temperature for typical specimens of
thermoelements studied in the present investi-
gation.

Wires were generally tested for instability by
comparison with references at 860°C, and the
thermoelectric power was measured along the
length of each thermocouple leg. In order to
determine the temperature data shown in Fig. 8,
several electrically fired wires of each material with
different instability changes were measured by
the same referee technique (1) at several tempera-
tures to 1430°C. This data revealed that the
thermoelectric power for different instability
changes of the same refractory metal varied with
temperature in a similar manner and in approxi-
mate ratio to the degree of change at 860°C.
Consequently, the thermoelectric force measure-
ments at 860°C in the stability furnace system
on any thermoelement, regardless of the degree
of the change at 860°C, could be adjusted to any
desired temperature. By additional measurements
of the temperature gradients along the wires
at any predetermined temperature of the firing
furnace, it was possible to’ calculate the net emf
change in microvolts for a given thermocouple
when fully immersed by graphically integrating
the following equation over the affected lengths
of both legs:

123
AE = ﬁ (o™ — ax7) dt. 4}

In Eq. (1), AE is the net emf change of the thermo-
couple reading, t is the temperature (°C) of both
legs in the gradient zone at a distance x from the
junction, a,* is the thermoelectric power of the
emf change for the leg attached to the positive
pole of the potentiometer at a distance x from the
junction, and a,~ is the thermoelectric power of
the emf change for the leg attached to the negative
pole of the potentiometer at a distance x from the
junction.

AJZT ITLLAUTIAMNS




8 WALKER, EWING, AND MILLER

1))

{2)

L ~02f—
§
3 o3
BN nw
'
o -04— {2) Mo
(3) W-5% Re
-05/— (4) Re
_o06l— (5) W-3% Re
(6) Re-50% Mo
—07— (7) W-26% Re
-08[—
Zio | | [
0 200 400 600

(3)

! ! | ! !

800

1000 1200 1400 1600
TEMPERATURE (°C)

Fig. 8 — Variation of thermoelectric power of changes (¢ — uV/°C) for
individual thermoelements as a function of temperature

Comparisons of the instabilities of several
thermocouple pairs, sheathed in low-iron-content
alumina and fired in argon at approximately
1625°C for various lengths of time, are presented
in Table 1. Instability figures represent an average
of two or more experimental values from tests
at the same conditions. The net emf change of
each thermocouple at 860°, 1200°, and 1625°C
was calculated by the integration procedure
outlined, after firing at constant immersion under
specified conditions. Since the temperature error
of a couple pair is determined by the induced
deviation in degrees, integrated microvolt changes
were converted to corresponding temperatures
in degrees centigrade. The maximum changes
at the various temperatures for each thermo-
couple are also given in Table 1 to illustrate
the error which could be generated by decreasing
the immersion after firing. The estimated net
instabilities at 1200° and 1625°C were computed
to provide a better comparison between the
various couples, since several of these (W/Mo,
Re/W-26% Re, and Re-50%Mo/W-26%Re) have
no practical use below 1000°C. This is illustrated
in Fig. 9, which given the emf versus temperature
relationships (4-6) for most of the couples shown
in Table 1 (a number of W-3% Re and W-5% Re
combinations with other metals are not shown
because of close proximity to emf values of the
corresponding W combinations).

Since the stability tests permitted a measure-
ment of the distribution and magnitude of emf
changes in the individual couple wires as a func-
tion of distance from the couple weld, junction
effects could be distinguished from other effects
and studied independently. Stability experiments
were made for individual thermoelements and
for welded combinations after firing at 1600° to
1650°C in argon. Any transfer of metal from one
leg to the other by diffusion or vaporization
could contribute to thermocouple instability.
However, the distribution and magnitude of emf
changes in individually fired wires and in those
fired in joined combination were identical in
most cases. No junction effects for the various
couple combinations were detected beyond 1 to 2
in. from the welded junction.

The influence of wire size on the instability
changes of the refractory couples was not studied.
A previous investigation (1) indicated that this
was an important factor when contamination
occurred; therefore, all tests shown in Table 1
were made on 20-mil wire. Geometry factors, in-
volving wire, sheathing, contact areas, and the in-
fluence of these on the degree of instability and
movement of contamination along the wires,
are probably quite complex. Even the standard
practice of using 12-in. sheathing with 1/32-in.
bore did not prevent an influence of geometry
and time on the distribution of change along the
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TABLE 1

Instability Changes (°C) at Constant Immersion and Maximum At
Which Could Be Generated by Reducing Immersion for Indicated
Temperatures and Firing Times at 1625°C in Argon for

Various Refractory Metal Thermocouples

At (°C) for Various
Heating Times At 1625°C
Temp.
Couple Pair c 20 Hr 72 Hr 120 Hr
(°C)
Consta.nt Max At Constant Max At ConstaTlt Max At
Immersion Immersion Immersion
W/Re 860 + 4 + 9 + 4 +10 + 5 +10
1200 +10 +16 +11 +21 +13 +21
1625 +20 +29 +23 +41 +27 +41
W-3%Re/Re 860 0 0 0 -1
1200 0 0 0 -5
1625 0 0 — 1 — 8
W-5%Re/Re 860 + 1 + 3 + 1 + 2
1200 + 2 + 8 + 2 + 5
1625 + 3 +13 + 4 + 9
| W/W-26%Re 860 + 4 + 9 + 5 +14 + 6 +15
1200 +11 +18 +13 +29 +16 +34
1625 +25 +34 +32 +55 +41 +66
W-3%Re/W-26%Re 860 + 1 + 4 + 2 + 5
1200 + 4 +18 + 6 +14
1625 +18 +30 +24 +36
W-5%Re/W-26%Re 860 + 2 + 6 + 3 + 4
1200 + 6 +22 + 9 +26
1625 +27 +51 +37 +63
Mo/W-26%Re 860 0 + 1 + 2 + 5
1200 + 3 +10 + 7 +18
1625 +25 +32 +39 +57
Re-50%Mo/W-26%Re 860 +10 +20 +11 +26
1200 +24 +41 +23 +59
1625 +59 +71 +83 +104
W/Mo 860 —57 —152 —54 —131
1200 +42 +88 +42 +78
1625 +38 +83 +40 +70
W-3%Re/Mo 860 + 4 +12
1200 -2 —10
1625 - 2 -3
W-5%Re/Mo 860 — 8 —-18
1200 + 6 425
1625 + 5 +22
Re/W-26%Re 860 — 4 —11 -9 —453 —16 —57
1200 +10 +20 +12 +41 +20 +56
1625 +23 +28 +31 +52 +43 +71
Re/Re-50%Mo 860 +29 +52 —10 -85
1200 —-10 —11 +13 +43
1625 -7 -9 +10 +43
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various wires. This is evident in Table 1 by the
lack of uniformity in the ratio of maximum change
to net change at constant immersion. The fact
that other factors were usually contributing to
the emf shifts at the same time made it difficult
to study the influence of geometry.

The major portion of the instability changes
noted for W/Re thermocouples in Table 1 occurs
in less than 1 hr and is due almost entirely to
the W thermoelement. Up to 150 hr, most of the
change is the result of recrystallization or other
internal change in the thermoelement. Beyond
this time, reaction with the alumina sheathing
proceeds rapidly. Prefiring would reduce the
nitial change noted in this couple, but as pointed
out previously, at the cost of severe embrittlement
to the W thermoelement.

The instability of the W/Re thermocouple sys-
tem is reduced significantly by the substitution of
W alloy legs containing 3% to 5% Re for the pure
W. Although the results shown in Table 1 indicate
that W-3%Re/Re thermocouples are very stable, a
second batch of W-3% Re wire was found to have
an initial change of about 400 uV after less than
4 hr heating at 1625°C. However, further change
with increased time did not occur; consequently,
prefiring of this second batch would remove
virtually all of its instability. The alloy thermo-
elements are considerably more ductile than W,
and embrittlement is not as serious a problem
as with W,

(mV) vs temperature data
y metal thermocouples

For thermocouples formed by combining W,
W-3% Re, W-5% Re, or Re with W-26% Re, the
major source of instability is due to the W-26%
Re thermoelement. The thermoelectric power of
the instability for this element (Fig. 8) increases
rapidly with increase in temperature. Conse-
quently, the increase of the net instability with
temperature (Table 1) for couples combined with
W-26% Re is unusually high.

The thermoelectric power of the instability
of a Re-50% Mo thermoelement also increases
quite rapidly with temperature (Fig. 8) but not as
fast as that of W-26% Re. Although the observed
instability changes for both of these alloys are in
the same direction, the increasing divergence of
their thermoelectric powers with increasing
temperature and the low emf versus temperature
curve for the couple contribute to a rather sharp
increase in the instability of the Re-50%Mo/
W-26%Re thermocouple with increase in tempera-
ture.

The W-25% Re wires were not studied as ex-
tensively as the W-26% Re thermoelements.
However, the instability and the thermoelectric
power of the instability for W-25% Re were found
to be somewhat lower than those observed for
W-26% Re (Figs. 3 and 8), especially at tempera-
tures above 1200°C. It was pointed out in a pre-
vious section that W-26% Re wire was more stable
than W-28% Re wire (from another source).
Consequently, part of the instability of these
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W-25% to 28% Re alloys may be a result of alloying
and fabrication techniques. As manufacturing
processes become more uniform, these alloys
should become more reliable for thermocouple
use.

For W/Mo couples, most of the instability is
attributable to W. Molybdenum thermoelements
react with alumina sheathing, producing a
thermoelectric power of contamination in the
opposite direction to that produced by internal
changes in the wire (Fig. 3), and the overall
result is a fairly stable thermoelement to 140 hr.
After 140 to 150 hr, however, the reaction pro-
ceeds more rapidly and Mo thermoelements
react to destruction.

While couples composed of Mo thermoelements
combined with W-3% Re or W-5% Re appear to
offer more promise for stability up to 150 hr
than some of the other refractory couples, severe
embrittlement of Mo wires remains a major
problem, though not as critical as in the case of
W. This factor, combined with a lower melting
point (2610°C) and the subsequent lower tempera-
ture limit of operation, makes the use of Mo
thermoelements less attractive than other re-
fractory metals.

Re/Re-50%Mo thermocouples give indication
of usefulness. The Re leg is quite stable, and
the alloy leg seems to offer more stability than the
corresponding couple with W-26% Re. The
thermoelectric output of this couple is rather
low in the temperature range 860° to 1625°C
but increases considerably at higher tempera-
tures. Consequently, for use above 2000°C, this
couple may prove to be quite satisfactory.

Although some of the instability changes shown
for the refractory metal thermocouples in Table
1 may appear to be rather large, the net change
(at constant immersion) for the couple (Re-50%
Mo/W-26%Re) showing the largest deviation
after firing for 120 hr at 1625°C in argon is only
5%. The instability changes of the remainder
of the couples for the same conditions are all less
than 3%, and many are below 1/2%. At this stage
of development of refractory metal couples, the
uncertainties in the thermal emf output is greater
than the latter percentage.

Miscellaneous Studies

Nearly all of the wires studied in the present
work were subjected to bend tests after the

thermoelectric measurements were completed.
This was done by securing the wire on two flat
sections, hinged 1/2 in. apart, and observing
the point of breakage on a protractor dial. Good
ductility was assumed if a wire survived five cycles
of bends forward and backward. The purpose
of these tests was to determine if any relationship
existed between ductility and firing. Neither
firing time nor temperature from 1000° to 2000°C
could be related directly to the ductility. How-
ever, a correlation between ductility and emf
instability for a particular material was found.
In general, for each refractory thermoelement,
ductility decreased with increasing thermal emf
instability. This relationship was found to hold
regardless of whether the emf instability was
a result of insulation contamination, loss or gain
of impurities, or internal changes in the wire.

Cold-working tests with fired and unfired wires
produced thermal emf shifts in some of the wires.
For example, W-26% Re fired at 1650°C in argon
or vacuum for 24 hr exhibited emf changes
(= 40 to 50 wV) due to cold working, whereas
unfired wires did not. Re-50% Mo wires fired in
argon at 1650°C showed similar changes when
cold worked, whereas untreated wires and those
fired in vacuum showed nochanges. Rhenium wires
unfired or fired in argon, showed no emf change
due to cold working. Unfired W also was not
affected by cold working. Fired W wires were too
brittle to check for this effect.

The results of the above tests, combined with
the thermoelectric data, demonstrate the com-
plexity of instability in refractory thermoelements.
In varying degrees, firing temperature, time, en-
vironment, and cold working all have the effect of
increasing the instability of these thermoelements.

DISCUSSION

In recent years an increasing amount of work
has been performed on refractory metal thermo-
couples. Most of the studies involved testing the
emf output of various combinations, with only a
few devoted to the practical use and reliability
of these couples. Consequently, comparison of
the results of this study with other investigations
must be quite limited.

Fanciullo (7) reported on the instability of
several refractory thermocouples which had been
tested in argon for periods up to 5000 hr in
swaged alumina sheathing. Since the work was
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done at firing temperatures below 1100°C, only
rough comparisons can be made with the present
studies, which were conducted mainly at 1625°C.
However, 'his results, which indicated a greater
stability for W-3%Re/W-25%Re couples as com-
pared to W-5%Re/W-26%Re couples, and for the
latter as compared to W/W-26%Re thermocouples,
are consistent with present data. Fanciullo also
reported that Mo/W-26%Re couples showed
rather good stability at 1100°C; and this, too, is
consistent with the present results.

Kuether and Lachman (8,9), investigating W/Re
couples fired up to 2300°C in hydrogen and
1400°C in vacuum for various cycling periods
totaling about 20 hr, found that this couple
showed changes of +35°C in hydrogen at 1000°C
and no change at 1100°C in vacuum. The findings
are roughly comparable with those found in the
current study in argon.

Lachman (10) reported some results for un-
sheathed W/W-26%Re and W-5%Re/W-26%Re
thermocouples in hydrogen and argon atmo-
spheres up to 2300°C. He concluded that the
instability results in each environment were
essentially the same. For variable cycling periods
totaling about 5 hr up to 1600°C in hydrogen,
he noted a change of approximately +2°C at
800°C and 1100°C for W/W-26%Re couples and
+1°C at 800°C and 1100°C for W-5%Re/W-26%Re
thermocouples. These results are in agreement
with the present studies in argon. Some drift
studies in flowing argon were also made by
Lachman on a W/W-26%Re couple at approxi-
mately 1000°C for 500 hr and 2200°C for 100 hr,

and these data indicate net instability changes of

less than 1/2% at these respective temperatures.
The current studies are in agreement (up to 140
hr) with his instability changes. at 1000°C, but
indicate an instability of approximately 2.5% at
1625°C. In view of the different methods employed
in the instability studies, possible differences in
the thermoelements, and differences in sheathing
(unsheathed versus alumina sheathed), the overall
agreement of the data is quite reasonable.

In studies on W/Re thermocouples, Thomas
(11) observed changes ranging from +3° to +7°C
at 1100°C for sheathed couples cycled for 5 hr in
helium between 1100° and 2000°C. These results
are also in agreement with the present investiga-
tion. Furthermore, Thomas found that the emf
produced by W/Re couples at a specific tempera-

ture was highly dependent on the lot of material
and the degree of heat treatment, and these
findings are also compatible with the results of
the present study.

Lakh, Stadnyk, and Kuz’'ma (12) observed in-
stability changes, ranging from -+1% to +4%,
at 1400° and 1800°C for several W-Re alloy couples
(W-5%Re/W-20%Re, W-10%Re/W-20%Re, and
W-15%Re/W-20%Re) fired at these temperatures
in vacuum, argon, and hydrogen for various
time intervals up to 400 hr. Instability drifts
of approximately 1% for temperatures of 1200°
to 1450°C for W/W-26%Re and W-5%Re/W-26%
Re thermocouples fired in high vacuums (10-% to
1078 torr) for times up to 1000 hr were noted
by Hendricks and McElroy (13). The results and
conclusions of these investigators also compare
favorably with those found in the present studies,
despite differences in samples and investigative
procedures.

Although most of the instability data in this
report can only be compared qualitatively with
that of other investigators, the results are generally
in agreement. Inconsistencies are believed to
result from differences in methods of investi-
gation, limited information on gradient zones and
immersions during the firing and calibration ex-
periments, and variations in firing times, en-
vironments, and temperatures.

CRITERIA FOR THE USE OF
REFRACTORY METAL THERMOCOUPLES
AT HIGH TEMPERATURES

1. The emf instability for refractory metal
thermocouples results from compositional or
other internal changes along the thermal gradient
zone of one or both elements. These changes
are complex and may be caused by contamination
from ceramic protection tubes, internal anomalies
in the wires (recrystallization or phase changes),
and gain or loss of small amounts of impurities.
Some factors which contribute to instability, such
as the exchange of alloying elements at welded
junctions or preferential volatilization of one metal
(or oxide) from alloy legs, were generally found
to be of small significance. For couples sheathed
in high-purity alumina, the contaminating effect
is not too pronounced at 1625°C for 150 hr in
argon; but after that time, reaction between the




WALKER, EWING, AND MILLER 13

alumina and most of the refractory metals (except

Re) proceeds rapidly (reaction of Ta thermo- -

elements with alumina sheathing occurs -in a
matter of a few hours). Consequently, when re-
fractory metal thermocouples are used for ex-
tended periods above 1500°C, an unsheathed
couple gives maximum reliability; but high-
purity alumina sheathing may be used for a
limited time. _

2. Most of the refractory metal wires exhibited
some internal changes, which may include transi-
tions from unstable to stable crystalline forms.
Prefiring can eliminate some of the instability
changes noted for W, Mo, Re, and the alloy wires.
However, W and Mo elements become severely
embrittled by prefiring. Addition of 3% or 5%
Re to W seems to improve stability and retention
of ductility. Prefiring of these alloys, as well
as the W-26% Re (or W-25% Re) and Re-50% Mo,
is advantageous. There is some loss of ductility,
and subsequent handling after heat treatment
should be held to a minimum.

3. Pure Re thermoelements sheathed in alumina -

were found to be very stable up to 360 hr at
1625°C in argon and remained quite ductile. This
element appears to have the most promise for use
at high temperatures.

4. Significant emf differences in various batches
of the same wire were observed in some cases but
were generally less than anticipated. Prefiring,
when possible, may eliminate some of the effect
of these inhomogeneities; but calibration of each
lot seems advisable.

5. For high-temperature experiments in vacuum
of longer than 24-hour duration, the use of a
vac-ion pump or vacuum pressures below 1077
torr is recommended when maximum reliability
of refractory metal couples is sought. Vacuums
of 1076 torr are insufficient to prevent back-
diffusion of vacuum pump oil which will react
with the refractory metals at temperatures above
1000°C.

6. A relationship seems to exist between instabil-
ity and ductility. For a particular thermoelement,
increased instability is generally accompanied
by increased embrittlement. Cold-working after
firing has also been found to increase instabil-
ity changes for several refractory metals and
alloys. Consequently, couples of these materials
should be subjected to a minimum of bending.

7. Tantalum was observed to have considerable
instabflity at low temperatures. Since this insta-
bility appears to be associated with the reaction
of Ta with impurities in the atmosphere, more
positive protection of this thermoelement may
improve its thermal stability. At present, it is
not recommended for use in thermocouples.

8. Instabilities of refractory metal thermo-
couples, resulting from contamination or internal
changes, were found to be influenced by tempera-
ture and certain geometry effects. Whereas in-
stability changes for noble metal thermoelements
(1) due to iron contamination were found to be
linear with temperature, those noted for the
refractory metals were not necessarily linear.
Thermoelements of W-26% Re and Re-50% Mo,
in particular, demonstrated rather marked in-
creases in their effective instabilities with increas-
ing temperature. Consequently, determination of
the instability drift of a refractory metal couple
at lower temperatures does not necessarily re-
flect proportional changes at higher temperature.

9. If refractory metal thermocouples are used
under conditions where compositional or internal
changes in either element may be expected, depth
of immersion should be maintained constant or
increased for maximum reliability. »

10. For couples used in circumstances where
contamination or other changes may be expected,
the thermocouples should be periodically checked
for induced inhomogenities along their full
length. This can be done rather easily by com-
paring the output of the suspect couple against
an unused one at varying depths of immersion
in a long isothermal furnace.

11. For thermocouples sheathed in alumina
and used at 1625°C for 120 hr in argon, the
approximate order of decreasing reliability at
this temperature is as follows:

a.. W-3%Re/Re or W-5%Re/Re
b. W-3%Re/Mo or W-5%Re/Mo
c. Re/Re-50%Mo

d. W-3%Re/W-26%Re or W/Re

e. WW-26%Re, W-5%Re/W-26%Re,
Re/W-26%Re, Mo/W-26%Re or W/Mo

f. Re-50%Mo/W-26%Re

I3}
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The data on contamination and other instability
effects presented in this report are incomplete.
Variables such as geometry parameters and purity
were difficult to control. Trace impurities and the
crystalline state of thermoelements were shown
to be important, and variations in different batches
of material from the same source can be expected.
Trace impurities from environment and insulators
were also shown to be significant. All these factors
tend to limit the specific application of the data
to practical problems. However, the several
criteria which have been drawn from the data
should help to identify and control many sources
of error which may be encountered when re-
fractory metal thermocouples are used at high
temperatures.
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