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ABSTRACT : e possibility of developing a thermoc le capable of measuring

temperatures up to 2000PCin oxidizing media and in a2ir was studied. Only
alloys based on Ir are suitable for such thermocouple:. A review is given
on work done on the development of high-temperature thermocouples performing
in oxidizing media. The thermocouple Ir-60Rh/Ir, suitable for measuring
temperatures up to 200 Cfor 10-20 hrs. in air was the best of the known
thermocouples. Data for heat resistance, phase compn. c¢f Ir alleys, and
properties of pure metals indicate that good thermoelectiric properties and
high stability can be found in alloys of Ir with Rh, ?t, Pd, and Au. All vs
of Ir with nonnoble metals, and complex alloys based on Ir can also be usec..
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PROBLEMS OF INVESTIGATING THERMOELECTRODE ALLOYS, % 5

STABLE TO OXIDATION UP TO 2000°C ;*%

I. A. Aleksakhin, I. R. Lepin, G. B. Lapp, and B, K. Bragin .

oS ] '§

The development of science and technology at present requires the application Q g

and measurement of continuously higher temperatures. The solved problem appears §

to be measurement of high temperatures in a vacuum and in a neutral and reduced atmo-

A

sphere. Under these conditions can be used thermocouples of high melting base

i

metals: tungsten, molybdenum, tantalum, rhenium, and their alloys. But in an
oxidizing medium, including air, these metals are inapplicable because of rapid &
oxidation and disintegration of the thermoelectrodes caused by it. The most stable )
to oxidation appear to be, as is known, noble metals. f
For example the widely known platinum-rhodium-platinum rhodium thermocouple g

can be applied up to 1600°C, and a platinum rhodium-platinum rhodium thermccouple éj
(30 and 6% rhodium) - up to 1800°C. The ltmit of their application is due substantially '
4

to the melting point. ’g
Considering that above 2000° only iridium, ruthenium and osmium melt, it can :

be concluded that the sole metal which can be utilized in this case as a base of ,,
thermoelectrode alloys appears to be iridium. Ruthenium and osmium are brittle %
8

metals and cannot be processed into wire,

FID-BT-23-746-67 1
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Known thermocouples of iridium and its ;alloys

The first thermocouples of iridium and its alloys were already known in 1909
(1, 2). These were iridium thermocouples - an alloy of iridium and 10% ruthenium (Ir/
Ir10Ru) and a thermocouple iniroduced somewhat later - iridium alloy with 10%
rhodium~-iridium (IrlORh/Ir). Hoffmann characterizes both thermocouples as brittle
(1, 3); this pertains especially tc the electrode with 10% ruthenium, Thermoelectrcdes
Irl0Rh and Ir10Ru, according to Feussner (4) can be processed into wire only at a
temperature of "white heat", but in this case it is difficult to obtain a wire of
identical lengthwise cross-section. The stability of the thermoelectromotive force
(thermo-emf) of an Ir/Ir10Ru thermocouple is evidently, very poor, because the
author points out the necessity of frequency recalibration of this thermocouple because
of the burning out of the ruthenium. The thermo-emf developed by both thermocouples is
extremely low and constitutes for the Ir/Ir10Ru thermocouple 4.5 mV, aad for the
Ir1CRh/Ir thermocouple 3.5 mV at 2000°C. Their sensitivity in an area of high
temperatures is low and constitutes 1.5 and 0.5 mV/dey, respectively (Fig. 1).

It is remarkable that iridium in an Ir/Ir10Ru thermocouple appears to be a positive
electrode and an Ir10Rh/ir thermocouple ~ a negative electrode. This gave the
possibility, having combined electrodes of iridium-rhodium and iridium-ruthenium alloys,
to obtain an Ir10Rh/Ir10Ru thermocouple with a thermc-emf reaching 11 mV at
2000°C (3). Although its sensitivity is still lower than the s.ensltivity of the
known platinum-rhodium-platinum (Pt10Rh/Pt) thermocouple. practically two-fold in
comparison with the sensitivity of other iridium thermoé:ouples it is quite high (Fig. 1).
Unfortunately, the IriORh/Ir10Ru thermocouple has serious inherent deficiencies:
brittleness of electrodes, poor machineability into wire, instability of thermo-emf
because of the buring up of the ruthenium from a negative electrode.

FITD-HT-23-746-67 2
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A serious step forward was made thanks 4 ‘%/??:.::
to Feussner's investigations (4, S5), he ,7: /
established that iridium alloys with a 'Ela / .ﬁ‘b
rhodium content of more than 10% are g / & )&'
relatively easily prccessed into wire. g é
Feussner proposed two thermocouples: %5 ﬂy,m‘
Ir30Rh/Ir ani Ir60Rh/Ir (4), of which he 'é ez
gave preference to the Ir60Rh thermo- a

10 2 w2
couple. The fact is that the properties ; ’f ratare, ¢
of Ir30Rh and Ir60Rh electrodes are Fig. 1. Thermo-emf of thermocouples
of iridium and its alloys (by a com-
approximately identical, but the latter bination of literature data).

in a couple with iridium develops a much

highar thermo-emf - about 11 mV at 2000°C (Fig. 1). Losses of iridium-rhodium
alloys as a result of oxidation and evaporation according to Feussner are considerably
less than losses of pure irildium. Feussner (5), considers that frequent recalibration
of the Ir60Rh/Ir thermocouple is not required.

Also known is an Ir60Rh/Ir10Ru (2, 6) thermocouple, which develops maximum
thermo-emf of the iridium thermocouples - about 15 mV at 2000°C (Fig. 1). But the
Irl10Ru electrode, offering the possibility of increasing the thermo-emf of the
thermocouple, simultaneously makes it unstable because of tl.xe above mentioned
burn up of the ruthenium. |

The advisability of selecting an alloy with 60% rhodium as the positive electrode
of the Ir60Rh/Ir thermocouple was doubted by Carter (7), who proposed to replace it
with an alloy with 40% rhodium. Carter assumes that at high temperatures, from the
iridium-rhodium alloy primarily the iridium will burn out as a result of which the

FTD-HT-23-746-67 3
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th will change, bacoming enriched with rhodium (see Fig. 2).

The thermo-emf in this case rill at first rise somewhat (to a composition of 50%

rhodium), then somewhat decrease (to a compoisition of 60% rhodium). The stability

of the thermo-emf will in this case appear, according to Carter's opinion, satisfactory.
The thermo-emf of an Ir40Rh/Ir thermocouple is about 11.5 mV at 2000°C (Fig. 1),

which is approximately equal tc the thermo-emf of an Ir60Rh/Ir thermocouple.

n
P 3 ,
P . Haase: and Schneider proposed a
m
N thermocouple of rhenium alloy with 30%
B,/ N
§° /7’/ mo'\\ iridium coupled with pure iridium (8).
5; \\\\\ The thermo-emf of this thermocouple
g ‘ ‘\\ (Ir70Re/Ir) is relatively high - ahout 14 mV
’m‘
1! ? el M o
5 - \ at 2000°C (Fig. 1). The thermocouple is
® ot %0 7 0 distinguished by a quite high sensitivity
Content of By, wt. %
Fig. 2. Thermo-emf of alloys of the at high temperaturcs - about 15 pV/deg -

iridium-rhodium system with respect
to iridium (in conjunction with literature and very low thermo-emf values - from 0
data).

Numbers on the curves designate the to 600°C. But it is necessary to expect
temperature of measuring thermo-emf
(cold junctions -0°). that rhenium alloy with 30% iridium will

be extremely unstable in an oxidizing medium at high temperatures. In this respsct
the Ir70Re/Ir thermocouple evidently has no substantial advantages over the much
cheaper and widely known tungsten-iridium .thermocouple (9), which can work only in
neutral atmosphere and in vacuum.

Thus, of the existing thermocouples, as the best should be acknowledged the
thermocouple consisting of the uidiu:n-rhodiu.m alloy (40 or 60% of rhodium) coupled
with iridium. The question of what rhodium concentration - 40 or 60% - is more

preferable remains open. Data confirming the opinion by Carter about the

FTD~-HT-23-746-67 4
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advantageous burning out of iridium from an iridium-rhodium aiicy {7) are unavailas

P - )

On the other hand, data obtained by us at the Sverdlovsk branch of the All-Union

Scientific Research Institute for Metrology confirm the rise of thermo-emf {n iridium

alloy with 60% rhodium after calcination at high temperatures, which can only ba

explained by a rise in iridium concentration due to primary burn up of rhodium.

Analogous data were obtained by Rudnitskiy (10), who tested an Ir60Rh/Ir

thermocouple in aluminum oxide and beryliium oxide tubes and detected a rise in

thermo-einf of the thermocouple in a ceramic of aluminum oxide. Consicering the

fine stability of thermo-emf of pure iridium, the change in thermo-emf of the

thermocouple should be attributed to the change in composition of the iridinm~

rhodium electrode toward decreasing rhodium concentration.

In a beryllium oxide

ceramic after the initial rise in thermo~emf Rudnitskiy detected a drop in thermo—-eunf.

But it is necessary to hold back from any definite conclusions relative to the

mechanism of changes in thermo-emf because we also have data about the aggressive

effect of beryllium oxide on platinum and platinum-rhodium alloys.

.. herm,
Alley with 60% Rhedim-Iridivm (

T ) TASLE 1,

pqles tremetive Teree of . Themoeeuple gfIMWi-.
) r) Assording to Bluskburm & (aloweli (14)

-

Thermsslestivmntive foree, s (s0ld jumstions = 0°C)

.c r
o | 10 ] 20 | 30! 0 ]so 6 jro]s]oe |
0 | 0,000{ 0,032| 0,064} 0,098 0,134] 0,170{ 0,206 0,245{ 0,284| 0.34] ©
100 | 0,365( 0,406| 0,449] 0,492} 0,536} 0,581} 0,627| 0,674} 0,722) 0.770] 160
200 | 0,818| 6,868] 0,817} 0,968} 1,0i9] 1,070] 1,122] 1.174| 1.227| 1.280] 200
300 | 1,334{ 1,388| 1,443] 1,498| 1,553} 1,608} 1,654| 1,720{ 1.776| 1.832] 300
400 | 1,88yl 1,946] 2,003] 2,060 2,118] 2,175} 2,233] 2.201| 2.348] 2.406] ¢0G
500 | 2,464] 2,522 2,580 2,639] 2,697| 2,755] 2,814} 2, 2,930] 2, 500 :
600 | 3,047} 3,106] 3,164 3,222f 3,280! 3,339] 3,397 3.455| 3.513] 3. 600 )
700 | 3628 3.686‘ 3,744| 3,801 3.859] 3.916( 3.973] 4.030] 4.086| 4.143] 700
800 | 4,199] 4,256] 4,312| 4,368] 4,424| 4,480] 4,537| 4,593| 4.618] 4.703] 800
900 | 4,759 4,815| 4,870{ 4,425] 4,980{ 5,035| 5,000] 5.144| 5.190! 5.254| 900
1000 | 5 5,362| 5,417| 5,471| 5,525 5,580] 5,634] 5,688 &.742] 3,796) 1000
1100-| 5 5.904| 5,958( 6,012| 6,066 6.120] 6,173| 6.227| 6.280] 6.334| 1000
1200 | 6 6,441{ 6,493} 6,548| 6,601 6,654] 6,708] 6,761| 6,815} 6,859] 1200
1300 { 6 6.976' 7,029| 7,082| 7,136 7,190 7,244| 7,298 7.352] 7.407| 1300
1400 | 7 7.516| 7,571} 7,626] 7,681| 7,736 7,791} 7,847| 7.902] 7.957| 1400
1500 | 8 8,070] 8,127| 8,183| 8,241| 8,298] 8,356{ 8,413| 8,470! 8,526| 1500
1600 | 8 8,640| 5,697] 8,754| 8,811] 8,868] 8,925 8,983] 5,040 9,098 1600
1700 | 9,156} 9,914| 9,272! 9,331 £.390] 9,449] 9,508 9.567| 9.627] 9.686] 1700
1300 | 9 9,805 9,866 9,926/ 9,967]10,048}10, 108}10, 169}10,230{10,292] 1800
1900 {10,355/10,417{10, 480{10,543{10,506{10,670{10, 73510, 800|10, 865}10, 930} 1900
2000 110,995111,061{11,126{11,192111,258]31,324]13,38911,455!11,5621}11,588! 2000
2100 {11,654 | 2100
FTD-HT-23-746-67 S
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One of the reasons for the preference given abroad to the Ir60Rh/Ir thermccouple
appears to be, evidently, the lower cost and lower specific weight of rhodium in
comparison with iridium (2).

It should be mentioned that about the Ir40Rh/Ir thermocouple, very little data
have been published (7, 11), while thermocouple Ir60Rh/Ir has been repeatedly inves-
.tigated from the viewpoint of physical metallurgy as well as metrology. A th&rough
calibration of the Ir60Rh/Ir thermocouple up to 2000°C was made by Droms and Dahl
(12), as well as by Rudnitskiy and Tyurin (13). Much work in compiling calibration

tables for thermocouples (see Table 1) was carried out by Blackburn and Caldwell (14).

W : All these data, as well as the data
'> a x
2 x l r’"/ of Rudnitskiy (10), are in exczllent
e 5 -
¢
:! H%. conformity with each other. The initial
3 o] F ] 50 75 74
5 arttem o7 g, B ) calibration of thermocouple Ir60Rh/Ir
;}‘ig. 3. Change in thermo-emf of the given by Feussner, inventor of this
s Ir60Rh/Ir thermocouple at 1800°C
according to Rudnitskiy (10). thermocouple (4), became obsolete, as
a - in an Al, 0, ceramic with a Ti0,
admixture; b - in a Be0 ceramics. well as its much later numbers (5) (the

latter to a lesser degree).

It is probable that the thermo-emf of the thermocouple as well as others of its
operating properties, strongly depend upon metal purity and processing technology.
For example, a recently published thermo-emf table of many iridium-rhodium alloys
(15) gives a thermo~emf of the Ir60Rh/Ir thermocouple sgmewhat below values
according t¢ other data.

The data on the stability of an Ir60Rh/Ir thermocouple and the stability of its

thermo—-emf are contradictory. Above there were already mentioned the Rudnitskiy

data (10) on the stability of the thermo~emf in ceramic tubes of alumirum or

FID-HT-23-746-67 6
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beryllium oxide in an atmoschere of air. Changes in the thermo~emf constituted
about 0.05 mVv (100 h at 1800°C) and took place basically in the first 2-3 hours
which, apparently, confirmed the incomplete caicination of thermoelectrodes and

excellent, in essence, stability of the thermo-emf of the thermocouple (Fig. 3).

Our data on stability and weight losses of the electrodes of the Ir60Rh/Ir
thermocouple in an atmosphere of air show that the changes in thermo~emf are

great in the first hours of calcination and considerably smaller from then on

(Fig. 4). This pertains to both electrodes, although the stability of iridium thermo-
emf is sufficiently gocd (the change in thermo-emf is not more than 3 uV); the value
of the thermo-emf change increases with annealing temperature. The obtained
numbers are in excellent conformity with Rudnitskiy's data (10).

On the contrary, it is necessary to evaluate the electrodes from the viewpoint
of stability in an oxidizing medium (in air) at high temperatures {Fig. 5). The
Ir60Rh electrode appears to be more satisfactory; its weight loss per hour at

2000°C canstitutes 5%, while the weight losses of pure iridium under the same

conditions is 27%. 0 o0 1

I
j gl

r

8

iy
s e S

[ \\

|

'3

3

s

Q

7750

change in therme=emf, v

-0l__g
2
VK] m‘m & hz‘. o 7] [
fig. 4. Stability of thermo-emf of iridium and iridium alloy with 60% rhodium at
isothermal exposures. The numbers on the curves designate the annealing temperature

°C: -e-e -Ir; -x-x Ir60Rh.
FTD-HT-23-746-67 7
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At analogous tests in vacuum or in argon the weight losses of both electrodes
are significant; consequently, the main role here is the oxidation of iridium and
rhodium and the volatilization of the oxides.

Thus, pure iridium possesses excellent thermoelectric stability, but it oxidizes
rapidly. An alloy of iridium with 60% rhodium is more stable to oxidation, but
rapidly changes the thermo-emf value. Nonetheless, judging by Rudnitskiy's data
(10), the Ir60Rh/Ir thermocouple can be used for a long time at 1800°C, a time of
the order of 100 hrs. In other reports Rudnitskiy considers it possible to use this
thermocouple in an oxidizing atmosphere up to 2300°C (16, 17) or to 2200°C (18),
having in mind, evidently, short-term use.

Foreign authors, as a rule, give much lower maximum temperatures for the
use of thermocouples: prolonged 2000°C and short-term 2100°C in oxidizing and
reducing (?) atmospheres and in vacuum (19); 2000°C and short-term in air,
prolonged in a vacuum or in a neutral atmosphere (15). According to Kostkovskiy‘s
data (21), prolonged application of the Ir60Rh/Ir thermocouple is permitted up to
2100°C with an accuracy of 10°C in an inert atmosphere and only a short-term
application in the air. Kostkovskiy reports, that in 50 hrs at 2000°C in an atmosphere
with 2% oxygen the thermo-emf of the thermocouple changed slightly; in air the thermo-
couple became disintegrated at 2000°C within 12 hrs., but during that time there
were practically no changes in thermo~emf.

Thus, it can be considered that the Ir60Rh/Ir thermocouple is appl 2,
at least briefly for measurements at 2000°C in air. Its l;asic deficiencles appear
to be great losses during the oxidation of the iridium electrode and instability in

thermo-emf of the iridium-rhodium electrode in an oxidizing medium.

FTD-HT-23-746~67 8
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Thermal stability of iridium alloys

In connection with the deficiencies of the Ir60Rh/Ir thermocouples there
naturally arises the question of the possibility of using other iridium alloys without
the mentioned deficiencies.

Unfortunately, data are lacking about the thermal stability of iridium alloys,
except for unsystematic data about the heat resistance of iridium, iridium-rhodium
and iridium-ruthenium alloys mentioned in the previous chapter. These data can
be briefly summarized as follows: stability to oxidation of iridium is increased by
rhodium additives. Thus, the weight loss of the iridium alloy with 60% rhodium
in one hour at 2000°C is 5.4 times less than pure iridium. But the composition
of iridium-rhodium alloys does not remain constant in this case. So far it cannot
be said with sufficient determination in what way the composition of iridium-rhodium
alloys chaages, but the very fact of a coasiderabiy greater‘change in thermo-emf
of iridium~-rhodium alloys (in comparison with pure iridium at high temperature
exposures) appears to be indisputable, but highiy undersirable.

Ruthenium additives, evidently decrease the thermal stability of iridium (2).

The effect of other noble metals has not been investigated. It is only possible

to make certain assumptions, on the basis of properties of pure metals (see Table 2,
Figs. 6 and 7).

FTD-HT-23-746-67 9
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Table 2. .
* 7 Certainm Preperties sf Nable Met-ls (22, 23,40)

ting | Seiling Veper Chemisal  Heat of Boil 1ad

el i ‘.- Peimt  temcidm --formda of asnide forvm Peint -
Metal -0g .- oc. at 2000 formimg _ tiem ksal/ eof exide
Pl oC m Hg eoxide m™l, Sc
Ag 90,5 | 2212 '|300—750] AgO 6,95 -
Au 1063,7 2530 60 — — —_
Ru 2500 4900 0,0001 RuO, 52,6 —
Rh 1966 | 4500 1 Rhao, 21,7 -
Pd 1554 4000 1 PdO 20,4 —
Os 27200 5500 | 0,00001 0s0, 93,6 130
1 2454 4800 | 0,0001 11O, 40,1 —_
Pt 1760 4400 | 0,001 Pto | -_—

A common feat;xre of all noble metals is the fact that at aigh temperatures on the
surface no protective oxide films form. All noble metals reveal under these conditions
weight losses, due to volatility of oxides, as well as evaporation of the nonoxidized
métal.

Osmium is characteristic in this respect. In spite of the high melting and boiling
points, osmium is absolutely unstable when heated in air. This is explained by
the oxidation of osmium with the formation of osmium tetroxide, the melting point
of which is 40°C, boiling point 130°C, as a result of which the surface of the metal
is constantly exposed and subjected to the effect of oxygen. With respect to heat
resistance of iridium/osmium alloys there are no data; by analogy with the influence
of ruthenium in iridium-ruthenium alloys it can be assumed that additions of osmium
will sharply deteriorate the heat stability of iridium.

Ruthenium is close in its properties to osmium, although more stable. At low
temperatures, oxidation of ruthenium is accompanied by the formation of a protective
film (22), but at high temperatures the oxides obviously melt and evaporate.

Palladium at low temperatures also form‘s an oxide film, but above 870°C
palladium cxide is volatile. The relatively small weight losses of palladium, it is

assumed, are explained by the greater solubility of oxygen in palladium (26).
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The stability of iridium is cons;iderably greater than the stability of osmium and
ruthenium, but it is considerably worse (Figs. 6 and 7) than the staLility of rhodium
and platinum. The latter are the least volatile at high temperatures in an atmosphere,
containing oxygen. Weight losses of rhodium and platinum are close in magnitude,
whereby below 1300°C rhodium is more stable; above 1300°C - platinum is more
stable (22). The heat resistance of iridium/rhodium alloys was discussed above;
iridium/platinum alloys were investigated only for the part rich in platinum (27).
From these a2tz it follows, that heat resistance of platinum at 900°C is reduced
by iridium additives there were investigated alloys with an iridium content up to
40 at %. This is fine, if we consider that the heat resistance of pure iridium is
considerably lower than that of platinum; in this connection it is possible to raise

the heat resistance of iridium by cthe addition of platinum.
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Fig. 6. Change in weight of platinum, Fig. 7. Oxidation of refractory metals
rhodium, palladium, iridium, and ruthen- by Jaffey (25). Data for chromium,
ium at a temperature of 1300°C in air hafnium, tungsten, tantalum, and
according to Crookes (24). -niobium - by overweight; for the remain~
ing metals - by w=ight losses.

Gold is distinguished by a special characteristic. Up until now ther have
been detected no signs of its reaction with oxygen at temperatures below the melting
point of gold (27}.
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But since the temperature range of interest to us is considerably higher than the
melting point of gold, it is po'ssible to expect it to be less inert to oxygen; losses due
to evaporation of gold at 2000°C are also substantial; vapor tension, as is evident .
from Table 2, constitutes 60 mm Hgq.

Silver at high temperatures evaporates even more than gold. In addition, silver
oxidizes noticeably already at 200°C. Evidently, its stability at 2000°C wiil be
completely unsatisfactory because of oxidation as well as because of evaporation.

Raub and Plate cite interesting data on increasing the heat resistance of platinum
by addition of gold, rhodium, and palladium (27). It can be assumed that the effect
of these metals on the heat resistance of iridium is analogous to their effect on the
heat resistance of palladium and, copsequently, the heat resistance of iridium is
also increased by the addition of gcld, rhodium, and palladium. Although this is
only an assumption, it does not contradict the above data and the characteristics
of pure gold, rhodium, and palladium.

Thus, of the noble metals osmium and ruthenium are evidently undesirable
as additives to iridium because they will reduce its heat resistance, Most likely,
silver has an analogous effect. Gold, rhodium, palladium, and platinum in some
measure or other increase the heat resistance of iridium.

Base metals possess a considerably greater affinity to oxygen than do the noble
metals. They can improve the heat resistance of iridium only when the selective oxi-
dation of the base metal produces a protective oxide film on the surface of the iridium
alloy.

Unfortunately, there are no data on the heat resistance of iridium alloys with

base metals; certain data on the properties of pure metals and their oxides are given

in Table 3.
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Analvzing the poeeirle cutability of base metale for use as additives to

vicidm, 1 1s necessary first of all to reep 1n mind tnat metals whose oxides meit

{4

T oesom 20009C cannot ImMprove the hedt resistance of wriciull. Such metals inciugs
CERNBLLAN, TLOILuMm, tintilum, Saromeiun, molybdenum, tungsien, ménganese, rheraum,
orEng conzli, Itole tis: ongssieble t¢ ose metauls‘with higl vzpor ensior
(mznpanese, caromium, and, 1n part, 1ror, copelt, nackel, sluminum, and yttrium).
Urfortunately, ne Ve por tens1orn of hafrium 1s unkndwWn 10 US; Qs;ng 115 Other charac-
Fig. 7) 1t car pe testec &£ &r 83C:IO0n 1C Indium fOr 1INSTE8EING 1S

. Thls zlsc pertains 10 ziroornium.  Of intdres: for the :nvestigatior
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Table 3.

Certain Pnportm of lase Bm Mcltimg and H.t Res istant
Meinls (22, 28, 40

Melving Refling Vaper Cher isald Hems .. Melldng

Peint TPoint tensisn Termda  of oxide “~Telint of

Mol ] °C st 2000 of foming forumtien exide OC

, o mm g exide kcal/mel

Al | 660,2 | 2327 : 4 ' ALOy, | 03 ooo
{1450 ' 600 1 Yo, | 440 2411
Zr - 1855 3577 0,01 ZrO, 1 o580 27w
HI | 20 ; 5400 —_ Hl(), A P UKL
AN 1111 300 0.1 . V0, 437 100
Nh | 2460 | 3300 i<0.00000  NigO, 463 15000
Ts | 299 @ 5300 :<0,00i ‘ Ta 0, | 4999 1Kne
Cr 1645 2500 ' 100 ! CryO4 o0 - Y.
Mo 2622 l 4800 1<0,00003  MoO, 1804 Ty
W 3305 5930 | 0,00008 \\'o, 195.7 4T
‘Mno 145 | 2027 630 1 Mmy()y | 6 165.¢
Re | 3180 l 8630 60,0000  Re,0, o 50
Fe - 536 2828 7.6 1 FedOs 105.'.' 1505
Co | 490 313% <7 , O 57.9 14937
Ni ; 1453 ' 2730 ! 2,2 NiO 58 - e

Phase composition of nﬁdium alloys
besides hezt resistance the phase composition and structure of the alloys are
of equally 1mportzmi valu‘e ..'.'.'I;hermoelectrode alloys, asiis known, should be single-
phase and shoult not experience conversions in the'worljclnq temperature range, oiher-
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wise there is not maintained the need for an unequivocal dependence of thermo-emf
upon temperature., Thermoelectrode alloys are used in the form of wire, while
single-phase alloys, as a rule, are more easily machined by pressure than are alloys
of complex phase composition.

From this viewpoint we will examine those iridium-base systems which, by
reason of heat resistance, may be of interest for our purposes. Alloy systems
with iridium have been little investigated; phase diagrams are known more or less .
thoroughly only for six binary systems (see Fig. 8), not considersing, of course,
binary systems of iridium with metals, the -operties of which are unsatisfactory
for our purposes. Ternary systems with um have not been investigated at
all,

The iridium-silver system was investigated by Rudnitskiy and Polyakov (28).
They detected in the system a limited solubility in the liquidstate and a low
(less than 1%) solubility of silver into iridium in the solid state.

The iridium-gold system was investigated by the same authors (29). They
detected a limited solubility of components in the liquid state; the solubility of
gold in solid iridium was estimated by the authors to be less than 2%. The hardness
of iridium is somewhat increased by the addition of gold.

An iridium-palladium system was investigated by Raub and Plate (30). At
high temperatures, in the system then was detected a conﬁnuous line of solid
solutions; with a drop in temperature there was observed a solubility discontinuity
in the solid state. The process of separating out the second phase takes place
very slowly and is accompanied by hardening of the alloy. The solubility of

palladium in iridium, determined by Raub and Plate, constitutes about 5% palladium

at 600°C, The hardness of iridium is increased by the addition of palladium.
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An iridium-platinum system was

investigated by the same authors (31).

w0 A , Earlier investigations (32) showed, that
! [ ’
L I' ‘\ A [ .
i N ‘;{_ﬂ.f’....& iridium-platinum alloys crystallize as a
w‘, a+l, \ 5 ,_‘mt, \\
asi ual . . . . .
g | tougy e continuous line of solid solutions. Raub
%m% ________ ol i ‘St
= | &' ] «s and Plate, having confirmed this assumption,
<%

Ir Xamosn)Ay A, 7

; discovered a solubility discontinuity in the
Y AACY ]

{ 7

solid state. The boundaries of the two,
phase region, as mentioned by the authors,

is difficult to determine accurately because

Temperature *¢
\

Temperature ¢C

of the very slow separation process; the

solubiiity of platinum in iridium is assumed

by Raub and Plate to be 1% at 700°C.

Platinum practically does not increase the

8
Temperature °C

hardness of iridium and does not worsen its

Temperature “C
n
-

deformabpility.

F xelom gy Ar F %8B 2
The iridium-rhodium system has so far

not been investigated. It is assumed that
Fig. 8. Phase diagrams of iridium alloys. .
the components form a continuous line of
solid solutions (32), because both have an identical (face-centered cubic) lattice
and very similar atomic diameters. This is confirmed by thermo-emf data of the
alloys.
System of iridium with base metals have been investigated to an even lesser

degree. There exists a tentative phase dicagram of the iridium-tantalum system (33),

from which it is evident that tantalum practically does not dissolve in iridium in

the solid state. It is known that ytirium with iridium form a Laves phase Y]’.r2 (34),
FTD-HT-23-746-67 15
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and zirconium with iridium a Laves phase
ZrIrz with a structure of the type MgZny (35).
The solubility of both metals in iridium is
probably low,

There are no data about the iridium-
hafnium system. Since hafnium appears to
be a homolog of zirconium, whereby their
atomic diameters are very close while the
lattice is identical, it is difficult to expect
a large region of solubility of hafnium in
iridium.

Iridium-aluminum and iridium-nickel
systems have not been investigated. The
lattices of both metals face-centered cubic
are the same as in iridium; the atomic
diameter of aluminum is 5,1% higher, and
that of nickel is 6.4% lower, than the atomic
diameter of iridium. On the basis of this,
we can assume the presence of a definite
substantial region of solid solutions of
aluminum as well as nickel in iridium.

Thus, as thermoelectrode alloys we
can.utilize alloys of the iridium~-rhodium
system. Other noble metals can apparently
be added in small amousts: palladium - up

to 5%, gold - up to 2%, platinum - up to
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1%, silver - up to 0.5%. On the other hand, in itidium-palladium and iridium-
Platinum systems with a solubility continuity in the solid state it is possible, in
connection with the difficulty of separating the second phase, that alloys with a
some “at greater content of admixtures will have a sufficiently constant thermo-emf.
Single-phase alloys will be, probably, those of iridium with aluminum or nickel (in

an amount on the order of 10%). In iridium/yttrium alloys, zirconium/hafaium alloys,

nothing definite can be stated. Tantalum is unsuitable as a component of iridium-base

thermoelectrode alloys, because there is no tantalum solubility in iridium in the solid

state,
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/ ™ Thermo=-emf of iridium &:iloys
5 i / \ In conclusion we will introduce data :
o« 10
é / about the thermo-emf of iridium alloys.
7 7 1500°
§ 4l // / \\ Although this factor is not decisive during (
! «tf / the selection of alloys for thermocouples,
: [ /f//“"
i ) rars it is desirable that the alloys should develop
& =t

2 nigh thermo-emf which increases linearly

N2 A
Re content % with temperature. The thermo-emf of pure &

Fig. 9. Thermo-emf of alloys of iridium-

rhenium system relative to iridium after iridium has been determined in only a few

Haase and Schneider (8). Numbers on the

curves designate the temperatuse of reports (see Table 4), but the results of all ]
measuring thermo-emf °C (cold junctions 3 ‘
-09). these determinations coincide well. %

Of the iridiuin alloys, the thermo-emf is known for iridium-rhodium, iridium-

ruthenium and iridium-rhenium systems. For iridium-silver (28), iridium-gold (29},
iridium-platinum (38), and iridium-palladium systems (39) the thermo-emf was
investigated in the region of small iridium additions to the second component; therefore

we will not cite them.
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The thermo-emf of iridium-rhodium alloys was discussed above and is given in
Fig. 2. In the iridium-ruthenium systems there was investigated only one alloy,
containing 10% of ruthenium, Its thermo-emf relative to iridium is shcwn'in Fig. i.
It should bz mentioned that the noble metals {during alloying) change the thermo-emf
of iridium relatively little.

The thermo-emf of alloys of the iridium-rhenium system is shown in Fig. 9.
As has already been shown above, iridium-rhenium alloys cannot be used for
thermoelectrodes operating in an oxidizing atmosphere, even though Fhey develop

Fd

a su” :iently high thermo-emf as do the other iridium alloys with base metals. For
a rheaium~base solid solution the content of a thermo~eimf maximum of about 40%

iridium, is ( :aracteristic and for an iridium-base solid solution - about 5% rbhenium.

Conclusions

1. At present we know of a number of thermocouples suitable for use in an
oxtdizing medium at a temperature of 2000°C; the best of these appears to be the
thermocouple of iridium alloy with 60% rhodium coupled with pure iridium (Ir60Rh/Ir).

é. At 2000°C the Ir60Rh,/Ir thermocouple allows us with sufficient acc'racy to
measure the temperature, at least briefly, for a pcriod of 10-20 hrs. The factors
limiting its service life appear to be: losses to oxidation and evaporation by the
iridium electrode (witnin the iimit of electrode destruction) and instakility of the
thermo-enf of the iridium-rhodium electrode due to a change in its composition :n
connection with selective oxidation and evaporation of one of the alloy components.

3. To increase the service life of an Ir60Rh/Ir thermocouple or to select other
more stable alloys, it is necessary to investigate alloys of the iridium-rhodium,
iridium~-platinum, iridivm=-palladium and iridium-gold systems. 1t is possikle that
admixtures of certain base metals will 2xert a positive effect.
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