PR

0TS: 60-11-513 ' JPRS: 2526

22 April 1960

SEMICONDUCTOR THJRMOCOUPL S FOR HIGH TEMPERATURE USES
- USSR =~

by P. S. Kislyy and G, V. Samsonov

DTIC QUALITY INSPBCTED R

L
Lot b
R W RN S TR O SRR

Distributed by:

OFFICE OF TECHNICAL SERVICES
U. S. DEPARTMENT OF COMMERCE
WASHINGTON 25, D. C.

U. S. JOINT PUBLICATIONS RESEARCH SERVICE
205 EAST 42nd STREET, SUITE 300
NEW YORK 17, N. Y.




JPRS: 2526
CS0: 3656-N
SEMICONDUCTOR RHERMOCOUPLES FOR HIGH TEMPERATURE USES

/[ This is a translation of an article by P. S.
Kislyy and G. V. Samsonov in Izvestiya Akademii Nauk 3S3R,
Otdeleniye Tekhnicheskikh Nauk, Metallurgiya i Toplivo
(News of the AS USSR, Dept. of Technical Science, Metallurgy
and Fuel), No 6, Moscow, Nov-Dec 1959, pages 133-137. /

One of the basic tendencies of the development of
contemporary engineering is the intensification of indus-
trial processes which is frequently attained in metallurgy,
chemistry, power engineering and other branches by means of
increase of the temperatures of these processes with a si-
multaneous ineclination toward their automation.

For realization of control and automation of high-
temperature processes, the creation of thermocouples is
necessary, which, on one hand, would provide sufficiently
accurate measurements of high temperatures, i.e., have
sufficiently high electromotive force and which on the other
hand would be stable for the duration of a prolonged time
against the action of molten metals, slags, and aggressive
gaseous media.

Measuring temperatures by means of optical and radia-
tional pyrometers does not provide sufficient accuracy, due
to the dependence of the radiating ability of materials not
only on their temperatures but also on the most ingignifi-
cant changes of their chemical composition, the character
of the gaseous medium etc. [fld/ - without mentioning the
fact that the automation of processes in utilization of
pyrometric control of temperatures becomes essentially com-
plex and, in some cases, becomes practically impossible.

At the present time, a great number of thermocouples
are known; however, they are as a rule unstable in molten
metals and many other media and may be exploited only in a
vacuum and inert atmospheres, or else the upper limit of
temperatures measured with them does not satisfy the
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requirements of contemporary engineering.

In the present work, an attempt has been made to
utilize, for the production of electrodes, thermocouples of
high melting compounds, mayy of vhich are characterized by
high chemical stability. / 6_/

Since in practice it is not possible to create mate-~
rials which perform equally well in all media, selection of
materials for exploitation in a definite group of media
should be performed; specifically, all currently~known high
melting materials may be subdivided into the following
classes according to this feature:

1. Materials stable up to high temperatures (of the
order of 2500-3000°) in inert gases, restoring media, and
g vacuum.

To these materisls belong many carbides, borides
and nitrates of titanium, zirconium, hafnium, vanadium,
niobium, tantalum, chromium, molybdenum, and tungsten.

2. Materials stable up to 1500-1800° in oxidizing
media. These are silicides of many high melting metals,
primarily molybdenum, tugesten, vanadium silicides.

%z, Materials stable in many molten metals and
alloys with smelting temperatures up to 1000-1200° (leed,
tin, zinc, brass, copper, cadmium). According to the data
of investigations, many borides belong to such compounds;
among them, borides of zirconium, chromium, molybdenum; some
carbides, as well as alloys of carbides or borides with
high melting metals / 7._/. Especially high stability in
molten metals with the indicated smelting temperatures is _
possessed by silicon nitride and various alloys of it / 8_/.
This nitride is also stable in many molten salts and in low-
melting slag with smelting temperatures to 100-1200°.

4, Materials stable in molten metals with smelting
temperatures to 1600-1700°, in particular in molten steel,
g0 far almost unknown., According to preliminary data, among
them are titanium nitride and zirconium boride, wvhich are
hovever, unstable egainst the action of molten slags at
these temperatures. To the same kind of materials belong
many high-melting oxides. .

5. Materials stable in oxidizing media with high
temperatures (over 1800°). Among such materials there are




only oxides, their mutual alloys and various silicate compo-
sitions. _

The selection of materials for high-temperature ther-
mocouples is conditioned not only by their stability in va-
ricus media but also by their ability, in junctions with one
another, to produce m thermoelectromotive force of suffi-
cient mapgnitudé with linear or monotone temperature depend-
ence (but not with inverse).

Byt means of previously performed messurements, it was
shown / 9_/ that meny metallic high-melting compounds in
peirs with each other possess linear or generally monotone
temperature dependence of electromotive force; however, the
magnitudes of the latter, as a rule, are small and cannot
assure the overwhelming advantage in this respect over the
pairs of metals which are used for thermocouples. In connec-
tion with this it was decided to stop at high-melting semi-
conductor compounds, which assure high magnitudes of elec-
tromotive force in pairs with high-melting metallic compounds
of the type of carbides, nitrides, silicides, and borides.
For such semiconductor compounds in the present work, alloys
of the system boron-carbon were selected, which are simul-
taneously characterized by rather high heat resistance and
good stability against the action of molten metals. In addi-
tion, chromium disilicide was utilized as the semiconductor
element whose field of usefulness was limited by the rela-
tively low temperature of its smelting.

For clarification of the nature of temperature depen-
dence and maegnitude of electromotive force of alloys in the
pairs of high~melting semiconductor compount plus high-
melting metallic compound, the following pairs were selected:
grgIMfizéi B4C-Tic, B4C—TiBz, Buc-ZrBz, CrSiZ-TiC, and

2 2° .

The“pair B,C-MoSi, had previously been studied -in
detail [qud/. The prac%ical investigation of & large num-
ber of alloys of boron carbide with molybdenum disilicide
showed that in the alloy, as a rule, about 20 mol% of MoSi
is contained, which is close to the lower limit of homoge-
neity of a quadruple semiconductor phase. The temperature
dependence of the electromotive force of such an alloy has
a linear character, beginning with 400°C (Fig. 1);
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Fig. 1. The temperature dependence of electromotive
force of alloys; 20 mol.% MoSi, + 80 mol.%
B,C (curve 1), 20 mol.% TiC + 50 mol.%
0rSi. (ecurve 2). 20 mol.% TiC + 80 mol.%
B4C ?curve 3).

furthermore, with an increase of temperature, the electro-
motive force increases considerably, reaching, for example,
the value of 55-60 microvolt/degree at 1000°.

In Fig. 1 are also shown the analogous dependencies
for alloys which contain 80 mol.% metallic component (TiC)
in the pairs of titanium carbide with boron carbide and
with disilicide of chromium. In the .pair MoSi (20 mol.%)
- CrSi. (80 mol.%), the temperature dependence 6f the elec~
tromot%ve force has & complex character up to 600°, pas-
sing under higher temperature into the linear with magni-
tudes of electromotive force close to those in the pair
TiC-B,C. All of these experimental "Jjunctions" were pre-
pared by sintering, with hot compression, mixtures of
powders of components at temperatures of 2000-2200° for
5"‘15 mino

The highest electromotive forces are obtained in
the pairs of titanium and zirconium borides with boron car-
bide; furthermore their temperature dependence begins to
be linear at 300°. "
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In ell investigated pairs, stable phases are
formed whose electric properties in time are practically
constant except in the pair CrSi?-MoSi s, where, in selet-
ted concentration of CrSi, in 80 mol.%, an unsaturated
hard solution of molybdentm disilicide forms in the
chromium silicide / 4_/. In heating, this passes to
saturated with a content of sbout 70 mol.% of CrSi2 and
the liberation of an excess of chromium silicide.

On the basis of the above data, a principal possi-
bility for the creation of semiconductor thermocouples
for high-tempersture uses was shown which was further
developed with respect to construction.

The construction of a thermocouple (Fig. 2) differs
in principle from the construction of metal thermocuples
and represents a tube of a metallic compound (silicide of
nolybdenum, boride, carbide, tatanium, zirconium, etec.)
which serves simultaneously as one of the electrodes and
the jacket of the thermocouple, in which is concentrically
located the rod of the semiconductor (boron carbide,
chromium silicide) that is the second electrode. Both of
these electrcdes have been welded at one end, in this
regspect being closed, and have lead connections at the
other end.,

Fig. 2, Semiconductor high temperature thermocouple.
1 and 7 - insulators, 2 = tube of metallie com-
pound, 3 -~ rod of semiconductor, 4 - junction,
5 and 6 - copper contact bushing.

The especially developed techmnology for the prepa-
ration of high-temperature_thermocuples of tubes of high-
melting compounds / 12-14 / consists of pressing out
tubular components from material which consists of a pow-
der of the compound with & starch glue and their subse-
quent sintering.




For preparation of the central electrode-rode in the
case of chromium silicide, the sarie method may be utilized
as for tubes. Hoever, in the case of boron carbide, this
is difficult, due to bad pressing out and difficulties of
sintering semi-finished borén carbide material, which, in
eddition, is characterized by great fragility. In order
to avoid these difficultiés and to make the process of
production of central rods sufficiently technological and
reproducible, it is expedient to utilize rods not of boron
carbide but of boron saturated by carbon, or of graphite
saturated by boron. 1In this work the latter variation was
selected, i.e., preparation of graphite rods saturated with
boron.

For this, graphite rods used for spectral analysis
were utilized, as well as graphites of brands B and G.
Borating was accomplished by a hard-phase bath consisting
of amorphous boron, which usually contains an addition of
magnesium which is easily removed under the high tempera-
tures of borating and during the process of the selective
diffusion of boron into graphite.

For borating, the graphite rods are covered with a
special paste of boron and starch glue prepared according
to a special recipe [TISM/. The ratio of boron and starch
glue in the paste is 1:1 by weight. The paste is placed
over the rod in an even layer with a thickness of 1.5-2 mm,
after which the rods are dried according to this process:
placement on the drier at 20°, heating to 150° for the
duration of 2-3 hours and keeping at 150° for the duration
of 1 hour. Rods prepared in this manner are placed in
special linings, made of graphite in a graphite cartridge
with lids, into a Temmans oven and are subjected to thermal
treatment according to the following method: placement
into the oven at 700-800° and keeping them at this tempe-
rature for 0.5 hours; raising the temperature to 2350°
during 2 hours and keeping them there for the duration of
20-30 min.; cooling with the oven to 1500°, moving forward
into the cooler of the oven.

For total borating of the graphite rod with the dia-
meter of 7 mm, used for spectral analysis, this operation
is repeated three times, after which the retention of boron




‘equals 22-25% in the rod. Borating from a bath of carbide
with borax (1:1 by weight) at 1500° for 2-3 hours also
leads to positive results.

o -
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Fig. 3. Calibrated characteristics of thermocouples:

l - TiBz-B-C, 2 - ZrBQ-B-C, 3 - MoSiz-B-C

Baked tubes of molybdenum disilicide, intended for
the preparation of thermocouples, which work in an oxi-
dizing atmosphere, are oxidized in the air by being heated
at 1500-1550° by the direct passed through them of current
for the duration of about one hour, or by being heated in
ovens with Silit heaters at 1350-1400° for the duration of
4-5 hours.

With this, on the surface of the tube a thin protec-
tive film of Si0, is_formed, which protects it from fur-
ther oxidation /°16_/.

The junction of the tube with the rod is created by
welding. The internal electrode of borated graphite is
placed concentrically into the tube and, into the space
between them, a layer of molybdenum silicide powder is
poured, after which baking under low pressure is conducted
in the graphite heater at 1900-2000°.

The welding of the ends of borated graphite thermo-
couples with titanium carbide or zirconium boride is
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performed in Tamman's ovens. For this the internal rod is
placed into a still-unbaked tube of boride or carbide and
is connected at one end by means of the same mixture of
which the tube is pressed., Such a preparation is dried
and placed into_an oven wheré it is baked at certain tem-
peratures / 14 /. -

Lead connections are attached to the electrodes of
the thermocouplés either by welding to a layer of silver,
placed on the cold ends by smearing with a silver paste,
or by mechanical pressing by & copper slot bushing to
which copper wires are welded.

In Fig. 3, calibrated characteristics of a number of
thermocouples are shown (the semiconductor electrode of
borated graphite is marked with B-C).

The calibrated characteristics of all thermocouples
are linear, beginning at 300-400°; furthermore, the elec-
tromotive forces of these thermocouples exceed the electro-
motive forces of the metallic thermocouples used at the
present time in industry. Thus, the electromotive force
of the thermocouple containins MoSi,, intended for use in
an oxidizing medium is, on the aVergge, three times higher
than the electromotive force of platino-platinorhodium
thernocouples, and still higher than that of thermocouples
containing borides,

Laboratory tests of the stability of the thermocouple
during 150 hours in air at 1600° showed that it did not
differ from the stability of a platino-platinorhodium
thermocouple, tested under the same conditions but at
1200°,

Production experiments conducted in the Alchevskiy
Metallurgical Plant imeni Voroshilov for measuring the
temperature of escaping gases and warmed air in the vertical
channel of a Martin furnace (which was set up from the side
of the pouring opening at a level of 1.5 m from the floor
of the work platform) showed that it is possible to measure
temparatures to 1800-1900° with it for the duration of
10-15 hours in an oxidizing atmosphere.

The thermocouple went out of order after 40~50 hours
of work, which was induced by a small thickness at the
bottom of the molybdenum silicide, formed in welding, which




conditioned tHe gradusl burning out of the borated graphite
electrode and the formation of a crater from the end part
of the thermocouple. Ih obhnection with this it is expe=-
dient, after final production of the thermocouple, to weld
to its lower end a short hood with a thick bottom which
reliably prevents burning through and lets one use the
thermocouple under the described conditions for a prolonged
time.

Thermocouples of borated graphite with borides and
carbides of titanium and zirconium are intended for mea-
suring temperatures to 2200-2300° under vacuum conditions,
in a medium of inert and restoring gases.

The thermocouples with an exterior electrode of zir-
conium boride and some other borides are also stable in
molten pig iron at its exit from a blast furnace (Alchev~
skiy Metallurgical Plant) where they did not show any
changes for the duration of 2 hours; in molten brass -

90 hours (Kiev Armature-Machine Works) as well as in molten
steel at 1700°.

The described thermocouples may be produced of prac-
tically any length.

Since the materials of thermocouple electrodes (espe-
cially of the exterior metallic compound) possess a rela-
tively high heat conductance, their cold ends become heated
through, which brings a constant error into the temperature
measurements. Thus in heating a thermocouple 250 mm long
by hot welding to 1700°, the cold ends are warmed to 80-90°.
For removal of this error it is possible either to cool
the cold ends of thermocouples, or, what is constructionally
simpler, to utilize compensation wires which yield about
the same electromotive force as the semiconductor thermo-
couple and the linear dependence of the electromotive force
on the temperature. For example, in the linear areas of
changes of the electromotive force of the thermocouples t0
temperatures of 500°, it is more expedient to utilize the
compensation of wires made of the pairs Cu-(Cu + 0.9% Ni) -
for thermocouple MoSi,~B-C (the electromotive force of
such wires is 8-10 migrovolts/degree) or Cu(Cu + 3.5% Ni) =
for thermocouple TiC~B~C (the electromotive force is
16-18 microvolt/degree). For compensation under higher




temperatures, other metdllic pairs are selected.

A known drawback of semiconductor thermocouples is
their relatively large bulk with the construction selected
by us (the minimum cross-section of the thermocouple is
8-10 mm), as well as less durability than metallic thermo-
couples. In the case of the thermocouple MoSi_ ~B~C the
latter drawback is rather easily removed by thg utilization,
for the outside tubular electrode, not of a tube of molyb-
denum silicide but a molybdene tube saturated with silicon
for a definite thickness from the inside and the outside.
With this, the electric properties of the thermocouple
remain unchanged, and the durability, conditioned by the
metallic internal part of the tube, increases sharply.

In principle, it is possible .in a number of special
cases to equip the thermocouple with an additional protec-
tive jacket, for example of silicon nitride, which is
stable against many molten mctals. It is rather difficult
to prepare an outside electrode from silicon nitride due
to the impossibility of obtaining even somewhat stable
welding of nitride with borated graphite.

It follows from the above that the variations of pre-
peration of high-temperature thermocouples of the semicon-
ductor type are not limited by anything in practice, and
it is possible rather easily to select electrodes for
thermocouples which would assure sufficient electromotive
force, sensitivity and the necessary stability in this or
that medium. -

In the c¢xperimental part of the work, A. D. Panasyuk,
V. S. 3inel'nikova and V. V. Pen'kovskiy participated.

Conclusions. 1. It was shown that a number of alloys
of high-temperature semiconductor compounds of the type of
boron carbide or chromium silicide with metallic compounds
(carbides, borides) possess high magnitudes and linear
temperature dependence of electromotive force in the range
of temperatures from 300-400° to 2000-2200°, which, along
with the high stability of these compounds and alloys in
aggressive media, may be utilized for the construction of
high-temperature semiconductor thecrmocouples,
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2. A high~temperature thermocouple has been deve-
loped of molybdenum disilicide and borated graphite which
posscsses an electromotive force that incrcases lincarly
within the limits of 400-2000° from 4 to 45 mv, which is
characterized by tonstancy of electromotive force in time
and which may be exploited in oxidizing media under tem-
peratures up to 1800-1900°:

3. A series of thermocouples from borated graphite
with carbides and borides of titanium, zirconium and other
high-mclting mctals has been developed, which are intended
for mcasuring temperatures in a vacuum, restoring media
and inert atmospheres to 2200-2300°, which are also charac-
terized by linearly calibrated characteristics of electro-
motive force, which changes within the limits of 300-400 to
2200-2300° from 5-6 to 90-120 mv.

4, The possibility of sclection of thermocouples
with given electric, mechanical properties and stability in
various media,

Received 29 June 1959
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of Spececial Alloys, Academy of Sciences
Ukrainian SSR, Kiev
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