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Abstract

Thoria-yttria electrolytes were employed in solid-state
electrochemical cells to obtain free energy of formation data
for the tantalum silicides. The cells consisted of a reference
electrode, electrolyte and silicide electrode . The cell com-
ponents were fabricated by cold pressing of powders followed by
sintering in vacuum. Reference electrodes were fabricated from
metal, metal oxide mixtures having well established thermody-
namic properties.

Stable silicide electrodes were selected from the family
of possible electrodes by studying their stability at high

temperature. The family consists of all reactions of the form:

high silicide =» low silicide + silica
low silicide -» high silicide + tantala

silicide -» tantala + silica

where the tantalum silicides are (highest to lowest): TaSiz,

Ta_Si_, Ta,Si, Si, The thermal stability study predicted

5213 TaySi, Ta, o
that the following electrodes are stable:

TaSiz, TaSSi3, SiOZ(a) ()
TaSSiB' TaZSi, Ta205 (11)
Tazsi, Ta4.58i, Ta205 (I1I1)
Ta55i3, SiOz, Ta205 (IV)

EMF measurements were made with the following half-cells
with respect to an Fe,FexO reference electrode at temperatures

ranging from about 800°C to 1100°C:

& = - L3 . - ‘.7
5 Ta812 + 14 0 7 SlOz(a) + T35813 + 28e (V)

which corresponds to electrode (I) above,




2 Ta5813 + 20 = SlOZ(a) + 5 Ta281 + 4e (VI)

which was predicted to be unstable in the electrode
stability study,

6 Ta281 + 50 = Tazo5 + 2 Ta5813 + 10e (VII)

which corresponds to electrode (II) above, and

4 Ta4.581 + 25 0 =5 Ta205 + 4 Ta251 + 50e (VIII)

which corresponds to electrode (I11) above,
From the data obtained with the above electrodes and correc-
tions for electronic transport (about 1%) the following values
for the free energies of formation of the tantalum silicides
per gram-atom of silicon at 1300°K were computed:

+1.8

A =-
GTasi2 8.1 _3.7 kcal.
4Cpa i = -24 +3 keal.
513 x
A = -
GTa Si 27.2 £3.1 kcal,
2
AGTa4 (Si = -37.3 7.2 keal.

About 45% of the uncertainties listed above are caused by un-
certainties in the free energy data for ferrous oxide, tantala
and silica. The above data represent a considerable improvement
over earlier enthalpy of formation data in terms of accuracy and
thermodynamic consistency.

The EMF measurements on the silicide electrodes were diffi-
cult because dense silicide electrodes could not be fabricated
by cold-pressing and sintering. The resultant electrode porosity
coupled with sluggish electrode reactions permitted interference
by the inert gas environment in the majority of cells, An im-
provement in electrode fabrication and the employment of isolated
electrodes in future work may result in considerable improvement
in the data for the tantalum-silicon and other metal-silicon

systems,
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I. INTRODUCTION

At temperatures from ZOOOOF to 2400°F superalloys are
inégequate as structural materials.” Therefore, for applica-
tions such as high-temperature furnace parts and turbine com-
ponents for the super-sonic transport, interest focuses on the
refractory metals which maintain high strength at these temper-
atures(1l,2). However, this class of materials has one serious
deficiency - a high affinity for oxygen and nitrogen and the
inability to form a protective oxide film at temperatures as
low as l3OOOF. Columbium and tantalum also suffer hardening
and embrittlement by absorption of oxygen and nitrogen on inter-
stitial lattice sites. Alloying does not provide an adequate
solution to these problems. Therefore, protective coatings are
required to prevent or sufficiently inhibit the ingress of oxy-
gen and nitrogen to the underlying refractory metal substrate
and to thereby make the lifetime of a component long enough for
practical employment. The coating protects the substrate via
its oxidation behavior, that is, by forming a dense, adherent
oxide film with a high resistance to oxygen diffusion. The
coating systems showing the most promise are based on silicides
or aluminides which oxidize to form silica and alumina respec-
tively - both highly resistant to the diffusion of oxygen,
Furthermore, these coatings are potentially self-healing; they
act as reservoirs of silicon or aluminum so that perforations
in the oxide are sealed by the formation of new oxide. The
silicides are of particular interest in this study.

Silicide based protective coatings are applied to the sub-
strate by a number of techniques such as vapor deposition,
slurry spraying and pack cementation. From a practical view-

point the coating application technique is of considerable




2.
importance. Such physical and mechanical properties as melting
point, coefficient of thermal expansion and modulus of elasti-
city need to be considered. In addition, the self-healing
ability of the coating and its interaction with the substrate
are important.

For silicide coatings the desired protective reaction is

of the form:

. . , 1
RXSJ.Y + 02 - 5102 + RXSly-—l (1)

while reactions of the form:
RXSly + (x + y)O2 > XRO2 + y8102 (2)

are undesirable since the refractory metal oxide gener=aully
interferes with the formation of a glassy silica film. How-
ever, formation of the refractory metal oxide igs tolerable
where SiO2 and RO2 form a glass or where RO2 is volatile(354)u
The latter situation occurs with MoSi2(4,5)° In ordexr to pre-
dict and understand the oxidation behavior of refractorv metal
silicides accurate free energy of formation data are reguired
for the silicides and their oxidation products. Data for silica
and for the refractory metal oxides are available{6), Data for
silicides are scanty.

Free energy of formation data are available only for some
of the rhenium silicides (7). For most other refractory metal
silicides only enthalpies of formation are availuabls, The en-
tropy of formation of Mo3Si was found to be -0, 2eu at 2980K(8),

If the Neumann-Kopp rule is invaoked we have

PaN = O {-
C,o (3)

aSxo (4)



and

0
aGs =4z (5)

for the entropy and free energy of formation of the silicides
from the pure solid elements. The available enthalpy of forma-
tion data are of little use in many instances kecause o0f their
poor precision. Predictions made with these data are frequently
ambiguous as will be evident later., All of the available data
have been collected by three classical techniques whichk will be
discussed below with particular emphasis placed on the data for
the tantalum silicides.

Brewer and Krikorian(9) determined limits for the stability
of some refractory metal silicides by direct reaction of the
compounds with carbides and nitrides. The productsz of the reac-
tion were analyzed by X-ray diffraction and limits on the en-
thalpy of formation were computed based on the spontaneity of
the reactions. This technique can give narrow limits in some
cases, but in general the range of enthalpies is large,

Robins and Jenkins (10) determined the heats of formation
of some transition metal silicides by directly measuring the
heat evolved during formation of the compounds from the ele-
ments. A bar composed of the elements in the proper proportions
is placed in a calorimeter and heated at one end by a conil to
cause ignition. The reaction is self-propagating., In some
cases a thermit pellet had to be placed in contact with the
bar to cause ignition. The heat of formation of the sili-
cide can be calculated from the measured temperature wise and
corrections for the contritutions due to the heater and thermit
pellet. The precision of the measurements is about =3%,
In the third technique, employed by Searcy and cowozrkers

(11,12,13), the dissociation pressure of silicon over the



4,
silicide of interest is measured by the Knudsen effusion method.
The vapor pressure data may be analyzed by either a Second or
Third Law approach. 1In the former, the heat of dissociation is
determined from: a plot of -RlnP vs 1/T. From the slope and the
heat of sublimation of silicon one can calculate the enthalpy
of formation of the silicide. In the Third Law method the
vapor pressure data are combined with the estimated walues for
(FO - H0298)/T for crystalline and gaseous silicon and with the
heat of sublimation of silicon to obtain enthalpies of forma-
tion for the silicides.

Data for the tantalum silicides, obtained by the three
techniques discussed above, are presented in Table I, The
values in column IV are based on an average of thlhe Second and
Third Law techniques using a value of -112 Kcal. for the heat of
sublimation of silicon at 298OK. The values in column ¥ are
based on the same vapor pressures as column IV but an improved
value of the heat of sublimation of silicon (-~108.4 kcal, at
2980K) was used and the calculations were made using only the
Third Law method(14,15). The Third Law method is generally
more reliable than the Second Law method. In Table I the
"confidence" intervals in columns III, IV, and V range from +4%
to +40% with +15% being close to average. Therefore, the
classical methods which have been employed in thermodynamic
measurements on the refractory metal silicides do not give re-

sults that are as good as one might desire,



TABLE I

ENTHALPY OF FORMATION DATA FOR

THE TANTALUM SILICIDES

aH kcal/g-atom of silicon

II III Iv v
Brewer and Robins and Myers and Searcy and
I Krigorian(9) Jen%ins(lO) Seagcy(ll) Fingie(l4)
Compound AH 208 &H T afH 208 AH 208
TaSi -12.8 to -13.9+1 -11.6+5 -12+3
2 — — —
-32.3
TaSSi3 -20 to =77.2 -25.3+1 -26. 745 -24+4
TaZSi -20 to -90.1 - -29. 345 -30. 2+4
Ta,  Si <-20 —_— ~34.4+5 ~35, 8+4
In this work a fourth method was applied to the determina-

tion of

for the first time.

the free energy of formation of the tantalum silicides

This technique employs solid oxide electro-

lytes to establish the difference in oxygen partial pressure

between a silicide electrode and a reference electrode.

The

reference electrode is fabricated from an intimate mixture of

a metal and its oxide with well
The silicide: electrode consists

ide. A typical formulation for

Pt/RSlX, RSly, SlOz//ox1de

with the cell reaction:

2MO + wRS.‘i.X -» 2M

known thermodynamic properties.
of a silicide pair and an ox-

such a cell might be:

electrolyte//M, MO/Pt, (6)

+ Si .
8102 + zRS:Ly (7)
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In order to determine individual values for the free energy
of formation of all the tantalum silicides four such cells
must be examined. The potential accuracy and precision of
this method is good and it can be readily extended to other

silicide families once its value is established,



70

II. Application of the EMF Method to the Tantalum-Silicon
System,

A, The Tantalum-Silicon System.

Before discussing the EMF method, a survey of the
tantalum-silicon system is in order. The available thermo-
dynamic data have already been discussed. Tantalum and
silicon form four compounds according to the phase diagram

shown in Samsonov (16) and reproduced in Figure 1,

2700 i
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FIGURE 1. Tantalum-silicon System.,
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Tantalum disilicide was first identified by Honigs-
schmid(17). The other compounds were identified as Ta Si,

4.5
TaZSi, and Ta58i3(18,l9). Brewer et. al. (18) synthesized
the compounds directly from the elements in an argon atmo-
sphere and identified the lower silicides as TaSi

TaSi

0.6
and TaSi by X~ray diffraction.

0.2 +1' 0.2 + 005

Nowotny et. al. (19) identified essentially the same compounds
by X-ray diffraction and also by microscopy. A melting point
study was conducted by Kiefer et. al. (20) and the results
were used to construct the liquidus curve from Ta up to
TaSSi3 on the phase diagram of Figure 1., Melting points

for the eutectics were determined by Brewer and coworkers(19).
The melting points of Ta58i3 and TaSi2 were also determined
by Geach and Jones(2l) and their results were used in the
phase diagram for these compounds and also to modify the
results of Kiefer et. al. in the silicon-rich region. Schubert

et, al. (22) found a phase with the composition Ta_Si.

3
Goldschmidt et. al. (23) reported that Ta3Si is the lowest
silicide and that Ta Si and Ta _Si are impurity stabilized

4.5 2
phases. In addition Goldschmidt reported the limits of

solubility of silicon in tantalum., The maximum solubility

is 2.25 atom % at the eutectic temperature of Ta‘;"Ta4.SSi",
23100C. Tantalum is not soluble in silicon(24). Homogeneity
ranges for the tantalum silicides have not been established.

Berezhnoi(24) states that Ta, _Si exists over the range

4.5
Ta_Si to Ta,Si and that Ta_Si has a very narrow region of

5 4 2
homogeneity. Brewer et, al. (18) found no shifting of the
lines from one sample to another in their X-ray studies of the
silicides. This indicates that the homogeneity ranges are

small. On the other hand, Alyainovskii et. al. (25) report



0.
that Nb_Si. and NbSi., have large homogeneity ranges. The

573 2
former exists from Nb5812.9 to Nb5813.3 while the latter
exists from NbSil“BS‘ to NbSi2‘2-, Since there is a great

deal of similarity between the niobium-silicon and tantalum-
silicon systems, a broad homogeneity range for the higher
tantalum silicides  should not be ruled out.

X-ray data for the tantalum silicides are reported by
Brewer et. al(18), Nowotny et. al. (19), and Wallbaum(26).
TaSi2 is reported to be hexagonal by Wallbaum. Nowotny

reports that Ta_Si_ and Ta Si have hexagonal crystal

5 73 4.5
structures and that Tazsi is tetragonal. Xnapton(27) and
Parth& et. al. (28,29) report .that hexagonal Ta58i3 is an
impurity-stabilized phase and that Ta_Si._ is actually tetra-

573
gonal as a pure binary phase in the absence of carbon,

nitrogen, and oxygen. Parthé reports that Ta58i3 transforms

from a low-temperature tetragonal form to a high-temperature
tetragonal form.

In conclusion, it is fair to say that at this time
there is still controversy about the nature of the lowest

silicides and the crystallography of Ta Si3(30). Evidently,

5
in the presence of impurities such as carbon, nitrogen,

oxygen, or boron Ta Si, Ta_Si, and Ta_Si_ in a hexagonal

4.5 2 573
and tetragonal modification are formed. In the absence of

impurities Ta_Si may be the lowest silicide with Ta,Si

3 2
absent and TaSSi existing in only one or two tetragonal

modifications, ’

The tantalum silicides can be synthesized by a number
of methods (24,30,31). The most important is direct reaction
between the elements in vacuo or an inert atmosphere., Other

techniques such as alumino-thermic reduction of the oxides
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or reaction between the oxides and carbon tend to give
contaminated products. Formation of the silicides by reac-
tion with silane has the disadvantage of being diffusion-
limited and-offering an unnecessarily complicated procedure
for most applications as compared with synthesis by direct
reaction of the elements. Electrolysis schemes also offer
no advantage over direct reaction. The factors to be con-
sidered during synthesis of the silicides directly from the
elements are the purity of the reactants, contamination and
silicon loss during synthesis, and the homogeneity of the
products.

The tantalum silicides are generally inert to reagents
except for HF and fused alkalis. Although the higher sili-
cides are resistant to oxidation, the compounds low in
silicon are not. The silicides have a metallic luster and
are metallic conductors of electricity. However, they are
hard, brittle, and melt at high temperatures. The latter
properties make this family of materials extremely difficult

to fabricate and sinter.
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II. B. The EMF Method
The employment of solid electrolytes in the measurement
of thermodynamic properties was brought into prominence by
Wagner (32), and Schmalzried(33), and others. A typical cell

formulation for such a measurement is:

A/M, MX_//CX//R, RX_/A (8)

The lead wires are represented by A. M, MXm is a reference
electrode with well established thermodynamic properties

and R, RXn is the electrode under study. CX is an electrolyte
which conducts by X migration. Anionic conductors are most
common although a number of studies have been made with

cationic electrolytes. The half-cell reactions are:

- - /7 -
ne —r,—nQ-MXm ~o- Mm —+ X

nX" + R = BxXn+ Nn€&

and the total reaction is:

(9)
R+ 5 MXnm = S mM + RX,
The free energy of the cell reaction is related to the

observed voltage by

A6 = - nF EMM (10)

where AsGR(T) = free energy of reaction at TOK, cal.

n = number of equivalents transferred in the
reaction

F = the value of the Faraday (23,060 cal/volt-.
gram-equiv. )

E = observed cell voltage at null current, volts
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provided that the following conditions are fulfilled:
The cell reaction is reversible; that is, polarization
is zero and current efficiency for the postulated
- reaction is 100%.
From equations (9) and (10), the free energy of formation

of RX is:
n

P
° (11)

ACH(T) = H Ay (0 — 11 ET)

The entropy of formation of RXn is determined from the

temperature dependence of the EMF:

£ dEE)

ASexST) = FFASp (T + nFS5—= (12)

Differences in oxygen partial pressure can be conve-
niently measured with electrochemical cells employing ceramic
oxide electrolytes. Oxide electrolytes are binary oxides
which conduct essentially only by oxygen ion (O=) migration
over a given temperature-oxygen partial pressure domain.

They will be discussed in detail in a later section. A cell

employing an oxide electrolyte may be formulated as:
Pt/M, MO//oxide electrolyte//R, RO/Pt (13)

where the electrode reactions are:

R + O. = PO <+ 2¢&
2e=+M0 = M + OF

The cell reaction is:

R+ MO = RO + M (14)
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and
AGE) = -7 FEM) = AGroT) — AGMo(T) (15)

At the electrode-electrolyte interfaces we have equilibriums

= o (16)

GRo(T) =~ GR(T) — Gg=(T) + ET L a Qo—

MO

GoT) + Goe(T) = GMD«‘r)-/—ET/;, bl _ 5 (1)

Adding (16) and (17) and combining the appropriate free
energies and setting the activities of R, RO, M, MO egual

‘to unity gives:

a
AGe 1) —AGpST) = BT &, QO' (18)
0-
or
2T & o=
E = -2 = (19)
FE a2
For the reaction
(20)

2e + ,'éLOa(g) = OF
one can write

-2F P+ 5 G ™) +ET L 70 = —2FP+6o® (o1
+RT M Qo=

where -2F@ is the electrical potential. The electrochemical
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potential, 2} , 1s the sum of the electrical and chemical

potential:

7<9Fdt/H
Since n = 2, from (21) and (19)

E=-‘7E=/Z=—A—'&i‘- (22)
1ﬂtk

The object of this study was to determine the free
energy of formation of the tantalum silicides by an EMF
method employing solid oxide electrolytes, This technique
has never been applied to silicides. Furthermore, studies
of three phase electrodes +®2(g) with oxide electrolytes
are uncommon. Such electrodes were necessary in this study.
The data were obtained by measuring the oxygen partial pres-
sure established at equilibrium over the silicides and their
oxidation products. The oxidation products are the oxides
of tantalum and silicon. According to Kofstad(34), Ta205 is
the only thermodynamically stable oxide of tantalum., Tantalum
pentoxide'exists in two configurations: a beta or low tempera-
ture form and an alpha or high temperature form., The transi-
tion from beta to alpha occurs at about 1320009 However,
the high temperature form has been detected at temperatures
as low as 1250°C in oxidation studies (35). Complete thermo-
dynamic data for tantalum pentoxide are available(6), X-ray
data can be found in the ASTM file(36). Tantalum pentoxide
has a narrow homogeneity range and is an n-type conductor at
low oxygen partial pressure(37). The picture for silicon ox-
ide is more complex, First, silicon forms a monoxide, SiO.

According to a survey by Toropov and Barzakoskii (38} SiO does not
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exist as a solid. Gaseous SiO does not form from Si and
SiO2 below about 1280°C. A silicon sesquioxide has been
reported, but satisfactory confirmation has not been ob-
tained. There are no fewer than seventeen crystalline forms
of silica and three amorphous forms(39). However, only
alpha and beta quartz, tridymite-S and alpha cristobalite
are thermodynamically stable at atmospheric pressure. Beta
guartz is stable from absolute zero to 573°C. From 573°C
to 867°C, alpha quartz is stable. At one atmosphere total
pressure, alpha quartz transforms to tridymite-S at 8670C.
This phase is stable to 1470°¢ where alpha cristobalite
forms. Alpha cristobalite melts at 17230C. Tridymite-S
has only been produced as the intermediate phase between
of~quartz and e(-cristobalite in the presence of mineral-
izers. In the absence of mineralizers o ~guartz is stable
to 1027OC where it transforms directly to of-cristobalite.
The reverse transformations, that is, from cx—crisﬁobalite
to tridymite-S to oe-quartz occur with great difficulty in
the absence of mineralizers. Over the temperature range
used in this work, the largest difference between the free
energies of formation of the stable crystalline forms of
silica is 250 calories(6). Amorphous silica is metastable
with respect to the crystalline forms (appfoximately 6 kcal.
lesg stable over the temperature range of interest). How-
ever, amorphous silica is almost always the thermal oxida-
tian product of silicon and the silicides. This occurs
because the silicon-sites in the substrate are more suitably
arranged for the formation of an amorphous product,.so that
geometric considerations prevail. Devitrification is not to

ba expected at the temperatures used in this study. At lOOOOC
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crystallization of silica glass proceeds at an inappreciable
rate, At llGOOC the process takes about six days while at
lZOOOC it takes about three days. Alpha cristobalite is
usually the product of the devitrification process., Complete
thermodynamic data for silica are available(6). X-ray data
are found in the ASTM file(36).

As was mentioned earlier, the silicide electrodes are
formulated from silicides and the oxidation products. The
first step in the development of the method is to list all
of the possible half-cell reactions. The two-phase fields

in the tantalum-silicon system are, from Figure 1:

Si - TaSi2
TaSi2 - TaSSi3
TaSSi3 - TaZSi

TaZSi - Ta4.55i
Ta4.58i - Tag

No useful information can be obtained from the Si - TaSi2
and Ta4.SSi - Ta, Pphase fields since the oxygen partial
pressure in equilibrium with the former is simply the oxygen
partial pressure over silica in equilibrium with silicon
while the oxygen partial pressure over the latter is essen-
tially equal to the oxygen partial pressure over tantalum
in equilibrium with its oxide. The remaining reactions fall
into three categories:
(A) electrodes where SiOz(a) is the oxidation product,
(B) electrodes where 8 - Ta205 is the oxidation product,
and

(C) electrodes where the silicide is completely oxidized

to SlOZ(a) and 6— Ta205.
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Table II lists all of the possible half-cell reactions, The
last two columns show the cell voltages expected if the
electrodes of interest are run against an iron, wustite
reference electrode. Data for the oxides are from Wicks and
Block (6) and enthalpy of formation data for the silicides are
taken from Searcy and Finnie(14).

A number of observations about the half-cells in Table II
can be made. First, as we proceed from the Ta-rich to the
Si-rich end of the phase diagram (Figure 1) the activity
of tantalum decreases monotonically and the activity of
silicon increases monotonically. The following egquations

apply to the oxygen partial pressures:

over group A electrodes,

~ LG fT) = BT 4, —2si0:6 (23)

As: o,

over group B electrodes,

~AGE o) = RT.4, —x%Tts, (24)

In equations (23) and (24) the free energies of formation
are fixed and the oxides are at unit activity. Therefore,
as we proceed from the Ta-rich to the Si-rich silicides the
oxygen partial pressure decreases in group A electrodes
where Siozia) is the oxidation product and increases in

roup B electrocdes where -Ta.O_ is the oxidation product,
g Vg p




TABLE II

POSSIBLE HALF-CELL REACTIONS AND EXPECTED VALUES

WITH RESPECT TO Fe - Fe O at 1000°K and 1300°k

HALF-CELL REACTIONS

(millivolts)
EXPECTED VALUES

A. Sioz(a) IS THE OXIDATION PRODUCT:

(1) 5 Tasi, + 14 o

(2) 2 Ta5813 + 20

(3) 9 Ta,Si + 10 o

= 7 Sloz(a) + Ta5513 f 28e

= Si + 5 Ta_Si .
SlOz(a) 5 a2 i+ 4e

= 5 0 » -
SlOZ(a) + 4 Ta4.581 + 20e

B. $-Ta,0, IS THE OXIDATION PRODUCT:

5

(4) 4 Ta5513 + 35 0

(5) 6 Ta,Si + 5 o

(6) 4 Ta4.5

Si + 25 0

=7 Ta O_ + 6 TaSi_ + 70e

25 2
=T + 2 Ta_Si -
a205 2 a5813 + 10e
= T i -
5 a205 + 4 Ta251 + 50e

(C) COMPLETE OXIDATION TO SiOz(a) AND(B—Ta205:

(7) 2 TaSi, + 13 o

(8) 2 Ta5313 + 37 O

(9) Ta,Si + 7 o

(10} 4/Ta4.§1+ 53 ©

= Ta 0 + 4 Si02(a) + 26e

25
=5 Ta205 + 6 SlOz(a) + 74e
= + Si + -
Tazo5 SlOZ(a) l4e

= 9 Ta205 + 4 5102 + 1l06e

1000°K 1300°K

634 +65 613 +65
895 +477 870 +477

433 +113 409 +113

548 +52 528 +52
475 +208 457 +208

617 +28 598 +28

603 +20 580 +20
577 +14 556 +14
565 +13 543 +13

590 +7 570 +7

g1
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Since the oxygen partial pressure over Fe, FeXO is fixed
at a given temperature one can conclude, in the light of
equation (22), that within group A in Table II the observed

EMFs must be in the order

E(Tasi,. ,Ta.Si

P 5 3,5102(3))> E(Ta551

3,Ta281,8102(a))
(25)

>E(Ta28iz,.Ta Si,SiOz(a))

4,5
Similarly the EMFs observed for group B must be in the order

E(TaSi,Ta.Si,,Ta,0,) < E(Ta.Si,,Ta,Si,Ta0,.)

2 25

(26)
<:E(Ta28i,Ta

4,551 Ta505)
Examination of Table II and the above inequalities, (25} and
(26), clearly shows the shortéomings of the available data.
Under ideal conditions, reaction kinetics should play
no role in the EMF measurements. Hence, reaction (6} should
occur to the exclusion of reaction (3). Also, reaction (1)
should occur in preference to reaction (4) and reaction (2)
should occur in préference to reaction (5). The prediction
for the first pair can be confirmed and the picture for the
latter pairs can be more clearly established by determining
the thermal stability of the various electrodes. This can
be accomplished by bringing a silicide pair and the appro-
priate oxides to equilibrium at an elevated temperature and
determining the phases present by X-ray diffraction. The
detection of SiO2 by X-ray diffraction is difficult in the

presence of the silicides. However, changes in the quantity

of the silicides and Tazo5 can Be detected and it is on this
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basis that the results of the electrode stability studies were
evaluated. Further details of the electrode stability studies
will be presented in a later section. The calculated free ener-
gies of reaction at 1700°K for this study are presented in
Table III. These calculations are based on the enthalpy of
formation data of Searcy and Finnie(l14), Data for the oxides
were taken from Wicks and Block(6). Based on the available data

the only electrode which is clearly stable is Ta,Si, Ta Si,

2 4.5

Ta205. The experimental electrode stability study confirmed

this and also showed that TaSiz, TaSSi3,

electrode. The thermal stability study also showed that TaSSiB’

TaZSi, Ta205 is a stable electrode. At this point, half-cells

(2), (3), and (4) in Table II may be eliminated as possibili-

Sioz(a) is a stabie

ties.

In category C of Table II, complete oxidation reactions,
only one of the reactions can occur. This can be shown by again
considering equations (23) and (24). Since only one oxygen
partial pressure is permitted over an electrode,g}oo2 can be
eliminated between the equations and the required relationship

between Ta and Si activity can be computed:

° o
/é; &sy = ‘QGETGE@D(fa —.éé,‘keaaﬂgi_gp (27)
QTE‘S £ 7

At 1300°k

&= —2.47 (28)
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TABLE IIT
CALCULATIONS OF ELECTRODE STABILITY

REACTION

. _ . 13 .
TaSJ.2 + 2 Ta205 = 5 SJ.OZ(a) + 5 Ta5813

TaSS;L3 + Z.Ta205

5 S.'LO.2(a) + 37 Ta281

5 50, (a) + 28 ny si

Ta Si + 2 T
a .Si a, o 5 4.5

2 25

A G (kcal)

-33 +54

-136 +316

+94 +64

4
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or

Qs =
_é_f;% = 0083 (29)

To.

This can be true for only one silicide. The electrode sta-
bility study showed that Ta
Tazsl; & -Ta205 and TaSi

St T3y o 5513

Si i -
2 Ta5 13, SlOz(a) are stable elec
trodes (i.e. the oxidation of TaSi2 yields TaSSi3 and Sioz(a);

the oxidation of Tazsi yields TaSSi3 and Ta205,*and the oxida-

tion of Ta4 5Si yields TaZSi and Tazos). Therefore, the com-

plete oxidation reaction should be possible only for TaSSi

Si, ﬁ fTaZOS; Ta

Half-cells (7), (9), and (10) of Table II are eliminated. ’
At this point, an examination of a plot of enthalpy of

formation per gram-atom of silicon against composition is

instructive. The graph, Figure 2, indicates that there is

an inconsistency in the data for Ta_ Si, Ta_Si., and TaSi

2 5 73 2
hased on mean values. The mean for Ta58i3 should fall below
the line connecting the mean for TaZSi and TaSi2. It does not.

From the graph, "activities" of silicon and tantalum were
calculated and they were used to compute aSi/aTa 4/5., For the
Ta4.58i - TaZSi phase field this ratio attains a possible maxi-
mum value of 0.0183., For the Ta_Si_, - TaSi2 phase field the

ratio ranges from 0,027 to 114 withBa mean of 1.68. These
values are to be compared to the calculated value of 0.083
for the complete oxidation reaction at l3OOOK. This lends
support to the observations made in the electrode stability
study. PFurther calculations were not worth while in view of

the inconsistent data.
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In summary, the following electrodes provide possible

reactions:

Designation

in Table II
Ta812, Ta5513, Sloz(a) (1)
Ta5813, Ta281, SlOZ(a) (2)

and/or

Ta5513, Ta281, @-Tazo5 (5)
Ta251, Ta4.581, (5 —Ta205 | (6)
Ta5813, SlOz(a), 65 -Ta205 (8)

Electrodes (2) and (5) are mutually exclusive under ideal
conditions. However, ideal behavior will not necessarily
be observed., If the EMF difference between electrodes (2)
and (5) is small, then kinetic influences can be expected to

determine which reaction occurs.

It will now be shown that the above electrodes can
yield the individual free energies of formation of the
tantalum silicides., First, only one degree of freedom
exists, so that the oxygen partial pressure over each elec-
trode is fixed at constant temperature. This follows from

application of the phase rule. The electrolyte may be
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regarded as a source of oxygen at the equilibrium partial
pressure, Then, in each case in Table II there are three
solid phases and one gas phase. There are also four chemi-
cal species and one independent reaction; that is, the
electrode reaction with %Oz(g) substituted for o and e
eliminated. Then, from the phase rule, the number of degrees

of freedom, £, is one.

f=N~-R-P + 2
(30)
f=4-1~-4+2=1

With one degree of freedom, the temperature may be selected
and the oxygen partial pressure will thereby be fixed.

For each of the possible electrodes the following
equations relate the free energies of formation of the
compounds involved to the observed voltages. EMFs are

labeled according to the reaction as designated in Table II.

548G, M) —AGE g (7 = NFEM+746¢, T -4 acE 2o 1)

ZAG (T) SA@_ 5.('77 N, FET) + 4GS m Fea > (@)
6AQ?:§‘;(-77 ‘ZAG{SS:;m:ﬂsF‘Es(T) +AG721%(7—) - S_AG%O(T)(S)

4G ) = 4ACT () =My FEXT) +SAGH 0= 285455 L1)6)

45 i
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RAGE 5 (1) = e FET)+5AGE, (T +60550, (@

—37A6=,‘,ieOCT)

In writing the above equations it was assumed that the
homogeneity range for each silicide is exceedingly narrow in
which case the free enérgies of formation of the silicides do
not vary appreciably from one extreme of the homogeneity range
to the other. From the left side of the above equations one
can see that successful measurements on reactions (1), (6), (2),
and (5), or (1), (6), (2) or (5), and (8) are required to de-

termine all four free energies of formation.
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II. C. Oxide Electrolytes

During the past dozen years the literature on solid
electrolytes and their employment in thermodynamic measure-
ments and other applications has grown at a rapid pace under
the stimulus of an early péper by Kiukkola and Wagner (32},
A complete survey will not be presented here, but rather a
comprehensive examination of oxide electrolytes, their
properties and some of the EMF measurements performsd will
be presented.

The subject of oxide electrolytes pre-dates Wagnexr,
In 1902 Reynolds(40) investigated the electrolyte 90% Zroz -
10% MgO. Treadwell et. al., 1916(41l) employed porcelain as
an electrolyte, In 1940 Hauffe(42) used glass as an electro-
lyte, Wagner(43) gave a correct explanation for the trans-
port mechanism in doped zirconia in 1943, However, it was
not until 1956 that Kiukkola and Wagner (32) showed the way
by demonstrating that zirconia-15 mole % calcia was an
essentially pure ionic conductor over an extended oxygen
partial pressure range, and that it could be applied with
great success to a variety of thermodynamic investigations.,
They also found that thoria based electrolytes exhibited
electronic conduction at high oxygen partial pressures,
Since this work, other oxide electrolytes have been developed,

Peters and Mann (44) showed that ThO, based electrolytes can

2
be employed in thermodynamic measurements, Dixon et., al, (45)
found that Zr02—Y203 was a good electrolyte, Strickler and

Carlson(46) investigated ZrO_, doped with Sc Yb,0,, Y.0O

2 203' 2 273°

szo3 and Gd203. HfOZ—CaO was studied by Johansen and

Cleary(47). Steele and Alcock(48) demonstrated that ThOZDYzog,
ThOZ—Lazo3 and ThOECaO formed good electrolytes, ueozmha203

was investigated as an electrolyte for fuel cells by Singman{49).
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Oxide electrolytes have been fabricated in two ways,
The first starts with the aqueous metal nitrates. They
are mixed together in the proper proportions and coprecipi-
tated as the oxalates in an ice bath. This is followed by
filtration, washing, dehydration and calcination at 90000
for several hours. From this point the first and second
methods are the same. In the second method the starting
materials are the oxide powders mixed together in the proper
proportions. The powder is pressed into the desired shape
and fired at 1700 to 23000C. Starting with the nitrates
offers no advantage over fabricating directly from the oxides
in terms of purity of the final product. Where the oxides
and nitrates are both available at comparable purity starting
with the oxides is preferable, The sintered electrolytes
can be produced with densities approaching 100% of theoretical.
Density is an important consideration since the electrolytes
must be gas-tight. The color of sintered thoria-yttria
electrolytes varies from a reddish-brown to white, Zixconia-
calcia electrolytes can be produced in colors ranging from
tan to white., The color of the electrolytes depends upon
the oxygen content of the sintering atmosphere, Electrolytes
are white in the stoichiometric condition., Electrolytes that
are hyperstoichiometric with respect to oxygen are colored,
This occurs by dissolution of excess oxygen with the creation
of electron holes. Coloring can also be produced by <gamma
radiation, The radiation damage process is reversible, How-
ever it is undésirable because the defects produced cause
electronic cénduction.

All of the oxide electrolyte systems are similar in sev-

eral respects. The pure oxides Zr02, Th02, Hfo2, and Ce02
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are refractory oxides with extremely large free energies
of formation. As pure materials they are mixed conductors
of electricity(48). The principal conducting species are
either positive holes or excess electrons and oxygen ions
depending on the oxygen partial pressure. The ionic trans-
port numbers (the fraction of the conductivity attributable
to ions) are relatively small except perhaps over a limited
intermediate oxygen partial pressure domain(50). The addi-
tion of aliovalent cations such as Ca+2 or Y+3 greatly en-
hances the ionic conductivity and has little or no effect
on p and n-type conduction. The net effect is an essentially
pure ionic conductor., It has been shown by lattice parameter,
density and X~ray diffraction intensity measurements (51)
that for 2rO0.~Ca0O the Ca+2 substitute for Zr+4

2
electroneutrality an equivalent number of oxygen lattice

. To maintain

sites are left vacant. The same substitution of the dopant
cation for the host occurs in the other oxide electrolyte
systems. The electrolytes all have the cubic fluorite crystal
structure. In hafnia and zirconia this structure is produced
by the aliovalent addition. A minimum addition for each
dopant is required before a solid solution with the fluorite
structure is formed. ThO2 has the fluorite structure to
begin with. The partial phase diagrams, Figure 3, illustrate

the ThOz—Y 0]

and Zr0_-Ca0 systems,

2200
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30,
The effect of doping was clearly demonstrated by Kiukkola
and Wagner (32). The conductivity of a particular species

Gri, is given by

G = C: 94 (357
and the total conductivity 67& is

O = 2 T (32)
[
The terms in the above equations are defined as follows:

. . .t . . -
671 is the conductivity due to the i h species, mho-cm 1

Ci is the concentration of the ith species,

particles/cm3

. .t . : .
a; is the charge on the i h species, coulombs/particle

A,

] is the mobility of the ith species, cmz/voltwseco

The concentration of oxygen vacancies, Voz,is governed
by the concentration of the dopant cation. The concentrations
of the other conducting species are governed by equilibria
between oxygen gas and the electrolyte. At low oxygen partial
pressure, oxygen ions on lattice sites, O=, are lost to the
gas phase with the creation of oxygen vacancies, Vomg and

excess electrons, ©,:

2O% (attice) = C. (9 +46 + Z 4= (33)

with

2
ﬁ(' — <’C:S=> : =
' ﬁz(ce)4 (Cv-)* a

At high oxygen partial pressure oxygen gas dissolves in the
electrolyte. The dissolved oxygen occupies vacant oxygen

lattice sites, VO=, and positive holes, ®, are created:
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o(5) + 2V = 20 (dtee) + 4O (35)

with

(Co=7z (Cf?)‘_ﬁ (36)

ﬂ (CVO"‘) -

Kiukkola and Wagner argued that CO= is essentially constant,

K’

Also, as a result of the doping with calcia which intrcduces

. ot .
one mole of vacant oxygen sites for each mole of Ca 2, CV 0
i~
the concentration of vacant oxygen sites, is also constant.
Equations (34) and (36) can therefore be simplified and

solved for C_ and C® respectively:

(2]
K 7%;# (37)

Kz ﬂ# (38)

and therefore, since qil4g_is constant in equation {31} at

Il

Ce

Ceo

I

constant temperature, the total conductivity eguation may be

written as:

o7 = Ko #2,

where subscripts p and n represent the positive hole and

-# #
+ Oo= + Kp £2 (39)

excess electron contributions respectively.

An ionic conductor should have a constant value ofCT&
at a given temperature independent of oxygen partial pressure
since C75= is the largest item on the right hand side of

equation (39). Kiukkola and Wagner measured the total
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conductivity of ZrOz—CaO electrolytes with alternating
current at 870°C in atmospheres ranging from pure oxygen
at one atmosphere to hydrogen at one atmosphere saturated
with water at 0°c (P02 = 4 X 10—22 atm) and found that
electronic conduction was insignificant over this range
of oxygen partial pressures.

Further evidence in support of the doping mechanism
has been accumulated. Independent measurements of oxygen
ion diffusivity have shown that it accounts for the observed

conductivity(54-5). The diffusivity is related to the

conductivity through the Einstein Equation:

D = o #t £ T_

. 2 F2 (40)
& gc e
where CTT = total conductivity, mho-cm
.th .
ti = transport number for the i species
= Boltzmann constant, erg/oK
T = absolute temperature,OK
e = electronic charge
. th .
a; = charge on the i species
. . th . . 3
Ci = concentration of the 1i species , particles/cm
. N . th . 2
Di = diffusivity of the i species, cm /sec

Rhodes and Carter (56) determined that Zr+4 and Ca+2 diffusion
were negligible in Zr02—CaO electrolytes.

For equal vacancy concentrations the ionic conductivity
is determined by the host lattice(48). A secondary effect
is played by the dopant cation. The ionic conductivity

varies inversely as the size of the dopant cation at equivalent
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vacancy concentration in a particular host lattice(46). The
temperature dependence of the conductivity of all species
can be adequately represented by Arrhenius-type equations,

The effect of dopant concentration on the ionic con-
ductivity does not follow the simple proportionality of

equation (31). 1In electrolytes based on ZrO_ and HfO_,

a conductivity maximum occurs at the minimumzdopant lZVel
required to stabilize the fluorite phase(45). In thoria-
based electrolytes the conductivity is directly proportional
to the dopant concentration for small additions. The con-
ductivity reaches a maximum for thoria-yttria at 15 mole %
YOL5 and for thoria-calcia the maximum occurs at about
8 Mole % Ca0(48). Further additions cause the anionic con-
ductivity to diminish. At the ionic conductivity maximum
the electronic contributions are at a minimum(48).

Transport numbers for oxide electrolytes are defined

as the fraction of total current carried by a particular

species., Then, the ionic transport number is:

= _Jo= _ Co= (41)
Zo= Cr ’(f’ 7%‘71 —+ Og= *ﬂqfa'#{'

By definition:

T + L + Lo =41 (42)

where to=-is the ionic transport number

t® is the transport number for positive holes

te is the transport number for excess electrons.

For the electrolyte to be considered a true ionic conductor,

ch= must be equal to ch. However, cyb= = 0.99 47& is
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considered adequate. The oxygen partial pressure limits
for this condition may be determined in a number of ways,
The most elementary is the method used by Kiukkola and
Wagner (32) where the total conductivity is determined as
a function of oxygen partial pressure. A second method is
to measure the EMFs of cells with known free energies of
reaction. One electrode should be in the ionic region and
the other electrode is varied. Deviations from the expected
values indicate that electronic conduction is occurring, This
method was used by Steele and Alcock(48) on thoria-based

electrolytes. For the dopants Y La,O_ and Ca0 they found

203' 23 _7
that the region where t; > 0.99 extends from about PO = 10
atm. to about PO = lO_24 atm. at 1000°C. For zircon§a~based
electrolytes Ste%l and Alcock report that t; 7» 0.99 at 1000°¢

from PO = 1 atm., to about PO = 10—l7 atm

2 2
Other techniques for determining the T, PO domain where

o

an oxide electrolyte may be considered a pure ignic conductor
are based on polarization schemes. 1In the technigue used by
Danforth and Bodine(57) and Vest and Tallan(58) the electro-
lyte is placed between inert blocking electrodes in various
oxygen atmospheres. The blocking electrodes prevent the
passage of O between the electrolyte and the leads. A small
constant current is applied to the electrolyte and the
voltage~time behavior is measured. The electronic transport
number is determined from the voltage across the specimen

at zero and infinite time from:

_  E®E©
Ae = Fio (43)

In the method of Hebb (59) and Wagner (60) one inert blocking

electrode and one metal, metal oxide electrode are used,
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The metal, metal oxide electrode fixes the oxygen partial
pressure., An EMF below the decomposition potential of the
electrolyte is impressed upon the cell., The blocking elec-
trode is made negative so that anions migrate to the metal,
metal oxide electrode. The current at infinite time is

related to the EMF by
-£ EF
T = ﬁ—r[dg(l*e E'Tf) + Og (@EF —-l)] (44)

where Ig 1is the current at infinite time, amp

L. is the thickness of the electrolyte, cm

. C . -1
OJ¢ 1s the positive hole conductivity, mho-cm
C&éis the excess electron conductivity, mho-cm

and the other terms have been defined earlier.

In the limiting cases whe'reo‘ea >>a'e oro'e >>g"‘B
the equation may be readily solved. Patterson, Bogren,

and Rapp(6l) rearranged the equation to read:

L ET ;Eqﬁ]
| — e & FL L% 7 % © (45)

EF/RT EF/RT

line of slope RT/FLcﬂ$ and intercept RT/FLcTe. Rapp(51)

A plot of Ioo/(e -1) against e gives a straight

reports, from the data of Patterson et. al(6l), that Th02-
7.5 mol % Y,0, has t,>0.99 at [g,= 107°% 3 atm. at 1000°.
At this low oxygen partial pressure thermionic shunting
occurs and obscures true electronic conduction via the
electrolyte. The value of F%kmmere ti>-0.99 reported by
Rapp is considerably different from the value reported by

Steele and Alcock (48) - about ten orders of magnitude.
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There is better agreement on the oxygen partial pressure
limit where ti>»0.99 for Zr02—15 mol % Ca0O. Steele and
Alcock(48) and Schmalzried(33) report a value of about
10717 atm. at 1000%.

The oxygen partial pressures to be measured in the
present investigation were estimated to be about 10_24
atmospheres at lOOOOC. The thoria-yttria system appears
more promising as an electrolyte than zirconia-calcia because
the former remains an ionic conductor down to'préssures of
about lO_24 atmospheres or less whereas the latter fails
ét about 10"17 atmospheres. Another advantage of the thoria-
yttria electrolytes is their higher resistivity as compared
to zirconia-calcia electrolytes (about two orders of magnitude
higher). If electronic conduction is occurring in the
electrolyte, then the exchange current is limited to a maxi-
mum value by the resistence of the electrolyte. The lower
the exchange current, the closer the cell approaches reversi-
bility. For these reasons, the thoria-yttria electrolyte
system was used in the present work.

All EMF measurements where the ionic transport number

is not equal to unity are made under irreversible conditions.

The EMF of the cell is not related to ASGR by
AGR = —-nFE (10)

in cells where electronic conduction is occurring in the

electrolyte. Wagner(62) showed that for tf(l
' ’“0.:, ,
= = > o, (46)
Ehw 4F Zﬁ' ,/%%
/‘(0

2

e
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for oxide electrolytes. Em is the observed EMF in the
presence of electronic conduction. From this eguation
Schmalzried(33) derived the following equation for the
case where n-type electronic conduction develops at low
oxygen partial pressure. He defined:Pe as the oxygen par-

tial pressure where
-7
o = O = Kn ?‘e (47)

Then,

Y
— ()
Le = |+ 9) (48)

Substituting equation (48) in equation (46) and integrating

gives:

L o L
£ —_ mRT L7+ Por 7 \
m== = Z,, = T (49)

P + T ™
Further simplification of the above equation can be achieved
- . 'F) "
for the case where Po >>Pe. Such is the case for Fe, Fexo
with respect to pe for thoria-yttria electrolytes, The

equation under these conditions becomes:

L

m . Y» 7:‘%,

S VA O LA
Q

The effective transport number, tg , is defined as:

- E
ti = _m

B (51)

The value of m from theoretical considerations is 4 as was

shown earlier in the discussion of Wagner's development of
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equation (39). Measurement of Em for a cell with known E
enables one to calculate pe using equations (22) and (49).
With p, in hand one can calculate E_ vs F?é with respect
to in . E can also be calculated using equation (22).
Then, E may be plotted against Em for a particular tempera-
ture and electrolyte.

A plot of A&GO(T) per mole of O, against temperature

2
for a wide variety of oxides results in a family of essen-

tially parallel lines(63). Since p_  is a hypothetical

oxygen partial pressure derived froi the partial reduction

of a stable oxide, RT 1&799 vs T should exhibit the

same slope as dbes ASGO(T) vs T for most other oxides.

Then, Ei should not be strongly dependent upon temperature
for a particular cell. This observation was made by Schmalz-
ried(33). It is a very important observation since it pro-
vides a criterion for evaluating cell performance in the
presence of electronic conduction. Under non-equilibrium
conditions, measurements may be considered to be of some
value if the temperature dependence of the EMF is of the

same magnitude and sign as one would expect in the absence

of electronic conduction., If it is not, then some kinetic
effect is interfering with the measurement. Some of the
possible kinetic effects are: polarization of one or both
electrodes; gas leakage at one or both electrodes; unaccounted
for reaction at one or both electrodes. Gas leakage at the
electrodes was expected to give some difficulty. To minimize
this effect, dense gas-tight electrodes which make a good

seal against the electrolyte are required. This is readily
accomplished with deformable electrodes such as low melting

metal, metal oxide electrodes., Silicide electrodes which are
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sintered with difficulty, are not deformable, and are in
egquilibrium with oxygen at extremely low oxygen partial
pressure are most susceptible to leakage.

To conclude this section on the oxide electrolytes a
brief description of some of the measurements made by other
workers will be presented. Kiukkola and Wagner (32) studied
the following cells:

Fe, FeXO“ ZrO_ + 15 mol % CaO||Fe O, Fe_ 0

2 y 374
Fe, Fe Ol " |lco, coo
Fe, Fe O|| " | §i, Nio
Fe, Fe O|| " |]cu, cujo0
Fe 0, Fe,0,| " ||cu, co0

Steele and Alcock(48), in addition to replicating some of
the cells investigated by Kiukkola and Wagner, studied the
following systems:

Ir/Cu,Cu,0//Zr0, + Ca0//Pb (1), PbO/Ir

2
Ir/Pb(1l), PbO//ZrO2 + CaO//Ni, NiO/Ir

2,and NbOz,NbZOS

with respect to Fe,FexO, and Ni,NiO and with respect to each

as well as the electrodes Nb, NbO:; NbO, NbO

other. They used zirconia and thoria-based electrolytes,
Rapp (64) determined the free energy of formation of
MoO_. from the following cells:

2 Fe, Fe O
Pt/Mo,MoOz//ZrO + 15 mol % Cao// '

X"/
-
Ni, Nio 7/

5 Pt

Rapp in collaboration with Maak(65) investigated the thermo-

dyniamic properties of solid copper-nickel alloys using the
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cell:

Pt/Ni,NiO//ZrO2 + 15 mol % CaO//Cu-Ni alloy, NiO/NiO/Pt

Weissbart and Ruka(66) applied solid state electrolytes to

oxXygen pressure measurements through the cell:

0. ,Pt//zZr0

) + 15 mol % Ca0//Pt,0°"°

2 2
Matsushita and Goto(67) used zirconia-calcia to replicate

some former work and added ShO, PbO, CaO and Ta O5 to the

2
list of oxides studied. The results for Ta_O_ were not in

agreement with thermal data. Worrell (68) iivistigated the
stabilities of tantalum and niobium oxides using thoria-
yttria and thoria-calcia electrolytes. Worrell's data for
Ta205 were in agreement with thermal data.

Fitterer (69) used ZrO_ + 15 mol % Ca0 to determine the

oxygen content of liquid sieels. Schwerdtfeger (70) used
oxide electrolytes to measure oxygen activity in iron,
iron-silicon, manganese and iron-manganese melts, In the
iron-silicon melt the oxidation product is SiOz(a)n It is
one of the few cases where a cell in which silica is a par-
ticipant has been studied.

Wilder(71) used an oxide electrolyte to determine the
activity of oxygen in liquid copper. Thermodynamic data
for plutonium oxides were determined by Markin and kand(72)

with the cell:

PuO //Tho

9% +Y203//Zr0

2 + CaO//Th02+Y203//N1, Nio

2
One can see from the above survey that most of the

cells studied to date have employed binary two phase +02

or ternary two phase +O2 electrodes. A more complex case

is the ternary three phase +O2 electrode. Very little work

has been done for this case with oxide electrolytes., Taylor
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and Schnmalzried(73) =xamined the cells

Co. CoTiO3,TiO2

Pt or ZrO 5 {(+Ca0. MgC, ' /Co,Co0/Pt

‘0. Co _TiO ., CoTiO
€o. €o, T30, 3

tc determine the free energy of formation of CozTiO4 and

CoT103;

The wéfk dorie liere renresents an extension of free
energy measurements employing solid oxide electrolytes to
a second family of three chzse +02, three comporent elec-
trodes darived frum the Te-Si system. Because successful
measurements on at least four electrodes are requirad to
completely determine the free energies of formation of the
individual silicides, the problem is a particuiarly diffi-

cult one.
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IIT. EXPERIMENTAL

A, Preparation of Materials

The tantalum silicides were prepared by direct reaction
of the elements. The tantalum used in the synthesis was -120
mesh powder secured from Fansteel Metallufgi&al Corp. The
minimum purity was 99,9%. The silicon was -325 mesh powder
of 99.99% purity and was obtained from United Mineral and
Chemical Corp. The tantalum and silicon were weighed out
in the desired proportions on an analytical balance, They
were mixed together in plastic vials for a minimum of twenty
minutes in a Spex Grinder using plastic balls. The Spex
Grinder has a vibrating action which approaches the shape
of a figure 8 drawn on the surface of a sphere. The machine
can be used for the mixing, grinding, or sieving of powdered
materials. The powder was then pressed into 1/2" diameter
pellets weighing approximately three grams., A pressure of
40,000 psi was used. The unreacted pellets were placed in
a one inch diameter alumina crucible which contained a
tantalum susceptor. The crucible was covered with a tanta-
lum sheet and inserted in an induction heated vertical tube
furnace connected to a vacuum system. Temperatures were
measured through a quartz window at the top of the furnace
by sighting an optical pyrometer at an opening in the cru-
cible cover, From three to six pellets were reacted at one
time. The pellets were brought up to the reaction tempera-
ture slowly in order to maintain the pressure in the system
below about lO“2 Torr. This outgassing process generally
required about ten minutes. The pellets reacted spontaneously
at about 1125°C ‘with visible evolution of heat. The reac-

tion lasted less than one minute. The rapid evolution of
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the heat of reaction brought the temperature up to about
l4OOOC. During the reaction period the pressure rose above
10" © Torr. due to silicon evolution. Samples weighed before
and after reaction shovw«=d that the weight loss per gram of
silicide was proportional to the siliocon content in weight
per cent, Less than 0.01% of the silicon was lost by sub-
limation during the reaction.

The reacted pellets were crushed to a powder with a
mortar and pestle and ground in plastic vials with tungsten
carbide ends and a tungsten carbide ball with a Spex Grinder
for a minimum of twenty minutes. X-ray examination of the
reacted materials showed that equilibrium was not obtained.
However, the expected products were the major constituents.

The synthesized silicides were used in a phase study,

an electrode stability study and in the cell electrodes.
The phase study was performed to identify the lower silicides.
Compositions were selected so that one could determine whether
the lowest silicides produced in the synthesis and subsequent
sintering wereTa_Si or "Ta Si" and Ta,S5i, Compositions

3 4.5 ‘ 2
were also selected to determine the nature of "Ta si",

After the reaction and grinding steps the silicidi;swere
pressed into 2.5 gram pellets in a 1/2 inch diameter die.

A pressure of about 40,000 psi was used. Because the silicides
are extremely hard and brittle a binder is necessary to pro-
vide strength for handling the green pellets. A one per cent
solution of polymethyl-methacrylate (PMMA) in methyl ethyl
ketone was used as the binder solution., Approximately equal
volumes of binder solution and silicide powder were used soO

that the dry powder contained about 0,2% (PMMA) by weight.

The pellets were presintered in vacuum to remove the binder
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by depolymerization to methyl methacrylate. The presintering
was done in a wire-wound pot furnace., Power input was con-
trolled by a carbon pile and the temperature was measured
with a chromel-alumel tl.crmocouple. The furnace was heated
to about 550°C over a three hour period., The power was
shut off at this point and the furnace cooled slowly to
room temperature, The temperature was over SOOOC for about
one hour, The presintered pellets were then sintered on
alumina trays in vacuum at about 16250C for ten minutes. A
tantalum resistance furnace manufactured by Brew was used,
The furnace was coupled to a 4" NRC pumping station. The
system pressure was maintained below 10-5 Torr, during the
sintering operation. The temperature was measured with a
Leeds and Northrup optical pyrometer. A +50CO correction was
made to compensate for absorption by the glass window and for
the grey body source, Identical pelletizing, presintering,
and sintering procedures were used in the electrode stability
study and in the fabrication of the silicide electrodes.

The silicide pellets in the phase study did not show
appreciable densification after sintering, Since the pellet
surfaces lost silicon by sublimation during sintering, the
surface layer was removed from the pellets to permit a center
section to be X-rayed on a Norelco diffractometer. A scan
from 20 = 18° to 20 = 72o was made in each case, The scan-
ning rate was one degree per minute, The full scale counting
rate was set at 1000 counts per second and a time constant of
0.5 reciprocal seconds was used. The diffraction patterns
were indexed with the aid of the ASTM file(36).

For the electrode stability study the reacted tantalum

and silicon was first heat treated in the same manner as
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pellets used in the phase study. The heat treated material
was crushed with a mortar and pestle and was ground for
twenty minutes in the Spex Grinder. Then, tantalum oxide,
silica and 0.07 wt % nickel were added. The nickel was
added as a sintering aid. The tantalum oxide was a purified
grade obtained from Fisher Scientific Co. Technical grade
silica, in the form of alpha qguartz, was also obtained from
Fisher Scientific Co. The powders were ground together for
twenty minutes in the Spex Grinder. The powder was mixed
with PMMA binder and pressed into 1/2" diameter pellsts under
a pressure of 40,000 psi. The pellets were X-~rayed., They
were then presintered and sintered in the usual manner. The
surface layer was removed and the pellets were X-rayed again
and indexed. Comparison of the X-ray diffraction patterns
before and after sintering facilitated interpretation of the
electrode stability study. N

Silicide electrodes for cell measurements were fabricated
from "as reacted" silicide powder or from reacted and heat
treated material. The appropriate oxides and Ni sintering aid
were added., The powders were ground together for twenty min-
utes, pelletized with PMMA binder, presintered and sintered.

With the exception of TaSi Ta_Si_, SiO2 electrodes contain-

2" 775773

ing little or no silica, the electrodes sintered poorly. The
Ta812, Ta5813, 8102
and polished to a bright metallic finish., Plates VIII, XII,

electrodes which sintered well were ground

and XIV show three such electrodes before they were used in an
electrochemical cell. The electrode shown in plate VIII has
the most silica; the electrode shown in plate XIV has the least.
All three electrodes contain many large holes. However, the
holes appear to be isolated so that the effective porosity for

gas flow is =zero.
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The lower-silicide electrodes did not sinter well,

They powdered when ground on emery paper., Iin order to pre-
sent a dense surface to the electrolyte these lower-silicide
electrodes had to be usad in the as-sintered conditon., How-
ever, because of silicon losses their surfaces within a
particular batch of electrodes showed considerable variation
in composition. Therefore, suitable electrodes for use in
the cells were selected by X-ray diffraction, All surfaces
were screened by examining the diffraction pattern between

350 and 410 (26), This permitted a determination of the rela-
tive amounts of the lower silicides present, Plates XVI
through XX show some surfaces of the lower-silicide electrodes
as they appeared after use in a cell, The photographs were
taken using the same lighting as was used in Plates VIII,

X1I, and X1V, The irregularity of the surfaces of the lower
silicide eléctfodes and the many connected pores are apparent
in the photographs.

Reference electrondes for the EMF measurements were pre-
pared from the appropriate metal and metal oxide powders by
powder metallurgical techniques, Copper, cuprous oxide elec-
trodes were prepared from eguimolar amounts of electrolytic
copper powder {)99.9% pure) obtained from U,S, Metals Refining
Co., and cuprous oxide powdetr of greater than 96% purity which
was obtained from Fisher Scientific Co, The powders were
mixed together with a Spex Grinder for thirty minutes and
pressed into 1/2" diameter pellets weighing 2 grams under a
pressure of 30,000 psi. The pellets were sintered in vacuum
at 9500C for ten minutes, Nickel, nickel oxide électrodes
were prepared from approximately equimolar amounts of nickel

and nickel (ous) oxide, Nickel powder of 99.9% purity was
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obtained from Cerac, Inc, Green nickel(nus; oxide of 99,68%
purity was obtained from the Fisher Scientific Co. The
powders were mixed together for approx:mately twenty minutes
with a Spex Grinder and pressed inlo /2" diameter pellets
weighing from 2 to 4 grams under a pressure of 30,000 psi.
The pellets were sintered in wvacuo !or ten mirutes at lZOOoC,
Iron, ferrous oxide{Wustite} electrodes were prepared from
97.1% pure iron powder obltained from the J,T. BRaker Chemical
Co. The iron was oxidized in air at about 500°¢C, The powder
was mixed periodically during the oxidaﬁionq The powder was
weighed and oxidation was stopped when one-third of the oxy-
gen required to oxidize all of the iron to Fed had been
gained. The powder was then pressed into two-gram pellets
in a 1/2" diameter die at a pressure of 30,000 psi, These
wafers were sintered in vacuo at 1250°C for fifteen minutes,
Tantalum, ditantalum pentoxide electrodes were fabricated
from 99. 9% pure tantalum powder obtained from “ansteel Metal-

lurgical Corp. and purified grade Ta_ O_ obtained from Fisher
2

2
Scientific Co, Three batches of electrodes were prepared
by mixing the powders for twenty minutaes with a Spex Grinder,
pressing into 1/2" diameter pellets weighing 2,% grams and
sintering in vacuo. . The first batch was composed of 3 grams
of tantalum per gram of Ta205 and was sintered at lSOOOC for
ten minutes, The second and third batches were composed of
4 grams of tantalum per gram of Ta205u The second batch
was sintered at 1650°C for 15 minutes and the third was
sintered for 15 minutes at 1700°¢,

All reference electrodes were ground flat on emery papers
down to 3/0 grit. The iron, wustite and Ta, TaZOS'electrodes
from batches two and three were of sufficient guality to
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permit final polishing on a napless nylon cloth with 5 micron
levigated alumina. A photomicrograph of an iron, wustite
electrode is given in Plate I. The electrode is free of
pores and contains approximately equal volumes of metal and
oxide. A photomicrograph of a Ta, Ta205 electrode from the
first batch is shown in Plate II. The porosity is evident.
Plate III is a photomicrograph of a Ta, Ta,O_. electrode from

25
batch three. It is pore-free. Ta, Ta_O_ electrodes from

batch two were similar to those of batihsthree.
Thoria-yttria electrolytes were fabricated from 99, 9%
pure thoria powder and 99.99% pure yttria powder. Both
materials were obtained from A.D, Mackay, Inc. The powders
were weighed out in the desired proportions  and mixed for
either twenty minutes in plastic vials with the Spex Grinder
or for 60 hours in a conventional ball mill. The mixed
powder was pressed into 1/2" diameter pellets weighing from
three to six grams. The pellets were sintered in a Brew
Furnace for 3 to 36 hours at temperatures from 1900°C to
22OOOC. In some cases small amounts of silica were added
in an effort to improve the finished density of the sintered
product. Also, since silica happens to be a contaminant in
commercially produced Th02--~Y203 electrolytes the addition of
silica in controlled amounts provides a means of assessing
its effect upon the electrical properties of commercial
electrolytes at low oxygen partial pressure. X-ray diffrac-

tion analyses of a ThOé-6 wt % Y pellet before sintering

203
and after sintering at 2000°c for three hours clearly showed
that the Y203 dissolved. The Y203 peak which was present
before sintering was absent in the sintered material and the
ThO2 peaks shifted by the amount expected from the data of
Subbarao et. al. (52).
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The sintered pellets were cut on a 15 micron diamond
wheel to remove the surface layer and any fractured areas.
Opposite faces were maintained parallel to within 0.002".
The electrolytes were final-polished on a napless nylon
cloth with 5 micron levigated alumina abrasive. The density
was measured by water displacement. Some results are pre-
sented in Table IV. Theoretical densities were calculated
from X-ray data in the ASTM file(36) and in Subbarao(52).
For Thoz—l wt % Y,0,
For Th02—6 wt % Y203

As can be seen from table IV, sintering time, temperature,

the theoretical density is 9.95 gm/cc.
the theoretical density is 9.37 gm/cc.

silica content, and milling all have an effect upon the
sintered density. The effect of temperature and silica con-

tent for 6 wt % Y203 electrolytes fabricated from ThO2 and

Y203 that were mixed for twenty minutes is shown in Figure 4.

The value of SiO2 as a sintering aid is clearly demonstrated.

The silica probably acts as a complex melt containing ThO2

and Y203. The diffusivity at the surface of the particles

is thereby greatly increased and the sintering process is
accelerated. Since silica is thermodynamically less stable
than ThO2 and Y203 one might expect electrolytes in which
silica was used as a sintering aid to be inferior to pure
thoria-yttria electrolytes at low oxygen partial pressure.
Some EMF measurements were conducted to compare pure electro-

lytes with electrolytes containing SiO The small amounts

of SiO2 used has no appreciable effectzupon the transport
number. Details of these EMF measurements will be presented
in a later section.

Photomicrographs of some electrolytes are given in

Plates IV through VI. Plate IV is a photomicrograph of
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TABLE IV
DENSITY OF THORIA-YTTRIA ELECTROLYTES

I. Materials Mixed for Twenty Minutes with Spex Ball Mill:
- - t % Y .~
A ThO2 6 wt % 20j

Temperature oK Time (hrs) . Density as % of Theoretical
1900 3 84,3
1900 3 84.9
2000 3 86.5
2000 3 86.7
2000 28 90.7
2006 28 90. 9
2100 3 88. 2
2100 3 89.0
2200 36 92.0

B. ThO2 - 6 wt % Y203 - 0.1 wt % 8102
1900 3 90.7
1900 3 94.4
2000 3 96. 4
2000 3 95.4
2100 3 97.1
2100 3 96.8

C. ThO£'6 wt % Y203 - 0.2 wt % SiO2
1900 3 94.0
1900 3 95.7
2000 3 98.1
2000 3 96. 9
2100 3 97. 2
2100 3 100
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TABLE IV (cont.)

D. ThO2 - 1 wt % Y203
Temperature °k Time (hrs.) Density as % of Theoretical
2000 3 95.0
2000 3 92.0
E. ThO2 - 1 wt % Y203 - 0.1 wt % SiO2
2000 3 92,2
2000 3 92.6
IT. ThOé—G wt % Y203 mixed for 60 hours in a conventional
ball mill,
2000 3 96. 6
2000 3 95.7
2000 3 93.0
2000 3 93.1
2000 3 96.0
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5‘7.5 mol % Y203 electrolyte.

Such electrolytes were obtained from the Zirconium Corp.

a commercially produced ThO

of America (Zircé%» and were used in some of the early EMF
measurements. The three electrolytes shown appear to have
closed pores only. The microstructure of the electrolytes
was revealed by etching in concentrated sulfuric acid for
forty-five minutes at 1750C. A second phase appears to be
present at the boundaries of some grains in the Zircoa
material. The electrolytes produced in this work appear to
be single phase. The greater density of the electrolyte
where silica was used as a sintering aid as compared with
the pure thoria-yttria electrolyte is apparent (compare
plates V and VI).

Both thoria and yttria are white or colorless in the
stoichiometric condition. Their stoichiometric solid solu-
tions are also white. When the oxygen content departs from
the stoichiometric value, positive holes or negative electrons
are trapped in the lattice and impart a color to the ceramic.
Pure thoria in the hyperstoichiometric condition is red.
Zirceom electrolytes are reddish-brown in the hypérstoichio—
metric condition. They can be reduced to the stoichiometric
white condition by heating in a reducing atmosphere at ele-
vated temperature. The oxygen partial pressure established
in the carbon-carbon monoxide equilibrium above about 800°¢C
is sufficiently reducing. Irradiation in a cobalt 60 gamma
ray source or heating in air restores the brown color. The
silica-free electrolytes prepared in the present work were
dark green with a reddish-brown skin. The interior varied
from light green to very dark green depending on sintering

temperature and composition., Pellets of lower yttria content
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were a lighter shade of green than pellets of higher yttria
content. Also, pellets sintered at higher temperatures were
a slightly darker green than pellets sintered at lower tempera-
ture. Electrolytes containing silica were brownish-green in
the as-sintered condition. The electrolytes turned white
after use in the electrochemical cells where the oxygen par-
tial pressure is low. Also, decolorization occurred upon
heating in air above about ZOOOC. at 200°C the process took
several hours., At 300°C the process was complete in two hours
and at 4OOOC the process was complete in twenty minutes. Heat-
ing at 1400°C in air also produced a color change from green
to white., After being held at 14OOOC in air for three days a
tan layer appeared on the surface of the electrolyte. Elec-

trolytes conta%ping Si0O, were transluscent whereas pure elec-

trolytes were 6paque in2the "decolorized condition. Pure
electrolytes were not affected by gamma irradiation. The
green color could be restored by reheating in vacuum in the
Brew Furnace for 15 minutes at ZOOOOC. Pure unsintered
material that was heated in an oxidizing flame of an oxy-
acetylene torch at 2400°¢C remained white except for the sur-
face in the colder part of the flame which became brown.
Electrolytes containing silica were affected by gamma irradia-
tion; as-sintered material became browner. Decolorized
material turned transluscent green. The decolored electro-

lytes containing SiO_ were observed to be fluorescent.

A complete explination for these observations can not
be given since insufficient evidence has been accumulated.
However, it appears that the brown color of Zircom electro-
lytes and the red color of pure thoria in the hyperstoichio-

metric condition are due to excess oxygen dissolution with the
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production of an electrochemical equivalent number of positive
holes. Radiation damage produces the same color change via
the creation of positive holes with an equivalent number of
electrons being trapped at vacant oxygen lattice sites. The
brown skin observed on silica free electrolytes in the as-
sintered condition as well as on materials heat treated in
air at elevated temperature is probably due to excess oxygen
dissolved in the lattice. Since pure thoria-yttria .electro-
lytes were not susceptible to Co60 gamma radiation damage
whereas the Zircoa material and the thoria-yttria-silica
electrolytes were, it is fair to say that impurities play a
key role in the damage mechanism; perhaps holding electrons
at high enough energy levels to be displaced by gamma rays
and trapped. The low temperature decolorization phenomenon
seems to indicate that non-massive particles (electrons or
holes) are migrating. However, the fact that the electrolytes
emerge from the sintering process with a green color is con-
tradictory to this mechanism. Further evidence is required
to clarify all of the observed phenomena and to provide mech-
anistic explanations. Fluorescence spectra, EPR spectra, and
correlation of color with transport number, stoichiometry and

purity are necessary.
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III. B. EMF Apparatus

Preliminary EMF measurements were made with Zr02—15 mol %
Ca0 and Th02—7.5 mol % Y203 electrolytes in crucible form,
The electrolytes were obtained from Zircoa and were used in a
crude apparatus to establish the feasibility of the method.
The anode material in the powdered condition was tamped into
the crucible along with a platinum foil and lead wire. The
cathode, in pellet form, was placed in contact with the base
of the crucible. The other face of the cathode was placed in
contact with a platinum foil which was spot welded to the posi-
tive platinum lead wire. The lead wires were insulated with
quartz tubing. The cell was enclosed between a pair of alu-
mina discs and then between a pair of nickel discs. The lower
nickel disc was fixed to the top cloture of the furnace tube
by a pair of alumel wires. The upper nickel disc was free to
slide along these suspension wires and, under the impetus of a
small load suspended by alumel wires, exerted a small compres-
sive force upon the cell. The insulated platinum lead wires
were fed through center holes in the alumina and nickel discs.
The cell assembly was suspended halfway down a 30" long verti-
cal fused quartz tube with a 3/4" inside diameter. The tube
was heated by a wire wound resistance tube furnace. The fur-
nace chamber was 1" in diameter and 13 inches long. The heat-
ing element was about 12 inches long. The tube was located
symmetrically in the furnace since a traverse of the furnace
showed that the temperature profile was symmetrical about the
mid-point over the central 10 inches to within SCO. The con-
stant temperature 2zone was 2 inches long. The fused quartz
tube was closed off by rubber stoppers., The platinum lead

wires were fed through the center of the stoppers in the
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earlier experiments and through teflon sleeves that were
placed in the stoppers in later experiments. A chromel-alumel
control thermocouple and a gas outlet tube penetrated the top
stopper. A calibrated ~hromel-alumel thermocouple for tempera-
ture measurements and a gas inlet tube.were inserted through
the bottom stopper. Both thermocouples were housed in Vycor
thermocouples wells., Argon of 99,995% purity (Matheson Co.
prepurified grade) was used as an inert atmosphere. The gas
flow rate was measured with a rotameter. A slight positive
pressure was maintained by a bubbler on the gas outlet line.
Temperature control was provided by a West Gardsman JEP
proportional controller. The power supply consisted of a
Variac with a maximum output of 7.5 amperes at 120 volts. The
Variac was connected to a rheostat in series with the furnace
windings. The West controller was used to close a normally
open mercury relay. In the normally open position the relay
placed the rheostat in series with the furnace windings. In
the closed position the rheostat was shunted. Thus, two levels
of power input were provided to the furnace; power was measured
with an ammeter and voltmeter., The measuring thermocouple
with an ice bath cold junction was connected to a DPDT switch,
This permitted the thermocouple voltage to be measured with a
Leeds and Northrup Millivolt Potentiometer or continuously re-
corded with a Varian Model G-11A Strip-Chart Recorder with a
T2 thermocouple input chassis. The cell EMF was measured with
a Keithley Model 610B Electrometer with a lO14 ohm input im-
pedance on the volt scale., Part or all of the cell voltage
was normally bucked out by a Leeds and Northrup Potentiometer
in series with the electrometer. The electrometer had a 0-3

volt output signal proportional to the input but of opposite
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sign. This output was recorded with a potentiometric Varian
Model G-11A Strip-Chart Recorder with a Bl input chassis.

EMF measurements were made over the interval from 6OOOC
to 800°C with the anodi~ electrode maintained at ground poten-
tial. The runs were started by purging the system with argon
for several minutes and then heating to the operating tempera-
ture. The argon flow was maintained at about 1 CFH during the
run., Because EMF measurements with this simple apparatus
showed some promise of future success a second unit was con-
structed.

The second unit was designed with the following considera-
tions in mind: A gas purification system was needed to remove
water and oxygen from the argon since the oxygen partial pres-
sure over the silicide electrodes is extremely low. A means
for maintaining the cell under a substantial compressive load
to insure good contact at electrode-electrolyte interfaces was
desired. The system should be capable of maintaining a hard
vacuum at elevated temperatures so that vacuum operation will
be possible and also so that leakage will be minimal when an
inert atmosphere is used. Finally, the system should be de-
signed to permit future modifications such as separate elec-
trode compartments or operation at higher temperatures.

The second apparatus is illustrated in Figure 5. The cell
is drawn approximately to scale., The associated control and
measuring systems and the gas purification train are indicated
schematically. The cell is assembled between fused quartz
rods. The lower rod is fixed in the brass supporting stand
which is part of the lower brass flange. The upper rod is
free to travel through a Veeco Quick Coupling at the center of

the upper brass flange. The platinum lead wires were initially
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brought through the flanges with ceramic vacuum lead-throughs.
These were later replaced by teflon lead-throughs. The chro-
mel-alumel thermocouple used for measuring the cell tempera-
ture was brought through the lower flange via a ceramic vacuum
lead-through. The thermocouple was calibrated at the melting
point of silver. The equipment used for measuring and re-
cording the cell EMF and cell temperature are the same as de-
scribed earlier. The cell was enclosed in a Vycor tube with
65mm O.D., and 36" long. The brass end flanges were connected
to the Vycor tube with O-ring seals. A Globar tube furnace
was designed and built for heating the cell. Its chamber was
25" I.D. by 22" long. The effective heating length of the
Globars was 10" and the heated chamber was 9" long. The 120
volt-50 amp Variac power supply was operated in the on-off
mode by a West Gardsman JEP proportional controller which
operated a mercury relay. Power input was measured by an am-
meter and voltmeter. The control thermocouple of platinum vs
platinum-10% rhodium entered the heating chamber through the
furnace bricks. A traverse of the furnace showed that the
center of the constant temperature zone was located one inch
above the center of the heating chamber., The constant tempera-
ture zone (iﬁco) was 1%" long. The cell was positioned at the
center of the constant temperature zone under compressive
loads ranging from 20 to 380 psi. The usual load was about
200 psi.

The unit was initially operated with a gas purification
train consisting of a drying column filled with anhydrous
magnesium perchlorate and a reducing column containing copper
shot at BOOOC. The oxygen gettering agent was later changed

to zirconium - 12,5 atom % titanium chips at 375OC. The chips
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were obtained from the Oremet Metallurgical Corporation. A
second gas purification train was constructed for later experi-
ments. It consisted of a second drying column filled with
anhydrous magnesium perchlorate followed by a pair of gettering
columns. The first was filled with Zr-Ti chips and was operated
at 375°C and the second was filled with tantalum foil and was
operated at 600°C. The final system could be operated with
either unit or the pair in series. The tantalum column in the
second unit could be by-passed.

EMF measurements with the refined apparatus were made
over the temperature range 600°C to llOOOC° An experiment was
started by élternately roughing with a mechanical forepump and
purging with argon for two cycles. The power was then turned
on. The system took about one-half hour to reach 6000C and two
hours to reach lOOOoC. To cool from 1000°C to room temperature
required about 12 hours,

The system was periodically tested for leaks by evacuating
with a vacuum pumping station. The integrity of the EMF mea-
suring circuit was tested at 900°C with the teflon lead-
throughs in place. Under open circuit conditions between the
platinum electrode contacts the resistance was "infinite" be-
tween the lead-throughs and along the segments of all possible
parallel paths. When the platinum leads were brought into
contact the resistance between the lead-throughs was 55 ohms
and the resistance along the segments of all possible parallel
paths was "infinite."

Among the shortcomings of the design was the very diffi-
cult process of correctly assembling and aligning three inde-
pendently movable pellets in an inaccessible location. Three

different procedures were used to assemble the cells. In the
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first the pellets were assembled inside a sheet metal collar
attached to the lower guartz rnd., Once the cell was assembled
the collar was removéd by pulling it down along the quartz rod
with attached wires., Ir the second method a quartz tube of
7/8" I.D, was used to position the pellets., However, this
created a stagnant atmosphere around the cell which resulted
in difficulties with gas-electrode interactions which by-passed
the electrolyte. In the final assembly method the three
pellets were lowered onto the quartz support rod by means of a
mechanical pickup and the top flange was then lowered into po-
sition. The latter method required a great deal of manual dex-
terity and patience, but it gave the best cell alignment.
Other shortcomings include the slow thermal response of the
furnace during shutdown, and a tendency for the flanges to
overheat, The maximum temperature for prolonged life of the
fused quartz rods and Vycor tube is lOOOOC; for prolonged oper-
ation above lOOOOC a changeover to alumina rods and an alumina
tube is necessary.

The results of some of the EMF measurements made with the
first and second apparatus will be presented in the next sec-

tion.
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IV, EXPERIMENTAL RESULTS

A, Ta - Si System

Information about the tantalum-silicon system was obtained
both from phase studies and from electrode preparation. The
methods used in the synthesis and heat treatment of the sili-
cide samples were described earlier. From the highest silicide
phase field information about tantalum disilicide in coexis-
tence with pentatantalum trisilicides (hereafter called "tri-
silicides") was obtained by X-ray studies. The data for inter-
planar spacings and relative intensities were substantially in
agreement with the data in the ASTM Powder Diffraction File
(Card 8-53) and did not vary appreciably from one sample to
another. The trisilicide can exist in tetragonal and hexagonal
modifications, and both forms were produced in simultaneous co-
existence with tantalum disilicide. Based on the relative in-
tensities of the strongest peaks (d = 2.21 for h - Ta_Si_,

573
d = 2,34 for t ~ TaSSiB) tetragonal Ta_Si_ was produced in

greater quantity than the hexagonal vaiieiy. In samples which
initially contained 20 weight per cent silicon the relative
intensities of the strongest trisilicide peaks were tetragonal:
hexagonal::2.7:1 in one sample and 1.6:1 in a second sample,.
Silicon losses from the surface resulted in preferential forma-
tion of tetragonal tantalum trisilicide. For example, in the
latter sample the ratio tetragonal:hexagonal was about 8:1 at
the surface where silicon losses occurred during sintering.

In a sample with an initial composition based on intended
silicide products of 0.95 mole % Ta_Si_ - 0.05 mole % TaSi

53 2

the products were Ta58i3 and a trace of ditantalum monosilicide,

TaZSi, as a result of silicon loss. From the products, informa-

tion about the trisilicides in coexistence with TaZSi were ob-

tained. The ratio tetragonal:hexagonal tantalum trisilicide
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was agaln about 2,7:1 based on the strongest peaks, Since the
ASTM Powder Diffraction File lists intensities based only on
visual observation, the data obtained in this study for the
trisilicides are presented in Table 5. The data presented in
the ASTM File are listed for comparison, The interplanar spac-
ings for the trisilicides in coexistence with the disilicide
and in coexistence with TaZSi are not very different. The in-
terplanar spacings are in agreement with the data in the ASTM
File except for a few minor discrepancies. However, the rela-
tive intensity data obtained with the diffractometer are in
considerable disagreement with the data in the ASTM File. One
explanation for this discrepancy is that the baseline intensity
is subtracted in computing the intensities obtained with the
diffractometer, whereas the baseline intensity is probably in-
cluded in the intensities computed from visual observations.
Relative intensities obtained with a diffractometer are prefer-
able to relative intensities obtained by visual observations.

X-ray data for Ta_.Si in coexistence with the trisilicides

2
were obtained from a sample with an initial composition based on
the silicides of 0.95 mole % TaSi2 - 0.05 mole % Ta58i3° Data
for Ta.Si in coexistence with the lower silicide were obtained

from azsample with an initial composition of 6.2 wt % silicon.
This sample was heat treated at 16000C for ten minutes following
synthesis. It was then ground and refabricated into pellets

and heat treated for an additional hour at 16000C° Since the
data for Tazsi listed in the ASTM File are based on visual
relative intensities the results for the two samples described
above are presented in Table 6. The d values are in agreement
with the listings of the ASTM File and do not vary from one

side of the Ta_Si phase line to the other. The d = 1,43 line

2
was resolved into a pair of closely spaced peaks of comparable
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TABLE 5
X-RAY DATA FOR t-Ta Si,
IN COEXISTENCE IN COEXISTENCE

ASTM FILE (Card 9-232)  WLTH TaSi, WITH Ta,Si

a I/T_ d  1/1 d /1
3.63 30 3.633 10 3.624 15
3. 256 10 _
2.956 20 2.982 5 2,959 5
2.862 40 2.848 30 2,845 20
2.816 70 2.824 50 2. 820 50
2. 490 50 2.494 20 2. 490 15
2. 340 100 2.343 100 2.341 100
2. 305 30 2,302 10 2,994 10
2,192 60 2.189 30 2.189 30
2,132 10 2,136 5 2.139 5
2.054 70 2.058 60 2.054 45
1.978 40 — —- 1,977 30
1,948 10 ——— -- 1.942 5
1.693 10 ——- - —— -
1.629 10 ——- - 1,622 5
1.565 60 1.564 10 1.563 10
1.533 40 ——- -- 1.531 5
1.521 35 1,521 10 1.519 5
1.484 50 ——- - 1.484 10
1.467 80 1.466 50 1. 466 30
1.455 50 ——— -- 1,453 10
1.428 70 1.425 50 1.425 20
1.413 30 1.413 5 1.413 10
1.363 70 1.363 20 1,363 10

1.353 20 1.353 10 — _—
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TABLE 5 (cont,)

X~RAY DATA FOR h—Ta,%S:'L3

TN COEXTISTENCE IN COEXISTENCE
ASTM FILE (Card 6-0504 L TH TaSi, WITH Ta,S1
d I/IO d I/IO d I/IO
3.68 40 — - 3,723 10
3.21 50 3.238 20 3,229 35
3.02 70 3.023 20 3.031 50
2.60 30 2.635 20 2,605 10
2.44 70 2.447 30 2,442 50
2.41 70 2.414 30 2,415 50
2,21 100 2.212 100 2,212 100
2,15 50 2.156 20 2,154 30
2.13 100 2,136 80 2.139 80
1.87 20 — - — -
1.67 20 —- - 1.662 5
1.62 30 1,614 5 1,622 5
1,57 40 1.564 20 1.576 10
1.52 70 1.521 30 1,519 10
1.48 50 — - 1.484 10
1.41 70 1,413 50 1.417 25
1.38 50 -— — 1,375 20

1.31 30 _— - — -
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TABLE 6
X~RAY DATA FOR Ta_Si

Ta,Si IN Ta,Si IN CO-

COEXISTENCE EXISTENCE WITH THE
ASTM FILE (Card 6-0552) WITH Ta Si, LOWER SILICIDE

d /T d /1 d /1

4,31 30 4,337 5 4,337 5
3.06 40 3.072 5 3.074 10
2.51 40 2.518 70 2,524 40
2.41 100 2,414 100 2.417 100
2.18 40 2.180 20 2,182 20
1. 94 50 1.947 30 1.947 30
1.54 40 1.541 10 1.542 10
1.45 30 1.451 10 1.452 5
1.43 80 1.435 25 1.436 25
- - 1.432 25 1.432 25
1. 38 20 1. 385 5 1.377 5

1.31 30 1.314 5 1.315 5
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intensity. The visual relative intensity data is again in
poor agreement with relative intensities determined with the
diffractometer.

The nature of the 1nwest silicide was determined by ex-
amining six compositions falling between pure Ta28i and pure

"TaSSi". In the evaluation of. the results by X-ray diffraction

the line at d = 2.51 was considered representative of Tazsi and
the line at d = 2.73 was considered representative of TaxSi.
The compositions studied and the results are listed in Table 7.

Calculated weight percentages of Ta _Si based on initial compo-

2
sitions are listed in columns 2 thru 4 for various possible

molecular formulas for the lower silicide. The only case where

TaZSi would be present for all compositions studied is where

the lowest silicide composition corresponds to Ta5Si° However,

X-ray diffraction analysis, in addition to detecting the pre-

sence of TaZSi in all samples, detected a significant quantity
of unreacted tantalum in the first three and fifth samples

listed. This finding precludes the conclusion that TaSSi is

the lowest silicide on the strength of the detection of TaZSi

in all samples. The ratio of intensities, I(Ta2Si)/I(TaXSi),

is plotted in Figure 6 against wt % Ta_ Si present assuming that

2
TaSSi is the composition of the lowest silicide. The intersec-

tion of this curve with the abcissa should represent the true

composition of the lowest silicide on the TaZSi, TaSSi basis.

The locations of Ta4 5Si, Ta4Si and Ta3Si are marked on this

abscissa. From the g:aph it is clear that Ta3Si is not a
possible formula for the lowest silicide. The data points
from samples where a significant gquantity of tantalum is pre-
sent must be considered unreliable, Since a clear distinction
between TaSSi, Ta4.58i and Ta4Si cannot be made, Ta4.58i will
be selected as an average value for the composition of the

lowest silicide in agreement with the phase diagram of Figure 1.




" TABLE 7

THE DETERMINATION OF THE COMPOSITION,OF THE ILOWEST SILICIDE

INITIAL CALCULATED CALCULATED
SAMPLE COMPO- CALCULATED WT % WT % Tqﬁi AS WT % Ta_Si AS
SITION WT % Si Ta.Si as Ta_Si-Ta_.Si Ta _Si-Ta Si Ta. . Si-Ta Si HEAT TREATMENTS
2 2 . 5 2 4.5 2 4
3.03 0.7 0 0 2 of 10 min ea
3, 35 8.8 3.2 3.2 "
3.75 17.7 13.1 0.7 "
4,279 28,4 24,4 13.6 "
4,20 28,4 24,4 13.6 1l of 10 min
followed by 1
. of 60 min.,
5.00 47.0 44,3 36.6 "
6. 20 75.7 74.6 71.3 . "
{~-RAY INTEKSITY AFTER SECOND HEAT TREATMENT INTENSITY OF STRONGEST Ta DIFFRACTION PEAK
TaZSi (d = 2.51) TaXSi(d = 2,73) Ta (d = 2.34)
10 17 12
15 17 10
36 o 6
42 7 3
14 8 4 o
49 3 0 O
64 1 0 |
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X-ray data'for the lowest sili?ide, nominally Ta4.58i,
were selected from the samples containing 3.03 and 3.75 wt%
silicon. Interplanar spacings and reiative intensities are
listed in Table 8. These data are in considerable disagree-
ment with the data listed in the ASTM File (cards 6-0569 and

8-390) .

Table 8 |
X~ray Data for Ta4.58i

a 1/, 4 /1,
3.616 10 2.095 30
2.827 5 2.053 5
2.725 35 2.012 25
2.674 2 1.993 25
2.570 5 1.857 5
2.473 100 1.593 25
2.422 80 1.549 2
2,395 40 1.515 5
2.352 20 1.475 5
2.297 25 1.468 20
2.272 60 1.444 20
2,222 80 1.418 5

1.410 30

1.362 5




IV B. Electrode Stability Study.

The results of the electrodevétability study were mentioned
briefly in the de&elopment of the EMF method; The study was
conducted to determine the stable oxide associated with a
particular silicide pair. The experiments conducted in this
study are summarized in Table 9. The composition ¢f the sample
before synthesis is listed in column II. Columns III and IV
list the weight per cent of SiO2 and 'fazo5 added before sinter-
ing respectively. Columns V through VIII list x-ray diffraction
results. The quantities in columns V through VII indicate the
relative quantities of the silicides‘pfesent since the concen-
tration of a phase is roughly proportional to the intensity of
a characteristic diffraction line. The characteristic lines
used and their relative intensities are as follows: Tasiz,
d=3.50/I/IO=lOO; t:Ta Si_, 2.34/10:0; h—TaSSi

5Si, 4+ 2.21/100;
Tazsi; 2.41/100; Ta,  Si, 2.73/100; &¢Ta,0 ., 3.77/100 and

3.36/100, and Ta 2.34/100, 1.65/21'and,i?3g/38.

The first ten samples listed had initial compositions in
the TaSiz—TaSSi3 phase field (from 23'7.Wt' % Si to 8.5 wt. %
Si). Samples P and Q were initially richer in silicon than
samples 1S5, 2S and 3S. However the sintered P and Q samples
became leaner in disilicide as can be seen from column V
where the trend is clear in spite of the considerable scatter
of the data. This shift in silicide composition can be ex-

plained by considering column VIII where a loss of Ta,O. is

275
evident in P and Q. The loss must occur by reaction of Ta205
with TaSi2 according to the first reaction of Table III which

may now be written as:

37 . o 13 ,
[t 1 + 2 — e :
- Tasi, Ta205 5 SlOz(a) + 5 Ta5513

°© >Ac> _87kcal
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TAB 1._1.91: S

ELECTRODE THERMAL STABILITY STUDY

I II III . v v
Sample Initia} . Y?“% wt % I(TaSiz)
gzmgiiizigz S 12,05 I(Tasi,)+(Ta5i,)
wt % Si added added before after
before before \ . . .
sintering sintering sintering sintering
23.7 6.0 13.9 0.84 0.14
23.7 5.8 14.1 0.84 0.33
18 20.0 5.0 0 ~ 0.57
28 20.0 2.5 0 - 0.52
38 20.0 0 0 - 0.64
z 9.60 _o _5.0 = 0
2v§ 8.67 3.7 5.6 - 0
2v§ 8.67 2.0 2.9 - 0
1v 8.60 2.8 6.6 - 0
2V 8.60 1.0 3.3 - 0
W 8.40 0 4.8 - 0
1w 8.0 4.1 0 - 0
2W 8.0 2.0 0 - 0
3W 8.0 0 7.0 - 0
4w 8.0 0 2.5 - 0
ZUI 7.40 3.7 5.5 ~ 0
2U; 7.40 1.9 2.9 - 0
1u 7.30 2.4 6. - 0
2y 7.30 0.9 2. - 0
4 6.20 0 6.6 - 0
3T 5.00 0 . - 0
3T, 5.00 0 . - 0
2T 5.00 0 . - 0
2T, 5.00 0 3.4 - 0
i 4.20 0 6.6 - 0
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TABLE 9 cont.

VI VII

I(Ta55i3) I(TaZSi)

I(Ta58i3)+ I(Tazsi)+ I(TZIgI)

I(Tazsi) I(Ta4 5Si) 2°5

I after after’ before after

Sample sintering sintering sintering sintering
P 1.0 - 12 0
Q 1.0 - 12 0
18 1.0 - - 0
25 1.0 - - 0
3S 1.0 - - 0
z 0.87 - - 0
2v¥ 0.46 1.0 - 2
ZVS 0. 29 1.0 - 1
1v 0. 37 1.0 - 9
2V 0.21 0.99 - 2
3wW* 0.88 1.0 - 1
1w 0.32 1.0 - 3
2W 0.55 1.0 - 0
3w 0. 27 1.0 - 6
4W 0.41 1.0 - 1
2UF 0. 39 1.0 - 6
2U§ 0.50 1.0 - 1
1U 0.63 1.0 - 5
2U 0.43 1.0 - 1
4T 0 0.92+Ta - 1
3T 0 0.83+Ta - 4
3T2 0 0.99+Ta - 0]
2T 0 0.87+Ta - 2
2T2 0 0. 99+Ta - 2
1T 0 0.88+Ta - 2
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Since the above reaction is spontaneous as written, TaSiz,

Ta58i3, SiOz(a) is a stable electroda.

Sample Z which had =»n initial composition of 9.6 wt % Si

did not remain in the TaSiZ—TaSSi3 field. Assuming that all of

the Ta205 reacted to form lower silicide and SiO2 the final

composition should have been 8.4 wt % Si as silicide. This

composition is in the Ta_Si_-~Ta,Si field. Samples ZVI;

53 2
2V§, 1v and 2V also shifted from the TaSiz—Ta58i3 field to
the Ta58i3-Ta28i field. They also had sufficient Tazo5 to

cause such a shift. However, in these last four samples, the
silicon losses were surprisingly large as can be seen from

column VI. Hence, in addition to silicon loss by sublimation
and reaction of higher silicide with Ta205,
which consumes the higher silicide is suspected. Such a re-

a third process

action might be

2 Ta_Si

5Sis + SlOz(a) e 2Si0 + 5 Ta281;

AGKL + 43 + 54kcal.

Since S8i0 is not produced at 1 atm. partial pressure, only an

upper bound on A G can be calculated. Samples 2VI, 2V‘2‘d lv,

and 2V all contained Ta205 after sintering. The intensities of

the strongest Ta O5 peaks in the sintered samples were roughly

2

proportional to the amount of Ta present initially.

205
Samples 3W¥*, 3W, and 4W had initial compositions in the

TaSSiB—TaZSi field (from 8.5 wt % Si to 7.2 wt % Si). The

sintered materials were also in this field with column VI in
qualitative agreement with the starting compositions of 92 wt %

S, o° ) & % Y oo 4
Ta5813 8 wt % Ta281 for 3W* and 6l wt % Ta5813 39 wt % Ta281

for 3W and 4W. Also, the amount of Tazo5 present in the sinter-

ed material was in qualitative agreement with the amount
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initially added, Since no SiO2 was present, loss of silicon

via SiO formation did not occur. From this group it appears

that Ta5813, TaZSl, Ta205 is a stable electrode,

Samples 1W and 2W also had an initial composition of

61 wt % TaSSi3—39 wt % TaZSi. Silica was added and the pellets

were sintered. Comparison of column IV for 1W and 2W with

column IV for 3W and 4W shows a possible gain of Ta_Si_. Also,

5 73
sample 1W gained a significant amount of Ta205. This lends
further support to the conclusion that TaSSi3, TaZSi, Tazo5

is a stable electrode.
Samples (2Ui, 2U;) and (lU, 2U) had starting compositions
of approximately 15 wt % Ta_Si_, and 8 wt % Ta_Si_ respectively

573 573

with the balance TaZSi. The sintered samples had Ta205 present

with the intensities of the strongest peaks in qualitative
agreement with the amount initially added. ‘
To summarize, all of the evidence from samples 1Z through

2U indicates that TaSSi3, Ta2Si, Ta205 is a stable electrode

and that the reaction:

14 Ta5513 + 2 Ta205 =5 SlOz(a) + 37 Ta281

is not spontaneous. Then 180> & G>O0 kcal. (See Table III).
Samples 4T through 1T had initial compositions in the

TaZSi-—Ta4 qSi field. They did not approach equilibrium after

sintering. However, no evidence contradicting the predicted

stability of the Ta_Si, Ta si, Ta205 electrode was found.

2 4.5
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IV. C. EMF Measurements-First Apparatus
Preliminary studies were made in the first apparatus
which was described earlier. To test the apparatus the follow-

ing standard cell was run:

Pt/Cu,CuZO//O.BS ZrOZ-O.lS Ca0O//Ni,Nio/Pt (1)

The electrolyte was a 1/2" 0.D., by 1/2" high crucible obtained
from Zircoa. A mixture of nickel and nickel (ous) oxide powder
was tamped into the crucible along with a platinum lead. Two
experiments were conducted with the above cell., In the first
(Cell I) the lead-wires were fed directly through the rubber
stoppers and in the second (Cell Ia) the lead-wires were fed
through teflon sleeves inserted in the rubber stoppers. The
results of these experiments are listed in Table X, The re-
sults were in considerable disagreement with values computed
from thé data in Wicks and Block(6). However, the data from
cell Ia deviated by no more than 2 mv from the data obtained
by Steele and Alcock(48) and Kiukkola and Wagner(32). As a
result of this good agreement with other investigations it
was concluded that the apparatus was satisfactory for EMF
measurements at high oxygen partial pressure and that the
measurement circuit and technique were adequate.

The cell

Pt/Ni,NiO//0.85 Zr02—0.15 CaO//TaSi ,Si02(a)/Pt (1I1)

2
was then run at 700°C as a first test of the application of
oxide electrolytes to EMF measurements on the tantalum sili-
cides. The Ni, NiO electrode was in pellet form and the TaSi2,
SiO2 mixture was tamped into the electrolyte crucible. A voltage
of 620 mv was observed after 15 minutes; 420 mv was observed

at 30 minutes and the decline continued to 230 mv after 18 hours

at 7OOOC. A Th02—7.5 mol % Y203 crucible from Zircoa was




Table X

EMF Measurements-First Apparatus

Number of
o Observa-
Cell # Cathode Electrolyte Anode Temperature C EMF tions

I Cu,Cu2O 0.85 ZrOi-O.IS Ca0 Ni,NiO 605 287 1

Zircoa Crucible powder 698 279 L

803 280 1

Ia Cu,CuZO 0.85 Zr02—0.15 Cao Ni,NiO 600 287.8 1

Zircoa Crucible powder 700 282.0 2

800 272.2 1

III Ni,NiO 0.85 zrO0 - 0.15 Ca0O Ta,Ta_ O 550 760 1

2 25

Zircoa Crucible owder 605 761 2

* pow 700 662 1

800 351 2

v Ni,NiO 0.85 Zr02—0.15 Ca0o Si,SiOz(a) 800 458 3
Zircoa Crucible powder

‘8L



79.
substituted for the Zroé—CaO crucible and the experiment was
repeated at 7OOOC. The EMF rose from 275 mv after 84 minutes
at temperature to 511 mv after 21 hours at temperature,

When the argon was shut off an abrupt decline in EMF occurred.
Resumption of the argon purge resulted in a recovery of the»
EMF, After 23 hours at 7OOOC the EMF was 531 mv, Since steady
state was not yet achieved the run was discontinued., However
observation of a voltage from this electrode over an extended
period of time at a relatively low temperature was encouraging.
The ability of the system to handle electrodes with low
oxygen partial pressures was then tested with cells of known

EMF, The cell
Pt/Ni,NiO//0.85 Zroé-O.lS CaO//Ta,TaZOS/Pt (II1)

was run at temperatures ranging from SSOOC to 8OOOC. The Ta,
Ta205 mixed powder was tamped into the Zircoa crucible along
with a platinum lead wire. The results are listed in Table X,
The highest voltage observed (761 mv at 6050C) was 129 mv below
the expected value as calculated from the data in Wicks and
Block(6). Note the strong temperature dependence of the EMF,
In Cell V an Si,SiOz(a) powder was substituted for Ta,Ta205.
The EMF of this cell changed extremely rapidly with temperature.
The EMF recorded in Table X for 800°C was 507 mv below the ex-
pected value as calculated from Wicks and Block(6). The strong
temperature dependence of the EMF and the fact that the mea-
sured values were below the expected values indicated that some
combination of gas leakage (a kinetic effect) and electronic
conduction were causing difficulties with low oxygen partial
pressure electrodes.

A final test with a silicide electrode was undertaken with

the cell

Pt/Ni,NiO//0, 925 Th02“0.075 Y203//TaSi ,TaSSiB,SiOZ(a)/Pt (VI)

2
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The silicide electrode powder was tamped into the Zircoa cru-
cible along with a platinum foil and lead wire. Steady values
were observed for short periods, but they could not be repro-
duced after thermal cycling. The platinum foil was severely
attacked.

From these preliminary experiments it was concluded that
the method showed some promise since an EMF was observed for
extended periods of time with silicide electrodes. Because of
the strong temperature effects observed with the low oxygen
partial pressure electrodes it was decided that purification
of the argon atmosphere was required. Consequently, the second

apparatus was constructed.
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IV. D. EMF Measurements-Second Apparatus

1. Knowns-High Oxygen Partial Pressure

The second apparatus for EMF measurements, which was
described earlier, was first tested by making measurements on
standard cells with high oxygen partial pressure electrodes,
In the early runs only the first two units of the gas purifi-
cation train were present and the gettering agent was copper
shot at 3OOOC. Also, the platinum lead wires were brought
through the brass end flanges with ceramic vacuum lead-throughs.

The first test was made with tﬁe cell
Pt/Cu,CuZO//O.85 Zr0,-0.15 Ca0//Ni,Nio/Pt (VII)

The Ni,NiO electrode consisted of the mixed powders tamped into
the ZrOz—CaO crucible which was obtained from Zircoa. The re-
sults are listed in Table XI. The data are about 1% lower than
the data of Steele and Alcock(48). From the data, the value of
ASGR (lOOOOK) was -12630 cal/mole of NiO compared with

-11950 cal/mole of NiO computed from the data in Wicks and
Block (6).

A second test of the apparatus was made with the cell

Pt/Ni,NiO//0. 925 Th02—0.075 Y203//Fe,FeXO/Pt (VIII)

where both electrodes were in pellet form and the electrolyte
was a pellet obtained from Zircoa. The results are listed in
Table XI. In a later experiment (Cell VIIIa) the same reaction
was run with a Th02—8 mol % Y203 electrolyte pellet fabricated
according to the procedure described earlier and with teflon
lead-throughs substituted for the ceramic lead-throughs, At
this point a 2r-12.5 atom % Ti gettering agent was in use. The
results are listed—in Table XI. In a third cell a Th02—6 wt %
Y 0.-0.2 wt % S1i0_ electrolyte was used to test the effect of

2°3 2

SiO2 additions on EMF measurements at high oxygen partial



Table XI

EMF Measurements On Cells with Two High Oxygen Partial Pressure Electrodes-Second Apparatus

Number of
o Observa-
Cell # Cathode Electrolyte Anode Temperature C EMFmv tions
Vi Cu,CuZO 0.85 ZrO2—O,l5 Cao Ni,NiO 600 284.,7 3
. . " powder 650 280.8 2
Zircoa Crucible 200 +4 276,3'il 5
750 272, 2 1
VIII Ni,NiO 0.925 Th02—0.075 Fe,FexO 600 4 245, 2 +1 1
Y O 700 — 255,2 — 1
2 3
Zircoa pellet
VIIIa Ni,NiO 0.92 Th02—0.08 Fe,FeXO 600 244.6 1
Y 0 700 254.,6 1
273 725 257.7 1
790 +4 262,7 +1 1
825 267.8 1
910 270.9 1
975 276.4 1
VIiIiib Ni,NiO 0.93 Th02-0.07 Fe,FeXO 700 255.7 3
Y O 800 265.0 4
23 900 *4 275.7 ¥ 3
995 284.5 2

(0.2 wt % Si02)

"Z8
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pressures, At this point the complete gas purification train
was in operation. The results are listed in Table XI. The
three sets of data are in good agreement with the data of
Steele and Alcock(48% with the expected EMF values computed
from the data compiled in Wicks and Block(6), and with each
other.

From the results of the above experiments it was concluded
that the second EMF apparatus is adequate for measurements on
cells with a pair of high oxygen partial pressure electrodes
with the first two units of the gas purification train as well
as with the complete purification train. Also, from cells VIII,
VIIIa, and VIIIb it was concluded that there is little differ-
ence between Zircoa electrolytes and electrolytes fabricated
by the procedures described earlier and that SiO2 addition has
no appreciable effect upon EMF measurements at relatively high

oxygen partial pressure.
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IV. D. 2, Knowns-Low Oxygen Partial Pressure

The second apparatus was subsequently tested with cells of
calculable EMF with one or both electrodes exhibiting low oxygen
partial pressure . Successful measurements with such cells
were a necessary requirement for subsequent experiments with
silicide electrodes. The early measurements were made with
only the first and second units of the gas purification train
in operation and with the lead wires brought through ceramic
lead-throughs in the brass end flanges. The gettering agent
was copper shot at 3000C.

The first cell

Pt/Ni,NiO//0.85 ZrOZ—O. 15 CaO//Ta,TaZOS/Pt (IX)

where the electrolyte was a Zircoa crucible with the Ta,Ta205
powder tamped inside along with the platinum lead wire gave no
steady EMF over prolonged periods of time. Disassembly of the
apparatus revealed that the negative lead wire was in contact
with the radiation shields and that the lower lead wire had
separated from the platinum foil causing an open circuit. The
system was repaired and reassembled (Cell IXa) and steady EMFs
well below the expected values were observed. The results are
listed in Table XII. The fairly strong temperature dependence
of the EMF indicates that gas leakage at one or both electrodes
was occurring in addition to possible electronic conduction.
Substitution of a Thoé*ls mol % YOl.S crucible obtained
from Zircoa resulted in improved results (Cell X). The cell was
run for a period of four days with the EMFs improving from day
to day with respect to the expected values, The results for
the fourth day are presented in Table XII. A strong tempera-

ture effect was again noted. The average transport number at

1000°C where the strength of the temperature dependence is



Table XII

EMF Measurements On Cells with One or Two Low OxXygen Partial

Pressure Electrodes—-Second Apparatus

Zircoa disc

Number of
o Observa-
Cell # Cathode Electrolyte Anode Temperature C EMF tions
IXa Ni,NiO 0.85 Z2r0_-0.15 CaO Ta,Ta. O 600 529 1
2 25 700 564 1
Zircoa Crucible powder 800 +4 576 +9 11
900 609 1
X Ni,NiO 0.925 Th02-0.075 Ta,Ta205 500 500 1
Y203 owder 600 554 1
P 700 643 1
800 +4 751 +5 1
900 817 1
950 840 1
1000 851 1
Xa Ni,NiO 0.925 Th02—0.075 Ta,Ta205
v
_203 powder 900 821 +15 3
Zircoa Disc and
Crucible
Xb Ni,NiO 0.925 ThO ~-0.075 Ta,Ta_O 800 570 2
Y 0, 2 23 900 *4 675 3 2

“¢8



Table XII (cont.)

Number of
o Observa-
Cell # Cathode Electrolyte Anode Temperature C EMF tions
XTI Ni,NiO 0.925 ThOé-0.075 Cr,Cr203 500 230 1
Y. O 600 280 1
Zirzoa disc 700 i4 340 £ L
800 400 1
XII Cr,Cr203 0. 925 Th02—0.075 Ta,Ta205 890 2 158 1
Y O 980 — 220 - 1
2 3
Zircoa disc
XIII Fe,FeXO 0.925 Thoé—0.075 Ta,Ta205 600 310 1
Y203 800 510 1
) . 900 545 2
Zircoa disc 970 +4 562 +5 1
990 574 1
XIITIa Fe,FeXO 0.925 ThOé—0.075 Ta,Ta205 800 510 1
Y203 900 +4 550 1l
. . 1000 585 1
Zircoa disc
XIV Ni,NiO 0.93 ThOé'0.0? Y203 Cr,Cr.ZO3 600 505 2
4 hrs 1950oC 700 +10 620 +10 1
! 900 770 1
-, . - 0. , + 3
Xv Cr Crzo3 0.93 ‘I‘hO2 0.07 Y203 Ta TaZO5 900 +10 154 +6

32 hrs, 1950°C

‘98



Table XII (cont.)

‘L8

Number of
o Observa-
Cell # Cathode Electrolyte Anode Temperature C EMF tions
Xc Fe,Fe O 0.93 Th00.07 Y, 0, Ta,Ta 0, 700 +10 337 +10 4
4 hrs. 1950°C 750 +5 407 +10 5
’ 800 +5 452 +10 6
850 +5 488 +10 6
900 +5 512 +20 6
950 +5 546 +15 7
1000 +5 560 +10 7
XIIIb Ni,NiO 0.93 ThO~—~0,07 Y. O Ta,Ta_ O 700 595 1
2 2 3 25
4 hrs, 1950°C 750 668 !
800 726 1
850 +5 766 +5 2
900 792 1
950 807 1
1000 813 1
Xd Fe,FeXQ . 0.925 Th02-0.075; Ta,Ta205 720 596 1
Y_ O 800 608 2
23 +4 +2
o) 900 — 606 — 2
3 hrs, 2100 C 1000 604 5
¢ = 88.5%
thickness 0,181"
Xe Fe,Fe_ O 0.925. ThO -0.075 Ta,Ta,0, 700 546 +25 1
Y203 750 556 +10 2
3 hrs, 2000°C 800 586 +15 3
p= 87.5% 850 +5 589 +2 2
thickness 0.170" 200 598 15 3
950 600 +2 3
1000 597 +2 3



Table XII (cont.)

Number of
_ Observa-
Cell # Cathode Electrolvyte Anode Temperature oC EMF tions

X£ Fe,FeXO 0.925 Thoé—0.075 Ta,Ta205 700 608 3
Y203 750 612 2
3 hrs, 2100°%C 800 613 . 3
thickness 0.078" 850 7 611 +4 2
200 609 3
950 604 2
1000 598 2
Xg Fe,FexO 0.93 Th05-0.07 YOL5 Ta,Ta205 700 598 2
3 hrs, 2000°C 750 605 2
thickness 0.133" 800 605 3
: 850 +8 606 +3 2
900 605 2
950 603 2
1000 599 2
Xh Fe,FeXO 0. 99 Thoj—0.0l Y203 Ta,Ta205 650 620 1
3 hrs, 2000°C 700 613 3
! 750 612 2
800 607 4

850 +° 603 2 2 ®
900 601 3
950 598 2
1000 595 2



Table XII (cont.)

Number of
° Observa~
Cell # Cathode Electrolyte Anode Temperature C EMF tions
Xi Fe,Fe O 0.93 ThO_-0,07 Y_O Ta,Ta_O 600 620 1
X 2.0 25 650 625 1
(0.2 wt % sloz) 200 622 5
750 617 2
800 +5 610 +2 3
850 605 2
900 602 3
950 602 2
1010 599 2
X3 Fe,FexO 0.99 ThOz-—O. 01l Y203 Ta,Ta205 700 619 2
800 613 4
900 *° 60a X2 4
1010 597 2
X Mean Values Xd through Xj 700 618
800 610
900 604 *2
1000 598

‘68
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weakest was 0.957. The run was repeated with a Th02-7.5 mol %
Y203 disc inserted between the Ni,NiO pellet and the base of
the crucible (Cell Xa). The observed voltage at 900°C was not
appreciably different from the voltage observed in Cell X, A
slight sensitivity to argon flow rate was noted. The fact that
Cells X and Xa gave the same results at 9OOOC leads to the con-
clusion that the kinetic or gas leakage effect occurred at the

Ta,Ta.0_ electrode. A third experiment with Ni,NiO versus

25
Ta,Ta205 (Cell Xb) where the electrolyte was a Th02—7.5 mol %
Y203 disc obtained from Zircoa and the Ta,Ta205 electrode was

porous as in Plate II gave poorer results than Cells X and Xa.
A cell (XI)

Pt/Ni,Ni0//0.925 ThO - 0.075 ¥Y,0,//Cr,Cr 0,/Pt (XI)

2
where the electrolyte was a disc obtained from Zircoa and the

Cr,Cr203 electrode was a porous pellet did not give the expected
EMFs, A strong temperature effect was observed (see Table XII).

Also, Cell XII
Pt/Cr,CrO3//0.925 ThO ,- 0. 075 Y203//Ta,Ta205/Pt (X1I)

where both electrodes were porous pellets and the electrolyte
was a disc obtained from Zircoa did not exhibit the expected
EMFs. In this and subsequent experiments the gettering agent
was Zr 12.5 atom % Ti alloy chips at 3750C. The interactions
with the inert atmosphere were strong enough to generate an EMF
larger than the expected valuye.
Cells XIITI and XIIIa,
Pt/Fe,FeXO//O.925 Th0240.075 Y203//Ta,Ta205/Pt v(XIII)

where the electrolyte was a Zircoa disc and the Ta,Ta elec~

205
trode was a porous pellet similar to Plate II, did not develop
the expected EMFs. The results are listed in Table XII. A

strong temperature effect was again evident.
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As a result of the difficulties encountered with low oxy-
gen partial pressure electrodes it was decided that electro-
lytes should be fabricated as described earlier in order to have
control over their purity. 2ircoa electrolytes were thought to
contain appreciable gquantities of impurities which could have
a detrimental effect upon electronic properties at low oxygen
partial pressure. The first run conducted with electrolytes

fabricated in our laboratory as described earlier was
Pt/Ni,Nio//0. 93 Tho2 - 0.07 Y203//Cr,Cr203/Pt (XIV)

The results are listed in Table XII. They were considerably

better than those of Cell XI. However they were below the ex-

pected values and a strong temperature effect was still evident,
The ceramic lead-throughs were replaced with teflon lead-

throughs and the cell

Pt/Cr,Cr203//O.93 ThO, - 0.07 Y203//Ta,Ta205/Pt (XV)

2
was run., Measurements at 9OOOC were close to the expected
value of 152 mv calculated from the data of Wicks and Block(6).
However measurements were made for short times iny and a
decline of the EMF with time was noted.

After this experiment the last three units of the gas
purification train were built and added. The first Zr-12.5
atom % Ti getter column was operated at 425°C and the second
was operated at 3750C. The Ta getter column was generally
operated at 600°C.

Cells of type X and XIII were examined. The pair Xc and

XIIIb employed the same electrolyte and Ta,Ta electrode; only

205
the high oxygen partial pressure electrode was changed., The

Ta,Ta205 electrode was similar to the porous sample shown in

Plate II. The results for these cells are listed in Table XII.

For Cell Xc a large number of observations were made. The data
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showed considerable scatter. The data taken by cooling did
not agree with the data taken by heating. The former values
generally exceeded the latter., The data did not vary with
variations of the Ta getter temperature between room tempera-
ture and 8OOOC. If the cell reaction for Xc is subtracted from
the cell reaction for XIIIb, the cell reaction for Cell VIII
(Ni,NiO vs Fe,FeXO) is obtained. The differences in EMF between
XIIIb and Xc compare favorably with the results for Cells VIII
through VIIIb, Therefore, it was concluded that the difficul-

ties encountered with cells containing Ta,Ta electrodes lay

205
with these electrodes. The problem was solved by producing
dense Ta,Ta205 electrodes similar to the one shown in Plate IIZI,
Results for dense Ta,Ta205 electrodes versus Fe,FexO are pre-
sented in Table XII (Cells Xd through Xj). Cells Xd, Xe, Xf,
and Xg show a strong positive temperature coefficient at 700°%¢
or above, However, only Cell Xe shows a strong temperature
effect at 900°C. The EMFs of Cells Xd, Xe, Xf, and Xg at 900°C
were compared with the relative resistances of the electrolytes.
No correlation was found. The effect of gas flow rate was
tested in Cell Xj. No change in EMF was noted at 800°C and
9OOOC when the flow rate was increased from 1CFH to 3CFH,

Hence, in Cell Xj where the temperature dependence of the EMF
was of the expected magnitude and sign the gas phase interac-
tion with the Ta,Ta205 electrode was negligible., The same was
true for the other cells where dE/AT had the expected magnitude
and sign. Average values for cells Xd through Xj were computed
using data only from those cells exhibiting the proper sign of
dE/dT at a particular temperature. The results are listed in
Table XII, The temperature dependence of the data is close to

the expected temperature dependence. However the magnitude of

the EMF values is below the expected values. Since gas flow




93,
rate had no effect on - Cell Xj it is concluded that electronic
conduction was occurring. At lower temperatures in cells where
dE/dT became positive both electronic conduction and a gas-
electrode interaction were occurring. The expected values for
Cells X and XIII are plotted in Figure 7. Data for Cells Xc

and XIIIb where porous Ta,Ta O, electrcdes were employed are

2
also shown in Figure 7. Finally averaged data for Cells Xd

through Xj where dense Ta,Ta electrodes were employed are

2%5
plotted. One can see that the slope of the line fitted to the
average values for Cells Xd through Xj is in excellent agree-
ment with the slope of the line fitted to the expected values.

Several other low oxygen partial pressure standard cells
were examined. 1In all of the following cells the teflon lead-
throughs and the complete gas purification train were in place,
The cell

Pt/Ni,Ni0//0.93 ThO,-0.07 ¥,0,//C,SiC,8i0,(a)//Ni/Pt

2 .
1950°C, 4 hrs 1150°C, 10 min (Xv1)
@ = 89.8%
was expected to exhibit the reaction
SiC + 2NiO = 2Ni + Sioz(a) + C (52)

with an expected value of 917 mv at 1200°K. At 1000°C the
maximum voltage observed was approximately 570 mv, The voltage
declined steadily with time.
The cell ‘
Pt/Ni,NiO//0. 93 Th02—0,07 Y203//Si,Si02(a)/Ni/Pt

1950°C, 4 hrs 1350°¢C, 5 min.
£ = 89.8%

exhibited a maximum EMF of 320 mv at 1000°C compared with
an expected value of 965 mv. The cell voltage decreased with

time,
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The cell
Pt/Ta,Ta,0.//0.93 ThO,-0.07 ¥,0,//5i,8i0, (a)/Ta/Ft [XVITT)
porous  2150°C, 3 hrs 1350°C, 5 min
@= 90.3%

developed a maximum EMF of 9 mv at lOOOoC compared with an

expected value of 70 mv. The cell

Pt/Ni,NiO//0. 93 Th02—0.07 Y203//Si,Silica gel/Ta/Ft

1950°C, 4 hrs 1325°c, 5 min
C= 89.3%

exhibited a maximum EMF of 510 mv at 1000°C compared with the

(XIX)

expected value of 965 mv., The voltage declined steadily with
time. Finally, the cell
Pt/Ni,Ni0O//0. 93 ThO2—O.O7 Y203//Si(single crystal) /Ta/Pt

19500C, 4 hrs (XX)
(0 = 89, 0%

developed a maximum EMF of 595 mv at 1000°¢ compared to an ex-

pected value of 965 mv; and again, the EMF declined with time,
This concludes the results for EMF measurements on celis

with calculable voltages with low oxygen partial pressure

electrodes, The results for dense Ta,Ta,O_ electrodes were of

2°5
good quality whereas the results for porous electrodes (Cr,CrZO?;
Ta,Ta.,O $i,sio0,.; Si0o,., C,SiC) were poor, Similar behavior

2757 2 2
should be expected with silicide electrodes.
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IV. D. 3. Transport Properties of Thoz--Yzo3
Kinetic Effects in Porous Ta,Ta205 Electrodes

Since the deviation of the average values from the ex-

Electrolytes and

pected values was due essentially only to electronic conduction
in dense Ta,Ta205 electrodes the data may be used to compute
the local and average transport numbers of thoria-yttria elec-
trolytes. pe is first calculated from equation (49) with po“
calculated from the data for Ta205 in Wicks and Block(6) and2
pd’ calculated from the data for FeXO in Charette and
Fl%ngas(74). The calculations were done for a temperature of

13000K with the results

2.59 x 10_29 for m = 4

I

Po

8.60 x 1073° for m = 6

e

With pe in hand one can calculate E and Em as a function of
pé‘ with respect to p6 for Fe,FeXO at 1300°K using equa-
tigns (22) and (49) resgec;ively. The local transport number,
ti,is calculated from

4F (E_ - E)/mRT

ti = e (53)
and the effective or average transport number is

— Em

ti =3 (51)

Equation (53) is readily derived from the following equation
due to Schmalzried(33)

1, -1
po )

2 m
t, = 1 +<———) {(48)
1 pe

and equations (22) and (50). Using the average transport

numbers and the cell model shown in Figure 8 one can estimate
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the polarization current from

: E_ - ———
lp =R (1 ti) = R (54}
i
where Ri = the resistance of the electrolyte in the ionic
mode, ohms

R = the resistance of the electrolyte in the electronic

mode, ohms

ip = the polarization current, amps.
and
.L
R, __ﬁ__ _.L‘__ (55)
i= A =O.A )
i
where fﬁ = ionic resistivity, ohm-cm.

(. = ionic conductivity, mho—cm?l

A = cross sectional area of the electrolyte, cm?

L = thickness of the electrolyte, cm,
With an average electrolyte diameter of 3/8" (0.95 cm), average
thickness of 0.1" (0.25 cm), and 67;'= 2.5 x lO-3mho - cm_'l For
thoria-15 mol % YOl.5(48) equation (54) becomes

. -6
lp = 7.8(E - Em)lO amps (56)

where the EMFs are in millivolts.

f 1,
R,

Figure 8
Equivalent Circuit

=
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The results of all of the calculations discussed above are
presented in Table XIII. The calculations were performed for
m = 4 (predicted from theory) and m = 6 (since vacancy cluster-
ing tends to occur at low transport numbers). Em vs B is
plotted in Figure 9 and ti'ti and ip are plotted against
(-log pd“ ) in Figure 10. From these graphs corrections can
be made %or other cells exhibiting electronic conduction, Of
course, ho correction is possible for polarization effects
which may be appr ciable if ti differs appreciably from unity.

With data for a porous Ta,Ta, O_ electrode and a dense

2°5
Ta,Ta205 electrode available, some insight into the nature of
the kinetic effect in porous electrodes can be gained. The EMF
produced by the dense electrode is given by equation (50)., The

EMF generated by the porous electrode (Cell Xc) can be repre-

sented by
1
g . zmRT o Pere”
m  nF 1 (57)
PS m
02
where Poss is the effective oxygen partial pressure
Emp is the EMF observed for a porous electrode,
The effective oxygen partial pressure may be written as
— —1m
1 X 1
R O (f(t.v)po‘ ) " (58)
eff 2 2

where £(T,v) is some function of temperature and argon flow

rate,



Table XIII

Transport Properties and PolarizationoCurrent For
Thoria 7 wt % Yttria Flectrolytes at 1300 K With an;Eg,FeXO

o Reference Electrode
(m = 4) "~ (m = 6)

g Z Y 5 1 WY 5 X
361 361 1 1 0 361 1 1
426 425 .998 . 990 7.8 x 10°° 424 . 996 .988
490 488 . 997 . 982 1.6 x 10°° 486 . 993 .976
555 . 550 . 992 . 956 3.9 x 10°° 549 . 989 . 965
619 612 . 989 . 939 5.5 x 10 ° 612 . 989 . 959
685 670  .979  .875 1.2 x 10 % 673  .983  .931
750 726 . 968 .807 1.7 x 10°% 735 . 980 . 914
813 775 . 953 .712 3.0 x 10 790 .973 .871
878 817 . 931 . 580 4.8 x 1074 845 . 963 .820
943 850 . 902 .435 7.3 x 104 895 . 949 . 750

. -3

1007 875 . 869 . 307 1.0 x 10 943 . 936 .681

‘66
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Equations (Sd), (57) and (58) may be combined to give

-nFEmp -nFEm
mRT T ,

—

Two forms for the excess pressure term, £{T,v), that may be con-

sidered are

£(r,v) = BE (60)
v
+A H/RT

The nature of the gas velocity dependence can not be established
since the gas flow rate was held constant for Cell Xc. How-
ever, the nature of the temperature dependence can be estab-
lished with the data for Cell Xc. The calculations are

summarized in Table XIV,.

Table XIV
The Effect of Temperature on Porous Ta,Ta2O5 Electrodes
o L X lO4 lo T £(T,v) 1 £(T,v)
Tk T 910 'V AT
973 10. 28 2.908 5.81 x 10 - 7,24
1023 9.76 3,010 2.57 x 10”2 ~ 8,59
‘ ~10
1073  9.31 3.031 3.22 x 10 ~ 9,49
~11
1123  8.90 3.050 6.20 x 10 -10.21
1173 8.52 3.069 7.51 x 10712 ~11.13
1223 8.17 3.087 1.19 x 10712 -11.93
~13

1273 7.85 3.105 3.71 x 10 -12.43
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The temperature dependence of equation (60) did not fit the

data since a plot of loglO £(T,v) versus loglO(T) was not
linear. A plot of loglO f(T,v) versus 1/T was linear, From
its slope AH was 97.6 kcal. Such a large activation energy
can not be attributed to any conductivity mode of the electro-

lyte or the high temperature oxidation of tantalum,
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IV. D. 4. EMF Measurements on Silicide Electrodes;TaSSi3fTaSi2
Phase Field

The.results of EMF measurements on silicide electrodes
with the second apparatus will now be presented. All measure-
ments were made with the apparatus in the final condition;
lead wires were brought out of the cell through teflon lead-
throughs and the complete gas purification train was in opera~-
tion. The results are presented by phase fields. For the
TaSi,.~-Ta_Si._ phase field, from Table II, the expected electrode

2 5 73
reaction was

5 Ta812 + 14 0 = 7 SlOz(a) + Ta5313 + 28e

with expected values of 634 +65 mv at 1000°k and 613 165 mv
at 1300°K with respect to an Fe”FeXO reference electrode.
Measurements were also made with Ni,NiOQO reference electrodes
and Ta,TaZOé reference electrodes. For the above half-cell
reaction, the expected values with respect to an Ni,NiO
reference electrode were 890 + 65 mv at 1000°K and 889 +65 mv
at 1300°K. The expected values were O +65 mv at 1000°K and

3 +65 mv at 13000K with respect to a Ta,?azos reference elec-
trode.

The first column of Table XV lists the composition of the
electrode as computed from the starting materials., The second
column lists the heat treatments and sintering operations per-
formed. Heat treatments (H.T.) were performed with the
reacted Ta and Si after refabrication into pellets and pre-
sintering to remove the binder. Then the oxide and/or nickel
powders were added and the sintering operation (S.) was per-

formed. The third column gives X-ray results on the interface

placed in contact with the electrode in terms of the intensity




Tab

le XV

EMF Measurements Emploving Half-Cells Formulated From

The TaSi_-Ta_Si

Two-Phase Field

2 5 73
Silicide Heat Treat- Eiffiigl z;mber
Electrode ment and I(TaSi_ )+ Reference o EMF Obser—
Composition Sintering :[('I‘a581_3 Electrode Electrolyte Temp C mv vations
1) o
65 wt % TaSi2 H.T. 1650 C, 0.08 Ni,NiO 0.93 Th02— 750 s307+10 1
o . 40 min. 800 s352+40 3
21 we % TagSi, o 1500% 0'070 ¥2°3 850 s370+40 3
14 wt % SiO2 20 min. 2050 C,3 hrs 900 +5 s397+40 3
p = 89.7% 950 s428+45 3
1000 S463+50 3
1050 s495+10 1
2) o
65 wt % TaSi H.T. 1650 C, 0.02 Fe,Fe O 0.93 ThO - 750 s173+20 2
2 40 min X 2 800 $249+50 3
2L wt % TagSi; 3. 1650%, O'O7OY203 850 s276+60 4
14 wt % SiO2 20 min 2050 C,3 hrs 900 #+5 s313+60 6
p:= 89. 7% 950 s363+40 5
1000 §397+30 3
1050 s414+15 1 _
c
3) o I
TaSi2 S. 1600 C, 0.70 Fe,FeXO 0.93 ThOZ— 300 55 300+15 2
10 min. 1000 — 404+10 2
0.07 Y203 -

19 OOC,4 hrs
= 97.7%




Table XV (cont.)

. Number
Silicide Heat Treat- I(TaSlZ) of
Electrode ment and I{TaSi_)+ Reference o EMF Obser-
Composition Sintering I(Ta5813) Electrode Electrolyte Temp C mv vations
4) o 800 s-0.3 4
TaSi2 S. 1600 °C, 0.91 Ta,Ta205 0,93 Th02— 850 s-0.2 1l
0.5 wt % Ni 10 min, 0.07 YO 900 +5 s-0., 2 4
) o 23 950 — s-0.1 1
1950 C,4 hrs 1000 s+0,1 3
F = 88%
5) o
39 wt % TaSi S, 1500 °¢C 0.10 Ta,Ta_.O 0.92 ThO_- 700 s-0, 2 2
2 15 min 25 2 750 s+0.9 2
54 wt % Ta5813 0.O8OY203 800 vs s+1.6 1
7 wt % SiO2 1925 C,3 hrs 850 — s+1.6 1
f = 90, 4% 900 s+1,4 1
950 s+1.5 1
6) o
67 wt % TaSi H,T. 1600 C, 0.76 Fe,Fe O 0.92 ThO_- 900 550 1
2 15 min X 2 10005 640 1
21 wt % Ta i, g7 o000 0'080Y203 )
11 wt % SiO2 15 min. 19257°C,3 hrs S
0.5 wt % Ni Q= 89.5%
7) o
67 wt % TaSi2 H. T, 1600 C, 0.76 Fe,FexO 0.99 Th02— 800 s338+15 4
, . : 15 min. 900 +5  s431+5 2
2L wt % TasSi; 5. 1600%, O'OlOY203 1000 s537+15 3
15 min. 2000°C,3 hrs

11 wt % 5102

N = 94%



Table XV (cont.)

I(TaSiz) Number
Silicide Heat Treat- 375351—74 of
Electrode ment and I(Ta S%.) Reference o EMF Obser-
Composition Sintering 5 73 Electrode Electrolyte Temp C mv vations
8)
71 wt % TaSi, . 1600°c, 0.70 Fe,Fe O 0. 99ThO - 1000 +5 656 1
. 15 min. .

% . Y

23 wt % Ta5813 0 Olo 2O3
5wt % SiO2 2000 C, 3 hrs
0.7 wt % Ni P = oa%
9) o
71 wt % TaSi2 S. 1600 C, 0,60 Fe,FeXO 0. 99 Th02— 800 s245 1
; 15 min. 900 +5 585

o . Y LI
23 wt % Ta5813 0 OlO 2O3 1000 _
5 wt % SiO2 2000°C, 3hrs
0.7 wt % Ni f = 98.3%
10) o
71 wt % Ta.Si2 S. 1600 C, 0. 60 Fe,FeXO 0. 99 'I‘h02— 1000 +5 566 +20 4

o . 15 min,
23 wt % Ta5813 Qpi Y203
5 wt % 8102 2000 °C, 3 hrs

E = 98.3%

0.7 wt % Ni




Table XV (cont.)

I(TaSiz) Number
Silicide Heat Treat- I (Tasi )+ : of
Electrode ment and I(Ta 5% Reference o EMF Obser-
Composition Sintering 5 73 Electrode Electrolyte Temp C mv vations
11) ,
74 wt % TaSi2 S. 16000C, 0.50 Fe,FeXO 0.99 Th02— 900 +5 s472+10 3
23 wt % Ta Si 15 min, 0.01 Y O 1000 — s658+40 4
573 o 23

.3 wt % SiO2 2000 C,3 hrs
0.7 wt % Ni (= 92
12) o
74 wt % TaSi S. 1600 C, 0,67 Fe,Fe O 0,99 ThO _- 800 390 1

2 15 min x 2 900 <500 1
23 wt % Ta5513 0'010Y203 1000 +5 634 1
3 wt % SiO2 2000 C,3 hrs 1050 651 1
0.7 wt % Ni .r = 94% 1080 669 1
13) o
74 wt % TaSi S. 1600 C, 0,83 Fe,Fe O 0.99 Tho - 1000 560 1

2 15 min x 2 1050 648 2
23 wt % Ta5813 | O'OlOYZOB 1100 692 1
.3 wt % SiO 2000 C,3 hrs

2 O,
0.7 wt % Ni p= 9%
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of the strongest TaSi, peak divided by the total of the in-

2

tensities of the strongest TaSi,_ peak and the strongest

2 .
Ta Si3 peak. The EMF column gives average EMFs based on the

nu;ber of observations indicated along with the range of
these values, The letter "S" preceding an EMF value indi-
cates that it was stable over a prolonged period of time.

The first two electrodes listed in Table XV lost consid-
erable amounts of silicon as a result of prolonged heat treat-
ments. These electrodes were quite porous. Their surface lay-
ers were removed and a center section was placed in contact
with the electrolyte. Both gave strongly temperature dependent
EMFs., Individual EMFs were stable over prolonged periods of
time., However reproducibility was poor as indicated by the
large spread in the mean values listed. EMFs obtained along
cooling curves were greater than EMFs obtained along heating
curves., The strong temperature dependence and hysteresis be-
havior were similar to the behavior of porous tantalum, tanta-
lum oxide electrodes., However, with the silicide electrodes
the difference in EMF between the first and second cells listed
in Table XV does not correspond to the expected value for the
cell Ni,NiO vs Fe,FexO. Also, the difference between the ex-
pected values and the observed values were greater for the
silicide electrodes than for the Ta,Ta205 electrodes. These
observations indicate that the kinetics of the desired elec-
trode reaction with the silicide electrodes are slower than the
kinetics for Ta,Ta.0O_ electrodes.

The third eleztiode, which was fabricated from TaSi2 with-
out nickel sintering aid did not give steady values. A center
section was again used. The results of four observations are
listed, They are well below the expected values. The fourth

electrode was fabricated from TaSi2 with 0.5 wt % Ni added as
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a sintering aid. The electrode had a density greater than 95%
of theoretical and was polished to a bright metallic finish.
The observed EMFs were stable over prolonged periods of time and
were reproducible., However the electrolyte was tested after use
in the cell and was found to conduct at room temperature. A
contaminant had coated the periphery of the electrolyte at some
point during the experiment making the observed voltages ques-
tionable. Likewise, the results obtained with the fifth elec-
trode are questionable because the electrode conducted at room
temperature as a result of contamination during the course of
the experiment., This electrode was not sintered with a sinter-
ing aid and was therefore quite porous. The surface layer was
removed on emery paper and a center section was used in contact
with the electrolyte. The sixth and seventh electrodes were
from the same batch., This batch sintered poorly. Center reac-
tions were placed in contact with the electrolyte. The sixth
cell was poorly assembled and the results listed were not steady
state values. The seventh cell gave steady values, Hysteresis
and a strong temperature effect were manifest. However, the
results are considerably better than the results for the second
cell listed.

In an attempt to produce denser electrodes the amount of
Ni sintering aid added was increased slightly and the amount of
silica added was decreased further, A photomicrograph of an
electrode from the group used in the eighth, ninth, and tenth
cells is presented in Plate VIII. The polished surface was
metallic with many very large isolated pores. The eighth elec-
trode attained an EMF of 656 mv upon reaching the set point -
1000°C. The EMF then declined steadily. The ninth silicide
electrode (Table XV) did not produce a steady EMF at lOOOoC.

Upon reaching the set point an EMF of 706 mv was observed. The
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gas flow rate was 1 CFH, The voltage fell steadily with time.
Raising the gas flow rate to 3 CFH produced a steady EMF of
727 mv over a period of 20 minutes., A further increase in the
flow rate to 5 CFH resulted in an initial rise in the EMF
followed by a rapid decline. At 900°C and a flow rate of 3 CFH
a non-steady voltage was observed. The cell was held at 800°c
over a 12 hour period. A steady voltage of 245 mv was observed
at the end of this period. The ninth electrode was refinished
and rerun in the tenth cell. In contrast to the other cells
slowly rising EMFs were noted at 1,5 and 3 CFH with the rate of
ascent declining with time. An average EMF of 566 +20 mv was
observed at lOOOOC. Observations were not made at other tem-
peratures. Photomicrographs of some electrodes from this batch
after use in the cells are given in Plates VII, IX, and X,
Plate VII showskan almost continuous silica film grown at the
center of the pellet. Plate X shows the center of an electrode
surface run for a shorter period of time. Here the film is dis-
continuous. However at the periphery of this electrode-electro-
lyte interface (Plate IX) the film is more continuous and thick
enough to produce interference colors (0.1A4).

Further reduction of the silica content was made in the
next batch of electrodes. These electrodes were used in cells
11, 12, 13, and 15. A photomicrograph of an electrode from the
batch before use in a cell is presented in Plate XII. Note the
greater density compared with the electrode shown in Plate VIII.
The EMF values obtained with all four cells run showed a strong
temperature effect. The EMF at all temperatures generally
attained a maximum value upon reaching the set point and de-
clined thereafter. During the early part of the experiments
the maximum attained values in excess of the expected value.

These EMFs are attributed to conditions well removed from
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equilibrium existing in the electrolyte. Later maxima, as re-
corded in Table XV are more representative of the cell behavior.
A sensitivity to gas flow rate was noted. A photomicrograph of
an electrode from the group is presented in Plate XI. A discon-~
tinuous silica film grew on the surface during the course of
the experiment.

The behavior of an electrode from the final group examined
(Cell . 14), where silica content was reduced further, was simi-
lar in that the EMF attained an initial maximum on reaching the
set point and declined thereafter and the EMF was sensitive to
flow rate. Photomicrographs taken before and after the experi-
ment (Plates XII and XI respectively) shows that a discontinu-
ous film had grown - presumably over those regions where TaSi2
was the substrate.

The results for the TaSiz—TaSSi3 phase field may be summar-
ized as follows: It was not possible to obtain stable and re-
producible EMFs at a series of temperatures independent of the
argon flow rate. Porous electrodes such as 1, 2, 3, 6 and 7
gave stable EMFs which were strongly dependent on temper®ture.
The behavior was similar to the behavior of porous Ta,Ta205
electrodes. Improvement in the data was noted with improvement
in density. The dense metallic electrodes (8 through 15) gen-
erally gave unstable EMFs which declined with time. Exceptions
were the tenth, eleventh, and thirteenth cells. Data for all
cells where stable EMFs were observed with respect to Fe,FeXO
are summarized in Figure 11l. Only two points representing six
observations fall within the range of expected values, These
latter points may be summarized as 655 +40 mv at lBOOOK, Cor-
recting for electronic conduction by +10 mv gives an EMF of

+665 +40 mv at lBOOoK. This corresponds to an uncertainty of

+3.7 kcal per gram atom of silicon oxidized to Si02.
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IV. D.5. EMF Measurements: Ta58i3-Ta28i Phase Field.
In the Ta _Si_-Ta _Si field three half-cell reactions were

considered. Siliza iz the oxidation product of the first of
these (see Table II, reaction A2, page 18):

2 Ta58i3 + 20 = Sioz(a) + 5 Tazsi + 4 e
With an Fe,FeXO reference electrode values expected frcm ther-
mal data are 895 +477 mv at 1000°K and 870 +477 mv at 1300°K.
The expected values with respect to a Ni,NiO reference electrcde
are 1153 +477 mv at 1000°K and 1158 1477 mv at 1300°K; with

respect to a Ta,Ta reference electrode the expected wvalues

205
are 259 +477 mv at 1000°K and 251 +477 mv at 1300°K. This
half-cell, based on the results of the electrode stakility study,
is thermodynamically unstable but can be expected to give stable
EMFs under the proper kinetic circumstances. The thermcdynami-
cally stable electrodes in this phase field are kased on coxidatiocn
to tantalum oxide or complete oxidation of the trisilicide. The

half-cell reaction for tantala formation is (see B5, Table II);

6 Ta281 + 50 = Ta205 + 2 Ta5813 + 10 e

The expected values are: with an Fe,FeXO reference electrode,
475 + 208 mv at 1000°K and 457 +208 mv at 1300°K; with an Ni,Nio
reference electrode, 733 +208 mv at 1000°K and 745 +208 mv at
13000K; with a Ta,Ta_O

2”5
1000°K and -162 +208 mv at 1300°K. The half-cell reacticn for

reference electrode, =161 +209 mv at -

complete oxidation to tantala and silica is (see C8, Table II):

. = = » 4 -
2 Ta5813 + 370 5 Tazo5 + 6 SlOz(a) + 74 e

The expégfed values are: with an Fe,FexO reference electrode,
577 +14 mv at 1000°K and 556 +14 mv at 1300°K; with a Ni,NiO
reference electrode, 835 +14 mv at 1000°K and 844 +14 mv at

1300°K; with a Ta,Ta_O

05 reference electrode, -59 +14 mv at



115,
1000°K and -63 +14 mv at 1300°K.

Measurements on electrodes formulated from the TaSSiB_TaZSi
field were conducted with the second apparatus in its final
state of development; the complete gas purification train was
in operation and lead wires were brought out of the cell with
teflon lead-throughs. The electrode formulations and the re-
sults of the EMF measurements are presented in Table XVI. The
table arrangement is the same as Table XV, The X-ray data
given are for the electrode after having been used in the
appropriate cell.

Data from thergirst five cells listed in Table XVI are in
error because these early tantalum, tantalum oxide reference
electrodes were porous. However, one should note that the EMFs
observed were generally negative. This indicates that the
oxygen partial pressure established over Ta,Ta205 electrodes is
less than the oxygen partial pressure established cover the
silicide electrodes. Also, the temperature effect in these
cells is relatively strong whereas the expected variation of
voltage with temperature is very small,

Data obtained with the majority of the other electrodes
examined also exhibited strong temperature dependence and sensi-
tivity to argon flow rate. A variety of formulations were ex-
amined. The poor sintering behavior of the electrodes was at
least partially overcome by using pellets in the as pressed
and sintered condition in order to present the densest possible
surfaces to the electrolyte. However, as a result of surface
silicon losses during sintering, wide discrepencies between the
compositions computed from the starting materials and those

determined by X-ray diffraction were encountered.



Table XVI

EMF Measurements Employing Half-Cells Formulated

From The Ta _Si_-~Ta Si Two-Phase Field

5°73 "2
. Number
Silicide Heat Treat- I(Ta5813) of Ob-
Electrode ment and I(TaSSi )+ Reference gemp serva
Composition  Sintering I(Tazsﬂ3 Electrode Electrolyte C EMF {mv) tions
:ﬂ;,wt % s 1600°c, 0.97 Ta,Ta,0, 0.92 ThO,- 815 s-7.5 +2 2
TaSi o . 870 s-20.1 +2 1
hr. 1600 C,15 0.08 Y.O +2 o=
77. oWt % t orous min L 23 910 =  $-23.5 +5 3
Ta Si, _ 2150 C,3 hrs 1000 s-46,2 +5 2
4,6Wt % f = 90.5%
5102
2) o
13 wt % S 1400 c, 0. 38 Ta,Ta0, 0.93 Tho,- 645 s+7.4 +5 2
TaSi . o . 700 s-43.7 +5 1
10 min. , . Y sl -
61 wé % n lggguz 15 min 0 070 293 750 s-128.3+5 1
Ta_Si p 2150°C,3 hrs 810 .  s-150.4+20 2
26" Wt™% (o = 90.5% 870 — s-198. 3+5 1
Ta,0, 900 s-181.0+20 2
950 s-186.8+5 2w
995 s-169. 9+5 2 o
3) °
66 wt % S 1400°cC, 0.83 Ta,Ta,0, '0.93 Tho - 810 s-78.6 +50 3
Ta_Si . o . 860 s-131.6+6 2
12° Wk % 10 min. 1iggu§,1s min O'O7OY203 900 +5 s-138.9+20 4
Ta,5i P 1950°c, 28 hrs 950 s—139. 6+2 2
22° wt % £ = 90. 2% 1000 s-122.5+4 2

Ta O



Table XVI (cont,)

I(Ta58i3) Number
Silicide Heat Treat- 3752_51_74 of Ob-
Electrode ment and I(TaSSi? Reference gemp serva-
Composition Sintering 2 Electrode Electrolyte C EMF (mv) tions
4)
92 wt % s 1400°¢c, 0.89 Ta,Ta,0, 0.93 ThO- 805 s-24.1 +20 4
Ta_Si . o , 900 +5 s-53.3 +30 5
: wi 73 10 min. 1(6)2211(;,15 min 0.070')(203 100045 5-65.6 +40 6
oo 55 P 2050°C, 4 hrs
2 (0= 90. 5%
3wt %
8102
5) o
4 wt % S 1400°C, 0.18 Ta,Ta,0, 0.93 ThO - 810 s-28.4 +1 2
Ta_Si . o . 850 s-37.3 +6 6
89 ot % 10 min. lgggug’ls mLn O°O7OY203 900 +5 s-48.7 +12 6
Ta_Si P 2150°c, 3 hrs 950 s-57.0 +15 6
7 wé % 990 s-69.1 +8 3
5102
6) °
58 wt % S 1620 c, . 0.29 Fe,Fe O 0.93 Tho,~ 900 s 475 +3 3
Ta_Si . 950 s 489 +2 2 =
28 it i 10 min. O'O7OY203 1000 +5 s 503 +14 3 <12in S
Ta Si° 2000°C,3 hrs 1050 s 505 +3 3
2 f) = 87.3% 1090 s 513 +1 2
3 wt %
Ta 0 900 s 477 +3 1
275 950 s 494 +#3 1 4
1 wt % Ni 1000 £#5 s 505 #3 1 Gpy
1050 s 515 +1 2
1090 s 519 +3 1



Table XVI (cont,)

I(TaSSiB) Number
:illzldz Heat T;Zat— E?E;;gg_?+ Reference gemp Ofrog:
ec r? ? mén a' I(Ta Si? Electrode Electrolyte C EMF (mv) féns
Composition Sintering 2
6) cont. .
1000 s 523 +3 1
1050 +5 s 521 +1 2 5
1100 s 520 +3 1 CFH
7) o
56 wt % S 1620 C, 0.18 Fe,Fe O 0.93 ThO,- 800 s 537 +4 1
Ta_Si . 850 s 565 +4 2
36 wt % ° 10 min. 0-07 ¥,04 900 ., 557818 5
Ta,Si o 950 — s 583 +4 4
7wt 2000 2’938;“5 1000 s 589 +9 6
Ta_ 0 (o_ i 1045 s 585 +4 2
1 wt % Ni
8) °
99 wt % S 1620 C, 0.69 Fe,Fe O 0.93 ThO,- 845 s 467 +5 1
Ta_Si . 900 s 470 +20 2
1wt ; Ni 10 min. O'O7OY203 950 +5 s 484 +25 3 3CFH
° 2000 C,3 hrs 1000 s 503 +20 3
(0= 91. 3% 1045 s 524 +5 1
900 s 421 1 -
950 +5 s 443 1 1l.5m
1000 s 457 1 CrE
9) o
56 wt % S 1620 C, 0.06 Fe,Fe O 0.93 Tho,- 1000 s 360 1. 5CFH
Ta_Si . 1010 s 415 3 CFH
36 wt % 10 min. O'O7OY203 1045 +5 s 413 1.5CFH
Ta_.Si 2000 C,3 hrs 1045 s 452 3 CFH
7 wt% P = 89. 3% 1045 s 456 5 CFH

Ta_O._



Table XVI {cont.)

I(TaSSi3) Number
Silicide Heat Treat- T(Ta. 5i )+ of Ob-
Electrode ment and I(TaSSi? Reference gemp serva-
Composition Sintering 2 Electrode Electrolyte C EMF (mv) tions
10) - ~
12 wt % s 1630°c, 0.02 Fe,Fe O 0.93 Tho - 895 s 458 +5 2
Ta_Si . 945 s 548 +9 3
87 wt-% ° 10 min. O°O7OY2°3 995 +5 s 567 +3 3
Ta Si 2000°C, 3 hrs 1040 s 564 +5 5
1 wt“% Ni ©= 95.4% 1075 s 562 +3 1
11) o
99 wt % s 1620°c, 0.82 Fe,Fe O 0.93 ThO,- 900 s 171 +85 3
Ta_Si . 950 s 329 +11 2
1wt ; N‘?’ 10 min. O'O7OY203 1000¥° s 420 170 4
° Rt 2000°c,3 hrs 1050 s 470 +35 4
(= 93.3% 1090 s 510 +5 1
12) o
85 wt % S 1630°C 0.85 Fe,Fe 0 0.93 Th,0- 895 s 315 +100 4
Ta_Si . 945 s 422 +35 2
9 wt % T%ZSi 10 min. O'O7OY203 1000 . s 455 £30 6
5 wt % 2000 ¢,3 hrs 1040 — s 475 +15 4
Ta_0 (0= 95.9% 1050 s 492 1 .
1 wt % Ni 1070 s 491 1 =
13) 5 )
55 wt % s 1620°c, 0.19 Fe,Fe O 0.93 ThO,- 900 s 319 +50 2
Ta_Si . 945 s 400 +65 3
8 wt % '1%251 10 min, O'O7OY2°3 10005°> s 458 %25 2
3wt % 2000°C,3 hrs 1050 s 474 +25 3

Ta. O

1 wt % Bi

93. 3%

(O:



Table XVI (cont,)

I (Ta55i3) Number
Silicide Heat Treat- m+ of Ob-
Electrode ment and I(TaSSi? Reference gemp serva-
Composition Sintering 2 Electrode Electrolyvte [®C EMF (mv} tions
14)
12 wt % s 1650°c, 0. 04 Fe,Fe 0O 0.93 ThO - 900 s 468 +25 6
Ta_Si , 950 s 369 +85 3
. wt5‘7 3 10 min, O'O7OY203 1000 s 498 +40 7
‘ T S"i 2000 C,3 hrs 1040 s 530 1
a, (\7= 96. 9%
15) o
7 wt % S 1600 °C, 0. 90 Fe,Fe O 0.93 ThO - 895 s 366 +57 3
TaSi . 945 s 476 +15 2
87wt %° 10 min. O'O7OY203 995 ¥ 5 512 ¥15 7
Ta5513 2000° C,3 hrs 1040 s 553 +15 2
5 wt™% (0 = 96. 0%
Ta.O
1wt % Ri
16) o
99 wt. % S 1620 C, 0. 94 Fe,Fe O 0.93 ThoO,- 950 s 354 1
Ta_Si . 1000 +5 s 427 +8 3
L we ; Ni 10 min. O'O7OY203 1045 s 481 +9 3 ~
? 2000°C, 3 hrs N
(° = 96, 0% .
17) o
7 wt % S 1620 °C, 0.05 Fe,Fe O 0.93 Thoz— 900 s 411 +6 3
_ Tasi, 10 min. 0.07 Y.0 950 5 469 +25 3
87 wt % o 23 1000 +5 s 492 +20 6
TaSSi 2000°C,3 hrs 1025 s 515 +2 2
5 wt™% 1045 s 519 +1 3
Ta_ O

R R VA N 8



Table XVI (cont,)

I(Ta_Si.) Number
i 5 3 of Ob-
Silicide Heat Treat- —F—————
Flectrode ment and I(TaSS%?)+ Reference gemp \ serva-
Composition Sintering I(Ta281 Electrode Electrolyte C EMF (nyv) tions
18) S
59 wt % s 1620°c, 0. 64 Fe,Fe O 0.93 ThO - 895 s 383 +6 2
Ta_Si . 955 s 449 +8 2
38 wto% ° 10 min. 0.07 ¥,04 1000 s 477 32 2
Ta,Si 2000°C,3 hrs 1045 s 499 +3 3
2 wt™%
Si0
0.8wt % Ni
19) :
57 wt % s 1610°c, 0. 28 Fe,Fe O 0.93 Tho,- 900 s 275 +9 2
Ta_Si . 950 s 381 10 1
38 wt % ° 15 min. 0.07 ¥,04 1000 s 903 175 7
 TaSi 2000°C,3 hrs 1045 s 461 +35 4
4 wt %
Si0
0. 7wt % Ni

12T
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‘Despité” these difficulties, good data were obtained
for the 6th and 7th, and 10th electrodes. The data for these
electrodes along with expected values for the three electrode
reactions for the phase field are presented in Figure 12. The
three electrodes exhibited a strong temperature effect at the
lower temperatures only. Furthermore, electrodes 7 and 10 were
insensitive to argon flow rate over the entire range from 1.5
CFH to 5 CFH. The 6th electrode was slightly sensitive to
argon flow rate. Consequently the data for this electrode are
broken down according to flow rate in Table XVI and Figure 12.
The curves (Figure 12) for flow rates of 1.5 CFH and 3 CFH ap-
proach the line drawn through the data for 5 CFH at the upper
temperature. The data for the three electrodes fall within the
range of expected values for tantala formulation via reaction 5
of Table II and within the range of expected values for silica
formation via reaction 2 of Table II. The data for the tenth
electrode also fall within the range of expected values for
simultaneous formation of silica and tantala via reaction 8 of
Table II. The corrections for electronic conduction as deter-
mined from Figure 9 are +4 mv for electrode 6, +6mv for elec-
trode 10 and +7 mv for electrode 7. With these corrections the
data for the tenth electrode fall just outside the upper limit
for simultaneous silica and tantala formation via reaction 8
of Table II. None of the three sets of data fall within the
range of expected values for reaction 9 of Table II. It will
be recalled that this reaction was eliminated earlier. Photo-
micrographs of the center and periphery of electrode 10 are pre-
sented in Plates XVII and XVIILrespectively. Although the rela-
tively rough surfaces were difficult to photograph, it may be

observed that the center of the surface that was in contact with
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the electrolyte is guite porous whereas densification occurred
at the periphery as a result of oxidation. Fhotomicrographs of
the center and periphery of electrode 6 are presented in
Plates XIX and XX respectively. Porosity is again manifest,
Densification at the periphery as a result of oxidation
occurred,

The three sets of data are to be assigned to from one to
three reactions. Because they are relatively closely spaced
with respect to the range of expected values for the three
possible reactions the assignments are not easily made. Micro-
"graphic and X-ray evidence are of some assistance, Micrographic
examination of electrode #6 after it was used in the cell for a
period of 30 hours revealed no silica film. An X-ray of the
electrode from 31° to 41° (26) before use in the cell exhibited
the following intensities: (Tazsi, d =2.41) had an intensity of
161 and (t_TaSSiB” d = 2.34 + h—TaSSi3, d = 2.21) had a combined
intensity of 50. 1In a complete scan after the electrode was

used in the cell the intensity of the Ta_Si peak diminished to

2

135 and the combined intensity of the Ta58i3 peaks increased to

56. (% —'I‘a205 was detected. The micrographic and X-ray evi-
dence concur and indicate that Tazsi was oxidized tc form tanta-

la and Ta55i3 according to reaction 5 of Table II,

An X-ray scan of electrode seven before use in the cell
from 31° to 41° (26) gave an intensity of 165 for the strongest

Tazsi peak (d = 2.41) and an intensity of 60 for the intensity

of the strongest t—TaSSi3 peak (d = 2.34). After the electrode

was used in the cell for approximately 30 hours a complete X-ray
of the surface in contact with the electrolyte revealed a de-

crease in the quantity of Ta58i3 to a combined intensity for

the strongest t—TaSSi3 peak (d = 2.34) and strongest h_TaSSi

peak (d = 2.,21) of 39. The intensity of the strongest TaZSi

3
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peak increased to 187 and @ -Ta was again detected. Micro-

205
graphic examination of the electrode detected an apparent SiO2

film. In view of the X-ray and micrographic evidence it is

concluded that Ta58i3 was oxidized to silica and TaZSi accord-

ing to reaction 2 of Table II.
X-ray examination of electrode 10 before use in the cell

revealed an intensity of 204 for the strongest Ta Si peak

2

(d = 2.,41) and an intensity of 8 for the strongest t—TaSSi3

peak (d = 2,34). An X-ray taken after the electrode was used in
the cell for about 30 hours revealed a decrease in the intensity

of the strongest Ta_.Si peak to 181 and a decrease in the inten-

2
sity of the strongest t-Ta_Si_ peak to 6. (3—Ta205 was also

detected in this scan. Thz Xfray results indicate that no
effective change in the relative amounts of the silicides
present occurred., Micrographic examination of the electrode
surface that had been in contact with the electrolyte revealed

what appeared to be an SiO_ film on the periphery of the elec-

2
trode surface which had been in contact with the electrolyte.
In view of the composition of this electrode, assignment of the
data to reactions 2 or 8 would be unreasonable, Assignment to
reaction 5 would be more reasonable. However, the EMFs ob-
served are not appreciably different from the EMFs observed for
Ta4°58i, Tazsi, Ta205 electrodes., As was shown earlier, the
EMF' for reaction 5 must be less than the EMF for reaction 6.
Hence the EMFs observed for electrode 10 are assigned to a
mixed reaction. This is not unreasonable since Ta205 was de-
tected by X-ray diffraction and micrographic examination re-

vealed a presumed SiO_ film on the periphery of the electrode,

2
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iv. D. 6. EMF Measurements: Ta_Si-Ta Si Phase Field.

2 4.5
In the TaZSi-Ta4 5Si field the expected electrode reaction
was, from Table II:
4 Ta4.581 + 250 =5 Ta205 + 4 Ta281 + 50 e

with expected values at 1000°K and 1300°F of 617 +28 mv and
598 +28 mv respectively with an Fe,FexO reference electrode.

The results of the experiments performed with Ta Si, Ta_Si,

4.5 2
Ta_O_ electrodes are presented in Table XVI, The Table is

ariaiged in the same way as Table XV with heat treatment cf the
silicide denoted by H.T. and sintering with the oxides and
nickel denoted by S. Average EMFs are tabulated., All EMFs that
were stable are indicated by "s",.

The data obtained with the first electrode showed a strcng
temperature effect similar to porous Ta,Ta205 electredes., A
center section of the electrode was used in contact with the
electrolyte. The prolonged heat treatment resulted in the
formation of a considerable amount of Ta. The next electrode
was fabricated with less Tazo5 added and the heat treatment was
omitted. The sintered pellets could not be polished. Grinding
on a emery disc produced a powdery surface, In order to pre-
sent the densest possible surface to the electrolyte the surface
of the as pressed and sintered pellets were placed in contact
with the electrolyte. The data obtained with this electrode
were better than those of the first cell in that the temperature
effect was weaker.

The amount of Ta205, added to the Ta4°58i-Tazsi powder was
reduced further in the next batch of electrodes. The sintering
time was increased to 15 minutes. The surface of the pellet in

the as pressed and sintered condition was again placed in con-

tact with the electrolyte. The results for the first run with




EMF Measurements Emplcying Half-Cells Formulated

Table XVII

Frcem the Ta

SimTaZSi Two-FPhase Field

4.5
I(Tazsi) Number
Silicide Heat Treat- E}EEfEET# of
Electrode ment and I(Ta® si) Reference o EMFE - Obser-
Composition sintering 4,5 Electrode Electrolyte Temp C mnmv vations
1)
40.2 wt % Ta.Si H.T. 1600°C 0.77 + Ta Fe,Fe O 0.99 ThO - 800 $292 1
2 ; X 2
70 min. 0.01 Y. O 850 s380 1
52.5 wt % S. 1600°c, ’ 273 900 +5 s461 +10 2
Ta4 SSi 15 min. 2000°C,3 hrs 950 s454 2
o Q = 90% 1000 s522 4
6.5 wt % Ta O 1050  s545 1
0.8 wt % Ni
2)
41.5 wt % Ta,Si . 1625°¢, 0.995 Fe,Fe 0 0.93 Tho,,- 800 s414 1
10 min. 0.07 Y.0 850 s43643 2
54.4 wt % : 273 900 s477+24 3
Ta, .Si 2000°C,3 hrs 950+3 s485+16 3
o 1 @ = 90% 1000  s494+14 4
3.4 Wb % Tay0q 1050  s507+6 3 ¢
0.7 wt % Ni 1100 s516 1 ~
3)
42.2 wt % Ta,Si s.1625°, 0.39 Fe,Fe O 0.93 ThO, - 900 s556 2
15 min. X 2 950 s559 3
55.3 wt % 0.07 ¥,04 100045 s559+3 3
Ta Si il L
4.5 2000°C, 3 hrs 1050 s557 3.
1.7 Wt '% Ta O € = 88% 1100 5555 2

25



Table XVII {cont.)

I(Tazsi) Number
Silicide Heat Treat- pr————— of
I(Ta_Si)+
Electrode ment and I(Ta Si) Reference o EMF Obser-
Composition Sintering 4.5 FElectrode Electrolvte Temp C mv vations
4)
42,2 wt % Tazsi S. l625°C, 0.22 Fe,FeXO 0,93 Thoz— 850 s554 1
. 15 min. 900 $567+2 4
55.3 w;aﬁ oy 0.07o Y203 950 +5 56342 5
4.5 2000 C,3 hrs 1000 s562+9 5
1.7 wt % Ta,O P = 8% 1050 s560+3 4
1090 s562+7 3

0.8 wt T Ni

"8CT1
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an electrode from this group were highly reproducible and dis-
played a weak temperature dependence of the proper sign. The
majority of the observations were made at a flow rate of 1.5
CFH. Observations at 3 CFH were made at 900°C and 1000°c, At
both temperatures this increase in flow rate caused a 2 mv drop
in the EMF,

A second run with an electrode from this group reproduced
the above data. A flow rate of 1.5 CFH was used again. An in-
crease in flow rate to 3 CFH resulted in a 2 mv drop in EMF at
900°C and a 10 mv increase in EMF at 1000°C and 1100°c. A
photomicrograph of this last electrode after use in the cell 1is
presented in Plate XVI. The surfaces of the particles appear
to be coplanar. A semicontinuous network of pores is present
between the particles.

The data for this group of electrodes is summarized in
Figure 13. The range of expected values is indicated by the
dashed lines. Data for the last two runs are nearly colinear
at the higher temperatures. At 9OOOC and 950°C the slope of the
data from the third electrode is positive indicating that the
gas-electrode interaction is becoming significant. Likewise, the
data for the fourth electrode begins to show the kinetic effect
at 8500C and 9OOOC. From Table XVII,the estimated correcticn for
electronic conduction is +6 mv. Since an increase in gas veloc-
ity from 1.5 CFH to 3 CFH had an effect which averaged to +6 mv,
an additional +6 mv correction will be applied to the data.

The total correction is +12 mv. With the uncertainty in these
corrections and the average variability in the data cf +4 mv
the corrected data may be considered reliable to +10 mv., This
corresponds to an uncertainty of +3 kcal per gram atom of sili-

con for the cell reaction.
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IV. E. Evaluation of Data for Silicide Electrodes.

With the data presented in Sections IV.D.4 thrcugh 6 the
free energies of formation of the tantalum silicides can be
evaluated. From Figures 11, 12 and 13 EMF values fcr 12000K,
l3OOOK and 1400°K were determined. These EMF values and free
energy of formation data for FeXO and tantala and silica were
brought to equations (1), (2), (5) and (6) giving four linear
equations in the free energies of formation of the silicides.
The free energies of formation of Fexo were taken from the
recent data of Charette and Flengas (74). The data fcr tantala
and silica are from Wicks and Block (6). The calculaticns are
presented in Table XVIII. An upper bound of 675 mv was selected
for the EMF of the TaSiz, TaSSi3, Si02(a) electrode with re-
spect to the Fe,FeXO reference electrode since an Si,SiOz(a}
electrode would develop an EMF of 677 mv with respect to an
Fe,FexO reference electrode. The results of the calculaticns
are summarized in the last section of the Table. The results
for the three lower silicides are in substantial agreement with
the results of earlier investigations. An improvement of the
confidence interval for Ta58i3 and Ta2si has been achieved in
this research. A similar improvement could not be achieved for
the highest and lowest silicide. One should note that approxi-
mately 45% of the uncertainty in the free enerqgy of formation
data for the tantalum silicides is due to the free energy data
for the oxides of iron, tantalum, and silicon. If the un-
certainties in the data for the oxides are disregarded a better
indication of the quality of the data obtained in this work is
obtained. The confidence intervals, with uncertainties in the

free energy data for the oxides disregarded, become:



Table XVIIZT

Evaluation of Data for Silicide Electrodes

[y

5

(£ G

TaSi ,Ta_Si_,Si0_(a): 5/7 TaSi 2 Fe O = Sio_ia} + 1/7 Ta_Si_ + 2 Fe (4 eguivalents
p 30510, (a)s 5, Ty toe ey 7 /7 Tagsi, x5 ed )

1 e
;‘(AG ;aSSl

SlOz(a)
Temperature, AG,. ., AcC -2 AG_ ,
Ok EMF  (mv) AGR (kecal) SlOz\a) FexO I‘exo) 5 AG TaSi
+10 +3.7 +4
1300 665 ", -61.3 "' -148.1 +.1  -42.8l 1.1  -62.5 +.3 +1.2 T

Ta_Si ,TaZSi,Sioz(a): 2 Ta_Si., + 2 Fexo = Sioz(a) + 5 Ta

Si + 2 Fex (4 equivalents)

573 573 2
, )
{ AGSiO (a) (5 AGTa Si
2 2
-2 AG
Temperature, AG.. AG Fe 0) 2 AG
S
Ox EMF  (mv) AGR(kcal) SlOz(a) FeXO X Ta5 i
1200 597 +7 -55.1 +.6 -152.2 +.1 -44 .36 +.1 -63.5 +.3 +8.4 +.9
1300 590 47 -54.4 +.,6 -148.1 +.1 -42,81 +.1 -62.5 +.3 +8.1 +.9
1400 583 +7 -53.7 +.6 -144.0 +.1 -41.26 +.1  -61.5 +.3 +7.8 +.9




Table XVIIT

T358135Ta2si,’1“a205: 6 Tazsi + 5 FeXG = Ta205 + 2 ‘l‘alséh3 + 5 Fe {10 eguivalents)
(AG,, ,
Ta0y = (2468, g5
5
Temperature, AG AG 546G 6 AG .
! *e O Fe O S
Ok EME  (mv) AGR(kcal) Tazo5 Fex e ) Ta2 i
Electrode 6, Table XVI
1200 528 +5 ~122 +41.2 ~363.9 +.5 =-44.31 +.1  -142.1 +1.0  +20.1 +2
1300 524 45 ~121 +41.2 -354.2 +.5 =-42,81 +.1  -140.1 +1.0  +19,1 +2
1400 520 +5 120 +1.2 -344.6 +.5 =~41.26 +.1 -138.3 +1.0 +18,3 +2
Ta281,Ta4-581,Ta205: 1/5 (4 'I‘a4°581 + 25 FexO =5 Ta205 + 4 Ta281 + 25 Fex) {10 equivalents
(AGTa;O - 4’/S(LBGTa
25
Temperature, AG AG 544G ) AG .
S
Ox EMF  (mv) éGR(kcal) ']_’a205 FeXO FeXO Ta, 551
1200 578 +10 -133 +2.3 -363.9 +.5 -44.36 +.1 -142.1 +1.0 +8.9 +3.3
1300 573 410 -132 +2.,3 -354.2 +.5 -42.81 +.1 -140.1 +1.0 +8.1 +3.3
1400 568 +10 -131 +2.3 -344.6 +.5 -41.26 +.1 -138.3 +1.0 +7.4 +3.3
t ’ . . . .
Eempera ure AGTaS:L (kcal) AGTa Si_ (kcal) AGTa Si (kcal) aGTa Si (ke
K 2 573 2 4.5
1200 ———— -74.5 49 -28.1 +3.1 -39.2 +7.2
1300 ~16.1 fgi ~72.1 49 ~27.2 +3.1 ~37.3 +7.2
: - -~ ~r oa e T 20 2 .7 9
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. +3.5
Tasi; 6.0

Ta5813 +4.8 kcal

TaZSi +1.8 kcal

kcal

Ta4.581 +4.7 kcal

In addition to the improvement of the data for some of the
tantalum silicides, the results found in this investigation are
more suitable for prediction of oxidation behavior and are
thermodynamically consistent. The thermodynamic consistence of
the data will be discussed first. A plot of AG (kcal/g-atom
of silicide) versus composition is presented in Figure 14. The
mean values for AG predict that all of the silicides are
thermodynamically stable. This represents an improvement upon
the enthalpy data plotted in Figure 2 (page 23),.

Also a comparison of observed EMFs for the possible sili-
cide electrodes with values calculated earlier from the Searcy
and Finniementhalpy data shows the improved consistency of the
data obtained in this investigation and its value in predicting
oxidation behavior, This comparison is presented in Table XIX,
As was discussed earlier, EMFs for electrodes where Si02(a} is
the oxidation product must increase as one proceeds from the
lower silicide electrodes to higher silicide electrodes and
EMFs for electrodes where Ta205 is the oxidation product must
fall in the reverse order., Such is the case for the EM¥s observ-
ed or calculated from the results of EMF measurements in this
investigation., From Table XIX the oxidation behavior near
equilibrium can be predicted. From the first and seventh elec-
trodes it is evident that TaSi2 oxidizes to form Sioz(a) at

near equilibrium conditions. The EMF values for electrodes 2,

4, and 8 predict that TaSSi3 also oxidizes to silica and the
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A Comparison of Observed EMFs With

Table XIX

}_i
[99]
o)
Q

Expected Values at 1300°K With Respect

to an Fe,FeXO Reference Electrode

Electrode

1)

TaSi_,Ta_.Si

5+ Tag815,810, (a)
2)
Ta58i3
3)

TaZS:I.,TaLh5

,TaZSi,SiOZ(a)

51,510, (a)

Results of this
Investigation
(mv)

+10
665 _40 observed —

590 +7 observed

468 +123 calculated

Expected Values
From Searcy and
Finnie

613 +65

870 +477

409 +113

%gSiZ'TaSSiB'TaZOS
5)
Ta58i3,TaZSi,Ta205
6)

Ta251,Ta4°581,Ta205

490 fgg calculated

524 +5 observed

573 +10 observed

528 +52

457 +208

598 +28

7)

TaSi_,Ta. O

5 5 5,8102(a)

8) B
Ta5813,Ta205
9)

Ta281,Ta205

10)
Ta4°581,Ta205,8102

'S%(_)Z,(a)
,SiOz(a)

{a)

565 f;; calculated

548 +11 calculated

541 +9 calculated

558 +12 calculated

556 +14

570 +7
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lower silicide. This contradicts the observations of the
electrode stability study where it was concluded that the
stable electrode was Ta_Si_, Ta _Si, Ta_O_ as opposed to Ta_Si

573 2 25 5 737
Ta_Si, Si02. Examination of the EMF values for electrodes 3,

5 ind 9 leads to the conclusion that the total oxidation reac-
tion of Tazsi to tantala and silica should be observed in pre-
ference to oxidation to tantala and trisilicide or silica and
the lowest silicide.Finally, from the EMF values for the 6th
and 10th electrodes it is concluded that the lowest silicide
undergbéé bkidatioh to tantala and the higher silicide.

The disagreement between the EMF data and the electrode
stability study which was pointed out above is not as strong as
one might imagine at first glance. Free energies of reaction
at lBOOOK and l7OOOK were computed for the reactions listed in
Table III (page 21) using the data obtained in this study.

The results were:

A GR(kcal)
1300°K 1700°K
Reaction I of Table III —81+56 —56+56
-36 -36
Reaction II of Table III -29 +231 ~15 +231
Reaction III of Table III +47 +73 +66 +73

The values at 1700°K were obtained by extrapolating the free
energy data for the silicides (Table XVIII) to l7OOOKn Without
such an extrapolation AGR(l7OOOK) = AGR (lBOOOK) + 6 kcal.
Then, the free energy data determined in this investigation pre-
dict that reaction I of Table III is spontaneous as was Bb-
served in the electrode stability study. The data also predict
the spontaneity of reaction III, although not as clearly as do

the data of Searcy and Finnie, Finally, in the stability study
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reaction II was observed to be non-spontaneous as written in
Table III, but the EMF data used in the above calculations pre-
dict a spontaneous reaction. However the driving force for the
reaction using the data of this investigation is smaller than
the driving force predicted with the data of Searcy and Finnie,
Moreover, the error in the mean value of AAGR for reaction 11
above corresponds to a combined error in the free snergies of
formation of Ta58i3 and Tazsi of less than 5 kcal per mole
since a total of 51 moles of silicide are involved in the reac-
tion as written. This is cleérly within the uncertainties
associated with the free energy data obtained in thkis study.
Finally, the EMF measurements were made at temperatures up to
1100°C whereas the electrode stability study was conducted at
approximately l600oC, In view of the uncertainties asszociated
with the free energy data (+6 kcal/mole of silicide on the

average) a contradiction on this point is not surprising.
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V. CONCLUSIONS

This work has clearly demonstrated that oxide electrolytes
may be successfully employed in free energy measurements on
silicide electrodes. The data obtained represent a substantial
improvement over earlier enthalpy of formation data in terms of
thermodynamic consistency and in their capability for predict-
ing oxidation behavior.

Difficulties encountered in the course of this research
suggest directions for future work. First, in measurements
with low oxygen partial pressure electrodes, tamped electrodes
and open'cfucible electrolytes are less advantageous than
pelletized electrodes and electrolytes provided that the elec-
trodes can be produced at densities approaching their theoreti-
cal values. Such electrodes could not be fabricated with the
lower silicides using cold-pressing followed by sintering in
vacuum. In future work with silicides hot-pressing is recom-
mended since dense electrodes are a necessity. Moreover,
sintering of the silicide in a closed system or in an inert gas
at atmospheric pressure would reduce the problems of control of
composition since silicon losses would be substantially reduced.
Alternatively, future work could be directed toward the use of
tamped powder electrodes in sealed electrode compartments
wherein conditions approaching equilibrium could be established.
Another alternative is the use of separate electrode compart-
ments where conditions approaching the equilibrium oxygen par-
tial pressure are produced artificially in a flowing inert gas.

EMF measurements in this work were conducted over the range
from 7OOOC to llOOOC. At temperatures above about 9500C the
kinetics of the desifed electrode reactions for tantalum, tanta-
lum pentoxide and silicide electrodes were just beginning to

‘reach the point where the electrode-gas interaction was becoming
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a small fraction of the net cell reaction. Operation at higher
temperatures with dense electrodes should substantially elimi-
nate this difficulty. The need for higher operating tempera-
tures is particularly strong where silica is the oxXidation
product since the kinetic processes in these electrodes are
extremely sluggish. A general indicator cf electrode kinetics
can be found from consideration of the diffusivity of the ionic
species in the oxides involved in the electrode rsaction., For
example at 1000°C the diffusivity of nickel ions in nickelous
oxide is about 4.4 x lO_3cm2/sec; the diffusivity of fexrrous
ions in ferrous oxide at about 1000°¢C is 1.18 x ILO_l cmz/sec:
at 1000°C the diffusivity of oxygen in cuprous oxide i1s about
6.5 x lO_3 and the diffusivity of cuprous ions is about
4,4 x lO~2cm2/sec(75), These values for ionic diffusivity are
fairly close to the estimated ionic diffusivity, of oxygen ions
in thoria-yttria electrolytes (m~1 cm2/sec at lOOOOCh, Hence
one would not expect diffusion control in the electirodes to be
significant under open circuit conditions, and no difficuities
with electrode kinetics were encountered with these electrodes,
On the other hand the diffusivity of oxygen in silica is re-
ported to be about lO—l4cm2/sec at lOOOOC(76), This is many
orders of magnitude smaller than the diffusivity of oxygen in
the electrolyte and corrésponds to a resistivity approaching
that of an open circuit., Clearly then, at lOOOOC, kinetic

processes in the silica film are significant,
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Plate II. Porous tantalum, tantalum

Plate I, Iron, wust.te reference electrode
pentoxide reference electrode (200X).

(200X).



Plate III. Dense tantalum, tantalum pent-
oxide reference electrode (200X).

Plate IV, A Zircoa thoria-7.5 mol %
yttria electrolyte. Polished and
etched in concentrated sulfuric acid
at 175°C for 45 min. (500X).
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Plate V. .A thoria-7 mol % yttria electro-
lyte sintered at 2000°C for 3 hours,
Polished and etchgd in concentrated sul-
furic acid at 175 C for 45 min. (500X).

Plate VI. A thoria-7 mol % yttria
(0.2 wt % S5i0_) electrolyte sintered
at 2000 °C for 3 hours. Polished and
etched in concentrated sulfuric aciad
at 175° for 45 min. (600X).
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Plate VII. A TaSi_-23 wt % Ta_Si_-5 wt % Plate VIII, A TaSi _-23 wt % Ta_Si_-

Si0_-0.7 wt % Ni 8lectrode affer-use in an 5 wt % Si0_-0.7 wt2% Ni electrdde
electrochemical cell, The center of the before use in an electrochemical
surface in contact with the electrolyte is cell (500X).

shown (500X).



Plate IX., A TaSi_-23 wt % Ta Si3—5 wt %
5i0_-0.7 wt % Ni“electrode a%ter use in an
eleCtrochemical cell. The periphery of the

surface in contact with the electrolyte is
shown (500X).

Plate X, The same electrode as in IX.
The center of the surface in contact
with the electrolyte is shown (500X).

-,
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Plate XI, A TaSi2—23 wt % Ta Si3—2.3 wt %

Si0_—-0.7 wt % Ni electrode after use in
eleGtrochemical cell., The center of the
surface in contact with the electrolyte
shown (500X).

an

1s

*9nT

Plate XII., A TaSi2—23 wt % Ta_Si
2.3 wt % Si0_-0.7"wt % Ni electrodode
before use in an electrochemical

cell (500X).
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Plate XIII, A TaSi.-24 wt % Ta_S5i_-0,5 wt % Plate XIV, A TaSi,.-24 wt % Ta_Si
Ni electrode after use in an eiec rochemi- -0.5 wt % Ni elecgrode before use
cal cell. The periphery of the surface in in an electrochemical cell (500X).

contact with the electrolyte is shown (500X),



Plate XV. The same electrode as in XIII.
The center of the surface in contact
with the electrolyte is shown (500X).

Plate XVI, A Ta _Si-55,.,3 wt % Ta 5Si—
1.7 wt % Ta 05—8.8 wt % Ni elec%iode
after use in an electrochemical cell,.
The center of the surface in contact
with the electrolyte is shown (200X).
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Plate XVII. A TaSSi -83.5 wt % Ta_Si-0.1
wt % Ni electrode.a%ter use in an electro-
chemical cell. The center of the surface
in contact with the electrolyte is

shown (200X}

Plate XVIII ,The same electrode as in
XVII. The periphery of the surface
in contact with the electrolyte is
shown (200X).
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Plate XIX. A Ta S5i_-37 wt % Ta_Si-2,5 wt %
Ta20 -1 wt % Ni“electrode after use in an
elecgfochemical cel}, The center of the

surfaece in contact with the electrolyte
is shown (200X).

Plate XX, The same electrode as in
XIX, The periphery of the surface
in contact with the electrolyte is
shown (200X).
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Appendix IT
Nomenclature
A, cross sectional area of the electrolyte, cmz.

‘o .th
a;, activity of the i component,
. .th . , 3
ci, concentration of the i component, particles/cm’,
cp, heat capacity, cal/g-mol—oK.

d, interplanar spacing, R.

Di’ diffusivity of the ith species, cmz/seco

e, electronic charge, coulombs
E(T), thermodynamic electromotive force at null current and
temperature T, volts.

Em(T), observed electromotive force at temperature T, “olts,

F, the value of the Faraday (23060 cal/volt-gram-equivalent},
f, degrees of freedom of a system.

o '
GT’ standard free energy at temperature T, cal/mole,

o . -  El
ALGi(T), standard free energy of formation of the i ! component
at temperature T, cal/mole.

ABGR(T), free energy of reaction at temperature-T, cal,
o
HT' standard enthalpy at temperature T, cal/mole.

LkHz(T), standard enthalpy of formation of the itlh component
at temperature T, cal/mole,

I, x-ray intensity.

Io ,» current at infinite time, amps.

ip' polarization current, amps.

o .
k, Boltzmann constant, erg/ K, Also, a constant,
K, equilibrium constant.

L, thickness of the electrolyte, cm.
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Nomenclature (cont.)
m, mole nunmber,
n, number of equivalents transferred in an electrochemical
cell, Also, a mole number,
N, number of compohents in a system,
P, pressure atm, Also, the number of phases in a syster.

peff’ effective oxygen partial pressure, atm,

P partial pressure of the ith component, atm,
bgr OXygen partial pressure at which 0o = To=r atm.

q;. charge on the ith species, coulombs/particle.

R, 1.987 cal/gm—mole-oK.
R, number of independent chemical reactions occurring in a
system,

Re' resistance of the electrolyte in the electronic mode, ohms.

Ri' resistance of the electrolyte in the ionic mode, ohms.

o]

ST'

standard entropy at temperature T, eu/gram-mole.

AXSE(T), standard entropy of formation of the ith component
at temperature T, eu/gram-mole.
T, absolute temperature, oK.

te' electronic transport number,

ti' local tfansport number for the ith species. Also, ionic
transport number.

,th . .
average transport number for the i species., Also, ionic

i

transport number.
v, argon flow rate, SCFH.
x, mole nunmber,

z, mole number,
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Nomenclature (cont.)
/7, electrochemical potential, cal/mole,
My mobility of the ith species, cmz/volt—second.

, oxygen chemical potential, cal/gram-mole,
Mo 9
2

‘0, density, gm/cm3. Also, per cent of theoretical density.

. . .t .
{Di' resistivity due to the i h species, ohm-cm,
_ .th . -1
a‘i, conductivity due to the i species, mho-cm

@, electrical potential, cal/mole.
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