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ELECTROLYTIC BEHAVIOR OF YTTRIA

AND YTTRIA STABILIZED HAFNIA®

Jon David Schieltz

“

" Under the supervision of D. R. Wilder
From the Department of Ceramic Engineering
lowa State University

' The electrolytic. behavior of undoped Y003 and yttria
stabilized hafnia solid solutions was investigated. For un-
doped Y903 within the temperature range 700 to 10000C,’there
was no électrolytic domain (tion 2 0.99), however a small
ionic domain (tjon 2 0.5) does exist,and is defined within

the following boundaries:

log Pp = 21030 _ 4544
. %)
and | ‘

35,300

+ 15.59.
T (°K)

~ log Py =

‘Undoped Y503 appears unsuitable as a solid electrolyte based

on its small ionic domain and extremely low conductivity. It

_also exhibits positive hole conduction at high oxygen pres-

sures.

' *USAEC:Repdrt ISU-T-361. This work was performed under
contract W-7405-eng-82 with the Atomic Energy Commission.




. X-ray. analysis and electrical conductivity measurements
(800-1000°¢C) OA yttria-hafnia solid solutions between 2 and
50 m/o Y903 were made to 1oéate thg cubic phase and select for
further investigations the composition best suited as a solid
electrolyte. The phase boundary is located near 7 m/o Y,03.
Total conductivities obtained from the cubic phase solid solu-
tions appear to be ionic. The 8 m/o Y903-HfOy composition
‘ Showed the: highest‘conductivity (log op = -1.57 at 1OOOOC)',

- and lowest activation energy (16:9 kcal/mole), and was
selected as the.Optimum compééition for a solid electrolyte.
Open circuit emf,>e1ectrica1 conductivity, and Wagner
d-c polarizé£ion measurements between 800 and 1000°C were made
’go.determine the electrolytic domain of the 8 m/o Y203 compo-
_sition. The electrolytic domain width af 1000°C e#tends from
log Poz(atm) = -16.6 to +0.4. The 8 m/o yttria stabilized
ﬁgéfgiégéoﬁéééitiqn does appear suitable as a solid.electro—
T;yte.f;lts;electrical.prOpefties are very similar tg those of
.célcié éﬁaﬁilized zirconia.

~
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T { ' ' . INTRODUCT ION

-Within tﬁg past decade interest has been focused on the
elect;olytic behavior of certain solid oxide ceramics with the
A quective of characterizing-and utilizing solid oxide electro-
%ths in potential technological applications.

.. Nernst (1) carriea out the first systematic investigation
on the~e1ecttital conductivity ofloxides in 1899. By applying
~an electrostatic potential across an oxide sémple and investi-
gating the reaction products occurring at the cathode and |
anode, he concluded that oxygen ions were primarily responsi-
ble for thé electrical conduction thtoUgh a zirconia-&ttria
solid solution.

. In 1933 Wagner (2) published a theory pertinent to the
application of solidioiide electrolytes when he considered the
~ oxidatién mechanisms for a metal covered with an oxide scale
surroéﬁded by an oxidizing atmosphere. The dramatic implica-
tion of Wagner's scaling rate theory is the existence of a
measuééble electrostatic potential difference across the scale.
'Ashan outcome of his analysis, Wagner derived an expression
for the‘opén circuit emf across a metal o#ide mixed conductor
scalé.-'.

Although Nernst had observed ionic conduction in oxide



ceramics and Wagnef haé derived the necessary equations for
- the ﬁtilization of solid electrolytes, interest in this area
layed dormant until 1957 when Kiukkola and Wagner explained‘
(3) and demonstrated (4) the uéefulnéss of solia oxide elec-

trolytes, In~their work (4) they determined the standard free

- energy of formation of severalrsiﬁplg binary oxides using cal-
cia staﬁilized zirconia1 as the-soiid electrolyte.l Independ-
ently Peters and Mann (5) and Peters and Mobius (6) performed
‘Asimilar expéfiments emﬁléying thoria based electfoiytes.‘ These
two pioneéring pieces of work stimulated the fevival of inter-
esf in high-temperature galvanic cells incorporating solid
Qxide electrolytes. - |

Solid state galvanic cells can be conveniently divided
into two groups depending u§0n their particular application:

1; Cells in which informatioﬁ is extracted ﬁnder open

circuit conditions, such as those providing thermo-

dynamic data.

2. Cells which are continuously operated under load

_ conditions producing an external current, such as fuel

.cells.

Calcia stabilized zirconia, yttria stabilized zirconia,
yttria doped thoria, and yttria stabilized hafnia will be
referred to throughout this thesis as CSZ, YSZ, YDT, and YSH
respectively.



The electrolyte requirements for the two applications are not
nécessérily the same. Providing the electronic conductivity
is éignificantiy smalier than the ionic conductivity, the
magnitude of the ionic conductivity should not be an impbrtant
factor fér cells of tyﬁé 1. On the other hand since the elec-
tronic éonductiyity constitutes an oxygen leakage current with-
in the electrol&te, leading to erroneous emf values; it is a
.critical factor in evaluating electrolytic properties of oxidés
for cells of type 1. In the case of oxygen fuel cells, they
require the electrolyte tq possess the highest‘possible oxygen
ion conduction while being capable.of withstanding a small
electronic conductivity. In general the requirements for a
good electrolyte are that it possesses a high ionic conductiv-

ity, a small hole or electron conductivity, a relatively stable

structure, and an inert behavior toward most electrode mate-

“rials. As an added convenience, it would be advantageous to
control the mobile species. As can be imagined there are few
materials tﬁat meet these requirements. The most popular
eleéﬁfolytes‘to date consist of fluorite solid solutionS'baséd
on zirconia and thoria in which the dopant cations substitute
directly on the cation sublattice and induce fully ionized

oxygen vacancies as the compensating defect (7,8,9,10,11).

The electrical transport is accomplished by the migration of



the mobile -oxygen vacancies.

.Unlike pure thoria which possesses a cubié structure,
zirconia must be doped to completely stabilize the cubic
fluorite structure'eliminééing fhe destructive monoclinic to
»tétragonal phase transformation which 6ccuré around 1000°C.
”This leads to one of the main disadvantages of zirconia based
electrolytes, since thermal cycling leads to destabilization

(12). Also the zirconia based electrolytes exhibit a higher
Aélectronic conductivity (13,14) than thoria based electrolytes.
The electrolytic‘domaih éf thé.thoria based electrolytes is
located within a lower.oxygen partial pressure range than the
zirconia bésed electrolytes (15;16), consequently the applica-

tion will define constraints on the oxygen partial pressure

range which must be met by the proper electrolyte.

The investigation of new possible solid electrolytes has

been influenced by the proven behavior of the fluorite solid

solutions of zirconia and thoria. Fluorite solid solutions
of hafnia appear as a logical choice and some limited studies
(17,18,19) héve been performed on such systems. The relation-
éhip‘between the cuBic fluorité sﬁructure and the C-type rare-
'earth.bxide structure (20-23) suggest possible electrolytic

behavior for C type rare-earth oxides,
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"Applications of Solid Oxide Electrolytes

The.employment of zirconia and thoria based electrolytes AA
heslled to advances in kinetic and thermodynamic experimenta-
tlon.prodcclng lmpetus for new applications ngh temperature
galvanic. cells 1nvolv1ng SOlld oxide electrolytes have been
used to 1nvest1gate the nature of ionic and electronic defect
- strcctures;”determlne st01chlometry llmlts, monitor rate proc—
-esses-and oxygen contents of hot gases and liquid metals, and
ylelo thetmodyps@ic”lnformation concerning numerous systems.
Rather than give an egtensive'review, only representative
4esamples and unique applications will be covered to furnish
the reader with the types of esperiments being performed ln
the field of solid electrochemistry. Excellent reviews per-
talning:to,solld_electrolytes and their applications:have been
pupltshed by\Alcock (24) and Raleigh (25)

Solld electrolytes possess the prOperty of transporting

electrlcal charge solely by ionic conduction, thn_Z 0.99.

o Applylng thls condition to Equation 16A (see Appendlx A) a

simplified equation now results.
" L) -y 0
S 0,1 k0, @ D
) ' o nF - S ~ . toL
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The number-of charge equivalents carried by the mobile ionic
species is represented by n. In the case of ohe mole of di-
atomic oxygen,‘n = 4, -If all of the active condensed phases
_xof the electrode materials are in their standard states, then

;Eduation 1 can be rewritten as ' L

_ ‘ o)
R R - AG - )
: : - _cell :
= - T . (2
Where AGO is the standard Gibbs free energy change for the

cell

" cell reactlon

Probably the most frequently employed solid Odee gal-

Chrgie ™ s R
vanic cell is the dlsplacement cell

B P R P

A AO/Electrolyte/B BO I
The electrodes can be metal—metal oxide compacts (26) which

.are predomlnantly electronic conductors and for small currents

of limited duratlon are reversible to oxygen ions. The elec-

. m
[

trode fixes a specific chemical potential of oxygen at the

C ot
e]ectrode/electrolyte interface so long as the two phase equi-

r"'

-1ibr1um is malntalned. Since unlike electrodes le different
.oéigen poteﬁtials, a diffusional flux of oxygen ions will

proceed down the gradlent Since no electrons can flow under

Y .,-..- S

Open c1rcu1t condltlons to counter balance the oxvgen ion

(

flux, the steady state condition produces a space—charge which

Vprohihits any further diffusion. The potential difference



créated by-the.space—charge is the open-circuit eﬁf.

Ihe displacement cell is the simplest to construct, the
glectrolyte is.sandwiched between two dissimilar metal-metal
%gidg\elect;odes and the cell arrangément placed within a high-

~?gﬁpe;éture ingrt atmoéphere. . The cell emf is measured with a
Rotgppiometerf v . ) : -

. The cell reéction for Cell I is

~ .

A+ BO = A0 + B . ’ (3)

The open circuit emf corresponds to the standard free energy

s e Sl

%nggéufor theigell reqctQOn givén by Eqﬁation-2. The cell
Egaction\is tﬁe combination of two formation reactions.

| BO = B + %0, | (4)

A+ 30, = AO | (o).

Providing good thermodynamic data is available for one of tﬁe.
qbQVQHFeactiqng 4 or 5, the electrode invdlving the thermo-
. qxqamicé}ly}q§fiQeq,qqmpoupd is chosen as the reference elec-
trodet_.The difference between the cgli free energy énd the
reference electrode free energy is the standard free energy of
formation of the desired compound in the opposite electrode,
Rréviding-the prodﬁcts and reactants are in their standard
'§tg£es."if~the~left electrode of Cell I is chosen as the .

reference electrode, then




| BGRo = AGag - nFE . (6)
Dlsplacement cells were used by Kiukkola and Wagner (4)

to determlne the molar free energy of formation of CoO, NlO

:and Cup0 using CSZ as the electrolyte and an iron-wustite mix-

ture as the reference electrode based on well establlshed

-thermodynamlc data (27) Rapp (28) measured the free energy

of formatlon of M002 us1ng nlckel nlckel oxide and iron-

R

~wust1te as the reference electrodes Thorla based electro-

e
“

-1ytes have been employed in displacement cells to determine

the free energles of formatlon of MnO (29) Ta205 (30 31)

varlous ox1des of nloblum (30- 33)
.Electrodes need not be conflned to the solid state. The
free energy of formation between a liquid metal and its oxide

has been measured (34) w1th respect to Ni-NiO equilibrium.

LT - - ..

The 11qu1d metal was contalned in a crucible made with a CSZ

t‘._. . L.

“bottomiand 5111cal31deiwal1s.

Gaseous electrodes have been used as reference electrodes
in'displacement cells to investigate gas phase equilibrium |
| reactlons involving carbon,'carbon monoxide, and carbon di-
0x1de (5 6) 'lhe embloyment of gas electrodes does offer a
method for the direct determlnatlon of the free energy of

formatlon of a compound from a simple formation cell in which



Perciae . &l

9

the COméound is formed from iﬁs elements. Bidwell (35,36)
determined the free energy of formation of cuprous éxide ﬁsing
the following cell. |
| - Cu,Cu,0/CSZ/0, (1 atm) | '. o Ix

?he cg}lireactién ié - |
. 4Cu + 09 # 2Cuy0 . - (7)
Thé'qpen circuit emf, owing to the simplicity of the:cell, o
corresponds directly to the free energy of formation of
gupfousiqxide.
CTi»ﬂ_(tel}s usigg,gés electrodes are more difficult to con-
sffuct, éince the electrode compartments must be éeparated By
a gas tight seal to prevent interactions between the elec-
trodes tﬁrough the gas phase.

The free energies of formation of ternary c0mpouhds have
been determined from tﬁeir binary compounds. Schmalzried (37)
gmp10yed“the foliowing cell -

A,A0/CSZ/AB»0, ,B503,A. | 11
?ith the corresponding cell reaction
A0 + By03 2 AB,0, - (8)

gg-sgpdyﬁthe free energy of formation of various spinels. -
Usihg similar cells, Benz and Wagner (38) studied the thermo-

dynamics of calecium silicate compounds at 700°C. Levine and



10
Kolodney (39) determined the standard free energies of forma-.
;iOn‘of tﬁe éantalum silicides from emf measurements on cells
with YDT electfolytes. The dissociation pressures of numerous
ferrite compositions ha&e been measured by Cartef (40) who
used wiistite and cobalt oxide as the reference binéry-com-
pouﬁds and a CSZ electfolyte. L - | |

- Modification of the non-reference electrode to incorpor-

‘ ate a metal alloy in the simple displacement cell allows the

determination of metal activities in solid solutions. A

typical cell.fdr ﬁhisAtype of measurement is
-A,AO/Electrolyte/ABalloy,AO. V ‘ v

Geﬁerally.the activities of A and AO in the reference elec-

trode are taken to be unity providing there is negligible

oxygen solubility in the pure metal. The element B should be

more noble than A or present at a low enough activity so as
not to reduce the compound AO. The cell reaction is simply

A(pure) = A(alloy). o (9)

Since AO of essentially the same chemical potential is present

on both sides of the cell and the standard state of A{pure)

‘and A(alloy) are identical, Equation 1 is reevaluated to give

nF n aA(alloy)' (10?



11

The activity of the other alloying component is usﬁally
thgined b& integrating the Gibbs-Duhem equation.

Use of this technique has lead to the determination of
the activity of iron in the systems iron-gold, iron-palladium,
and. iron-platinum (41) and the activity of nickel in the
nlckel palladlum (42) and nickel-copper (26) alloys.

| A practlcal appllcatlon of the above descrlbed cells has
géénsthe development of an oxygen pressure gage. Weissbart
and Ruka (43) developed such a gage Whlch ut111zes the follow-
Pt 02 (PO )/CSZ/Pt 0, (P0 ) o \
and“petmlts-the measurement of oxygen pressures in a tacuum or
égsééushmedla. The unknown oxygen pressute, POZ’ can be
éétermined from Equation 11,

'
P02

Whgrqﬁgéz_ts.the:qugen pressure fixed by the reference elec-
trode; the other symbolé retain their normal definitions.
Schmalzrled (44) has described a similar cell using Ni-NiO
équlllbrlum as the reference electrode. At the present time

' geyeral'oxygen pressure gages are commercially available which
are based on the relationship expressed by Equation 11.

. The_obvious extension of the oxygen gage is the measure-

= P62 exp (-4FE/RT) . | (11).




12

ment of oxygen activities in metal melts. Assuming that
oxygen dissolution into the liquid metal obeys Sievert's Law,
Equation 11 can be rewritten in terms of the activity of

monatomic oxygen in the liquid metal,

1

ag = KSP?SZ ? exp (-2FE/RT) | (12)
where sz again represents the oxygen pressure ét the refer-
‘ence electrode. This technique is &ery appealing to the steel
- makiﬁg industry and has pfompted considerablé research in fhis
~area (45-48). |

-ihe principles for determining metal activities in solid
.solutions.can be used to determine the phase‘limits of non-
stoichiometric compoﬁnds. Aronson and‘Belle (49) measured the
 oxygen activity in the~U02+X.syétem for 0 > x:> 6.20 between
1150 and 1350°C, their cell being |

Fe,FeO0/CSZ/U0p4, ,Pt. | VI
The increasing oxygen activity as shown by the decreasihg open
circuit emf with increaéiﬁg x indicated a one phase composi-
tion within the range of x. Blumenthal et al. (33) used a
similar cell to determine the compositionaltphaée limits of
nonstoichiometric NbyOs_y. Markin et al. (50) used the cell
‘Ni,NiO/Electtolyte/U02+x,U469_; VII

to determine the phase boundary between the two components of
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the non rgference elecfrode.>.Investigations in the one phase
UOZ%X region were carried out by eliminating the second phase
U409-y from Cell VIi. A technique of coulometrically titrating
oxygen ions from the reference electrode to the uranium oxide
?as.used for the region‘close fo stoichiometry. In this man-
ner the composition was changed over a wide range by adding‘or
removing oxygen electrochemically. Following each titration,
ghe_épen:circuit‘emf was measured a§ a function of temperature.
nglgmggrig_titration techniques have been used to investigate
the ngnstoichiOmetric'oxidés of TiOjp, VOé, NbO,, MOOZ and U0
(51) and FeO (52).

5}%:bihg sﬁqcess of‘titration experiments suggested the pos-
sible application of solid oxide electrolytes as solid state

oxygen ion pumps. An applied voltage across the electrolyte

establishes an oxygen.ion current which changes the oxygen

.pq;eptialiat the non-reference electrode. Although the ion

pump is still in its infancy, there have been several investi-
gations which have shown promise. Yuan and Kroger (53) have

removed oxygeh from stationary and flowing gases using a CSZ

electrolyte and an air reference electrode. While determining
the lower electrolytic boundary for 8 m/o YDT, Tretyakov aﬁd‘

Muan (54).cou10metrica11y pumped oxygen from a gas tight com-
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‘”»partment using an air reference electrode and a double elec-

- trolyte composed of a CSZ layer adjacent to afYDT 1ayer..

. The appliéation of solid electrolytes which has received
the most aftentién within the past decade has been the_afea of
fuel ‘cells. Weissbaré’andiRuka (55) reported the possibility
~6fﬂuéing CSZiin aﬁfuei ce1l5f6r’éon&ertiﬁg the chemical energy

Of reaction between a carbonaceous fuel and an oxidant direct-

' lfiﬁd electrical energy. - -Several 1abofatories are presently
pursuing research along theéevlines. Sl e DL
5“4ﬁ~Receﬁtlysgalvanic cells with solid:oxide‘electrolytes
have found applicition in kidetic studies involving diffu-
sion-controlled and pha§e~boundary reactions. Rickertl(56)
measured the oxygen diffusivity in siiver by means of tﬁe -
following cell.

Fe,Fe0/YSZ/Ag + O(dissolved) .1.‘ VIII

The open circuit emf yielded ‘the ‘initial dxygehfconcentration
Viﬁ“siIVerJ” Once this had been established, OXygén was ti-

- trated by means -of an-external'applied voltage from the silver
electrode to the reference electrode. Since the oxygen diffu-
éioﬂ through the silver was the rate limiting step, the meas-
ured electrical current is equivalent to the oxygen which is

diffusing out of the silver. Thus the oxygen diffusion coef-
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ficient can be calculated. |

A:slight modification of Cell VIII has allowed Tare and
‘Schmalzried (57) to determine the phgse'ﬁbundary reaction rate
constant'for-thé oxidation of iron foils in various CO0y/CO
'atmospherés. A thin iron foil was sintered on a CSZ.electro;
lyte tgbe. The reference electrode was maintained at ohe
atmosphere of okygen. Initially the CO5/CO ratio was fixed to
‘ maintain the Fe metal. The ratio was then increased and the
6pen circuit emf was recorded with time. By choosing a thin
foil, the phase boundary reactién was the‘faté limiting Step
father than the diffusional process through the foil, conse-
quently tﬁe measured emf reflected the phase boundary reaction
rate. It is interesting to note that in this way Tare and
,Schmaizried were able to measure the éupersaturation necessary
.to-nucleate the first wustite nuclei on the irog foil.
Implicit in all of the applications for solid electro-
.:lytes'is the assumption that the ionic transference number is
unity. Therefore it is imperative when investigating a new
ﬁatefial as a possible electrolyte to determine its electro-

lytic domain and if necessary take into account departures

frpm tion = 1 by applying the rules of defect chemistry.
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*  Previous Studies on Undoped Yttria

Yttrium does not belong in the lanthanide series, how-
ever owing to its external electronic COnfiguration, it is
AACOmmonlylassociated with the rare earths. Yttrium sesqui-
:Aféxiae, Y503, is the oﬁly known solid oxide of yttrium. At
..%60m'temperature and under one atmosphere pressure it posses-
ses the cubic rare earth type C étructure (Ia3) (58,59) with
‘ié'éésquioxide formula units per unit cell. o -
’ . The C type rare earth structure is closely related to
'%hé‘éalcium fluoride structure (22,23) with‘one fourth of the
 3ﬁiOps missihg in order to balaﬁce the trivalent cation charge
éhd a slight displacement of the ion positions. The fluorite
structure can be represented as an array of cubic MOg coordin-
ation groups with a cation located at the center of the
| 4éimp1e cubic anion cell. The MOg groups share edges producing
.éh'o§erall face-centered-cubic symmetry. The C type structure
Eonéisfs of MOg coordination groups positioned similar‘to that
of the fluorite array. As a result of fhe oxygen vacancies
\and the‘slight ion displacements, the unit cell possessed a
ﬁody—ééntered—cubic symmetry. The oxygen vacancies are

located in such a manner as to form relatively open pathways

through the oxygen sublattice, consequently material transport
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would be expected to be enhanced in these materials. Figure
1A shows an example of the unimpeded paths throﬁgh the C type
rare eéfth structure.

i Electrical conductivity studies and open circuit emf
‘measuréments on rare earth sesquioxideé and yttria have been
few in number. Noddack and co—wérkers (60-62) determined the
velectrical conductivity of yttria, many'of thé rare earth
oxides, and several rare-earth oxide binary solid solutions
and zirconia-yttria solidvsqlutions. .anductgﬁces were deter-
mined from dc potential—current and current;temperature ﬁeas—
urements.. Their-éamples~had-been—pre§iqusly sintered at
13OOOC fof three to six hours; ,Theimeééurements were carriéd
out in air and in vacuum of upknown oxygen potential. .The
absence of observing a decomposition potential, separation of
-materials at the electrodes, and a polarization current indi-
cated tﬁat the‘égzééFigafﬁq'hgygfigls exhibited only electron-
ic conduction between 600 and 1200°C. Activation energies
were‘reported for the conduction processés.

,

- The most reliable conductivity measurements on yttria
have been made by Tallan and Vest (63). The electrical con-
ductivity of very pure, poiyérystalline Y»03 was obtained

from guarded measurements with an ac bridge. The oxygen
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potential in the gas phase was contfolled by using pure oxygen
at varioﬁs pressures, CO and COp mixtures, or Hp and HyO mix-
.tures. The data indicated that yttria is an amphoteric semi-
cqnductor over the tempefature rangé 1200 to 1600°C and oxygen
partiél pressures 6f 10—1 to 10;17 atm. Within this region
the ionic coﬁtribution to the total conductivity was less than
1% as determined by the blocking electrode poiarization tech-

' nique; In the region of predominanf hole conduction,'the
conductivity could be expresSed by the following relationship.
| /16
2

o = 1.3x103 Pg exp(-1.94/KT) o (13)

' The observed pressure dependence was attributed to fully ion-
ized yttrium vacancies.. Measurable polarization was detected
at lower temperaturés. The ionic transference number was

O-15 atm.

0.15 at 800°C and .an oxygen partial pressure of 1
At the same oxygen pressure and 7OOOC, the ionic transférence.
number had increased to 0.3 indicating mixed conduqtion in
yttria below 900°C. |

While investigating the defect structure of Th0,-Y,03

solid solutions, Subbarao et al. (9) measured the electrical
conductivity of pure yttria in air between 800 and 1400°C.
The activation energy for conduction agreed quite well with

- that reported by Tallan and Vest.
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‘Schmalzried (64) measured the open circuit emfs at tem-
peratures between 800 and 1000°C across several rare earth
sesquioxides using a galvanic cell of the form:

Fe,FeO/REZOB/Ni,NiO . ] IX

'The observed open circuit emfs were in agreement with theo-

retically calculated values demonstrating predominant ionic
conduction. These results were encouraging enough-to promote
further investigations by Tare and Schmalzried (21) over more

extended oxygen partial pressures. 'A galvanic cell of the

, | Pt,Po[RE)O3/Po Pt . X
was employed by carefully_attaching_sintered disks of the
rare earth oxides onto.a CSZ open end impervious tube. The
inside of the tube was maintained at 1 atm pure oxygen while
the external oxygen pressure was controlled by Np-0y, €O,-CO,
or Hy-Hy0 mixtures:“”All_;he;rare earth oxides investigated
with ghe exception of ceria-exhibited predominant-ionic con~-

ductivity over an intermediate oxygen partial pressure

‘'region. The parameters Pg and Pg which are characteristic of

"the material were defined as oxygen pressures at which the

ionic conductivity equals the hole conductivity or the excess

electron conductivity respectively. Only one determination

Vo
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for yttria was reported. At 825°C the Pg value was 10"4'2

and the Pg value was 107215, Pg and Pg values for other

rare earth oxides were reported.
~Macki (65) investigated the electrolytic behavior of

doped and undoped Dy203 and Gdy03 by electrical conductivity

studies and open circuit emf measurements. The doped oxides

contained various percentages of ThO, and CaO. Undoped GdyO3

~and ThO,-doped Gd,03 exhibited predominant ionic conductivity

over a small intermediate oxygen potential region, thus nulli-
fying their usefulness as solid electrolytes. The data indi-
cated that CaO doped Gdy03 could be used as a solid electro-
lyte in fegions of low oxygén pressures. The conductivity
behavior of Dy;03 and éaO-doPed Dy503 could not be described
by a simple defect model. Both the undoped and doped DyjOg3
did not shqw any appreciable ionic conductivity, consequently
they were claésed unaéceptable as solid oxide electrolytes.
Ehattacharyya (66) stﬁdied'the-electrical conductivity
of polycrystalliné énd—single crystal Ery03 between 450 and
0

to 10_6 atm. The conduc-

tivity could be expressed as

o =0 Péém exp (-E/KT) | (14)

with the observed behavior analyzed in terms of two defect
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'models, metal vacancies and anion interstitials. The various
pressure dependencies reported were attributed to tﬁe ioniza-
tion'states”of'the ﬁetel vacancies. FElectrical condqctiﬁit&
and therﬁoelectric power measurements indicated predeminant
hole eonuetion within the stated temperatute and oxygen pres-...
.sure,regione. - g ' : - |

McPheeters et al. (67) have patented an electrochemical
cell which uses high perity yttria as the electrolyte to con-
tinually monitor the oxygen content in a liquid sodium reactor
~coolant. _The.particﬁlaricell emplOyed wae

e 'Na,'Nva20/¥203/Na[oJ.' . x1

Yttria was chesen as the electrolyte materiel because of its
predominant ionic conductivity at temperatures and oxygen
potentials present in the‘sodium coolant 100p-Of a reactor.
It also exhibited ineft behavior. toward liquid sodium and
cbuld be fabricated into eneimperviOus state. Observed open
‘circuit. emf measureﬁeﬁts were on the order of 80 to 100 mv

“which corresponded to 7 to 30 ppm oxygen in sodium.

Previous Studies on Doped Hafnia

~_ As in the case of the rare earth oxides, there have been
a limited number of investigations on doped hafnia. Johansen

and Cleary (19) measured the electrical conductivity of CaO-
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HfOy solid solutions from 800 to 2000°C. The conductivity was
‘assumed to be ionic based on previously reported investiga-

itions of Ca0-Zx0, solid solutions. The oxygen potential was

not reported but must have been limited to low or intermediate

-oxygen partial pressures, since a graphite resistance furnace
'withyanfargon'atmosphere was used. The maximum conductivity
~-was found to be at 12.5 m/o CaO or 6.25% anion vacancies.

NS Added~insight into the electronic conductivity in calcia

' studies by Smith .(17).. . A k-power oxygen pressure dependence

~.of. the.permeability. was found for 13.5 m/o CaO-HfOy with an

.activatioﬁ énergyAfor hole conduction of 58.5 kcal/mole. The
transport mechanism was attributed to the migration of oxygen
vacancies and electron holes.

-Most of the studies involving the rare earth oxides and
~hafnia deal'with the structural determination of various solid
~solutions,. including the existence of a pyrochlore compound
ReszZOj, and the general determination of phase diagrams (68,
‘69); Caillet et al. (70) have done a structural study of éhe
HEO)-Y,03 system from O to 50 m/o Y503. From x-ray diffrac-
£ion analyses, a two phase region existed between 0 and 8 m/o

Y903 and only the cubic fluorite phase was presentAabove 8 m/o

. 'stabilized hafnia can be obtained from the oxygen permeability
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Y903. The.lattice parameter showed an anOmaly'at 33.3 m/o
Y903. Along with the electrical conduct1v1ty studies by
.Besson et al (18) which showed a minimum in conductivity and
aﬂmax1mum in actlratlon energy at 1000° 'C for the 33.3 m/o Y504
:conpo31tlon the existence of the pyrochlore compound YQHf207
_was predicted bnt never‘really observed _An a-c two probe
:nethod-waS'used to(measure the electrical conductivity of

various yttria-hafnia solid solutions in a controlled atmos-

phere The 8 m/o Y203 c0mp031t10n exhlblted a max1mum con-
ot e . RS

duct1v1ty whlch was pressure 1ndependent and a minimum actlva—

oLl

‘tion _energy. An osfgen‘pressure dependence was observed with
;compos1tlons contalnlng 1ess than 8 m/o Y503 and was inter-
foreted as‘Lhe electronlc contrlbutlon from the monoclinic
jSOlld solution w1th1n the two phasevreglon - Open circuit emf

alues across various CublC fluorite compositions betweep

ISP - - ~ . .« - L

Ni- N10 and Fe- FeO electrodes agreed w1th thermodynamlc values

oo

-

verlfylng thaL the electrlcal conduct1v1ty remains ionic down

to oxygen pressures fixed by the electrodes.

~.
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STATEMENT - OF PURPOSE

This investigation involved the measurement of the elec-
trical conductivity of undoped yttria over an oxygen partial

0716 atm and a temperature range of

'.éressuré faﬁge'of ltol
700 to'10006CL> Oﬁén circuit emfs were measured over the same
temperature iﬁtervgl‘éﬁd‘dxfgenﬁpaft{él:préséufés of 1076 ‘co
10720 agm. . o S SR

7 Electrical conductivity measurements on‘§£tfia-hafnia
-“édmpositionS‘betweén*6*andf20'mble”percent”yttria’Wefé“pér—
formed beEWéenESOO:éndflOOQdC aﬁd ogygén partial pressures of
FIftd'loflz,atm to determine the optimum composition for further
A.investigations as a possible‘elehtrolyte. Open circuit emf
measureﬁents, coulometfic titration experiments, and polariza-
tion studies were performed to determine the electrolytic
béhaQioriofthe chosen- composition.

The purpose of thls 1nvest1gat10n was to determine the

. electrolytic domalns (tlon > 0 99) of und0ped yttria and yttria
stabilized hafnia. Within these domalns these oxides could be

used as solid electrolytes in high-temperature galvanic cells.
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- THEORY

Conduction Domain Theory
- It has alfeady been pointed out in the literature survey
that a mixed cbnductor is regarded as a solid electrolyte when

its donic transference number exceeds 0.99: 1i.e.,

' e e 2L = tion =—0'ibn/(0'10n

+ og + d@)j2‘0399ﬁ~ﬁ5*“"r“(15)
ﬁhere'dioh'repreéents’the total'condﬁctivity~which'may arise
from both cation or anion defects and G@-andfcg represent the
.. positive hole and excess'free;electron:c0nductivity"respec—
tively. "This definitiofi is motivated by  the desirability of
reducing ngner's general rélatioﬁsﬁip,(Equation 16A),

o %OZ(L) _

E=2F ~ tion dbo, ~(16)

to the simplified version = . . . .
L) - 0
Jeloos Zuorl DT 902( ) ”02( ) : )
el Lot Uy 2 A (17)
- 22 oF | S

Equation 17, because of its simplicity and usefulness in ana-
lyzing galvanic cells, has found more.application than Equation

6.0 | |
if_theJOXYgen chemical potential, 902, and the tempera-

ture, T, dependences of 0;. ., 0g, and 0Og can be established
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éxperimentally, then the indifidual conductivity expressions
can be inserted into RelgtiOn 15 to deduce the k0, and T raﬁge
in which a material behaves as.an electrolyte. This.range
corresponds to the electroiytic domain of the mixed conductor.
For mathematical cpnvenience, the variables log Po, and

i/T(ok) are preferred éver4u02 and T, therefore conductivity
domains will be described in terms of 1og P02 vs. 1/T diégrams.
The change in variables is easily accomplished since the

oxygen chemical'potential, ubz, is related to the oxygen

partial pressure,'Poz, and the absolute temperature, T, by

ko, = p,82 + RT In P02 ‘ : (18)

WhérévR is the universal gas constant and u82 is the chemical
poﬁential of oxygen in its standard state. It should be
pointed out here that retention of the ko, variable would
dllow the data to be plotted directly on a Richardson and
_Jeffes diagram (71).

'At'elevatea témperatures.solid electrolytes exhibit an
ibnic‘cdnductivity which is yirtually independent of oxygen
ﬁréésure. In contrast Jg and og are found to be proportional
'EbiPéén and Pai/n‘respectively ét constant temperature. The
value ‘of n is dictéted by the existing defect structuré within

the mixed conductor. At constant Poz, all three conductivities
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exhibit an Arrhenjus-type temperature dependence with apparent
activation energies Qjop, Qg,and Qg. By definition the total
conductivity in a mixed conductor can be written as:

O = %on T %9t % . - (19)

However, from experimental observation the following empirical

dependencies are found:

oioq - cgon_?XPF-Qion/RT? 4 on?

"‘ op = aé'pégn exp (-Qg/RT) | (21)
T g e

where the paramézéfén&gén;:§g;-6g;’ﬁ;inon, Qg, and Qg are P02

and T independent. Theoretical justification of these empir-
ical formulas for Gibn; gg, and 69 will be discussed later.
The electrical behavior for a mixed conductor is summar-
ized graphically in Figure 1B. . Surfaces-correSponding to
log 0;4,, log 9g, and 152\09 piot as plapar—sheets in log o,
'1og_P02, 1/T space becéuse of £heir-functiénal form. Figure
1B may be thought of as a three dimensional Kroger and Vink
éiégram (72) . Regions A, C, and D in FigureﬂlB exist where
»qnly.one_conduction mode dominates the total conductivity.
ffbjégtiﬁns o%'thesgirégiohs onto the 1og.P62,'i/T piahe'are

called the positive hole, excess electron, and electrolytic
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conduction -domains for a mixed conductor. Thus the electro-
lytic domain falls within the ionic domain which is defined

by the condition

. %ion 2 % ©T % | (23)
then . '
tion2 0.5 | o Qu

Various domain boﬁndaries, which represent_trqnsiﬁion
conditions for a mixed conductor, can be detérmiﬁed by equating
appropriate conductivity expressions.' Ionic dbmain boundaries
can be aetermined by equating 03

on tO 9g and 0g respectively

_and taking the logarithm of the results,

o
' Q. - 0.9 1 T )
1 Pp = -p —xon ¥ 1 4 log —Lon 25
BT TRk R 1 T BTG (25)
o
Q- - Q 1 .
1 P. = _dion 6 L _ 1 10n 26
%6~ " Ty 303rR T B o2 (26)

~

where the’parametefs Py and Pg retain their definitiouns as
proposed by Schmalzried. (64). 1In géneral, the main interest
is limited to.applicatiogs éf mixed.conductors within their
electrolytic domains. According to the definition of an elec-
trolyte as given above (Relation 15) these boundaries can be

determined by equating 9;,, to 1000, and 1000y respectively,



1

log Pg log Po - 2n

Cen

log Pg log Pg + 2n
where_Pg and Pé represent oxygen partial pressures correspond-
ing to the above conditions. Any QpplicatiOn of a mixed con-
Aducﬁor requifing electrolytic behavior must correspond to
-log PQz’ 1/T coﬁditions which lie between the lines defined by
“Equations 26 and 27. Figure 1C shows the felationships-among
the varioué domain boundaries.

If the parametéfs % on> %@ Tg> M Qiops Qs and‘Q@ remain
éonétant, Equations 26 and 27 can bg extrapolated beyond the |
- limited ranges determined by direct meésurements. Such extrap-
olations can pro&e a tremendbus advantage in predicting the
success of a mixed conductor when used as an electrolyte in a
specific applicatidn. Also the domain theory provides a means
for comparing and‘critically,evaluating data among various
investigators.

Experimentally, the foregoing domain concept éppears very
attractive because electrical conductivity and open circuit emf
studies give complementary, yet independent, information con-
cerning the conduction domain boundaries. Electrical conduc-

tivity measurements may be used to establish a particular loca-

tion and orientation for a conductivity sheet in log POZ’ 1/T
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~-Figure 1C., Relationship between electrolytic and ionic
domain boundaries in the log Pp,, 1/T plane
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space. Thé intersections between different sheets are simply

related to the various conductivity domain bOundaries. In the
case of open circuit emf measurements, in which certain elec- '
trode qonditions are satisfied, the departure of the measured

emf from the thermodynamic value is used to gain information

~regarding the ionic and electrolytic boundaries.

Theory of Partial Electrical Conduction

Introduction

" Experimental methods have been developed ;o measure
partial conductivities directly. Consequently the nature of
tﬁe partial conductiviéieé has been rather well established
pa;ticularl& with respect to their dependence upon chemical
potentials and tempefature. Theoretically the partial conduc-
tivity for a given charge carrier, 05, is the product of the
carrier concentration, nj; its mobility, u;; and ité charge,

.ZiE.

0; = njzjeuy ' (28)
Generally, direct measurement of these quéntities is much more
difficqlt than measurement of the conductivities. For ionic
compounds, present understanding of the dependence Qf indi-

~vidual carrier concentrations and especially of carrier

mobilities is quite limited. Although the Arrhenius tempera-
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'ture.dependence is c0mmonly observed for ionic and electronic
conductivities, it is not presently possible to separate the
température dépendence due to the mobility from that due to

the carrier concentration. Realistically, it would seem plaus-
‘ible to regard both the migration process and the defectAform-
atibn procéés as being thermally'activated. Consequently, in
this work carrier concentrations will be converted to conduc-
tivities using the assumption thaﬁ the'mobility can be
expressed as

u; = ug exp(-Q; /RT). : (29)

. Defect equilibria and electrical conductivity in undoped yttria

Various density, x-ray, and diffusion studies (20,22,23,
73,74,75,76) on yttria'and rare eartﬁ oxides indica&e that
deviations from stoiéhiometry are limited to disturbances on
the anion sublattice, namely the fofmation of oxygen vacancies
.and interstitials. Normally, the presence of oxygen inter-
stitials is eliminated from consideration for most structures
based on géometric arguments. In the case of Y703, the lattice
;oifespondé to the'fiuorite structure exéept that one-quarter
of the anion siées remain vacant. Since these vacant sites
-would remain uﬁoccupied at absolute zero, they are cbnsidered

to be interstitial sites (75). Thus geOmetrically the C-type
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rare earth oxide structure can adequately accommodate oxygen
interstitials.

Based on‘previous‘investigatipns in the temperature range
involved, 700 to 1000°C, the defect equilibria considered in
YéO3 will be limited to fully-ionized oxygen vacancies, Va,

-and interstitials, O; I

The intrinsic equilibrium whiéh controls the generation
. of anion defects under stoichiometric Eonditions:is the.dis-
sociation reaction involving ﬁormal oxygen sites and isi

described by the anti-Frenkel reaction:

X ,n' T S

0, ®0; + Vg . : (30)
The incorporation equilibria control the formation of theA.
eiectronic defects and also the anion defects under nonstoi-
chiometric conditions. Thése allow the crystal to change
stoichiometry by the addition or rémoval of oxygen according

to the following reactions: I -

50, * 0; + 20 (3D
0p ® %0, + Vo + 26. - (32)

Since the concentration of defects is quite small, the
thermodynamic activities can be zpproximated by the concentra-
tion. The concentration of defects generated by Reactions 30,

31, and 32 are related, under equilibrium conditions, through
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+the application of the law of mass action as follows:

“ Ky = [VoIl0}] (33)
X, = [0're)2 232 - (34)
KS';'[VBJEGJZ P%z [ 1)

where the equilibrium qonstants, Ky, contain the energy re-

quired for the formatlon of the particular defect. A further
__constralnt on the crystal requires that overall electr1cal

neutrality be malntalned

v e o b emee s AT B 4

- - N e : R

Ee] + 2EVOJ [e] + 2[0?3 ' (36)

At suff1c1ent1y hlgh oxygen pressures, the predOmlnant
-C_‘."l' AN

defects are presumed to be O and @ ThlS allows the electro—

~ .

neutralltyAeondltlon to be approximated by

(0] = 200}7 . @D
“Substitution of Equation 37 into 34 shows that the hole con-
:eeﬁtretion'is pfepertioﬁal'to Ehe:l/6 powef of'EBeTOXygen
‘pressure. B
(03 = (210" 2, 38)
\Since the electronic defeet mobilities ere much greater than
the ionic defect mobilities;'QO‘signifieant jonic conduction
-is antieipated-at these high.oxygen pressures.- Consequently,

.the electrical conductivity for Y503 in high Pozjregions can
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be expressgd_as .
| Op = cg P%é6 exp (-Qg/RT) (39)
where qg is a ﬁatérial constant independent of_-PO2 and T. The
activation energy, Qg, consists of the defect formation and
migration energies.

. Applicatiogrgfléiﬁii;élé;gﬁmehté for thé low P02 region
where © and V; are presumed to be dominant leads to an expres-

sion for the excess electron conductivity.
o _-1/6 ' o
7% = 99 Pp,  exp(-Qg/RT) (40)
. At intermediate oxygen pressures, the concentrations of

oxygen vacancies and interstitials are essentially independent

of Py, and are determined only b
09 . : y

=

'[V;j = [0;] = K (41)

Substitution of Equation 41 into 34 and 35 and subsequent use

of these defect concentrations to compute the individual con-

ductivities results in the following expressions:

Yjon < c.gon eXP(’QiOn/RT) ‘ (42)
- % .
o % = % P{, exp(-Qg/RT) (43)
. . _.1/ - -~ -
7o ='0g Pou exp(-Qq/RT). (44)

The defect equilibria in undoped Y903 over all P02 ranges are

summarized in Figure 1D. Note that only Zone II is included
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in Figure 1B.

It is important to note that the functional forms of the
"individual conductivities as derived from‘defect equilibria
are identical to the functional forms of the empirical conduc-
tivities used in the electrolytic domain theory.

' When the concentration of charge carriers is determined
By impurities or dOpantsArather than by thermodynamically
-‘created defects within the crystal, the impurity or'dOpaht
level can control the conduction. In thé case of Y203,Aan'
aliovalent impurity cation is assumed to occupy a normal
;ation site producing a compensating anion defect. The net
éffect miéht'be to render the anion defect conceﬁtration inde~-
pendent of log P02 as well as temperature since these defects
are not thermally génerated, but rather are fixed only by the
gliovalent ion con;entration. An example of this would be the
incorporation of a divalent cation on an yttrium site, M;,
%ith Vo being the compensating defect. Substitution of the
‘electrical neutrality condition
- [Vgl = %[My] = %[MO] = constant | (45)
into Equations 34 and 35 leads to expressions for fhe elec: |

tronic defect concentrations

(6] = K’lé (2K )"% rMO]%PI{‘ (46)
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le] = (21<3)1/2 [MO]™% P(_)l;‘ B (V)

mhereibej represents the concentration of divalent metal
oxide added to Y503. Thus the same value of n, namely n = 4,
may characterize the P02 dependence of [@J and [9] and hence

-of G@ and 09 for dOped Y203 as well as undOped Y203 in 1nter—

(S - ———— et e e e - - T e - - L — -

mediate P02 ranges

In general any of several different defect equilibrium

schemes (72) can lead to the same value of n. ConseqUently
. the parameter n cannot“be used to unequivocally distinguish

-,. — - - R - el — VO - A

among such cases and 1ndependent 1nf0rmation must also be con-

RO I : -

31dered.‘~Examples of such independent 1nformation may include
: density—lattice-parameteridata, mhich will'be discussed later
for YSH, as well as the activation energies for conduction.
fhese activation energies may be exnected to vary markedly
depending on Wthh defect equilibria dominate the defect struc-
ture nf the crystal In view of the 1arge number of defect
structures_that maylbe proposed to rationalige the P02 depend-
encies between n=4 and 6,-discussidn.hasgbeen restricted to
the most.plausible defect‘equilibrium based on theoreticalA
models prOposed by Wagner (77) and Schmalzried (64) _ These

prOposals have been favored over that prOposed by Tallan and

' Vest (63) for Y203.
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Defect equilibri. and electrical conductivity in yttria doped

;héfnia'solid solutions

.“'ﬁuch'of the pioneering work on the electrical conductivi-
ty and defect structure of fluorite solid solutions has been
‘done‘oﬁ CSZ and YDT. Since YSH possesses the same structure
as CSZ and YDT, the conduction mechanisms and defect struc-
“tures would also be expected to besidentical.

il Eiectrical-COnductivity'measurements on CSZI(4)'and YDT
“(9,10,78) indicate a Poé—independent coﬁductivity.over a large
éoz rangé. ‘The agrééméﬁt of measured .emfs (4,9,10) with

- walues pfédiéted from thermodynamic‘data préve thaé this con-
Tduqtivity.resﬁlts‘frOm oxygen ion migration. Density measure-
ments (7,9) and oxygen diffusion studies (11) indicate that
-the présenée of énion vacancies is responéible for the bxygen
ion éonductivity. ThQS these.studies.confirm that the oxygen

on fransterence nunber 1s virtually unity over a.wide Fo,

range. .

_As previously pointed out, the electrolytic domain is
“limited by the onset of electronic conductivity. Wagner d-c
polarization measurements (14,79) have been used to locate

ES s

these onsets for both materials. The measurements also show

a -% Po, dependence 'for the excess electron conductivity and

a +% Po, dependence for the positive hole conduction. Inde-
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pendent oxygtn permeablllty studies (17) support the +/ P02
dependence of the hole conductivity. | Emplrlcally both CSZ and
~-YDT possess large electrolytic domains which are terminated by
the onset of hole and eleetron conductivities possessing a +%
and r%.Poz dependence, respectively. | |
p-g"ihe accepted model which predicts the above behavior
requires the aliovalent dopant ion to occupy a normal cation
-site.  Since the crystal is constrained to maintain electrical
neutrality, it does so by forming anion vacancies.
T LVl = [9y05] = Xlxp] - )
The term [Y203J 1nd1cates the dopant concentration of Y203 in
Hf02 Dev1atlons from stoichiometry are expressed by the
'tollowing‘incorporation reactions:
%0y + Vo = Op + 20 | (49)
0§ = %05 + Vo + 20, - (50)
’Appllcatlon of the law of mass action and the deftnltlon of

electrlcal conduct1v1ty leads to the following expressions for

the individual conductivities:

T ;_,,: cee O ) i 4
S %ion = %ion exP(’QiOn/RT) (1)

exp (-Qg/RT) o (52)

-1 ' '
09 = % Po; exp(-Qg/RT). | (53)
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Again, for the case of YSH, the functional forms of the con-
ductivities derived from defect equilibria are identical to
the functiOnal'fofms of the bbserved cénductivities;i'*“”

In general, the dopant concentration génerates such a
iafgé number Of‘oxygen vacancies that the ionic ¢6nductivity
overwhelms thé electronic contributions resulting in electro-
Iytic behavior in the sénse of Relation 15 over a:faifly large

- Theory of OpenLCircuit Emf_Measurements
&l -Wagner (2,77,80) has shown that the open circuit emf
measured across an oxide mixed conductor -between dissimilar,
-virtually reversible electrodes is given by Equatioh 164,
L
ko, (1)
: -1
. E = : d . 1
27,F .g Cion “H0, (16)
C kg (0) |
- 02. S

© The idnié'ffaﬁéférénée'hﬁmber,_tién;'is'définea by'ﬁquation 15,
ZO ié‘the absolute value of the oxygen ion valence, and F is-
Faréday's constant. The oxygen chémical potentials,fuoz,:at-
ééch 1ocatipn-x = 0.ahd'x-= L are held cohétaht:by the elec-
trodes such thét~u02(0)3> uoz(L); The electrochemical cell

being
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-~.”02(O /mlxed ox1de conductor/uoz(L) XII
x=0 ' x=L '

In view of the gradient of chemical potentials, anions migrate

from the left-hand to the right-hand side of the above cell at

a‘rate that is limited by the migration rate of electrons in

fheioppbsite-directiOn. The potential difference under a

steady state condition created by the redistribution of car-

¥iers within the mixed conductor is the open circuit emf.

It has already been shown that, in the case of predomi-

nant ionic conduction, Equation 16 simplifies to Equation 17.

'Schmalzpied (64)Mh§§>e§g@ineq the consequences of- tjo, depart-

ing from unlty Thé initial step and most critical part of

hlS theory 1nvolves express1ng tlon as a function of “02

'Once thlS is known the 1ntegra1 in Equatlon 16 can be eval—

uated.

"7 For convenience and compliance with conductivity data,

the variable of iﬁtégfétiOn'uoz is changed to P02‘5§'heéhs of

.EQuation 18. Based on empirical results and defect equilibria

involving anion defects in_a mixed oxide conductor, Schmalzried

chose the following functional forms for the individual conduc-

V..

tivities at a constant temperature:

%ion = Kjop = constant | (54)
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: op = Ko FG," (55)
- 9y = Kg Pag/n.~ | : - (56)

it should Be noted thaﬁ thesg expressions are identical to
those used in the conduction domain theory under the condition
6f éonétént temperature.

qustitution-of Equations 54, 53;.and 56 into Equation 15,

and introduction of the parameters'Pé and Pg, where

= (Ke/Klon) n (57
e Pe_f-<Kg/K10n> o | (58)
allows tj,, to be expressed as a fqnctlon of POZ'

~ = . . .

/ /n

o tion = [1+ (0, /p) ™ 4 (8o,/Bg) - (59)

The .conductivity parameters Pg and Pg are the oxygen partial

pressures where 0.

jon = % and 9

ion = 0y, respectively. Sub-

stituting Equation 59 into .16 and integrating between the

limits of P02(O) and POZ(L)fresuits)in Schmalzried's most

-general expression for the open circuit emf,

o :L' E = nRT 1n 1+ w+ 28 + 1n 1 -w + 2u (60)
RN - . 4Fw L+ w+ 2¢ 1 - w+ 2B S
where .
L. _ N ce .
w=[1 - 4(P9/P@)1/n32 (61)
o= [Poz(o)/ngl4“;- . - (62)
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8 = [P, (1)/Pg 31/“

(63)
‘Equation 60 can be simplified for the useful case where Pg and

Pg differ from each other sufficiently that

(Po/? )1/“ <o0.01, (6w
'in this case |
= 1 -:».-Z e
- Pé/n + Poén(L) Pé/n + Pégn( )
E =R, 4+ 1In : (65)
- 4F 1/n l/n : 1/n 1/n
Pt Po, gp) Py (L)

-By judicious chqice»éf g%ectrodgs, Equgtiog'65'canhbe-further

-stmplified and separated into four distinet cases.

o TC§SQ_¥.regults?wbgg:thglPoz_values fixed.by the elec-

.trodes lie within the electrolytic domain. ‘This condition éan

4bé representedxby_P@ >>‘P02(0) >> POZ(L) >SS Pg. The resulting

expression for the open ciréuit emf ié |

e e e o 20 P, @ o
C4F <L> L Y

W6 e i B - —— et e L .. e ~-

D]
o

cand is identical to Equation 17.
.'Casg_;l represents the maximum attainable emf of an elec-
£;;1yte This results when the eiectrodes fix the P02 values
outside of the electrolytlc domaln such that POZ(O) >> Py >>

Pe >> P02 (L) g1v1ng -

L P - . :
E'=RT 14 26 | : (67)
LF Pg L

I fr———— o
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Case III occurs when one electrode fixes a P02 value
within the electrolytic domain and the second electrode estab-
lishes a P02 value much lower than Pg. The required condition

is. Pg >> POZ(O)'>> Pg >> POZ(L) which allo&s Equation 65 to be

reduced to

P (0)
) . . 0
AR ;:_” v~ Ee=. EE ~1n 2.

4F Py

’ LT YT e (68)

Equation 68 provides'an experimental method for determining Pg

e e - - . -

fbroviding the implied approximétibns are valid. The determina-

tion of Pg at different temperatures would prbvide information

concernlng ‘the ionic and electrolytic domain boundaries at low

oxygen potentials.;_Severaliinvestigators_have used this

method to determine the electrolytic domain boundary for CSZ

(44) and YDT (15,54) at low oxygen potentials.

Case IV,_Which“is analogous to Case III, is used to

R

extract 1nformat10n concernlng the hlgh oxygen potential

11m1ts of the ionic and electrolytlc domalns The requlre&"
electrode conditions. are PO (0) >> P@ >> PO (L) >> PG and the

resultlng emf is

o - :P - . '» - - ) .- .
E=RLin_"8 | 69
e 4F POZ(L) ST :.:Z"‘_F )

The characteristic feature of open circuit emf measure-

méents is that Ehey can be used to establish the presence of
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ionic conduction. When the measured emf equals the thermo-
dynamic emf, Equation 17, the conduction mechanism is totally
ionic and the material is classed as an electrolyte. Similar-

ly, a zero emf would suggest predominant electronic conductiv-

“ity. Intermediate emfs imply mixed conduction, that is, the

- presence .of both ionic and electronic conduction contributing

et A T r————— i

to . the total conductivity. ‘Analysis of data obtained in this

region serves to locate the various conduction domains and

determine the temperature dependence of certain conductivity

parameters.

- Theory of D~c¢ Polarization Measurements

The electronic conddctivity of mixed conductors has been
succeséfully investigated by d-c polarization techniques as
suggested by Hebb (81) and Wagner (77). The cell

‘Reversible

Oxide Mixed|Nonreversible
‘Electrode . XIIL

Conductor |{Electrod
x=0 x=L :

is subjected to a d-c emf below the decomposition voltage of

the oxide specimen. The emf may be applied so that the

initial migration of the mobile ion is towards the reversible
electrode where it is consumed. This requires the reversible

electrode to act as a sink to the mobile ion and retain a.
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known chemical potential of ﬁhe‘mobile jon. The blocking
electrode prevents mobile ions froﬁAentering the specimen at
x=L. At steaay stéte,.the migration of ions due tovthe
applied emf is counterbalanced by the back diffﬁsion of ions

down the chemical potential gradient. Hence, the net ionic

- flux is zero and the measured current corresponds to the

electronic conductivity only. . According to Wagner, the total
steady state current can be expressed in an integral form?
which for the case of oxide mixed conductbrs is equivalent to
| h0, (1) | |
;T = Ig + Ig = -~Z§£ ‘{ fd@ + @e?duoz. | F70)
: uozfo? .

. Using the functional forms of the individual conductiv-
itiés as stated in Equations 54, 55, and 56 where Kg and Kg
represent the hole and excess electron conductivities at 1 atm
of oxygen, respectively. Kg and Kg can be rewritten in terms

of the hole and electron conductivities at the reversible

ata al.
~

electrode, Gé and og

i % *x-1/n .
K = o Po, - (7D
Ko = ogPo/™ a2

1See Equation 25 on page 368 in reference (77).
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%
. where POz-iS the partial pressure of oxygen fixed by the
reversible electrode. At constant temperature, the general

expressions for the total hole and electron conductivities

can be rewritten as

- * . 0 1/ B
o = % (Po,/P5,) " (73)
gy = US (POZ/PSQ?-l/n : ' - (74?

which simply involves a change in reference state from pure

oxygen to a new reference state defined by the reversible

. electrode.

. Substitution. of Equations 73 and 74 into 70 with change

of the variable of integration to P, gives

I = Z?i? {03[1 - exp(-4u/n)] + Gg[exp(4U/n)' 1]} (75)

‘where

u = EF/RT | . (76)
and E is defined by Equation 17 or 66. It is desirable to
rearrange Equation 75 so that electronic conductivities can

- be read directly from a plot of the data.

I - :
© LFL, % %
X ——=— = 0g + g5 exp(4u/n) - (77)
1 - exp(-4u/n) naRT 7 ° P L

A "converfed" ploé based on the data handling method of

Patterson (14) should have a slope of cg and an intercept of
* o ) .
U@.
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The above derivation is very similar to Wagner's (77),
: y

however the restriction to a specific type of defect equi;
librium has been relaxed by inserting general pressure-
dependent hole and electron condUctiVifies.

| thﬁé meééﬁréd eiectfoﬁic cénductivitiés.at the reversible
éléétrode allow the hole‘and eiectron.éﬁﬁduétion sheets to be
kiécéféd iﬁ 16g &,.isg foz; i}% sfaée. ME%trépolation of these
?sbeetsﬂto-intersect the ionic -conduction sheet determines the

ionic domain boundaries and hence locates the electrolytic

‘domain of the oxide mixed conductor.

e

e — vt o e et s mms mime mmem e e rma e a = o . [P

e ——
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EXPERIMENTAL EQUIPMENT AND PROCEDURE

Preparation of the Undoped Yttria Samples

The yttrlum sesqu10x1de used in this study was Supplled
'by the Ames Laboratory as the ox1de cllnker resultlng from the

ca1c1natL0n of the hydrated yttrlum oxalate. A spectrographlc

ana1y31s of the yttrla as recelved is glven in Table 1

———— e - . = ~ —rn

Table. 1. Spectrographic analysis of Y905 powder-

. Element S ~ Concentration
' ‘ (ppm)
N N Cea e T e el 20
) Mg P . ‘::20
et s @@ edelREl s s Ry
Fe ~ . - 35
Na ) faint trace
Cu - o .20
i Ti ) S : © 30
. -Ta - <200
- A1 T 100
-Co - .- .. . .. <35
: Yo - o <100
e : Exr . .. . ... ... . .x1o00 .
R " Ho 7 o T K60
et . by . o .- .ooklo0 o
Y of T oo T TTTL100 T T T
Tb S <200
" Sm- : T <250
' Total o 1570

The soft clinker was wet ground for one hour in a porcelain
ball-mill using distilled water as the 1iquid medium and dried

to a powder.
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L SpectrOgraphic analysis of the powder failed to detecf

any contamination incurred during the milling operation. |

. Particle size analysis éhowed the average agglomérate size to
be 5-10 microns and x-ray diffraction line bro;dening tech-
niques indicated a crystallite size of 0.1-0.2 microns. A
theoretical density of 5.030 gm/cm3 for pure yttria was calcu-
lated from a lattice parameter of 10.60662 which was determined
from.several x-ray diffraction patterns. The x-ray equipment
and procedures will beldiscussed later. The characterized
yttria powder was used as thé starting material for the undoped
yttria and the yttfia stabilized hafnia samples.

Yttrié samples which were to be cold pressed and sintefed
were prepressed at 1800 p.s.i. in a 3/4 in. diameter double
action steei die lined with tungsten carbide. This operation
produced the desired shape and green strength necessary for
handling. The prepressed yttria disks were isostatically
pressed .to 50,000 p.é.i._ A 6 kw induction furnace,‘Ajax Elec-
trothermic high frequency converter, was used ﬁo sinter the
samples at 1850°C for 1 hr. at temperature. An oxidizing
-dtmosphere was maintained in the hot zone by placing an imper-
vious alﬁmina tube which' was open to an air atmosphere between

theé graphite susceptor and the samples. During the -firing
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.operation, the samples were contained in a covered yttria
crucible. Water imﬁersion determinations of the bulk densi-
‘ties of the sintered disks were 85 to 90% of theoretical
density. . In general the porosity was open.

A resistance tungsten heating element furnace (Centofr
Associates, Inc., Suncoék; New‘Hampshire)'operafingiin-g pro-
‘tective atmosphere of flowing argon was used to sinter samples
for 1 hr. at 20000C-to'achieve«disksAof greater densities.
Bulk densities were 90 to 95% of theoretical with a signifi-
“‘cant ‘amount -of closed porosity;"‘ | |
‘if+~‘Sevéféi-ytfria'sampleé-Were hot -pressed to achieve densi-
?fies'éﬁﬁrbaéhing the theoretical density. The hot pressing
-operation was carried out in a double acting graphite die with
‘a 1 in. diameter x 3/4 in. sample cavity placed in a graphite—
susceptor induction furnace. * Densification was carried out at
‘a ‘temperature of 1600°C ‘and held under évpressure of 3300
Prs.i. for 15 min. ‘Tﬁeisamples:Weré cooled<afterffé1ief'of
-pressure and extracted from tﬁe die at room temperature. It
‘was -not uncommon for the samples to fracture upon ejection
from’ the die, -consequently a considerable number of runs were
3feduired to pfoduce an acéeptable sample. The few resulting
Féémples were black in color iﬁdicating pafﬁiai reduction by

‘contact with the graphite die. The samples were gnneéled
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~4dn air in a globax furnace at 1200°C for one week. Water
Aimmersion density measurements indicated the sample densities

‘'were greater than 99% of theoretical density.

. A slip casting technidue was used to fabricate several

yttria disks. This method eliminated some of the disadvan-
tages of the above two methods while retaining the high densi-
ties and conventional firing operation. The characterized

yttria powder was dissolved in concentrated HCl and diluted to

"5 gm.Y,y03 in 4N HC1/100 ml. solution. Ammonium hydroxide was

used to precipitate the hydroxide which was subsequently cal-

cined at’ 1100°C for 1 hr. The resulting oxide clinker was

fBall.milléd for 15 min. in 40 gm. batches with 13 ml. of solu-

tion containing 0.021 ml. "Darvan 7''/ml. distilléd watér. The
slip was poured into a mola the shabe of a 1/4 in.-x 5/4 in.
diameter disk and allowed to stand 1 min. The disks were pre-
fired in air at 1000°C to develop handling strength and
finally sintered in the Centorr furnace for 1 hr..aL 1900°C.

Measured bulk densities were greater than 97% of theoretical

~density.

"Reprecipitation and recalcination of the initial oxide

powder tou the hydroxide and back to the oxide produced a more

sinterable powder. This procedure produced new clean and

active surfaces which enhanced sintering. Further justifica-
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tion for this procedure is based on the investigations of

Furlong and Domingues (82)Ain which the best sinterable powder

of Y,05 was obtained from calcination of the hydroxide. The-
method of slip casting yttfia disks proved to be the most
reproducible and desirable from the standpoint of density. 1In
general the slip cast samples were very close to being trans-
lucent. Figure 2 illuétrates the typical microstructures of

“the various Y903 samples used in this investigation.

Preparation of the Yttria Doped Hafnia Samples

Spectrographic gradé hafnium oxychloriderbtained from
‘Wah Chang Corpérétion (Lot SP10684B) and the previously
described yttria powdeé were the starting materials used in
the preparation of the yttria-hafnia solid solutions. Spec-
trographic analysis supplied with the hafnium oxychloride is
- given in Table 2.

The hafnium oxychloride powder was dissolved in distilled
water and the hafnium oxide ‘content was determined analyti-
cally. The insoluble hafnium hydroxide precipitate was formed
by.pipetting 5 ml. of solution into an equal amount of 10N
NH4OH. The precipitate was filtered, washed, dried, and
calcined at 1000°C in a Kanthal muffle furnace for 1 hr. The

calcined product was weighed and the hafnium oxide content per
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(c) Slip cast; 400X

Figure 2. Microstructures of Y03 samples
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ml. of solﬁtion‘calculated. The standardization of the hafnia
solution based on six determinations was 0.0958 gm. HfOp/ml.
solution.

Table 2. SpectrOgraphlc ana1y31s of hafnium oxych1011de
’ ‘ spectrographic grade powder

L . .Element . _»Concentration

(ppm)
Al : : <25

SRR "B - <0.2
Cb <100

Cd <l
Co _ <5
.Cr..... . ) ‘ <10
‘ Cu . <40
Catra = >0 . Fe- o P : <50
S - Mg o <10
- .. Mn <10
Mo <10
Ni , : <10
Pb , " K5
Si ‘ <40
Sn <10
R . Ta ) <200
-Ti C <20
. . W <20
Y oes T ERAR A o . 64

Total 635.2

The yttria powder was dissolved in hot concentrated HCL
‘and then diluted with distilled water to produce a 4N HC1
g¢olution. An identical procedure previously described for the

hafnia solution was used to standardize this solution which
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was found'té contain 0;0489 gm. Y203/m1. The two solutions
lwere mixed in the required proportions to prepare the desired
solid solution‘comﬁositions. The mixed solution was slowly
added to an equal volume of 10N NH,OH. A magnetic stirrer
. kept the NH4OH solution in constant agitation, during and for
-a short tiﬁe after the addition of the mixed solution. The
insoluble hydroxides of yttrium and hafnium formed a coprecip-
itate which was allowed to settle for 1 hr. 'The gelatinous
nature of the coprecipitate seemed to eliminate any segrega-
tion. 'Thé‘COprecipitate wastfiltered, washed, dried, and
calcined for 1 hr. at 1000?CL'

lThe éalcingtiOn temperature appeared to have a signifi-
cant.influence on the final sintered state. Dried precipi-
tates were calcined at 600, 800, and 1000°C for various
lengths of time. Those calcined at 1000°¢ possessed the high-
’ést sintered densities while those calcined.at 600°C-posseSSed
the lowest sintered densitieé. Calcination times did not or

were not controlled sufficiently to produce an observable
effect on the sintered samples.

X-ray diffractometer traces of calcined compositions
‘known to be within the single phase region indicated that the
calcined material was a one phase fluorite solid solution.

The diffraction peaks were quite broad as would be ekpected
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froﬁ a very fine grained matérial and produced the typical
face centered cubic pattern.

The calcined clinker was ground to -325 mesh with a
Diamonite mortar.énd pestié (Diamonite Products Manufécturing
. Co., Shreve, Ohio). 'The powéer was prepressed to 1800 p.s.i. —
in a'3/4 in. diaméter tungsten carbide lined steel die. The
greeﬁ disks were then isostatically pressed to 50,000 p.s.i.

. All compositions were subjected to identical firing cycles in
_the Centorr furnace for 1 hr. at 2000°C and 30 min. at 1500°C.
The lower temperature anneal was employed.to stabilize the
expected anion vacancies as demonstrated in the calcia-zirconia
- system (75. Disks of identical composition‘wére placed in a
covered-yétria crucible and rhenium metal was used to separate
the individual disks within the crucible. The hafnia solid )
solutions investigated, 2 to 20 m/o Y,05 in 2 m/o intervals,
were light brown dn color after firing indicating partial
'_reduction by the furnace atmosphere. Annealing the disks for
several hours in air,at 1000°C produced a color change to

" white, Wéter immersion bulk densities determined on the
yttria-hafnia samples varied between 80 and 94% of theoretical
density dependingvupoh calcination temperature. Figure 3
shows the typical‘microstructure of an 8 m/o Y503 sample.

Apparent densities used to identify the defect model were
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(a) 8 m/o Y503-92 m/o HfO,; 400X 501 I

(b) 15 m/o Ca0-85 m/o ZxrO0 commercial;
2.3

BALLL

" 4 S )

(¢) 15 m/o Ca0-85 m/o Zr0y, nuclear grade
powder; 400X

Figure 3. Microstructures of fluorite solid solutions
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obtained from samples possessing low bulk densities:in order
to eliminate complications arising from closed porosity.

Both the ﬁndOped yttria and the yttria doped hafnia disk
facesAwere ground parallei on a diamond wheel-sﬁrface grinder.
Hot pressed and slip cast Y503 samples required their cylindri-
éal-surfaces to. be -ground uniférm in -order to eliminate irreg-
ularities arising from the'fabrication-procesées.' This was
accomplished by affixing the Y503 disks to a 1/2 in. drill
"stock ﬁi_th, Loc-Wax-20 (Geoscience Instruments Corp., Mount

Vernén;~New¥¥ork)v_~The;drill,stock was then chucked -into a
-small laboratorymlathe whicﬁ was attached to the bed of the
surface,gﬁinder and a diamond wheel was used to grind the
cflindrical surfaces smooth and uniform. The flat surfaces of
each disk were further ground smooth on 600 grit SiC paper.
.All samples to .be used for conductivity, open circuit emf,
polarization, and x-ray.studies were machined .according to
this .procedure. General dimensions of the samples following
this treatment were 15 to 19 mm..in diameter and 1.2 to 1.5 mm.

thick. The exact dimensions were taken using a micrometer and

' measuring to the nearest 0.0l mm. Several undoped Y503 sam-

ples were ground thinner, 0.6 to 1.0 mm., to shorten equili-
bration times during experimental runs.

An x-ray analysis of the yttria-hafnia system was made to
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determine "the lattice parameter as a function of compositidn.
A composition dependent lattice parameter would indicate a
single phase fegiOn, while a composition independent lattice
:parameterIWOuld support é&idence of a two phase region. YSH
disks were analyzed before and after each conductivity run
 ﬂon*a Norelco diffractOmetef using a copper tube at 40 kv and
QOIma with a Ni filter and a ééanning rate of 1° 28/min.
Prior to the analysis the diffractometer was aligned and
;@chgcked with a silicon étandérd. Lattice parameters were
‘determined by Cohgn's extrapdlation.method as modified by
1‘Vogel and Kempter (83).v The monoclinic hafnia solid solu-
.tibn was identifiea by comparing the diffraction pétterns
with the monoclinic HfO9 ASTM card. The fluorite struéture
of the YSH solid solﬁtions was confirmed by comparing inten-’
sities and 20 Qalues to those obtained for erbia stabilized
‘hafnia solid solutions which have been identified as possess;
ing the éalciuﬁ fluoride structure with anion vacancies

according to Johnstone.

1JohnstOne, J. K., Ames Laboratory, Ames, Iowa. Struc-
tures of erbia-hafnia solid solutions. Private communication.
. 1970. :
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- Experimental Apparatus for Cell Assemblies

The apparatus shown in Figure 4 was used for all electri-
cal conductivity, open circuit emf, and polarization measure-

ments. The cell assembly (A) was positioned above the alumina

support tube (C). All ceramic parts of the apparatus were
.made of impervious alumina (McDanel AP35, McDanel Refractory

~Porcelain Co., Beaver Falls, Pa.) An alumina cap (B) which

was connected to tension springs (L) located in the cool zone
kept the cell under compression and helped maintain good
~electrical contact between various components of the cell.

Four platinum leads (G) were available for electrode connec-

tions and entered the furnace through Fusite feed through

. connectors (M) (Fusite Corporation, Cincinnati, Ohio). Two

~additional 1eadé were for the Pt vs. Pt, 107 Rh therﬁocouple
_(P) which was positioned inside ‘the cap adjacent to the cell.
fhe thermocouple was calibrated against.d National Bureau of
Standards thermocouple and checked in situ against the melting

point of silver.

“ ~  The alumina tube (E) was secured to the brass flange (J)

with Apiezon wax forming an air tight chamber. The flange was

water cooled by means of the copper cooling coil (H). Flanges

(J) and (K) were bolted together and an O-ring seal prevented
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Figure 4. Schematic diagram of experimental apparatus for
electrical conductivity, open circuit emf and
polarization studies

=
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Cell assembly
Alumina cap

. . Alumina support tube
. Alumina tube to control flow of conLrolled

atmosphere

Outside alumina tube which forms gas tight
enclosure

Grounded Inconel shield

Pt lead wires for cell connections

Water cooled Cu coils

Outlet valve for the system :

Brass flange which is removable to load cells
Brass flange which remains stationary

-Tension springs

Fusite feed through connections
Chromel-alumel control thermocouple
Pt-10%Rh, Pt temperature measuring thermo-
couple

Marshall non=inductively wound, Nichrome
element furnace

To gas purification Lraln and Matbeson Gas
Proportioner

Veeco vacuum valve

To mechanical vacuum pump
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any gas leakage. An Inconel éhield (F) was slipped down over
the outside of alumina tube (E) and érounded. Its purpose was
twofold; to eliminate induceé voltages and to even out temper-
ature gradients within the hot zone. The alumina tube (D)

insured that controlled atmospheres.f]owed pass the cell
assembly. ' ' - | ; -

A Nichrome, nonihductively wound, Marshall furnace (Q)
was used to attain temperatures of 600 to 1000°C. Shunting éf
the external taps from the furnéce winding was used to estab-
1lish a uniform hot zone. A 2°C tempefature gradient existed
across a 3 in. hot zone as measured by a differential thermo-

- couple. Since cell assemBlies occupied only the middlg inch
of -the hot zone, thermal gradients were expected to be negli-
gible.' This was confirmed by open circuit emf measurements of

less than 1 mv. across CSZ between identical reversible elec-

trodes.

The furnace was mounted on a metal guide so théﬁ it could
Be raised and rotated to one side. The assembly which in-
cluded the flange (J) and .alumina tubes (D) and (E) was lifted

-~

off the stationary flange (K) to allow access to the cell
A West stepless silicon controlled rectifier in conjunc-

tion with a West proportional controller provided a tempera-

ture control of + 1°C. The controller operated from the output
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of a chromel-alumel thermocouple (N) located near the furnace
windings. ”

Electrical leads were connected between the PtAfurnace
leads at the Fusite feed througﬁ connectors (M) and a ceﬁtral
switch box. The inputs'and outputs of the varioué measuring
instruments were conﬁeéted to a panel box. Connections
between the two boxes allowed circuits to be constructed with
a minimum of complication and a maximum in flexibility. All
electrical leads were made with‘Teflon insulated, single
‘conductor coaxial cable‘(Allied #55D9997, RG180 B/U, Allied’

Radio, Chicago, I11.). . All shields were grounded in such a

manner that ground loops were képt to‘a minimum.

The system was evacuated through outlet (T) with a mechan-
ical vacuum pump whiéh could be isolated frOm-the system by a
n'Veeco vacuum valve (S). A controlled afmosphere was intro-
duced into the'systém through (R) and exited through (I) into
a mineral oil bubbler and finaily exhausted out of thé build-

ing through a laboratory hood. A picture of the experimental

apparatus is shown in Figure 5.

Gas Handling System

Cell assembliés employing reversible metal-metal oxide

electrodes were contained in an inert atmosphere of purified
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helium. The tank helium was passed through a conventional gas
purification train made of glass. The purification involved
passing the gaé through activated BTS Catalyst at 16OOC; a
mixture of activéted alumina, Drierite, and Anhydrone; Ascar-
ite; and a liquid nitrogen cold trap in that sequence. The
glass purification train was connected to copper tubing by
Cenco seals.

For controlled atmospheres of high oxygen pressures,
dried tank oxygen, dried air, and He/Oj ratios of 10 and 100
were used. The oxygen.and air. gases were dried by passing
them through Drierite, Anhydrone, activated alumina, and
Ascarite. The He-0p mixtures were obtained by passing the
gases through a Matheson Gas Proportioner which permitted
metering of the individual gases to make two component mix-
tures. The gas proportioner was used with Matheson flowmeter
tubes 600, 601, and 610.
~.. Low oxygen partial pressures were obtained from CO-CO
~mixtures based on the following dissociation reaction.

COy = CO + %0, (78)

The standard Gibbs free energy for this reaction (84) is given

~ -~

by

AFT = 68,270 + 0. 13T(°K)1nT + 0.34x107 372 j
|
1

-0.87x1057-1 - 23087, (79)
|
|
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From equilibrium thermodynamics the oxygen partial pressure
can be calculated from Equation 80.

P
€O,  2AFy
Peg: . 2-8RE

log Pg, = 2log (80)

if conditions are maintained so that the temperature is con-
stant and known and the CO,/CO ratio is constant and known.

In this investigation, C0y/CO ratios were varied between 100
and 0.1. The CO,-CO mixtures were obtéined by passing the two
gases through the gas proportioner. Bone dry carbon dioxide
and C.P. carbon monoxide were the grades of gases used in this
investigation. The error in oxygen pressure due to impurities
in the gaées based on typical tank analyses was 0.3 of an
order of magnitude in P02 for the worst possible ratio, conse-
quently these gases were not purified.

"Each flowmeter tube was calibrated for a particular gas
by measuring the displacement of an air-water interface with
time in a graduated cylinder for large flow rates (80 cc/min.)
and a graduated burette for lower flow rates (5 cc}min.). :
Water heads of less than 6 in. were used in tﬁe calibraéion
and the ovérallzreprodupibility of a particular setting was

such that pressure corrections were neglected.
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Open Circuit Emf Measurements

Open circuit emf measurements were made using dissimilar

reversible metal-metal oxide electrodes with a cell of the

type : :
Pt, M,MO/M,0p/M' M'0, Pt X1V

where M-MO and M'-M'O represent dissimilar electrodes and M, 04
is either Y503 or YSH.

The metal-metal oxide mixtures for the electrodes were
prepared to give a 10/1 molar ratio of metal to metal oxide at
equilibrium. Powders were dry mixed and pressed in a 1/2 in.
tungsten carbide lined die at 3000 p.s.i. and then isostat-
ically préssed to 50,000 p.s.i. The electrodes were not
sintered prior to fabrication of the cell; sintering occurred
during the experimental run providing good tight interfaces
between the electrode and oxide specimen and good electrical
contact between the electrodes and tﬁe platinum lead wires.
For low Po2 runs, two zirconium getter buttons were placed
above and below the cell. Figure 6 shows a picture of a
typical emf cell construction employing the following cells

Co,CoO/Y203/Ni,NiO/Y203/Cu,Cu20. XV
Equilibrium oxygen activities for the reversible metal-metal

oxide electrodes used in this investigation are listed in







Figure 6. Photograph of a typical open circuit cell assembly
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Table 3.

Table 3. Equilibrium oxygen activities for reversible

' electrodes
Electrode Standard free —Log-Po2 (Atm) Reference
. energy change FCal) at 1000°C

Cup0-Cu0  -62,600 + 45.27 (°K) - 0.87 85

Cu-Cuy0  -79.850 + 34.21 6.24 36
" Ni-NiO “111,930 + 40,67 10.34" 86

Co-Co0 -112,950.+ 34 4T 11.88 4

Fe-FeO..  -126,470 + 31.3T 14.88 86
. NbO-NbOy -172,200 + 34.6T '_ 22.00 31

Hf-HFO, | -262,900 + 43.0T2 35.74 | 84

Y-Y,04 -279,500 + 48.1T  37.46 84

The cell assemblies were constructed outside of the
furnace, transferred to the support tube, and placed under
compression. Cell assemblies normally consisted of two identi-
cal cells. The platinﬁﬁ,leads from tﬁe electrodes were welded
to the platinum-instfument leads to c0mp1éte the electrical
qgnnectidns. A1l leads were checked for electrical continuity.
The system was sealed and the furnace lowered intu position.
The system waS‘évaéuated by the fore-pump to QZOM at a tempera-

ture of 200°C and held there for several hours. The systém
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was flushgd twice and then finally filled with purified
helium. The furnace temperature was increased to 1000°C
placing the cell under é positive pressure. Static inert
atmospheres were chosen because of coﬁveﬁience after verify-
ing that méasureméﬁté were in&ependénﬁ'of flow rates.
%ﬁé—béllé'Wefe.allowed“tb'éqtilibfaéé—ét'1OObOC.A'Open
_éifcﬁit emf measuremenﬁs wefe made with a Leeds and Northrup
75541Type‘K;4 potentiometeriiﬁ”cOnjUnCtion'with'a'Keithléy
610B° Electrometer employed as the null detector. The high
inbﬁt imﬁedénte (1014 bhms)vbf theielecfrOmeter’prévented the
-cell %rom4bécbﬁiﬁg pdiariééd:durihg the hullihg'dperation;
Thé‘Saﬁejﬁotentiomeﬁer with a Hewlett Packard 419A DC Nﬁll
. Voltmeter was used to measure the thefmocouple output. The
butput of the electrometer was recorded wiﬁh time to determine
a steady state véiue;~'Honé&Weil'EiécEron{k'187aﬁa'19 strip
";Ehaft recorders and a Moseley Model 2DR X-Y recorder were
--ﬁSedffor this purpose. . Equilibration times varied between 3
v7and 24 hrs. depending upon material and temperature. The tem-
‘perature was lowered in 50°C inérements and then recycled in
equal increments baék to 1000°C.
*" " problems arose in cells involving a low Pp, electrode.

Either the platinum lead wires became brittle and broke or
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the'high sz electrode would feduce and/or the low P02 elec~
trode would oxidize. .The data per cell was greatly limited

by the advent of these malfunctions.

D-c Polarization Measurements

Essentialiy the same procedure was followed for the |
pqlafization experiments. One'of the reversible electrodes
was replaced by a blocking électrode,ofvgold. The gold was
'vapordeposited onto the oxide specimen andlthen backed with
5 milrgoidvfoil. The reversible electrode was Cu-Cu90.

. The d-é voltage'was appliéd.across the éell by means of
a 6 volt Battery and a voltage divider. The applied voltage
was measured with a Systron Donner Digital Multimeter Model
7050. The current through the cell was determined by measur-
ing thé-voltage drop with the K-4 potentiometer using the
Hewlett Packard Voltméter as the null detector across a 1K
‘ frecisiOn resistor whichh was in series with the celi. The:
null output was recorded with time to determine a steady
state valué. Measurements were taken at only two tempera-
fures, 850 and 1000°C. Currents were measured for ‘-both

increasing and decreasing applied voltages.
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- Electrical Conductivity Measurements

The constructiOn of electrical conductivity cell assem-
bliestwitﬁ rererslole metal-metal oxide electrodes is similar
‘to that for the emf cells. In the case of controlled atmos;
pﬁeres; coatings of porous platinum paste (Englehard Indus-
trles inéﬁ"Nb. 232) were palnted on the flat surfaces of the

a Tt 3 - -

oxide spec1mens to serve as reversible electrodes with the
atmosphere. Generally three coatings were requlred to produce
airesistance of less than 0.5 ohm between any two points on
the'sorface. Each coating was fired at 950 to 1000°C for a
olﬁl&ﬁm“ofjl hr. ForAZAprobe measurements the samples were
'backed with 1 mil platinum foil and the area was determined.
by'measuring the specimen diameter with a micrometer. For 3
probe measurements (87) guard rings were.formed by scraping
Zw;§ a portioﬁ of the platinum coating with a plastic'template
ana:a{diamond stYlus forming an insulated ring between the.

-~ e -

center electrode and the outer guard ring. This operation

was done after the thlrd platinum coating had been fired. A
sample along w1th a plece of machined drill stock of knopn
dlameter were photographed together. - Eight measured diameters
of the center electrode'obtalned from a large print . of the

photograph were averaged and the area calculated from the mean
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diameter. _A typical 3 probe conductivity cell with an 8 m/o
YSH sample is shown in Figure 7.

The a-c ébnduétivity measurements were made with a Wa&ne—
Kerr, Model 221, Universal bridge; which balances the conduc-
tance against standards of éonducténce and capacitance. The
‘bridge ﬁeasures the'equivaleﬁt.paralléi.conductance and
capacitance of the samples and leads at a frequency of 1592
hz.  Previous investigations on'ytﬁria (63) and rare earth
oxides (65) indicated that conductances were independent of
frequenéy ébove 100 hz, consequently the freduency was not
‘varied in this invéétigation.

The system was outgassed at 200°¢C under vacuum. The
flowing contrqlled atmosphere was introduced and fhe system
heated to 1000°cC. 'Conductances:were measured‘periodically
until there was a change of less than 1% in the reading'oﬁer
‘a period of.an hour. Ihe teﬁperatUre cycling was identical
to that described for the emf studies. |

Since the cdnducﬁivity was so high for the YSH éamples,
lead resistance corrections were required. To determine the

lead resistance, two platinum leads contacted the porous

platinum coating of one surface and a small voltage was -
impressed across the leads which were disconnected at the

“bridge. The voltage across the leads and across a precision
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Figure 7. Photograph of a typical
ductivity cell

-

electrical con-
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resistér iﬁ series with the leads were measured with the K-4
-pOtenfiometer, A least squares fit of the data for five runs
~between 800 aﬁé 1000°¢ gave | _

Ry, = 6.081 + 0.0013T(°C) + 0.2. (81
_The lead resistance was added to thé internal resistance of |
the bridge and the~meaSured conductances were corrected as
outlined in‘fhe operation manual for the bridge.

| The cénducﬁancé vélues were corrected fér lead resistance
- where appropriaté and: multiplied by the ﬁhickness and divided
by'thé crossisectﬁonéi afeafof the}electhdes to'give the

electricalhdbnducfivity of the sample.
Coulometric Titration-Open Circuit Emf Measurements

A new cell assembly was designed based on the combination
of a polarizétion cell and two open circuit emf cells. Figure
8 is a sghemagic.éiagféﬁ of the coulometric titration-open
circuif émfxégll; A voltagé‘wagvéﬁpliéd‘across a CSZ (15 m/o
CaO)_eiectrolytegbetweeﬁ a metal-metal oxide electrodejand a.
platinum screen. Since this portion Qf the cell constituted
a polarization cell, changes in thé'applied voltage produced
a chaﬁge in the oxygeh potential at the platinum screen inter-

face. The metal-metal oxide electrode, CSZ electrolyte, and

platinum screen formed a solid state ion pump and functioned
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as a variable P02 electrode. The upper portion of the assem-
bly consisted of two open circuit emf cells. The cell employ-
ing the CSZ electrolyte served as a reference, its open cir-
cuit emf reflected the P02 set at fhé screen interfaée. The
.open circuit emf acrosé the sample was compared to that
@grgss\th@“électpolyte_tp determine the electrolytic behavior
‘of the sample as a function of POZ- Application of this type
_of cell is limited to the electrolytic domain of the refer-
ence electrolyte. o
‘LLthNgcleax\grade,';325\meéh, CSZ (15 m/o'CaO) powder and
impervious CSZ (15 m/o CQO) disks, 7/8 in. diameter and 1/8
in. thick; wereipurchésed from Zircoa Corp. AThe powder was
fabricated into 3/4 in. diameter by 1/8 in. thick disks
acéording to. the proce&ure outlined fér pressing and firing
.the YSH samples. - Both types of disks were verified as elec-
trolytes by generatingfthermodynamiq.emfs when placed between
Cu-Cug0, Fe-FeO,.and. Ni-NiO. electrodes. Typical miérosfruc~
tures for both types of CSZ are shown in Figure 3.

The platinum screen was imbedded in the pump electrolyte
surface.. This surface was then ground flat to provide a

flush contact with the adjoining surfaces of the emf cells.

After the surface of the pump electrolyte had been ground

flat with a diamond grinding wheel, one center groove of 20
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mils and several 7 mil grooves were cut in a screen pattern
into the surface with é diamond saw. A 20 mii platinum wire
was placed into the center groove and served as an electrical
-lead. The grboves were éompletely filled with platinum by
repeated applicationé of platinum paste. Finally the pump
surface.was ground smooth'On 600 grit SiC papér.

. The cell construction, initial heating, and open circuit
emf measurements were idgntical to those for the simpler cells.
The ion pump was operated similar to the polarization cells.
Unexpected behavior was observed in that the applied voltage
across the pump alwéys exceeded the open circuit voltage
across thé'feference electroiyte, the differences being as
high as 100% iﬁ some instaﬁées. The behavior could be ex-
plained by internal ohmic resistance losses in the pump elec-
trolyte and electrode and/or oxygen leakage at the common
interface. At a constént temperature the desirea'PQ2 rahge
was scanned by varying theAépplied voltage; the open circuit
emf cells were allowed to equilibrate and the emfs recorded.
Figure 9 is a picture of an actual coulometric titration-open

circuit cell.
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Figure 9. Photograph of an actual coulometric titration-
open circuit emf cell
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Solid State Oxygen Gage

- - A solid state oxygen gége was constructued to monitor the

".bontrolled‘atmésphereé and check the calibration of the gas
bfobortioner. The cell consisted of a reversible Cu-Cu0
electrode that was sééled within a 3/8 in. I.D. by 1/2 iﬂ.

~tall-CSZ (15‘m/o~CaO5~crucib1e;' Porous platinum served as the
’i’éi%érsiblé"’gas ‘electrode.” The cell being
ol ‘ijCﬁ;CﬁZO/CSZ éruéibie/oz,Pt.‘ ; - " XVI

The open ¢ircuit emf measured the oxygen potential in the
'ﬁtmosphere'with'resPEthtb7thé=oxygén poténtial as established
'bY £hé Cu-Cu0 Teference eqiit librium. |

| | The gage was construcfed-by first firing several coatings
bfﬁplatinuﬁ paste on the outside bottom of the crucibléi” An
unsintered 3/8 in. diameter Cu~Cu20 disk which had been iso-
ététiéally pressed was inserted into the cruéible. A platinum
lead” lay across the top’Of-thé7Cu~Cu20'disk and exited from

. the’ ¢rucible along a side wall. Aﬁéther Cu-Cuy0 disk covered
the lead and an impervious 1/2 in. by 1/4 in. diameter Al,Og
ibﬁ-wésféetlatOp the diéks. 'The'AiZO3 rod érotruded above the
érﬁéiglé ana:séfved;és a pusﬁ rod fb'keep force on the gage
éésémbly. | ] N ' e

The seal betiween the rod and crucible was most trouble-
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. some and the problem.was nevef really solved. Of the many
solutions attempted, the following proved the-best but not
really satisfaétory. A zirconia castable (Zircoa Cast 28D,
Zircoa Corp.) was forced do&n into the crucible between the

side wall and rod. ‘The castable was allowed to dry at room

- temperature and the joint coateHAwith an impervious alumina
cement (Ceramébond, Aremco éréducts,vlnc.). The gage was
positioﬁed on top of the reguiar cell assémﬁlies. ‘As the Cu-
Cup0 disks sintered, the compressive force éé.ghewpush rod
.caused the Cu—Cu20't§'deform prpducing an eﬁceptionally tight
interface with the élecfrﬁl%éé.'

The'aéta,obtainéd from the gage during several”COnduétiv-
ity runs is presented in Figure 10. The low oxygen pressure
portion of the graph indica;es that the gas proportioner was
calibrated accurately within §Xperiméﬁta1'error as shown by
the‘spanvin data at a partiéular~thermodyn%mic voltgge. As

-

expected the largest dispersion occurred at a‘COZ/CO ratio 6f
100 (-228 mv.) where a small error in CO flow would signifi-
cantiy influeﬁce the oxygen pértiél pressure. At a ratio of
‘1 (-480 mv.), both flowtubes were operating in their .QP?imum
raﬁges as.démonstrated by close grouﬁing of the data points.
Oxygen partial pressures in purified helium were measured

‘with the gage over a temperature range of 700 to 1000°C. As
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predicted by theory; the cell emf decreased with decreasing
temperature and the oxygen pressure remained constant at 10711
to 10712 atm. -The temperature behavior of the gage proved it

. was operating satisfactorily.

In the high 6xygen pressure region of the graph (270-398

mQ[), the data are considerably 1ess_reliab1e. For.tﬁe He-09
mixéures'the calibrétion does éppear to be off but the error
is tolerable when compared to the C0,-CO mixtures. Cells
operating in air and pure oxygen always failed and, more often
than not, the data represented the highest emf prior to fail-
ure; After'establishing arlow éxygen pressufe with a C0,-CO
<mixture; pﬁre oxygen Or air was introducéd into the system.
Normally the emf reversed éign and started increasing to a
peak value below the thermodynamic value for a minute or two
and then decreased rébidly to.éero. Two gages did generate
the thermodynamic emf in pﬁre oxygen, one gage survived'for 3
hrg. while ﬁhe second went for 24 hrs. The air dat; point and
the four low pure oxygen data points were peak values during
cell faiiure.

The failures resulted from the oxidation of the Cu-Cu,y0

electrode which eliminated the required two'phase equilibrium.

. Failures were traced to cracks in the seal between the A1203
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rod and the crucible, and from cracks in the elecfrolyte
crucible itself. 1In view of the fabricatioﬁ problems, the
failures were not unexpected. |

Prior to failure, the gages responded néarly inétantane—
Ouély to changes in oxygen pressﬁres. Over-all gage response
. depended on the time constant of the gas system for handling
the controlled atmospheres. For a C0,/CO ratio of 100 this
was approximétely~15 min. Time constants for other controlled

atmospheres were less.
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RESULTS AND DISCUSSION

All the data reperted in this investigation are presented

inbtabular_form in the Appendices.

- Electrical Conductivity of Undoped Yttria

The possibility of éredominant ionic cbnductivity iﬁ Y203
Qas investigated by‘Open circuit emf and electrical conductiv-
'ity measurements. AConductivity isotherms as'a function of
sz are shown in'Figure 11. ~

-Coﬁductivities calculated from measured eonductances
based on individuel 1ength.to,area (L/A) ratios were scettered
within aﬁ.order of-magnitude. Since Runs 2, 3, 4, 5, and 7
did produce a nearly ‘identical 1000°C isotherm, this isotherm
was used as a reference for correctlng Runs 1, 6, 8, 9 and 10,
A multiplying factor was calculated for each specimen (1,6,8,
39, and 10) to make their calculated conductivities agree with
the 1000 C isotherm at one temperature and pressure (63)
Descrlptlons of the electrical conduct1v1ty samples are given
in Table 4. Runs 6, 9, and 10 required an upwagd shift to
force the individual calculated conciuctivitiés to equal the
isothermal conductivity. These runs employed porous platinum

electrodes. Examination of the electrode-specimen interfaces
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N
following the run indicated that the electrode contact may

have been questionable. The overall effect of this would be

© to decrease the original area, A, causing the conductivities -

- calculated from the conductances to be too low. Thus the
‘upward shift of the data for Runs 6, 9, and 10 does have‘some

- justification. R o

Table-4. Description of electrical conductivity samples

Sample Electrodes % Theoretical Fabrication
. ‘ density '
&}l_. Cu-Cuy0 79.2 " Air induction

2 - Porous Pt : 98.5 _Hot pressed
L3 " .. 99.5 Hot pressed

4 " ' 80.2 ~Air induction
.5 " 96.7 Slip cast

6 " : 1 97.5 Slip cast
w7 " ‘ - 97.5 . Slip cast

8 Ni-NiO 97+ ' Slip cast
=-9 Porous Pt 97+ Slip cast

10 " 98.5 Hot pressed

~ The opposite was true for the conductivity runs inQOIVf
'ing‘metal—metal oxide electrddes; Runs 1 and 8 required a.
downward shift in the data to match the 1000°C conductivity
isétherm. ‘Run ‘1 required a larger sﬁift.than Run 8. Justi-
ficéﬁion for the shift is based on the sintering behavior of
the electrodes. Since the metal-metal oxide electrodes had

not been previously sintered, the original L/A ratios were
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1obtained from an unsintered conpact. As the temperature
increased, the electrode materials sintered and flowed under
-preSSure increasing their area ‘The Cu-Cuy0 electrode showed
:d greater increase in area than the Ni-NiO electrode which

wnecessitated the larger downward shift of the_data for the

rrun'with Cu<Cu20 electrodes. .. . ...
wx: . Samples 3 and S-possessed almost no porosity, while
Sample 4 contained 20% porosity. Sample 3 was hot pressed
‘and possessed a very fine grain structure while Sample 5 was
slip cast .and possessed enormous greins‘(Figure 2). One of
the surprising_observetions was}the 1ack,of grainiboundary

and porosity effects, since Runs 3, 4, and 5 produced iden-
tical results. There is no explanation as to why these

effects were not observed.

The hlgh 0xygen pressure data do indicate the presence

of an oxygen pressure dependent COnduct1v1ty A 1east-

< ~—e e [

squares analyS:LS of 9 ‘hlgh oxygen preéessure p01nts at 1000 C
gave a slope of 0.228 i_O.ll which is very close to the +1/4

~ Pp, depcndence for hole conduction predicted by the following

2
equilibrium:
) %0, = 0] + 20 . (31)

S ’ . , - - -
where the'fOiﬂ is fixed by thé impurity content: This

_appears reasonable since the impurity content of the undoped
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Y203‘(Tab1o.l) is sufficiently high to control the conduc-
tivity. | |

The apparent activation energy for hole oonduction was
47.9 kcal/ﬁole as determined from an Arrhenius plot of the

" data for oure oxygen between 700 and 1000°C. This value

-‘.agrees'faVorably‘With 44.7‘kca1/mole obtained by Tallan and
Vest (63) -and 43.8-kca1/moléAobtaiﬁed by Subbarao et al. (9).
?he;posioive hole c0nductivity can be represented by the -
foliowing expression: A )
3 pg o 0/R -1 cm-l.

P52 eXp(547,900/RT) ohm

2 8x10 (82)
;‘The soatter 1nvthe data is ouch that no specific defect
éooiiioriuﬁ‘oao'be confirmed. In fact, the pressure depend-
ence of the condﬁctivity is actﬁally between that predicted by
Eho fuily ionized oxygen interstitial model and the defect

model proposed by Tallan and Vest (63) In the latter pro-
posal the hole conduct1v1ty arises from fully 1onlzed catlon‘

vacancies as follows
. . x 1"t
%02 = 0y + 2/3 VY + 28.

*

(83)
It is interesting to note that the hole conductivity expres-
sion of Tallan and Vest (63)

| 3/16 | 1 -
g = 1:.3‘x'103 _PO; exp (44 ,700/RT) ohm™* cm™ T (84)
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is ver& similar to Equation 82.

At 19w¢r oxXygen pressures, the.conductivity-isotherms
show én oxygen‘ﬁreséure independent conductivity, suggesting
. the presehce of ionic conduction. This is consisteﬁt with
'-che; investigatioﬁs (9,63)iwhich detected the presence- of

ionic gqg@qgtigq under similar conditioﬁs of temperature and
-oxygen ptéssure.' The 1000°C isotherm shows a slight pressure
dependent cohductivity at very low OXygen pressures, possibly
indicating the onset of excess electron conductivity; If s0,
- the ion;c pléteau is Very narrow at 1000°C. Data from the
lowergtempérature‘isotherms at low oxygen pressures are tooO
1imitéd’tbgyié1d to any interpretation.

,-An activation energy calculated for ionic conduction at

a constant oxygen pressure defined by the minimum in the |
1000°C 1sotherm (1og Po2 = -0, 5) was 27.9 kcal/mole. This-
| value is higher than that: reported by Berard et al. (75) of
19.6 kcal/mole for oxygen ion diffusion and much less than
69.2 kcal/mole for catiOn diffusion. Although good agreement
is latking,'it is assumed that the ionic conductivity results
from oxygen ion migration as predicted by the choseﬁ defect

model., The ionic conductivity can be expressed as:

" 0ion = 3.17x1072 exp(-27,900/RT) ohm ! cm™l. (85)
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 In summary, undoped yttria exhibits a pressure dependent

conductivity at high oxygen pressures which can be associated

~with electronic defects, i.e. positive holes. At lower oxygen

pressures, the presence of ionic conduction is suggested by
the appearance of an oxygen pressure independent conductivity.

These conclusions are of a general nature since the data are

' somewhat scattered due to stray conductances as high as 10% of

the measured sample conductances.

Open Circuit Emf Measurements on Undoped Yttria

Open ciréuit emf measurements were made to verlfy the
presence of predominantly ionic conduction in Y503 as sug-
gested by the electrical conductivity study. The raw data
obtained from three different tyﬁes of cells are presented in
Figure 12. A Ni-NiO electrode was chosen as the reference
electrode based on 1imited data from initial runs.  These runs
indicated that the Ni-NiO equlllbrlum deflncd a P02 ‘that was
centered w1th1n the presumed ionic domain of yttria. Fe—FeO
was eliminated as a possible electrode material since it re-
acted with Y,04 to form the compound YFeO3. Co-Co0 was also

tried as a reference électrode, however it functioned worse

than Ni-NiO as shown in Figure 12 by the scatter in the data

?fdr‘theuceli
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Ni,Ni0/Y503/Co,Co0. | XVII

. Post run examination of these cells generally indicated that

failures could be traced to oxidation of the Co in the Co-CoO

" electrodes.

The cells using a low P02 Y-Y503 electrode were employed
to determine Pg for Y503, the cells being
Ni,NiO/Y,04/Y,Y,05 | XVIIT

and .
CO,COO/Y203/Y,Y203 . XIX

One or two platinum wires were spot welded to an yttrium metal

disk which served as an electrical lead connection. Since the

‘electrode-specimen interface formed the reqﬁired two phase

equilibrium, moderate oxidation of the yttrium metal was not
detrimental to the cell,.

Steady emfs were difficult to obtain in cells using low

_-Po2 electrodes. Electrical contacts frequently lost their

integrity and often platinum embrittlement resulted in pre-

mature termination of the runs due to a break in an electrical
lead. Another serious problem arose since electrodes werc not
isolated by gas tight compartments, consequently many of the

runs were terminated by failure of an electrode to maintain a

fixed oxygen potential. This was particularly true for cells
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with large gradients in oxygeﬁ chemical potential.‘ In the
case of Cells XVIII and XIX, the presence of zirconium getter
disks further ﬁrOmoted féilure of the reference electrodes,
evén‘though the exposed surface of the electrodes was coated
with Ceramabond.

The third type of cell -

| Ni,NiO/Y}ZOB/Cu,CuZO h XX
produced some very interesting results as éhbwn in Figure 12.
Below SOOOC‘the open ciréuit.emf almost paralleled the thermo-
dynamic emf based on Cu-Cup0 equilibrium, while above 800°C
the measured emfé gradually decreased with respect to the
thermodynamic values. Within the température range of 700 to 
1OOOOC, this behaviorvstrongly indicated that Pé.m POZ(Cu,
Cu,0) and, in fact, that Pg crossed the Poz(Cu,CuZO) line.
This behavior did estaBlish that the measured emfs resulted
from. the Y2Q3 specimen and not from.spurious effects within
. the furﬁace.

Equations 68 and 69 were used to determine rough approx-
imations of Pg and Pg. Ih.the case of Py, the results were
extremely misleading. Although the resulting plot of log Pg
wvs 1/T washiinear as predicted by the conduction domain

theory, it exhibited a negative slope. Such a negative slope



“a. 0.1 Change in log Pg and log Pg compared with the previous

"log Pg and/or log Pg vs 1/T is linear. Figure 13 shows such

cycle.
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implies ;hat Qion > Q@ which is difficult to justify. Conse-

quently, Equation 69 could not be used for even a rough esti-

mate of Pg since the necessary approximations were not valid.

On the other hand, Equation 68 did provide a reliable first
order'approiimation of Pg and this represented the starting
point for evaluating the open gircuif/émf data.

The values of.Pg determined from Equation 68 were in-

-serted into a computer program which represented Schmalzried's

most general solution, Equation 60, and Pg was allowed to vary

g e

until the calculated emfs of the program matched the observed

emfs of Cell XX.  These values of Pg were then inserted into

the program and Pg was allowed to vary until the calculated

emfs matched the observed emfs of Cells XVIII and XIX. The

above iteration process was repeated until there was less than |

As prédicged by the conduction dOmaihltheory, a plot of-

a plot for undoped Y903. The ionic domain boundaries can be

expressed as: S
11030

log Pg = TEO 15.84 i - (86)
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 _35300
ylog Py = s + 15.59, f87?

Furthér analysis of Eqﬁations 86hand 87 to obtain activétion
energies will be deferred until the open circuit emf and the
gléctricél‘conduptivity data are_COmparéd.

s ¢ Since the .chosen defeét model. requires that n = 4, a
displacement of 8 (2n) is required to 1qcate the‘electrolytic
domaip‘bOundaries &itﬁ_respectAto the‘ionié‘domain bbundaries
according to Equations 27. Such a tranélation shows that,
_Qithip therexperimen;al.temperatufe range, there is no elec-
f§rolytic“domain.forzpndoped Y203..NHowever, based on extrapo-
lations ofthuation5_86;ahd_87,.aﬁ électrolytic domaiﬁ for |
Y)03 is indicated at.lower temperatures.

- The solid state dxygen gage described by McPheeters.ég
al. (67) for measuring oxygen contamination in liquid sodium
.psiné'a;pupe Y203_¢1e9tro}ype'has_begﬁ operated at a lower
 p¢mperature-(400°C)._,Figure 24 shows proposed ionic domain
poﬁndaries f;r variOus_rare_earth oxidés, Y703, and several
solid electrolytes exhibiting the fluorite structure. Also
ipcludedion}this'plot“is the NajNa204equilibriuﬁ with various
iso-concentration lines for oxygenvdissolved in liquid sodium.

Assuming that an extrapolation of log Pg is justifiable, it
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becomes obvious that the ionic domain of Y203 is located
above the Na-Na)O (88) eéuilibrium. The conclusion is that
the unaoped Yé03 of tﬁis research could never by used as an
electrolyte (tion_2.0.99) to measure oxygen activities in
liquid sodiuﬁ. Furtherm;re, even if Y703 could be used, the
ionic cohduétivity is so low thatvequiliﬁrétion times would»
be prohibitively long.

The yttria used as an.electrolyte in tﬁe electrochemical
cell patented by Mcéheeters et al. (67) is described as '"high
purity yttria (less than 1/100% impuriéies)." Previous inves-
tigationé (21,63) along with the presentvinvéstigation indi-
_cafe that the‘eiectrolytic domain of_yttria broadens with in-
~creasing impurity content. AltHOugh the impurity content of
the yttria used in this research was higher than that de-
scribed by McPheeters et al. (67), the electrolytic domain was
so small that it did not include-the Na-Nay0 equilibrium.
This assumed that extrapolation of Equation 87 to lower teéper~
atures is valid. One plausible explanation for their ﬁeasured
open circuit .emfs is that their yttria electrolyte became
contaminated with sodium from the electrodes. 4The increasedA

impurity concentration would lead to enhanced ionic conduc-

© tion. The fact that McPheeters et al. (67) did observe sig-
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nificaht electronic conductivity'at SOOOC indicated that the
lower limit of the electrolytic domain for their yttria was
very close to the Na- Na20 equlllbrlum

McPheeters et al. (67) also implied that CSZ has been
used as a SOlld electrolyte but its effectlveness was limited
by.a reaction with sodium...Patterson (16) has evaluated the
ey1st1ng data concerning the electrolytlc domain for CSZ. His
results are-shown;ln Figure 24 and indicate that CSZ would'
.also be questionable as an electrolyte much below‘the Na-Na,0
equilibrium: . In:fact, according to. Figure 24, the only materl—
;aludhhich_appears‘satisfactory for this ourpose is YDT and
investigatlons‘concerning'such measurements are eurrently
being pursued at harious laboratories. |

Figure 24 also includes Tare and Schmalzried's determina-
tion (21) of log Pg ard log Pg for Y03 at 825°C. The ionic
domaln deflned by these two p01nts is larger than the ionic
‘domaln determlned by thlS research Tallan and Vest (63) have
shggested that such differences may result from differehoes~in
the impurity eontent ot the Y203..
R The flnal least-sqhares values ot log Pg and 1og Pg were
inserted into ahotherleo@puter'program which plotted Schmal-

zried's most general solution, Equation 60, of emf as a func-

CoL
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~ tion of 1og P02 bétween iog PO2 =_0 and -54. The,resulting
curves are shown in Figure 14 for various temperatures. The
'1arger maximum emfs with decreasing temperatﬁre indicate the
widening of the ionic domain in accordance with Equation 67.
The computer program also évaluated t;on at each partic-
~ular P02 value based on Eéuation 59 in which n was assumed to
be 4. The results are summarized in Figure'ls and graphically

illustrate that t; .  is less than 0.99 between 700 and 1000°C.

n
AExfraﬁolation of the data to 400°C indicates the presence of
an electrolytic domain, hqwe§er it is located well above the.
Na-Nay0 equilibrium.
Proviaed that a value of the electrical conductivity is
known for a particular femperafure and 6kygen partial pres-

sure, a complete c0nductivity vs 1og.Po2 curve can be calcu-

lated from the individual values of tion @S follows:

97 = %on/tion L. (88)
- where 0j,, is constant at constant temperature. A comparison’
of the measured electrical conductivity data with that derived
'érom 6pen circuit emf measurements is shown in Figure 16. The
refefence conductivity for each temperature was that of Y504

in pure oxygen since it compared favorably with other investi-

gations and represented the most reproducible data. There is
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very good agreement between the'lOOOOC isotherms. This is
particularly gratifying since emf and coﬁductivity measuré—
ments involve completely independent experiments. The 1iﬁited
. amount of c0nductivity data at the lower ;gmperatﬁres makes it
},impqssible té.draw anyléonclusions, however departures do be-
;Tg§gshw9rseﬂwith degreésihg,temperatureS-
A useful acéivation energy, which'acfually represents the

;Ldifferénce_between Qg and Q; can be obtained by equating the

‘ion
_ terms involviﬁg 1/T in Equations 25 and 86:
. Qg -Qioy = 12.6 kcal/mole. = | (89)

~« This-value compares satisfactorily with 18.2 kcal/mole ob-
tained from the conductivity data. A similar treatment of
- Equations 26 and 87 leads to

Qo - Qjon = 40.4 kcal/mole i (90)

. which when combiﬁed with:Qion.from the electrical conductivity

{ studies and from the open circuit emf;measurements gives a

¢ ‘bracket for Qg 6f 68.0 to 75.7 kéal/mole[ The fact that,

I Qg > Qp suggests a shift .in the p-n junction with respect to
iog P02 as illustratea in Figure'lc. Tallan-and Vesf (63)

" ‘have ‘observed :this behavior. = -
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X-ray and Density Studies of Yttria Doped

Hafnia Sqlid Solutions

Hafnia soltd solutions with 2 to 20 m/o Y904 were sub-
jecteh to x-ray analysis to determine the solubility limit of
HfOy in the cubic fluorite structure. The presence of both
the monoclinic Hf0) and the cubic fluorite characteristic
‘peaks on the diffractometer treees indicated that.the system
consistsAof two phases between 2 and 6 m/o YZOS' For eOmﬁosi-
tions between 8 and 20 ﬁ/o Y5053 only the cubic fluorite phase
appearee,'COnsequently the'phese boundary lies betweeh'6 énd

8 m/o'Y203; | |

The variation in_flﬁorite phase lattice paremeter with
composition is shown in Figure 17. This variation can be
accounted for by the relative size of the ions, since the
jionic radius of Y +3 (1.02 A) (89) is larger than that of Hf +a
(O 83 A) (89). The 1attlce parameters in thlS study were
determlned by the extrapolation method of Cohen as modified
by Vogel and Kempter (83) and are based on all the observed
peaks for the two phase c0mp031t10ns and only those peaks for
which 20 > 60° for the single phase c0mpositiohs. The lattice

parameters obtained in this investigation are in good agree-

ment with published values (70). -
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As Y903 is added to Hfdz; the éhargé ngﬁtrality is main-
tained b§ one of two defect.structures.- Either ﬁhe cation
sublattice remains'COmpletely filled and the apprOpfiate
number of anion vacancies are created, or the anion sublattice
remains filled and the excess cations occupy interstiﬁial
sites. The difference between ﬁhe two models is the addition
of extra cations‘or the absence of 0xygen ions within a unit

- volume and ShOuld be réflected by a difference in densities.
A compariéon between the méésured apparent dengities and thé

[P S -~

theoretical densities for each modei’caléulated from'thek
lattice parameter data‘is shé@ﬂ.in Figuré 18. On the basis
of'these.datakand the simiiafity between YSH andiCSZ, it was
concluded thét the single phase cubic solid solutions poésess
a fluorite-type s#ructure with a filled cation sublattice and
anion vacancies. B
: ;Appareﬁt densitiés were détermined oﬁ siqtered disks con;
ﬁaining 10 to 15% toﬁai'pbfdéity by a water diéplacément
method. Assuming that the disks were still within the open

bpore stage of sintering, the apparent densities should be very

. close to the pycnometric values.
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.Electrical-Conductivity of Yttria Doped Hafnia Solid Solutions

The elect;ical'conductivities of the yttria doped hafnia
solid solutions Qere measured as a function of composition and
oxygen partial pressure to determine the optimum compositioﬁ

. for further inyestigation as a possible electrolyte. Figure
19 is a plot of-log\ci-vsii/T(oK) for compositions from 6 to
20 m/o Y5033 ;ctivation energies.are included for each compo-
sition. The conductivitieé shown in Figure i9 were measured
in dry air using a 3%pr65e‘method (87) with porous platinum
electeres.?' o T
’ At é‘constantAteméeraﬁufe of 100000, the conductivities
reﬁained¢unchanged in atmospheres pf pure oxygen, air, He/O,
at.ratioé of 10:and 100, and purified helium in which log Po,

was found to be <10 as measured by an ;g—gigg'solid electro-
lyte oxyéen gage. - This type of behavior indicated that all
the compositions investigated @ere‘ionic conductors. Conduc-

- tivities measured in controlled CO 2-CO mixtures were signifi-

. cantly lower than those measured in the above described atmos-

phéres. Nd-explanation for this type of behavior is offered,
particularly since other independent experiments supported‘thé
presence of a pressure independent ionic conductivity.

The electrical conductivities agree well with values
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previously~repor£ed by Besson et al. (18) within the common
temperature range of 900 to 1000°C. ﬁowéver, activation
~energies reporﬁed by Besson et gl. (18) are approximately 0.25
ev higher than those obtained from Lhié work.

Since thé 8 m/o Y505 coﬁpositiou possessed the higheét
‘condugtivitj and the'lowest activation energy as shown in
- Figure 20, it was chosen for further inVestigatioﬁ as a pos-
sible elecifolyte. The fact that-the 6 m/o éomposition hadl

the same activation energy as the 8 m/o composition but a

‘lower total conductivity supports the x-ray studies in placing>

the phase boundary between these two limits. If there are two
phases present at the 6 m/o composition, the monoclinic HfO,
solid solution would be present as small islands in a contin-

uous cubic fluorite host with a composition corresponding to

the solubility limit of HfOj in the fluorite structure. Indi-

cations aré'tbat the conductivity is much lower in the mono-

clinic phaée'(18) than in the fluorite phase, consequently the |

-measured conductivity and éctivation energy would correspond
to the continuous fluorite host with a slightly reduced effec-
tive cross sectional area. Thus the effect éf the nonconduét-
ing islands would be to decrease the total flux and thereby

decrease the apparent total conductivity without altering the

e 7 e v b A T
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acfivationienergy.

Figure 20 shows a trend of increasing activation energies
and decreasing‘conductivities for increasing Y503 content |
above 8 m/o. This trend has been previouély observed for the
fluorite phase of the Y,03-HfO; system (18,90) and other
similar systems (10,19,32). It has bee;-suggésted that this
trend is due to ordering of anion.vacancies which are then not

as free to participate in the conduction process (8).

Open Ciféﬁit Emf M;ééuré&ents‘gn 8 m/o Yé03—Hafnia
Straight£;£ward oﬁén—circuiﬁuéﬁf measurements were made
on the foilowing celis:
Ni,Ni0/YSH/Co,Co0 _ XX
Cu,CuyO/YSH/Ni ,NiO XX1I
to check for electrolytic behavior of the 8 m/o Y903 composi-
:tion. ‘The results of these measurements as a function of
_temperature are given in Figure 21. The'measured,eﬁfs are
slightly lower than the thermodynéﬁic emfs given by Equation
66. The pressure independence of the conductivity in the
high oxygen pressure region and the magnitudes of 0g and og
from polarization experiments suggest that the low emf values
:are-noé:the;result of a peréeptible electronic transference

number (fe > 0.01).
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Open circuit emf cells, such as

'Cu,Cuy0/YSH/Fe,Fel L XXIIIL

Fe,FeO/YSH/HE ,HfO, - © o XXIV
Co,Co0/YSH/NbO,NbO, ' XXV

which involved large oxygen potential gradients did not pro-
;dﬁce~stableuemfs; It was believed‘that_the large émQunt of .
.open porosity in the samples allowed molecular or atomic

~oxygen, to .be fransferred through the electrolyté leading to

failure of the electrodes to maintain a fixed oxygen poten-

<tial, To combat this problem and rejuvenate the cell, an

;;apprgpriate\voltage_waé applied to the cell to titrate oxygen

-from the low to the high oxygen potential electrode. The

-titrations were deliberately designed to "over restore' the

apparently polarized electrodes. The titration current leads
Were-then removed'and‘the open circuit emf was recorded as a
-function of time. ' The open circuit emfs decreased to a steady

value, which remained essentially constant for perceptible

.periods of time before starting to decay again. In all cases,

“the emf vs time plateaus correspoﬁded very closely to the
:thermodynamic emfs as illustrated for example by Cell XXIII.
:Oxygen was titrated away from the Fe-FeO electrode and into

:the Cu-Cuy0 electrode. " The cell was open circuited and “two
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plateau emfs were observed at 700°C with respect to Fe;FeO
equilibriuﬁ; the first one corresponded to CﬁzO-CuO equi-
librium (810 mV).and the second one corresponded to'Cu—CuZO
equilibrium (533 mv) .

.Anqthefminteresting obseryation cbncerning this cell
titration was that the emf iﬁitially décayed (4 mv) below the
Cu-Cuy0 plateau value befofe regaining the plétéau value..
Tare and Schmalzried (57) observed this type of behavior when
they investigated_the-deéomposition kinetics for COy during
the oxidation of iron to-wﬁétite by C0,-CO gas mixtures;
Following their interpretétién, the 4 mv dip mentioned above
is a measufe of the oxygen chemical potential difference re-
quifed £o nucleate'Cuﬁin Cuy0. |

The data fér Cell XXIII as répresehted in Figure 21 were
obtained from steady plateau emfs with time following coulo-
metric titration of the cell, |

Similarly, emf daﬁa were extracted from Cells XXIV and
XXV following oxygen titration to rejuvenate the electrodes.
Both cells supplied lim§ted informatiOn'at\looooc.before a

break in an electrical lead terminated the runs. Cell XXV

produced an emf plateau between 640 and 620 mv as compared to

‘a thermodynamic emf of 639 ‘mv. This indicates that the 8 m/o
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Y903 composition remains very.nearly an electrolyte at oxygen
partial pressures as low as log P02 = -21.9.

~.The open circuit plateaﬁ emf for Cell XXIV was at 595 mv.
Since the necessary'approximations are valid, Equation 68 was
uséd to calculate the lower limit of the ioﬁiq domain, i.e.
log PQ = -24.4, It is interesting to note, as shown in Figure
24, that this point is very closeAto log Pg for CSZ.

- Representative saﬁples taken after the sintering process,
the conductivity, and the emf investigations were submitted
for electron microprobe and wet chemical énalyses to verify
the composition of the solid solutions and to check for con-
tamination.resulting from the electrodes used in the emf
studies. Resulté showed that the compositions remained un-
changed and equailed the calculated compositions basedbon the
standardized yttria and hafnia liquid solutions. As expected,

the microprobe analysis indicated that the Fe-FeO electrode

“reacted slightly with the fluorite solid solutions, probably

due to the presence of Y503. .No reaction zones could be
detected for the other electrodes used.
D-c Polarization Measurements on 8 m/o Y03-Hafnia

- An electrolyte of 8 m/o Y03 was subjected to Wagner d-c

polarization measurements to determine the magnitude of the
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electronic‘condﬁctivity., A vbltage was apﬁlied across the
cell ‘

Cu,Cuy0/YSH/Au, Pt | XXVI
forcing the oxygen ions to migrate to the reversible elec-
trode. The steady state cﬁrrent, which is assumed to be
entirely electronic in‘nature, was recofded as a function of
| "the applied voltage. The data were analyzed through the use
_ofAEquatibn'77 and the results are shown in Figure 22, where
og and og represent the hole and excess electron conductivity,
respectively, at the Cu-Cujp0 electrode.

. . The total condﬁctivitiés of the 8 m/o Y903 composition
'ﬁeasured in this investigation were assumed to be the ionic‘-
conductivities. fhe hole and excess electron conductivities
given in Figure 22 wére extrapolated based on a +1/4 and a
-1/4 oxygen pressure dependehce until they intersected the
ionié conductivity. These intersections define the jonic
domain and are represented by log Pg and log Pg. Reéults from

this type of analysis are summarized in Table 5.

Table 5. Log Pg and log P@vfor 8 m/o Y903-Hafnia

Temperature log Pg log Pg
(°C) (atm) (atm)
1000 +8.4 -24.8

850 +5.1 -28.7
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Figure 22. Converted data plot'according to Patterson (14)
for d-c polarization measurements with the cell
Cu,Cu90/8m/0 Yy03-Hf0y/Au,Pt
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The 850°C data appear dquestionable when analyzed accofding to

‘Wagner's theory (77). Although the data showed the expected -

nonohmic behavior when plotted on a I vs E graph, doubt
arises when the data are plotted on a log Is vs E graph. At
high applied voltages (E > 300 mv), the 1000°¢C data possessed
tﬁe theoretical slope éf F/(Z.BRT) while thé 850°C data gave
half the theoretical slope. The iess than theoretical slope
at 850°C could indicate a change in conduction mechanism,
however the open circuit emf and electrical conductivity
studies do noﬁ support this idea. Therefore, only the 1000°C
- data are used with‘ahy confidence.

Analyéis-oftthe polarization data at 1000°C did locate
the upper and lower limits of the ionic domaiﬁ. In fact the
lower domain limit of 1ogAPe = -24.8 is in excellent agreement
with that of log Pg = -24.4 obtained by open curcuit emf meas-
urements on CelleXIV. The ionic domain boundaries .from the

1000 polafization results are shown in Figure 24.

Coulometric Titration-Open Circuit Emf Cell Results

The cell pictured in Figure 9 was used to compare the
electrolytic behavior of Y3H with that of CSZ. The results
of the measurements are represented in Figure 23 and can be

'very simply summarized by the following expression:
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E(YSH) > E(CSZ). | (91)
Since CSZ is an»accepted électrolyté (4) over the entire £02
rangehscanned?.Relation 91 implies th;t‘YSH is also an elec-
trolyte over the same P02 range. The difference between the
two measuréd open circuit emfs for a given appiiéd poteﬁtial
is believed to iesult'from contact and ele;trode pfoblems at
the COﬁmOn'interface, rather than from nonelectrolytic behav-
ior of eitﬁer thé CSZ or YSH specimens. The‘fact that the
-applied voltage across:thé oxygen pﬁmp was significantly
gfeater than the measured openiéircﬁit'emfs also supports
~this beligf.

‘Since this is the first time a cell ofithis type ﬁas ever
been used,“there are certain experimental difficulties asso-
ciated withvits operatibn. However, it does appear to offer
-én experimental method for détermining ionic domain boundaries

of various materials. o -
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"Figure 24.

Ionic domain boundaries for wvarious oxide
materials '

1. Na,Nay0 equilibrium, Wicks and Block (88)
2. Py, Yy05, this research
3. Pé, Y903, this research

4 Py, Y03, Tare and Schmalzried (21)

-0 Pg, Y903, Tare and Schmalzried (21)

.4. ‘P@; CSZ,,Pattérson (16)

5.  Pg, CSZ, Patterson k165

6; Py, YDT, Lasker and-Raép (10)

7. Pg, YDT, Hafdaway (15) -

8. Py, Cd203, Tarelané Séhﬁaizried (21)
9. Py, Smy05, Tare and Schmalzried i215

10. Pg Sm203, Tare and Schmalzried (21)

_11. Py, Dyy03, Tare and Schmalzried (21)

12. Pg, Dyy03, Macki (65)

v APQ’ YSH, this research

¢ Pg, YSH, this research
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CONCLUSIONS

1. Undoped Y505 is a mixed conductor showing a narrow
ionic conduction domain (tjon > 0.5) but no electrolytic

domain (tjon > 0.99) within the temperature range (7OO~1OOOOC)

studied. The ionic domain boundaries for Y503 may be repre-

sented by _
log By = 11,030 _ 45 g4
: : T (“K)

and -

leg Pg = ?%%3§§9 + 15.59.

. 2. At high oxygen paffial pressures, the total conduc-

tivity behavior for undoped Y503 was indicative of positive

~hole conduction.

- 3. Previous claims regarding the use of pure Y503 as a

solid electrolyte to obtain an accurate electrochemical meas-

urement of oxygen potentials in liquid sodium are exaggerafed.
'4. The cubic fluerite phase of yttria stabilized hafnia
remains stable from about 7 m/o Y503 to compositions greater |
fhan 20 m/o Y504 which was the,highest composition used in
this investigation.
5. The fluorite phase is an anion defective structure

with substitutional replacement of hafnium with yttrium.
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Charge neutrality is maintéined by fully ionized anion vacan-
cies;

6. . All yttrithafnia solid solutions between 6 and 20
m/o Y505 exhibit a predominant ionic conductivity at elevated

temperatures as evidenced by the oxygen pressure independence

- of the total conductivity. -

7. Within the yttria stabilized hafnia fluorite phase,

activation energies increase and total conductivities decrease
with increasing Y905 content. These trends suggest a tendency

. toward anion vacancy ordering.

8. - The 8 m/o Y903~-Hf0) composition is a solid electro-

lyte over finite oxygen pressure and temperature ranges. The

~electrolytic domain width (tjon > 0.99) for this composition

at 1000°C is from log POz(atm) = -16.6 to +0.4 and is very.

. similar to that of calcia stabilized zirconia.
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_ Appendix A. Derivation of the Open Circuit Emf

~Across a Mixed Conductor

-

Consider a Binary oxide scale, M,0,, formed on a metal,
"M, subjected to an oxidizing atmosphere as shown in Figuré 25.
The most general case of conduction behavior for the scalé is
assumed; it exhibits gignificént ionic and elégtronic conduc~
.tivity under constant temperature and the prevailing chemical
potentials of the metal andAgas phase.during the oxidation
process.

An expression for the open ﬁircuit emf of a cell involv-
ing phases.of locally variable composition may be derived

with the aid of irreversible thermodynamics. The equation for

the total current assuming a system at constant temperature is:
S
Ip = A E qi1J; o - (1A)
' i=1 S )

where J; is the flux of thevith'comPOnént expressed in parti-
cles/cm? and q; is the total charge carried by the ith typé
barticle. The index i represents the type of charge carriers
as specified in Table 6. A is the cross-sectional area ex-

2

pressed in cm“.

At any general locatioﬁ x, the flux J; of the ith type

- —Te————— Wit - = e e
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METAL |OXIDE SCALE | 0O, ATMOSPHERE .

ELECTRODES

4/ " AND LEADS | -

L— E=¢p(L)-(0)

Figure 25. Schematic diagram representing the oxidation of a metal which can
- be thought of as a galvanic cell with a mixed oxide conductor
placed between two unlike reversible electrodes :

71
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particle is given by the viscous medium description of diffu-

sional fluxes,

CiBi
J; = - - vy (2A)
. where ¢y is the concentration of the ith species in particles/

cm3, N is Avagadro s number, Bj is the absolute mobility
expressed in partlcles cmz/cal sec. ,<énd n; 1s the electro-
chemical potential and is defined as follows:

Moswg D (34)
where p; is tﬁe chemical potentiai in cal/mole“and § is the
electrostatic potential usually expressed in volts. If the
‘term involving the electrostatic potential is divided by the'
constant 4.186, then the term has the same units as by

One of the macroscopic variables that can be measured is

the electrical conductivity.

9395 -
°i = | Tvg IRV S
Substitution of Equations 2A and 4A into 1A' leads to a new

expresSiQn for the total current.

Z l (54)

zH>

Since most solid oxide electrolytes derive their unique
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property from the presence of a defective anion sublattice,

only those equilibria involving the anion lattice will be con-

sidered, however defects on the cation lattice can also be

accounted for if required.

n

Table 6. Index notation

Index 7 Species Symbol
1 ionized oxygen vacancy - Vo
‘ : : : "
2 ionized oxygen interstitial - Oi
3 _ - electron ' ' o
4 . hole o )

The intrinsic equilibria influencing the defect structure

of . the mixed conductor are

X : ’

o, = 0 + @' | ~(6A)
x M ‘ o

o0 = 0i + VO-L o ‘ - (78)

Equation 6A fepresents an electron in the valence band that
has been excited intp the conduction band and leaves a re-
.sultaﬁt positive hole iﬁ the valence band. Equation 7A repre-
sents the formation of antiFrenkel defect. The incorﬁoration
equilibria that control tﬁe formation of holes, excess elec-

trons, and anion defects, and allows the crystal to change
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~ stoichiometry are

1" q A
0, = 0, + .(_1_2- 8 | (84)
3 . -
. 4 - | .
Of = %0, + Vg -—+0. (94)
Y g T

.- Equation 8A nérmaliy predominates in high oxygen pressufe
regions, while Equation 9A applies tovthe low oxygen pressure
regions. The above equilibria allow certain‘electrochemicél.
potentials to be rewritten intte%ms of other more desirable

‘electrochemical potentials and/or chemical potentials, such as

VT]4 = .’Vn3
MR (16A)
VN = ¥¥ug, - 32 VAU _

3

9N, = -1 91
V= —/2Vl»b02 +—= vng.

"~ Using the results of the equilibrium conditions, Eqﬁations 10A
can be substituted into Equation 5A to yield the total current

at a location x
o o, .
. Al ion T
Ip = -%| > 7 9N - 11A
T ‘ N[qz.Vuoz a3 3], (114)
where the ionic and total conductivity are defined as

%on = 91t 9

.
e . = T ———r———— . 2P 5 et



T T p——

sults from ionic movement.

' | 3 Pt,.. Pt :
Ce—_— . .dh, = N L) - 0 = FE ]-SA
ot J o tion ho, = i PHOI=EE (s
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Op = 0y +'02 + 0y + gy - : (124)

Under open circuit conditions the total current through'the

mixed conductor is zero. The ionic transference number is

defined as the fraction of the total conductivity which re-

7 Yon T B | - (@A38)

Setting Equation 11A equal to zero and inserting the defini-

tion given by Equation 13A, the resulting equation is

Considering a unidimensional flow of fluxes between two revers-
ible electrodes on either side of. the mixed conductor 1ocated_
at x = 0 and x = L as shown in Figure 25, Equation 14A can now

be integrated.

“o, (1)

u02(0)

where ﬁPt(L) and ¢Pt(0) are the electrostatic potentials in
the platinum leads, uoz(L) and uoz(O) are.the oxygen chemical
potentials at ‘the appr0priéte interfaces, F is Faraday's

constant and in this case is equal to 23,080 cal/volt-mole,
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so that the open LifCUit emf, E, will be given in volts.

EquatiOn'ISA assumes that there aré no reactions ér
polarization effects occurring at the électrode/mixed con-
ductor intérfaces. Rearraggement of Equation 15A leads to
the more common form; |

fo, ).

-1 ‘[ ' .
= —— t dpa,. - (16A)
2F qy/q3 ion TR0y .
. ko (O)
. U2
From Equation 16A it can be seen that the open circuit emf
across the oxide scale of a mixed conductor is sensitive to
~the amount of current carried by the ions and to the chemical
potential gradient of the neutral species across the scale.
Equation 16A can be expressed in terms of oxygen partial

pressures, which are more measurable quantities.

-RT J‘ )
E = 77— s d In P 174
oF q2/q3 - 10n n 02 . F )
- 11‘1P02 (0)

The above derivation is based on the scaling rate theory as

proposed by Wagner (2,80).
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. Appendix B- Elecirical Conductivity Data for Undoped Yttria

Run 1. ~Air induction Y503
) T

oa -Logo 1 -Log Pg
. (ohm-cm) (atm)
1006 6.08 6.15
958 6.29 6.68
9205 6.54 -7.33
852 6.80 8.03
801 7.05 8.78
742 7.33 9.72
691 7.59 10.64 -
994 6.10 6.27
953 6.29 6.74
902 6.52 7.36
855 6.75 . 7.98
- 796 --7.05 8.84
746 7.29 9.64
698 7.53 10,50

Run 2. Hot pressed Y503

1003 |

6.28 ' 11.6
958 6.44 - 11.6
913 6.62 11.6
860" - 6.89 11.6
801 7.09 11.6
7.57 11.6

697

"Run 3. Hot pressed Y504

1001 4.80 0.00
1001 4. 90 0.68
1002 5.06 2.00
1002 6.32 - 9.79

1004 6.27 - 11.76
11003 6.19 13,78
1006 5.96 15.73

Run 4. Air induction Y203

og -Logo . ~-Log Py
(ohm—cm)—L (atm)
991 4.74 0.00
991 4.86 © 0.68
992 5.21 2.00
992 6.26 9.98
991 4.86 . 0.68
950 5.07 0.68
907 5.30 0.68
851 5.65 0.68
79 6.02 0.68
744 6.39 0.68
698 6.77 0.68
994 6.23 1 9.95
951 6.50 "10.76
903 6.74 11,73
850 7.00 12.92
801 7.22 14,13
748 7.45 15.55
702 7.65 -16.93
997 6.20 9.88
993 6.25 11.96
994 6.25 13.95
993 6.07 15.96
993 4.61 ~ 0.00
Run 5. Slip cast Y503
993 6.10 13.95
994 6.21 11.95
994 6.24 9.94
995 6.20 11.93
995 - 6.08 13.92
995 5.84 15.93
997 6.08 13.90
997 5.87 15.

88
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'og -Logo -Log Po, - og © -Logo -Log PO,
(ohm-cm) ™ (atm) (ohm-cm)"1 (atm)

Run 6. Slip cast Y,03 Run 10. Hot pressed Y503
992 4.75 0.00 998  6.29 - 9.87
897 5.51 0.00 998 6.27 11.87
796 6.39 0.00 998 6.18 13.87
701 7.24 0

.00 ' 998 6.23 15.87
Run 7. Slip cast Y903 | |
.00

. 992 4.94 0
- 896 5.60 0.00
802 6.34 0.00
707 7.15 0.00
995 5.40 .2.00
896 6.05 2.00
796 6.74 2.00
701 ~7.43 2.00
Run 8. -Slip cast Y903
1002 6.28 - . 10.31
905 6.70 - 11.89
808 7.25 13.76
708 7.86 16.07
756 7.62 . 14.89
858 7.09 12.76
953 6.01 11.08
Run 9. Slip cast Y504
994 4.76 0.00
894 5.48 0.00.
805 6.18 0.00
705 7.02 0.00
756 6.60 0.00
852 5.81 0.00
947 5.09 0.00
995 - 4.76 0.00
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Appendix C. OUpen Circuit Emf Data for Undoped Yttria

Cell: Ni,Ni0/Yp03/Y,¥,04

T ‘Measured ‘ Thermodynamic
°c emf (mv) emf (nv) (86,84)
993 . 152 ‘ 1713
946 162 1717
859 , - 180 - 1722
807 201 1724
755 o 214 . 1728
697 229 _ 1733

1003 173 1712

950 169 1717

902 - 164 ‘ 1720
- 858 168 _ 1724

802 165 1729

Cell: Co,C00/Y903/Y,Y,04

T o Measured Thermodynamic -
oc - enf (mv) emf (mv) (4,84)
1007 26.5 1615
953 36.6 1623
901 » 44,7 1631

Cell: Ni,Ni0O/Y,05/Co,Co0

T Measured Thermodynamic

oc emf (mv) emf (mv) (86,4)
1016 96.8 .98.0
1008 90.5 97.5
957 : 73.5 9.0
@05 67.5 90.6
- 852 72.9 87.0
996 70.9 96.7
953 50.2 93.8
0 90.6

906 4.



Cell:

Cell:

Ni,Ni0/¥503/Co,C0o0 (continued)

T '~ Measured
S¢ enf (mv)
849 65.0
879 75.9
930 51.9
972 50.1
996 ' 56.0
Cu,Cuy0/Y,03/Ni,Ni0

T Measured
°c emf (mv)
1006 137.5
958 166.2
904 197.8
852 226.1
801 248.8
742 264.3
691 271.7
994 “144.9
953 171.0
902 202.5
855 226.4
796 250.6
746 263.8
698 268.2
1016 157.8
1008 162.3
957 184.4
905 216.7

Thermodynamic

emf (mv)
86.8
88.8
92.2

95.0
96.7

(86,4)

Thermodynamic

emf (mv)

258.
262.
265.
269.
273.
277.
280.
259.
262.
266.
269.
273.
276.
280.
258.
258.
262.
265.

(36,86)

WWNRWLWOUNNWEHFEANIONNDOWYWNY
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- Hafnia in Dry Air

T

:.AppendixiD. Electrical Conductivity Data for Yttria Doped

0 0 -Log ©
¢ (ohm—cgl'l C (ohm-cm)"1
6 m/o Yy03 - 94 m/o HfOy 10 m/o Y903 - 90 m/o HfO)p
-1001 1.99 997 1.73
996 ~2.00 996 1.68
971 2.05 . 963 1.78
948 2.10 948 1.79
- 925 2.16 928 1.86
901 2.21 906 1.90
876 . 2.29 879 2.00
- 849 ©2.36 852 2.08
. 826 2.45 - 826 2.18
798 2.54 801 2.28
SR S ©o - 994 1.69
8 m/o Yy03 - 92 m/o HEOy ‘ 950 1.77
: I 906 1.90
1007 1.57 858 2.05
978 1.64 799 2.25
957 1.67- : A
935 1.73 ) 12 m~/o Y203 - 88 m/O HfOz
911 1.79
.883 . 1.88 998 1.74
852 1.96 948 1.85
829 2.04 907 1.97
801 2.14 855 2.13
999 - 1.60 797 2.34
998 - 1.58
967 1.66 14 m/o ¥,05 - 86 m/o HfO,
946 1.70 .
921 1.77 996 1.88
905 1.80 999 1.87
877 1.88 967 1.96
- 852 1.95 946 2.01
8%z 2.05 926 2.09
801 2.12 904 2.16
880 2.26
856 2.34
830 2.45
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14 m/o Y903 - 86 m/o HfOy 20 m/o Y503 - 80 m/o HfO,
(continued) : : . :
797 2.58 ‘ 1002 2.25
995 1.85 973 2.38
996 1.88 952 2.46
948 1.99 - 923 2.60
948 2.02 ' 907 2.68
904 2.15 - 877 2.82
905 2.15 ‘ 852 2.95
851 2.34 . 826 '3.09
- 850 2.35 - 798 3.25
2.57 - .

800

16 m/o Y503 - 84 m/o HfO,

- 994 . 2.05
996 . 2.05.
948 02.20 .
951 2.21
206 2.37
907 2.38
854 2.60
854 2.61
801 2.87

18 m/0 Y,05 - 82 m/o HEO,

1001 2.19
977 2.30
954 2.38
930 2.49
910 2.57
885 2.70
856 2.83
830 2.97
801 3

.13



 Cell:

Cell:

Cu,Cuy0/8-92 YSH/Ni,NiO

T
°c

1001
1001

- 994

994
954
954
896

896

894
894
854

854

806
806
753
753

704 .

704

Ni,Ni0-8-92 YSH/Co,Co0

T

Oc

980
950
895

- 849

798
745
695

258.
257.
- 258.
- 258,
- 261,
- 261,
264,
- 264.
264
264,
266.
267.
270.
269.
273.
273,
276.
276.

93.
91.
87.
83.
79.
76.
69.

AN PO OWO

Measured
emf (mv)

NV OVONNWOPPO™WOWWO O

- Measured
emf (mv)

" Appendix E. Open Circuit Emf Data for

8lm/o Y203 - 92 m/o Hf02

Thermodynamic
enf (mv) (36,86)

259,
259.
259,
259.
262.
262.
266.
266.
266.

© 266,
269.
269.
272.
272.
276.
276.
279.
279.

wowuhnoohnUhu~IUTUNNULLTNIINN

Thermodynamic
emf (mv) (86, 4)

95.6

93.6

89.9

86.8

83.4

79.7

76.4
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Cell: Cu,Cuyp0/8-92 YSH/Fe,FeO

T
oc

1003
1000
950
900
851
803
758
707

Measured
" emf (mv)

543.
541.
542,
542.
539,
538.
534,
532.

acalbwouvoNnvuUno

Thermodynamic

emf (mv)

545,
545,
544,
542.
540.
539.
538.
536.

(36,86)

rPOPOUVTRON
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-Appendix F. Polarization data for 8 m/o Y903 - 92 m/o HfO,

Applied voltage Current Applied voltage Current

Ep (mv) : I_(uA) Ep (mv) I_(nA)
Run 1P* Cu,Cuy0/YSH/Au,Pt Run 1P¥ Cu,CuyO/YSH/Au,Pt
 1000°¢C o ‘ 850°C
143 4.6 430 8.70
440 31.5 425 8.40
494 48.5 413 8.00
384 : 18.3 401 7.45
301 10.4 385 ©6.90
200 6.1 365 6.22
102 4.0 342 5.65
61 2.5 310 4 .93
196 6.4 260 4.17
252 : 8.4 294 4.50
342 B 14.6 361 5.90
. 420 27.0 395 7.05
- 469 41.7 184 3,22
484 | 46.1 132 ' 2.95
473 42.7
IXIA - 39.7
454 “36.4
432 30.2
406 - 23.9
39 21.5
360 16.4
321 12.4
283 9.8
192 6.7
332 14.2
0

372 19,

‘*A(cmz)/L(cm) = 7.59(cm) for Run 1P.
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Applied voitage ‘A.Current Applied Voltage ' Current

Ep (mv) Im(MA) Ep (mv) 'Iw(uA)
Run 2P** Cu,CupO0/YSH/Au,Pt Run 2P** Cu,Cuy0/YSH/Au,Pt
1000°C ~ ' 850°C ’

101 3.90 424, 7.24
125 4.41 412 6.95
142 4.91 ' 396 6.50
- 173 - o .5.72 . - 380 6.24
201 6.60 360 5.71
226 7.52 ' 331 5.13
252 8.73 290 4,52
279 , 10.18 193 -3.60
298 11.50 158 - 3.32
333 : 14.52 : 164 3.38
354 ' 16.82 222 3.86
394 122.28 262 4,20
421 126,95 . 311 4.74
441 . 31.00 T 346 5.28
- 482 40.20 - 370 5.72
463 - 36.38 389 6.13
452 33.99 405 6.50
432 29.76 '
409 - -~ 25.72

372 . 20.01

%A (em?) /L(cm) = 7.56(cm) for Run 2P.



160

Appendix G. Lattice Parameter and.Density Data for Yttria
Doped Hafnia

. Theoretical density

. ;Lattice' Vacancy Interstitial  Apparent
Composition  parameter model model density
m/o Y503 ag & gm/cm3 gm/ cm3 gm/cm3

2 - 5.1215 )

4 5.116,

5 - 5.1227

6 ~ 5.123; \ |

.8 B 5.1242"> 9.676 110.048 9.555
10 5.1285  9.490  9.941 9.437
12 5.1313 9.319  9.846  9.230
14 5,134 9.154 °  9.753 8.916
16 5.139 8.979 9.644 8.832
18 5.1454 8.808 9.535 ' 8.710

20 5.149;  8.654  9.441 8.524




Appendik H. Coulometric Titration-Open Circuit Emf Cell Data

Cell: Cu,CuzQ/CSZ/(Pt)

Trial 1
~Applied
“"voltage

Ep (mv) -

-0
"~ 100

200

100.
- 96
-204
-295
-395
-492
-602
~198

Trial 2

-113
-100
- 97
-200
-226
-300
-395
- =499
-695
-200
- 75
195
400

lel.

/YSH/Cu,Cuy0
/CSZ/Cu,Cuy0

Open circuit
emf YSH
-Ey (my)

60

76
160

. 89
- 75
-175
-259

. =343
- =422
. =522
-173

~122
-116
-112
~152
179
216 |
-279
-343
475
~189
- 84
81
164

T = 995°¢C

Open circuit
emf CSZ
E; (mv)

60
75
148
88 -
- 74
-173
- -258
342
-417
=504
- -172

-137
-131
126
-154
-184
-215
-267
-315
~404
-192
- 92

41

81
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