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ABSTRACT

\ coulometric titration technique has been success-
ully applied in the quantitative assessment of the
Jectrical characteristics of two commercially avail-
ible magnesia-stabilized solid electrolvtes. Experi-
nentall” determined values of P_(the oxyvgen par-
jalpres are at which the ionic conductivity and the
ytype eiectronic conductivity of the electrolyte are
qual) of the electrolytes are reported and discussed.

Itis shown that magnesia-stabilized zirconia may
festabilize if the electrolyte is exposed for long
*riods to working temperatures below 1,400 "C. and
hat this destabilization significantly affects the
P-value. The practical implications of this finding
e discizssed brieflv. Some conclusions are presented
nregar - to the influence of the impurity content.
dhase ¢« mposition and the microstructure of magne-
da-stabiiized zirconia on their P -values.

INTRODUCTION

Interest in the use of magnesia-stabilized zirconia as
he solid electrolyte in electrochemical cells for the
letermination of oxygen partial pressure. has in-
Teased markedly since the 1980s.7* For example, it
s beccme standard practice for steelmaking plants
duse e’ ctrochemical oxygen probes, equipped with
fagnesia-stabilized zirconia electrolyvtes. to deter-
lne the oxygen activity in liquid steel. * In re-
*arch applications, these electrolytes have also been
‘Sed.extensively in high temperature thermodsmamic
“udies of slag-metal systems typical of those encoun-
*ed in the production of copper.” * ferrochro-
Wm,* iron** and steel.”

- Nfortunately. zirconia solid electrolytes exhibit
Uxed ionjc and electronic conduction when exposed
:”the high temperatures and low oxygen potentials
Sually prevalent in slag-metal systems of practical

iNAw.

the electrical properties of the solid electrolyte.
Schmalzried' ' analvzed the contribution of the
electronic conduction in a solid oxide electrolyte to
the measured emf of an electrochemical cell. and
showed that. in the presence of n-type electronic
conduction. the emf can be expressed as:

. : Pl
L _RT, (PTL i
L= 1“'4}"“>'*+1P‘) e (L
where P and P, are the partial pressures of

oxvgen at the two electrolyte-electrode interfaces. R
is the gas constant, I the Faraday constant and T
the absolute temperature. The parameter. P
describes the relation between the partial ionic anad
n-type electronic conductivity of the solid electrolyte.
and is defined as the oxvgen partial pressure at which
the ionic conductivity and the n-type electronic con-
ductivity of the electrolvte are equal. Since the work
of Schmalzried. several investigators® @ = have ana-
lvzed and emphasized the importance of an accurate
knowledge of the P -value of the electrolytes used in
electrochemical cells. and it is generally accepted that
the P -value of the electrolyte used must be consis-
tent and must be known to a high degree of accuracy
if precise and useful measurements are to be made.

Although P -values for magnesia-stabilized zir-
conia electrolvtes have been published.”*** there are
large differences in the reported data. For example.
Twase et al.”” reported P -values for a magnesia-
stabilized zirconia electrolyte (9 mol percent MgO)
that are between 1 and 2 orders of magnitude (de-
pending on the temperature) higher than those deter-
mined by Janke and Richter® for essentially the same
tvpe of electrolyte (7 mol percent MgQ). Moreover,
this apparent discrepancy cannot be explained by a
consideration of the various factors which influence
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the P -values of magnesia-stabilized zirconia. Clear-
ly, this leads to unnecessary uncertainties in the
experimentally determined data in those cases where
significant electronic conduction prevails. It was con-
sidered necessary, therefore, to study the P -values
of magnesia-stabilized zirconia solid electrolytes in
more detail.

This paper describes the application of a coulo-
metric titration technique in the quantitative assess-
ment of the P_-values of some commercially
available magnesia-stabilized zirconia electrolytes. A
preliminary investigation showed an irreversibility
in the P-values determined during heating as
opposed to cooling. In an attempt to investigate this
phenomenon, the experimental work was extended
to a determination of the phase compositions of the
electrolytes as a function of time and temperature.
These results allowed a semi-quantitative assess-
ment to be made of the effect of the destabilization
(decrease in the volume fraction of cubic zirconia) of
magnesia-stabilized zirconia on their P -values.

EXPERIMENTAL
The parameter. P, defined earlier. can be deter-
mined most effectively by the measurement of the
emf in an electrochemical cell of the type:

P’ Solid oxide electrolyte P

(oM

where:

Po<<P <<Pp . (2)

When this relation between the P -value of the solid
electrolyte and the oxygen partial pressures on both
sides of the electrolyte applies, Equation (1} can be
simplified to:

RT, P,
E=irhn P (3)
It is evident from Equation (3) that. if P s
known. the parameter P can be determined by
measurement of the temperature and emf of the cell.
However, it is extremely difficult to achieve experi-
mentally the very low oxygen partial pressure re-
quired at one of the electrolyte-electrode interfaces
of the cell in order to satisty Equation (2). In the pres-
ent investigation. this low oxygen partial pressure
was established by the adoption of a coulometric
titration technique,'* ' the nature and purpose of
which are briefly outlined here.

The experimental cell arrangement used in the
present study, can be expressed as:

Mo O, (in liquid Ag) | ZrO, electrolyte = O, (1 atm)
Pt

Oxvgen is removed electrolytically from the silver
melt and transported to the Pt/0, electrode when a
direct current is passed through the cell. At suffi-
ciently high cell currents, liquid silver is polarized.'’

and an fvsreran amr A b E a3

oxygen partial pressure at the silver interface
electrolyte can be lowered sufficiently to sati:
condition:

P, (silver) < < P,

The Pt/O, {1 atm) reference electrode. on the
hand. is essentially non-polarizable,* and the ¢
partial pressure at this interface remains at
thus satisfying the requirement:

p

[OF > > P«:
Under the experimental conditions expre::
Equations (4) and (5). the emf of Cell 1 ¢
expressed as:

- RT
E—EL_4FIDPP

where E, denotes the thermal emf hetwee
molybdenum and platinum wire electrical le:
Cell I. Hence. the P -value of the electrolvte
porated in Cell I can be determined by the me,
ment of the emf of the cell at any given temp-r

Experimental Apparatus

The experimental apparatus consists essentia
a purification train (silica gel, magnesium perch
and phosphorus pentoxide) for a gas mixture (;
containing 3 percent hvdrogen), and a vortical ¢
Kanthal furnace containing an alumina reaction
and equipped with a programmable proportiona
gral-derivative (P1D) controller.

The reaction tube and cell assemblv are s
schematically in Figure 1. The cell arrangement
sisted of an electrolvte tube 113 mm outer dian
9 mm inner diameter: 500 to 600 mm length) cor
ing a silver electrode and having a porous plat
electrode on its outside surface. The platinum
trode was prepared as follows. The surface a
closed end of the electrolvte tube was painted
platinum paste diluted with xvlene, which wis st
quently cured by being heated slowly to 1,000 C,
at this temperature for 6 h and slowlv cooled to1
temperature. This procedure. which was ust
repeated three times, ensured that the elect
resistance across the platinized surface would be
ficiently low. A molybdenum wire served as the
trical lead to the liquid silver electrode. ar
platinum wire, wound around the platinized sur
of the electrolyte tube. completed the electrical
cuit of the cell.

A Pt/Pt-13%Rh thermocouple. which was pl
against the platinized surface of the electrolytet
was used to measure the cell temperature. T!
measurements indicated that the temperature g
ent over a distance of 50 mm from the closed en
the electrolyte tube was less than 2°C. The tem
ature-measurement circuit was calibrated against
melting point of palladium, and it was found that
overall error was less than £3°C. Au electrom
with an input impedance of 10" ohni, coupledt
chart recorder with an accuracy of +2.5 mV,?



i ; Experimental Procedure
R < — 2 The electrolyte tube {containing approximately 8 g
of pure silver), electrical leads, inlet tubes and the
thermocouple were positioned inside the reaction
tube, as shown in Figure 1. After the electrolyte and
reaction tubes had been sealed and evacuated to
ensure that they were gas-tight. the purified argon-
hydrogen gas mixture was introduced. The furnace
was then heated to 1,200°C at a rate of 80°C/h.

The emf was measured during heating and cooling
cycles in the temperature range 1,200 to 1,600°C.
Immediately prior to measurement of the emf, the
reaction tube was evacuated and flushed with oxy-
gen. A direct polarizing current was applied to the
cell by means of a potentiostat for approximately 5
min before being interrupted, and the open-circuit
emf was measured immediately. This procedure was
repeated at increasing potentials until the measured
open-circuit emf was independent of the magnitude
of the applied potential. indicating that the condi-
tions expressed in Equation {4) were satisfied. As
soon as the reproducibility of the open-circuit emf
had been confirmed, the reaction tube was evacuated
and flushed with the argon-hvdrogen gas mixture,
and the furnace was heated or cooled to the tempera-
ture at which the next measurement was to be taken.
To minimize the ionic transport of oxvgen through
the electrolyte. the electrolyte and reaction tubes
were tflushed with the same argon-hvdrogen gas mix-
ture during heating or cooling cvcles, and oxvgen was
introduced into the reaction onlyv while the emf was
heing measured.)

The zirconia electrolvtes investigated in this study
were supplied by Nippon Kagaku Togvo, Japan (9

w

o5 mol percent MgO) and Corning Glass, USA (3 per-
cent MgO bv mass). Three electrolvtes of each tvpe
fig.1 — Reaction tupe and crucibie assemery were investigated. The consistency of the chemical
T — Moiyodenum wire and phase compositions. and the microstructures of
2 — Hubber stopper the electrolytes were determined on samples of all the
L almina e lectrolytes by chemical analysis, X-ray diffraction
1 - Brass fittng electrolytes by chemical analysis, X-ray .
5 - Rubber O-ring scanning electron microscopy and microprobe analy-
3 - Water cocled zrass fitting sis. The chemical compositions and degrees of stabi-
7 Alumina thermocouple sheat” lization of the electroivtes are presented in Table [.
¢ - tlectroiyte wge The chemical composition was determined by atomic
2 - Ajumina reaclticn tube L - . . .
10 — Alumina guide disc emission spectroscopy (AES) using an_l.ndu.cmvvely
11 — PEPt13%: RA thermocoupie coupled plasma {(ICP). The degree of stabilization. i.e.,
12 — Liguid-siiver electrode the volume fraction of cubic zirconia contained in the
li - g}a:"”“md"'“"e‘ ) electrolyte. was estimated by the use of X-rayv powder
5 AiirL:lrazj gjs%réagf;c diffractometrv.” ¥ > for which pieces of the elec.tro-
16 — Alumina oxygen niet lvtes were reduced to smaller than 40 wm by crushing,
17 — Water-cooled brass fiiting which transforms any metastable tetragonal zirconia
Table | — Chemical Composition and Degree of Stabilization of the Solid Electrolytes?® Studied
Eiectrolyte Analysis. % (by Mass)
Type No. MgO CaO SiO, Al0, TiO, Fe, 0, Na,0 K0 Y,0, Degree of Stabilization®
ZrO,-MgO 1 3.09 0.36 0.44 0.98 0.14 0.09 tr tr - 26
(Nippom 2 3.08 0.36 0.49 1.01 0.14 0.09 tr tr — 24
3 3.08 0.35 0.48 0.99 0.14 0.10 tr tr - 25
2r0,-MgO 1 280 0.31 C.31 0.10 0.08 0.09 tr tr — 32
(C rning) 2 279 033 032 009 009 010 tr tr — 33
3279 0.32 0.35 0.10 0.09 0.10 tr tr - 32

tr = Trace
2.



contained in the electrolyte. to monoclinic sym-
metry,'* 2 2 The relative amount of cubic phase
present was determined by the ratio of the diffrac-
tion intensities of cubic and monoclinic zirconia, as
expressed in Equation (7):

_ L1
T LA + LD

where I (111) and I,(11T) denote the peak heights of
the diffraction patterns of the (111) plane of cubic zir-
conia and the {111) plane of monoclinic zirconia
respectively. The intensity ratio so obtained was con-
verted to the volume fraction of cubic zirconia (V)
by the use of a calibration curve given by Nakamura
and Moriya."

The thermal emf between platinum (+) and molyb-
denum (—) has been determined experimentally as:

E =@32+x10—-004T .. (8)
where E and T are expressed as millivolts and

kelvin. respectively.

RESULTS AND DISCUSSION
The uncertainty in the experimentally determined
P -values can be estimated from the differential of
Equation (6) as follows:

1F .
dilog P) 23RT[dE dE:‘]+W[E‘ dT
+ E 4177 . 9)
where E . dT and dE denote the absolute values

of the uncertainty in the thermal emf between molyb-
denum and platinum (* 1 mV), the uncertainty in the
temperature (£3°C) and the uncertainty in the
measured emf of Cell I respectively. The uncertainty
in log P_ of the individual measurements was
alwayvs less than £0.15, when these were calculated
according to Equation (9).

Effects of Temperature and Phase Composition
The P -values determined for the magnesia-stabi-
lized zirconia supplied by Nippon Kagaku Togyo and
Corning Glass are shown in Figures 2 and 3, respec-
tivelv. It is evident from these diagrams that. at
temperatures below 1.400°C. the P -values deter-
mined during heating and cooling of the electrolytes
differ significantly, indicating that non-equilibrium
conditions existed in both the Nippon and Corning
electrolytes. At temperatures above 1.400°C, on the
other hand. the P -values determined during heating
and cooling are in good agreement, indicating that
equilibrium conditions were attained.

Zirconia may exist in three crvstaﬂographic modes,
namely cubic, tetragonal and monoclinic.”® At tem-
peratures above 1,400 °C, the magnesia-stabilized zir-
conia studied (8 to 9 mol percent MgO) consists of
a mixture of cubic and tetragonal zirconia, as shown
in Figure 4.?* Although phase-equilibrium considera-
tions indicate that cubic zirconia should be subjected
to eutectoid decomposition on being cooled from high

temperatures, rapid cooling may suppress this rather
ciooich reacrtinn 2 The martengitic tetraconal-monn-

log Pe atm
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log Pe atm
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1ra onal zirconia is present as very small parti-
tf .o Since the eutectoid decomposition of cubic
Cf.c(;nia involves the interdiffusion of magnesium and
- conitiil cations, the phase composition of magne-
Z.lr_stab;Lized zirconia at temperatures below 1,400°C
s{ill be influenced by the thermal history of the elec-
“Olyte. The phase composition of the electrolyte is
tgerefore likely to be different during heating (as
! osed to cooling) at temperatures below 1.400°C.
since cubic zirconia exhibits primarily ionic conduc-
o, whereas monoclinic' and tetr.agonal z.ircom'a
pxhibit essentially electronic conduction and ylrtually
nAO jonic conduction.* ** the phase composition of an
Jectroite should have a pronounced influence on its

value. Hence, the observed irreversibility in the

*values in Figures 2 and 3 is considered to be
related to the phase compositions of the electrolytes.

In an effort to substantiate this premise experi-
pentally. the change in the volume fraction of cubic
jrconia present in the electrolytes at different tem-

ratures was determined during heating and cooling
wyeles. Samples of the electrolvtes were exposed to
stemperature cycle approximately the same as that
wsed du -ing the determination of the P -values. and
gere subsequently water-quenched from various tem-
peratures. The phase composition of the electrolytes
was then determined by the use of an X-ray diffrac-
tion technique. The results are summarized in Table
Il and are also shown in Figures 2 and 3 as a func-
tion of temperature for the Nippon and Corning elec-
trolytes respectively. It was not possible to simulate
exactly the temperature cycle to which the electro-
lytes b < been exposed during the determination of
the P alues. However. this procedure did provide
mestimate of the phase composition of an electrolyte
i a function of time and temperature.

From the results presented in Table [1 and Figures
2and 3. it is evident that the phase composition of
the magnesia-stabilized zirconia electrolytes investi-
gated, does indeed depend on their thermal history.
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If the electrolyte is slowly heated from room temper-
ature (24 to 33 percent cubic zirconia), destabiliza-
tion, i.e., a decrease in the fraction of cubic zirconia,
ensues. At approximately 1,400°C, the eutectoid
reaction occurs. and the fraction of cubic zirconia sud-
denly increases to approximately 60 percent. At tem-
peratures above 1.400°C, cubic zirconia is thermo-
dynamically stable, and the fraction of cubic zirconia
is fixed by the temperature and chemical composition
of the electrolyte. During slow cooling through
1,400°C, a large amount of cubic zirconia is retained
in a metastable condition but. during further cooling,
the fraction of cubic zirconia decreases continuously
owing to eutectoid decomposition. As a result, the
phase composition of the electrolyte is different fol-
lowing heating or cooling cycles in the temperature
range 1.200 to 1.400°C, suggesting that the observed
irreversibility in the P -value is indeed related to the
phase composition of the electrolyte. The influence
of phase composition on the parameter. P, is fur-
ther evident from the sudden increase in the volume
fraction of cubic zirconia at approximately 1,400°C
and the assocliated decrease in the P -value.

During the experimental runs it was noted that.
when the Nippon and Corning electrolvtes were held
at a constant temperature in the range 1.200 to
1.350°C, the P -values increased with time. In an
attempt to find further proof that this increase in the
P -value is related to a change in the phase composi-
tion of the electrolvtes. the volume fraction of cubic
zirconia in the electrolvtes was determined as a func-
tion of time at 1.350 °C. (Prior to this destabilization
treatment, the electrolytes had been treated at
1.460°C for | h to ensure that they contained a high
fraction of cubic zirconia.) The results are summa-
rized in Table 111, and clearly show that the fraction
of cubic zirconia in the electrolvtes decreased rapidly
with time. There is therefore convincing experimental
evidence that the P -value is strongly influenced
by the amount of cubic zirconia present in the
electrolvte.

All of these results show clearly that, with the
experimental technique used. very small changes in
the P -value, associated with changes in the phase
composition of the electrolyte. can be detected. and
illustrate the sensitivity of the technique to changes
in the parameter P Hence, the experimental tech-
nique can be used with a good measure of confidence
for the accurate measurement of the P -values of
solid electrolytes.

The experimentally determined P _-values of the
Nippon and Corning electrolytes shown in Figures
2 and 3. respectively, can be analyvtically expressed
as a function of temperature as follows:

For the Nippon electrolyte:
log P_ (atm) = 23.71 — 69 640,T
(1.400°C < T <1600°C) .. {10

and

23.71 — 69 640/T < log P, (atm) = 18.88 — 60
410/T
11.200°C < T =< 1,399°Cy ... (11)



Table I — Phase Composition of the Nippon and Corning Magnesia-Stabilized Zirconia Electrolytes
as a Function of the Temperature During Heating and Cooling Cycles

Temperature (°C)

Heat Treatment?

Phase Composition
of Electrolyte®

Nippon Corning
As received None 24 to 26 32 10 33
1.200 (H) Heated to and held for 1 h at 1,200°C. 9 27
water-quenched from 1,200°C
1.300 (H) Heated to and held for 1 h at 1,200°C. 9 24
heated to and held for 1 h at 1.300°C,
water-quenched from 1,300°C
1.400 (H) Heated to and held for 1 h at 1.200°C. 55 80
heated to and held for 1 h at 1.300°C.
heated to and heid for 1 h at 1.400°C.
water-quenched from 1,400°C
1.500 (H) Heated to and held for 1 h at 1,500°C. 68 74
water-quenched from 1.500°C
1.460 (C) Heated to and held for 1 h at 1.500°C. 63 87
cooled to and held for 1 h at 1.450°C.
water-quenched from 1.450°C
1.300 (Ci Heated to and heid for 1 h at 1. 50 C 38 32
cooled to and heid for 1 h at 1.300-C.
w~vater-quenched from 1,300 C
1.200 (C) Heated to and heid for 1 h at 1.450°C. 25 22
cocied to and held for 1t h at 300 C.
cooled to and held for 1 h at 1‘200 “C.
water-quenched from 1.200°C
‘Heatmg and cooling rates 80 "C/min throughout
SAs cubic zirconia. = by volume)
1HI Heating cycle
1C) Cocling cycte
log P, latm) = 2305 — 68 700:T Table Il — Phase Composition of the Nippon and Com
1 400 C < T < 1.800°C) (12) Magnesia-Stabilized Zirconia Electrolytes as a Functic
' YT - of Exposure-Time at 1.350 'C
and
Exposure-Time  Phase Composition
23.05 — 68 700T < log P (atm) < 21.29 — 64 (h) of Electrolyte®
990/ T ’ Nippon Corning
(1.200°C = T = 1,399°Cy ... (13) 0 82 68
5 44 54
10 28 52

It is important to note that the P -values of these
electrolytes are time-dependent at temperatures
below 1.400°C, and that long exposure of the electro-
lyte to these temperatures may result in higher P -
values than those given by Equations (11) and (13).
This is especially true for the Corning electrolyte,
since the upper limit of Equation (13), namely line 2
in Figure 3, represents P -values associated with 20
to 30 percent cubic zirconia, and further destabiliza-
tion of this electrolyte may yet occur.

Practical Implications of Destabilization

The time-dependent destabilization of magnesia-sta-
bilized zirconia electrolytes has important implica-
tions for their practical application. If these elec-
trolytes are used in electrochemical cells (for the
determination of oxygen partial pressure) that are
exposed for long periods to temperatures below
1,400°C, the P -value of the electrolyte, and there-

fore the emf of the cell, will change with time and
M ha Alb R Al Thocel

IMAanmIratn maacYyirAaraanmt o s

2As cubic zirconia ‘% (by voiumen

amount of electronic conduction in the electrol
which may result in polarization of the cell and, ¢
sequently. in erroneous measurements.' > When
emf is to be measured in this temperature rang
is therefore essential to minimize the degree
destabilization of the electrolyte. This can be d
if the cell is designed in such a way as to allow
electrolyte to be heated rapidly to the measur
temperature.®

Comparison of Different Electrolytes

Figure 5 compares the P -values of the magne
stabilized electrolytes as expressed in Equations!
to (13). Also included in the diagram are the rest
of Iwase et al."” for a magnesia-stabilized electrol
supphed bv \11ppon Kagaku Togvo which hasj
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: Jthe P -values of a ZrO,-7 mol percent MgO elec-
anl te reported by Janke and Richter.”
tr%ﬁe results of the present investigation show that,
( temp Tatures below 1,400 °C, the P -values of the
2 pon slectrolyte during heating are higher than the
'\lfresponding values for the Corning electrolyte.
C(;lis can be explained by the lower content of cubic
Tirconia in the Nippon electrolyte, which, as dis-

ssed previou§1y, results from arelatively high rate
of destabilizat.lon. .

The small difference in the P-values of the Nip-
on and Corning electrolytes obsgrved at tempera-
Eures above 1,400°C can be ascribed to the phase
composiiions and microstructures of the electrolytes.
4 well as the impurities they contain. Th.e chemical
compositions in Table [, show that the Nippon el.ec-
rrolyte has a higher MgO content than the Corning
dlectrolyte. indlcatlng that the #orr_ner sbould contain
1 slightly higher fraction of cubic zirconia at tempera-
qures above 1.400°C. On the other hand. the phase
compositions of the electrolytes (Table 11} show that
the opposite is true. However, both electrolytes con-
rain imrurities, which, when present in relatively
large Ct ~centrations, segregate to the grain boundar-
ies and precipitate as magnesia or magnesia-alumina
slicates. or both, thereby etfectively reducing the
\MgO available for stabilization. Since the Nippon
dectrolyte contains more silica and especially more
dumina than the Corning electrolvte. a larger con-
centration of segregated MgO is to be expected in
the Nippon electrolyte. Figures 6 to 11 present typi-
cal examples of the microstructures of the Nippon
and Cc ning electrolyvtes studied. Figures ¥ and 9
show t- - Mg distribution in the electrolyvtes as the
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8.5 - Comparison of the P_-values for the magnesia-stabi-
lized zirconia electrolytes determined in this study and

magnesium distribution and Figures 10 and 11 show
the silica distribution in the electrolytes as the silicon
distribution. The white areas in these photographs
represent high concentrations of magnesium and sili-
con respectively, and indicate that segregated phases

Fig. 6 — Back-scattered electron image 0 the magnesta-staci-
lized zirconia electrolyte suppiied Dy Nippon Kagaru
Togyo




containing MgO are indeed present in both electro- of both electrolytes consist of a relatively co
lytes. Although the average grain size of the Nippon grained, MgO-rich cubic matrix and finer-gra
electrolyte is approximately half that of the Corning MgO-lean, intergranular monoclinic zirconia. §
electrolyte, the phase distributions of the two electro- intragranular monoclinic, and probably some t
lytes are essentially the same. The microstructures gonal, precipitates are also present within the

Fig. 8 — Characteristic X-ray image of the magnesia-stabilized Fig. 10 — Characteristic X-ray image of the magnesia-
zirconia electrolyte from Nippon showing the distribu- zirconia electrolyte from Nippon showing @
tion of magnesium. bution of silicon.

Fig. 9 — Characteristic X-ray image of the magnesia-stabitized Fig. 11 — Characteristic X-ray image of the magnesia-stal
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~ _irix. The development of the microstructures of
mase magnesia-partially stabilized zirconia electro-
thfes has been described in detail by Porter and
lyeuer-"'“ Although not clearly discernible at the mag-
niﬁcatjc-ns of Figures 8 and 9, examination of the

. rostructure of the electrolytes at lower magnifica-
jons showed that the Nippon electrolyte contained

ore segregated MgO than the Corning electrolyte.

his may explain the lower fraction cubic zirconia
resent in the Nippon electrolyte at temperatures
gboVe 1,.400°C. Accordingly, the Nippon electrolyte
5h0111d have a slightly_ higher P -value tha}n the
Corning electrolyte, whlch is in agreement with the
results of the present investigation.
[mpurities may also increase the P -value of a
solid electrolyte because they influence its electronic
and jonic conductivity.'® ¥ #* If the impurities are
dissolved in the zirconia matrix, the electronic con-
duction should increase as a result of the introduc-
tion of excess electrons.”” Beekmans and Heyne* and
[wase et al."” have suggested that segregated impuri-
ties primarily influence the ionic conductivity of an
dlectroi=te. since the segregated phase behaves as an
jonic ir -ulator. This results in a lower ratio of lonic-
to-elecironic conduction, and consequently. in a
higher P -value. The P -value of an electrolyvte that
does not contain segregated impurities will therefore
increase significantly if an increase in the amount of
impurities results in the formation of segregated
phases.13 However, [wase et al.’” have shown experi-
mentally that the addition of impurities such as silica
and alumina (up to 1.5 percent) to an electrolyte that
dread” contains segregated impurity phases, does
not si.ificantlv influence its P -value. From the
microprobe analyses in Figures 6 to 11, it is evident
that the impurities occur primarily as segregated
phases in both electrolytes. The agreement in the
P-values of the Nippon and Corning electrolvtes
obtained in the present study at temperatures abcve
1,400 °C, notwithstanding significant differences in
the impurity content. is therefore evidence in support
of the conclusions of Iwase et al.”’

Itic :pparent from Figure 5 that. at high tempera-
tures, -ne P -values determined in the present inves-
tigation are higher than those determined by Iwase
¢t al.”* and Janke and Richter.’* From the chemical
tompositions in Tables I and IV, it is evident that
the electrolytes studied by Iwase et al. and Janke and
Richter were of much higher purity than those of the
Ppresent study. Since Iwase and his co-workers
teported that the electrolyte they investigated did
lot contain segregated impurities, and since the same
8 to e expected for the high purity electrolyte

studied by Janke and Richter, the higher P -values
obtained in the present study can most likely be
explained by the presence of segregated impurities.
However, the reason why the P -values obtained by
Janke and Richter are also much lower than those
of Iwase et al. cannot be explained by a considera-
tion of the various factors which influence the P -
value. Moreover, since the electrolyte studied by
Janke and Richter had a lower magnesia content than
that investigated by Iwase et al., and since apparent-
ly neither electrolyte contained segregated impuri-
ties, the P -values of the former should be slightly
higher than those determined by Iwase et al.

[t is further interesting to note that neither Iwase
et al."® nor Janke and Richter'” mentioned any irrever-
sibility in the P -values of the electrolytes that they
studied. Since they did not indicate whether their
P_-values were determined during heating or cooling
cvcles, the reason for this apparent anomaly is not
clear. However, it is most likely that their P_-values
were determined during cooling of the electrolyte, in
which case a linear relationship between the P -
value and temperature is expected. as was shown by
the results of the present investigation.

SUMMARY AND CONCLUSIONS
The coulometric titration technique used in the pres-
ent investigation allows small changes in the P
values to be detected. and the P -values of solid elec-
trolytes to be measured accurately.

Commercially available magnesia-stabilized zir-
conia electrolytes may destabilize if the electrolvte
is exposed for long periods to working temperatures
helow 1,400°C. This destabilization increases the
amount of electronic conduction in the electrolyte,
and undesirably high P -values result.

Provided that the impurities in the electrolvte are
present as segregated phases. small variations in the
silica content (up to 0.2 percent} and alumina content
fup to 1.0 percent) do not significantly influence the
P -value of magnesia-stabilized zirconia electrolytes.
However. the P -value is strongly influenced by the
electrolvte's phase composition, and a large fraction
of cubie zirconia is a prerequisite for a low P -value.
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Table {V — Chemical Composition of the Solid Electrolytes Investigated by Iwase et al.”* and Janke and Richter'?

Investigators Electrolyte Type

MgO

Analysis, % (by Mass)

caG Si0, AlLO, TiO, Fe,0, Na,0 K,0

Zr0,-Mg0O 3.1
(Nippon)

lwase et al.

Janke and Richter  Zr0,-Mg0C 2.4

0.2 0.3

0.4 0.2 0.4 0.14 005 0015 0.05

0.15 n.a. 0.05 0.25 0.01
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