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° ABSTRACT

& "= -

-

Before utilizing the two phase mlxture of g- and - Al 3

as solid electrolytes in oxygen probes that can monitor veryflow

oxygen potentials, the chemical stability of 8-A1203(Na29;IiA1203)

was studied by determining the‘eodium oxide aptivity'in a-A1203,

B—A1203 coexistence using electrochemical cells of the type
' LI ¥ '

and a- Al o] )’Mxp(s)[Pt . '

Ptlw(s),wsz(s),mazs(s)ls ) 2 3

where M stands for Cu, Ni or Fe. The over-all cell reaction for

“w~these cells can be written as ‘

w{s) + 2Nazs(s)¢$ Mxp{s) = 2Na20(8) + wsz[s)_+ xM(S) .

B I

By considering the following reaction

Ma%8) T Mg

the measured values of Na,0 activity 1n a-Al, 04, B- Al 0, coexis-

2 3
tence were used to evaluate the variation of sgdlpm vaporkpres—

sure over this ceexistence, PNe(a—B;' with temperature and oxygen

pressure. The results indicate that P reaches one atmos-

Na (a-B) B
‘pheric pressure at 1076°C in environments with Al,A1203(G) im-

posed-oxygen potentials, and at 1834°C. in atmospheres with Fe,Fe0

-

imposed-oxygen potentials,
i

0 in A%®,Na,B- -Al,0, coexistence and

The activities of Na2 3

B-A1,04,8"-Al,0, equilibria were also determined using the fol-

’

. i "
. | .



lowing cells
ﬁ

|3 Al lNlO ,Ni(S)IPt[Ta,

. TalAl (s)

' (s or E)’
and
Ptlw(s)’WSZ{S)'Na2S(51|B_ and B-—A1203|N1(S),N10 IPt
l .
respectively. The results obtained as well as the available’
thermodynamic data in the li?erature for the Na-Al<0 system were
used to partially represent the'equilibriumféxygen pressure dia-~

gram of Na-Al-O system at 1000K. v

To establish the reliability of usiﬁg the two phase
mixture of B~ and d-A1203 as a solid electrolyte in oxygen probes,

galvanic cells using solid electrolyte tubes fabricatéed from

-

this mixture with electrodes of fixed oxygen chgmical potentlals

-

were dgveloped. Experimental fésults indicated t this solid

electrolyte responded reversibly to oxygen potentials' as high as

~ tho¥e, of Cu,Cu,0 equilibria between 600°C and 1000°C, and as low

as thoée.o »a~Al,0,,B8-A1,0; “coexistence between 550°C and

ggo°c.

The'thermodynamic parameters and phgsg& co ositions.in
the Ni-Al-0 and Fe-Al-0 systems at temperaiizzszgpthg range
.
850°C-1150°C havfyr been also investigated using electrochemical )
teéhniéue, electron microprobe analyses, and X-ray pdwder dif-

fraction stu?ies "Results showed that, about one ppm of Al in

N1 or Fe 1is Sufflclent to stabmllze‘u—A1203. Electrochemical

cells with calcia stabilized zirconia,as solid electrolyte and wor-

king electrodes of the type Ni(or Fe) Al alloy Al2 3 (a) had *

iv



'bility problems of cells with this electrolyte.

shown electrical instability which was not amenable to correction

by coulometric disturbance or by temperature cycling. When

g- and a—A1203 solid electrolyte was used in combination with

Ni (or Fe)—Al,Alzo electrodes, steady and reproducible péten—

3 (a)
tials were measured at 940°C which enabled the equilibrium oxygen

pressures over these electrodes to be calculated. The values

obtained for the oxygen pressures were outside the electrolytic

domain of calcia stabilized zirconia which explain the insta-

.
»

Quantité}ive results’ have been obtained for the phase compo-

4

sitions in the ternary systems Ni-Al-O, and Fe-Al-0. These re-

sults have been used to construct the 1000°C Ni-Al-0 isotherm,
and to modify and’ extend the Nioﬂ-A1203' guasibinary system given
pgfviéusly in the literature. The equilibrium oxygen pressure

diagrams of the Ni-Al-0 and Fe-Al-0O systems have been construc-
&

ted at 1000°C based on the results of this“investigation as well

[

as tﬁe available data in the literature.
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_CHAPTER 1 ’

INTRODUCTION

~

Metals and alloys are essentlal structural materials
because of their excellent formability, mechanlcal strength
and corrosion resistance. Iron, nickel, cobalt and chromluﬁ
allbys serve as structural matérials up to 10005c in oxidi-
zing atmospheres. The corrosion resistance of these alloys
is improved by the. addition of aluminum as an alloying élement

and by alloy coatlngs containing aluminum to the extent that
they may be utilized at temperatures up to 1200°C.

An essential problem in developing these_alloys is

=
associated with improvements in their mechanical and corrosiom.
properties. -Accordingly, basic thermodynamic data of the alloy-
environment systems are of great importance. From thermodynamic
data one can predict the nature and number of phases that are

stable in a system under specified conditions while the rate

b )
ion of these phases is a kinetic problem. Several

compositions of the.Mi—Mzho systems are essential parameters
in these models. |

One of‘the uséful methods for determining thermodynamic
data is the eléctromotive force (emf) technique. Providing that

-the temperature and pressure are constant and the electrolyte



R ——

LY

‘behaves ionically, the thermodynémics.of the cell re-
action can be determined by:the basic principles of electro-
chemistry when a keversiblepotentialbetween the elec-
trodes is measured. The emf technigue was limited to low

temperatures because it was difficult to obtain a sui able

electrolyte at elevated temperatures until about two'decades

ago,- when Kiukkola and Wagner (6,7) introduced calcia stabi-
lized zirconia, Zr02(+CaO), as a solid elecﬁrolyte- This
electrolyté behaves ionically over a wide range'of tembera—
tures and oxygen pressures. New solid glectrolytés as well ‘
as sevéra}'applications iq thermodyqamics, kineties, énd con-
trolling processes have been developed since that time.
Wagner* has pointed'out that high ‘temperature thermodynamic
functions obtained from solid electrolyte electrochemical mea-
sﬁrements may be more reliable in some cases than those cal-
culated by camnbining calorimetric measurements at 25°C with
high—-temperature enthaléy increments.

The main purpose of this work is the evaluation of
the thermodynamic parameters of the Ni-rich corner and the
Fe-rich corner of the Ni-Al-0O and Fe—-Al-0 systems by using

solid electrochemical cells and the determination_of the

. phase properties of these systems up to 50 a/o Al by electron

probe microanalyses.

At oxygen potentials lower than those imposed by

*
This statement is reported in reference (99).



Cr Cr203 equ%}ibria; calcia stabilrzéd zirconia shows elec- ;
tron conductioh which limits its use as a solid electrolyte.
Avaiiable thermodynamic data for the binary Ni-Al and Fe-Al systems
indicate that the equiiibrium oxygen pressures of coexistences

of the type Al2 3 (a ),Ni(or Fg)—rich alloy are much lower than,
those of Cr Cr,0,. The lack of an oxygen—sblid electrolyﬁe

which can reversibly moniter véry low oxygé? potentials

makes the development of & new solid electro}yte which is

stable, conducts ioﬁicglly, and reacts reversibly to oxy-

gen potentials as low as those defined by Al,A1203(G)-equi—

libria of great importarce. J

"In this investigation, the chemical—stability of

B-Alzog-\NaZO. 1Al2 )wasstudled by determining the act1v1ty
of sodium oxide in the coexistence a—A1203, B—AlZOj. Emf v

measurements using B- and a: Alzo} solid electrolyte tubes

and chemical equlllbration technlques were used for this pur-

pose. The activity of Naz

L. . : _
and B- Al2 3,8 A1203 was also determined by using B8 A1203

0 in thecoexistencesAl,Na,B-Al o]

273

and B- and B"-A12 3 tubes, respectively, as solid electro-
lytes in galvanic cells. The expefimental results obtained
in this investigation as well as the data available in the
literature wvere used to partially construct the equilibrium

‘ oxygen pressure diagram of Na-Al-O system at 1000 K.
Electromotive force measurements.in our investigatiog

were also carried out on cells invelving solid electrolyte tubes

v
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fabricated from a mixture of B- and —A12 3 together witn
electrodes f1x1ng oxygen chemical .potentials. cver the tem-
perature range 600-900°C. The cells were de51gned to 1nvesﬁi-

gate:the applicability'gf using this solid elecFrolyte‘to .
sense reversibly oxygeﬁ pressures ‘as high astﬁosé of Cu, Cu.

2
coexlstence and as low as those of Al,a-Al 03,8 Al O coexis-

0"

tence.

Thermodynamic properties and phase compositions in -

Ni—Al—OenuiFe—Al-O systems at temperatures in the range

- 850-1150°C were investigated by.using galvanic cells which

utilized the calcia stabilized zirconia electrolyte or the

. two-phase mixture of f- and a-Al 0. as solid electrolyte

273

Pprepared in this laboratory as tubes by slip casting and

51nter1ng technlques.

A reviéw is presented of ‘the thermodynamics of the
Niual—o, Fe—Ai—O, and NaZO.AIZQB—A1203* systems (Chapter 2), and
solid electrolytes and their application to high temperature
thefmodyﬁamic measurements (Chapter -3) . Chapter 4 describes the

experimental-techniqués used in the inVestigdtion. In Chap-

ters 5, 6, 7 and 8, the experimental results and their discus-

sion are summarized. General conclusions are formulated in

Chapter 9. The energy unit used in this thesis is the calorie

unless otherwise specified. < i

* ..
A1203 is used to imply afA1203.
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CHAPTER 2

REVIEW OF THE THERMODYNAMICS OF Ni-Al-O,

Fe-al-0, AND Na20 A1203 A1203 SYSTEMS

2,1 The Nickel-Oxygen System

The Ni-O system has been extensively studied byl
numerous invigtigators. The resulﬁs are compiled ih re-
ferences (8-10). fﬁe solid phases in this system are'solid'
solution of oxygen in Ni, NioO, NiO—N1203 solid solution,
Ni,O5, and Nio2 (ll)ﬂ Nio2 can be prepared by heating the
hydroxide to constant weight at 250-300°C in the presence
of 0, at sufficiently higher pressure. If the hydroxide
or N102 is heated to a constant weight in the same tempera-
ture range in éir, N1203 is.the ;table phase. Solid solu-
tions of NiO in N1203 are formed by heating NiO, to constant
we1ght in air at higher temperature and over a wide temgera—
ture range. The percentage of NiO increases from 0.0 w/o".
at 250°C to 100 .w/o at 1000°C. There have been a number
of investigations to deéermine thg;yapor pressures and the
heats of vaégriiation of solid and liguid Ni. The "best
values" of the parameters in the vapor pressure equations
of solid and liquid Ni, the heé£ of vaporization of Ni,.heat
of vaporization of'NiO(é),and heats of dissociation of
Niokg) and'Niz(g)'are feported (12). Steele (13) has-proposed

o

that the standard free energy of formation of NiO is given by

B

5 -



AGf(NiO

Equation (2.1) is based on afieaStsquares analysis of the

published emf data of the cell
Fe,Fe0|0 conducting solid electrolyte|Ni,NiO

2.2 The Aluminum-Oxygen System

(s)) = —55,965;20;29T(K) [900-1400K]. (2.1}

I

A1203 is the only stable solid oxide in the Al-O system

(14). Yanagida and Kroger (l4) have reported that the high-

temperature X-ray diffraction patterns previously attributed

to crystalline A120 and AlO (15) afe actually those of

A14C3 and AlTaoq, respectively, and the melting curve/observed

by Baur and Brunner (16), suggesting the existence of the Al O

phase, corresponds to the pseudobinary system Alzoj-A14C3

89

q?he;%kistence of the aluminum suboxides AlQC and Alzo in the

vapor phase is well established (17-19).

The standard free energy of formation of Al

203 was

determined (20) at aluminum extraction temperature using a

molten-salt galvanic cell with alumina-saturated cryolite as

a liquid electrolyte. Ghosh and Kay (21) have determined,

recently, -the standardlfree,energy of formationrof A1203 in

the temperature range 1350-1550°C by studying the ;eaction

3 _
> 281 0y * 5 05(g) T ALy03¢y

using the electrochemical cells

Pt(s)‘31203(5)1Al(2)131203 in liquid slagloz(g)lpt(

and

‘C(sj,Al(g)|A1203(a)|1on1c oxide slag|A1203(u)|Fe-C(£),CO

)

(g)'c(s)_



in which the activity of A1203 in the electrolyte is unity.
Choudhury (22) has combined the emf data for the solid-state

.galvanic cells Z.

«

)[B—A1203|Cu(

sy Mo () N s)"C920(s)

and

Al ar

(s} |8-A1,04[NL ) NiF, . ,NaF

‘-
in the temperature range 560-660°C and has obtained the emf

values that correspond to the open-circuit emf between

. AL,Al,0, and Cu,Cu,0-electrodes. The values of AGg (Al ,0

proposed by Ghosh and Kay are given by the expression

03 (o))

AG (Al = -394,680+77.8T(K) {(2.2)

293 (a)!

and those determined by Choudhury are given by the relation

G (A1203( )) = -404,800+81lT(K). (2.3)

2.3 The Nickel-Aluminum System

The aluminum-nickel system,, showu in figure (2-1), is
well establlshed Alumlnum and nickel have f.c.c. structures.
?he atomic radius of Al is 14.9% larger than tha£ of Ni (23).
The solid solubility of Ni in Al is reported to beé 0.05 w/o
at 640°C {8). Up to 14 a/o of Al-atd1000°c can be dissolved
in Ni giving a dlsordered f.c.c. SOlld solutlon {(Y). The lat-
tice parameters of Y phase have been reported (24). Four

-

intermetallic compounds are formed in this system, a y' phase,
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based on Ni3Al,eaB.phase, based on NiAl, a § phase, based on
Ni2A13, and NiAl3 phase. With the exception of NiAlE,
which has a singular composition, the other intermetallics

have a.range of homogeneity. The inﬁermetallic NiAl3 (42.03

w/0 Ni) ,which is formed through a peritectic reaction at 840°C
has_aﬁ orthorhombic’ structure; the § phase is hexagonal with
a=4.036 AO and ¢/a=1.214 at the stoichiometric composition (8).
f;e change in the lattice parameters of the § phase with compo-
sition has been studied by Taylor and Doyle (25). The B phase

is a congruent melting compound with the highest melting

point, i638°C, in_this system. It hés a b.c.c. structure of the
CsCl tyée.. Taylér and Doyle {(25) have méasured also the

change in lattice parameters of the B phase with composition using
X-ray diffraction techniquéi{the lattice parameters have the
highest valﬁe at the stoichiometric composition and fall linear-
ly within the Ni or Al-rich sides., The éame investigators
have c¢laimed that the number of atoms per unit cell is 2 ét

the stoichjometric and Ni-rich compositions while it falls

fo 1.817 at the Al-rich side boundary. They concluded that

,bn the Al-rich side vacancies are creatéd in the Ni sites.

These results are indicated also by Hughes ‘et al. (26). The Y;
phase has f.c.c. structure of the Cu3A1 type.

Activities of Al in.solid Ni-Al alloys have been {e-

termined at 1000°C between 15 a/oc Al and 60 a/o Al by equi-

librating Ni specimens, heated in a temperature gradient,
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with Al vapor in a closed system (27}. The activity of Ni

at 1000°C in the Ni-Al binary system has been calcplated (28)
from these Al-activity results using_thé Gibbs-Duhem equatioﬁ;
the activity data of both'Ni and Al are shown in figure (2-2).
Schaefer (29) has measured the activities of Al in Al-Ni alloys
conFaining 0.54 to 30.04 @a/0 Ni using a molten-sélt—galvanic
cell. Figure (2—3) gives the free energy of mixing in Al-Ni
system at 1000°C as reported by Schaeﬁéé. The heat of for-
mation of aluminides was deﬁefmined calorimetrically (30). Nial
has the most negative Deatof formation, -14,100 cal/g.atom.

*
2.4 Nickel Oxide-Aluminum Oxide System

1

Experimental data on the phase relationships in the
NiO—A1203 system are sparse. Fiqure (2-4) shows the equili-
brium diagram for the system NiO-A1203‘as proposed by Philips
et al. (31). According to this diagram only one intérmediate
compound, nickel spinel (Nll_xA12+yO4), is encountered in

this system; however, the formation of another stable phase,

6Ni(NiO.l3 A1203) has been suggested (32). Figure (2-5) shows

\

the = NiO—A1203 diagram as proposed by LeJus (32). The)mutual

solubility between Nip and 'Alzo3 is very small; according to
Philips et al. (31), NiO dissolves 1 m/o Al,O. at 1650°C while
A1203 may not dissolve NiO. The spinel. phase exhibits a range
of homogeneity. The spinel/(spinel+NiO) limit is at 50 m/o
Al,0, and is independent of temperature. A1203 is partially

soluble in the spinel; however, the spingl/(Spinel+A1203)

limit is‘pot well established.

*Unless otherwise épecified, aluminum oxide implies a_Alzos_
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The.ﬁree energy of formation of nickel spinel from its bi-
nary oxides has been measured using a solid state electrochemical
technique (33,34),but the available results are contradictory.
Tretjakow and Schrdlzeried (33) have shown that the standard
free energy of formation of spinel from iee binary oxides
increases with temperature.while the values of the free energy

. of formation ;¥ nickel spinel from the binary oxides as pro-

posed by Jacob andAlcock (34) are given by the relation
i .

AG = -1,499-2.31T(K) . (2.4)

2.5 The Iron-Oxygen System

The Fe-O phase diagram, as proposed by Darken and
Gurry (35,36); is shown in figqure (2-6). This system contains
three oxides:; wustite (Fel~60)' magneeite (Fe304), and hema-
tite (Fe,0,). | i '

Wustite (Fel_ao)has enNaCI—type structure with a large
range of nonstoichiometry which does not include the stoi-
chiometric composition. The composition of wustite in equi-
librium with iron is virtually independent of temperature
and it has the minimum value of 6 (0.051:0.002). The non-
stoichiometry of wustite in equilibrium with magnetite ine
creases from 0.065 at 600°C to. 0.120 at 1000°C. The non-

stoichiometry of wustite as a function of temperature and

partial preesure of oxygen have been extensively investigated.
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:%Sé results of four separate investigations (35,37,38,39) are

shewn in fiqure (2-7).

Steele (13) analyzed the available data for the oxXy-

‘gen pressure in equilibrium with iron and wustite to obtain

= - 27,837 , ¢ 831
log po2 (atm) T (K) + 6. . (2.5)

Davis (40) has obtained the expression

»

_ 33,685

" log Pg (atm) K

2

+ 13.683 (2.6)

for the oxygen pressure in equilibrium with wustite and magne-

tite by a least squares analysis of. .the available data for the

- wustite-magnetite equilibria. Equations (2.5) and (2.6) were

solved (40) for the euteqgtoid temperature at which iron,
wustite, and magnetite ;re in equilibrium. The calculated
temperature 1S 610%40°C. ' -

Magnetite has an inverse spinel structure at room
temperature bhut at higher temperatures the cations are ran-
domly distributed over the oﬁcupied octahedral and‘tetrahedral
sites. Maggetite is essentially stoichiometric at the magne-
tite/wustite,boﬁndary and becomes increasingly cation deficient
with increasing partial pressure of oxygen and its formula-may
be written as Fe3_xp4. It is reported that the point defects
are cation vacancies (41).

Bryant and Smeltzer (42) investjgated the magnetite-

hematite equilibrium using a solid state electrochemical cell

-
'

/

T
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and reported the dissociation pressure of hematite as

i
25,908 (+215)
T (K)

log Po (atm) = - + 14.862(%x0.007) (2.7)

2

oyer the tempe}ature range 96041740K.
Hematigé has a corungum structure which is anion de-
ficient (41). @gr Fe203_y-in equilibrium with magnetite,.y

.,

ranges from i;jflS at 1000°C to 0.01 at 1504°C.

2.6 The Aluminum-Iron System

The results for the alumipum—iron system are compiled
in references -(8-10). Figure (2-8) illustfates the Al-Fe
pkRagse diagram as given in Hansen (B)ﬂ The Y/Qy+d) and o/ (a+y) o
boundaries eﬁtend from about 1.0 w/o0 to about 2.0 w/o al,
respectively,at about 1150°C. The Al-rich limit of the o solid
solution is ét-about 52 a/o Al. The lattice parameter change,
in the o region, with composition is reporﬁed (43).\d?he exis-
tence of two superlattices, based on Fe3AL and FeAl, in the o

region is indicated by several investigators (43-45); however, ’
these results do not permit thé construction of a definite phaée //

field for Fe3Al and FeAl. : The e phase, the £ phase, based on

FeAlé, the n phase, based on Fe2A1;? and the 8 phase, based on

"

FeAl3, are the solid phases formed in this syétem.
Eldridge and Kommark (46) have determined the activity
data of Al in solid Fe—Al,ailqys between 5 and 75 a/o Al and

1100K and 1400 K by ‘equilibrating iron specimens, heated in

- . 8
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‘a temperature gradient, with Al vapor in a closed system.
Their results indicate that only one phase, «, may be found
over the composition range 5 é/o to 52 a/o Al. The thermo-
dynamic properties of solid Fe-Al alloys have been dgterm@ﬁed
also by Radcliffe et al. (47) in the vicinity of 9%00°C and
over the composition range 5 a/o to 75 a/o_il by emf

measurements, using a molten chloride electrolyte.

~

2.7 The Iron-Aluminum-Oxygen System

Figure (2-9) shows the iron oxide—AIzo3 quasi-binary -
s ) .

phase system as proposed by Muan (48). The first two dia-
-grams in this figure (a and b) show phase relationships

in'the system iron 6XidefA1203 a£ 1 atm. 02 (a) and in air (b},
respectively. The diagrams a and b illustrate that the compound
‘Fe203.A1203 deéomposes £o a~<hematite s0lid solution and a
' corundum solid solution below 1318°C. The diagrams in ¢ and 4

are sketches intended to show the disappearance of the Fe,0,.A1,0,

phase at oxygen pressure less than 0.03 atm. Coexistence of

the phases hematite solid solution, spinel,_Fe203.A1203, and

corundum solid solution at 1318°C and an O2 partial pressure
of 0.03 atm. corresponds to an invariant system in the Fe-3Al-0

system. Figure (2-9) illustrates that Fe,0, and AlZ'O3 have !

limited mutual solubility while a. complete solid solution occurs

between Fe304 and the iron spinel.

Atlas and.Sumida (49) have studied the phase relation-

ships in the sub-solidus region of the Fe-Al-0 system; from

¢
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J
their results and the available data in the literature they
proposed the Fe—Ai—O isotherms shown in figure (2-10).
They also concluded from thei; investigation.that wustite dis-
solves up t& about 1 w/o0 Al and that fe-Al alloys are compatihle
.only with A1203 containing very little dissolved iron.

The standard free energy of the reaction

+ 0 + 2310 = 2 Fe0.Al1 O

2Fe (5, 2) 2(g) 293 () 203 (s)

has been determined by several investigators (50-53). Re-

cently Chan et al (50) have given the expressions

acP®

- 139,790 + 32.73T(K) [750°2€-1536°C] (2.8)

o

/ .
AG - 146,390 + 36.48T(K) F1536°C-1700°C) (2.9)

for the stanaafd.free energy of this reaction. They (50}
utilized solid oxide galvanic cells using CaO—Z!O2 and Ca0-ZrO,

in combination with YO, 5—-Th02 as solid electrolites-

2.8 Sodium Aluminate-Aluminum Oxide System

The development of a Na-5 battery by the Ford Motor Com-
‘pany (54) gave a p&rticuldr emphasis to the study of the stability
of the fast ionic-conducting phases, B4A;2O3 and B"-Al,0,, in
.the Nazo.Al 03—A1203 phase diagram. It was originally believed

2
o .
that B-Al,0, was an allotropic form of o-Al,0, stabilized by
adding a small amount of Mg0, or ﬁazo, to a-Al,0, (55). The

. —




Figure (2-10) Fe—Al—@ isotherms proposed in reference
(49) at 1000°C (a), 1250°C (b), and

1350°C (c).
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formation of a new phase, B-A1203, in the Na 0-A1203 systemby

2
adding Na,0 to a—Alzo3 was then pointed out by several in-
vestigators (56,57); from chemical analysis the composition
. of Na20.12A1203 @as reported (58) but a i:ll ratio was found
‘to be more representative of the crystal structure as pro-
posed by Beevers and Ross (59).

'Yao and Kummer (60) have found that the 8-Al,0, fused
cast refractory from Harbison Carborundum contains 6.0 to 6.7

w/0o Nazo, compared to the theoretical 5.24 w/o Na.0 for the

2
1:11 composition, which is equivalent to the formula Na20.9A1203-
Weber and Venero (61) investigated the composition range of the
‘B—A1203 phase to a limited degree. They found that at 1750°C
the soda to alumina ratio ranges from 1:8.1 to 1:9.2, as op-
posed to the ratio 1l:11 in the idealized form.

A new compound with a B—A1203 like structure was
prepared by Thery and Briancen (62). by reacting NaAlO2 or
Na,CO, with a-Al,0, above 1050°C; the new coTpound has the
formula Na20.5A1203.

De Vries and Roth (63) made a critical evaluation
of thé literature data on B—A1203 and related phases and they
concluded that there are at least two B—A1203 like phases,
one at about Né20.11A1203 {(possibly 1:9) and another in the
1:5 to 1:7 range; théyfalso concluded that, although it is dif-

ficult to synthesize the B—A1203 phase from its compound oxides
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below abcut 1650°C in reasonable time, once it is formed at
. higher temperatures,B—A1203 can exist at all temperatures be- .
low 2000°C. Figure (2-11) shows the phase diagram for the
system NaZO.A1203—A1203 as proposed. by De Vries and Roth.
The diagram (a) of figure (2-11) is the version for the case
where B—A1203 is considered to be metastable below about i500°C
while the diagram (b) is for the case where B—A1203 is stable
at all temperatﬁ}es up to its incongruent melting poiﬁt.

In contradiction to De Vries and Roth conclusions,

Poulief et al (64) have claimed to synthesize B-Al at

293
1250°C by heating a mixture of Y-A1203+Na2C03+1 w/0 F in NaF
form; they have not detected a B“-Alsz phase in the above

mi#ture after the heat treatment. They also reported that at 0.1
w/o F only B"-—A1203 is detected while at O.S\y/6jF bqth B~ and
B"-A1203 are found. Le Cars et al (655 have studied also the
phase.relét{Pnships in the NaAlOZ—A1203 system. The‘gethod? used
to synthesize the fast ionic-conducting phases were‘by sodium
oxide vapor loss and a solid state reaction between a—A1203
and Na,C0,; they found that B"—A1203'prepared by the solid .
state reaction is always present with B—A1203 in the t%mperaQ’
ture range }OSO?C—1550°C. Above }400°C the proportion of |
B—A1203 in the mixture increases and at 1550°C or higher only
'B-A1,0; is obtained. In disagreement with De Vries and Roth,
they argue that only one B-A1203 like phase, B—A1203, is stablé

in the Na,0.A1,0,-A1l,0; system while the other one, B8"-Al

3 273



Figure (2-11)

NaAlOz—A1203 system as proposed by De Vries -
- and Roth (63). 2BB is B—A120

B"~A1,0,.

3

and 3BB is
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is metastable. The domain of the stable phase extends from

Na,0 - 5.33A1,0, to Na,0.8.5R1,0, at 1400°C. Figure (2-12)

273
shows the phase relationships‘ip,the system NaZO'AlZOB_A1203
as proposed by .Le Cars et al. (65). - .

The stability 6f B—A1203 in a reducing atmosphere is
directly related to its sodium oxide qctivity: - Many inves-
tigators (22,56,67,68) had reporped‘tﬁz aptiviﬁ; of Na,0 in
the coexistence afA1203,B—A1203: however, the different re-
sults show a discrepancy of up to several ordérs of maghitude

at 700°C. %
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APPLICATIONS OF SOLID ELECTROLYTES TO HIGH
TEMPERATURE-THERMODYNAMIC MEASUREMENTS

»

N

3.1 Introduction ¢

In 1957 Wagner and Kiukkola (6,7) introduced calcia
stabilized zirconia as a solid oxide electrolyte which exhi-

bits ionic conduction over a wide range of oxygen atmos-

[

-—

pheric pressure at B870°C. Within the last two decades
electrochemical cells using solids as electrolyte

used to measure extensively thermodynamic properties of
solid,liguid, and gaseous électrodes. Thermodynamic data
obtained using galvanic cells with solid electrolytes have

been reviewed in references -(13,69,70}.

3.2 Electrical Conductivity, Transference Number, and

Electrolytic Domain of a Solid Electrolyte

T

A compound is considered a solid electrolyte if it
exhibits predominant ionic conduction over a wide range of
temperatures. Crystalline compounds exhibit electronic de-

fects, free electrons and/cr positive holes, and ionic de-

o , 8
fects, anionic and/or cationic. 1In response to an electro-

4

chemical potential difference across the solid, the ionic

and electronic defects migrate through the iattigs. The

partial cohductivity for the defect spécies j, cj,.is given

by
- 32
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g. = C.q.B. _ (3.1)

where:

L \
Cj is the concentration of defect species j in par-
1 ;

ticles/m3 o
q. 1is the electrical charge of the defect species j in
coulombs/particle

B. is the absolute mobility of defect species j in

. 2 .
particle-m /sec~joule.

By definition, the ionic transference number, ti' is

defined as

g, = ionic - (3.2)

_ Where ) Z. .indicates the summation over all the donic de-
fect S;ZZ;:S while I indicates the sumnmation over all the
electronic and ionigrdefect species.

Eéuation (3.1) shows that the contribution of elec-
tronic and ionic conduction to the electrical conductivity
depend on_the cpncentration and mobility of the defect spe-
cies. Mobilitiés of electronic defects in ionic solids are
10%210% times larger than mobilities of ionic defects (70);
therefore, ionic conduction in these splids can be onlf Ob~-

tained when the electronic defect concen?ration is negligible.
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Electrical neutrality in these compounds requires
that summaticn over all ﬁégative charges must equal to sum-
mation over all positive charges. . As an exanple, consider
a hypothetical compound of the type sz which exhibits anio—_

nic defects. Electroneutrality requires that

('] +2[VyT = fe'] + 2(x;) (3.3)

where Xy is an interstitial anion, V; is a vacant anion site,
h” is a positive hole, and e' is a free electron. The no-
tation of KrSger and Vink has been‘used in writing equation
(3.3). Let us also consider that MX2 exhibits predominant
an€i~Frenkel disorder at stoichiometry. The dependence of
defect concantration‘on.?x2 is shown schematically in figure
(3-1). Figures (3-2) and (3-3) are schematic representations
" of electrical conductivity and ionic transport number of

sz obtained by applying equations (3.1) and (3.2) to figqure
(3-1).

Defect concentrations and Ebnseﬁuently the ionic
transgort number iﬂ'ﬁxz may be altered greatly by doping
aliovalent ions into the lattice. As an example, consider
introdugtion ofﬁsoluble trivalent ions, m3+, into the cationic

lattice. The electroneutrality condition requires,

[(h*] + 2[V,] = [e'] + 21x]] + [my] (3.4)

+ . . t
3 concentration greater than trace amount, [mM]

For any m

——..



will be the predominant term. At the same time, introduc-
. . . 3+ 4+ .

tion of the trivalent cation m to M lattice must bhe

compensated by creation of vacancies in the anionic lattice

to maintain the constant cationic to anionic ratio of the

compound. Under such conditions the electroneutrality con-

dition Qill be
2[VX] = [mMI . {3.5)

Eguation (3.5) indicates that this introduction.to trivalent
cations to the MX, lattice Qill give rise to an enlarged
électrolytic zone, zone II in figure (3-3}).

The mo;t common solid electrolytes are éﬁtensively
reviewed in references (70,71). In 1971 Patterson (72)
suggested the use of log sz - % space tQ represent the
electrolytic domain, ti > 0.99, of a solid electrolyte.

Figure (3-4) illustrates the electrolytic¢ domains of some use-

ful solid electrolytes.

3.3 Calcia Stabilized Zirconia

Pure zirconia (ZrOz)ij;of monoclinic form up to ap-

-

préximateiy 1200°C and then transforms to a tetragonal struc-
ture accémpﬁnied by 7% shrinkage (73,74). A fluorite struc-

ture qah:be sta?ilized by adding Ca0 (or MgO,YZOB,La203) (75=-77) .
This structure of calcia stabilized zirconia occurs near 15

m/o Ca0 but the phase boundaries are uncertain. Most inves-

tigators agree with 10 and between 20 and 30 m/o Ca0 as boun-
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log concentration

l__e'] o P;zl /6 [R] « PIEVG
[V;]=[X? I//<I;E;,

Figure (3-1)

|og an——;

Schematic representation of
concentration of ionic and
electronic defects as a func-
tion of P for the hypothetical

compound 2 MX,. [e'] is the

free electron concentration,
[h'] is the positive hole con-
centration, [Vy] is the vacancy
concentration i? the anionic
lattice, and [Xj] is the con-
centration of the interstitial
anions.
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Figure (3-2) Schematic representation of the electrical con-
ductivity for the hypothetical compound MX, .
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log PXo ——

Schematic representation of ionic transference

number for the MX, compound .

10 ZrOo (15 mole % GaO)

Zone 1 - n-type conduction zone. .
gone II - icdhic conduction zone (solid electrolyte) .
zope III - p-type conduction zone.
T°C
2000 1500 1000 . 600
.. . |
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Figure (3-4)

5 7 9 T 13
4, o -
/T (x10) (K )
Electrolytic domains of Zr02(+CaO} and ThO,
(+Y01_5).



daries in the temperature range 1200-1600°C (78-81). Cac-
co (79) reported the boundaries at 1600°C to be 10.4 and
19.6 m/o Ca0. The 19.6 boundary is independent on temperature
while the 10.4 boundary moves to higher concentrations of CaO
_at low temperatureé. It is reported (80)‘that calcia sta-
bilized /zirconia exhibits eutectoid decomposition at 800°C .
into'monoclinic zirconia and calecium zirconate.

< Poulton and Smeltzer (82) reported that monoclinic
zirconia has predominant anionic transportlat 990°C between
10_10 and 10_18 atmospheric oxygen pressure. Two .defect mo-
dels have béen postulated for stoichiometric mohoclinic
zirconia. Douglass and Wagner (83) proposed an anti-Frenkel

disorder while Kroger (84) proposed a Schottky disofde(fof

the type

+

+ (Vg Vo) "

.

ni1\= V0

where kVZrVO)" is a z#conium vacancy singly associated with ~
an oxygen vacancy.

If this oxide is doped-with lower valence cations, e.q.
Ca2+, the concentration of oxygen vacancies is enhanced and the
solid solution may show ; large range of predominant ahionic
transport. Seﬁeral investigators {(76,80,81) have suggested
that calcium and zirconium are distributed in a completel;

filled cation lattice with sufficient anion vacancies for

charge balance. Dines and Roy (80) found that between 10 and
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15 m/o Ca0O, calcia stabilized zirconia quenched from 1800°C ™

contains a full anion sublattice and a cation interstitial
but when quenched from 1600°C the charge balance is due to
anion vacancies. Carter and Roth (8l) have measured the con-
ductivity of this solid as a function of composition at one
atmospheric pressure of oxygen and different temperatures.
Their results, shown in figure (3-5), indicate that cal-

" cia stabilized zirconia exhibits a maximum in conduc-

tivity near 13-15 m/o Ca0O. Carter and Roth postulated that

the increase in conductivit%::igg calcia concentration agrees

with the random anion vacancles model and the decrease in
conductivity at large calcia concentration is due to vacancy
ordexring.

The electrolytic behaviour of calcia stabilized zir-
conia has been studied by several.techniques, for example,

emf measurements, electrical conductivity determination, and

diffusion studies. The results of these investigations are
+
compiled in reference (72). -

Based on Wagner's:analysis (85), the following ex-

Pression

Ko
1 bl
E = - o5 [ to__d}.lo : (3.6)
I ) e
Ho
X o
. can be derived for the reversible potential, E, of the cell
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| OXYGEN OXYGEN

TERMINAL 1 | ELECTRODE 1 Zr02(+CaO) EﬁECTRODE 2 | TERMINAL 2

{PHASEQ) {ANODE) (CATHCDE} (PHASEQ)
1f to__ = 1.0 expression (3.6) beacomes
Py ‘:
_ RT 2 _
E = E in -—-..-...-a N (3-7)
PO . :
2

Calcia stabilized zirconia exhibits very small finite
electronic conduction within its well-defined electrolytic

-

domain. This electronic conduction may cause an electrolyte to
show a significant permeability to oxygen, especially at high ‘ \\\\‘_ﬁ_
temperature (86,76). This could introduce some error in the

emf measurements. The available data, however, indicate that

PO

* calcia stabilized zirconia shows excellent behaviour as a solid
_electrolyte for the region where the electronic transference
number is less than 0.01. The available data also indicate
that oxygen activities imposed by the Cr,Cr203 coexistence de-
fine approximately the 1§wer electrolyéic domain boundary of

calcia stabilized zirconia.
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3,4 Beta-Alumina (Na20.11A1293L

B—A1203 . a fast ionic conductor, was initially

suggested to be an allotropic form of a—A1203

small amounts of MgQ in a—A1203 (55). Later it was established

stabilized by

that BfA1203 ié a member of a new classification of compounds

with the nomiral composition of A20-11M203

or Cs {é.‘gd M is Al,Fe or Ga). . . '

(where A is Na,K,Pb,

The crystal structure of B~A1203 as proposed by Beevers
and Ross (59) is shown in figure (3-6). The unit cell consists
of two spinel blocks which are related to each other by a basal
mirror plane of loosely packed oxygen and sodium ilons. Each
spinel-block consists of four layers of cubic-close packed oxy-
gen ions. The Al3+ ions are located as in the spinel MgA1204.
The idealized crystal structure proposed by Beevers and Ross
has two sodium ions per unit cell in two possible sets of po-
sitions in the alkali-plane, the first set is at 0;0,% and the
other is at %,%,%. They concludeq‘from-their x-fay investiga-~
tion that the sodium ions were located in the second-set referred
to as BR positions. The first set of positions was named aBR.
These two sets of positions in the alkali plane are showﬁ in
figqure (387). I

Yao and Kummer (60) found that the sodium oxygen con-
tent in B-Al,0, fused c;st refractory is 6.0 to 6.7 w/o Na,O. N

The sodium content in the structure of B—A1203, postulated by

Beevers and Ross (59), is 5.24 w/o; therefore, Yao and Kummer (60)
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a

&

Figure‘(3—6) Crystal structure of B—A1203 as

proposed by Beevers and-Ross (39).



Figure (3-7} Ionic arrangement in loosely packed layer of

B—Al303

A mO position of Na® in the plane of paper
(@) oxygen ions in plane of pap%r
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suggested that the unit cell should contain more than two
sodium ions with the excess sodium ions in aBR interstitial
position;. More recently, the number of sodium ions per unit
cell has been étudied_by Peters et al (88). They found that
the aBR positions were not occupiéd by excess Na® even though
the Na+ content per unit cell was 2.58:0.01. Also, they sug-
gested the existence of another reasonable set of positions desig-
nated as moO pcsitions for the sodium ions in‘the basal planes
half—way between the\g{ygen columns. .The same investigators
suggested the presence ofAl 06 sodium ions near the mO posi-
“tions and 1.51 atoms near the BR position. The mO positions
are shown in figure (3-7)!

"  The excess sodium ion% should be compénsated by
the formation of negative defects in the B—A1203 lattice. The
formation of aluminum vacancies of effective charge -3 was
sﬁggested by Peters-et al. (88) to compensate for the excess Na+.
Diffusioral and électrical properties of B-A1203 have been

studied by many investigators. The results of these invé%ti-

gations as well as the practical applications of B-Al.,O are

273

reviewed in reference (89).

3.5 Selid E1ecﬁrolyte-EléctrocheﬁicalCallDesign for High
. Temperature Thermodynamic Measurements

Many different cell designs have been develobed, but in
general théy fall to one of the following two catégories:,
1 - sSeparate electrode compartments . assembly.

2 - Non-separate electrode compartment assembly.
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Kiukkola and Wagner (6,7) used a non¥separate electrodé com-
partment assembly. Their cell design is shown in figqure (3-8).
The cell consisted of a stack of sintered pellets and platinum
leads mechanically pressed together. A continuous flow of a
purified inert gas was sed toiminimize the interference of
Bxygen in the surrounding atmosphere to the equilibrium oxy-
gen potentials established at the electrode-electrolyte igter—

facgs. Rapp (90) found that the voltage of the cell

(9

. Ni
Nl(s)' i0

o)
Pt |Mo 21, (+Cao) Pt

A

is lower than the expected value by usﬁthis type of cell. A

(s} "Mz (s) (s)

cell assémbly containing separate elect¥ode compartments gave
acceptable emf values. In Rapp's design, shown in figure (3-9),
the electrolyte was shaped into the form of 'H' and the’ elec-
trodes pres;ed into the deep holes and then caﬁﬁed. The se-
parate electrode cqmpartments assembly could be designed either
by using a solid electrolyte tube, figure (3-10}, or by pressing
one side of the electrolyte against a polished end of an alumina
tube (91), figure (3-11).' y
The cell assembly can be designed for use with dynamic

. vacuum on both.electrode compartments (40), figure (3-12), or
‘with statié vdcuum in one compartment (92), figure (3-13]).
Davies (40) has reported that th® latteg, assembly did not im-

prove the emf accuracy, and it is more difficult to operate.



-

48

D
Slectrode (l)\_\ s
I!!!!!i! ~— Oxide
T electrolyte
Electrode (2) _ '

Pt

Figure (3-8) Non-separate electrode assembly
(6,7). Lo

Oxide
electrolyte

Electrode (2) —]

"

Figure (3-9) H-type electrochemical cell (90).
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' Figure (3-10) Separate electrode assembly, designed by
using a solid electrolyte .tube (91).
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Figure (3-11) Separate electrode assembly,designed by
‘ pressing one side of the electrolyte
against 'a polished end of an alumina
tube (91).



Fiqure (3-12)

Electrochemical cell assembly, designed‘
for use with dynamic vacuum on both elec-
trode compartments, utilizing a calcia

stabilized zirconia tube (40).
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Figure (3-13)

Nt

g

Electrochemical cell assembly, designed
for use with static vacuum in the inner
compartment, utilizing a calcia stabilized

zirconia tube (92).
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3.6 Limitations and Experimental Considerations in the Use of
- Sglid State Galvanic Cells

Several factors)limit the use of solid state galvanic
cells for high temgerégile thermodynamic measurements. Such
tactors include, electronic conduction, difficulties in main-
taining a fixed chemical potential at the electrode—eleet;olyte
intezgzces, and general expefi?ental uncertainties. Consequent-
1y,

eral precautions in the experimental work must be taken

into coasideration.

3.6.1 Electronic Conduction in the Electrolyte

Within the electrolytic domain of a solid electrolyte,
the electromotivé force of a galvanic cell is a simple function
of the chemical potentials at the electrode-electrolyte inter-
faces, relation (3.7). Outside this range the sqlid exhibits

electronic conduction which must be taken into consideration

in calculating the reversible emf. As a resul plications

of solid oxide electrolytes are usually limited to the electro--’

lytic domains.
According to Patterson and co-workers (93) calcia

stabilized zirconia can  be used for thermodynamic measurements

23

at 1000°C over the oxygen pressure range 10 atm.-10° atm,

Baker and West (94) showed that the lower Po limit is higher

: 2
‘at the same temperature. Fruehan et al. (95) reported that the
electrolytic domain boundary in Zr02(+CaO) is at about 3.BXI0“13

atmospheric oxygen pressure at 1600°C.
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Thoria doped yttria, ThO,, (+YOl 5), starts to exhibit

positive hole.conduction at oxygen pressure above lO_6 atm. at

1000°C but it remains as an ionic conductor at oxygen pressur

down to 10-25 atm. (96). : '

2 3!

has been used to measure the chemical potential of monovalent

Sodium B-Al,O,,with nominal composition Na O.llAlZO

cations; however, Choudhury (22) used the two phase mixture of

sodium B-A1203 and a—A1203 as solid electrolytes in galvanic cells

with electrodes that fix oxygen chemical potentials. Results
Sndicated that this two-phase mixture can be used to measure the

oxygen chemical potentials as low as those established by

0-47

Al,A1203 coexistence (P0 =1 atm. at 1000K).

2

3.6.2 Maintaining a Fixed@ Chemical Potential at the Electrode-
Electrolyte Interfaces

Unstable emfs will arise from a change of chemical
potential at the electrode-electrolyte interface, this
may arise from electronic conductivity in the solid electrolyte,
reactions within the electrode, reaction between the electrode
and the eléctrolyte or the electrical contact_materf%l, or
igle:ference from oxygen in the sﬁ&rdunding atmosphere. Because

L . .
of the high chemical stabilities of Zr02(+CaO) and mh02(+YO

1.5
an electrode-electrolyte reaction can occur only when a very
stable texnary oxide compound is formed as a reaction product.
Worell et al. (96) have detected from the examination of the

X-ray diffraction patterns the formation of a YFeO, phase on

'I‘h02(+YOl 5) which indicated that a reaction between the
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electrolyte and the Fe,FeO electrode occured. The precautions
necessary to maintain a fixed chemical potential at the
electrode-electrolyte interface are discussed in section

(3.6.4).

3.6.3 Experimental Uncertainties

The average uncertainty in an electrochemical cell
measurement is = 1 mV, which is * 46 cal. per gm. atm. of
oxygen in the Gibbs free energy change. _Because the tempera-
£ure range of a tyﬁical emf’ investjigation is narrow
Schmalzfied (95) _has indicated that the uncertainties in AH
.is usually abc&t + 509 cal/g. atom; however, Wagner has
pointed out that high temperature AH values obtained from
electrochemical c@& measurements may be more rgliable in some
caseé—tﬂ?n that calculated by combining calorimetric measure-

ments 5¥ ;5 C with high-temperature enthalpy 1ﬁcrements.
h S

3.6.4 Experimental Considerations

Unstablewgggg/fg a solid state galvanic cell may arise

"from reactions within the electrodes during electrochemical

measurements. This can be minimized by electrode equilibration
~or

before cell operation, Pressed electrode pellets of small
parEicles decrease equglibration times. Also, as the nﬁmber of
electrode phases increases, moré equilibration time is required
because points of contact are limited. The electrode may have
a certain distribution of components between the dffferent

phases when originally prepared, but when measurements are

taken at different temperatures, phase equilibration must be
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achieved by heating'fo: some time.

Inter;ction between the electrical contact material
and the electrode affect the cell emf and therefore a suitable
lead must be)chdsen.Diasrand Richardson (98) found that a commer-
cialf cermet consistingof 72% chrom ium apd 283 A12 3 was<very

satisfactory as a contact to solutions of oxygen in liquid

copper while a Mo—A1203'cermet was heavily attacked.

To minimize the influence of oxygen in the surrounding
atmosphere on the eq&!{lbrlum chemical! potentlal ‘at the elec-
trode— electrolyte interfaces, it is found preferable to make high-
temperature electrochemlcal measurements in a flowing inert at—
mosphere rather tH;;‘;t very low pressure. T%é partial pressure
of oxygen in the inert gas can be reduced to approximately 10713
atm. by purification (99). .- An oxygen “gepter" should be placed
inside the reaction tube, upstream from fhe cell, particulquy_
when the oxygen pressure fixed by the electrodes is below 10f2q
atm. (99). An electrode-electrolyte interface. should expose

-~

% minimum surface area to the cell atmosphere. ' This can be

-~

accomplished by polishing the electrode surface to have maximum

contact at electrode-electrolyte interfaces, and also by covering

-

thg electrode-electrolyte interface with a po¥der of identical
L
composition to that of the electrode.
-

Dias and Richardson (98} suggested that the decay of

emf with time at constant “temperature may be due to either gas

;”Eranefer through pores and microcracks in the eleétrolyte or

—
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./ LT —
electronic¢ conduction:in the electrolyte. They developed. a
/

technique of depolarizing a cell by applying an extérﬁal

voltaée so as to increase the emf above the expected equili-

brium.-value. When the external voltage was xemoved, the cell mE—"

A

decayed rapidly to a steady reproducible value, which was the
expected equilibrium value. It'is reported that larger cur-
wrents and shorter times of application cause a cell to remain !

depolarized for longer time periods (98).

- A <
3.7 "Summary . _ AW ' '_-#} ]
. \ . ' ’
[ - :
The application of the’emf technlque to hlgh temperature
thernodynamlc measurementshasfbund broad useage 51ncethe1ntro—

/ 1 |
duction of caleia slablllzed zirconia as a solid electrolyte ex~ :

i

hibiting ionic behaviour,-within;acertain.range of L and tempera- i
’ T . 2 :
ture. Recently, numerous solid electrolytes have -been developed !

and ‘a number of lnvestlgathns based on this technique

have -been carrled out. The cell de51gn and several

precautions must be taken into conslderatlon to overcome prob—'
a
lems encountered in the use of these solid state galvanic cells.

-

Limitations in the use of this technidue have given rise to
several fruitful axeas of research involving the problems of cell
stability and the fabrication of solid electrolytes in the

¢

sultable form and 51ze”fﬂévelopment of new solld electrolyieg,

'and studies of theﬁihermodynamlc propertres of these materials.
*f. v '

-




CHAPTER 4

EXPERIMENT&L TECHNIQUES

4.1 Materials

The types and sources of materials used in this inves-

tigation are listed in table (4-1). Nickel spinel and B"~A120

were prepared in this laboratory.

Nickel and aluminum nitrates were used.to form

 the nickel spinel. The-procedure used was as follows: Ni(NO

.énd.Al(N03)3.9H20 crystals were dissolved in distilled water in
proportions to give the'stoichiometric Ni/Alcomposition of nickel

spinel, NiA1204. The solution was then heated in.a sand bath

"held at 200°

.dfied mixture. The diffractﬂon patterns corresponded to

’

pure NiO. The absence of other diffraction lines indicated the

following: a) Aluminum oxide in the mixture was amorphous or

-

microcrystalline.. b) The spinel phase was not synthesized; or,

- if the spinel phase was formed, it was amorphous or microcrys-

-t

talline.

57

~,

to evaporate water. ?hé mixed solid was then
oo°C for 24 hours to deéompose‘the nitrates. The
‘w ght of the ?roduct, after heating for;24 hours at 700°C,
‘ndica£ed that the nitrate decomposition was complete; 'XJray

powder analysis was carried out to identify the .phases in the

ra
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[Al(N03)3.9H20]

Tungsten sulfide
powderA(WSZ)

-~

Sodium sulfide
powder (Nazs)

Nickel fluoride
powder (Nin)

»

(A-586,70420) !

Ventron, Alfa Products
(65103)

Ventfon, Alfa Products
(qglzz)

J. T. Backer Chemical Company

(NX327-05)

*

Material Source Purity
Nickel Powder ~ Ventron, Alfa Products >99.9%
' (00224)
Iron powder Ventron, Alfa Products >99.9%
(00170).
Aluminum powder Ventron, Alfa Products 99.8%
i : (00010)
Nickel chunks Falconbridge Company 99.99%
Electrolytic * =99.9%
iron chips “
Aluminum chunks Alcan Company 99.95%
Tungsten powder .Fisher Scientific Company purified
: (T-363,79808) powder
Sodium Metal Fisher Scientific Company >99.9%
: _ (S-135) ‘
Nickel oxige Fisher Scientific Company >99.8%
powder ' (N-69)
Wustite powder * & **
Magnetite - 99.8%
powder
- Hematite powder Ventron,‘Alfa Products 99.9% °
{87319)
Aluminum oxide Ventron, Alfa Products 99.99%
prowder (q) {87354) o
Nickel'nitratg Fisher Scientific Company . >99,.8%
[NL(N?B}Z.GHZO] (N-63)
Aluminum nitrate Fisher Scientific Company 99.0%
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Material . Source C ~ Purity
Sodium fluoride J. T. Backer Chemical Company >99.5%-
powder (NaF) {1-3688)

Sodium Carbopate Fisher Scientific Company >99.8%
powder (Na2C03) ‘ (5-263) ’
B-alumina powder ALCOA -
(Na 0.11Al1,0 ) Superground-high quality grade

Lot P-1750-18

Table (4-1) Materials used in this investigation.

*) Electrolytic iron chips were supplied by the metallurgy
store of McMaster University with purity 99.9%s._

**) Wustite powder was prepared by T. Elkasabgy; the preparation
method and the purity of the material are reported in re-
ference (122) .

~

{

W




a

The diffraction lines were somewhat diffuse which indica-

ted that NiO cyrstals in the mixture were very fine. The

\
samples were then heated at 1300°C for a week and then air

cooled. X-ray powder analysis indicated the presence of nickel
spinel as the sole‘phase in the powder after heating for a -
week at 1300°C. ~

Materials for preparing B"—A1203 were a- Ale3 and
Na2C03 mixed in the following proportions: 82.6 w/o'ﬁl O and
17.4 w/o Na 2€05. The mixture was tumbled in a plEStic bottle
for 24 hours to ensure complete mixing and thén heated in a
Pt crucible at a temperature between 1000° C and 1400° C for a
perlod of 3 j 15 hours followed by furnace cooling. The dif-

ferent phaSes identified using X-ray powder diffraction tech-

nique 'in the products are shown in table (4-2) .

!
4

4.2 solid-Electrolyte Tube Fabrication - :

Disks, pellets, tubes and crucibles of B- A1203 have been
prepared in different laboratories u51ng several procedures. Ma-
chining of the fused cast brick was used (100) to fabriéote dif-
ferent shapes. Many investigators (101-103) have used hot and
‘cold die pressing to prepare B~Al,0, pellets and disks. The green
material was sintered at temperatures as high as 1830°C {162).
Electrophoresis has oeéh used (104-108) to fabricate many shapes

of B-Al,0;. Tubes (109,111) and disks and spheres (111)

have been prepared by isostatic pressuré moulding followed by
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Temperature, °C Time, hours Phases
1000 3 qrA1203
5 a—A1203
15 u—A1203
11900, .3 a—A1203
5 a—Alzoi
. 16 ot—Al2 3+ B- and/or B"-—A1203
. |
1200 3 _'a—A1203.+ B'—A1203 ‘
5 a—A1203-fB—§1203-+B —A1203
14 B-A1203 +.B"-A1203
1300 3 B-A1203 f B“-A1203
5 B—A1203.+ ﬁ"—A1203
13 B-A1203 + B —A1203
1350 15 B-A1203 + B —A1203
1400 3. B—A1203 + B -A1203
-5 B—-A1203 + B -1\1203
13 B-A1203 + B“_Alzoj
I} "_ - %
Table (4-2) Synthesis.of B Al,O, from a Alzog and Na2CO3

mixture as determined by X-ray diffraction

analysis.
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.sintering at high temperatuge. Liang and Elliott {(112) pre-
pared B-—A1203 crucibles by drilling prefabricated rods. The
rods were prepared by die pressing, then isostatic pressing
followed by Sintering at 1000°C for one hour while packed in
coarse B-Al,0, powder. The crucibles were then fired at 1750°C
in air for a period of 20 - 30 minutes. An edge~defined film-
fed growth technique has been used (ll3j to produce single-
crystal B—A1203 tubes and ribbons. Byckalo et al. (114) ﬁsed |
sli§ casting of a suspensioh in watef to fgbricate B-A1203
tubes. Plaster molds were useé in this preparation and thé
green tubes were sinteréd at temperatures in the range 1600°C-

1800°C. River and Pelton (115) slip cast B~A120 using sus-

3"

, pensions in methanol, in a-Al,0, powder molds. The tubes ob-
tained were then sintered at 1550°C for 2 hours.

Thé.following three kinds of tubes were prepared in

this investigation for electrochemical measureéments:

1 - single phase B-Al.0, tubes.

273 )
2 - Two phase mixture of a—A1203 and 8—1&'1203 tubes.
-3~ Two phase mix;ure of B—Alzoé and B“—A1203 tubes.

The materials used in preparing these tubes were 99.99%

a—A1203 received from Ventron (-20 mesh) , XB-2 supérgrouné\qglcined
’ ’ ) AN

8—31203 powder received from Alcoa {-120 mesh), and the QA

g-_and B"-Al,0, mixture prepared in\this laboratory by heating a

mixture of a-Al,0, and Nézco (-120 mesh) at 1350°C for 15 hours.

3

e
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2 B—A1203 powder was ground in a ball mill with alumina

Fallah (89 ) reported that after 24 hours of grinding

under isopropyl alcohol, about 98 w/0 of the powder was less

than 8

um in diameter. River and Pelton (115) mentioned that

the mean diameter of the particleswas decreased to 0.5 um after

72 hours of grinding‘under methancl. The two methods were

used by the author to prepare the necessary amount of B-Al

‘powder

2%3
to fabricate the solid electrolyte tubes. The method

recommended by River and Pelton was. used to grind the two phase

mixture of B- and B"-Al.0. into a very fine powder. Each

charge
250 ml
in 600
drying

273
for the ball mill consisted of 200 g of the solid and

of the liquid. After grinding, the suspension was left
ml pyrex beaker to dry in air for three days before
in an oven at 120°C for 15 hours.

Solid electrolyte tubes were fabricated by slip casting

an aqueous suspension of the desired composition. The plaster

molds were prepared from an equal amount (by weight) of Potﬁery

plaster and water. Water was placed initially in the 4000 ml-

pyrex beaker, then the plaster was_ added graduaily while a

mechanical stirrer was oﬂ%rating to mix the two constituents. It

took about 3 minutes of stirring to obtain a homogeneous mix—f

ture.

After removing entrapped bubbles by shaking the beaker,
( .

" the mixture was then poured into a cylindrical-aluminum mold

-

containing an aluminum rod as & core. The aluminum core as

well as the inside of the aluminum mold were greased using

glycerine before pouring to ensure smqoth removal of the

AN
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plaster mold as well as the aluminum-rod cofe. This was

normally done after 4 hours‘of pouring. The plaster mold di-

mensions are illustrated in figure (4-1). ' ;
Materials for preparing the different types of electro- (-8

‘lyte tubes are summarized in table (4-3). The following pro-

cedure was found to be best for preparing a smooth slip: 9

1. Distilled water was charged first to the ball mill.

2. Darvin C followed by hydrochloric acid were then added and

the ball mill shaken by hand to obtain a homogeneous solu-

tion. >

3. In all cases B-A1203 powder was first added gradually

273
powder was charged. Before charging a-Alzo

“to the solution then either a-Al,0, or B- and B“-A1203-
' 3 OF f= and
B*-Al,0, the mixture was shaken by hand for a few minutes

to obtain a homogeneous suspension of B—A120 in water.

3
4. The mixture was then tumbled together for about 3 hours.
The pH was checked each .15 minutes and readjusted to 8
for the B-A1203 and the B- and B"—A1203 suspension and to
7 for the a- and B-A1203'suspgnsion-in order to have smooth

R »
slips.

5. After these steps the suspension was tr;nsferred to.a-500
ml pyrex beaker and césf into the plaster.mbld. - ' l}
A plaster mold, which exhibited no visible cracks, was
mogerately Qetted before casting to prevent very fast setting.

The slip was poured intco the mold, left for a period of- 30

seconds, then the mold turned upside-down to remove excess slip. !
. S,
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e
Durihg_the‘casting period, the slip level should be kept
always at “the top of the mold. Tube cracking was found to be
minimal if the upper edge of a tube was removed frﬁm the mold
using a spatula within 5 minutes of the casting. The tubes
were then lefﬁgin the plaster mold for a period Qf 48 hours
to dry. The long dryiﬁg period allowed easy tube removal.
A shrinkage of about 10% in the length of the tubes was ob-
served. The average wall thickness of the green tubes was .
approximately 2 mm. The tubes were left for at least a week
in air at room temperature to allow for complete drying.
Figure (4-2) shows a photograph of five ‘green tubes.

Before sintering the'tubes, the outer surfaces Qere

polished using 320 grit emery paper and tﬁe upper edges trimmed
and polished. Five tubes were then placed in an o-3l.0

273
crucible which was then packed with a coarse powder having the

same composition of the tubes. Flgure (4-3) shows a comp051te
photographlllustratlngthe arrangement of the greentube51n51dethe
a—Alzo3 crucible, this was then covered by an a~A120 cover.
The whole unit was prefired at 700°C for 14 hours to allow
complete drying before sintering. The B- A12}3 tubes and'thg:

a- and B-A1203 tubes prepared from the less:élne powéer (grain
size < 10 um ‘were sintered at 1800°C for 3 hours. Figure (4-4)
illﬁétrates a typical heéting and cooling curve of the sintering
process. The B- and B"-A1203 tubes and a- and B -Al,0, tubes 3

prepared from the fine pdwders (mean grain size = 0.5 um) were

- -
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r &

) Figu;e (4-2) The appearance of five B-‘and a—A1203 green

tubes after removing from the plaster moulds.

™
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T

Figure (4-3) A composite photograph illustrating the
- " arrangement of the greed'tubes inside the-.

a—A1203 crucible prepared for s;ntering

the tubes: ’ :
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sintered at 1550°C for 3 hours. Heating and cooling rates in

this case were 300°C/hr. Xﬂréy powder diffraction analyses con- .
firmed the presence of only Ehe desifed phases in the séveral.dif—
ferent kinds of tubes.after thesinteringprocedure. A shrinkage of

about 30% in the length aﬁddiamgterof tubesoccurredfromsintgring.

»Figure (4-5) shows a photograph of.five tubes after sintering.

About 80% of the sintered-a--and 8-Al,0, tubes exhibited a lO-8

Torr He-leakage resistance using a Varian MS-90 helium leak de-
tector. 'Only one run was completed to prepare B—A12@3 and

é— and B"—A1203 electrolfte tubes. Of the 5 green tube; charged
for éintering,.two B-Al,0, tubes and only one B- %?d,B";Al2?
tube exhibited 10_8 Torr He-leakage resistance. Tube; sintered
'at 1800°C were fired in a combustion-gas furnace ({Bickley
Furnaces Inc. 1800 B) using propane as fuel. Tubes sintered

at 1550°C were fired in an electric furnace‘(CM Inc., Higq

Temperafure Furniﬁé 78604) using molybdenum disilicide heating

elements.

4.3 Sample Preparation

-

4.3.1 Aluminum, c-Alumina, A-Adumina System

Td\de;erndne the sodium content in the Al phase of\the

2 3 equilibria, u—A1203 tubes 8 mm in diameter

and 50 mm in height were filled with a mixture of the above

5&}, a—-Al Oj,B—Al 0

constituents ag follows. .One gram of Al powder (-200 mesh) was

first placed in a tube and this layer was then covered by one



-

Figure’ (4-5) 5 sintered-electrolyte tuBeE;;f
- - and a—Al£03; the tubes were
-sintered at 1800°C for 3 hours.

\
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gram of o~ and p<81203 mixture ( 200 mesh).” This mixture was
prepareo by ;umbllzﬁ equal welghts of a—ﬁgz 3 and 8 A1203 pow- ‘-
der ln‘alplastic bdéttle for about 15 hours followed by flrlng |
at 1000°C'for a week. After loading with ox1de powder mix- .
ture, the tubes were sealed using autOSth cement, Supplled

by Carlton Brown and Partners Ltd. These sampLes were then
annealed for 15 hours in tubular-electric furnace, Lindberg
Eype,'under‘flowing—purified argon atmoephefe. The annealfng
temperatores were 700, 800,-900 and 1000°C ahd two sanmples

were annealed at each temperatufe. The samples were air cooled
£o room temperature which was reached in about 5 minutes. X-
ray powder analysis cohfirmed the presence of a-Al 03 ang
B—A1203 as the only oxide phases. A single-metallic Al layer
was found in all the tubeS'énd_its_Na coetents were determinedl
by atomic absorption.

\ . ] -
4.3.2 Nickel Oxide-Aluminum Oxide Systém
) .

The compositions of nickel spinel equilibrated with NiO

or o—'Alzo3 at\temperatpres in the range 1000-1900°C were deter-

mined using'theelectron probe mioroanalyzer.- The starting materials
were NiO powder ( 120 mesh), a-A1203 powder {(~200 mesh), and

Nial O4 f 200 mesh) Two types of mlxtures were formed; tbe“
first was a m;xture o{ NiO and N1A1204 with the molar ratiocxfl:l%f

respectively, and the second was an a—A1203, and NiAI 0 mixture

;w1th the molar ratlo L4:1, respectlvely Each mixture was tumbled

for 24 hours in a plastlc bottle to ensure complete mixing of
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"the constituents Tablets, 3/8" in diameter and about 1/8“

\

in thlcknes$, were then pressed from each mixture using a'silicon
\

-

carbide die and.abydraullc press at 80,000—100,000 p51 with
no binder. The pellets were then annealed in -
between 1000°C-'and 1900°C at intervals of 100°C. The annea-

ling conditions of.the different pellets are summarized in .
[}

. table (4-4). . .

¢
4.3.3 Nickel-Aluminum-Oxygen System

Alloy-oxide {or oxides) tablets beldnging to the Ni-Al-0
system were prepared for electroghemical and/or electron probe
microanalyses. The compositions of the tablets cofresponded

to the followiﬁg coexistences: a) Nl Wio- -NiAl,0,, b} Ni-spinel-

A1203( ) and c) Ni-Al alloy, A1203( y - Materials used in pre-

parlng the pellets were Ni powder (-200 mesh), Al powder (-200
. \._._._-_- !
mesh), NiO powder (=120 mesh), NlAlZO4 powder {-200 mesh) ~

and a-Al 03 powder ( 200 mesh). Tablg—(d—s) deséribes the
starting compositions: of the mixtures used in preparing the
different pellets. The mixtures were fabricated into pellets
u51ng the procedure described in the preceding section. The
tablets were then annealed at 1000°C in a tubular electric
furnace..Afte{ annealing, the pellets were.air cooled,reaching
room temperature in about 5 minuﬁes._ All the pellets of this
system were annealed in an a- A1203 crucible except those be-
longing to N1 -NiO- N1A1204 system which were annealedwh11e51tt1ng
on a st01chlometr1c-5p1nel pellet. During an annea}ing period,

i3

+
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SAlO

Sample Annealing Conditions * o
Temperature, °C Period, hours
" SA19AR 1920 3
SA19AI 1920 - 2
SA18AR 1800 o14
SA18AT 1800 5
NS18AR 1800 ‘ © 20,
NS18AI 1F0N g 5
SAl7 . 1700 fﬁf . 124
NS17 ™ 1700 124
SAl6 1600 100
NS1E 1600 100
sal5 1500 168
NS15 1500 ", 168
SA14 1400 168
NS14 1400 168
SAl3 1300 168"
NS13 1300 T8
sa12. 1200 168.
NS12 1200 . les
NS11 . 1100 168
SAll 1100 168
NS10 2 1000 Y68
1000 7\ 168

_Table (4-4) Annealing condit?%ns of NiO-Nial

splnel—AIZOB(a) samples.

04 and
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Notes: L o

a)

b)

c)

.4d)

e)

N -

Samples designated as SA were prepared from u—A1203—NiA1204

mixture while samples designated as NS were prepared from

NiO-NiA1203 mixture.

All Sanples were Ennealed in air except samples SAl9AR, K

SA18AR, and NSiBAR which were annealed under atmospheric.
argon pressure. _ —~
Samples annealed at températures less than 13005c were pre-
viously annealed at 1500°C for 168 hours.
Sampleé annealed at l400°é or less were annealed in & tubular-
electric.furnace with SiC heating elements, Lindberg type;

samples annealed at 1500-1700°C were annealed in a box—-elec-

s I

tric furnacg with MoSi2 heaEing eiements, CM Inc.,‘High
Temperature Fur;xar;é; 78604; samples annealed "ande argon
atmosphere were annealed in am induction furnace, Arthur D.
Little, Model Mf, using RF induction\Peating; the rem;i—‘
ning samples wera annealed in a combustion~gas. furnace, ,
Bickley Furnace Inc. 1B00 B.
Pelléts annealed at 1500°C or less were air cooled,while
saéiles annealed at 1600°C and 1700°C wefe furnace cooled-
down to 1500°C in about 10 minutes and then air cooled. The //;
tempergture of the gas furnace was ﬁrought to 1100°C in -
about 10 minutes, then the samples fired inside the gas

' .

furnace were air cooled. . The induction-furnace temperature

reached 250°C in about four minutes, then the samples sin-
tered inside.the furnace were argon cooled to room temperature.

!
AN
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- 1

The starting contents of the pellets in welght

Pellet* percent '
Al Ni NiO NiA1204 o a—A1203-

NSN ' - 50 25 25 -

SAN - . 50 — - 25 25

NAO.1A 0.05  49.95 - - 50

NaO.5A 0.25 49.75 - - 50 .

NAL.OA 0.50 ° 49.50 - e 50 .

"NA2.3A 1.15  48.85 - - 50

NAL2A 6.00  44.00 - - Y

NA22A 11.00  39.00 - . - 50

NA27A 13.50  36.50 - S 50

NA30A 15.00 35.00 - o 50

NA35A 17.50  32.50 - - 50

Table (4-5) Starting compositions of mixtures belonglng to
Ni-Al-O systems. P
*) The composition point of -NSN pellets is Ni—NiO—NiA1204, SAN
samples correspond to Ni-spinel-Al,0; ., phase field, and

the other samples belong to alloy—AlZOB(a) equilibria. qgm

1

ays at 1000°C~—-——————-h\\\\\

3

and SAN tablets,weréAannealed at 1OQB§§Bfor 60 days while

the other samples were annealed for 30

/o
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pur%fied arég%'was'kept f}owing thrpugh the furhacé. The argon
was purified b& passing it over Cu-CuZO mixture held at 180°C
{:bjdize Cb and Hy' which were _tlluen-absorbed by passage
through ascarite, Ca 804, and silica Jel. An oxygen get;er,

~

. ‘ '
Zr chips, was placed inside the furnace tube, upstream from

;_the'sample,-to'preqent oxidation of the metallic phases in

1

the different pellets. _ ' }

)

4.3.4 Iron-Aluminum-Oxygen System
Tablets bélonging to the Fe-Al-0 system were prepared
from Fe powder (-200 mesh), Al powder (-200 mesh), wustite

powder (-100 mesh), Fe.O.

394 powdgr (-200 mesh}, Fezq3 powder

_\‘—200 mesh}, and a-Al,0,5 powder (-200 mesh). Table (4-6)

summarizes the different kinds of prepared téblet; and the
compositions of the mixtures used in ﬁreparing these taﬂleﬁs.
The methed used in forming peliets trom the powder mixtures

was the same.as that described in section (4.3.1). The samples
were annealed.under a ?lowing—purified argon atmosphere in a
tubular electric fufnace. ‘The arden was purified in the manner
described in the pxeviqus sectioﬁ. During an annealing

pgriod, the samples were placed inside an u~A1203 crucible

A ad

. except for the Fe-FeO-iron spinel tablets which were placed

in a Pt crucible. The pellets were air cooled after annealing

reaching ambient temperature in 5 minutes.



The starting composition of the pellets ﬁ/
. !

‘The composition points of the different samples are: hematite -

Fe-Al-0 systems.

Sample* weilight percent
Al Fe Wustite Fe304 Fe203 d-iiZOB
HSA - - - 30 30 40
WSIl 1/’//
WwsI2 | - 5Q 35 12 = 3
WSI3 | b
SAT1 | - )
. SAI2 + - 50 10 - - 40
'SAI3 | - -
IAC.1A 0.05 49.95 - - - 50
IAQ.5A 0.25 49.75 - - - 50
IAl.5A Q.75  49.25 - - - 50
IA3.0A 1.50  48.50 - - - 50
IA10A 5.00 45.00 - - - 50
IA20A 10.00  40.00 - - 7 - 50
IA25A 12.50  37.50 - - - 50
IA30A 15.00 35.00 , - ) - - 50
Table (4-6) Starting constituents of mixtures belonging to

spinel-aluminum oxide for HSA samplés, Fe-wustite-spinel for

WSI-pellets,

Fe-Fenl O, -Al

274

273 (a)

fof SAI tablets, and alloy-

B1,0, ) for the other samples. WSILl, WSI2, and WSI3 pellets

were annealed

at 1300°C for a week, then the samples WSI2 and
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-+

hY

WSI3 were held at 1150°C and 1000°C respectively, for anothér.A:
week. SAI samples were subje¢ted to the 5ame annealing ﬁio—
cedure. HSA tablets were gnneéled at 1000°C for a week. Thé
other samples were annealed for a week at 1300°C then held

at 1000°C for another week.

- {
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4.3.5 Nickel-Aluminum and Iron-Aluminum Systems .

- -

Ni (OF Fe)-Al alloys used to calibrate the electron

beam microprobe were prepared in a non-consumable tungsten
. . ' , ’
electrodes arc furnace under 0.2 atmospheric pressure of argon.

Each sample was remelted six times to ensure long range homo-
r

geneity. The alloy samples were approximately cylindrical,

40 mm long by 8 mm\diameter. The rods were annealed at 1000°C
. . _

for a week in a ‘tubular-electric furnace under a purified-
flowing argon atmosphere. The rods were then ait¥ cooled. :

Two disks 3 mm thick were .sectioned,usihg a diamond bllde

sutter,froﬁ eééh rod for chemical and electron probe ana%yses.

v

\ . ~ . . . .
The disks were again annealed in an u—A1203 crucible at

1000°C fortho weeks under purified argon atmosphere and then
4
water quenched reaching room temperature in about two minutes.
* o~

-

4.4 Metallography ‘ Q f

For electron probe analyses and microstructural observa-

tions, samples belonging to the NiO-A1203, Ni-Al-0,Fe-Al-0, -
Ni-Al, and Fe-Al systems were vacuum impregnated wi%h cold-moun-
ting epoxy resin. This resipr was also used to mount the samples

within 1" diameter plastic rings. ,To avoid'seﬁgre damage of
r

-the oxide surfaces, specimens were sectioned using a diamond

1

blade cutter and poliéhed directly using 6 um gthen 1 um dia-’

mond paste on wheels covered ‘with napless cloth lubricated with
' &
kerosene. Thisprocedure produced a satisfactory surfaece for

" microprobe anélyses. Scme of these-sampléslwere metallographi-

cally examined using the.scanning electron microscopy technigue.

. ™ s .
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4.5 Wet Chemical Analysis

~

a , .
Ni-Al and Fe—AI.alloys, which were used to calibrate

the ‘electron microprobe for quantltatlve analysis of the me-
-,

“tallic phases of the Fe-Al-0 and Nl-aﬂ—o systems, weére analyzed

by wet chemical analyses. Ni in Ni-Al alloys was determlned by

the dimethylglyoxime method while Al was determined by the
{

"atomic absorption method.- Fe-Al alloys_here analyzed only for

Fe, pota551um dlchromate tltratlon technlque belng used. to de-—

. termine Fe contents in the alloys. “rables (4-7) and (4-8)
' give the‘fesults of thé wet .chemical analyses for‘Ni—Al and

e-Al alloys.

( ' Na in Al-Na alloys was determined also by the atomic

absorptlon technique. Thevatomic absorption apparatus, Perkin-

— Elmer 303, used in this 1nvestlgat10n was calibratedy,to direct- -

\

. standard ASTM data. ° ‘j

ly read'concehtratxons. ' ]
[ ‘ ’

4.6 X-ray Anélyses : .

Fid

- The X-ray powder diffraction technique was used to iden-

Q - .
tify the phases in samples belonging to NiO- Al2 3 and NaAloz—A1203

systems. Cu-K radiation was used in this.investigation.® The

. /.
phases were identified by cbmparing the resultant patterns with.’'
—_ .

. ) ’a-
' o

4.7 Electron Probe 'Analyses

A CAMECA MS-64 electron microprobe was used to dater-
: . &« -
mine the compositions of the equilibrated;tablet phases prepared
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‘Weight of Starting

Nominal composition

Wet Chemical

material (w/0) Analysis*
(@) (w/0)

Al . Ni ° Al Ni Al Fe
- 0.422 37.755 1.105  98.895 0.8 ' 99.5
1.273 37.535 3.280 96.720 2.8 . 97.1
2.044 - 37.489 5.170 . 94.830 5.0  94.8
5.252 34.356 ° . 13.260 86.740  13.0 88.0
9.265 ;1.674 22.968 77.032  23.4 % 76.6
10.303 19.340  34.577 65.243  35.0 64.8.

rable (4-7) Wet chemical analyses of Ni-Al alloys.

7

average of the results from 3 analyses.

L]

*) Each value réported for Al and Ni concentration is the



B4

Weight of Starting

Nominal composition

Wet Chemical

¥

material (w/0) Analysis*
v () (w/0)
al Fe Al . __Fe Fe
0.413 40.906 1 99 98.8
2.266 43,046 5 95 94.6 N
'1.766 . 42.899 10 - 90 90.3
7.197 40.780 15 85 . 85.4
7.899 31.595 20 80 80.3
10.627 31.882 25 75 75.1
'i1.303  26.372 (33_“ | 70 71.3

Table (4-8) Wet chemical analyses of Fe-Al alloys.

*) Each value reported for Fe concentration is the

of the results from three analyses.

;

)
"N

-

average
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- T
as outlined in sections (4.3.2), (4.3.3), and (4.3.4). Theo-
retical aspects of using the electron probe in determining solid
. ul ,
phase compos%tions afe explained in reference {116). The elec~

tron-probe was operated under 15 kv acceleration voltage,

100-120 nanoamps specimen curfent, and a period of 20 seconds was
Psed for X-ray pulses counting., The pglisﬁe&sampleswere covered
by a ghin_layer of carbon to avoid charging of the spédimens.

Al, Ni and Fe—Ka lines were used to determine the concentration
of Al, Ni and Fe, resPecﬁively. Pure Ni, Fe aﬁd Al were used

as standards. Background, dead timé, atomic number ,absorption,
;nd fluorescence corrections were applied to compute the che-
mi;al éoﬁpositions<xfthe différent phases. Ni-Al and Fe-Al
binary alloys were prepgred and analyzed using wet chemical ana-
lyseslas well as electron microprobe techniques to check

the reliability of using the probe in determining the composi-
tions of the metallic phases of the Ni-Al-O and Fe-Al-0 systems.
Results obtained from the standard alloys are listed in table
{4-9) and table (4-10). To check the{probe réliability in de-
termining the compositions of the oxide phases, Ni,Fe, and Al

contentraticons in puyre NiQ, Fe 0,, and a-Al,0, specimens, res-

2 273
pectively, were determined. The values obtained were 49.9(+0.2)

a/o, 39,9(x0.1) a/o, and 40.1(:0.2) a/o for Ni, Fe and Al,

respectively. ¢
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Nominal Composition Intensity Ratio* Weight Percent
a2l (w/o) Ni (w/o) Al Ni Al Ni
1.105 98.895 0.0033 0.9868 1.0 98.9
A\
3.280 96.720 0.0098 . 0.9595 3.2 96.6 -
5.170 94.830 0.0159 0.9380 5.1 94.9 .
13.260 B6.740 0.0425 0.8495 13.1 87.2
22,968 77.032 0.0734 0.7537 21.4 78.7
34.577 65.243 0.1312 0.6021 34.5 64.6

Table (4-9) The electron probe results for the Ni-Al alloys.

*) The ratios are given after background and dead time cor-
rections. The intensity ratio is the ratio of the X-ray

rd
intensity obtained from the component ] of a.phase to

that obtained from pure j. Each intensity value was the
average of thirty-two values tak rent spots in

the sample. N
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Nominal Composition Intensity Ratio* Welght Percent
Al (w/0) Fe (w/0) Al " Fe Al Fe
1 99 0.003¢ 0.9881 0.9 99.0

5 95 ° 0.0193 0.9386 5.0 "95.0

10 90 0.0395 0.8780 10.1 89.9

15 85 0.0603 0.8210 15.0 84.8

20 80 0.0820 D.7677 19.9 80.1

25 ‘ 2 75 0.1060 0.7103 24.9 74.9

30 70 0.1315 0.6577 29.9 70.1

Table (4-10) The electron probe results for the Fe-Al alloys.
*) Intensity ratios are given after background and dead time

corrections.



4.8

L

ek -

The Electrochemical Cells "Design and Operation”
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Electromotive force measurements were made for the

following cells:

Pt|w

(s),WSZ(S),NaZS(S)IB—

PE[W o) WS, gy /Na,S () [B-
Pt|W(s),WSQ(S),Nazs(s)lg_
T?IAl(s or z);Nakz) |
PE[W (5) WS () +Na,S () B

Pt|W(s) 'WSZ(S) ,Na S( ) IB

Pt]w(s),wéz(;),ﬁazs(s)|s_
PEINL ),NiO |8~
PtlFe&s),FeO(s) | 8-
PE|W ) /WS, (o) iNayS () [B-

i Pt|w(s),ws2(s),Nazs(S)Isa

Pt Al

_(s) - ]8-

Pt|Ta| AL 4y | 8-

Pt]Ni( y N1O () NiAl 2% (s )|Zr0 (+Ca0)[N1 ),Nlo )|Pt

PtINl( yrSpinel, A1203( )IZrO (+Ca0) .

and a~A1203ICu20(s);Cu(s)|Pt - {5-I)
and a—A1203|NiO(S),Ni(S) frt (5-11)
and a-Al 20 IFeO( ),Fe(s) |Pt (S-III?
B-A1,0, |Ni0(s),Ni(s) |Pt|Ta (5-IV)
n_aq"% . _
and B A1203|N10( y N )]Pt (5-v)
and o-Al,0, INaF(S),NlFZ(S),Nl(S}IPt
(5-VII)
and a-Al, (1550)|Fe0( ),Fe(s)IPt (5-VIII)
and a—A1203|Cu(S),Cu g )]Pt (6-I)
and a—A1203|Ni(s),Ni0(s)!Pt (6-T1)
and &-A1203|Ni g) rSPinel,Al.0 )]Pt (6-I1I
and oa- A1203|Fe(s),FeAl 4(s)’A1203( )|Pt
‘ (6-1IV)
and u-A1203[W(S),W52( ) +Na, s( )]Pt (6-V)
and a-A1203]w(s),w52(s),Na )[Pt (6-VI)
(7-1)
]Nl(s),Nlo(s)[Pt (7-1II)

Pt [Ni-Al alloy (0.15 a/o Al),Al 293 (o )IZrO (+CaO)IN1 )Nio(sﬂPt (7-111

pthl Al alloy

-4

(0.15 aso Al)"Ala05 () |8~ and a=Al,04 W

WSo sy N

2258 (s )

Pt (7-1V)

b
¥
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Ni-Al alloy ALO

Ptl] 19 a/o A1 273 (a

)IB and o-Al,04|W S S)[Pt (7-V)

(s) "3 (g N

Ni-Al alloy Al

P13 36 aso al) ‘PL203(y) |B- and a-Bl,04[W ) /WS, (o) Nay5 ) [PE (7-VI)
Pt]Fe(s),FéO(s)|Zr02(+CaO}]hematite,spinel,aluminum oxide [Pt (8-1)
| -
PtlFe(S),wustlte;splnel[Zr02(+CaO)[Fe(s),FeO(s)|Pt ' (84I1)
Pt|Fe(s),FeAl 4(s) A0 3(m)|zm (+Ca0)|Fe 5 *Fe0 )l (8-III)

Pt|Fe-Al alloy(0.17 a/o Al) ,Al |Zr02(+CaO)|Fe ,FeO(S)]Pt (8-1IV)

2 3(a) (s)

Fe—Alg alloy

Ptl5.17 aso A1) *AL20

203 (o) |8~ and a-Al, 04w

(s) 78, (s /N2 S(s)lPt (8-V)

Table (4-11) summarizes the purposes and the cell reactions of

the preceding electrochemical cells.

Solid state galvanic cells using calcia stabilized zir-
conia as %olid electrolyte were designed to determine the equili-
brium oxyg\ pressures ot COQXlstences in the Ni-Al-0 and Fe-Al- 0
systems. The cell and cell assembly designed by.DaVlS (40),
figure (3-12),were used in this investigation for cells containing
calcia stabilized zircénia as solid electrolyte. The 12 inch
one end closed tube of célcia stabilized zirconia was supplied
by Zirconium Corporation of Ameriga, it had areported cbmposition
of 15 m/o Ca0. The other dimensions of the tubes were 1/2" out-
side diameter and 3/8" inside diameter. Every tube used in this
investigation showed a leakage resistance to He under a vacuum
of‘lO-6 Torr. The tube was fused to a lead glass section which
was, in turn, fused to the upper pyrex ground glass joint. The
‘inner compartment of the calcia stabllized zirconia tube was

used for the reference electrqde. The reference electrodes,

Ni,NiOQ and Fe,FeO coexistenc