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Abstract ' w ’

ng papers ‘on various applicat;ons of 2r03(+CaO),

solid electrolytes in metallurgy are too numerous to 8%

¥ #

eV1ewed in this the51s. However, maﬁor ‘and represeng:tzve
- -

LY

. works are covered to provide: a historic perspect1ve to the

subject.

el

-

i

.developed.

concentrat1

derived for': t&e f1rst time by irreversible thermodynamics.

" The der;vatlons confxrmed‘ earller results obta1ned by -

~viewing the
with an
electronic

electrolyte

The effective. 1on1c transport number of the ZrOz(+CaO)

electrolyte

numer1ca1 1ntegratlon tOjfompare Hlth that of' the Zr02(+Cao)f

elegtrolyte

| Theoret1cal princ1p1es of theg study are Caréfully

[ 4

/ ﬁhe cell voltage of a nonxsothermal oxygen

on cell wath a Zroz(*Cao) solid electrolyte is

cell as n 1sothermal nonisobaric cell in ser1es‘

nonlsothermal igsobaric cell, Furthermore,

"conduct1on oroblems in a Zroz(+CaO) solid

under nonlsothermal condltlons are cons1dered.

under nonlsothermal cond1t10n5 13 calculated by*

o

under isothermal_conditions.

f$>\\\§he theoretical background of aluminum eledtrolysis is

L]

briefly pre

pressure_meaSurea'infgﬁé Ne,AlF;?Alzoa-Al

"out.  One
Hall Heroul

~activity of

sented. The thermodynamic significance of oxygen

hundred years after

t process it may. now be possible “to measure- the

alumina in cryollte.

invention.vof' the

-

Experlmental set-ups - and measuring devices are

.. described.

P

Methods of construct1ng the non1sotherma1 oxygen

iv

stem is pointed

’

[
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cells are developed. Certein experimentel procedures heve
to be followed in ordet to obtein re11ab1e and consistent
resulqt. By measur1ng the EyF ofe;he nonisothermal. oxygen’
. probe,qwh}cn is imme:sed infmoiten steel, the;oiygenkdevel.
’in steel is determined continuouely, | |

Results of oxygen levels in molten steel characterized
tne pr They eonfirmed that thef nonisotherma1 oxygen
probe can .work well eontinpously ﬁnder. eteelmaking
(,‘eondieion§‘ Oxygen levels of 1-§_ppm at about  1510°C are
neesured in molten steel by the nonisothermal oxygenepnobel
fo;.extended'periods of time. D
» The air reference oxygen probe was, as expected, stable.
and reliaoie for coptinuous oxygen measunenents in molten
steel. -While the Ni-NiO" reference oxygen ptobe beheved
reasonably well, the Mo-MoOz probe did not behave as well as 7
the . N1-N1O probe. The electrochem1c91 determinetxpn of
oxygen by oxygen probes "is compared "with ‘that “by
acid-soluble _aiuminum analysis and 1inert gas . fusion
analisis. o

‘Oxygen pressure‘was" asured'fof”Na,Ang-Al,o;ﬁmelts
with different aluminalfiincentrations. A relationship'
bet/een measured oxygen activity and alumln% concentration

is yet to be established, The performance of the oxygen

probe is satisfactory 'in terms of resistance to chemical

¥
L4 .

attack.

——

 Final1y, some suggestions for future work'are made.
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1. Introduction \\\
A, 2r0,(+Ca0) solid electrolyte
Eighty six years ‘dgo in 1900, after he discovered
electrolytic conduction in zro,s at high temperature,
Nernst'" used it as a glower for 1ncandescent l1ght1ng.n It'

. was Wagner(’

who elucidated the, defect structure = of
stablized 2r0, in 1930 and later, together w1th K1ukkola“),
determimred -its electrol¥t1c structure, In that often c1ted
work Wagnernand'xiukkola demonStrated the successful use of
a Zr0(+Ca0) solid electrolyte 1n an oxygen concentrat1on,
cell for3 thermodynamlc measurements. " Kingery et al.“)
conf1rmed the. oxygen ion ‘conduct1on through diffusion and
conduct1v1ty measurements in 1960. : : |
‘Slnce , thOSe ploneerlng - works, 2r0;(+Ca0) solid
electrolytes have rece1ved a great deal of attentlon from
»,sclentlsts in ‘many areas, espec1ally in metallurgy Ca0
stab\ilized ,..0r partia'll‘y stabilized 2Zr©, oxygen ion
'conductors now are wldely used for many phys1co chem1ca£//
experiments m at ~ high tenperature. ~ Usually the sol}d
electrolyte is incorporated into an electrochemical oxyéen
,concentratlon cell. 5 _ | o \
An oxygen concentratlon cell or probé with 2ZrO; (+CaO)
asJelectrolyte can be represented as:

-
-

Po},Pt | 2rO,(+Ca0) | Pt,Po} ~ (cell 1)



. | a— ' ) B ; ., . ) A . ’
vhere Poj. and Po} are the oxygen pressures at the two
electrodes.y - According to Nernst's" \ eQuation th

electromotive force generated by the oxygen gradient. in thd

cell is: ‘ : v

E ='§§ 1n (Po}/Po}) (Eq. 1)
if/ the ionic transference number of 2rO.(+Ca0) is ‘unity,
here R is the gas constanf} T is temperature and F is the

PS

Faradgy constant. ° ‘ : o ‘im

The Zroz(+Ca0) solad electrolyte in Cell

vacancies . in 1ts structure.‘ At temperatures abongGOO c it
can act as ‘an ionic oxygen conductor.\\?hls unique property

~a

has ‘made Zro (+Ca0) su1tab1e for many appllcat1ons?

(a) oxygen sensors for control of automotxye\em1ss1ons

L | |
and combustion control of furnaces. i N

.

o
~

(b) oxygen sensors for qeterminihg dissolved oxygen in
liqgid metals, especially molten steel, and even holten salts
and slags.

(c) Electrochemlcal oxygen  pumps.

(d) High temperature fuel cells.

B. Review of the ‘applications of 2r0,(+Ca0) solid
electrolytes in metallurgxcal processes

/fé . .
Slnce it was flrst dlscovered metallurglsts have been

'trylng to take_advantage of the Zr0,(+Ca0) solid electrolyte
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in‘studying fundamentals'of metallurgical processes as well
as hin developing practical applications, . For example,’
oxygen probes utilizing a: Zr0, (+Cad) solid electrolyte have
been , developed for oxygen measurement .in» varxousﬁ

metallurgical processes.

stposable oxygen probes for determxning oxygen activity in
steelmakzng pocesses @
" Dissolved oxygen'content was first reported'as being

measured in 11qu1d copper, lead and s1lver by using oxygen

concentration cells ' with Zroz(+CaO) based solid

electrolytee“)“) about 25 years ago. A few years later,
—

papers”)“) on demonstrating poss1ble appl1cat1qns of qugen

concentratlon cells for determ1n1ng the qgxygen content of
molten steel began to appear in the l1terature.~ In 1966,
after rev1ew1ng previous work by Matsushita and Goto'?

(ro) developed an’ oxygen probe w1th a small disg of”

Fitterer
ZrOz(+Ca0) solld electrolyte fused into the end of a silica
tube. An air reference electrode was used in that design
wHich formed the basis éor the commercialized oxygen probeg
.commonly used in today's steel industry.

| Oxygen,occurs invdifférent fOrms within-liqnid steel,
i.e.; either dissolved in steel or chemically‘combined in~
~the mform of suspended oxide part}cles. The -content of
" dissolved oxygen determines the Ncourse of 'reﬁining,
deoxidation 7ana reoxldatlon processes,  while the

prec1p1tated and unremoved oxygen fract1on determ1nes the
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oxide inclusion content. of liquid steel. ’

Electrochemical measurement of issolved oxygen in

- steel can- give valuable 1nformetxon for controlling the

4

progress of individual stages in steelmaklng. Probes w1th

~2ro,(+Ca0) solid electrolyten are now commerc1aITy available

- -»
for oxygen measurement in. steelmakxng processes.

e

3 Four basic types of sensors have been developed for

single immersion measurement to determine d1ssolved oxygen

in liquid steel. The structure o6f these probes is dlsplayed

in Figq. 1,0 _ B | 'ﬂﬁ

pBasically, all of tnese‘ sensors are oxygen

concentration cells with 2rO.(+Ca0) as the electrolyte,
_which can be.represented by Cell 1.  ,When the probes are

‘immersed . into steel, a voltage develops macrqgs the

electrolyte beé‘hse of the difference'in oxygen pressure at
the two electrodes.,‘fhus by measuring the cell voltage,

Poi, the unknown- oxygen pressure“ in equilibrium with

dissolved oxygen in steel can be determined according to Eq.

1 if Po3, the reference electrode oxygen pre§§ure,'is known.

According to their reference electrodes, all of these

oxygen probes can be classified into two gf%ups: (a) gaseous

. reference electrode oxygen probe, and (b) solid reference

electrode oxygen probe.

With the gaseous reference electrode probe, the oxygen
partlal-pressure of the%reference electrode is determined by
the orygen partial pressure in the gaseous phase oyer the

electrode. A typical gaseous phase used islsimply éﬁr\:ﬁth'
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- Po; = 0.21 atm. The éblid.referénce éiéctrbde probe uses a
solid metql—metal oxide mixture as its reference electrode.
The oxygen partial bressure over the reference electrode is
determined by“thé ‘thétmodynamic equilibrium betheen the
metal and metal oxidé.v_Typical metai-ﬁetal oxides used are
Cr-Cr,0, and ﬁi-NiO. o o
singie-reaQing oxfgen probes (or disposable ‘oxygen
" probes as they are sometimes calleé) have achieved a high
industrial standard and are regularly used in s‘;eelmakiﬁg

. #
operations throughout the world, especially in Japan and
: , % '

wéqg Germany. ‘ ey
While conventional cheﬁicah}éﬁalysis"for oxygen can

_'only give total oxygen_éqnpént'inasteel, an oxygen probe‘can
measure 'the activity of oxygen in molten §teel; Oxygeh

activity is.far more meaningful in terms of dynamic prpcess
control in . the steelmaking industry. The electrochemicél
measurement “0Of oxyggn by 'bxygenb probes also Has ‘the
advantage of beiné virtually'ﬁnstantgnepus in contrast to
the 8-10 minutes required for Sampling and anaiysisfby thé.
’cdnventionaifinert’gif,fusion method. 1In a processvas rapid
as steelmaking this represents a very véluable economic
éain. Fufthermore,,‘electrocﬁémical measurement is simble
and inexpensive comﬁared.with most ot?er choicesi

For the reasans méntioned above oxygen probes are now

applied in steelmaking to:

(a) Establish working instructions for apportionment



electrolyte tubes''

br

of after-blov and for the charging of deoxidifqrs~in'the

s

LD-converter process.

-

(b) Aadjust thewcptimum,6xygen'§ptivity in @
steel to PEpvent formation of a skin layer of b}jl
(c) Adjust oxygen activity in semi-kiile-ng.
(d) Directly determing the alumi;um ééntéﬁyﬁ

steel,

metallurgical slags.

Continuous ogygen measurements in molten steel

It is naturally a 1logical extension to attempt

continuous oxygen measurements, in ligyid - steel eafter

d!sposable oxygen probes have achieved such wide success.
However, suitable probes for continuous oxygen measurements

are not commercially available and their use has, to'date,

been mainly confined to laboratory investigations*”’, with

the exception of a few pilot plant studies.‘'®’"'"

There is a considerable interest in the steel industry
in the use of continuously-measuring oxygen sensors in_the

area of continuous casting. Continuous monitoring of

dissolved oxygen fluctuations in liquid steel throughout the
casting process would allow control of reoxidation of steel
due to oxygen in the atmosphere or in the entrained slag. A

number of attempts have been made to use electrolyte tubes

(15)4 16}

coated with a porous ceramic layer , unprotected

7?,‘unprotected electrolyte pellets sealed
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introduced a nonisothermal oxygen probe which consisted of a

¢

into refractory tubes‘'V

or a stabilized zirconia bricl

M

to make a continuously-mealuring Loxygen probe.

. All oxygen ptobts mentioned above are called isothermal -
probes since the two electrodes in the probes work at t\e
same temperature. Several sources of error limit tﬁe

accuracy and reliability'bf these isothermal oxygen probgef

under the conditions of continuous . oxygen measurement.

\
h

b}
These include chemical attack of cell components, inadequate”/

mechanical strength, thermal shock sensitivity, -ehd
electronic conductivity in the electrolyte and the
consequential oxygen permeability. Perhaps the most serious
problem facing continuous oxygen measurement by‘lsothermal
oxygen probes is oxygen transfer induqu by electronic
co;duction and by diffusion of molecular oxygen through the

fine pores and microcracks in .the electrolyte from the

reference electrode to liquid steel.

To overcome thes problems Etsell and Alqock"m

-

partially stabilized zirconia electrolyte rod and a cermet

rod. It is called a nonisothermal probe because its

reference electrode ‘and working electrode opefate at -

different temperatures. The Pt, air reference electrode at

a lower temperature is attached to the electrolyte rod 5-15
Cm £rom the end while molten steel serves as the working

| electrode. Both the electrolyte anJ the cermet rod tips are

immersed into molten steel . ﬁyr1ng the measurement. The

Mo—ZrO, cermet rod serves- the purpose of maxnta1ning

o

~



contifuous electrical contact with liquid steel.
The above mentioned nonisothermal cell can be.

. vepresented ags: = - he R e MR SR

L
/

Pt,0;(g) | zro;-(+cao) | 0:lg),Pt = (Cell 2) .,

T,,P0} Po},T,

- -

Initial experimental results ineﬁcate.,, thai ¢ this"

L)

nonisotherm&l probe has the advanéﬁge_qf being‘more rugged,
and more r;siht;ht to cpemical attack and thermal shock. It
is also less susceptible té polarization due to redpcad‘
oxygen permeabililty through the electrolyte. This
advantage 'is very important for deierminibg dissolved°6xygen B
in strongly deoxidized steels. -

‘ There is a-cu;rent trend in the steelmaking industry to
try to produce strongly éeoxidized steels, which require
final oxygen levels of 5 ppm or less. ’Isofﬁéfﬁél probes
used for megsuring di5501ved. »ongeh“‘ ét steelmaking
temperatures (generally epove 1550°CY under this low oxygen
activity en?ounter seriéés polarization problems.,  Thig is
becahse the 1ionic transfe;ence number of the electrolyte
under such conditions can be as low as 0.84''"., If the’
probe is used for én extended period of timer“oxfggn Qill
transfer through éhe electrolyte and cause an increase- in
oxygen écfivity in the vicinity.of the electrode with the

lower oxygen activity. However, with a nonisothermal oxygen

probe.thefgiéétrode pblarizatioq problem will be mnch less
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severe ‘due to the longer current path end lover evereqe

t:empereture. Hence .it was apperent that a nonisothermal

t“_pr,ob“e” ‘would bBe" more - ‘promising * for ~eontinuous’ oxygen’*-'

measurements in strongly deoxidized steel,

2r0,(+Ca0) solid

L
1}

Applications of galvanic. cells with|

electrolytes in molten siags and salts |

22)
d( )

o As early ‘as 1961 Renz and Schmalztie reported

measurements of free enthalpies ot formation ‘of solid pheses
in’ pbo-Sio. vith a galvanic cell using a !ko,(+Cao) solid

electrolyte. The cell, of the type o
. . . ' v .

]

Ir | Pb*PbQ | 2r0,(+Ca0) | PbO+SiO+Pb | Ir  (Cell 3)

was set: up end the actxvxty of PbO was measured. While
- papers on- the above mentioned Pbo S$i0, system, whach is the

-most 1mportant slag system in lead smelting and- some glass

| (23)(20)(25)

product1on procedures, cont1nued to appeaq ) works on

" otheft molten metal oxides, chlor1des, and sulphates, such as

—

7
(27) and

nac1~xc1“‘” . Na,;0-B,0,"", Na ;0-NaC1 ‘2"

(29)

Ne;O-Na;SO. also appeared in_ the lzterature.

(30)

- More recently, in 1980, Goto et al. measured stable

oxygen pressures in steelmak1ng, sl#gs by wusing solid

. ' : .o . . .
-electrolyte oxygen sensors. An empirical .relationship was

f/e;btained between oxygen pressure and the ratio of ferric to.

total iron content in the slag. This could prov{de very’

important .information for the dynamic control of Steelmaking
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operations. Later Wanbe et al."’" and 1Iwage''?INNVO
measured activities of Pe,0 in complex lingn such as
Ce0-Pe,0, SrO-Fe,0, Fe5=810,-Mn0, ~ and "
Cao-ugo-uno-ro.o-sio,-f'p.o. using disposable. elcctrochcm!‘c‘gl'
oxygen ‘sensors, Théir results seemed to indicate that'a
stable EMF can be obtained and that chemical attack~o£ the
2r0,; (+Ca0) solid. electrolyte by Foo-containing slaq!»would
«not affect cell, poténtxals.

4C. Appi;ing the oxygen probe to tﬁuhua,alr.-nl,é, lYlt@Q,.'u
N ' Because the author of this thesis was closely
associated with the aluminum industry, he is stroné{y avare
‘of the immense imporggnce of qu‘vinstrumental method;ktpr
detérmining alumin; content in molten cryolite. Geg?fally
in aluminum electrowinning, alumina is added to moltan
cryolite at a temperature of about 960°C. Alumina is then
dissolved and reduced to aluminum liquid gbtming at the
cathodepwfile a CO-CO; mixture is released at the carbon
. anode. As the elegttolysis‘p}ocess prqgr;sses, alumin# has
to be added" contiﬁually to maintain a certain level of
a;umina Fonéentration in the melt. OtheruiQeAgpe alumina
levei cin drdp gradually to such a low level that tye anoqtl

effect occury. )
When this anode effect happens, the cell véltage can
rige to 50 to 100»v' while the ‘current passSing through the

cell remains the same or decreases sl1ghtly. As a result a

considerable. amount of electr1c1ty is wasted. -Considering

el
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the magn1tude of direct current' used for “an  aluminum

!

wi}ectrolyt1c ceL} 15 usually angwhere from 50 000 to. 200 000

?A, even “if the anode effect lasts only a few mxnutes the'

drop in -energy effzciency 1s substant1al Therefore.there

1s great interest - in the-alumlnum'1ndustry'tombe able to

S

mon1tor alumlna content in alumlnum electrolyt1c melts,
Alum1num researchers have been trylng to méasure
alum1na concentrat1on in molten cryolrte by various means.

One is called the chronopotentlometrxc method. In this

, method a constant current pulse ;s_1mposed on a graphite B

anode dipping into the'alumlnum:bagh‘while the cell voltage

is‘ recorded. By. su1table choice of anodic current
dens1ty, 1, a, curve as shown in F1g 2 can be obtained.

Transztlon tlme,'r,jls a measure.o% the trme needed to
o o ' ‘ ' e - D _

1

"deplete thefmelt at the surface of the graphite electrode

' obeyed by Richards

- wlth respect to oxygen-conta1n1ng ions and thereby induce an

L«,

anode effect. W1th1n the rangenof/alunina'concentrfégsns

normally encountered in aluminum cellg and at sufficiently

short trans1t1on times, - the'Sand eqUation was found to be

(35) (36)(37)

and. Thonstad A

ir# = K[%A1,0,] ' (Eq. -2)

o

' where K is a constant refhted to the'diffusion coefficient

_of the oxygen contarnxng spec1es ‘in the NagAlFs Al 03 melt

and [%A1203] is~ the welght per cent'of alumina in the felt.
) 'w" .
From Eq. ;; wei~;an see“ that by measuring ‘r&, the
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' cdncehtration of alumina in cryolite can be - followed

Ty

continuously.

Though Richards,ané,Thonstad-séemed to have obtained}

(38)

good . results with 'graphite ano@es, Dewing pointed out

that—graphite, as an_ anode ‘material, has its problems.

First 1ts surface is liable to be roughl and/or porous,.
- 0

Secondly it is subject to air- oxidation . during the
measurement. Above all, it is difficult to get a small and

~-reproducible surface ares.n Therefore Dewing experimented

With, ~ precious- metél anodes. The consequent
chronopotentiometric measurements ShORﬁd that transition
‘time 1s dlffu51on controlled only up to 0.7% A1203 on. gold

and up to 1.6% Al, 03 on platlnum. This. result contrad1cts

(39)

the claim by Thonstad that transition . t1me is diffusion

controlled within the range of usual alumlna concentrat1ons

in alumgnum electrolyt1c cells.

. - ' Lo

' Encouraged by the performance of Zrp.(+Ca0) solid
electrolytes in molten oxides and saltsl as’ reported in
rssent st&diss, ‘and aware of the dilemma in ﬁeasu:ing
alumina concentrat1on - dn sryolité by " the
chronopotentlometrlc method, the: author of this thes1s flrst

}proposed employing oxygen concentrations cells” with

_2t02(+CaO) solid electrolytes‘§m~the Na,AlF¢-Al,0; system.

.Regardless’'of the species in which oXygen ions exist in the
melt, there will be only one oxygen pafEial- pressure .in
equlllbrlum w1th dissolved alumlna in an g1ven NaaAlFs-Al O,

melt in contact with aluminum. That oxygen pressure may be
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able to be measured by an dxygen‘grbbe. Alumina activity—%ﬂ\;___'

the melt can. then be thermodynamically calculated from the

measured oxygen pressure. Being able to monitor alumina

ﬁill‘provide the alﬁminumkindustry with a“powétfﬁl
- tool for.dynaﬁic'procgss control. ’Therefofe; efforts wefe
made to develop.a possible relationship between alﬁ%iga and
the oxygen pressure in mslten éryolite.' o
Oxygpn  pressure or alumina ‘actiQity meaSuremehté "in
molten"cryolite could aléo provide 'valﬁab}é inforﬁﬁtioa
about #hermodynamics of Qge“Ale,-Na,AIE. system; which is
'still :elaﬁivély unstudied due 'to' thé; highly JcorfosiVe’
nature of the melt. Tho;gh the present study on using a
Z2r0,(+Ca0) sdlid _elecfrolyte -oxygen‘ probe in  the
alumina-crjolit; szi;ent is preliminary, the_ prosp;;ts, for\‘

- future. studies are very exciting,



11. Theoretical Considerations

A. lonic transport in solid comductors
Until'the turn of the century, classical phemiétry and
crystallography had an idealized picture of the composition

and crystal sétucture_ of 1inorganic compounds. It was

believed  €gziij:}c’;‘Eompounds " had ' definite, . unvaryin&ﬁ /
‘compositions. ~—TIh addition, it was assumed that the gfbms at

lattice si;es were arranged in an ideal structure where ail
the lattice‘sités vere oéqupied. | -

| From the“early 1900's this picthre bégan to change as
man}’. -inorganic ‘compounds were found to Sg
noﬁ:stoichiometric, Latef, theoretical édnéidératighs
showed that ali inorganic compound% may, in prinfij}e, have.

a variable | COmpositibh. _In fact, the very éxac;

" stoichiometric composition is §h~exception rather than the‘
rule a;d gan' only be aéhieved 'éﬁ definite sets of
temperatdre and éarfial pressures of the‘ species 1in av
crystal. | ) |

- It has become clear that.no crysials are perfect. At
any temperature ci;;tals contain different structural

imperfections or defects which can be'classified_mainly'into

'ithréé groups: (a) point defects, (b) line defects, (c) plane

defécts.‘_ln‘addition"to the structural defects, crystals

! .
also contaain electronic imperfections, i.e., electrons and
holes, which_ are often relatively free to move in the
. . . . g . ’
crystal. ) : ‘ &

a4

16



Assuming that ionic conductivity'. is ‘the result of a

~direct ‘eg\changbe of positions between neighbduring vc‘:‘ati\'oln‘s.

and anions in an ionic crystai without any stuctural or

electronic defects, the energy required to éffect'spch an

exchange is nearly 15 ev, making it:virtgallypimbossiblé for

the éxchénge' to occur. ‘Howéver, the energy réquireé to .

"effect an exchange of positions bgtwéen an’' ion and a

T4

neighbouring defect is much smaller. Therefore, it is the

. 'structural defects, | especially point defects, that ~make,

(]

_ionic conduction possibhp.
During iéﬁié‘condﬁction ions move tﬁrough tﬁg lattice
by some.juéping process which\@s mediated th?odgh defects.
‘The twov tybes of defects mbstly respbné&bie for "ion
transport are: - - o
(1) Schottky defects,
(2) Frenkel defects.

In Schottky, defects pritivé‘and'negative ions leave their

normal site%'poycreate vacancied while in Frenkel defects an

ion moves to an interstitial position leaving a Vacancy at

17

its lattice site, ' Some possible 'transport mechanisms’

involving these defects are illustrated in Fig. 3.
. iy T
Ionic transport, in general, is governed by the jump

. probability of an ion -into a defect. This in turn is

proportional to: : et

(a) The probability for the ion. to jump iﬂto the

. ; .
. defect in a given direction per unit time, which is the jump

frequency w; .

v
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(b) The probability that a given péte has a defect at

a nearest neighbour site, that is, the mole fraction of

~defects multiplied by thg number ofdne%;est neighbour gites.,

The jump freqQuency. depends upon- the potential barrier

. ) , ’ .
seen by ions on normal sites. - Assuming the Einstein model

to be true and that the ions .are vibrating harmonically

vraroynd their equilibrium ' positions with a *{ibtational

frequency Vo, the expression for the jump frequency for a

point defect in ionic solids has been derived as:

© = voexp(-AG,/KT) © (Eq.  3)

-

ioh at the saddle-point position and that at the lattice
site position. ~ In other wofds, AG, is the free energy
barrier that opposes the migration of ions and is termed the

"free energy of migration™. AG, can be written as
AG, = AH, - TAS, - (Eq. 4)

where AH, is the "enfhalpy.of migration', and AS, is ti.

"entropy of migration".c Then, ‘ ' #
- \

& = voexp(AS,/k)exp(-AH,/KT) (Eg, 5

¢ ! -



20

Assuming a to be the interionic disfance, n to.be the
number gf interstitial ions per unit volume, and q to be.the
electrical charge of the ion, the ionic conductivity, o, is
given by:

o = na*q*w/kT | '
or \,
! | ' o - nqu | (Eq. 6)
vhere the mobiiity, u, is given by,
u=a*q w/kT (Egq. 7)

If the charge carrier can jump into more .than one
forward position, then the ionic conductivity expression has
to be multiplied by an additional numerical factor. This is
4 for the NaCl structure, for example. A similar expression
holds true for the vacancy or interstitialcy mechanism. 1If
x is the mole fraction of defects then n = Nx, where N is
the total number of ions per u;it volume, and a can be
written as
e " o =N x a*q*w/kT o (Eq. AB)
1f tbére is more than one type of charge carrier, this has

to be summed for all the different mechanisms,

c=zmam (g 9)

vhere subscript i indicates different mechanisms of ionic

conduction.
e o -
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'!.‘Oxygnn ion conductors

Most of -the oxygen 30n-con§uct6¥s, such as, 2rO;, ThO,,
Cep, and Bi,0, have the cubic fluorite structure. They can
become oxygen ion conductors at relatively high temperatures
due to the presence of oxygen vacancies. In the current
study only Ca0 partially stabilized ZrO; is employed.

The 2r0,(+CaO) oxygen ion conductors conduct oxygen by
the vacancy mechanism. Oxygen transport through the
electrolyte can be illustrated schematically '

Po}, Pt | Zr0,;(+Ca0O) |Pt, Po}
Oz + 4= | 207" = 20 “| = 4e- + O,

The basfic process involved in the 2r0,(+Ca0) electrolyte is
that an oxygen molecule from the gas phase aquires four
electrons from the cathode and diffuses through the
electrolyte tq the anode wherg it donates the eléctrons and
thus }s released to the ambient atmosphere. The exact

mechénism of the electrode reaction is very complicated and
involves a number of intermediate steps. In~ sﬁite of
considerable efforts 'made in this area, it 1is still
difficulé to draw an unambiguous picture of the process.

The addition of CaO 2r0,, known as ‘aliovalent:
doping, helps in d?veloping a‘highly”conducting phése in two

ways:

(a) The fluorite phase is stabilized.

(b) More oxygen ion Wacancies \are created in the

.lattice.
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Tﬁ; addition of Ca0 would result in the following

reactions
a0 = Cat + Oo + Vo - B

'Here Kroger and Vink's notation is adopted.' The
substitution of zirgbnium (valence 4) sites by calcium
(VAlencé 2) results 1n two positive "effective charges".
This is balanced by thh c?eat:on of an oxygen ion vacancy.'

Thus, addition of one(mblclpszao creates one mole of oxygen

K]

ion vacancies. oo

The conductivity of 2r0,(+CaO) depends on temperature
and doping cencentrgtion of aliovalent oxides. 1In addition,
as for all oxygen ion conductors, calcia stabilized
zirconia's -conductivity depends on the ambient ‘oxygen
pressufe or activity. If the~ambient~oxygen pressure is

low, the oxygen ions (0Oo) leave the solid electrolyte

according to the following mechanism:

'In Kroger and V1nk s notation the type of imperfection is -
indicated by a major symbol and a subscr1pt. In an oxide MO
the metal ions on-the regular lattice positions are written
Mn, where the subscript describes the type of the lattice
sites. For example, oxygen on regular lattice site are
writen Oo. Vacancies are written V with subscript M or O
referring to vacant metal or oxygen sites respectively.
Jnterstitial ions or sites. are described with a subscript i.

The charge carried by a site is indicated by a super1or
dot and a super1or prime for effective positive and: .
effective negative charge, respectively. The 'effective
charge is different from the actual charge. It is the charge
with respect to the perfect crystal. Thus for an oxygen ion
on its normal site, the effective charge is zero, whereas a
doubly 1on1;ed oxygen vacancy has two effect1ve positive
charges and is-written as Vo



200 = O,(g) + Vo - + de'

»

1”IV0-']‘%P01 A (Eq. , 10)
e

i

where n is the concentrati pf excess electrons, K,Jis the

equilibrium constant for ‘ é react1on, and Po,
ambient oxygen pressure.' .Thus the above .mechani
rxse to additional oxygen “ion vacancies and

electrons.

For high “ambient' oxygen pressuré“nor activity,

~

defect equilibrium can be expressed as: )
8 .
0,(g) + 2Vo - = 200 + 4h "
~
2
Hence _ .
p = Ki?[Vo: - 1"po " (Eq. 11)

1 t Py
-

hole’s,
|

" where p is the concentration of electro K, is the

equi}ibrium constant of the reaction, and the " ambient
- oxygen pressure. This réactior giyes rise'to fewér oxygen
ion vacancies and more'élEctron holes. |

Therefore at . high oxygen pressure the conductivity
would be predomxnantly hole conductivity wh1le at low oxygen
pressures excess electrok conduction would dom1nate. Ir/ig
only jn.the intgrmediate ambient oxygen pressure rangebrhat

——— i



i : | o 24

the condubtivity 4s ionic and virtually independent of

The level and range of ionic or electronic conductivity

are controlled by temperature and “aliovalent doping. The
. .

higher the temperature, the narrover the range of oxygen

pressure over which ionic _conductivity -exists. This .

temperature effect on ionic conductivity range appear in

Fig. ‘4., The effect of the concentration of the aliovalent‘

dopant on the range of ionic conductivity is shown in Fig.
5. ' As can be seen from Fig. 5, increaszng dopant

.concentratlon broadens the range of 1on1c conductav1ty.

C. Principles of the oxygen concentratidn cell with a

z:o;(+CaO) solxd electrolyte

a

“The simplest oxygen galvanic cell is represented as in

Cell 1. Since oxygen can transport through Zro,(ﬁpao), when.

there is a dlfference in oxygen concentratlon or chemical
potential between two electrodes, oxygen at the h1gher
chemical potent1a1 will tend tof‘transport‘ through the
electrolyte. " Under vopeqiclrcuit ;conditions, the

electromotive force generated 1is given b§— the Nernst

L J— -

equation (Eq. 1):

-t

‘E = %% 1n(Poj /Po})

-

r'd

1f the ionic transference number of ZrO; (+Ca0) is unity,

where E is electromot1ve force, n is the number of electrons

9

- N l’ % . 1

o
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involved in the electrode reaction, F is the Fargday
il ‘ ‘

, CQ&ﬁtQDt,;R.iS the gas constant, T is temperature; knd Po}

and Po} are the oxygen pressures at the electrodes.a

~ The cathodic process- may be represented by the simple
reaction ,
~02(g) + 4e' + Vo = Oo
The reéverse .reaction takes placé at \the anode. When Qe
tempergture . is high and ambient oxygéﬁ/wpressure is low;*

2rO,(+Ca0) may exhibit substantial electronic conductivity.

Then the general formula for the EMF of Cell 1 is:

tion duoz (Eg. .12)

A2

where po3 and wo: are the chemical pbtgntials of oxygen at

the electrodes, and t;,, is the ionic trénsferenée number of -

theerOz(fCaO),solid electrolyte. -

2 .
# e . [ !

D. Mixed conduction in 2rQ, (+Ca0)

In a Zroz(+Cap) stJd'electrOly;e, the;é is' a useful

fange of oxygen pressure in ‘which the ‘electrolyte is

' predominantl& ionic at gﬂgiven temperature. * Outside this

range, positive hole conduction occurs at high ‘bxygen

H . . . ' . i .
pressures and electron conduction at low oxyg?n pressures.

- The oxygen pressure dependence of positive hole conduction

and electron conduction .is baséd dn the following equilibra:

=0, + Vo - + 2e' = Qo°



.

[ )

28

and

1 1 ' ‘ .
. 50az* Vo'’ = Oo + 2h

Th; relative magnitude of _the ioni¢ - and electronic
contribution- establishes the ionic t:ansfergnce‘nﬁmber for
the electrolyte. The partial condﬁctiVity'for each of the

ionic and electronic defect species is_gived by - .
B I . . - : o
0; = CiQimy . | "(Eq.  13)

/

r

where C; is the concentration of the species, d; its charge,‘

and u; its mobility. Then the ionic transference number,

‘tion iS defined by

< o ;""0,, &
tion = — B~ C. (Eq'

: o = 14)
. Onitoyntoeton

o ‘ L, L VR el ' ]

where the subscripts h and e refer-to positive holes and
/ * ) .

electrons, m; refers to metal interstitials, and v, refers

to metal vacancies.

40)
d(

‘Schmalzrie assumed a Po,-independent . 0;on, and

¥

N

B N ! 1
on. < Po,- and gqg = Pox™ " o

-

"Eq. 14 would then be reduced to

= p1e (B2yemy B2V L (BqL 15)
é’h& - ‘ e h N . ~

txon
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where P,, P, and J\vare constante, P, -equals the high Po,
where tion = 0.5 (0j0n = 0,), and P; equals the low-Po,‘where
tion = 0.5 (000 = 0.). Schmalzried substituted Eq. 15 into

Eq; 12 and 1ntegrated to obtain

ﬂy‘ + ly4 Pv y‘

(1__LY_+_.__§.7._

- ". T P, ) . | (Eq. 16)

‘ ) ‘ Sl .
where.Po; and Po} are the oxygen partial pressures at each

.

b ) . .
electrode, respectively, and n=4 (cf. Eq. 10 and 11).

N

To. date there is no way to predict P from structural
knowledge of the solid electrolyte. Yet numerous attempts
have‘been madeuto\determine Pe experimentally. Ther:pare
mainly three technigues: the permeability flux.methodyfthe
coulometric titration technique, .and %en-circuit EMF
measurements. \ | i |

| Although there are w1§el§mscrepanc1es among values of
.Pe determlned experimentally, they all have the same fOrm of

: O :
temperature dependence:—_-_
»

¥ )

log P, = =

-

(Eq. i?i

3w
+
>

where A and B are experlmental constants. Some of the
: @ .
(a1)

earlier data, reviewed.by Scaife et al. are shown in

Table 1. The discrepancies were explained as the result - of

)

different techniques and materials used in each researcher's

(

lab. More recently Iwase(“)

summarized his results obtained

by a coulometric titration technlque in Table 2. Because



,,m

&

Material

 CSIRO CSZ 1
' CSIRO YSZ.

PD 327M CSZ
MET 201 CSZ

MET XP1115 CSZ

.y

Table 1 Table
n A “ !

16.7
16.0
17.8
17.5
15.8

of P, by Scaife et al,

B

-62,300

-60,100 _

-63,100
~61,800_

~57,700

Py,
atm(1600°C)

10-16.5

=16 1

10-15.9

107175

.{O-k.o

30
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Sample.éodéﬁ

ZR-11, ZR-11C

ZR-15

ZR-15C

-

Table 2 P, obtained by Iwase

| Temperaturei . A o

.ranée (K) |
1273-1494 12,76
1494-1873 \ 18.69
1273-1588 11.94
1588-1873 17.67
1273-1588 11.ee
1588-1873 - IRERY

=5,33x10*

-6.21x104
5. 14x10
-6.05x10*

-5.14x10¢

~6.05x10¢

31



the electrolyte rod " used ‘in p eaent study has a composition

that ig gsimilar to that of th mater;al used by Etsell and

(43)

Flengas ,;the formula

3

L » . . i Ly s

‘ x
log P, = ~§4£%§lg— + 14.0 - (Eq. 18)

K

32

derived - from: their' measurements is employed. When a
] . . :

galvanic cell with a 2r0,(+Ca0O) solid electrolyte is used
under high temperature and low oxygen pressure cond}tions,

: /lﬁ; should be calculated ‘accbrding Eg. 17 and substituted

ingo Eq. 16 to obtain ‘the correct cell vdltage.

E. Principles of the nonisotﬁefmal oxygen concentrafion cell
with a Zrdz(+CaO) solid electrolyte '
For a nonisothermal cell. with a Zr02(+CaO) eolid
. eleetrolyte, .the » tw? electrodes work ét dlfferent
temperagures. Therefore, in addition to a bconeent;atfon
e gradient, there ie aleo a temperature gradieht~ac£oss the
SOlld electrol;ge. Consequently‘the EMF_qf the cell wlll
include a thermal electromotiee force contribution.
When an‘ionic cenductor such as*ztoz(;CaO) is(placed in
a temperature gradient,- 'a force" w1ll be exerted on the 1on1c

species causing them to drlft and g1v1ng r*§é‘fo an electr1c

current in the electrolyte. Under steady-qpate.condltlons

the electric ‘current has to be zero in order to maintain

electrical neutrallty.‘ This is achieved because there—-is an

2')

‘exact balance between the driving force exerted on an 1on1c
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. i A . N ‘

species by the temperature gradient, AT, and that by the

"electric field, 4¢, which is built up by.the preferential
_ j _ ‘ .

drift of ionic species in the temperature gradient. The

coefficient of proportionality betweén these two guantities

. o
is called the homogeneous thermoemf,

\

Bd(nom = "air‘nom)AT . (Eq. 19)

Irf a real experiment, the measured thermoemf is not
_accounted for by Aémem) alone since a contact potential
exiSts between the metallic electgodes and-vf;e 'ﬁoﬁic
'conductor. Because this contact potential is dépendent on
temperature, its values at the two electrodes will not
_cancgl. | This gives ‘rise -to the go—célled héterégeneous
contribution.A¢“gﬂ to the measured thérmoemf A¢. The third
part of the measured thermoemf is the homogenéous potential
difference A¢, due to the temperature grad{enf in the
contact wires;‘bAll of these théée parts combine to give>the.
measuréd thermoemf A¢. The thermoemf per qsgree'temperature
is 'termed the Seebeck coefficient, which can expressed as

.9

follows:

Y ﬁ

& = ~B6/AT = ~(B0(nom/AT) - (Ab(ner)/AT) - (88,/AT)  (Eq. 20)

\

& !

The thermoemf in tyrn consists of three individual

i

potentials as given by the_relatiquhip:

L]

"5
o0
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A¢ = 84(0%-,E) - B¢(e”,Pt) + A¢(c) SBa. 21).
where A4¢(0*-,E) is the EMF across the eleéﬁrolfée which has.
resulted from the thermally induced flow of @’: 'ions,
A¢(e-,Pt) is an EMF across the platinum metal(electrodes and
lead due to the thermally.induced flow of electrons, and
A¢(c) is the diffirence between,contactpotentiélé of the. .
electrolyte-electrode intarféces at, the ‘two different
temperatures.

‘The thermoemf phenomena in 2r0.(+Ca0)-based solid

Y o(sd) (45)

elegtfolytes was studied by Fisher , Ruka and Pizzini

et al.(“’. Though the actual Seebeck coefficient values
found by different researchers did not always agree, they
all indicated that « <is dependent on oxygen partial
pressure, but not on temperature. The:general'expression_
for the Seebeck coefficien& of Zr0;(+CaO)-based solid

electrolytes can be given as

. -
Q01 -
T

(pt)

1, 1., 1 ; '
Ba = 5o(-286; + ERInPoé + Jo2- + ) -« (Eq. 22)

whe:e7séz is the standard molar entropy of oxygen, Soa- is
the partial molar entropy of oxygeﬁ ions, Poj is the uniform
ambient oxygen pressuré, Q'o:- is the heat of transport of

(Pt)

oxygen ions, a is the Seebeck coefficient for platinum,

and R, F and T have the same meaning as used previously.
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Derivation of the Seebeck cosfficient of a 2rO,(+Ca0) solid
electrolyte from irrovarsi@lduthormodynamics

A thermocell involving 2r0,(+Ca0) with inert metallic

!

leads, such as Pt, is represented by the scheme}
(a) Pt | 2r0,(+CaO) | 2zr0,(+Ca0) | Pt | Pt (B) (Cell 4)
T ¥ | T+AT - T

— -~
| !

The thermdglgctromotiveuforce E(T, T+AT) may be determined

for the condition of*a uniform partial pressure of oxygen in

a gas phase ov¢r‘2r02(+CaO). The thermoéelectromotive force

. s . 47
per degree, a, is defined as‘t"

‘ (a)_ {8y
o = lim E(T, T+AT) _de _ d(¢” -¢ ") .
ATa0 AT ar dT

- (Eg. 23)

" D
.

where ¢'*’and ¢'» are the electric potentials_in the Pt leads

at the terminals a and 8.
The .foildwing derivation is confined to isotropic
crystals Qithodt local sresses. Thus t:anspoft properties

such as partial conductivities and heats of transfer are

presumeﬁ to be 1ndependent of crystallographic d1rect1on.'

Although it is p0551ble to formulate equations in a
more general manner,.the following equations are derived for
conditions where anions are much more mobfle than cations.

- 4 '

In this, case, bne‘ﬂmay formulate transport equations of

anions and electrons (species 2 and 3) with respect to

Wéations (species 1) as the reference system. Thus, the

k]
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/equatigpa for the flux of anions and electrons, J; and J,

respectively, in moles per unit area per unit time for one

dimensional .gradients of domposftion and temperaturé are

'. 93 813 , (w. Q4T o i
Ja T [ % (§3+T )dx] (Eq. .24)

. 93 (dny Q ,drT

where o, and o, are the partial electric conduetivities for
anjons ana electrons, n, and n, are the electrochemical
potentials, Szrand T, are the partial molar entropies,(Q:
uahd Qs are the heats of transfer, F is the Faréday éonstant,

and X is distance. *
The electrochemical potentials are related to the

respective chemical potentials u, and u; by

M2 = My - 2F¢ (Eq. 26)

4

Ny = Uy - F¢ (Eq. 27)

where ¢ is the local electric potential, amd u; is the

chemical potential of component i, which is defined by

Py -

0G

Ky = (—) P,T,$=0,n

— yui (Eq. 28)

b]

Under steady-state conditiond electrical neutrality is

maintained, so the fluxes J, and J; must be equivalent,

-
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4

i.e.,
=Jy = 23,

Substituting Eq. 24 and Eq. 25 into Eg. 29!

-l (5,88 - gk (Sles (3, +

F*" ax T 4F?

o'

Simplifying the above equation,

L 4

LU Ry Q14T _ _og (A .t w04
03[ ax + (gg"" )]dx 2 [ + (g2+

T dx

dn,

ax can be expressed in terms

The term

~writing the reaction

From the above reaction, we have
S MOz = up=2u3 = N ~ 273

Regrouping, the above equation,

Pl

37
.
(Eq. 29)
Q 4T,
T 'dx
(Eq. 30)
a1
T ax
(Eq. 31)
of dny- starting
.dx
(Eq. 32)



N2 = %an + 21, | (Eq. 33)
- ‘

Differentiating Eq. 33, gives, , :

- dn,; 4T - (_1. duo, + zd"h) i‘..!

dax dT d4ax 2 4T dar ° 4ax.
Also )
/, « dny _dny, 4T - ‘ (Eq ,35')

dx 4T dx
Substituting Bq. 34 and Bq. 35 into Eq. 31,

_ 0z ) duo; ,.dn,,dT Q; 4T dn, AT, « . Qi (4T, -
2 3 %ar *%ar )dx*(-s?+ r ax) 9 gr dx*(g’_* T ax!-
| e (Eq. 36 -

v

o

¥ o

Regroubing the above equation and solving for ?’f‘i'

- ®
3 ! ]

dn, _ 1 _o0; , 14duwo; w-_ Qi _ _03 L,
AT 2 02"93 2. aT ' 3. T ] 02+03(g3+ T ) }(Eq.. 37)

P

Diffefentiatin’g Moz = woy + RT 1ln Po, gives:

d—g% = - S0.° + R in Po,.

Substituting Eq. 38 into Eq.,.’i?‘:

-

‘ . e n .
dns _ 1 _90; (1.0 1 e Q2 y L 0 (& .0,
AT " 2 oye0, 2502 gRINPOSa =" ] - PR (SR, .
: . \ .

" (Eq. 39)

v e
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" The above equation will be used later but nowv the
relation's‘lﬁp‘ between. ¢« and %n,i,l in the 2r0;(+Ca0) and Pt
phases in Cell 4 has to be developed in order to.deaéve the

general expr

.From tlhe definition'of the electroch;mical poténtial of
eiectrons in BEq. 27, and the fact the chemical potential of
electrons at the t;o terminals of Cell 4 is equal, it
‘?gollows that the potential difference between the terminals

of Cell 4 equals?

ng(Pt")-n)(pt"))/F _ (Eq. ‘40)

.In the case of local equ111b{1um at a phase. boundary,
the electrochem1cal potent1a1 N3, 1s:the same—on both sides
of the interface. Thus the right-ﬁ&ndfside of Eq. 40 .is
determined By ghe‘loéélwdiffefgnée'bf N3 within tﬂe ird,~ahq_

Pt phases involving temperature grédients.w Hence, Eg. 23

‘maytbé applied: , ‘ 'f" . L e
© (..)_G(a)‘~ Sy (zw:>; JRLLTIY TR
g o Q-0’1 dn, s ") i(Eg. 41)

ar_ F oo . Tt :

According to EQ. 41 the total thermoelectric” power is equal -

t6 the difference of  two terms.. -The first term is.

chaﬁacteriStif ‘ofi Ehe ZrOz' solid electrolyte, }he second
term.of thé Pt lead material. Let

. 1-dnazro,)

. _ 'a(zro,)
e _.ﬁ-E/dT

(Eq. 42)
Can@



. '1 dns | L u
'Eq. 41 may be réwritten/aszt ’ !
K SR RS | q)/‘ *
a = a(no,)_a(PQ . : (Eq. 44)

‘

- The 1nd1v1dual terms on the ulght hand 51de of ‘Eq. 44 are
called the absolute thermoelectrlc powers of the respnctlve

phases. in an open ¢ircuit, “the flux of electrons (J;3) in

-
.,

Pt is zeré. Thus it follows. from Eg. 25, for electrons in

Pt, .
dﬂ.; 3 Q;' . .
—_— = - + \ R
’ ¥ 3T {38, - ) a , (Eg fS)
‘Substituting .Eq. 45 into Eg. 43, gives:
. . ) . &
]" ' o e 1 « . ‘ e
- P = (g, e, Qs ey  (Eq. 46)
F-° T ,, A
Similarly substituting EqQ. 39 ihtq Eq. 42, .gives: . e
‘ - .\ ) . Q v | . ‘ b
LI _1 dnaaro,) . = ¥ ~
. F dr o o g
Y ' oy}» '
,' . . '
- E—&—(——Soz+—n1npoz v (5,2 - te(§,+Q’ (Eq.  47)
2F | T T |
whe}é tg = oy 'énd £ [P £ Und'r*;'édominant ioni
en 02*”3’, ¢ 02f03. ¢ 'Pr' a f¢

®

-conductlon condltldhs



(1r0, )/_2_F [__Soz....z_Rlnpoz +§z —Q-L ] (Eq. 48)

K

. . s . . ‘h s . :' .
Substituting Eq. 47 and 46 into Eq. 44 gives the full

experession of thermoelectric power for Cell 4:

= g lT0ad_(Pe) ' L ‘ o
a =

¢, . el ot s Q% feor.
= 2FLOYI [-ESOZ+ERlnPOZ+§2+ QTZ ]__F_._e_(§3+Q'; ) - F(gg(Pt)"' Q'; (Pt))
‘ o - ' _ (Eq. 49)

s i
'

f; ~« can be experimentally measured and is termed the Seebeck

i

.. “coefficient, . ¢
il . i
5

P

Der1va%1on of the EMF expressxon ‘for a nonisothermal and

nqh;sobat1c cell wzth a z:o,(+Cao) solid electrolyte from
: Versxble ‘thermodynamics
'a;nonlsothermal and nonisobaric cell with a 2r0; (+CaO)

' electrolyte can be represeﬂted as
W P

'm;‘w‘ b ¥ . v

Pozn,' - Po}

() Pt | ‘2r0s(sca0) |,,‘zroz<+‘cao.> | Pt | Pt (B)(Cell 5)

1 T

/ .
v S “

In 1§81 Etsell and Alcock 20 flrst reported #szng a

N

_ncnlsothermal cell like the one repreSented abqve.' 1t w:i



42
proposed that the above cell could be visualized—as—an
isothermal cell with an oxygen gradient at température T in
’ o . P ‘ : ' 3 S
series with an -isobaric cell with a temperature gradient at
a uniform oxygen pressure.. The EMF of the cell is

.
1Y

E = E' + %ﬁ;ln(Po /Po}) - (Eq. 50)

if the ionic transferenge number of Zr0,(+Ca0O) is unity.c
The thermal cbntribution,'E','is,the thermoemf of a thermél
, o ; |

cell under oxygen pressure, Poj. . ,

Alternatively, the cell can be visualized as an

Ry — —

isothermal cell with the samés oxygen gradient at T, in

series with an isobaric cell with the same temperafure

gradientpat oxygen pressure, Po}. The EMF of the cell is
O e . n

'RT

E = E" + 7ﬁ$ 1n(Po}/Po}) ~ (BEq. 51)
i i h |
where E" is the thermoeyf of a thermal cell under oxygen
v * ‘ 5
“pressure Poz.‘ e : '

In the: turrent stugy the general EMF expression for the
nonlsOthermal and nonlsobarlc 'cell was developed through

of 1r§everéﬁﬁle thermodynam1cs. ‘

Fbrif of a11 the EMF of Cell 5 can be 51mp1y wrltten

aSQ_

E = ¢ ffégéf' . (Eq. 52)
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{a)

where ¢'°’ and ¢'*’ are the electric potentials of the a end

and B end, respectively. From the,6 definition of the

’electrochemical ‘potential of electrons in Eq. 27 it follows

that the potential difference between the terminals of Cell

5 is g1ven by

(Pt,a) APt,8)
*- Na )

(ﬂa (Eq. 53)

'In cases of local equilibrium at a phase boundary, the

R . ;
efectrochemical potential, n,, is the same at the two sides

of the interface, such as the Pt-Ir0O, and 2rQ,- Pt

' . (pt.n) “(Pt,a) N
interfaces. Thus, “Na 1s determlned by the local\-

differences of n, w1th1n the Zroz and Pt phases 1nvolv1ng

-

temperature and oxygen gradlents‘f This gives:

®

a : E 1 | o : ‘
¢()_¢U)= f‘F (n;(ho ) N, Wt))  (Eq. $54)
\\ o
leferentlatlng the above equatlon we get:
RS TIN . o
_dte ¢ ). 1y ga%mw dd"x“‘"’) (Eq. 55)

Under open circuit condition, J,=0; thus from Eq. 25,

(Pt)_ (gl(Pt) Q; 3 _{Pr)y- (Eq. 5,6‘)

N3,

"Also applying Eg. 27 within the Pt phases,



B ’ ! ’ . :
o' m J_n’(\m - —%(S,“"H _Q;_(m) (Eq. 57)

F

Under steady s;ate‘mcppditions, since each volumé'

element must remain electrically neutral,

44

“

T

the fluxes Jz and

433 must be equ1valent according to Eq 29, 23, = -J,.

| Rewr1t1ng Eq. 30 g;ves.

Bl

c : 02
1 = . =
Subst tut;gg g“n oato. and te “o2%0,

.

_Q;_ 03 Qs dr,
ZF’L (8 +=-) ] [ (33 “r ) 3x] | (Eq. 58)
“""
Eq. 33, 12 = % Ho; + 2m, may be differentiatéa to give:
oo , ; '*"
. @ny _ 1'duo, dn, L .
‘ax” 2 ax " ax (Bq. 59)
. . %,* l . | 1
Substituting Eq. Sgﬁﬁnto Eq. 58 and cancelling the comwon
factor F, . ' o \
{ & \‘,‘
0,1 dmos . dns. e . OF 4T, ans . = .05 d" \
22 "ax "Fax TS Ty )dx] = ol ”g “r) ax!
- (Eq. 60)
‘wRegfouping Eq. 60 and solving for %%f, -
ans %'; 1 _02 Guo, _ 1 _ g3 (5,+ Qz )dT 02 E§: Qs )dT
“dX . . 4 0,to, d4X 2 0,40, 2 T 'dX  0:+0; T 'dx
~(BEq. 61)
03

into 'Eq,‘_61 and



Y

gives:

‘N
- removing the common factor dX, gives:
. ¢, ’ ] .
dny = - Eeiquo, - He (3. gy - (55 +8)ar
" (Eq.. 62)

Intégfating Eq. 62 over the béund&ry,conditions in Cell 5,
gives: | |

o~/

AN fﬁgz_lim—duo y =—M—(sz+—93-)dﬂ' ~Ipita (S, -QL)dT

R 0 - (qu 63)

whefe poz and uoj; are the chemlcal potentlals of oxygen at .
the two electrodes; and T, and T, "~ are the respect1Ve
teﬁperatures; 'The tion in Eq. 63 is a function of uo,. and' T.
The analyt1cal solution of Eq. 63 jis very complxéated and is

impossible to obtaln. Subst1tut1ng Eg. 63 into

R 8 . (8) 1 (Zr0,)
: /] 20

¢'? = Ef?——(qu po3)
Eien (S, +-Q’ )('r2 T, Q’ =) (T2-T,) (Eq. 64)

2F

¢

where tio,, is the effegtive ionic'transport number of the
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Zr0, (+Ca0) solid electrolyte in Cell 5, &nd T, = 1-Tion. The.”

eftectiye ignic transport nM@Per,'fwn, is deff;ed‘asz -
”fmn'; ;,nﬁn)/[-%kuog-po}-%(§z+4%;)(Tz-T;)j v'(Eq. ‘65;k )
« By definition,l
uo] = wo}"™ *+ RT,1nPo} ¢ (Bg. 66)
Moi = upog' + ?T,lnPoi | (Eq. 65)

~ Subtracting Eq. 67 from Eq. 66 gives: _ v

e
o) - wo} = wo}" - wo3' + RT,1nPoj - RT,lnPo}
=(S6,"-S4,')AT + RT,1n(Po}/Po}) + R(T;-T,)1nPo}
(Eq. 68)

it

where AT'_z T,-T,. Substituting Eqg. 68 into Eq. /ﬁi/ and

collecting common terms: . , - //’
¢Q? =‘-Ef%——[-(sbz"-séz')AT'+RT,1n(PoE/Po§)+R(Tz'T1)lnPo?

- +z(s,+%)('rz—r-r>)-?; (5;+2) (1,-1,)  (Eq. 69)
‘ é...‘ N :
N~ .

Regrodping Eg. 69:

. L_%(SOZ "'5'62 ! )AT+-1-RATlnPo'2'

. y t ‘k”-“‘

. . T * . .
| +(5,+85) 4T} -2- (5,281 (Eq. 70)
.
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Sdbstituting Eq. 70 and Eq.. 57 into Bq. 52 (E = PALLNPALLE

gives, A

E = f‘ﬁ—"‘ RT, 1n(Po:/Po:)+'—‘§g:—[—% (Séz"‘s:é'z')AT"‘l‘;‘AT 1nPo}

- +(§ =2-)aT] + —‘—(S, Q’ 2 a1 ('S,(ft)+-.g,l-’.‘—(P‘))AT.
- | | (Eq. 71)
L] " |
This is the general EMF expression for a nonisothermal

oxygen concentration «cell with a 2r0,(+Ca0) _solid

electrolyte. The expressioq dérived this way is tpe same as

results obtained by viewing the .cell as an isoth;émal

nonisobaric cell in series with an nonisothermal isobaric

cell.
4 fy

a"M

Considerations of electronic conduction in a nonisothermal

cell‘with‘q,ZrOz(+CaO) solid electrolyte
As we have considered before, the Zrbz(+CaO) solid'

electrolyte is an ionic conductor over a certain range of

oxygen pressure at a given temperature. Outside the mrange,

«

'electron1c conductlon occurs. T

The partial conduct1v1ty for each of the ionic and -

electronlc defect specxes, i, is given by

"!‘_

&

o, = Ciqu, (Eg. 72)

Therefore, the transport number of each species in "the

S
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electrp}yﬁe is defined by

L - 9

- ’/’g ti = o (Eq. 73)
. 1

As discussed earlier, for the case of 2Zr0;(+CaO),

by = [ 14+ (-‘31;3- (3‘-’—’-)-% ]  (Eq. 74)

where P. and ‘P, are constants previously defined for Eg. 15.
In “this 1nvestlgat1on, only electronlc conduction at
low oxygen pressures will be of concern. ‘Therefore, the

express1on can be s1mp11f1ed into: "t

tion = [ 1 + (-P;,‘-’—’)-V‘ 1. (Eq. 75)
- Fe ,

- -

" When the ambient oxygen pressure over 2rO.(+Ca0) is too

low, the following reaction will occur:

!

|

f

Oo =

';'Oz + Vo« +2e' 4 ‘ o

Oxygen ions on normal sites will decompose into' .oxygen

molecules, leaving oxygen vacancies and free electrons in
. . t

the crystal. From the above reaction we can write:

C. = K Cvo- "2 Po,~ "

|

where C., is the concentration of free electrons, K is the
o ‘ ~ L ‘

(Egq. 76)
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- reaction equilibrium constant, and Cvo - is the
concentration of oxygen vacancies. As K is a constant at a

given temperature and CVo: - i8 controlled by the qliovalént ,

doping concentration, the two constants can be incorporated

/

into K', theh:

Ce = K'Poj3"™ : (Eq. 77)

it

From. an earlier discussion in Section A of this’

chapter, V’

i

we = Vo exp(-AG"e/kT ) (Eg. 78)

e

- —
r4

where w, is the%jump frequency of electrons and AG", is ¢he

free energy of mf@ration of electrons. All other terms have
the same meaning as defined for Eg. 3. Consequently, from

Eq. 6 and 7,

. 22, ' .
Oe = ————L—C"ak'T We - (Eq. 79)

Substituting\Eq.74 and 75 into 76, and grouping all the

N . \_:\\

constants into K,,

% exp(-AG e/kT)
T

O = K1P02
§

(Eq. 80)

Theoretically, it is not yet possib,e'pf

calculate K;

in Eg. 80. Nevertheless, this does not /prevent us from

st
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making comments on o,. From Eq. 80 it can be seen that o,
increases as Po; decfeases. Secondly, o, increases &8s
tomfuratﬁro increases. To make more quéntitative Suc/i_gments
“on o,, an empirical parameter (P,) may be introduced( P, is
defined as the oxygen partial pressure at which tq = tion =
.0.5. P, has been measured experimentally and found to be

. (43)
-~ temperature dependent in Ehe gorm of o

ln P, = - ,-‘;‘; + B  (Eq. ‘{em-)‘

Substiputing the above equation into Eg. 75 gives:

-
tion = [ ‘1>+ ('e;-p‘%%zm)‘% ] (Eq. 82)
This equation describes the temperature and oxygen pfessure
dependence'of the ionic transference number.
1t is well known that electronic conductioh presents a
major probigm in isothgrmal oxygen probes, especially yhen
the 2rO;(+Ca0) solid electrolyte.is applied under conditions
of high temperature and low oxygen bressuré; For a given
tempe;ature and oxygen pressure gradient, the EMF of an

.isothermal probe is (from Eq. 16)
S .

. ;o JA Ya

RT Po3" + P, ‘
St .

E - lnPoz‘ N (Eq. 83)

’ - y

if the oxygen pressures at the electrodes of the cell are in

such a range that. the electronic hole conduction is

Y
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negligible. Here the electronic conductivity is togroacntod

through P,. For a noniaothermal cell under the same oxygen. |

- pressure grad;cnt but with a temperature gradient whose -
maximum temperature is T,, the EMF of ' the cell is obtaﬁiﬁhg.%
by substxtutxng Eq. 63 into ¢ = %n,‘"°'), and Eq. 57 into

Eq. 52:
T duoz" 1 v
E - ;—5 I3 tron gatdTéos (17 tm(s,+—°d-)dq~+- ite <s,+-91-)d'r .

, _ T, (Pt) T )

IT, a aT {Eq. 84)

where t,,, is given by Eq. 75. In the above eguation, terms
such és ¥, and Qs are not'measu:ablegfor mobi{g species, It
waé found that it -was impossible to gebs_an analytical j‘
expression for the integration in the above. equation.
However, the nonisethermal cell may .be considered as an
isothermal cell ai T, in series with a nonisothermal cell at -

an. oxygen pressure of’ Po3. This gives:

)

2y p
R LT (2q. 85)

4

1}

Earlier discussion in this chapter (Section E) demonstrated

~

that the oxygen partial pressure in the expresSiqn for the ~

Seebeck coefficient, a, should be ..Po3. The first term of

‘s//

the above equation ;s the same as the EMF expression for an
isothermal cell under an 1dent1ca1»qugen gradleht. In the
second term of 'Eq. 85, a at Po} is given by Eg. 49:.

am
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™ 1 l .1 . Lot . .
. a = -g-;n—(--z-SéﬂiRlnPo'g'*Bﬂ-g;-)-%l-('s,e»-m-) - a('t)

| %
o e

The tio, in the‘above expression is very close to unity at
the usual high reterence oxygen pertxal pressure, Poj}.

Therefore, the above equation é%n be simplif;ed into

. .
a = -2-[.—, (--sb,+ RlnPo','+§z+-Q,I‘,-) - o' (Eq.  86)
" This indicates that the second term of Eq. 85 is not
affected by electronic conduction. As the: first term:in Eq..
€85 is the same as [£q. 83,'it is evident that errors-;cau‘s'ed
by lowering of ‘the . theoretical emf due to eleotronicb

conduction in okygen.cells will be the same,whether.it is
S Tk
. ,

isothermal or not. . - o f'\‘w TR Y

’ '

The above analys1s poznts out that the accurggy qg&'g

non1sothermal cell 1s not any better

through the erz(+CaO) solid electrolyte. N

oy
oxygen flux through a sol1d electrolyte of éri
A

cell with oxygen wpressuxes Pb; and Po?} -55

cathode can be expressed as'?”;

. . " RTO[ Pg% : . O
o~ = T 2FL Poyv PO} s
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| . —e e ‘ : | , .‘.

wvhere L is the léngtn that oxygen ions must travel, that is,

the length or thickness of the sblid electrolyte. nll other”

termg -have the same definition as in the ' previeus .

discussion,

/< This oxygen flux problem is.especially significant if

- one of' the 'electrodeg has a 1low concentration of an

elecrroective 'specieo:i Etsell and Flengas'’’ . made

electrocnemical‘measurements of oxygen partial pressures in

CO-CO: and Ar-O!.gas mixtnres using a pure orygen reference

electrode. It was found for-mixture dilnte in CO, €CO; or O,

that the cell voltage is strongly dependent on the tlow rate
‘e . of the gas m1xture passxng over the working electrode.

N
A very likely explan;txon given for this. fiow rate

dependence} was concentration ‘Qolarlzatlon arising’ fhom

electronic oxygen transferendb, that is, the ‘transfer d? °
&£;~ IOXygen from the electrode with the higher "oxygen partial
- pressure to the one with the lower 4xygen pressure, A high
flow rate is, therefore, neceésaryito remove rhe oxygen at
'the low oxygen electrode, whose .oxygen activity is changed
by the oxygen transferred from the other electrode. ~rhé

hE , sen51t1v1ty of an oxygen cell

dE_. is h1ghest when the
dP 0;
concentrat1on of an electroactxve spec1es is low.‘

Experlmentallyrlt was foung'*”

v X ';, v . z
0, = B37 e IV (Eq.

and

.‘ ?
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"nonlsothermal cell w1th a . lower temperature at - rts reference =
'electrode w111 help in reduc1ng oxygen transfer through K>

Telectrolyter, - Perhaps : more 1mportantly, . “for - ‘th¢

R o /" : ' 54
log P, = -54500/T + 14.0 . (Eq. 89)

for é’o (+CaO) sol1d electrolyte (10 mol % CaO)s

<hs can be seen from the above equatlons, both a, ~and P,-

Y

decrease exponent1ally w1th decrea51ng temperature.‘ Thus a

@

-

b s

nonisothermal, celltﬁused in the presenv @tudy,

eléc{;olyte‘length is about 100 tlmes the length of a dlsc~

lelectrolyte, usually 1 to 5° mm, used 1n the 1sotherma1 cell

. H

‘Th1s alone can correspondlﬁgly reduce the oxygen» flux

——

‘through the electrolyte accordlng to Eq.~87. Usemof7a lower

reference ozygen preSsure, Pog, can also n reduc1ng‘

'oxygen“transfer. Consequently, the sol1d reference'imygen

probe, " whlch has a lower‘,reference ~electrode oxggen

pressUre,'"was adopted in  this sthdy. As‘.a_ whole,

. nonisothermal 'cells‘wpreSent“ significant advantages ~over

’1sothermal cells in m1n1m1z1ng the polarlzat1on problem.

1&-"

. . »
cLP . ! -

,‘Further cons1deratxons of éffect1ve ionic transpért number

N

o ' L

~As wgs p01nted out 1n the last_jectlon, an analytlcal*

. o oy : . .
expressuon 'of"t;m for a nonlsothermal oxygen probe is

" : had

1mp0551b1e to obta1n~ ‘However, approx1mat1ons of F,m can be

%obtalneg byyﬁlrst con51der1ng‘the effect1v$/1on1c transport

- N SN e : ) - ) . .
number for an isothermal oxygeh o;obe.
pk.bi.‘, . - . : . . : »" .

3

-+
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The effective ionic . transport nrumber, ti,,', for an

-

isothermal oxygen probe is defined a ' .® ‘
t: e B [}/(udg-uo')]‘luog‘t‘ duo (Eq'f+;0)
ion ' E® 2: ﬂoi i 2 .o ’
’ ' N N
Substituting Eg. 75 into the~above equation and integrating,
give: S - : h o
, lgg(Po"% + P‘A) lqg(Po'A + P,%) : | '
tion' = 4 (Eq. 91)
| logPo%-1logPo} o ‘
For nonisothermal conditions P, is dependent’ on
B ' . oA
~temperature1 Therefore tion is dependent on temperature.
Substitufing Eq. 81 1nto t e above equatlon, gives the tipn'
for nonlsothermalfc:jdltlips: ‘ ' | ¢
B » A
thn = ‘
(/ . N -\
: . 1 /
log(Po"A+[exp(B A/T)]A) log(Po'A+[exp(B-A/T)]é) L
: v - logPoj-logPo} - . o N \
L | ot | . (Eq. 92)
S ./ .
N "‘ /
Integrating the above equation over T, and T,, gives
_t- ) 9 . .. J : | . ‘ . . ‘,,"_ ’},
ion sz-T‘ - ( ‘ . . . . . . ;‘
L . ‘ E - . |
: Tz log(Po"“+[exp(B A/T)1%) - 1og(Pg'A+[er(B A/T)YY) L
Jq m % o7
. logbos logPoz w2 o _
o : 55 “,&‘ ’ ,,.“,- , ' (;‘.q. | .“93)

A
sy
YA
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The'abeve‘equation is solved"ﬁy bge numerical integration
fA;' some typical values of‘*Pog,Tngi, T,,‘-and-gTz. - The .
iobteined Emn‘values are listed in Table ‘ 3 ahd”theuFo;tfan
program used is iﬁéluded eSfe%PeQdix I. The effective ionic.
trensport nuxﬁbefw for the isothermal_;onditions (at ,1600°C

and the same oxygen gfadient),‘ﬁim"is also listed in Table

' ) ey

'3 for comparison.

“,

~F. Calculation-of aissolved'oxygen in molten teel from the

v

EMF measured by nonxsothermal oxygeanrobes

As ment1oned earl1er, the probe used for cont;nuous

~oxygen determlnat;qn ‘in  molten steel is actually a

nonisothermal galvanic cell with a 2r0,(+Ca0) “solid‘
electrofynei,‘The cell can be represented as -

R - . . ) : \

‘Poy, Ty, Pt | 2r0.(+Ca0) | Pt, Po},T, - (cell 6)

© ’ o e ’

-~ where Poz 1s the reférence electﬁga% oxygen@pressure, T, is

\«1;}:, _“
the reference electrode temperaturey Po;e 15 the unknown

A

oxygen pressure 1n equ111br1um w1th dlssolved oxygen inf

molten steel, and T, is the steel tempe:eture.

| The ceIl/;an'be fepresented as in Fig. 6. The EMF of
o i - _ a )
this cell is given by

RTJ ‘poj™ + p,* BN roo
E = 1 l '/4 e/_'f + (!AT + Elead e N (qu . 94)
’ Fi . O2- -+ Pe R

_In the above' expression all terms have been explained
. : IJ\ ] ’ L 2t . R ¢ . N
I L . L

!
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Table 3 Tion values for typical noni}:thermal co‘hditior’is
Po; " Poj f TC | Tion . - tion' |
0.21 . "'1.487kf0" 1273 0.9986  0.9951
0.21 1.487x107'" 1273 - ' “ 0.9972 " 0.9878° .
0.21 . 1.487g1o(f1 1273 ,; + 0.9936 0.9698 )
0.21 1.487x10°7% 1273 0,9850 0.9317
0.21 . 1.487x10°* 1873 0.9981. . .0.9951
L0.21 - 1.487x10-'' 1473 0.9960 0.9878
0.21 1.487x10° 17 1473 "o 0.9905 = 0.9698
0.21 1.487310-5* 1473~ 0.9778 0.9317
4.936x10-71 1.487x10°° 1273 . © 0.9927 10.9552
4.934x10"" " 1;487x1ol" 273 0,9877  0.9654
4.934x10-1 1.487x107 "2 1373 09717 0,8967‘-‘
4.934x10""" 1.487x10"'* 1273 0.9579  0.8099
1.981x16‘{ 1.4é7xio-z 1473 0.9946 ~0.9858
1.981x107*  1.487x10°'' 1473 0.9899  0.9679
1.981x10- 1.487x10-7° 1473 . 0,9794 0.9331 -
1.981x10°*  1.487x107'% 1473 ' 0.9572 ) 0.867377 %{f
1.556x10- "5 1.487x10-° "1573 o Ys'q,9§67 ) 0.8258-V$§?=.
 1;556x10‘P’ 1.487x10° " 1273 0.9543 0.7640
1}ésex1o-'s 1.487x10""° 1273 . 0.9333% o.gz%o*,;,;_
1.556x10" ' ® 1.487x107 "% 1273 ;;;f'ijJBQBB B :I0;59§8:“ﬂ
2.504x107 "% 1,487x107 g*fo&"o,éeae‘_' 0.9361. -
_2.504x10-.;'5.487x16;|. o 4'0.9742‘f‘ f_0.879§ﬂ ”“_
é.so§x1d-(=_1.487x1o~'= ;0.9559 N o;ézgﬁj;q,;;v
2.500%1071% 1.487x10°70 1473 g 9215 0.7679 .
- | | - o | L.

4

.



aai

..r,v,

o

.

oF

L

58

gy .
/
/ .
/
k‘ v / a
\\
. " Cu wire
.
- 4 x
ey ) .
5
Chromel Vire
Mo wire _ L

Mo-2rO cermet rod

»

»

-
\- T
- ‘. .
.
”
1
PANS
&
{ T
. 2 ¥
o
*
4 1
#y
-
.
-
e

Fig. 6 Figurative representation of the laboratory-made cell
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tp;éviously excebt for Ejeus.
Théfgqelectricfzurlcauééd by different leads to an oxygen
codcéﬁtratioh cell - | |
| Ejeaa iS5 ‘an electromotive force . caused by K the
thermocouple effect-;of different 1leads for the . probe. --
Thermoelectric EMF arises in all.electrOChemical cells where
the lead wireé are- not identjcal,'even if the temperatures
at each lead is the same. _ . N
Givén.an i;dthermalkcell as in gfg. 7, if the Pt-Rh13%
wire is replaced by-a Pt'wiré then: ol \ .
RT,

E = 1n

poy” + p A
F "PoLi” + P,

" —iE' | (Eq. 95)

cotm——— .

where E' is the thermoelectric EMF of the thermdcouple_th

)

VS,  Pt-Rh13%, Furthermore, if the cell is nonisothermal as .

it is represented in Fig. 8, then the EMF of the cell should

be R | | K . o
© RT, .pog'/‘h + p A , |
‘E = 5 lnpogﬁr+ B + aAT - E (Eq. 96)

whe're‘; a 1s the Seebeck cbefficient of'ZrO{GCaO) at the

oxygeﬁ pressure,wpog,_and E" is tbé thermoelec;ric\EMgiéf

the thetmocoﬁple Pﬁ Vs, Pt¥Rb13% at températuge Tz; | ‘
Thé_thermdeleciric ébr:ections}'such as E' .and E" can

ganles.

@ .

. . 1 'v L4 J A . .
be readily found in handbook;wgﬁr thermo
h ! - . 47 e \y&“ :
. ., i o ’P‘f) 24
\ L .

N 1

A
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Nul I

(2r0,) metal
(] - a

i Y - e

(Pn

the « term ié o

petal fgr the available Seebeck coetficient
data on ZrO,(+Ca0) 50{1; electrolytes: If any non1sothermal
ceil does not use a Pt*lead, a thermoelectric correction has
to be made. |

‘The cell" ééz-ggpresented in 'Fig. 6 will now 'be
considered, - In order to be consistent with. Seebeck
coefficient méasdreménts, the thermoelectric EMF correction .
is described by the iast two terms in .the following
equation: |
E = RT' 1 —1};—:—%‘?— + a(ae pz)AT + E(cpt2) ~ E(mpeny
' (Eq. 97)

4

ﬁE_ wh¢re E(cpt2) is the thermoelectric EMF of a chromel wire vs.

'Pp at T, and E(pp1) i8S the thermoelectric EMF of a Mo-ZrO,';

rod vs., ‘Pt at T,. From Etsell’ s*°® measurement:

" Etcpt2) - E(mptn) =3.76 +0.0177T,-(-8.92+0.0261T,) (Eq. 98)
_Notice the némen¢lature in the above equation is different
. ﬁitthzisténdingufbp the reference electrode temperature and

T|'fof}th§ steel temperature.
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Oxygen partial prcssuti and temperaturé dependence of the
Seebeck coefficient
Under a given oxygen pressure the Seebeck coefficient
of 2Zr0,(+Cal) was givén by Eq. 22,
1 1, 1 ' ’
a = EF("'Z‘Séz""z‘R,ln‘POz*"gz""%L) - G(Pt)

A

assuming the 2r0,(+Ca0) is prédominantly an ionic conductor,
'whefe‘gz and Q; indicate the partial molar entropy and heat
of transport for oxygen ions. h

| As can be seen’ fr;m- Eq. 22} « is oxygen pressure
'dependeﬁt. When the oxygen pressuré is 0.21 atm, « ié found

;6 5;‘40.505 mV/°C over a wide range of temperature for the

.Zr03(+CaO) solid electrolyte.;”) It would be natural to
. : . : ' .
expect a to be tempetature depenident since $6; , 5: and J%—~

are all temperature dependent. However, a .is experimentally
found virtually temperature indébendent,-fortuitously due to

the cancellation of the temperature effect when the three ,

fon

terms are summed. : ’_ T e
Whether a:iS‘temperature dependent or not, it appears
safe to assume:

. R -

i | a = K + IF 1nPo, @;{ (Eg. 99)
o a4
‘ : x“%%’

under given temperature conditions.

B -3
, l1.987

,ﬁ‘xs" .
2 ind21 -0.505 mv/°C,

1£f Po, = 0.21 atm, and a« = K

then L ‘
. e



a(Poz=latm) # K = -0,471 mv/'C
N 3 A
Thus the‘oxj%en pressure deﬁenﬂence of « is:
‘ R .
a = -0,.471 + — 1nPo, (Eq. 100)

[4 \JY" 4 F

Sometimqg'the oxygen pressure in the éxpression for «a

-, . 1‘ 0. S ".‘ . .
is controlledgpy a metal-metal oxide mixture, for example:

Then the oxygen pressuréfover the mixture at equilibrium is

i-

Po, = leip(PS8))1  (eq. 101)

~Substitutihg the above equation into Eg. 100 gives:

B— A/T

@ = -0.471 + = (Eq. 102)

. Calculation of the oxygen activity in steel from the

measured EMF ) ' -
, .

Given all the considerations above, for a measured
oxygen probe voltage, T,, T., PoZ, “and P., the unknown

Qngen pressure Po; can be calculated from Eg. 93. This Po;

is the oxygen partial;preséure in equilibrium with dissolved

63
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okygen in molten steel.

Furthermore, according to the reaction .

1

. ’:2'02 = [0]

a[o), the activity of the dissolved oxygen in steel, can be

'determined‘ from the calculated oxygen pnessufe. /Fbr the
(s1) ' '

above reaction ',

L AY

AG'(,) = -28000 - 0.67T, (Eg. 103)

where AG"(,) is the free energy of dissolution of oxygen and

T, is the steel temperature, At equilibrium
. . .

g
/

AG(o)= AG'fw'+ Rquﬂ%ﬁfﬁ =0 PEQ. 104)

N

-

"From Eg. 99 and-100 it follows that,

‘aw) =’exp(-‘--A;zgi‘[,-.f"“l—-)Pozy2 (Eq, 105)
Sometimes it is desirable to know the weight percentage
of oxygen 1in steel from.-the ‘oxygén 'activiqy§ obtained.
Howeéér, m%}ten ‘ste#l usually contains several alloying
belements in dilute_solution. Typical alloying'e;emgnts ére
Si,'C,'Al, Mn.‘ They affect the oxygen activity coefficient
to diffefeqt ﬁextenﬁs because of their ihteractionsb with

+ s Ll
dissolved oxygen in steel.



By definition

[%0] = —%m (Eq. 106)

]

vhere the oxygen activity coefficient, f,, in molten” steel

with alloying elements added is defined as. .

7
(]

7

fo = Eo'xEo™xEo x:-r (Eq. 107)

where f,' is the activity interaction coefficient of the i'".
component in a multicomponent molten stéel éystem containing
0, M, N etc.. A more convenient way of looking at this -

- problem is

[y

logfo = [%0]eo® + [¥Mleo™ + [%N]eo" +- - (Egq. 108)

vhere [%0] is weight percentage -of dissolved oxygen, [%i) is

th

weight percentage of the i solute and the term eo’ 18

defined. by

i ='alogfo :
eo 31211 (Egq. 109)

‘Values of goi can be readily foundf in thermodynamic data-
tables(“). o ’ |

‘In the pfésentk stuéy; ‘sampfes ‘9f molten sﬁeel were
taken periodically for chemical vaﬁ%iysis of alloyinq
elements. Oxygen content was analyzed by the “inert gas

fusion method. After those analyses were done, f, was




calculated according to the following formula = , .’qfﬁ\

' ' . % ! . ‘ﬂ { had

logfs = [%0)es + [%Cleo® +[%Alleo™ + [%Sileo® +- - W

Substituting values'®"’ for eo'

»

. .
logfo = -0.2[%01-0.13[%C]-0.94[%XA1]-0.14[%SJ +- -

[

. (Eq.  110)
Once f, was determined and ajo measured electrochemically,

'[%¥0] was obtained from Eq. 102.
‘ ) -

G. Fundamentals of ‘the Na;AlF,-Al,0, system
’ . - .
Today, one hundred Jyears after its invention, the

Hall-Herqult, methoé remains the 'predominant - process of
commercial ;lqgﬁnUm production. Though many technological.
improvements_ have been made, prineiples iof the process
remain the same. It probably will .continue to' be the
domlnant method for the forseeableﬁfnture. ' -

In the Hall-Heroult process, aluminum is
electrochemically reduced from Al,0, dissolved in nolten
Na,AlF. at a temperature around 960°C. Usually about 3 t& 8
we1ght percent Al;0, is added to the molten cryol1te which
acts as the electrolyte 1n 4n aluminum electrolysis cell A
voltage of around 4.5 volts is impressed onto the cell

.tnrohgﬁ; which .a direct current passes. This results in

£

‘oxidation of ongen ions-at the carbon anode and reduction



* .. . e

% | v &

of aiuminum ions at the cathode. Atter the qtygen ion is
oxidiZed it wiyi reaat vith the carbon anode to torm Cog.ﬁ

The elec?%ode reactxon can be written as

- . . ) .
- .

'

) (Li.:
»
%

- 3017+ 3C - 6e % %co2
(. ’

'Q -~ y o0 ‘ T B

at the carbon anode; and .

“ :

. : . J

2A1°* + 6e =w2Al(liq)

k3

e
. FAt
' .’ ,’“:-
Ry
ol o

)
¢

B / :
&t the pathode,’wh1ch is a 1aYer of liquid Al at the bottom

l P4

o -of the cebi
B @w EQQ dVerall cell reaction is the sum of two electrode
P oY) b i . v .
d ‘ N n ' . \& :
R ."\.‘\ & B rea‘cti ipqs(’ . . “
SR e 2813 + 30° k + EC = 2A1 +3CO;

L P v g'\‘ * o i ' ; n ! | .

e ” X 3 i v "" !

LI . t o, 5 ° R T * /
‘ Le " - q . ,:'mr 2 . - ;‘i, .
. gl " i i | L ' L . . .
i "“Ddrgﬁg ‘normal ekectrolyszs, the -anode reaction, .in

« t *
prznélple,_ 1nvolvetﬂ the discharge of oxygen.-ions from

g

éd@plgx oxygen carry1ngr ions at the anode. However, the

et \
.

':M;f actua; mechanlsm is. mﬂch more complxcated.

Sy B ’ ‘\"‘
) l‘c -.“;“-,' ' "; . ‘6 ' ‘
N ': ’ '\._l‘ ) ' i \ \
Propqrtxes of the Na,AlF.—Alzog electrolyte _" o .

~~Pure cryol1te (Na,AlF;) melts at 1011+2 C WIth a sl1ght

dlssoc1ét1on of the complex anion AlF;'.~'The most‘probable

2)

| sqheme of the dissociation was found by Grjot:heim(5 to bqéﬁ,

. A}
- - AlF{" = ALF; + 2F°

, L -

»
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; ‘\:‘ f This scheme ‘is ~ supported” by- many . studi»ei, in .

part1cu1ar, Raman spectrosc3py(”) whxch 1nd1cated about 25 %

AlF& udlssoclated 1nto AlF; in the molten cryql;te..

l‘pﬁ:I;‘ When alumina 1s added 1nto 4molten cryollte, it w1ll$

9 9

o d1ssolve and 1ntroduce 0" 1ons and add1tlona1 Al>* 1nto the‘t

S;)
system;‘ Alumlnum 1ons are already present 1n the system in

,‘Ehe complex ions AlFa' and AlFa. a?he&added O’; ions are'

qu1te s1m11ar in s1ze t@ the 'F- ions*Atherefore‘O?"ions can,‘

- L

replace F'h1ons structurally.‘ It. is now commonly assumed

ng' that the 0" 1on§k1ntroduced 1n€o the system w1ll occupy“

y 4
* LI

"; essentlally the same type of° 51tes as F'~1ons,.and that they"

,w111 be statzst1caf{§ d1str1buted around Al":lons ‘in: the'

(S“V has measured the

#

5 I melt as AlOF o complex 1ons. Holm

w\freegrng pe1nt depre551on fﬂ‘molten cryollte by the addltlon‘

un1t of K1,0; creates three un1ts of 'fore1gn spec1es.

R dllute solution region, where' ideal hehaV1our' may - be
¢ I L o e L R :
e expected._ ' - 2 foe

AT s L AT o S S
SR Phase dlagram studies ofy,th quaig;binary 5ystem;f

”

polnt at’ qso 963 ¢ ana ‘no 0-11.5 wt% A1203.‘ The earller‘
: 7 =y . s

-_.“gbel f 1n the existence of a SOlld solutlon 1n NaaAlFs ALgO;

’

fna;! For additions oﬁ less than 2 mol % alumlna, one

<]"'-1on caused gthe; observed f;eezlng p01nt depre551on in the'”

NaaAlFs A1203;,show that the system has a sxngle eutectlc *

s

Th1s stronglyosuggested that spec1es w1th a 51ngle oxygen”‘

- .

1, . has now Qsen dlsproved oy more rece 1nVestlgatlons.», f;.

. ..._ p . : ‘ » , . L
S ) R ! R : :
. i L I ; R ¥ . ~

4

@ .
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Anode Effoct : ! o C o

P

‘JIn 1ndustr1al “aluminum cells a kind. of -abnormal

t

“behav1our, known as the "anode effect™, can occur dur1ng
| electroly51s. Under galvanostatic condltions,’ an anode

' effect“ manifests ~itself by a  sudden 1ncrease in cell
) ' Al

uoltage. In industrlal cells the: voltage can r1se abruptly

to 30 50 . V wh1le the current remains approxima;ely csgsgant

or decreases slightly. S1multaneously, thawbr% %
o dlscharge at the anode ‘almost’ ceases, and the current passes, »“
.llgfrom the melt to the anode by way of a serles of small arcs. f,_

WA rlsevln,the temperature pf'the anode and,;ts v1c1nrtyfalso
takes place..; o SR ® B |

e

) ,The anode effect occurs when the A1203 content of the

‘f'” celﬁ becomes too low (usually below 1 2 wt %)yto ma1nta1n

;normal ele;troly51s._'

r‘u#‘v

current deh%

\
anode effect’ It 1s deihned as the maxlmum current dens1ty

M,Parameter, known as the, cr1t1cal
oy, 0‘ .
T 3Buced to hqﬂ% charactemz!r the ‘

-, at - a glyen A1203 content, wh;ch 1s atta1ned \ﬁefore the
normal. anode reactlon ‘is superceded by the anode effect.f
FHence, thls current den51ty can be con51dered as a limiting §
cur%ent den51ty for oxldatlon of the oxygen conta1n1ng 1ons.."~}

Relatlonshlps between tﬁe cr1§$9a1 current dens1ty aqd

-_Concentratlon Of‘Alzoz\ has beén lnvestlgated éxte&lVEIY (53)4 ..

{.)

.fExperlmentaf v vues of cr1t;ca1 current denS1ty at & glven

:A1203 content’ k : | _ h . ‘ A
rfﬂmany dltferent factors, suchhdas-sééometriéf?
fdanode, anode materlal and”externalfpréﬁéufef

B . ~
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. »

- Sand's “ation_occured'if the milt
% Aliu 'I‘he_refore,t ”Grjotheim‘

equation = v

70

¢
o

~most rn est1gatxons seem’to point out that cr1t1ca1 current

nden51ty, 1ncreases as the Al,03 concentrat1on in the melt

v

increeses. This can be expressed by SandWS-equation

I oy yz . ‘ . ' ; .
[ 1%—‘= % 7 n F D? . (Eq. 111)

.where i is the current den51ty,,r is the transition time, C

is the concentration, n is the- number of electrons Ynvolved

inathe reaction, F is the,Faraday constant and

d1ffusan coeff1c1ent of the oxygen cbnta1n1ng 1ons.
yz .

The tqrm L atta1ns a constant value in very short -

Cc .

‘ trans1t1on txmes. Ideally, by me@surzng‘r ; correspond1ng»-

i}

concentrat1ons of oxygen-Cv \ning species . can- be

v

determlned. However, further:

~ -~ ‘v. ‘,*
.

ir? = g C ~ - - (Eqgi . 112)

where K 1is an exper1mental constant i is the current
to
den51t hs the alum1na concentratlon 1n the melt, and n
-~ v

~ has emplrlcal values between 0.5 and 0 6. _ Accordlngly,

there Stlll ,isF not a mature. techn1que for;\determlnlng"

A}

[A1203] 1n 1ndustr1al cells.

Though many dlfferent explanatlons hav&ﬁbeen g1ven for.f

is the

dies found devidﬁions,from'
v.-ntained more‘that§2 wt

‘proposed an empirical

the anode effect,v1t 1s now. generally agreed ghat before or \#

\ .
durlng the anode effect, fluoride ‘1onsr_are- oxld}zed .and.’

é?,)

R
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. | . ‘ ’." .
react with the carbon anode surface to; form gaseous. CF.,

L]

which blocks the carbon anode surface. fThe fluoride ions

~'will only be oxidized when the content of 'Alzo; in the

‘

'ﬁa,AlFs-Alzaa‘melt has dropped too low.

o .
L] ' =

v A

Frequent anode effects ‘are ‘unwanted because of the

(RS

extra energy consumption and possible. overheating of the
. ‘ , °

cells,” 1In addition, anode effects disrupt normal cell

L2

operat10n.~ On the other - hand, anode effecyé serVe‘ the

purpose of keep1ng a check -on the alumina concentratf

. i«""m d t b ,
# the electrolyte SO that overfeedlng can be avoyae v If
nother means of ai‘qﬁla mon1bor1ng 1s found the effect may»

N

qysthm ' ?,/’ . &
K A nonlsothermal pxygen probe, baS1cally the ‘same 52 the
wo.
» one used im molten steel is used here for oxygen

,e!measurements 1n molten Na;Ang-Alzo,,solut1ons. The prdbe,

w1th an air referedte electrode, can- be represented as

. N R : . l. ‘ ’, R
. POE [ Pt I ‘molten cryolite | Zfoz (+Ca0) I Pt [ PO'z' (al r ) .
| 1 (Cell 7)
¥ .

)

 Simjer, to Eq. 94, the cell voltage is given by:

S SR C o a ' - P
S Rp - poit 4 | o
- . = — v + +
B o E F lrpoiﬂ +‘ Pef ' uAT E]ead

~ ; ) .
. s . o
“ s T

(S R o

fessufe determination in a molten Na;ALFy-Al,0;

&
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 Here L and Ej.q can be treated in exactly the same

as was discussed for  measuring, 'oxygen ‘in molten '
1'l‘here_fore, for a _.g,iven T,,. T2, and P, _ dependence on
temperat'ure, 'the" " Po, in vhequrl1b1um' vu,th a molten
Na;AiF;"Al;Og mixtﬁre tan :be ca-lculat,ed from the measyred
‘cell voltage. l‘\s in inclustrial'cells, aluminum is added
into the molten Na,AlF.-Alzos system.' After the'addition. of
aluminumband if the equ111br1um 1'eached withih ‘the melt,

'fthe Po, in th% melt 1s control’led ‘by the following reaction

o . Y

-~
.

o ; : :
4 w' ' . Lo . -~

¥

-

[T . . PR * ’ fo]
The .free energy change™for the reac‘;lon is.
' ig} ‘ .: ) RS ,*‘
. | , J

. " .

‘ 4

\ v V“

where a(Alzog) is the act1v.1ty of A1203 in the melt, and sz

@5 is the oxygen part1a1 pressure 1n équ111br1um with the A1303

in the melt. If the amount of sA1203 added to the. system
texceeds/tihe s‘.’olhblllty l1m1b of Al.0; in cryohte, one will

2
'have akA1203 = 1, 1h addltaon, -f holds for pure IS

’..added 1~ntott,he-.ce i Then at equ1l1»br1um where AG = 0,

AG® = -2- RT lnPoz é Ny {EqQ. 114)
, - \ . w. . ’» ‘. . . 5 : “ r ’3
By measunng the oxy-gen partlal .pressure at th1s equrllbrmm

cofditiump 4G for the ‘reactibn “of Al and 0, .in the’
| R ' |

‘ ot : ot ‘ - —"3’ : |
. YRV " AP + =0, = Al.0; y S

1
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Na,AlF.-Al,o,-Al syst;em can be obtained from Eq, 114.

After AG® 1s obtamed, the activxty of Aleg can ;hen

“

be determﬁled by measurmg the oxygen part1al pressute i'n

equ111br1um with melts of dlfferent Al,0;.contents accordmg {

to a rearrangement of & 113:

P _.
: : o . < AG’ 3 o  ~’ B .
lna(!’:'frizé);) e + 2 1nPg . Eq. 115)

Ky

’
‘;
1

o

N 7m the alumlmﬁm electrolys1s probe‘!’é

7 "

thiarmod‘ynamiés of the_y K

5 R

*'melt -can
13

'i‘hiact?nty Of Al,03 in a Na :
‘ ' “about the

AT &
provide us: wlth 1nformatloﬂ

understanding of tht U '1num elec-troly'sm vprocess. 1n”

add‘i:i'on,'-.the' )a"c'tivit:y of Alz’og in a Na;A‘lF. Al.0, melt can

be cccrelatqd to the anode effect, hence prov1d1ng ‘a tool
for in s1tu momtonng of the Al0, concentratwn Jn thet

cell Th1s would have 1mmens‘e~ vp*fm: operat1ona1 control

°

- T .A’f Y : w

Th1si15 very 1mportant to.the
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o A Experxmental set-up d - R : BT
‘ The bas1c expehment%l set up - used 1n the current study
- can be represented by ;‘;g 9. : S

Nn Inductotherm 30 KW, 1nduct10n furnace was used to

':f*::;the steel, vhich was Suppll‘d‘.by Stelco. The. oxygenv NG

part1a1 pressure 1n*equ111br1um ) the d1ssolved oxygen in

dﬁ.

mélten steex was determ;ned 'by '

urqmg the voltage of .a

i “laboratory—made non1sotherma1 | oxygen probe. ’ 'The probe
: voltage was measured by § Ke1thl’ey 616 D1g1tab Electrometer,
‘then re@rm with an Kexthlex 6162 Isolated‘put/Control

cGnnected to a- 750 Prmter." At the -same tlme,,the ﬁrobe

K J

voltage was followed by a char‘t recorden. The temperature

at the reference electrode of the oxygen. probe w measuref

.

J
with a Chromel Vs, Alumel thermocouple connecte o‘a Fluke

. 21654 D1gxtal Therm?meter. ’ Stee‘ temperature was measured

ot

w1t~h a qgartz * tube- sheathed@ﬁ?t vs. ’ﬁ.+Rh13% thermocouple_
e ”—wa &
__connected to a Fluke 2168X xﬁzgn:al Thermometer ‘ Durmg the

run, argon vas cont1nuously ‘flushéd over the surface of the )

. N ‘ L @ ) -
,-molten steel RS . " : I
vv' . i < [ S _»w
About 15 Ar was requ1red to melt down a full oharge of’

et asteel usmg the 1nduct1on furnace. . The orlg%,nal comp jsn:*n

of the steel stock supplled by Stelgo’ is llsted as the’

follomng. o 56-0.61% C, 0.65-0. asx Mn 0.28% Si, o 65% cr,
- \ s, ' BT i -

M
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ElectvrpmeterJ e

—=>={ -Chart, . . |Thermometer|
""v,;;;f,; 1 recorder: [ K-type

DU’tht B I
controller [. - Argon ‘{“~

. aQ?agtzf *W o
* ube , *
» \—P*

S

" Pripter

.<—-.M'gO érucible

~ . ) A ag Bl [liH—auartz fybe
Mo-ZrO, rod —H‘J —— 1N : :

p e e -

" v -' ...........
R R

P

A

:

g Controlumtforthe § e L
19 ¢ mduct«onfurnace - S

. 9 . > :
~ : : \ [ AP

S

" Pig. 9 Experimental set-up for tests on molten steel
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e

‘ end 0. 035% Nb. PRover input to the furnace was ‘maintained at

20 KW throughout. the melting process and vas reduced to

‘about 14 KW to keep the steel temperature constant once the

.g steel had mefted.i The steel temperat%re was, easily

mainta ne with1n 5° C of the usual operat;ng temperature,

‘:t: ﬁgtween 1500 1830°C depend1ng on’ ind1v1dual heats.

J d Inﬂﬁﬁg!ly,- «great d1ff1culty was encounteredg: in

,h‘}gettim , '; *ﬁ measur& the temperature of the molten steel.
ﬁ?””“?ﬁ{éﬁ.A': ratS”? mdllite and alumlna protection sheaths for .

L'uple all cracked upon be1ng immersed 1nto steel.

, was tried but it® readings vere too unreliable

;“*l“abPe for the present study. Finally the solution

whs 50un& to be a ‘Pt vs. Pt-Rh13% thermocouple placed in a

r,dipfedﬂend quartz tube. 'The quartz tube'usually lasted for

‘;j:»

H !

e p

‘-

b

m&ﬁﬁrgre run which could take’ from 30 to 90 m1nutes.

) G
“ %Mﬂ\#'&he steel was melted 1n the 1nduct1on furnace,

[]
argon q vﬁhs.flusﬁed over” the melt to help ‘prevent possible

"ox1datxon of mplten steel by oxygen in the air. To ma e the

s argod“proteq¢1op more effectxve, a laboratory-made éov&t'was

put on top of the 1nduct1on ‘furnace. It was found that the
cover helped reduce the ox1datlon to a certa1n extent-
therefore, 1t helped to maintain a more’ stable exper1mental.-
env1ronment. Even théugh every effort was made to max1m1ze’
the effect1veness of the argon protectlon, oxidation of

stee?] still occurred due to 11m1tat1ons“of the exper1mental'

'conditions.



' Firat, even with the cover on, oxygen in +air could

,st111 get into cont ct with the molten steel, wnen this
| happen;ég oxidati?n of steel was 1nevitab1e. Secondlg!
ere may be’ ~te£ractory l1n1ﬁg decomposxtion which can
1ntroduce add1tlonq& Oxades into the steel melt.‘ Every time

the Mgo‘crucxble was replaced it could be seen that. the

‘épe oKYgen :probe was immersed ijnto moltenh steel to
'measure the'oyygen activity in steel, 4Usually;%he uo-ZrOz
cermet rod mae im!ersd to about 2 cm whereas the }rb,(+C§O)
electrolyte rod was dipped into steel to a depth of 1 cm.
The probe vo tage was measured between a Mo wire connected
_to the cermet rod and ‘one of the thermocouple w;res whxcﬁ
electrode.. The quartz tube, with a Pt-Pt+Rh13% thermocouple
inside was fully 1mﬁérsed to record the steel temperature.

‘.

B. ConstructYon of the noqis%}hermel“oxygen probe

-~ § -

' ‘ ) . . <

-Oxygen probé with an air reference electrolle
- ‘

E detailed drawing of the probe design is shown in Fig. o .

« 10. Also a'photograph.of the the probe is presented (Plate
IR The rod ~on the right side of the-'photpgraph is a
- Mo-2r0, cermet rod. %

O

The’major component of the probe was the electrolyte

- rod which was afCaO'partialiy stabilized 2r0, rod with a~

”
P

e .o

was in electrlcal contact with the Pt, anr»wreference‘

\

3
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diameter of 6.4 mm. A. typical chomical analyci_e o! the.
‘electrolyte was the following: Zro.ﬂito, 94.69%, Si0z 0. 60
Ca0 3.5%, Mg0o 0.79%, s"e,o, 0. 11%,‘1\1303 0.20%,, . amiﬁm ‘
0.11x. a piece of platinum gauze was attached onto -
electrolyte rod at 'a dieten:e of 8-12 cm away"/gxom t?‘{,.
~ to constitute the reference electrode. This distance‘:
nobﬁbe-to% farvfrom'the tip because'the°reference;g;ec::bde
‘could not be at a temperature out of the range required for
' suxtabley low impedance. (A;r was led ‘into the probe by a 3,

mn @D-15 mm ID stainless teel tube and i‘mpinged upon. the ®

e #

" to, mgintaln a constant oxygen part:al pressure over

& %
* ]

the ret'grence electrode.

-\, qumally the air flow rate wag§ set at 85 ml/mm, whxch'
oy ‘Va.s relativg!y sIOw.‘ A1r flow wag, used simply to k‘eep ‘the
, ;tmosphere .at ~the uference electrode from behng stagnaﬁ
ent, especially smce a

?tme reference electrode
w .

Theretore a low flow rate vAs suff

hxgh azmlow :qte would have cool

too much

A- Chromel-Alumel (K ;ype) thermocouple was - pos1tloned

in contact with the Pt gauze to measure the ‘eference

.’\

7;' -e-'lectrode temperature. . One l-eg of thxs thermocouple also
" “";served as the electrxc leadg for ‘the reference electrode.
oy AThe who Aé-referehcez-r'"ej« dé was cohtaﬁﬂed in, awspec;ally

WAL

ey sha’ped B! rtz tube. ', "“' q S .

L : i

P Seah g is requ1red at the- joint of\ the quartz tube ‘and
“\

electrolyte‘ rod. "The sealmg mat_erlal used was  either

\Ce‘ramacoat 512 or - Sauereisen, both™ of which performed’

s : . [ .

I PIP R ' T : ; “

, M : * e N
RN [,
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reasonably well, ‘,q.- ) R
To make the meaeuremente the tip of thq electrolyte ro&
h‘;.was djpped into th: molten steel ‘inch is the vo:k,;ng\)_
electr'ode. Qof the probe. 'rhe t1p of the .Mo-2r0, rod vas
dipped into the steel and served as the . electric lead for
.'g'theexquipg electrode. The Mo-2ZrO, had a composition of 40
volume percen&nztog,'that f%, 26.4 wt % 2rO0, and'?3.6'wt”% '
Mo metal o

 Since the teference electrode was sevenel centimetere

f’

,above the molten steel the referende electrode tempereture‘

that is;' the steel tempetature. Theret

is natqully lower then _the: uorking elect ode . temperature,
lge, the voltage

. s

R g L : . %
- ¥

:

measured between— the working electrode” ﬂnd the reference' )
'elect%ode will include a thermoeleéfr;c cdntrzbution due to g'f
. the temperature ;radxent and the different leads ueed for
-she two electrodes. ' ’ , : | /' L ,=f
Voxygen. prohe*’yith- solid metal:netal oxid; fegetence/
. electrodes‘f e K ﬁ : | A ;'*I‘f'

I
_ The choice of ‘the metalrmetal oxide mxxture éo be uaed ~{;
N -fES the reference electrode was 11m1ted sxnce 1t 7had to

{" fulfill certaxn B\elc requ1rements. (1) 1t cou 4 not melt at

L,@J egfutemge:atune of’rnterpst, (2) it could not react w1th the r‘

.1\,» ptobe components '43) the oxygen d1$soc}at1o breseurf of

J

\‘ N ‘
the oxide had to - be in- the range where thete was nD

-

szgn1f1cant electronxc conduct1v1ty in. the electrolyte.'

E-3 '

-~

s W
s
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Two. kinds 'of: metal-metal oxide mixtures, Ni-Nié» and

. N ‘ 4 i . o . ‘
* Mo=MoO0;, vere . used . because p‘they: fu1f1lled these

requirements. The n1ckq1 ox1de used was F1sher cert/*ied'

_and'the nickel powder wa5~grade NFETm from Sherr1tt Gordoh.
The MoO, is 99.9% pure powder from Research Org/tnorg.
‘Chem, Corp and the molypdenum“was 99 98%. pure.100 mesh

powder from Apache CHemlcals.

Load

e The probe design for the solxd metal metal oxide

r -—-—

reference electrode was a ;1tt1e dlfferent from that of the
"\

3 )
probe de51gn 1s shomp in Flg. " and ‘a photograph of the

probe is also 1ncluded in Plate 2.
Under equ1l;br1um‘cond1t1ons the oxygen preesure,over

the referebce electrode waexeontrolled by the reaction

.

i

In order to keep the -oxygen partfal- pressure at, the

reference,‘ electrode unaffected byr_ the  surfounding -

atmosphere, the reference electrode was sealed. A good seal
here was more important than the one used in the air
refe¥ence electrode. zZircod cement was used first and was

found to~crack under working‘conditions. ;CeramaopatQSJZ;‘a

\Vbehaved reasonably The best choice, however, was. found to
- )

be Sauerelsen‘from the Sauereisen Cement Company.

¥ 82 PR

a1r reference electrode probes.' A deta11ed 1llustrat1on ofp

high temperature ceramic adhen51ve‘ was tried later. and

w5
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‘In all cases, wet plaster-like, cement was appl1ed onto the
‘area to be sealed and left alone to dry in. a1r for at least
2¢ hr.. Subsequently the sealed probe was put into a
dry1ng oven to fureper dr1ve off mo1sture from the cement.
F1nally,'a smooth, dry and apparently crack-ﬁree seal—was
obta1ned The max1mum contlnuous operatlng temperature for
Ceramacoat 512 was spec1f1ed to be 2500° F Both ceme,nts

- were ma1n1y composed of 5102 and blnders. o 'ﬁl 3

\
The metal metal ox1de mixture was. always made rith 1n

¢
0

metal powder,” usuaily a ratlo of 3 to 1 for the metal to its'-

ox1de. Therefore,' even 1f the cement 'seallng was not

r

perfect and some a1r leaked into the reference electrode
_compartment the extra oxygen 1ntrod/ced by the air would be
,bufferedfby,the_excess metal present tn the/m1xture, In
this ’way slight leaﬁs, if any ever‘ oceurred, would not

disturb the equ1l1br1um oxygen pressure in the reference
electrode compartment. Metal-metal oxrde ‘QLrtures were‘

analyzed afge?@y to see if metal was consumed byuoxygen

i

Y

whlch had leaked 1nto the reference electrode compartment

The analysis ‘indicated that meta1<powder was stlll-presentx'

L]

in all mixtures ‘after they were used. " ‘ b

I

' \Thepsolid reference electrode probe‘worked\basically on
,the-sameﬁprinciples as‘theﬁair»reference’electrode probe.
| However, there ‘are odlfferences. First, solﬁd reference
electrodev'probes dida not‘_need the gasﬁ'ootlet and inlet.
 This would make - the probe'simpler,_hence easier to handle

and implement in plant applications. Secondly, the oxygen
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- partial pregsure at the reference electrode way much lowdr
. ‘ . 6. . f g

‘than the oxygen‘pagtial pressure‘ih air. In the case‘of the
Ni—NlO “mixture, the ;oxygenr pressure lover the ’reference R
eléctrodet was qify- close to the‘ okygen“presscre _in
equ111br1um w1th dlssolved oxygen in steel. Therefore the_‘
'oxygen 6oncentratlon grad1ent across the electrolyte rod was’
“much smaller for the $olid :eference probe than for the alr‘f”
'1reference probe. " This helped reduce possible electr
polarization problems due to electronic conduction in thelgl
ZrOJ(+CaO) electrolyte. .As -was ‘discussed in Sectzon E of
the theoretical part, this presents a significant advantage
under very low oxygen presSure conditiohs. Ho&ever,mcare’
had to be taken to ensure the solid reference electrode:
'probevwas seeled'well. This ensored stable'énd”ehdurincj
performance. | o , o C

C. Measuring quipment . C A

The probe\voltage was,messured by a Keithley high input

| impedance elect o%eter’gith‘ggf%ccuracy of 11 mvi Thelpgbbe‘
voltageﬂcould be prihted"outrat.a-interval from_every'two
ocrr_léometiﬁes a chart recorder wss'also

11 voltage. The “input for the chart-

" seconds to every

« P

used to follow <
reécorder came from the outpu<.of an operat1onal ﬁﬁplifier*
[

1n51de the elebtrometer._ In this way the chart recorderh‘
which had a smaller input 1mpedance, could follow the probe

voltage withouf_drawing;any current .from the cell. Hence
. * 8 . .

‘tﬁis.preventeévCell-equilibrium from being disturbed.

[<] R
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‘The ' referénce. electrodé and." vorking, electrode
temperatures were measvred by a Fluke d1;k¥a1 thermometer

w;th an accuracy “of +1°C. The temperature 'read1ngs ‘were

)

taken manually once every minute.
. .. _,“ « ) q») ‘o, 5 . ) p
.

<

'D.. Steel deoxxdat1oﬁ ‘and reoxzdatxon
‘ After theﬁor1g1nal steel charge was melted down the’

- pxygen level in steel was often too high. In order to?

arp—

measure lower=oxygenqlevels,'deoxidation had. to be‘cerr1ed

,out. The - usual’ deoxidaots;“ were ferro-manganese,
ferro—eilicon, and ‘calcium-silicon, which were all‘subplied
by Stelco.f In’ some cases, pure alumioum was added to helb/
lower’oxygen levels even further. | » Y

Deoxfdation was also necessary because every time' the °

4

charge in the furnace wagymelted some reox1datlon of steel
occurred. Aftem it was melted, the steel negded to be““
deoxidized to bring the oxygen 1level down to \acceptable
R values.  Otherwise the oxygenk level .in the s eelu‘woul&T
incrqase‘cum&latiéely §$ﬁce the steelMio the furnace would

be 1used"up' to 5 times before it was replaced by a new

charge.

v

It was observed that e‘ combination, of the abovef

mentigaedvddeoxidants' gave .better results in terms of

deoxidation than the addition of & single one. Rare earth:

e
_

titanium .and boron deoxidants were also experimented with"

—

but were found not to be‘overly effective, so they were not

used regularly .in the present study.

LS
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To aehieQe very'lpw;oxygenylevele'in séeel,rdown to;a
few. ppm, it wee found that a considerable amount ef aluminum
hed to: be eéde_. 'Sometimes the amount was several times
what should ave. ?een 'necessary according to Yalues
ca1;ulated frqm'thermodynamic equilibrium data. _
%}nereQSdngtthe oxygen'leeei in steel waéﬁdEuelly much
easier. Pieces of 99.9%”purequ;O; from Cerac Incorpofaied
were added into the molten steel. Tﬁe Fe.0, ;ieces were 13
fo 3 mm chunks: ‘.A~ typical chem1cal analyszs was the.
followzng Al 0. 067%, Ca 0. 001% Cu < 0.001%, Mg 0.001%, Mn
0.08%, Si 0.005%." It usually took a few minutes for the
oxygen level in. the steel tc increase after lumps of Fe,0,

;o

were .added.

PR

' E. Oxygen measurement in cryolite
For oxygen measurements in a cryol1tera1um1na melt the

qentlre exper1menta1 set- ug,was ba51cally the same as that
used’jor molten steel w1th one notable exception, i.e., the
1nduct10n furnace was replaced by a Lindberg Hev1 -Duty pot
furnace. The pot furnace had a power of 20 kw and its

‘ temperature could be controlled w1th1n t5°C. -

The probe used for oxygen measurements in Na;AlF¢-Al,0,

melts was the same as the air reference electrode oxygeh-

¢

. probe used for molten "steel. Metal-metal oxide reference .

-~ electrode probes were used as vell. They were Ni-NiO and-
3 , -

Cr-Cr,0; reference probesﬁ%
. 5
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'églv . Cryolite melts wfﬁh Al;0, added were conta1ned in a
graphi ¢! k’ucible. Graphzte crucibles had to be uspd here

because molten cryolite is so corrossz y ordinary

refractory ..oxxde crucible 15 unsatiﬂ : HoweveN
- graphite“crucibles had their own disad&andag&s. At. t¥e
' operating temperature (1030°C), graphite was \gradually
oxidized byﬁ-bxygeh in the air. After a few runs, :the
graphite c;ucible slowly burned - away. Nevertheless,
. graphite was the only material found suitable. |
- Thd Na;AlF¢-Al1;0, melt domposition varied from 0 to 20%
Al,0;; The pure cryolite and alumina(anhydrous) were from
Fisher. Typical-iﬁpurity\analysis of cryoli?e was: chloride
0.001%, ifon 0.001%, loss on ignitgon;ﬂhea;y metals 0.0004%;
sulfate 0.014%, silicate O'Of%, alkalies and alkaline earths
;0 .28%, water soluble substances 0. 06%.~
To compensate the loss of alumznum floride due to the
evdporatlony pure aldm1num floride was added to make the
mole ratio in cryolite for~AlF3 : NaF froﬁ1:3»to 1:2.6. The
concetration of alumina was varied in ‘the run by adding
aluminum oxide powder into the cryolite melt. |
It took an hour and a half to heat up the Lindberg pot.
ﬁfurnace. After it reached the preset operating temberaéu;e,
the graphite crucible .with a weighed mixture of
ngAlFs‘Algog was putnfnto the furhace.‘ It took another 20
* to 30 minutes to melt the¢/ mixture. During the tesé& the

"furnace temperature was (éhﬁomatically maintained by the

temperature controller inside the furnace. Argon gas was



" F. Sampling and sample analysis : _ S \
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flushed over the melt and crucible to extend the life of the

graphite cruqxble and to help maintain an inert atmosphere
, v

L]

over the melt. 7"

The oxygen probe and a p1ece of Pt wire attached on to
the other end of the electrolyte rod were immersed into the
Na,AlF.-Al,Q, ﬂelt_to complete the circuit for cell voltage

measurements. This is illustrated by Fig. 12. The platinum

- wire serves as the working electrode. One of .the

thermocouple wires served. as the lead for the air reference
t ' : .

electrode. The probe voltage is measured between those two

leads by an electrometer and followed by a chart récorder

similar to oxygen measurements in molten steel. The

.. temperatures at the probe electrodes were measured by

thermometers and recorded manually.

\

" Steel samples

" When oxygen in molten steel’ was being measured by an
oxygen pr¥obe, pin samples of steel were regularly taken for

analyses of alloying elements and oxygen content. Steel

samples were taken with a sampling gun which is shown in

Plate 3. An ordinary ayrex tube with an 8 mm‘OD and 3 mm ID
vas inserted into the 4ere1 of the samplindﬁoun. When the
trigger 'was pulled molten steel was draﬂh up into the glass
tube. After the sample cooled down, the Pyrex tube wasg

broken and}a piece of the pin steel sample was ready for
1 .
)
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analysis,. «
 Later in this atudy another sampling teehnique” was
tried. élate d shovws the simple device used. An evaeuated‘
glass tube with a thxn-waled tip vas put 1nto a hole at the
end of a ‘stick. The glass tUbe: was held in position by a..
Smail screw. With the. sampling glass tube in <qosition, the
tip of the tube was immersed ifto the molten steel. Upon
immersion,’the thin walled tip of the vacuum tube melted E
immediate}y. Steel then was Hrawn into the tube rhiéh had
to be pulled out of the steel ‘bath quickly before‘ it
completelz'melted. Finally thé'glass tuhe,was broken to
ohtain a steel sample the same size as Mith the sampling
gun. h

Sanpling vas done regularly when the oxjgen probe was
immersed in a steel melt. It was also done before and after
any desxidants vere added., Probe voltages corresponding to
each sample were recorded. - Later these samplesﬁwere sent to
Stelco's research lab in‘ Hamilton for oxygen content
'analysis by the 1nert gas fusion technique. Alloying
element analys1s was done in our lab by atémic absorption.

From the probe voltage the oxygen content in steel was
calculated according’ te the formulae derived in the
theoretical part of th;s thesis. Some studies have claimed
that‘if'the oxygen content was not too high or too low’the
probe. measurement should agree with the inert gas fusion
_ ana1;51;i Other researchers have stated that tdQe inert gas

fusxon’umthod.should always- g1ve a higher oxygen content

¥
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"thanlthe-electrochemic;llmeasﬁtement.ll /

In the inert gas fusion method, steel eamples'fitst
nere pickled by dxlute ac1d._ Only the m1ddle sectlon of a-
Hlp1n sample was usod. Aftet‘these prel1m1nary treatments,
the samples were heated to ‘a very high temperature so that
fox1des or dﬂisolved elemental oxygen in. the sample _were -
hreduced by carbon.‘ ’From the amount of carbon d10x1de
“evoived total oxygen’ content in. the steel can be determlned./
-vSamples -fov‘~alloy1ng element .analy51s - were flrst
vdlssolved .1n_é’qua regia. ’This solutlon was difluted to a
"lsultable concentrat1on for atomlc /\Bsorptlon _analxsis:
Typ1cal elements analyzed ‘were AL£.81, Cr, Mn, M@ and.Fij ’

k_ﬂf*Accufacy of the method was 2-3%. - ' | B
It is: partlcularly 1mportant to mention that only ac1d

lsoluble alumlnum is. determlned by thlS method.; Since Alﬁh

Am}h1ssolve in aqua regla. From thermodynamlc data we
know alum1nﬂm is probably the stronge;t deoxidant used
the.steel 1ndustry. It is the:amount of elemental'aluminum ’;
rathe: ‘than _the total alum1num that JlS controlllng the‘.
'Loxygen.levele in steel. Alumlnum ‘already tled up as Alﬁh
will‘certainly,not-help 1nfreduc;ng oxygen levels in steel.
5‘ ;ﬂlt was '~also deeirable to analyzec other -alloying

"elements 1n steel because all of them 1nfluence ‘the oxygen

act1v1ty coefflcxent

BN <
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| There are a number of methods, such as conventional wet

(55) o . , ' '

[, , . . )
cﬁemlpal aﬂgly51s, high temperature vacuum evaporation-or

(56)

réduction,  microscopy, X-ray dlf;ractipn and

| _ .
cbronopotentiometry(”'”)

[

96 -

for . determining alumina,

cbnqentratidns in NasAlFs-Al,0, mixtures. Among these ‘the

Y

cpnventibnal wet chemistry method Iis probably £he most

fluor1de phase in Na,AlFg- Al 203 mlxtures is extracted by af

. su1table solvent and the alumina residue is- determln d

gfﬁ?Emetrically, : - o o //
Y v . ‘. / "
The ' prokedure for the analysis of Al;0% in

was .given in the 'péper by T:;?étadw‘)

hod was

NaaAlFs Al

3

ing to “his results, the acCuraé& of the
very good.(¥3%) for 16;.A1203 concentrat1ons (1/5%) and for
high ‘Aizo; concentrations  (7-12%). - The accuracy for
intermediate concentrations ‘was about +10%./’ Because the

Na;AlFe-Al;0; mixture wused  in the ' present ‘study was

pfefweighed,, analysis of | the = Al,0; concentration - was

,“sfraightfbrward and therefore the moét widely used. The_vf
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| H A. Experimentxl data processing with afcomputer'program
‘ o ‘ T —— . C :
Computer"programs were designed to help with repetitive

calculgtions in olving experimental results gnd serve to |

i

1mprove the re11ab111ty of calculations.

The chem1cal ana1y51s data of the alloy1ng elements

2

were f1rst read into the- comSLter to calcula@a,the oxygen

of”experimental data. ‘ '."f--

The prografs were designed so’ that for‘ev ry measured

cell voltage, ' g&ference electrode tempratu e: Tz,‘work1ng
elec!rode-temperature, Ty, and a glven reference electrode
) oxygen* pressure,v Po}, the oxygen pressure at the work1ng~
electrode vas calculated. .After f?}ishing with one group of
E, Ty, T: data the program went back for another 11&9 to
treat another group of data. i ' L , A
| A typical input data flle, output data file, and'theg
program'itself are 1isted in the Appendices.

,Thia'program has the following advantages. First of
all, for each T, and T, recorded, the.Seebeck.contributiqn
(«AT) ié"éEIEGIEted for each measured cell. voltage  (E),
which is recorded at the same time as Tg'and T,. Likewise,
the - thermoelectric ’contribution Eieas .caused by :using

"different leads for the electrodes of the oxygen probe is

- . calculated forreach‘different T, and T, by the program.
A R o . [ . N

97
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" Secondly, as P,.isrtemperature dependent, it changes as
the temperature at the' working electrode (T,) chanées;
Rather than u51ng a fixed P,, tha‘program changes the P,
accordlng to 1ts temperature funct1on. , o |
Thlrdly, the free energy changei of“ dissolution _of
oxygen into  molten . steel ‘also» changes as the steel
'temperatureh chandlb. The' program uses changing 4G,
according to its temperature dependence and the steel
temperature.. o ,
Finally, in the case of the solid metal-metal oxide
reference; elettrodes, the oxygen pressure. inside the
reference electrode compartment changes as tne temperature
at the reference electrode changes. 7This is because the
-oxygen pressure at the reference electrode is controlled by
‘the equilibrium of the metal-metal oxide, which is
: temperature dependent; The program can change the Po3, the
4reference electrode oxygen pressure, according»to the the/
reference electrode temperature and ‘the given thermodynamvc
equ111br1um between the metal and metal oxide. /
Instead of trying to keep T,, T, constant, hence
*keepin§ aAT, P., AGoy and Po} constant, tnis program can -
follow ‘the: changes and make consequent adjustments. Asja
result, large amounts of experimental data can be processed

more accurately and'convenlently.

The analog eiectrical_signals of the oxygen probe and

thermocouples can be converted ifito, digital information.
Then the information can be processed a dynamic program
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as described above. Therefore, such a program would be able \
to provide instantaneous information about,the oxygen level

in steel for difféerent steelmaking processes.

B. Perforgance of the air reference oxygen probe
o \ "

f

Resistance againstﬁchemical attack

-
B

[

Durmg oxygen measurements in steel thev‘wfﬁ’i:ﬁ\u of the

‘electrolxt§>5od was 1mmersed in molten steel oontlnuously.
Usually a test wJE run for about an hour\or ‘a 11ttle longer.
., At the’ end of every run, the probe and Mo-:*z»rgz rod were

pqlled ~out  of - the steel. ~ From v1sual obsergation

~

zafterwards, the Zroz(+CaO) rod was not corroded ‘“5\
| This was expected ‘because 2Zr0. is reasonably inert and -

in its highest ~oxidetion ’state. . The facét the_ rod is
sintered at a very high temperature and has a melting point
of about 2680 C also helps explaln the good. res;stance to .
chemical attack | ]

Qualltatlve analysis of a 2rO. (+Ca0) rod after use by
Qx ray diffraction only sho(ed the presence of monoclinic 5561
tetragonal zirconia.

gnergy_dispersiV@ﬁx—ray ana1ysis indicated there were
other elements present in the electrolyte. They were Sl,
Al, Ca,.Ti, Ni, Fe. The presence of Ca wesvexpected while
the other elements found nerevnot surprising since they were

listed as impurities. - 47//
- “'b . ) .
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."ngptitative eh§r§yﬂdispéf§{vé Xfray anaiysié Qas aiédl
attempted. However, these results did- not reflect the

absolute amdunt of each element in the electrolyte;
Rélatively speakiné, quantitative analysis on’used rods did

nof "~ show ény ' increaéel in impurities compg:ed with

quanfitative analysis on an unused rod. The »reéulté of

three analyses are shown in»!Table 4. wvhere Saﬁple ;

represents the .unsed .elecffolgte, ' Sample 2 is - ﬁhé“
-electfolyte used in éteel; and Sample 3 is the elécﬁrolyte

‘used in éryolite. The 2Zr0,(%Ca0) rod appears sufficiently-
stable in mplten steel to withstand possible chemiééi

attack; N : |\5\

A micrograph of a used Zr0,(+Ca0) rod was takeh' to
cohpare,ﬁith fhat of a unused rod (Plate 5 and 6). 'ASAcana
be seen from the photograéhé sbﬁe microscopic changes we;e
found. | _‘ : . ‘

A Mo-ZrO; rod was -used as the electrical contact

-

N

between steel and the probe. It was definitely an
electronic conductor asvsigple test showed the.rod had very
.iow resistance at room temperature.

Any other metallic rod would prbbably dissolyé into
mélten steel and form its own ferro-alloy. But Mo;iroz was -
only slightly  attacked after being used in steel for
-extended periods of time. The rod was, to some extent,
weakened by molten steel'where it-was in céntact with élag
‘on the surface. Slag forﬁing at the surfaceigf_steel wés

usually more corrosive than the steel itself. From a

e
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“Taﬁle 4 Quantitative analysis of the

Sample 1

— Sample 2

Sample 3

v

Element
Al
Si
Ca
ir
Al

si

Ca

r
Al

L]

Si

" Ca

ir

5y

L

Relative K WT X |

0.0330
*0.0139
0.0098
0.5440
0.0345
0.0205
0.0196

0.5054

0.0363

0.0136

2

9#0096

6.02
2.9t
1.36
60.86

.6.26

3.13
2.69
57.47
6.60
2.10
1.32
60.10

{

I

—

rods by EDXA

Oxide

.

11.37

4'. 51
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Plate 5 Micrograph of an unused Zr0,(+Ca0O) rod
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Plate 6 Micrograph of a used Zr0,(+Ca0) rod
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Overall, the nonisothermal oxygen PLA
last two or.three runs, each of which )
long. The probe then had to be re structed b@caugéuthe
quartz gzbe graduélly deviteiffes ’after being used “;t
" temperatures of 1000°C or above for an extended period of
time. The quartz tube accordinglywbecame very brittle and
¢racked upon any slight mechanical stress.,6 However, the
m;}or components of the probe, the Zr0, (+Ca0) and the
Mo-2r0, rods, could still be used afteér the quartz tube was

replaced.

Measurement of dissolved oxygen in‘mqf%en steel

When it was .immersed in steel the probe could give a
steady EMF outpth when the oxygen fzevel in steel was
relatively stable. Results of several tests at different
oxygen leQels were plotted as cell voltage vs. time in Figqg.
13-19 for 5, to 155 ppm oxygen levels in steel,

The figures provide a clear indication of the stability
-of the éxygen probe. However, due to thé limits of the
experimental conditions, longer times meant the steel could
be gradually redxidizeﬁ by the oxygen in the air. As 'a
result, the oxygen level in the steel went up and the probe

voltage drifted down Correspondingly; In those cases, a

~drifting probe voltage did not necessarily indicate that the
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Cell voltage (V)

Fig. 14 Cell voltage vs. time at 7 ppm [0]
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Cell Voltage (V)

Fig. 15 Cell voltage vs~time at 15 Apm [0]
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Cell voltage (V)
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~ Fig. 17 Cell voltage vs. time at 55 ppm [0} *
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Cell voltage (V)

Fig. 18 Cell voltage vs.
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Cell voltage (V)

Fig. 19 Cell "vol’roge..vs'. time at 155 ppm (O]
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probe deteriorating.

inum-killed steel has been found to contain total

oxygen contents of 0.003-0.0120%. %"

The activity yalues of
dissolved oxygen in such steel can, however, be estimated at
below 0.001%. This is because, after deoxidation treatment,

an appreciable amount of oxides are left suspehded in.the

'steel. Oxygen in those suspended oxides will be included in

Loy

the total oxygen content by conventional inert gas fusion

analysis, . whereas oxygen acti?ity . measured by
electrochemical methods does not include the. content of
chemically combiqed oxygen.

our lexperimentz{ results confirmed the  above

. . - . s ' o .
discussion: oxygen contents in steel determined by inert gas

fusion analyses showed consistently hidher oxygen values

A

tﬁan'those détefmined by the oxyden probe. This can be seen
from Fig. 20. g ' Y
~ In the présent study strongly deoxiaized ‘steel was
studied. Oxygen fevels °€; 1-§E§ppm in molten steel veré
measured with the air reference electrode oxygen probe.
Results. of a run on a very low oxygen level are‘listed in
~TAble 5, where E is EMF measured by the probe, TH, TC are
temperétures of molten steel and the reference electrode,
'respectivély, and O is the oxygen contenflcalculaﬁed from
the EMF measured. ' S
The steel used in the presént study wéélreused for up

to 5 heats before new steel repf%ced the qld charge. Each

time the steel was melted down, it was reoxidized to some

¥
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' Table 5

E (V)

1.4510
1.4450
1.4240
1.4250
1.4350
1.4280
1.4210.
1.4200

- » ~.

Results of a run on very low oxy‘gen level

TH (K)
1784
1783

© 1782
1784
54
1784

1785 '
1785

TC (K)
i276
12821

1284 '

1283
1287

1292

1293 .
1294

o (ppm)

1.47

1.5¢
2.16
2.18
1.78
1.92
2.17
2.19

113
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Fig. 20 [C] determinad Ly th- wr=raf. probe
vs. thut Ly the inert gus fusion analysis
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extent, Later, during _Eﬁe run, the steel was wusually
deoxidized with Al or othgr deéxidants. Not all of the
 ; ducts of deoxidation, i.e., the various oxides formed, go
intg the slag. Some of those oxides remained suspended in
the molten steel, especially the finer oxide particles such
- as  Alj0; 'wﬁicp have a high mélting point. These o*ide
ihclusioné' acgumulated in the steel before réjgharging.
Thé:éfq{e, inert gas fusion analysis wodid;inevitably give
highér oxygen’ contents thén those by electrochemical
measurement. / ( |
In coﬁélusion; care should bé ﬁaken inﬁ interpreting
oxygen apalysis results from inert gas stiqg analyses, .
‘especially where the amount of vatious oxides that could be
presenf in the steel samples ié unknown. While special
‘techniques ﬁay'have to be developed to separatg oxides from
steel td make inert gas fusion analysis-mdre meaningful,
Fissolved oxygen activity is determined by electrochemical
oxygen probes.' -
.If near-eqﬁilib:ium conditions can be established  in
liquid Al-killed steél,‘the dissolved oxygen coptent can be
determined from the amount of Ehe dissolQed aluminum through

established thermodynamics of the reaction: o)

22[A1] + 3[0] = Al,0;

é;l

* can be approéchedv by gas purging of'Kiiquid steel‘ in the

Plant practice has indicated that this state of equilibri

\ —
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casting ladle. This gquilibrium was investigated - by

(s8) using ‘a Zrdz(+Ca0) tubular oxygen sensor. The

Janke
temperavure function of the reaction constant K(AJ;O;) was
Sbta{ned as: NI
7 logK(Al,03) = EZ%QQ - 20.54 (Eq. 1 116)
R B v
in the temperature .range 1550°C Qto 1650°c. If the
interactidnv coefficient e, m is! neglected, the following
, reiationsgip is expected: | |

v -

logaje = - -j—log[%Al] - 310gK(A1;05) (Eq. 117)

Janke s results conf1rmed data determined earlier for the

Al-O reaction equilibrium in pure iron melts. Results of
K(Al,05) in steel are listed in Table 6 for compar1son(“)
To .check the oxygen content determined by the oxygen
: probe used in  the present study, steel samples were
subjected to acid-soluble aluminum analysis. Correspondi=g
‘0Xxygen contents were caiculated by assuming the relatian;ﬂ;
in Eq. 117. Oxygen content determined by the oxygen pro.
is plotted versus the oxygen lével predicted from Eg. 117 in
Fig. 21. " " :
“ Ptﬁbe response to varying oxygen,content
T®e oxygen content in Steell was increased by addiggf

pieces of Fe,0,. The oxygeh prybe_responded to the .increase
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Table 6 K(Al,03) .by various researchers

log K(A1203)

64000/T-20.48
60300/T-18.6
64290/7-20.56

'62780/T-20.17

64000/7-20.57 °

62680/7-20,54

% Al
<0.1
)

<1

<3
<2

<1.3

Method
H,0-H;
équilibrihm |
H;S;Hz

Equilibrium

"Calculated

Calculated
Metél-slag
Equilibrium
EMF /ThO, (¥,03)
ElectFolyte
EMF /ThO, (Y,03)

Electrolyte

o~ p—

Author(s)

Gokoén,
Chipman 1953
Mclean, Bell
1956
Buzek, Hutla
1969

Fruehan 1970
Rohde et al.
1971

Jacquemot et
al. 1973

Janke,

Fischer 1976
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Fig. 21 [0] level determined by the oxygen probe vs.
that calculated from the acid—soluble Al analysis
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" rapidly. This'rpspdnse was recorded clearly on the chart
recorder. As can'be seen froﬁ Fig. 22 which ig a Photodopy
of the chart papér, the .probe voltage dropped after a couple
of‘minutgs as oxygen fzvel in steel wag increased by the
addition of the pieces 6f;ge:03. Alternastively, the oxygen
level was lowered by addﬁﬁé“de@xidants and this change was

L4

not recorded. - - _ ‘ Q

When Fe.,0, was addéd'"{nto molten steel, the oxygen
probe was left in the steel melt. Froﬁ the chart recorder
output we can se; thgétransition perioa between low and
raised oxygen 1evbls. In contrast, the oxygen probe was
pulled out of the steel to make deoxidation additions éince
deoxidation was usually vigorous, and sinte the producté'bf
deoxidation,.i.e., slags, had to be removed before the proke
was agéin immersed. )

Iﬁ actual plant applications,. éhe probe could be
positioned at some slag-frée area, such as at the wall of a

tundish, where it would not have to be pulled out tp make

. dgoxidation additions,

- <

C. Petﬁo;mancevof solid metal-metal oxide reference oxfgen.
probes

A quartz tube was first tried for constructing. the

metal-metal oxide reference electrode oxygen probe. .?he

reference electrode compartment was sealed with Ceramacoat

512 or Sauereisen cement. When this probe was used for
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oxygen measyrement_in the )nduction furnace, it was found

- that the cement eealing'or quartz tube cracked because the

that of the quartz tube, Thereforeléymullite tube was used

thermal expansion coefficient £orv2r0;K+Cao) did not match

instead,to.construct the probe., fhe cracking problem djd
not occur anymore because the thermal expansion coefficdient
of mulllte is reasonably close to rhat of the electrolyte.
D13cover1ng the proper materials for constructing the
probe represented a major.breakthrough 1n~rh1s study. The

tests using ‘a metal-metal oxide reference electrode oxygen

& .
probe-.were basically the same/as with the .air reference

- flowing into an’d{, out of the probe; __.[I‘hé lifetime of the ,

probe.
. ‘ ~ s |
. The solid reference probe, as a whole, was simpler and

easier to handle because it was not necessary t3 keep a gas

solid referénce probe was actually longer than the air

reference probe becuse mullite had no 'devitrification

problem.

-

Measurement of dissolved oxygen in steel N

1. 'Ni-NjiO referencefoxygen probe.

The oxygen results obtained by a Ni-Nio reference probe
were compared with oxygen levels determined by acid-solublé

aluminum analysis. Qxygen content values by the solid

. reference probe aéreedf:reaeonably well -with "values from

.

acid-soluble aluminun analysis. This is shown in Fig. 23.

I

, 1217

al



Fig. 23 (O] level determined by the Ni—=NiO ref. probe vs.
that calculated from the acid—soluble Al analysis
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The probe can also give stable EMF output for a pe;lod
,of at least half an hour as shown in F1g. 24, » "
Comparison between [o] reSults obtalned by the Ni-NiO
reference probe is compared with that by the air reference
probe in qu 25. The results obtalned by the Ni-NiO probe ‘
-were lower compared with that by the‘air\reference probe.
It .may be possible that air' reference probe/tends”to give
higher values due its greater‘oxygenigradient across the
eﬁectrol}te, induoing higher oxyged ~flux lthrough the.
eleotrolyte.«- |
2. Mo-MoO; reference oxygen probe
- The oxygen probe with a Mo-MoO, reference electrode
generally behaQed poorly in comparison with' the ' Ni-NiO
reference probes, ‘Thoughbaa'Mo+Mobz reference probe could
sometimes give a stable EMF for‘half_an hour, the [0] level
calculated accordino to its EMF valueskdisagreed<markedly
with the.level determined by the air reference probe; which
-wesAused in the same Jun. =inee breviouéQO) and present
studie5 al1 confirmed the air reference probe works well,
‘the Mo-MoO, reference probe aﬂpears'unreliable. ) £
Results rof a ‘a typical run using air and. Mo-Mod:
_Jreference probes are listed in Table 7 and 8, respeotiyély.
. As cen be seen from the table, [Oj level according to the
‘Mo;Mooz probe is much higher-than that’determined‘by the air
reference electrode probe. In- both tables, E, TH, TC, and O Cé

have the same meanlng as they do in Table 5.



. g

'ﬂf":é"__,
e YR

125

Table 7 [0] level dete:jiniried by the air reference probe

*

E (V) TH (K) ™€(K) 0 (ppm)
“1.3700 1779 i 1090 Qll~f‘ 20,50
1.3670 1780 1104 19.62
1.3670 1781 1109 19,11
13670 0 0 1782 1111 19.02
1.3670 . 1782 1112 18.88
1.3690" 1789 1118 18.71
1.3710 1789 - 1118 . 18.18
1.3680 1790 1119 -+ 19.01
1.3700 1787 1118 . 18,12

1.3730 1783 v 1116 © 16.99
1.3780 1779 ' 1118 16.39



Table 8 [0] level determined by the Mo-MoO, probe

E (V)

0.5880
0.5400
0.5270
0.5270
0.5280
0.5410

~0.5390

0.5420

'

Th (K)

1790

1784
1780

1778

1778
1777

1777

1777

TC (K)

1053
1059
1066
1071
1073
1075
1078
1080

0 (ppm)
234,89
318.62
281,15
233. 60
218.94
169.97
161.88
147.88

126
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It was not slear why the Mo-Moogarefefence probe behaved
poorly. 'Howgver, # possible explanation is that the oxygen
partial pressure over Mo-MoO, is relatively low; hence,nif
was very sensitive to any env{rbnmental disturbance . or
impurities in the metal-metal~oxide.mixturem Problems have
been reported with Cr-Cr,0, as a reference electrode for
oxygen probes' because it has lower oxygen partidl pressures
_at épecific " temperatures compared with ‘other referénée

oxides.

In cdnclusion, Ni-NiO metal-metal oxide mixtures are
, ) o
‘recommended for solid reference electrode oxygen  probes
‘rather than Mo-MoO. .

o o) :
Advantages of the solid reference electrode oxygen probe

over the air reference electrode probe when used under very

low oxygen conditions

°  Oxygen flux through the ZrO,(+Ca0) solid electrolyte in
oxygent probes depends on the -difference of the dxygen

partial pressures at the two electrodes.

RTo; P, (Poy)™ - (po})™
2F’L Po}” Po}”

-

Jos =

(Eg. 118)

With a metal-metal oxide reference electrode, the oxygen
pressure at the reference electrode is much lower than 0.21
atm, the oxygen pressure at an air reference electrode.

Within the temperaturée range of 900-1500°C, the oxygen
1 . \ . _ .

- partial pressure 'over a Nj=NiO system is 1.144x10-'?%" to



\

1.262%10;‘ atm, The thermodynamic data used here are from

i

o 0
Charette and Flengas“gh '

These oxygeh par@ial pressure values matéh reasonably
J“well'with the oxygen partial pressures that were measured in.
steel. From the above equation, it can be seen that;dog
decreases as - Po; _.énd . PO} approach each other.
Thed}etically, if Po;: éqyals Po?, the oxygen flux through
the electrélyte will be ,zero. With Ni-NiO 'metal-metal oxide
mixtures as the reference electrode, that objective -is
nearly attained at certain combinations of electrode
:empgrafures and oxygen activity in steel. “

For the Mo-MoQ. system. in the same temperatute rangekés
for the Ni-NiO .system, the oxygen pressure varies from

1.SOBX]0;"‘to 7.123x10°°* atm,'calculated from Katayama and

s

 Kozuka's data.'®”

" Oxygen levels in steel were measured by air reference
and Ni-NiO reference oxygen probes. It was found that the

’measurementvfor’low oxygen levels by the Ni-NiO reference

-,

3

electrode probe was closer to what was determined by

acid-soluble aluminum analysi's than the measurement by the

———

air reference electrode oxygen probe. This is shown in Fig.

©

25 which is a ggﬂggi}son for the same oxygen level in steel
measured by the air“fg??rence and Ni-NiO reference probes.
‘ \ .
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D. Oxygen pressﬁre measurement by‘the‘air reference oxygen
probe in the Na,AlF,-Al,0, system

Oxygen partial pressures, associated with Na,AlF4-Al30,
melts were measured for differeng Al,0; compositions by the 
oxygen probes with different reference electrodes, The
results are listed in Table 9, 10, and 11 for air, Ni-NioO, -
‘and Cr-Cr,0, refereﬁce probes respectively. The results
agreed reasonably well. As before, .a 2r0;(+Ca0) solid

?

electrolyte rod was used in the oxygen probes.

Rolin and Bernhard“')

‘ reported their study oﬁ the phase
diagram of the. Zroz-Na;AlF. system very briefly, in one
sentence actually. They found that 2r0, was solublé in
cryolite to some extent. No any other details were given.
| Néturally,_the cdrrosiveness of cryglite was of concern
here. To test 1its -resistance to chemical attack by
cryolite, a rod was léft in molten Na,AlF¢-Al.0, for over an
hour, with no appargnt chemical attack. ' Later 1in ‘other
regular runs, it was found 'that the-Zr62(+CaO) rod did not
show any sgpétantial‘dissolution after beiq;iused‘in the
.systém for around an hour. '
x-réy diffraction analygzs and energy—aispersive X-ray
analysis both did not detect any compounds that ﬁiéht result
from the chemical attack of Ehé rod %; cryoli;e.
Quantitative fEDXA analysis of an electrolyie zrod ‘used in‘
Na;AlF¢-Al;0, is listed in Table 4. A mic®ograph of a rod .

used in Néaans—Alzog for one hour is shown in%Plate 7. 1t

can be cbmpared with the phoéograph of an unused rod. The

T

AR N
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Plate 7 Micrograph of a Zr0,(+Ca0) rod after use in

Na 3A1F5-Al 203

131
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result indicated that the singcred 2r0,; (+Ca0) rod scemed to
withstand chemical attack by molten Na,AlF,4-Al,0,.

EMF responses of the probeg for a run in the
Na,AlF;—Alzb, system with alumina concentrations from.1% tc
saturation appear in Table 9, 10, and 11, The correspondiﬁg
oxygen pressufes calculated from EMF values are also listed.
For the calculat1ons in the above three . tables,

(59)

'thermodynam1c data on Ni0 is from Charette and data on

Cr,0, from H. A. Fine et al.(“)

In. general, EMF readings obtained by the brobe in
cryolite were less stable than those obtained k!th oxygen
probes. in steel. ’ Somet1mes EMF readings fluctuated by as
much as‘20 mV. Results of EMF recorded by a chart recorder
of a typical' run using air reference probe is shown in
Fig.26.In Fig. 27 similar Jreponse to thé. addition ofthe
| alumina into the melt is shown in Fig. 27. In both cases,

’chart paper speed is 2 cm/min. and the full stale voltage is
A2 volts, f Perhaps th{s is related to thes nature of the
Na;AlF¢-Al,0; melt icself. More work 1is needed .to gain
deeper insight ’into che thermodynamlc and structural
mpropertles of the Na;AlFs-Al O; system. Furthermore, the
relationship expected between the alumina cohcentration and
oxygen partila presscre:measured in the melt'is yet to be

established.
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h. ﬁ%ssibieqinauetrial eppliCatione

s, a

Continuous oxygen measurement in steelmaking pfoceéses

It ‘is only natural. to think of continuous dxygeh y
meésurement in molten steel after 1nterm1ttent measurement
hag proéen | to be so successful. Contaquous‘ oxygep
meaeurements can give on-line infermation about steelmaking
processes. This would,be very heléful iqipfoviding valuable |
in-situ information for pﬁgcess control in general.

With minor adaptatlons, the nonisothermal oxygen probe
'deQeloped in this s&uay can be used for industriel
’appl}cat1ons. ‘The only probable adjustment would be to usg

\
th1cker 2r0, (+Ca0) and "Mo- Zr0, rods, s1nce the probe must be !

fairly robust mechanically. For industrial appllcatlonsﬂ;he\\
Ni-NiO solid reference electrode oxygen probe is recommended \\
_over the air reference 6#ygen probe for its simplicity end'
‘ease of use. | |

\ Recently,i there has been special interest in making
ultré-tlean steel. ContinuqQus oxygen measﬁrements should
lhelp inbmaking this kind of steei by continuoesly monitoring |
thefOXygen fluctuations in the liquid steel throughout the
casting process, Coﬁtihuous.oxygen monitoring would allow
Lcontrél of reox}datien> of the steel by oxygen"in the
‘athospheree The-effectiveness of protection measures, such
as argon shrouas: could be directly checked. As avreéult,
okygen meesurements could .help, in. minimizing -the oxide

inclusion content.
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B Contr§1 of deoxidation with Al,‘si and Mn by oxygen activiiy
measuremgnts'in steelmaking

- Oxygen probes" ;an be used for détermining aluminum
contents in steel if near-equil@brium conditions: cah be

1.6 Measuring 'practice has

established in the liquid stee
indicated that this state of equilibrium can be approéched,
anor'example, by gas purging of liquid steel in the casting

ladle. The equilibrium relationship for the reaction
2[a1] + 3[0] = 1,04 -

was determined as in Eqg. 117.

2
3

1

log[%Al] - 3

loga(,; = - IogK(A1,03)

within the temperature raﬁge of 1550 to 1650'C, where a,; is
the oxygen activity in steel, [%Al)] is the weight percent of
acid-soluble aluminum in steel and K(Al,0;) is the reaction
constanéL o

The temperature function of the reaction constant is as

”;_in Eq. 116:

62680
T

logK(A1203) = - 20.54

P o

Therefore, by measuring the oxygen content in steel we can

determine the concentration of dissolved aluminum in steel.

W, I v



Silicon and manganese are the most widely used
deoxidants. The deéxidatioh of pure'iron with silicon was
investigated by Janke("). The equilibrium
"[si) + 2[0] = 5102

was descrxbed by the follow1ng relat1onsh1p-

logaj,) = —%loga[%Si] - %logK(SiOz) (Eq. 119)

L]

where a(,; is the oxygen 'activity in steel, [%Si] is the
weight percent of silicon in steel and K(Si0.) 1is the
reaction constant. The éemperature function of the constant

is: v \,
logK(5i0,) = 27840/T -10.21 27.94MILLIMETRES(Eq. 120)

Experimental results showed:a linear relationship between
logaie) and log[%si]'upn;p 0.3 to 0.4% Si in steel.

Similarly for manganese, there is the relationship(“)

N o

logai,; = -0.9621[%Mn] - 1.354 (Eq. 121)

~In rimming steel, the midn deoxidants wused are
manganese and silicon. In order to obtain close control. of
the deoxidants in finished rimming steel, a form of

insgantangous information regarding the oxidation of metal

prior to tapping is needed. This could be prov1ded by

measuring the act1v1ty of oxygen with oxygen probes. The

143
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instantaneous readinés obtained for oxygen in steel before

' .

‘deoxidation, in accordance with established relationships,

could .be used to. determine the extent of deoxidation loss.

On this basis, the composition of finished steel could be

calculated. - T .

Onyen activity measurements in LD-convertor processes
Oxygen activity measuréments could also find useful .

applications in the LD-convertor process. Operation

~guidelines could be formulated for reblowing, and also for

deoxidation after tapping. Provided near-equilibrium

‘ o A e . . .
~conditions have beem established it would be possible to

determine the carbon content in steel by electrochemically

. = 6
measuring the oxygen content.'®"

Oxygen ﬁrobes in aluminum electrolysis cells

Alumina activity or concentration in Na,AlF¢-Al,0,

‘melts can be ﬁéaéurgd by measuring the oxygen partial

pressure associated with cryolite. 'This would be -very.

helpri for the aluminum industry because the alumina

‘content in aluminum electrolytic cells is &ways a very.

important factor in cell operation.

First of'ail, propér A1203.1evels have to be ﬁaintained
in the cell to carry out normal cell operation. Too low an
alumina level is directly related to anode effects.
Secondly, too- much alumina will precipitate odt, of the

eléctrolyte and accumulate at the bottom of industrial
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cells. This will increase the electrical resistance of the

cell causing cell voltage to rise, which can have adverse

effects on cell operation, such as higher energy costs. B
closely monitoring the alumina concentration in industrigl
cells, these adverse effects can be eliminated or minimize

-

F. Suggestions for future work

Experimental conditiohs for oxygen measurements in steel

To study deoxidation equilibria in steel a better
protegti?e environment has to be set up for the molten steel’
.in the induction furnace. This will help to eliminate the
reoxidétion of steel by oxygen in ﬁbe‘air so that a more
stable oxygen level can be maintained. bAlso, it may be a
help to use Al,0; crucibles instead of the MgO cucibles used
for containing molten steel in the induction furnacé.'

With the above mentioned changes, future research can’
use the well-studied [Al] and [O] equilibrium to better
charécterize the nonisothe:mal‘ o#ygen probe.  Conversely,
well-cﬁaracterized oxygen probes can bév used" Eo study
deoxidation thermodynamics %r other thermodynamic ‘reactions

in steelmaking processes.

Thermodynamic study on the Na3A1F;—A1203 system by ‘using
o
galvanic cells with Zr0.(+Ca0) solid electrolytes

A cell with an arrangemeht as follows:
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[A1;0;] (i, uyéxu) | 2rO;(+Ca0) | Al03 (satura\ed in cryolite)
| (Cell 8)
. '
can be constrqcted to study the activity of Al,0; in the
cryolite syste@. The experimental apparatus should have a
protective eﬁéiron@ent- to reduce ‘the evaporation of the
volatile compbnents, such as. aluminum fluorides.
After ;ﬁe above work ;E‘ completed, a laboratory
aluminum electrolysis cell coufd"be set up to carry out the
electrelysis process. The alumina activity in that cell can

be followed by an dxygen sensor of the type constructed in°®

this study. Furtherﬁore,velectfolysis could be carried out

~such that the anode effect is observed while the alumina

content in the Naj;AlF¢-Al,0, melt is followed. A
relationship between the anode effect and aiumina activity .

may thus be established.

Determination of (S,+Q;/T) and (EE11&/T)Aiﬁ 2r0, (+Ca0) solid
electrolyteé by Seebeck coefficient meesurements
From Eq. 49 in Section E of Chaﬁfer I1:

t 1.. .R " t 2 PO
« = Egm—[-5502+51eP02+(§2+ ?P )1-35[5,+ Q’ el EP A

45 has been discussed in Ehe,chapter on theory, all terms in

the above equation can be calculated for a given temperature

and oxygen pressure except the term5°
N
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Lo (g,efle) - Log,

Substituting te=1-t,,, into the above 'equation and regrouping
gives: \_J”£

tion (= 0w , 92 Qs lom Q1
2F (8, 28 ,+ T 2 = ) + t.F(§,+ T})

Then substituting
. 53-253 = gOz,
g Q.0 Qop
and T 2 T T

/

A .
into the above terms gives:

»

t ion Qo,’ te oY
. 2F (302+ T ) + F (gaf T )

Qs
T

a given oxygen pressure and temperature. Therefore by

) cannot be calculated from

In the above terms only (5,;+

exgssimentally measuring . the Seebeck coefficient of
N : o
2rO, (+Ca0) solid electrolyte and calculating all other terms

in the Seebeck coefficient expression one méy be able to

Q5

estimate the the sum of §, and The results can be

compared with results obtained by other methods such as the

v

Soret effect.

-

g



Conclusions "Ey

~

In 1abbratoqy tests, nonisothermal oxygen probes with
Zr0,(+Ca0) solid electrolytes were empleyed to mensure
oxygen pressures; in molten steel End molten Na,AlFu-Aiyo,
syétems, Differeﬂt reference electrodes were used fpr the
oxygen probe. As is already known, air reference electrode
probes . performed satlsfactorlly. Probes with Ni-NiO
reference electrode vere successful byt probes w1th Mo-MoO,
reference electrode are not as prothising,

The theoretical basis for nonisothermal oxygen probe
measurements was fully derived. | Combined with its
advantages of being‘inert to chemical attack and having less
eOncentratiop polarizatiron, nonisothermal oxygen probee show
promising potential ffor conginuous oxygen 'monitoring in
steelmaking" processes. Though there are other ways . of
mon1tor1ng oxfgen " in steel, ;he_ simplicity of ;the
electrochem1ca1 oxygen sensors makes them very attractive.

In1t1a1 experlmental results indicate that the oxygen
,bressure in equilibrium with alumina-in Na,QlFP—Alzog me}t
may be measurable with oxygen p%%bes. Differentirefere;ce
‘electrodes wvere experimented. ~All oxygen pressures
determined by different probes were in close egreement.
Yef, further tests have to ke performed before the oxygen

i)

probe can be applied on 1ndustrial Na,AlFs Al,0, systems.

. =
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‘The program for calculating tion by numerical integration

"AND ALSO THE RANGE OF TEMPERATURE.

- THE NUMERICAL INTEGRATION. ER g

"OXYGEN PRESSURE OF PO2. e

_THE ELECTROLYTE IS OPERAj

Abpendix I,
. , 3

L4

PROGRAM TION - ’

REAL X,T,TC,TH,H,TI1, SUM TIZ2, POZC P0O2,TI1
DOUBLE PRECISION POZHMA PO2HMI

INTEGER N,K -

~ 'THE PROGRAM IS DESIGNED

FOR CALCULATING THE IONIC TRANSPORT

NUMBER OF A Zr02(+Ca0O) SOLID’
ELECTROLYTE UNDER. NONISOTHERMAL,

AND NONISOBARIC CONDITIONS.
REAL TI . - o
_REAL A,B . - o
=-54500%2.303 : T
B=14%2,303
THE FACTORS A AND B ARE THE CONSTANTS - - 3
IN THE EXPRESSION

~ FOR- THE PO2(electronic). LOG(POZ(E)) A/T+B

THE A AND B IN THIS EQUATION .
ARE SUBJECTED TO @HANGES DUE TO DIFERENT .
INTRINSIC PROPERTIES OF THE ' '
THE ELECTROLYTE UNDER INVESTIGATION

kY

THE METHOD USED IS THE NUMERI CAL

INTEGRATION FOR THE CALCULATIQON OF THE AVERAGE B
OF THE IONIC TRANSFERENCE NUMBER OVER A RANGE OF
TEMPERATURE AND OXYGEN PARTIAL PRESSURE. @ o
THE SIMPSON'S RULE IS USED HERE TO CALC." o ©

“TI1 IS THE AVERAGE OF THE TIOQ OVER THE TEMPERATUREﬁfT

RANGE OF TC AND TH, AND AT A SPECIFIC

fRAﬁ&E UNDER WHICH.
NG

TI IS S$HE AVERAGE OF THEWTlon UNDER
ISOTHERMAL CONDITIONS, ° : '

TI2 IS THE TI AT THE STEEL TEMPERATURE
PO2HMIN IS THE MINIMUM OXYGEN PﬁRTIAL

(TC,TH) IS THE TEMPERATUR

PRESSURE TO BE MEASURED. Eﬁ

AT THE HOT END OF THE ELECTROD o s e
POZ2HMAX IS THE MAXIMUM.OXYGEN PARTIAL ' BT
PRESSURE TO BE.MEASURED
PO2

1S THE OXYGEN' PARTIAL PRESSURE

AT THE COLD END (REF. ELECTRODE).
WRITE(6,17) S v
WRITE(6\16)

T54 . ] > : ' : E
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POZHMA-1 487E 9
‘PO2HMA=1.487E-9 1§ EQUIVALENT
TO'A OXYGEN CONTENT OF 1000 PPM,
. PO2HMI=1,487E-17
PO2HMI=1.487E-15. 1S EQUIVALENT
TO A OXYGEN CONTENT OF 1 PPM.
TC=1273
TH=1873
P02C=0.210 x
N=2000 ‘ ! ‘ . .
H=(TH-TC)/(2%N) | \ '

e PO2 = POZHMA

‘\ : SU@ R
N k=1 S

Y wT=TC
‘ TI=LOG( (PO2C*%0, 25+EXP(A/(4*T)+B/4))/(POZ**
1 %0,25+EXP(A/(4*T)+B/4)))
o TI=4*TI/(LQG(PO2C/PO2))
. SUM=SUM+H=*TI : -
T=T+H ' . ‘
. K=K+1 .
4. 71=LOG( (PO2C*%0, 25+ExP(A/(4*T)+B/47)/(POZ**
b %0,25+EXP(A/(4+T)*B/4))) .
. PI=4%TI/(LOG(PO2C/PO2))"
X=K : o8
- X=K/2,0. : : %
. 1IF ((GAINT(X))*z K) .EQ. 0) THEN :
‘" IF K 1S EVEN THEN
w suuasum+2tu*w1
. BLSE
" IF K IS ODD THEN <
. SUM=SUM+4*H«TI .
END IF :

". ¢ IF (K.LT.2%N) THEN.

GOTO 10 -
ELSE -
SUM=SUM+H*TI .”

END IF

TI 1= SUM/3/(TH TC) -

)

~ T12=4*(LOG((Pozc**o.25+(7.94E—16)**0.25).
*/(P02%%0.25+(4.559E-16)*%0.25)) ) /(LOG(P02C/P02))

"WRITE(6,15)TC,TH,P02,TI1,TI2 :
PO2 = PO2%0.01 ~ —
IF (PO2.GE.PO2HMI) GOTO 8

FORMAT(  1X, F5 0,3X,F5.0,4X,E18.4,4X,F8.4 4x F8. 4)
FORMAT( 'OC TH PO2 TIt TI2' /)

. FORMAT( "THE OXYGEN PRESSURE AT THE

#REFERENCE ELECTRODE IS ATM' /)
STOP - | . (
END _ : . .
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- Appendix 11

A typical input data file |

.0190
.3000
.0000
.6200
.0000
.0000
.0000
.0000 "
.1300
.0000
.0000
.4214 1500. 720.

.4206 1500. 726.

.4201 1500. 737.

.4196 1501. 745,

4191 1502. 754.

.4201 1503. 760.

.4204 1503. 764.

.4210 1503." 766.

.4211 1503. 769.

4198 1503. 771,

.4198 1503. 773.

.4215 1503. 776.

4211 1503. 769,

4211 1503. 779.

4216 1505] 780.

.4222 1505. 780.

.4216 1505. 782.

.4209 1506. 784,

.4207 1506. 78S5.

.4203 1506. . 786.

.4195 1506. 787.

.4191 1506. 788.

.4190 1506. 789. . .

4187 1506. 796, S ‘
.4191 1505. 791, . |
.4205 1505. 790.

.4195 1506 792.

L4201 1506 .
.4208 1506.. -
4194 1507 .
.4190 1507 .
.4184 1507 .
4176 1507
L4169 1508.
.4165 1508. -
.4158 1508.

2 . *u ?
. : N

2R IR IV 3R IR IV IR IR YR 2R

<HANVWVWIOVOZZTOOD>
-—30—‘0—0-—“—'-—"—-0”—-!—
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A typical output data file

E(V)  THI{K) TC(K) P1(ATM) . C(PPM)
1.3469 1772. 1135. 0.239E-12 19.63
1.3502 1772. 1137. 0.211E-12 18.47
1.3504 1773. 1139. 0.210E-12 18.32
1.3484 1773. 1141. 0.216E-12 18.59

- 1.3569 1773. 1143, 0.164E-12 16.22
1.3594 1774. 1144, 0. 155E-12 15.68
1.3634 1774. 1145, 0.136E-12 14.69
1.3651 1773. 1146. - 0.124E-12 14,10
1.3667 '4773. 1147. 0.117E-12 13.68
1.3677 1773. 1148, 0.112E-12 - 13- 39
1.3689 1772. 1148. 0.105E-12 13.04
1.3700 1772. 1149, 0.100E-12 12.74
1.3710 1772. 1148. 0.990E-13 12.65
1.3719 1771. 1149. 0.825E-13 -~ 12.28
1.3722 1772. 1149. 0.942E-13 12.34
1.3727 1772. 1149. 0.928E-13 12.25
1.3515 1773. 1128. 0.237E-12 - 19.47
1.3527 1772. 1130. 0.217E-12 18.71
1.3541 1773. 1133.  _ 0.205E-12 o 18,12
1.3589 1773. 1135. 0.174E-12 16.67
1.3635-1773. 1138. 0.146E-12 - 15,27
1.3663 1773. 1140. 0.131E-12 “§ 14.46°
1.3686 1773. 1141, 0.120E-12 © 13.89
1.3705 1773. 1142. 0.112E-12 °13.41
1.3707 1773. 1144, 0.109E-12 13.19
1.3710 1774. 1146. 0.107E-12 13.06
1.3706 1774.. 1147. 0.107E-12 13.04 '
1.3696 1774. 1147. 0.110E-12 ©13.23
18703 1774, 1147. 0.108E-12. 13.10
1.3719 1774u_1148. 0.102E-12 12.71
1.3717 1775. 1148. 0.105E-12 . . 12.86..
1.3709 %775, 1149, 0.106E-12 * 12.92
1.3703 177§.. 1149. - 0.108E-12 ‘ 13.03
1.3703 1775. 1150.. V.106E-12 12.94
1.3701 1776, 1150"° 1‘9 0.110E-12 *  13.09
1.3698 1776. 1150. * 0.111E~12. © 13,15 N
143696 1776." 1151. * o 0.110E12 - 13.10
1.3687 1776 1,5,._ # .. 0 110E- 12: . .13.08
1.3703 1775, 1152, ~-#-g. 1oser%§ S 12,87
1.3697 1776..1¥52% - . 0.108E- 12488 T e
1.3696..1776. 11520 . © % 07108E- 120 93200 .. 7
1. 94,1777.“4%53:. i uOitiQE-12 ﬂ_”“ 13,070
1.3692 1777..1153. C0LA1ME- 12 1§ﬁ§gh,~. Lk
1.3694 1777. 1153.- . 0. 11@5 12 fwg (ANEETEN IS

187, ¢
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th&frogram for procg551ng the exper1mental ‘data
. /. :

THIS PROGRAM HAS THE’PURPOSE OF CALCULATING

THE OXYGEN.CONTENT ‘IN STEEL FROM 'THE PROBE
VOLTAGE MEAASUREEE THE 'PROBE IS AN NOISOTHERMAL
AND NOISOBARIC OXYGEN CONCENTRATION CELL WITH
2r0,(+Ca0) SOLID ELECTROLYTE,

THE FOLLOWING PUNCTION IS DEFINED TO CALC THE .
OXYGEN PRESSURE AT. WHICH THE ELECTRONIC
TRANSFERENCE NUMBER)IS EQUAL TO Y.5.

Q0 O0O0000

FUNCTION POZE(TH)

REAL A,B, PO2E

A=-54500

B=14 -
PO2E=EXP( (2. 303*A/TH)+(2 303%B))

END )

PROGRAM EMF

THIS PROGRAM IS GOING TO BE APPLIED
TO THE DATA OBTAINED IN THE EXPERIMENT WHERE THE
REFERENCE ELECTRODE IS THE AIR(P2=0,21).

P1 IS THE UNKNOWN OXYGEN PRESSURE IN
THE MOLTEN STEEL. , ’
P2 IS THE REFERENCE ELECTRODE OXYGEN PRESSURE.
TC IS THE COLD END TEMPERATURE, '
TH IS THE HOT END TEMPERATURE .
E IS THE MEARURED CELL (PROBE) VOLTAGE.

G IS THE FREE ENERGY CONTRIBUTED SOLELY BY THE
OXYGEN GRADIENT. .

noNnnann aaa

’REAL%pziwc,TH,G,E,ETH,ESUM;EAVE,AG,DELTAT,EP “
REAL CAL,CC,CCR,€EMO,CN,CO,CP,CS,CSI,CTI,CV,LNFO,FO

THE ABOVE LINE LISTS ALL ELEVEN ELEMENTS WHICH
AFFECT THE ACTIVITY COEFICINET OF OXYGEN.
_'THE %WT OF THE ELEMENTS IS READ IN AND
" OXYGEN. ACTIVITY COEFFICIENT 'CALCULATED
- ACCORDINGLY..

oaQan

P S—

DOUBLE PRECISION p1 p1sum PTAVE,C,CSUM,CAVE
- DOUBLE PRECISION C1,C1SUM, chvz
INTEGER N
' BSUM=O . LT
) . P1SUM=0 1 °
' CSUM =0 : - ‘
. o0 . ,
Lf READ(S 10)CAL cc,CCR,CMO,CN, CO,CP,CS,CSI,CTI,CV,

L4
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. FORMAT(F7.4)

LNFO==0 /94 #CAL-0. 13%CC-0. 04 1#CCR+0.00354CMO+0.057 4N

sXeXe]

a00n

NO00

*-0.20%CO+0.091%CS-0.14*%CSI-0.19%CTI-0,27*CV
FO=EXP(LNFO)

[}

FO IS THE'OXYGEN ACTIVITY COEFF. DETERMINED
BY THE ALLOYING ELEMENTS IN STEEL. -

WRITE(G 95)
FORMAT(IX 'E(V) TH(K) TC(K) P1(ATM) C(PPM)

ETH IS THE THERMAL CONTRIBUTION OF THE TWO _ S
DIFFERENT LEADS. '

~~ TC=TC+273.15 ‘ \ . : N
TH=TH+273.15 : Co
DELTAT=TH-TC :

EP=E-ETH _ 2

"THE  THERMAL CONTRIBUTION 'ETH' IS SUBTRACTED
THE CELL VOL?AGES. S

ESUM=ESUM4EJ
THE FOLLOWING PART OF THE PROGRAM IS INTENDED
TO CALCULATE THE OXYGEN PRESSURE IN THE .MOLTEN n
STEEL FROM THE MEASURED CELL VOLTAGES. 4%
P2=0.21
THE .FREE ENERRGY CONTRIBUTION BY THE

NONISOTHERMAL PART IS CONSIDERED BY THE
SEEBECK COEFFICIENT.

. iy

EpsEP-(0,505*DELTAT*0.001) @§}

'NOW THE 'EP' IS CONTRIBUTED BY *;@g’
THE OXYGEN PRESSURE ONLY. | Jfﬁj,

G=EP*4*23060 95

P1=((P2%%0.25+PO2E (TH) x%0. 25)/EXP(G/%4*1 987*TH)))
*-PO2E(TH)*%*0, 25
P1=P1%+4
P1 IS THE UNKNOWN OXYGEN | v
PRESSURE IN THE STEEL MELT WE ARE TRYING
TO MEASURE. CALCULATING THIS WAY WE HAVE TAKEN
THE- IONIC TRANSFERENC NUMBER INTO GONSIDERATION

AO=(P1**0 5)*EXP((28000+0 69*TH)((1 987*TH))




TAKING THé DISSOLUTION FREE ENERGY OF OXYGEN

c
C INTO STEEL INTO CONSIDERATION , WE CAN CALC THE
C 'OXYGEN ACTIVITY FROM ITS BRESSURE NOW.
C1=AQ#* (1E+4)/FO |
CsAO*(1E+4) ,
C C IS THE C@NCENTRATION OF OXYGEN IN STEEL IN PPM.
. C C1 IS THE GONC. OF OXYGEN IN STEEL AFTER
c THE ACTIVITY COEFFICIENT 1S.CONSIDERED.
CSUM=CSUM+C P o
C1SUM=C1SUM+C1 .
P1SUM=P1SUM+P1
N=N+1, |

. -+ WRITE(6,100)E,TH,TC,P1,C,C1
100 FORMAT(F8.4, iX,F5.0,1X,F5.0, 2X E13.3,4X,F7.2,4%X,F8.2)
GOTO 90 ; A

o AFTER FINISHING WITH ONE GROUP OF E,TC,AND TH -
C DATA, IT GOES BACK FOR ANOTHER LOOPING.

190 EAVE=ESUM/N
, CAVE=CSUM/N
C1AVE=C 1SUM/N
P1AVE=P 1SUM/N

WRITE(6,199)
WRITE(6,199)
WRITE(6, 199)
199 FORMAT(' ')
‘ WRITE (6,200)
WRITE (6,210) :
WRITE (6,220) EAVE, P1,CAVE ,C1AVE .
wn;;z (6,199)
WR®TE (6,199) .
WRITE (6,199) -
WRITE (6,199) ‘
200 FORMAT{(’ MEASURED CELL CALCED OXYGEN CALCULATED(PDm) )
210 FORMAT(2X, 'VOLTAGE(V) PRESSURE(atm) CONCENTRATION')
220 FORMAT(F7.3,6X,E16. 3 4X,F8.2,4%X,F8.2)

«

STOP
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