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ABSTRACT

4 high temperature electrochemical formation cell

&

b, ., Al,.. | ALO, in CaF | o, , et
(s) () 273 2(2) .2(8) (s)

r

has been used to determine the standard free energy of formation of

alumina at steelmaking temperatures. The temperature variation of the

free—eqergy was determined as

AGE(A1203)*=.—3§85560 + 80.02T£i 1, 800) cal/mole
in the temperature range 1700°—1850°k. -These,results are in:good
agreement with those reported in the literature at V1300°K using a
similar technique but are 3.3% more positive than the generall; accepted
thermochemical value at 1800°K. In order to confirm the aEsenqe of any
systematic errors in the above cell, the following ceii was designed and

operated in the temperature range 1641°-1785°K

c Alcz)[A1203|Electrolyte

EontainingIAl 0 |Fe-C
gr (02 ) 273

satd’ CO(g)’ Cgr '
The results from this cell are in good agreement with those of the first

cell within the experimental error.
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The Third Law analysis of the present data glves an ;verage valué
of the standard heat of fq;mation of élumina at 298°K, AHSQB’ of
-392.6 (% 6.92? kcal/mole which is in’ good agreement with the Third Law
analysié of lower temperature cell (v1300°K) data and the values of
AH;QB calculated from phaég equiiibria-and solution calorimetrié.data
in mineralogidaf systems. A1l ghese values are at variance with the

298 .
from oxygen bomb calorimetry, although the average of all bomb

B

presently accepted 'best" value of AH’.,. = ~400,40 (+ 0.3) kcal/mole

'calqrimetric data 1is in agreeﬁeqt. Using, the presently détermiﬁed

2 .3

o Y . ] - . o= .
AGf (A1203), the témperature dependence of K hAl h0

» the aluminum

deoxidation constant, can be calculated as

log K = - égﬁggg + 20.86 (#0.2 at 1873°K)

The value of K = 4.7*10_13 at 1600°C is in good agreement with the most

recent work of Jacquemont et al. (1973) and is. an order of pagnitudé
higher than previous calculations. An indépendent calorimgtric_

determination of AH§98 using a ﬁethqd other than oxygen bomb calorimetry

is therefore suggested.
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" CHAPTER 1

. . INTRODUCTLON

.

‘Making stegl is a succession of reductions and oxidations. The
iroh oxlde of the ore is first reduced by cagbon in the blast fhrnacé;
the hot metal produced containing elements such as silicon, mangaﬁese,
phosphorus and sulphur in addition to carbon. Making steel ffom thié
hot metal consists of removing these elements,lwith the exgeption of
sulphur, by oxidation in an oéen hearth or a basic oxygen furnace.
Finally, the unavoidable excéss'oxygen in the steel is'}educed by a
process‘knowﬁlas deoxidation. Belng the lastfstep in the process,
deoxidation practices have a c%psiderable'influence on the mechahical
properties of the finél steel.

Deoxidation is accomplished by the addition of elementy whose
oxides arermore stabie than those of iron. These elements aré called
deoxidizers and one of the most #owerful deoxidizers used commercially
is aluminum.

Aluminum deoxidation has become increasingly important with the

advent of new steel processes. It is being used extensively in vacuum

degassing and in continuous casting. The product of deoxidation with

-aluminum is usually solidﬂalumina, the exception being the formation of

the spirnel.i-‘eAle4 (hercynite) when not enough aluminum is added to the
steel. Aluminum deoxidation with the formation of alumina can therefore

be represented by the reaction
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reported 1s poor, values of both K' and K varying from 10'—9 to 10

‘ -+ ;
Z[Alllw/o + 3[0]1w/o e A1203 (1.1)
(s) . -
s
4
where [ ] represents a comﬁbnent in solution in ljquid iron and "lw/o"
refers to the standard state. Under equilibrium conditions the soluble
oxygen is related to the soluble aluminum through the equilibrium
constant 1/K where K is given by
2 .3
K = h{ -h /a
A;. 0 A1203
2, 3 ﬁg ‘
[2A1] l[IO] fjl when 81 o 1 (1.2)
_ 273
where a is the Raocultian activity of alumina;'
A1203- - ‘
hi and fi are the Henrian activity and activity coefficlent of the
component 1, réspeétively; and
[Zi] 4is the concentration of component i in iron in weight percent. >

-
There have been many direct determinations of the equilibrium

d

constant X and the product, K' = [ZA1]2[20]33 reported in the literature.

The experimental procedure generally consisted of analysing samples from

The main reasons for these discrepancles are summarized below.

(1) Aluminum is 3 strong deoxidizer .and the equilibrium concentrations

of aluminum and okygen are very small. Using the value of K = 10_1

an oxygen activity of 5 ppm is obtained for an aluminum activity of

0.01 wtZ at 1600°C. The errors in aluminum and oxygen. analysis at these

4

Fe-Al-0 melts, equilibrated with solid alumina, for aluminum and oxygen

~and determining values of K' and K. However, agreement in the results

14

—



A (4) It has been suggested

conﬁentrations‘can berquitellarge;
(2) It is difficult to énsufe that samples are taken from a "clean"
melt, as the melt invariably contain§ some fine suspended alumina -
pafticles.

(3) Some of the investigations were carried out under "ipeft" argon
atmosphereéjwh@ch could have provideq the oxygen for the continuous
oxidation of éi;minumrand the formatioh of suspended alumina particles.
(25) that’the high values of X (v 10—9)
obtainé&fwhen.alumipum is added to an oxygen containing melﬁqre due to
the large supersaturation required to nucléate the solid reaction
product alumina in thé liquid iron. 1In other words a metastable
equilibrium 1s attained. .

(5) The deoxidation product K' may vary since the Al-O interactions in

dron are not taken into account. However, these corrections are not

very significant at low coucentrations,

§
’

(6) Because of the low concentrations of the reactants involved, the
deoxidation reaction may not have reached equilibrium in m%Py
experimental investigations.

From this discussipn it 1s apparent that, for a strong
deoxidizer such as Al, direct determinations of deoxidation equilibria
- are subject Fo consi@erable error. In such cases, a more reliable
value of tﬁe equilibrium constant can be obtained-from a knowleage of
th; standard free energy change of the deoxidation reaction, e.g.

equation (1.1). The folldwing thermodynamic data are required to

calculate the free energy change for reaction (1.1)



Al(g) P [Alllw/o . AG gy , : (;.3)
% o, ¥ to]lwlo | AG, S (L)

3 ) . N . S,
ZAL, , + 2 0 > al,0, - AG2 (A1,0)) . (1.5)
AW Jik 20 273 4y £ V273

There are several determinations of AEAl and,dab at 1600°C and

(7,58,166)

the "best" values have been compiled However, there are no
mp -

direct determinations of the standard free energy of formation of

alumina, AG%, at steelmaking temperatures, the highest temperatures at

which such determinations are reported being at aluminum extraction

(74,110-114)

temperatures “v1000°C Morepver, these values are

consistently more bositive than the presently accepted therméchemicalv
datq(ss’sg), except for the work of Thoﬁstad(lla).
The thermochemical calculation of the standard free energy of
formation at any temperature essentially requires éhé determination
of two quantities, the standard enthalpy of formation at 298°K, AH;QB,
"and the specific heats (Cp) of the products and the reactants. The
value of AHEQB for alumina has been determined at least nineltime5(43—51)
by oxygen "bomb"™ calorimetry since the first determination by .
Berthelot(az) in 1901. The spfead in the values obtained is mo;e thap

27 kcal/mole. The currently accepted "best" valuecsa’sg) is

~400.4 * 0.3 kcal/mole and is based on the data of Holley and Huber(&g)
(-400.29 kcal/mole) and Mah(SI) (-400.48 kcal/mole). Although these

vglués are in excellent agreement, there 1s some doubt as to their

accuracy.
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In general, the-determination of specific heats is‘relatively
accurate and the error in the free energy calculatious arise from those
from the determination of 63298' An error of 10 kcal/mole in_ the free

energy of formation of alumina at 1600°C would result in an order of
magnitude difference in the: value of the equilibr constant. For
| these reasons-it‘was deeided”eo determine thQ/;:;::jrd free energy of
formation of aiuﬁioa oirectly at steeloaking temperatures.
Ooe'ofrthe methods of generaring accurate toermodynamic data is

the use of electrochemical cells, provided certain reversibility

éonditions are ensured. The foilowing high temperature formation cell

was therefore studied

Cell I | electrolyte satd with ] 0, s Pt (L.6)

Pt Al
(8)* "T(L) ,

from which AG’ (Al 0 ) could be directly obtaioed. In order to check the

reversibility of the oxygen electrode and the predominantly ionic

7’

conductivity of the CaF A1203 electrolyte used in this cell, another
cell with different electrodes and electrolyte was also studied. - This

cell can be represented as

-

] 0| Fe-t__ )
Cell I C,, Al(l)lmzo3 |electrolyte[Al 0, fFe-C__/,, COgyr C

-~ “{s8) 2- , ;

for which the following cell reaction can be written

2A1 + 3C0. T A0

204 + 3C(8) . . (i.B)

() (8) ' /

(€3}
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Thus, the standard free éﬁergy of alumina can be_calculated from the

cell EMF using the weil established values(59) of the standard free

~ energy of formation of CO.

¢ L

¢\



CHAPTER I1
LITERATURE REVIEW

2.1 Iatroduction ‘ . ‘ RV

This chapter reviews the work reported in the literature related

to this invésfigation. This review Is divided into threé main gections?

—

(A) The first sectibn,deals with the thermodynamics of deoxidation of
iron with aluminum. The many experimental determinations of the

product, K' = [IA1]2[10]3,_and the equilibrium constant, K= h2 'h3 by

Al o’
direip and indirect means, -are reviewed. Calculations of the

equilibrium constant frbm thermochemical data are also reviewed.

(B) The second section reviews the existing thermochemical data required
to calculate the standard free energy of form;tionfof glumina, AG;, at
steelmaking temperatures and-éhé free energy of solutidq of Al and O in
irop. The stanéard heat of formation of alumina ati%98°K, AHEQB’ and

the heat capacities of aluminum, oxygen and alumina in-the tempe?ature
rangeJ0-1900°K are required to.qalculate AG; in thé same temperature’

range.
"

(C) The final section deals with previous experimental determinations
of AG; of alumina using electrochemical formation cells.

4



(A)  Alumintm Deoxidation of Iron

2.2 Introduction

)
L

As there exist quite a few good reviews on the . general topic of

deoxid.at:ton(1 N

, no attempt has been made to make this aection
exhaﬁstive. Rather, it will endeavour to highlight probléﬁs in the
deterpination of the deoxidation thgrmodynamics of a Btrong_deox;dizer
such as aluminum. |

‘Deoxidation of iron by al?minum can be represented by the
equation ‘ |

-

2[Al]1w/° + 300 0 ¥ A1,0500) (2.1)
for which an equilibrium constant, 1/K, can be written as

K = *h /a

Al 0" "Al,0,
£ 3[m1 [%0]> | @2
when-a = 1, where the symbols have the'same meaning as before.
1,04

'Assum&ng Benrian activity coefficients of aluminum and oxy%en (f

fo) to be.unity, a quasi~deoxidation constant, K', given by the product
k' = [za] [20]° 2.3)

can now be written in terms of oxygen and aluminum anéiyaea of iron in
. } ,’ . . S



equilibrium with alumina. Howevef, the interaction in iron between

a strong deoxldizer, such as aluminum, and oxygen cannot be neglected,

'this "constant” will vary with the aluminum content of iron at a constant

temperature. The experimen&él determinétion of K' and K at steelmhking

temperatures is how considered.

-

T8

4 .~
.

2.3 Experimental Determinations of Deoxidation "Constant', K'

2.3.1 By direct determination of oxygen

The many experimenthl determinations of deoxidation "comstant!,

K', reported in the literature, are sumaxized in Table 2.1 and Figure

2.1. The early experimental attempts of Hessenb h(B)
(9)

(10)

and Herty

et al. were followed by a more systematic study of Wentrup and -

Hieber . Wentrup and Hieber added aluminum to liquid iron of high

.oxygen content in an induction furnad% and considered that 10 minutes
were sufficient to reach equilibrium and to float out the deoxidation

produété-fiﬁﬁithg_mg}t. Parts of the melts thus obtained were poured

s

into a copper mould éﬂaiﬁﬁﬁlﬁged for total aluminum and oxygen (soluble

.

and insolubie forms), assﬁﬁing that insoluble parts were in solution at
the temperatures at 'which samples were taken. Their results show
¥considerable scatter, the maximum and minimum values of K' differing

by factors of 10 to 15 at each temperature.

The following sources of error were present in the work of.

Wentrup and Hieber:

(1) As we will see later from the work of Repetylo et al.(ll), the
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furnace atmosphere used by Wentrup and Hieber, consisting of air at
10-20 mm Hgfp?eésufé;—is a serious.source of continuous oxidhtion
1 . .

resulting in a higher oxygen content of the steel.

(2) It is doubtful if the melt equilibrated in the short pexiod of 10
winutes. Also, fine deoxidation products take much longer to separate
out of the melt. This will give rise to higher than equiliﬁrium values

of aluminum and oxygen.

(3) The temperature was measured by a Bloptex colour pyrometer which

they assumed gave a direct reading of the true temperature of liquid metal.

Thus, there could be considerable error in temperature measurement.

(4) Difficulties in the analysis of small quantities of aluminum and

oxygen in iron,.especilally oxygen.

Hilty and Crafts(lz) determined the solubility of oxygen in
liquid iron‘containing aluminum in an inert argon atmoqphere; using a

rotating {nduction furnacé. Metal samples, taken with a fast quenchiﬁg
"Taylor sampler", were analysed for total aluminum and oxygenf} Sampies
of the reaction product ("slag"), frozen at the tip of afééld sfeel

N rod, were examined by X—ray diffraction. Thelr results also showed
great scatter, the deoxidation product (K ) varying by a factor of more
than 50. From the X—ray diffraction study of their "slag" (and the
reaction product found on the inner surfaces of their alumina crucibles)
"which generally contalned hercynite, 1t is clear that their melt was

not-in equilibrium with alumina. Thedix samples, quenched rapidly to

_prevent precipitation, sometimes contained fine alumina indicating some
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melt contamination. Although their melts weré¢ clearly not in

equilibrium with alumina, their results expressed as deoxidation product

[K,AlJZ[ZO]3 are-includéd in Table 2.1 and Figure 2.1.

| To understand why the deoxidation products obtained by Hilty and
Crafts and from most industrial experiments (K' = 10‘9 at 1600°C) are
éﬁbstantially different from deoxidﬁtion constants obtained from

4

thermochemical data (K = ].0--1 (11)‘1

at 1600°C),'Reﬁetylo and coworkers

performed two types of experiments.

(1) ¥inetic experiments. Aluminum was added to an iron melt contaiﬁing
oxygen and samples were taken for analysis at convenlent intervals.

These experiments were done in a high purity argon atmogphe}e to

7]

prevent any aluminum reoxidation. Results show that the product
[ZAl]z[ZO]3 continuously dropped with time, the lowest figure obtained

being K' = 5x1071°.

This 1is believed to be due to continuous floating
out of deoxidation product alumina. However, as a completely clean

melt 15 almost impossible to get, the true K' cannot be obtained even

after a long time,

L/

(2) Deoxidation under an oxygen containing atmosphere. Samples for
analysis were taken ever; 10 minutes from a melt to which Al was added
periodically. "The atmosphere used was argon con%;ining some oXygen.
There was quite a large scatter in the value ofﬂsye deoxidation product
obtained, the average value being quite close tb 10—9, in good ‘ |
agreement with that of Hilty and Crafts and industrial practice. This

difference in result is believed to be due to the formation of an

alumina suspension being continucusly produced by reaction with

-

2}
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absorbed oxygen.

Finally, Swiaher(13)

has reported va of XK' at 1580°C from
equilibratiql gtudies, with the aluminum cotftent of the metal as high
as .10%. - A variation of K' with Al content was observed, but the scatter
was too large to permit an eQaluation of K by extrapolation to zero
weight percent Al. The value of K' at 0.01%Z Al has been combined with

(14) Qasy

the data of Gokcen and Chipman and d'Entremont et al.

yiéﬂd a temperature dependence of K', shown in Table 2.1. |
Swisher used a vacuum fusion technique to analyse ﬁqr oxygen

which was never larger than 10 ppm in his samples. This is close to

the 1imit of analysis of this method. Secondly, as pointed out by

d'Entremont et al.(ls) (16)

_and Fruehan , the vacuum fusion technique is
not suitable for oxygen analysis at ﬁigh aluminum cohcentrations,
because of absorption of gas by the aluminum distilled from the sample
and vaporization of A120 which condenses af lower temperatures.

/

2.3.2 By indirect determination of oxygen

As we have seen above, the oxygen content of iron in
equilibrium with an aluminum content which can be reasonably analysed
" in steel, say 0.01%, is 5 ppm. This cannot be determined by.

conventional analytical techniques. This is why some workers have

used the C-0Qequilibrium

(10 * 1070 £ D) 2.4



: . 1
L I S @)
4 hcho [ZC][ZO]foo fcfo

when Peg ™ 1 atm., to calculate the oxygen contént of 1ron in
— N o
equilibrium with certain Al and C ﬁgntents. -

N _ |
Geller aﬁﬂ Dicke(ly) equilibrated iron cofntaining aluminum and

0.4-1.1% carbon in alumina crucible with CO gas at 1 atm., and studied

-

the equilibrium

\3[C]lw/o + AL,0, 0T 2IAL]y + 300 (2.6)
hil [za112. fil

T2 T ral e -7
c R

KG was determined in the temperature range 1575-1775°C by analysing fof

—

aluminum and carbon in the equilibrated metal and assuming the activitx/,/Qf”’;

. coefficlents £f,,, fC’ to be unity. The-results were.combined with the

e (18)
data on the C-0 equiliﬁ:{tz (eq.-£275)) published by Geller to

_—/
-3

___obtain-deoxidation constan K'
k)’ = (za1’zo)’ = K - (2.8)

Their results are shown in Figure 2.1 and Table 2.1. The following

sources of error were present in their work:

(1) The assumption that activity coefficients fAi’ fc, fo, are unity

is not valid (see Section 2.4.2).
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- _ ,
(18?)arenot very -

(2) The data on the C-O equilibrium used (Geller

A

s

accurate. - ) '

b

Yagihashi aﬁd Shibata(lg) equilibrated carbon saturated iron
containiﬂg about 2% Al with CO gas-in graphite crucibles in the
temperature range 1650—2060°C. The quenched melts were analysed for
alum;pum and carbon. Their data were anal}sed in the same manner as
above and results are shown in Table 2.1 and Figure 2.1.

- This work also suffers from the same problem as the earlier
work of Geller and Dicke, i.e. concentrations rather than activities

have been used to determine the equilibrium constants. In fact, in this

work much higher concentrations of carbon (4.2 to 5.8%) and aluminum
_ Work much hi .

(1.1 to 2.7Z) used will result in much larger errors. The scatter in
the data, however, is much less, probably due to smaller variation in
composition.

- AN

L

2.4 Experimental Determidations of the Equilibrium Constant K

2.4.1 By direct determination of oxygen

One of the earliest determinations of the quﬁlibrium constant

of aluminum deoxidation was done by Gékcen and Chipmén(la) vho

equilibrated iron containing an initial charge of aluminum in alumina
cfucibles with controlled atmospheres of Hzo and HZ' The resulting
melts were quenched to retain the equilibrium concentrations of

aluminum and oxygen and subsequently analysed for these elements.

Relatively high temperatures of 1695°, 1760° and 1866°C were chosen to

N

;



17

obtain concentrations of aluminum and oxygen high encugh for analysis.
The following (simultaneocus) equilibria .were assumed to have been

attained in the period of 8 hours at the reactien temperature:

(1) AL0 + 2]y, 3001

3(s) *

st (3 -
Kifyifo _ (2.10)

) 2 ’ .. . )
Ky = 02y (py /Py ) = Kpfay 7, (2.11)

Ky = (PHZO/pHZ)(llhO) = Ké/fo .. | . (2.12)

The activity coefficient of oxygen, f£., in the Fe-Al-0 alloys,

0'
determined from equation (2.12) and the data of Dastur and Chipman(zo),

wag found to be extremely low indicating some-systematic error in

oxygen analjsis or gas composition. The variation of 1og‘Ké with

~

aluminum wasg, therefore, used to determine_egl, assuming fg to be unité.

However, the results are extremely sensitive to slight errors in oxygen

analysis.
: 0 Al '
Assuming the self-interaction coefficients, fo and fAl’ to be
unity, the following equation ﬁas derived
log K, = log K' + 3e-(1.12[%0] + [ZA1]) (2.13)
| K1+ 3% y



from which another set of values of @, was obtained. These values

0
are, howe§er, indepen@en; of gas composition but dependent.on
al9minum analysis. The values of egl thus obtained are substantiaLly\
different from the earlier values, indicating the very approximate.
nature of the results. The average values at 1866°, 1760° and 1695°C
have been extrapolated to give egl = -12 at 1600°C. R

There is too much scatter in the data to yield values of egl '

'

from the variation of log K2 with oxygen content and so egl\has been

calculated from the value of egl above.
’ 4

The equilibrium constant K1 is finally foug? from Ki using the
interaction coefficients determined above. The average value of log Kl
at each temperature has been compared with that calculated from
qhermochemical data. ' The agreeﬁent is fair and no change in equation
is suggested. The results are sumparized in Table 2.2.

(21)

McLean and Bell have redetermined the equilibrium constant

>

and the solution thermodynamics of the Fe—-Al-Q system by the same

method as Gokcen and Chipman eicept for the following modifications:

(1) Argon was used to dilute the HZ—HZO gas nixture to give a ratio of
Arzuzof 6:1. This is known to reduce errors due to thermal diffusion
which was probably a serious source of error in Gokcen and Chipman's

work inspite of their preheating..the gas.

(2) The vapour pressure of water over saturated solutions of LiCl has
.been redetermined. The values are somewhat different from those used

by Gokcen and Chipman.
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McLean and Bell analysed their data in the_damg'maﬁner as
Gokcen and Chipman_above. Their results are shown in Table 2.2. The

.interaction paramete& eAl

o vas calculated to be ~4.6 at 1600°C by

extrapolation of data at higher temperatures.. This is notydn good
agreement with thé_value of -12 for fhe same quantiﬁy reported by
Gokcen ;nd Chipman. This is not surprising coqsidering ;he facé that
in both investigations the results were extremely‘sensitive to small
errors in analysis of either element.

In.order to get énough oxygen in their samples to analyse by the
conventional techniques, Gokcen and Chipman and McLean and Bell
restiicted ﬁhe'aluminum content of their melts to less than 0.07Z.
Hoﬁever, this range of concentration 1s so limited that on;y'a-rouéh
value of the interaction coefficient.could be obtainmed. For this-reASOn

(15)

d'Entremont et al. redetermined the Al-0Q interaction in iron

containing much larger quantities of Al. Their experimental method
simply consiaﬁéd of equilibrating Fe-Al melts with the alumina crucible
at 1740° and 1910°C under argon ,atmospheres for 4 hours, then quenching
and analysing for Al and oxygén. However, 1t was ﬁoted in Sec;ion 2.3

that the vacuum_ fusion technique for oxygen ana}ysis is suscepéible to

error at high alunm contents. dﬁ‘che'assugptign that oxygen in .
steels containing ::nf;;;;;ﬁggerﬁminum is,ggsgntially all present as
alumina the authors. determined the alumiﬁgagghfent as residue after
dissolviﬁg the sampie ig acid. The total aluminum content wéé also

determined and their results indicate aminimum in X oxygen versus

% aluminum plot in the composition range of 0.2-0.5% Al. The minimum

(22)

“ has been observed in other systems and simply reflects the effect
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- value of eA%freported by Wilder and Elliott

F
interaction coefficients of the alloying element and oxygen in his

¢

22

[ ]
YA

of aluminum on the activity coefficiept of oxygen In spite of
considerable scatter in the data, the variation of. log K’ with

aluminum was used to determine the interaction parameter é 'usiné the -

(23)
AT The value of

Al

.e = = -1 obtained at 1600°C can be compared with -12 and 4. 6 as

0
reported by Gokcen and Chipman and McLean and Bell respectively, for the

same quantity. However, thelr values of the equilibrium congtant are in good
agreement with those of earlier workers. _ B ,
Buzek(za) has reported the effects of 14 differént‘elements\on

-

the solubility and activity of oxygen in liquid. iron at 1600°C. His

method also consisted of equilibrating iron alloys in alumina crucibles

under argon atmogspheres at 1600°C and then determiping the

equilibrium content of alloy and oxygen. He has incorporated the Bglf-

” L . . L]
analysis and has solved the resulting equation for 9; with the help of
a computer. His results with aluminum are shown in Table 2:2 and .

% '

Figure 2.2, e o ’ -
. From the values of interaction parameters shown in Table 2.2,

it is now apparent that activity corrections cannot account for the

large difference in the reported values of K' (W'lo_g) and K (5 1Of14

(25)

) 1
at 1600°C. To 'explain this difference, Schenck et al. put forward
the theory that -a large supersaturation of gluminum and oxygen is

required to nucleate alumina particles in liquid iron, thus preventing

the bath from reaching equilibrium. On the other hand the reverse

process of reduction of alumina should reach equilibrium.. To verify

Bl

their thebry Schenck et al. performed the followingiexynsiﬁents:
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-]
(1) Precipitation experiments in which aluminum was added to an ifon _
melt contalning oxygen. Samples, taken with an hlgmina tube at

convenient intervals, were analysed for aluminum and oxXygen.

(2). Reduction'experiments in which iron melts held in alumina crucibles
were eqﬁilibrq@gagﬁfﬁh CO gas ‘at 100 torr. Melts were then quenched and

‘analysed. ’ . -
yeed-. P

For the‘metésFable state (précipitatiqn~runs) the following

quantities were defined

- 2 3 . ~
k = . .
T (hAl hO)precipitation ' " (2'1é)
« ‘ ' *(1'\&
. “‘\ .
(n%) = [za1]%1%0]° ©(2.15)
' . <
which were related through the equation
log(n*) = log m* - (233 + 3e31)- [zA1] (2.16)

f
.

where the term involving the oxygen concentration has been neglected.

From the variation of log(w*) with aluminum content and using the value

Al
Al

eAl . -0.22 and log m = -9,15 at 1600°C. Using the Giﬁbs—ThompBoﬁ

of-é = 0,087 (Belton and Fruehan(26)), the authors have found

0

equation

F=J

0 (2.17)

o —
RT(In 7* - 1n K); -2 —1~_--v'Alz s

L VOV S
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where ¢ is the interfacial tension between iron and alumina, r 1s the
) ' - < . ' .

particle ?ad%us and VAl,ZO3 is the Bglﬁ?‘?é;gme_of‘alumina, Schenck et al.

have calculated the 'difference (log m* - log K) to be 4.02, which is

close to ﬁhe value 4.09 obtained above.. The calculation of log K from

. their reduction experiments leads to an average value of ~11.48 at

, N .
1600°C which, though smaller tham the -9.15 obtained for log m*, is

still'larger than the thermochemical values” og K = -13.24. The authors

themselves point out that *10. ppm-€rror in their oxygen®analysis could

vary K between 10_‘12 and 10?1

There qould be other‘éxplanagioné for the difference in the -
values.of K' and K described before. The reaction product alumina
could remain suspended in the melt giving rise to larger- than
equilibrium values of total aluminum and oxféen. Rohde et af.(27) have
éarried out'deqxidatiqn runs using aluminum, with and without a lime-
alumina slag. Argon 'was ung to stir the melt,anq the slag, which wéq_
alumina s;turated, scavenged the melt.m The scatter in the results from
runs thout the slag was much greater tha& those with the slag.
Averapge deoxidation products (K') df‘B.leofll an_d.7.1><10_14 were

5 .
obfalned for runs without and with slaé, respectively. From the

variation of log K' with’aluminum content (rums with slég), values of

egl = ~1,17 and K = 2.7X10-14 were obtalned at 1600°C, This value of X

- 15 close to that predicted from thermochemical data. Thus, the

* difference 1n the valdes of deoxidation constant is partly caused by

an alumina suéﬁension in the melt. From thelr electronmicroscopic
examinations of the melts the authors conclude that fine particles

remain in the melts even after slag treatment.



C

Another evidence of-tﬁe fact fh;tialumina suspensions in the'
melt are the cause of,thé lafgé values of -deoxidation constaﬁ£ aﬁd the.
scatter in thef;esultq reviewed in this-section,f;omes from the recent
work of Braun et al.(za). These uorkéré have shown that long
equilibracion times are essential for equilibrium conditions to be
attained and that mechanical stirring is necessary if sampling is fo be -
made from a ¢lean melt. They'havemgbtained an oxygen content of about

r . t ) ’ i
2 ppm in an iron melt containing 800 ppm aluminum at 1600°C, consistent
. . _

with a deoxidation "constant" of

k' = [za1)%(20]3 = 5x207H . (2.18)

which is close to the equilibrium constant predicted from:

thermochemical data, even without the use of activity coefficlents.

2.4.2 By indirect determination of ofygen

t
| ' o (17)
Using the same primciple as Geller and Dicke and Yagilhashi

(19) (29)

and Shibata , Chipman and Langenberg

have indiréq;ly determined

oxygen in iron in equilibrium with alumina fromlthe C-0 equilibrium.
However, unlike.the previous authors,. Chipman and_Langenberé determined
aluminum and oxygen actiﬁities rather qﬁan concentrations and were thus
able to compute the equilibrium constant. Théir experiments consisted of

L »

equilibrating alumina saturated Al,0,-510,-Ca0 slags with graphite
273 2

i

saturated Fe-C-Si-Al melts under CO atmospheres at 1600° and 1700°C.
The slag was analysed;for its constituents while the metal was analysed

for silicon and aluminum. The oxygen'activity-hlain the metal was

0

LY
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(.!_.-f

obtained from the equation T

log ho = ~37.2/T - 4.29 ' (2.19)

-

© which was derived from the standard free energy charfige for the reaction

Co (2.%0)

Cigry T (91076 ™ gy | SN

and by assuming unit activity of C(gr) and Peo equal to 1 atm. The
aluminum activity, hAl’ was determined from the analyses for aluminum
and the known effects of carbon and silicon on the activity coefficient

of aluﬁinum. " Thus, the equilibfium consgtant, hil-hg, was found to be

4 13 .t 1700°C.

3.6x187% at 1600°C and 2.8x10°
The main advantages of this indirect method are (1) aluminum
concentrat%ons-are higher than when pure iron is equilibrated with
alumina and this reduces the'uncértainty caused by analysing for very
small quantities of alﬁminum; (é) accurately known oxygen potentials
;(pco = 1 in contéct with graphite)'are imposed, from which a good
estimate of oxygen activity in iron can be obtalned. Thus, errors
in ﬁhe composition of.gaa nixtures (such as H2/H20) and oxygen analysis
are eliminated; (3) because of the small quantities of oxygen involved

melt contamination with alumina is minimized.

Sawamura et al.(30)

have used recent data on the C-0° o
~equilibrium and various interaction coefficients to calculate
equilibrium activities of aluminum and oxygen from the data of Geller

and Dicke. The equilibrium constant thus obtained (see Table 2.2 and
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-

Figure 2.2) is in good agreemenﬁ with thermochemical data.
%

2.4.3 By electrochemical determination of oxygen

Since the classical work of Kiukkola and Wagner(Bl) solid

. “elmctrolytes have been often used to determine oxygen activity in iron.

(16) (32)

Fruehkn and Jacquemont et al. have used the Th0,.-Y.0

2 °273
electrolyte in the electrochemical cwll

c:—cr203(s)[Thoz(yzo3)ng—A1-o(£), A1,04 oy (2.21)

LY
v
-~

to determine oxygen and aluminum activities in equilibrium Qith
alumina. In Fruehan's experiments,‘a desired amount of aluminum was
added to iron at 1600°C contained.in an alﬁmina crucible. The melt was
equllibrated for 30 minutés_before a:cell’'was lowered into the melt and
EMF reading taken. Stable readings were obtained for the next 30
minutes after which samples were taken from the melt with silica tubes.
Samples were analyséd for oxygen by neutron activation ﬁhile aluminum
was analysed by‘a standard chemical meé#od.

Results show aminimwnin the [X0] versus [XAl] plot at 0.09% Al.

- Oxygen activity coefficients, fO’ were determined from oxygen activities

for different aluminum contents, from which a value of egl = ~3.90 at
1600°C was obtained. Activity coefficients of aluminum, fAl' were also
calculated and a value of log Ygl = -1.68 was obtained at infinite

Al 0

Fruehan limited his aluminum content in iron to 1.42 in order to

dilution. The value for K = h2 -h3 was calculated as 5.6!10—14 at 1a00°C.

-

avold electronic conduction.in the electré}yte? Jacduemont et al,(32).
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on the other hand, corrected for the partial electronic conductivity of

(33). A wvalue of

their cell using a relation given by Schmalzried
K = 1,2%10 13 has been obtained by these workers at 1600°C using an

experimental method very similar to the above.

2.5 Calculations of the Equilibrium Constant

Our best values of the equilibrium constant come from calculations

using thermochemical data. The %ollowing free energy data are required

N

3 4 - . N
(1) ‘mm +3 0y¢ g + A1203( ) AGg (2.22)
(2) Alm [A1] Tw/o™ 8G,, (2.23)
1 - _
(3 3 02(8) T {0] w/o Aco . _ : (2.24)

One of the earliest calculatione was that of Schenck(BA) who

combined the thermodynamic data for A12 3 and dissolved oxygep in iron
by assuming an ideal solution. His calculated calues are glven in
Table 2.3. Later, Chipman(35) attempted to correct for the deviation
from {deality and derived an expression which led to equilibrium

-14 -12 f ]
constants of 2x10 and 1.1x10 at 1960 and 1700°C, respectively.

Since then, as more accurate thermodynaﬁic data became available, the

calculations of the deoxidation constant have been refined over the years



29

0Tx §°¥% L1707 + 1/08L29- 9T \ ueyanig

-
pp-0T* 7T TVT0T + L/060%9- 0% pieM puR uBaTOK
cp-0Tx 976 .mo.om + 1/968%9- z elep 6,uendyy) wozg
p7-0T% L9 Y8 €7 + 1/LT169- 0 ‘I¢ 32 BINWEMBS
01X 2 87°0Z + 1/000%9~ (€ | O
y7-0T* 6°8 9247 + 1/28869- mm . uosprvpw
cp 0T L 82°2T + L1/9£86Y- 1> . FiasayasEqny
y7OTSE'T  96U9T + L/00Y8S- © o9 | vendyys)
¢7-0T* 278 66767 + 1/00229~ cE vewdyy
cp-0Tx T | Aom.mm + 1/05%18-) ve . 3§ouayog
mmwﬁx ” | A 3o1 aouaiajey 103BWIBg

»

VIVQ TVOINZHOOWMAHL WOMA Y INVISNOD RNTMEITINDA 40 SKOILVINDTVO

£°7 ATEVL

0L6T

9961

%961

LS6T

T66T

0561
0661
qqmﬁ
vE6T
£e6T

deag

tr

L2



30

by many authors(2’16’30536_40). Their results are summarized iﬁ Table

2.3.

R A
)
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.

(B) Thermochemical Data

2.6 Introduction

This section reviews the two types af thermochemical data
reqﬁired to calculate the equilibrium constant: the standard free
energy of formation of alumina and the free energy of solution of

: [
aluminum and oxygen in ironm.

The standard free energy change for a reaction, AG;, at any

temperature T°K can be obtained from the equation

AGy = AHZ - TAS | \ (2.25)

T
%ﬂ"

where AH; and AS% are the standard enthalpy and_entrapy-changes for the

reaction at the same temperature. The standard heat of formatiom, AH;,

at the temperature T can be calculated from .

. T ' ‘ '
o - - + 1 3
AHT AHref.f J AdeT ' , (2.26)
ref '
where‘AH;ef £ ig the standard heat formation at any reference temperature,
’

usually 298°K, and‘ACp is the difference between the heat capacities of
the products a the rgactants. Thus, 1f AH;ef and the heat capacities
of reactants an products are known over the whole temperature range,
QH; can be calculated at any temperature T in that range. If & phase
change of any compbnent occurs in the temperature range, the heat of

\

transformation must be included in equation (2.26) and any change in Cp

)

value muat be iucorpbrated in ACp.
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The entropy change for a reaction, As;, can be calculated from

the entropies of the components at the reaction temperature. Standard

entropy of any substance, S;, can calculated from the equation -
T ER _
-ST - f T dat . ' (2.27)

0

Thus, calculations of AG; £ require the experimental determination of
? . )

the following thermochemical quantities:

w

(1) the standard heat of formation, AH;ef £ at any reference
] [}

temperature, usually 298°K;

(2} the heat of tranaformation of the components in the relevant

temperature range; and , ' .-

(3) the heat capacity of the components from 0°K to the required

temperature.

The free energy of the reaction

Xegy T Ky | | o (2.28)

rer
-

l can be calculated from the equation j

AEX = RT ln(O.SSBSYg/H) ‘ (2.29)
where Yg is the slope of the Henry's-law line or the activity
coefficient of the solute X at infinite dilution and M is the atomic

weight of X. Thus, a knowledge of Yg as a function of temperature is
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required to obtain the temperature variation of free energy of solution.
This requifes a knowledge of heat of solution of the solute. However,
if this quantity is not available, as 1is generally the case, a "regplar

3

solution" approximation of the constant Aﬁi, given by

AHy = RT 2n vy ) (2,30)

is assumed when Yg 1s known at any teﬁperature T.

2.7.1 The standard heat of formation of alumina

The heat of formation of metal oxides are generally obtained by
combustion of the metal in excess oxygen in an apparatus known as. a "bomb" -

calorimeter. Details of the bomb calorimeter which was first

41) ¢

introduced by Berthelot are given elsewhere . In short, it consists

of a steel bomb in which a precisely weighed quantity of high purity

metal is placed. The bomb is then filled with high purity oxygen

usually up to a pressure of 25 atmospheres. The metal is then ignited
electrically with a fuse (generally Mg or Fe) and the rise of temperature

of the bomb and its surroun&ingg are measured with precision resistance

-~

thermometers. Knowing the heat capacity of the bomb, the heat of
formation of the oxide can be ogfﬁined. The heat capacity of thg bomb
can be found by burning a material of known heat_of combustion such as
benzoic aﬁid or by electrical calibration.
A survey of the literature shows that a number of determinatioﬁs
-~ (42-51)

of the heat of formationm of alumina exist, however, with a wide

variation in the values reported. Table 2.4 summarizes the type and
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purity of the materials used and the results obtained by various workers.
It can be observed.from the table that while the estimated precision

by the authors is never more than $0.5%, the maximm divergence in these
values 18 nearly 7X. Furthermore, threelvalues determined by one |
inveséigator‘(Roth) over a period of eieven years show a range of 22
kilocalories. Thie serves to show the extremely sengitive nature of_th;se
calorimetric determinations. Aside from systematic erroré, several

possible sources of error are:
(1) the use of impure aluminum;
(2) the fluxing of the molten. A1203 with the crucible material;

(3) the use of ignition aids;

{4) the difference betweeﬁ calibration and aluminum combustion

conditions;
(5} dincomplete combustion;
(6). the fo:g_of aluminum used, i.e. powder, foil, etc.; 'and
(7) the form of product obtained, whether a, f, 6 Al 03, etc.

' Further discussion on this topic is geserved till a later
section 55 5.6). | .
2.7.2 Heat capacity of alumina, aluminum-and oxygen

of ﬁhé’diffegent experimental methods for’ determining high

temperature heat contents and heat capacities, the method of mixtures or



-~

e "dropping method" has been most widely and frequently employed *1c
consists of dropping the substance under investigation from a 'furnace
"at a measuredtand controlled temparature into a calorimeter operating
at or'neat room temperature. Thi method determines the change in total
heat content {enthalpy) of a substance between the temperature of the

furnace and that of a calorimeter. Heat capacities are obtained from

dH
dT)'

It is, however, easier to deal with heat contents and these are v

the heat content values by some prccess of differentiation (Cp =

therefore tabulated along with specifiic heats and entropies.

-
i = H v

In.order to be able to analytically integrate equations (2. 26)
(2.27), ete., Cp values foften enthalpy values) are fitted into
expressions of the form
* 2 -2 ke

cp “ a4+ bT + ¢T“ + 4T ° + eT (2.31)

nhere a; b, ¢, d and e are constants. All the terms are rarely required
to describe the data and the formula used depends on the temperature

range of the data.

Excellent compileticnsof heat content, heat capacity, entropy
' (52-59)

and free energy of formation data are available In this
section the data on alumina, aluminum and oxygen that were chosen are

discussed.

Alumina: As a-A1203 ("Corundum" or synthetic sapphire) is used as a
calorimetric standard over the temperature range 10° to 1800°K, there
are numerous reports of enthalpy measurements of a-alumina in the

literature. However, the majority of these measurements are restricted

k)

_f’”\\'



) o . 37
; | J o

)
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to the lower temperature range of 0°-1200°K, only a few being

reported ?_66) in the range 1200°~2000°K of interest in this study.
/:;;hejlower'temperature data have bee&\adequately reviewed by
% (60) (61)

~who have compared their
(60)

vForukdwa et al. and Ditmars and Douglas

results with those of other workers,. Furukawa et al. used an

adiabatic calorimeter from 13° to 380°K and a drop method with a

Bungen ice calorimeter from 273° to 1170°K. Their wvalues have been used

(58,59) (62)

in several compilations though Ginnings discovered a 'slight

error in these dataabove 850°K due to a phase transformation in their

(61)

sample capsule. Ditmars and Douglas at NBS have redetermined the

relative enﬁ?alpy of a-A120 over the range 273°-1173°K by the drop

3

- 1

method using an ice baiorimeter. Their data, estimated to be éccurate
_to‘O.lf: have been compare& with ;hoae from more than 20 referenceé.

The high temperature relative enthalpy of alumina has been ‘
dgtermined by Shomate and Naylor(es) (400°-;é00°K1, Hoch and Johhstoncsa)
(1200‘—2000'K), Ferrier and Olette(ﬁs)'(1200‘-2100°K) and by Kantor et
al.(ﬁe) (1200°-2500°K). The following relative enthalpy and Cp'values
for alumina in the'témperature range 1200°-2300°K were Beiected'frome

the work of Kantor et al.:

- - - !
Hy - Hygg = 30,333 + 8,403x10 “ 12 4 2.816x10% Tt
\ - 15280 cal/mole | | (2.32)
| -4 g 6 -2
C, = 30.333 + 16.806x10 ' T - 2.816x10° T | (2.33)

T e e gy g b ey et et e o= 1 e -
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Aluﬁiaum:' As in the case of_alﬁmina,.therehavebee@ ; number of
-_determingfions oé thg relative enthalpy and héag.capacity‘of aluminim

at lower températures (bglow 1200;K) while oni& one study(67);

bublished in 196?, has extendéd the range to 1700°K. This is maihly

due to-highly corrosive nature of liquid aluminum and the difficylty

of finding a suitable'container material,

The low temperature datahave been well documented by Kelley(53)

Stpll and Sinke(sa), Hultgren et 31.(59) and most recentiy by Buyco and

(70)

Davis . As therewere insufficient data for liQuid aluminum, the

constant value of Cp = 7.0 of Awbery and Griffiths(Yl) was selected by
most compilers for the entire 1liquid range. McDonald(67) measured the
relative enthalpy of aluminum from’ 300° to 1700°K using crucibles of

. . Y

titanium diboride and boron nitride. Their results for liquid aluminum

are given by
b

~

Hy = Hygo = 7.588T - 191.2 cal/mole (2.34)

C,(q) = 7-59 cal/mole.deg (933°-1650°K) . (2.35)
©
Oxygen: High-gemperature heat contents and specific heats of gases Qay
be calculéted statistically from spectroscopic data with a high degree
of accuracy. The propertiea o; gases for which compléte energy level
data are not availahle often may be oﬂtéiﬁed from a Rnowiedge of the

molecullr cohfigurationfand the fundamental interatomic vibration

frequencies.
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The function for Cp adopted here is from Kelley's

;ompilation(53)

C, = 7.16 + 1.0<107 T - 0.40x10° T2 O (2.36)

which is valid in the range 298°-3000°K.

e
r

él?:B'“The-standa:d free energy of formation of alumina ,

Since the early estimates(72'73),of the standard free energy of

formation of alumina at elevated températures, a number of calculations

of Shis quantity have appeared as more and more thermochemical dathk

- . . 3
became available, Some of thegse calculations will be reviewed hefq,

including some of the compilations of thermodynamic data.

Treadwell and Terebeai(YQ) have calcpiated AHE and AG; for
aluminaiin the temperature range 293°-2600°K and have compared their
calculated values with availabie exﬁerimental data at different
temperatures. The results of theit calculations are shown in Table 2.5

i

aloﬁg with those of other estimators. The value of AH§98 has been
included in Table 2.5 as it is the single largest source of error in -
ffeé energy calculatidns and diféerences in the vglues of free energy
changea can generally beltraced to the choice of this quantitf.
Treadwell and Terebesi have reviewed the values of AH;éB obtained from
heats of reﬁktions iuvolviﬁg alumina and from bomb calorimetry. Roth's
value of AH598
cbmpare well with the AG;(A1203) calculated from Fhe dgta of Fischer

from bomb cdlorimetry was chosen. Their calculations
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(75)

and Gewehr for the reaction

+ 6HC1 T 2A1C1 + 31,0 2.37
MO ¥ e * 3() T 220 (g) (23D

and their own experimental results at 1118°-1378°K for the cell
Al(£)|A1203 in cryolite|o (2.38)

2(g) .°

The agreement of their calculations with the data at high temperatures

(1800°=2300°K) for the reaction

Al,0 + = 241, + 3C0 2.39
2%3(s) * 3%(e) @ "3 (2.39)
is falr.
The following estimate of the free energy of formation oﬁ
alumina was given by Chipman(76) in 1942 .
- AG® = -399,800 + 74.8T . A . (2.40)

T

However, the values and sources of thermochemical data used were not

specified.
DeKay Thompaon(sz) in his monograph{fThe Total and Free Energies
of Formation of the Oxides of Thirty-Two Metals' has combined AHS and AGS

£ f
calculated fromlthermochemical data with the available experimental data

to give the "best" line given in Table 2.5. The value of Aﬁsgs-taken was
the mean value of a number of values from the literature while the C

data was taken from Kelley(ss). (

e
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One of the early systematic compilationg of thgfmodynamic data
was by Richardson and Jeffes(SG) whose value for alumina in the

appropriate temperature range i1s given in Table 2.5. Data were mostly

(52) /
_(58)

taken from DeKaﬁ Thompson

Elliott and coworkers have compiled thermochemical data of

selected elements and compounds from the literature. -They have used

(51)

: 7.
the value of AH§98 reported by Mah and”"the Cp data of alupdnasfrom

(60)

Furukawa et al. Other data have been taken from earlier compilations.

The compilation by Wicks and Block(ss)uses AH§98

Holley and Hubercag) while the Cp data héﬁe'been taken from Kelley(SB).
(57)

= ~400.29 by
Kubaschewskl et al, have reviewed the data on AHEQB and have
cﬁosen 400.0:1.5 k cal/mole as the "?est" value, Cp values have all
been taken from Kelley's compilétions(53). When the reaction involves a
relatively large %alue of ACP, as is the case in the formation of
alumina, they prefer to introduce an extra'term involving T log T into
-the linear eqyation fér AG;. Their equation for alumina is given in
Table 2.5,

Finally, frée ensrgy data from a recent comprehensive

compilation(sg)

is also included in the table. The recently available
data for CP for ligquid aluminum(67) have been used in the calculations.
Comparison with earlier calculations(ss'sa) indicate very little effect

of this change on the final free energy. From Table 2.5 the importance

of choice of AHEQS on the free energy calculated is also apparent,
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2.8.1 The free energy of solutilon of aluminum

In‘order to calculate the free energy change for the reaction

-

Al gy (a1l (2.41)
the slope of the Henry's Law line, 721' in Fe-Al system is required.

The earliést study of the activity coéfficient of aluminum in liquid
iron was made by Chipman(as) who measured the distribution ratio of

aluminum between liquid iron “and 1iquid silver at 1600°C. It was

‘assumed that the activity of alumingn in liquid silver was equal to its

mole fraction, an assumption which 1s not justified. Chou and
a7 calculated activities in thé Ag—Al system by combining
activities calcglated from the phase diagram of the Pb-Ag system with
data on distribution of silver between liquid ieéd and liquid aluminum

which was determihed by Lorenz and Erbe(TB).

The data on the
distribution of aluminum betweén liquid silver and liquid iron were then

used to determine its activity in the latter solution. A value of

0

Ya ™ 0.04 was obtained at 1600°C.

Activities in solid Al-Ag alloys have been reported by Hillert
et al.(79) at temperatures upto 527'é'from measurements on an electro-
chemical cell. Chipman and Floridis(eo) extrapolated this data to liquid
Ag~Al alloys at 1600°C and calculated activities in the Fe-Al system
using this data and data on partition of aluminum. Their results are
given in Tablg 2.6 along with those of other workers. Chipman and
Floridis also determined the effgct of carbon and silicon on the

activity of aluminum in iron alloys.

&




. ——— e et e

ey e ——

44

Hh@.ouooﬁ.mﬂ-

ES0°S - 0SE€'ST-

ITL°L - 0L6°01-
e It - 00£ ‘0T~

ITL°L - 005421~

LTL°L - 000°'ET~

-LTL°L - 006°ST-
. v

ajom/{wo °* 97

-3

o\nﬁm

%2070

afou/Teo’
0SE°ST-

£50°0
£90°0
SE0°0
1€0°0
Y10°0

anTep

+ (%)

™, .
A
0 . 58
Ty v8
vy
0 £8
v
A
0 i8
69
157
A
0 o8
vy
0 ot
£373uBN) ERIERERE

bl

9°¢ ATIVL

ueyenig 3 uolTag

(18 -3°1 pum)
‘330FTTZ 9 Ka1700M

‘1B 33 jaydwa
J30TTTE 9 I3PTTM
‘T® 32 uaxd3Tng
BTPTIOTA 7 uwmdpy)
urndyy)

(8)aoyany

TV ‘NOILOVAY FHI %04 TONVHD ASWANE AT4d



A}
S

- alloys, Wilder and Elliott

45

In order to directly determine activities in liquid Ag-Al

(81)-studied the cell

3+ - - ’
+ - .
é%(g)]Al in KC1 NaClIAl Ag(i) . (2.42)

between 700°-980°C. Their data agree quite well with Hultgren et

al.'s(69) (82)

recalculation of Chou and Elliott's work using Kleppa's

calorimetrically determined heats of solution for the Pb-Ag system.

Using the distribution data of Chipman and Floridis(ao), Wilder and

Elliott have redetermined Ya1 in Fe-Al, Fe-Al-C and Fe-~Al-C-Si systems.
(83) '

Vachet et al. have redetermined the partition of Al between

iron and silver at 1600°C and have used the data of Wilder and Elliott

- to determine activities in the Fe-Al system. Thelr results on the

~partition of aluminum are in good agreement with Chipman and Floridis.

The value of‘the partial molar heat of mixing of aluminum in iron
is essential in calculating the temperature dependence of Yar This"
quantity has been determined by Woolley and Elliott(sa) using & high
temperature solution églorimeter at 1600°C. Using a value of
log Ygl =“-1.20 (Wilder and Elliott) and Hil = -15,350 cal/mole
determined by them, Woolley and Elliott calculated the free energy change

for the reaction (2.41) as

4G,, = -15,350 - 5.05T . (2.43)

(85)

Belton and Fruehan have directly determined activities in
the Fe—Al.and‘Ag;Al systems at 1600°C using a mass spectrometer., From

their Ag-~Al data and the distribution ratios of Chipman and Floridis,

/
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they also calculated activities in the Fe-Al system, which are in goad
agreement with their direct determinacion. Both their sets of results
are given in Table 2.6 along with other workers The following

(16)

calculations can be made using their data

AGAi = RT n({D.5585 Ygl/H) = ~27,600 cal/mole (at 1600°C)

AHAl = ~15,100 cal/mole (at 1600°C - Woolley & Elliott)

and AGy; = -15,100 ~ 6.67T %a (2._{.4)
Finally, Fruehan(16) determined oxygen activities in the Fe-A1-0
system using the cell

Cr=Cr,0, o )['rho (Y,0,) |Fe-A1-0 Al_O ‘ (2.45)

(2)’ 273(s)

from which the aluminum activity could be derived. His value of

log Ygl = -1.68 obtained at 1600°C 1is slightly different from

log th = -1.62 determined by Belton and Fruehan, the difference being
well within the error in the data used for the free energy of formation

of alumina and Cr.0.~

273"

2.8.2 The free energy of solution of oxygen

‘The free energy change for the reaction
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AG ' | (2.46)

? [0]19/0 0.

1
p] 02(3)

can be obtained by studying the H,/H,0 equilibrium with iren, given by

(2.47)

Batg) * (91570 ¥ B0y

K,y = Py '0/pH “£,[20] : (2.48)
2 2
and combining this data with the well known standard free energy:of.
~f5rmation of HZO' There have been many determiﬁations of the above
équilibrium'repoyted in the literature; however, there will be no attempt
to review them here as they have be?n adequately dealt with

3 .
elsewhere(86'87). . _ ' 1

One of the early‘investigations of reaction (2Q4€) by Chipman(es)
showed that the equilibrium fatio Ka7 varied withioxygen content
iﬁdicﬁting a deviation in the behaviour of oxygen from Henry's law in
dilute solutions. While this was confirmed by some investigators, a
number of studies indicated Henrian behaviour of oxygen in iron (see
ref. 87). Errors in oxygen analysis and thermal diffusion in HZ/HZO
mixtures are some of the reasons for these discrepancieé. -
Careful work by Flo;idis and Chipmancae) confirm slight non-

Henrian behaviour of oxygen in liquid irom, the activity coefficient

being given by the relation

log £, = -0.20[%0] . (2.49)
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The values of K&? obtained at 1550° and 1600°C were 4.68 and 3.65,
respgctfvely. Combination with the previous data of Dastur and

Chipman(zo) gives the following temperature dependence of K47
log K,, = 7050/T - 3.20 ‘ . (2.50)

. 86, = =32;28QF X4.63T . | o (2.51)

Combining this with the free energy of formation(z) of Hzo(g) ;

: 1

H + = s .
2(g) ¥ 2 %2(8) * ®2%g) (2.52)

. L - )
AG® = -60,200 + 13.94T | (2.53)
<+
the free enmergy for reaction (2.46) is given by
8G. = -28,000 + 0.69T . ' (2.54)

0
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() . Electrochemical Cells in Molten~Electroiytes

2.9 Introduction '

In recent years electrochemical cells have been developed to
‘determine the thermodynamic properties of high temperature systems
Most of this wori has been carried out on simple salt mixtu;es and these
have been revieved by, for éxample, Lumhdencsg), Blander(go),
(91) (92) o
Sundheim and Delimarskii and Markov
The simplest of electrochemical cells ig a "formation cell',

given by

MIHBXb in clectrolytelx%xg) _ ‘ (2.55)

whose cell reaction involves the format;on of thb from its elements,

as

R -+ ' oo oo
* 3 % ¥ M%) electrolyte (2.56)C
The EMF of such a cell, in which both the electrodes are reversible to

their ionic constituent in the electrolyte, 1s given bth

a)‘l ’ . ’
. RT axb :
: “u Px,

Thus, the cell can be used under the following experimental conditions

to obtain different thermodynamic data:
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D) Boththe electrédes and Maxb are at unit activity; i.e. pure M
electrode, Xz gas at 1 atm. and pure Maxb as elecggﬁlyte (or
eléctrolyte safuréted with_Haxb). Under these conditions, . the standard
;free'energy of formation ?f Maxb can Ee calculated from cell EMF, Ef,,

by K
AG%. = - nF E° ' {(2.58)

oy -
where nF is the number of Faradays involved in the cell reaction. -

-~

Id

.(2) When only the electrodes are at unit-§cti;ity, the cgll-can be used
to determine solution ;hermodynamics of Maxb in the.electrolyte. The
cell EMF is related to the activity of Maxb by equation €2.57) vhere

By and px2 have been put to uﬁity. By studying tempergture variation

of EMF the enthalpy and entropy of the electroly olution ¢an be obtained

which gives insight into its structure.

(3) When the gas'electrode and Maxb_are at unit activity, the cell EMF
"can be used to calculate the'activity of M in an alloy electrode. The
Gibbs-Duhem equation can then b; uéed to calculate the actig}ci'dfrthe-
other component in the allAy. Again, the variation of EﬁF with
temperature can be uséélto determine the enthalpy and entropy of

solution of the alloy components.

A conceg;izfg;h cell can be set up by combining two formation

cells back-t6~back, for example //A‘W\

Ag‘]AgcuaI), NaCl|c12|Agc1(aH), NaCl[Ag - - (2.59)
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where the cell EMF is given by the expression

B~ - BL g L. : o " (2.60)
: i
the "cell reaétion" being the reversible transfer of AgCl from solutien

IT to solution I. If ary 18 made unity, the cell gives a direct

p 1
meashre of activity of AgCl in solution I. ‘This is a cell "without
transference” as there is no physicﬁl transfer ;f materials in the
compartments,

In the above cell two electrodes are required to be reversible

to the electrolyte. However, in praétice this 1is not alwaya”possible.

‘In such cases, one of the electrodes can be eliminated by the use of ~

cells "with transference', such as

AglAgnoa(aI), NaNO, @ AgNO,(a ), NaNO,|Ag- (2.61)
where the solutions I anq II are separated,by a porous plug or an ion-
selective membrane. This ce}l, however, will contain an addifional”-i
liquid junction potential which involves trannfer‘ﬁropertiea of the
» 1ons. Bécause of tbg high temperatures and mobilities involved in
fused salt syatems, often the liquid juﬁction potéﬂfial is small and
can bérneglected. The cell ‘EMF then is given by equation (2.60). -

The cells of the type

Ag|Agcl : Pbc12]Pb (2.62)

Y

containing a liquid junction between two salts gre known as 'Daniell
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Cells". - In these cells, however, the liquid junction potential can be

substantial and .can be estimated if the measurements on, the corresponding

(93)

formation cells are possible. TFor example, Laity compared the EMFs

of the cells Aglagcl|cl,, C and Pb|PbCl 1012, C with those of cell

{2.62) to obtain a’'liquid junction potential of 22 mV.at 525°C. This

value can then be compared to that calculated from irreversible

z.t

_thermodynamics. e

-

Measurements on a lapgc’ﬁﬁﬁbér of cells in molten salts are .

reported in the literature. These have been well reviewed in the books

quoted above and in articles by Reddy(g-), Solomons(gs) (93)

Dijkhuis et al.(gs), etc. In this section the éélls containing an

, Laity

oxygen electrode and alumina formation cells will be reviewed)

2.10 Oxygen Electrode

The use of oxygen electrodes in fused electrolytes at high
(93) (94)

temperéturee has been adequately reviewed by Taity
97)

, Reddy

Delimarskil gnd Markov(gz)'and Laitinen and Bha;ig One of the

early investigations which attempted to establish the reversibility of

the oxygen electrode in fused melts was by Lux(gs). He used two oxygen

electrodes (with Pt contacts) in a concentration cell containing an
eutectic mixture of_sodium and potassium sulphates as electrolytes. and
.diffcrent quantities of Nazo in the compartments. His Work is, however,
criticized by Flood et =al. (99) because of rapid evaporat;on of the

alkali oxide.and attack on the alumina crucible during thé experiment.

Another early work byﬂE;gk{\ijj Diettelcl 0) who'used Rféoxygcn

/a
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. electrodes in borat%\aelte ﬁas also been criticized by Flood et al. for
failiﬁg to glve quedtitative evidence of the potential determining
reaction. rThese addadurthef work of Lux, hewever,iindicated tee
feaﬂibiiity of using the oxygen electrode in eulphete; phosphate and
: boraec melts. . - |
. Vs =~

In cerefully designed experimeets, using C02-0£ gas mi%tures
on platinum eleetrodes, Flood et al. (99 ) demonstrated the reveraibility
of the oxygen electrode in the NaZSO4 N82C03 system. They ahowed that
the cell potential varied with oxide ion activity according to the
- Nernst equation in the Bulphate-carbonate mixtures although chat was

not strictly the case in pebassium chromate-dichromate mixtures.

Oscillation of the cell EMF with gas bubbling was observed. This \

: , o
disappeared when the furnace atmosphere was made the same as the gas in

the electrodes. : ‘ {

Didtschenko and Roehow(101)

were the first to use f:—oxygen
electrodes in silicate melts in which the electrode was found to be
reversible. The potential Qaa found to vary with the concentration and
‘the basicity of the oxide added. ﬁ?ll_and cq—workers(loz) combined an
oxygen electrode (on Pt) with a metal-metal oxide electrode in Li-X
eaiphate mixEuree.containing dissolved Ca0 in the temberaeure range
550°-750°C. The EMF was found to be c}dae to that defivedrfrom
thermochemical datn-for'Fe,.dd;pnd Ni indicating cell reversibility}
Some vgeintionTin EMF was observed with dtirring and eaa thought to be
due to the poiaoning of the Pet- 02 eiectrode.'
K (103) '
Although Antipin has used anodized graphite rod as the oxygen

electrode in a cryolite melt, graphite held in oxygen did not act as

' -
.
. \
. .

<3



reversible oxygen electrode in LiC1-KCl melts
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(97)

(105) and Sridhar and

Ito and Yanagase(lda), Minenko and Ivanova
Jeffes(loe) successfully used.the Pt-O2 electrode in the lead si}ica?e
systém around-IOOO'C. Using liquidllead as the other electrode they
have determined the thermodynamica of PbO and PbO-510, melts. Sridhar®
and Jeffes also reported EMF oscillations with gas bubbling which was
eliminated whén the Pt wire was slightly retracted within the refractory
tube. Lepinskikh and 10297 have used a similar cell with a Pt-0, :

electrode to determine the‘thermodynamic properties of Pb0~3203 melts -

~while Delimarskii and Andreeva(loa) have studied PbO-NaP03 melts by the

B}

same method.

An oxygen electrode was also found to be reversible in NiO-alkali
silicate melta(log) at 900°-1000°C. The variationfof cell EMF with
oxygen partial pressure from 1l atm. upto 5)(1.0-3 atm. and with Ni0
concentration waa'found to follow an exact Nernst relationship. .The
enthalpy and entropy of solution of Ni0 in the silicate was also

determined.

i

("~

2,11 -Alumiﬂﬁ Formation Cells
! ‘

(74,110-114)

A'number of workers have determined the standard free

energy of formation of alumina around 1000°C by using the cell T

A1(1)|A1203 in cryolite]Oz(g), Pt . (2.63)

™
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Qhei; results are summarized in Table 2.7.
Treadwell and Tefebesi(za) used a 3 mmD Pt tube inside a closed
end porcelain tube as fhe oxygen electrode. This electrode was dipped
into an alumina gaturated cryolite melt contained in a Mg0 céucib;e
which was placed inside a larger HgO_crucible containing iiquid aluminum.
Thua the eiectrodes and the eleétrolyte were separated from each other
using Mg0 and p&rceliﬁh diaphragms. They alathried a burnt lime
diaphragm instead of the MgO diaphragm but with no success. TheVEHF
_was found to be constant with oxygen flow rate and the variation with
temperature is given in Table 2.7.
Drossbach(llo) using a 10X alumina-cryolite electrolyte %ound
the cell EMF to be 2.06 atl1060‘C. His experimental arrangement
consisted of aiuminum and Pt-O2 elecgrodes séparated from the electrolyte
using closed end alumina tuﬁes. Holéa at the side of the alumina tubes
let the electrolyte into the electrodes.

(112

Mashovets and Revazyan ? used two sintered alumina crucibles,
one inside the other,.to separate the cathode and anode compartments.
Oxygen ox 02—N2 mixtures were passed over a platinum wire inside an
alumina tube. Contact with 1iquid aluminum was made with Mo wire and .
the cell EMF was corrected for the Mo-Pt thermal EMF thus introduced.

The change in EMF with p02 did not strictly follow the Nernst equation,
however, the Pt--O2 algctrode was believed to be substantially reversible.
They have also measured the EMF of qimilar cella with the oxygen
;lectrode replaced bert-COZ. _C-CD2 or C-O2 electrodes. Results
compatible with the firat'cell were obtained. However, in the cells

using the graphite electrode, larger than final stable EMFs were
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obtained ini?ially which was attributed to cheﬁiéorbed oxygen on the
graphite elé;trode.

Ray(113) separgted the alﬁminum and the oxygen electrodes from
the electrolyte using zirconia or alumina sheaths. The electrolyte was
also placed inside the oxygen electrode in which the Pt tube was
.immérsed. The oxygen electrode was tested for reversibility and
reproducibility against a silver reference electrode.

Finally, Thonstad(llk)

used a three electrode system - aluminum
and oxygen working electrodes and a reference aluminum electrode in the
same system. The oxygen electrode consisted of the usual Pt wire in an
alumina tube whose dimensions were varied without any effect.
Similarly, the diameters of the Pt wire, the depths of immersion and
rates of bubbling were changed without affecting.the cell EMF.
Thonstad, however, did not get & stable and reproducible EMF when no
external current was applied. He obtained the standard cell EMF by
taking the init;al reading from a potential decay curve after switching
off the electrolysis current.

Other workers (see ref. 114) have determined the decomposition
potential of aluming in cryolité from extrapolation of the current-

voltage curve. These values, although often identified as E‘(Alzba),

contain overvoltage terms over and above E°.
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'CHAPTER TIF
' EXPERIMENTAL APPARATUS AND PROCEDURE

3.1 Introduction

Al

As mentioned in Chapter I the following high temperature
electrochemical cells were used in this study to determine the
standard free energy of formation of alumina in the temperature range
1400°-1560°C
Cell I Pt

| Al,0% satd. slag ['02 , Pt (3.1)

s Al
(s) (L) 3 (8) (8)

Cell II C(gr)’ Al(i)lAlZOBIEIECt;Slyte|A1203|Fe_csatd.’Co(g)’cgr'(3'2)
' (0" )
This chapter describes the considerations leading to the design of these

cells, theilr working .and the difficulties involved in making measurements

on high temperature cells.

3.2 Design of Cell I

The design of Cell I is largely governed by the choice of the

iiquid slag electrolyte. At steelmaking temperatures this slag
(1) must conduct ionically;

(2) must not be reduced by aluminum;

58



- PHYSICAL PROPERTIES

Pfoperty

Melting point

Density at 1500°C

Vapour pressure
at 1500°C

Compatibility with
container matarials

TABLE 3.1

Aluminum

660°C(59)‘

2.1 g/m (180

0.7 mmHg(57)

Attacks almost all
metals. Can be
contained in
graphite and some
refractories.

OF ALUMINUM AND CaF

59

-Al.0. ELECTROLYTE

273

Can-Alzo3 electrolyte

(179)
(39)

CaFZ: 1423°C

Al1,0.: 2042°C

273
Eutectic(121) at 1368°C

and 10 w/o A1203

(122)
(122)

Can: 2.5 g/ml

CaF2-30 w/o A;203
n2.85 g/ml’

0.21 mmHg(57)

Attacks almost all
refractories. Can be
contained in graphite
and some metals (Pt, Mo,
atc.)
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(3) wmust be .chemically stable with a low vapour pressure; and
(4) must be saturated with alumina.

A sﬁudy of ‘the properties of calcium fluoride éhc%s thét it satisfies
the above requirements quite well (for fu;fher diacussioh see sect.
55.2); - 1t was therefore decided to use calcium fluoride saturated
with alumina as the liquid electrolyte in Cell I. Tﬁe propertieé-bf
aluﬁinum and the electrolyte which inflﬁen;é the cell design are given
in Table 3.1. |

It 1s apparent from the density of the materials at 1500°C that

2 simple cell design useﬁ bf'workers in other Bystems(IOé-los'llg)

cannot be used in this system. The liquid aluminum will float on the

electrolyte and has to be isolated from the atmogphere and the oxygen
electrode. Furthermore, aluminum melts at a much lower -temperature
than the electrolyte. Thése considerations led to the final cell desién
shown diagrammatically in Figure 3.1 which was adopted after trying a
number of preliminary designé.

The cell assembly essentially consists of a container, an
aluminum electrode and an oxygen electrode. In the following sections

these components are described in detail.

3.2.1 The container

The container, shown in detail in Figure 3.2, consists of a

graphite crucible (2%" ()3 I lz" ID x Z%") set within a silica crucible

using alumina powder as insulating material. Alundum cement was used
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Figure 3.1: A schematic diagram of cell assembly - Type I.
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Figure 3.2: The container.
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to-EIE\iée graphite crucible to the silica crucible. This arrangement
protecte thé graphite crucible.from oxidation while keeping the cell

design sigpple.

A/>" deep well,drilled in the bottom of the graphite crucible,

E

provided a seal for the alumina tube of the aluminum electrode during
the initial stages of an experiment before the electrolyte became molten.
A graphite 1id (2%" D x %") with holes for the electrodes and

thermocouple was used to cover the crucible.

'3,2.2 The aluminum electrode

The two types of aluminum electrode used in Cell I are shown
diagrammatically in Figure 3.3. These designs were chosen to satisfy

the fo;lowing condigions:

(1) aluminum will float on the liquia slag (see Téble 3.1);

(2)  a;uminum melts at a lower temperature than the slag electrolyte;
(3) electrical contact has to be made with iiquid aluminum; and

FA) aluminim must be protected asgainst excessive nx#dation.

Conditions (1) and (2) are satisfied by placing the outer alumina tube
of the electrode in the well at the bottom of the‘graphite container,
and éurrohndipg it with crushed,pre-fused eleétrolyte. Aluminum placed
ingide this tube melts first and is contained in it‘while the slag is
still solid. When the slag becomes molten the tube is raised out of
the well in order to allow the aluminum to float on top of the

electrolyte inside the tube.
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" ALUNDUM CEMENT~____
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| | CERMET CONTACT
g ALUMINUM ELECTRODES

Figure 3.3:>-'1‘he two types of aluminum electrodes used
/ in Cell 1.
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Graphite was uqéd to make electriﬁél contact wlth liquid

K:Efminum in.the'ini:ial experiménts &éee Figpre'3.3a). However, this

introduced a thermal EMF with the platinum Eontnct of tpe_gxygén

electrode. - Although this platinum-graphite thermal EﬁF was experimentally

determined and the measu;éd EM? ;orrected for this quantity. 1£ acts as an
-édditio;al gource of error and is better eliminated. Since platinum is

rapidly attacked by liquid'aluminum at 15b0°C, 8 ceramic-metal pellet .

(cermet) resistant to liquid aluminum éttﬁck was developed as a contact.

Preparation of this cermet is described in Section 3&9. The design of

the aluminum electrode using the cermet as a contact is shown in

Figure 3.3b.

! The construction of both the types of aluminum electrodes 1s

quite similar. The electrode with the %” D graphite contact used a high

1

purlity (99.8%) recrystallized alumina tube of dimensions 30 op X‘Z” 1D,

8
The clectrode with the cermet contact used a lufger alumina tube

fg" ID). 1In both these cases, Swagelok fittings with Teflon

ferrules were used to aeii/fg:\zaectrodea gas tight while allowing the

vertical motion of the yespective clectrical contacts. This simple

(_]_:" OD »

arrangement was.quité effective in preventing e%cessive oxidation of the
molten aluminum during the experiment. After cach experiment, the

clectrode was checked for the preaenée of aluminum metal.

3.2.3 The oxygen electrode

The main requirement of the oxygen clectrode is that oxygen gas
of known pnrtial_prcsuﬁrc muat contact the electrolyte and an electrical

¥ ‘
léead (usually Pt). Oxygen flowing through a platinum tube or over a



platinum wire in a refractory tube has commonly befn used as an oxygen
.. (98-102,104-114) 5) 7

Can Y

electrode . Jeffes and Sridhar ‘.have'critically

" reviewed the design of these electrodes and tjle cne used in the present

- atudy, shown in FigurélB.ﬁ, i;ﬂbased on thejr assessment. e
Oxygen éas is ﬁhsaed'thrd;;h_the ner of two concentric
recrystallized?alumina tubes and returnef through the outer tube, the
" dimensions of théltubga-being %"'ob x 1D an& %f

respectively. Contact 1s made with tlfe slag by a 0.020" D platinum.wire

"-0D x g" 1D,

paasing doﬁn the inner tube, thé.en of the wire being retracted about
0.1" from the bottom. A brass hegd held the twé tubes together at the
top using ﬁn '0'-ring seal and Swagelok fitting, aé shown in Figure

3.4. The %" Swagelok fitting/with Teflon farrule;, vhile making a gas
tight seal, allow;d vertifal movement of thg inner tube. Aﬂ.discussed

i

in Section:5.2.2, fre moyemént in the‘vertical direction was quite
critical in the sylcessful opé;;tion of this electrode.

The oyfgen gas ;aa dried over silica gel gnd drieri;e befofe
being let Anto the electrode. The oxygenxfiow raté was adjusted with

the heYp of a fine neadle valve and a rotamater. The rotameter was

staridardized in the usual way against a soap bubble meter,
) . P

-

3.3 Design of Cell II

-~

While working with various preliminary cell designs, it was
realized that recrystallized alumina has some conductivity—ﬁ?‘oz_ ions
‘at high temperatures and hence can be used to isolate the anodic and

cathodic compartments. While there 1s n¢ agreement in the literature

[



" OXYGEN INLET

l | ,, 67
A
: VUl :
SWAGELOK TEFLON FERRULES
BRASS HEAD—e Y| | | |
- —OXYGEN
L OUTLET
'0' RING SEAL—
'ALUMINA TUBES <j—— 1 |
T | 1 pl ATINUM WIRE
® _ - o
. | sLAG
—w~ ] FOU~ £ ~
OXYGEN ELECTRODE
Y _‘\J' - |

Figure 3.4: The oxygen slectrode.



68

L]

‘on the value of the transport number for otygen ions in alﬁmina. it 1is
generﬁllz_believed that there {8 considerable electronic conductivity ‘
at 1600°C. However, as long as a predominantly ionic electrolyte is
interposed bec;een the electrodes, it will "block out" any electronic
Bhort—éifcuiting of the cell. The designs of cells based on this
principle have already been reviewed in an earlier section t§2.ll).
_The design of Cell II, consisting of a container, an aluminum j
;eiectrode and a C/CO electrode, is shown diagrammatically in Figure 3.5;
‘Separntion of the anode and cathode f;om thé electrp£§te removes the
restrictions on the electrolyte, i.e. that it must not be redhced by
.nluminum and that {dmust b? sgturatud with alumina. Thus other

electrolytea.containing 02- iona were also used in this cell. .

3.3.1 The container

The ﬁonciiner used in this cell is identical to the one used
in Cell 1 (sea éacfion 3.2.1), except for the absence of tﬁe well in
the bottom of the graphite crucible. Also, a %"-thick asbestos qheat.
with appropriate holes for the electrpdea and the thermocouple, was used
~as8 a cover instead of the graphite 11d used in the esarlier version,
A This reduced heat loss from the top by radiation.

s

3.3.5 Thae electrodes

As can be seen from Figure 3.5 both the aluminum and C/CO
- cicctrpdna are of similar conltrucfion. They consist of closed-end

recrystallizad alumina tubes (%" 0D 'x %” ID) containing aluminum of

i

1
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carbon saturnteé iron.  Contact with the metal phase is made by a %" D
graphite rod. The top of the-alumina tubes were sealed to glass "tops"
with an opening in each to alioy gas into the electrodes. Contact with
the graphife rods was made by platinum wires sealed into the glass.
There was some difficulty in mak%ng glass-alumina seals; however, with
-the proper glass (Corning #7056) and technique, reasonable seals ;ere
obtained. A picture ofkthe glass-alumina seal on the top of one of the
clectrodes is shown in Fi%?re 3.6 which alig shows the graphite contact
‘rod and the platinum wire connection. A piece of iron tube placed on
the top of the graphite rod was used to push it down into the melt with
the help qf a magnet.

The aluminum élcctrode was continuéusly evacuated with a
mechanical pump so that a pressure of @10“2 torr wab malntained
throughout the experiment. The C/CO electrode was connected to a
regervolr (200 ml) to take care of the expansion of gas inside the
electrode during heating. Both thﬁ electrode and 7hc reservolr were
. evacuated and then filled with CO gas at one ptmosphare Safore the |
experiment.

-

Figure 3.7 1is a picture of a cell assembly while in operation,

"

3.4 Tomperature Meapurement

In both cells, a platinum-platinum 13% rhodium thermocouple was
used to measure the cell temperature., The 0.020" D wires used to make
this thermocouple were obtained from Johnson Matthey & Mallory. The

tharmocouple was protacted from slag attack by a high purity
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Figure 3.7t Photograph showing Cell II assembly.
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recrystallized alumina sheath (%" 0D xl%" ID). In the eariier
experiments the thermocouple with its alumina sheath was pl#ced inside
a graphite sheath.tb protect the alumina gheath from corrosive attack
of the slag. Also, it was thought that the graphite shedth would shield |
the thermocouple from the high fr&quency field. However, this field was
picked up by the unsheathed ﬁqrtion of the thﬁtmocouple and by the |
1eédp. fhis field was eliminated from.tha measurement circuit by the
grounding the leads through capﬁcitors as described in Section 3'7fu It
was also found that alag attack on the alumina sheath was not excessive
and that the gheath could be easily reused a number of times before the.
alag corroded through it. The slag attack was more significant at the
higher temperatures.

After every four experiments, . from the end of the thermocouple

2
was cut off and a fresh bead was maée. This reduced ény error due to
rhodium evaporation from the thermocouple and from any impurity pick up.
The thermocouples were calibrated againat a standard
thermocouple supplied by the National Ressarch Council. The potentio-

meter used for temperature measurement wis frequently calibrated against

a standard cell, also supplied by NRC.

3.5 The Electrode Stand

A water cooled brass electrode stand was used to position the
two elactrodes and the thermocouple in Cell I (see Figure 3.1). Holes

corresponding to those on the crucible 1id were drilled on a brass disc

(4" D x %") and the electrodes were clamped in place using Allen screws.

¥ J



74

In the case of Cell II a %" thick asbestos sheet with three:
holes drililed in it was used as the stand. Clamps were used to hold

. N\ i
the electrodes in place.

3.6 The Power Supply and Temperature Control

inér'supply of a crystal growing unit (Taylor-Winfield
'Thermbnic').waa used to heaﬁ the graphite cell to the required
" temperature. Ik was a medium fréquency induction furnace with a fine
temperature control, its output specifications being: 450 kHz, 25 kW,
. 208 V and 144 A,

The_ power from this unit was manually controlled by fine
adjustment of the coil current. High temperatn¥ thermal stability,
with a small temperature drift (v8°C/hr), was achfeven in about fifteen

to twenty minutes using this method of control. Overall temparature

control is estimated at +5°C.

3.7 EMF Measurement

»

In order to obtain a reyersible value, the cell EMF must be -
\ i
measured in 'open-circuit' using a Aull balance potentiometer. ﬁowevér,

high impedance eiectrometers (input impedance 1011 to 1014 ohms),

drawing a small cell current have been used previously to measure cell

(106,116) ;

EMF Although not nominally 8 zero- current method, current

drawn by electrometer ‘is usually less than the current flowing in a
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null-balance potentiometer circuit, particﬁlarly when the latter is
siighﬁly;off—balaﬂce; The speed of response, convenience and continuiﬁy
oflfeading‘of the electrometer are great'ﬁdvantages when an accuracy'
better than 0.1% 1s not required. In this investigation both the
instruments have been used to measure cell and thermocouple\EHTs.

‘ “\. The circuit diagram for Cell I is shown in Figure 3.8. A type
P3 Croydon potgntioﬁetar wasg connected in parallel with a Keithley Model

14 ohms) through a double pole

616 high impedance electrometer (2x10
adhble throw switch. The double pole double throw switch allowed cell
and thermocouplé readinéslto be taken on the electrom;kér within seconds
of each other. This was especially critical in the c;se of Cell II
where the power had to be shut off before takiné a cell EﬁF reading.

" The EMF of Cell I {(~2 volts at 1500°C) was out of the range of
the potentiometer (0-1.8 V) and could be read on the electrometer only
to 110 mv. For this Teason a Weston (Eppley) Standard cell (1.0183 V

at 20°C) was introduced in the measuring circuit in opposition to the

formation cell (see Figure 3.8) so that the resultant EMF, given by

Beasured = Bcell " Estandard (3.3)
could be measured within :1 nV on both the instfumcnts.

fhaaureﬁmtu of the cell EMF taken mdependeﬁtly on the
potentiometer and the electrometer éenaraily agreed to within 12 mV,
As the difference between the two'inatrumenﬁs was within the experimental
ar;o# the potentiometer was only us;d to check the electrometer readings

at convenient intervals.
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" Thermocouple and, cell EMF readiﬁgs were initially hampered by VJ

the large amount of noise éick—up from the induction ﬁnit. A number

of shielding arrangehenta were tried fut with litcle sucCcess, ‘The
problem was gsolved in the ca;a of Cell I by grounding aillthe
thermocouple and cell leads through 0.1 uP cﬁpnci;ors as shown in
\Figure 3.8. Tests on the oacilloscope indicated that éhe high frequency
signal was effectively eliminated by this procedure. The cell and
thermocouple readings were chacked by taking readings with the furnace

off.

- -

In the case of Celi II, however, groundiﬁé the leads through
capaéitors did not remove all the high frequenc; gignals. Réadings
thgrefore could only‘be taken by momentarily shutting the induction unit
off. Thus, the circuit diagram in the case of Cell 1II was essentially
tﬁa same a8 Figure 3.8, minus the standard cell and the capacitors in

the cell circuit. -

ter were frequently

The potentiometer and the eleét o
calibrated against a standard cell supplied by NRC. 'Thus, witb the
arr;;gemenc used in this.atudy, the fhermocouple EMF was accurately
meas;rad 1$0.01' oV and the cell ® to 1 mV., This does not take
into account the error in the Cell II EMF dua'to a drop in cell

temperature.
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PR

3.8 Materials _ ) -

High pufity sluninum metal (99.9951‘A1) used in this

~ investigation was obtained from ALCAN in the form of %" thick rqlled

slab. Rods of fequired dimensions (%" D origﬂ D) were machined from .
%" x %“ bar cut from this material. About %” long pleces were cut

from chése rods and used in the.aluminum electrode.

The slag was made by mixing pure CaF2 and A1203 in required
proportions. VCalcium fluoride (grade 'exfra pure') was obtained from
- BDH Chemicals with-thc.following spacified maximum limits of
impuxities: Chloride (Cl), 0.005%; Iron (Fe), 0.005%; Lcad (Pb),
0.005% S1lica (S10,), 0.05%; and Sulphate (SO,), 6.011. Assay
(excépt Ca) after ignition was reported to be notlleaa than 99%,

Anhydrous alumina powder (grade 'certified') was ﬂuppliéd by Fisher
Scientific with tﬁe following mnximum limits of impurities: Chl?ridé
(Cl1), 0.004%; Iron (Fe), 0.003%; Heavy Metals (such as Pb), 0.002%;
Sulphate (SOQ), 0.07%; Silicate, (0.01%); and Alk. &.Eartha. 0.142.
Slags for Cell II wére madg out of re;gent grade lime, alumina and
silica powdera obtainad from Fishar Scientific.

Oxygen gas of purity grenfer than 99.6% was obtained in compressed
'cylindars from Canadian Liquid Air (grade 'Extra Dry'). The gas was dridd
over silica gel and drierito before use in the oxygen electrode. CO gas of
purity greater than 592 (grada 'Technical') was obtained from Mattheson.

Grnﬁhite crucibles were machined out of 3" D.bars (grade 'CS')
obtained from Union Cnrbide. A higher grade of graphite (grade 'ECV',
Union Carbide) was used for the %" D graphite contact rods and the 2"‘5‘

graphite block in the thermal EMF mehpuremenc.- The limits of impurities
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for the 'éS‘ grgde are between 0;24* and 1,3% inelﬁding the ash content
while for "ECV' grade they are between 0.03% nna 0.11%, |
All the aiuginn'tubeq used in this 1nvcafignti§n were high
' pufit} (99;81 Aiuﬁinu) recrystallized alumina tubés obtnincd‘inm’
- McDanel. This high deﬁsity_tccryat lized mate;ial was quite resistant
| to the alag attng} except at higher temperatures. This mqterigl.wns T
also gas tight. 'Tha chemical analysis of this grade waa reported to be:

- A12Q3. 99.8%; 5102,'0.07015 Mgo; 0.050%; Na,0, 0.005%; CaO, 0.030%;/

2

Fczoa,'OJOZQX; Gazoa, 0.0092;-f102, 0.004%; and MnO, 0.001%,°
Silica crucibles were mnde_ou; QE‘Z%“ ;D'X 0.08" wall transparent
fused quartz tubes obtatned from Quartz Scientific. -Alundum cement was
. supplied by Fisher Scientific.
| High purity ﬁlncinum'powder used fo; making the cermets was
obtained as npongd from Johnsgon, Matthey and Mallory Ltd. The metallic
impurity content of this 'Grade I' platinum is fcported to be 5 ppm
maximum, Alumina.powder qoéd in the cermets was Fisher Scientific
'cortificd' grade. ¢?.
Platinum and 13% rhodium-platinum .020" D thermoco@ple wires
were also obtuined from Johnson,Matthey and Mnllory.‘ The maximum
deviﬁtion from standard calibration chwean 1400°C and 1600°C is
guarnnﬁccd by the-supplier to be within +3°C fﬁr this thermocouple;
Tth%MF Ehnnge when heated at 14§0°C for a prolonged périoa is specified

.a8 10 microvolts.
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3.9 Cermet Preparation

‘ In order to uﬁoid_thelintroductioh of any thermal EMF in the .
| | , =
measurements on Cell I, which contained a platinumrlesd in the, oxygen

clﬁctrodc, contact with liquid aluminum had to be made with plaginum. R
‘ o : - .

‘However, platinum fnpidly dissolves in liquid élumlqum at steelmaking

temperatures as indicated by the platinum-aluminum phase dingramcll?).

Sintcrcd ceramic-metal rods ('cermet’) have been previously uand(llﬁflla)

- to make clcctricnl contacts with corrosive 14quid metnls. The cerhmi&
network in cormete inhibitse thc nttnck of the 1iquid mutnl while still

maintaining /good clcctrical conductivity. " .
.
. deal ceramic material for s cormet in this study is

2

alumina nas it 1s already prosent in the cell. However, an a platinum-
alumina cormet was ﬁot commarcialiy.nvailnble, the technique oﬁimnking B
this cermet had to be doveloped. Initially, fine platinum powder waar
chemically obthined'by dissolving high puri;y plntiﬁum wires in aqua
“regla and pracipitating the platinum as <NHA)ZPtC16 wigh ammonium

chloride

H,PLCl

2 6 + 2NH401 pa (NHA)ZPtC16 + 2HCl‘. ‘ (3.4)

[
i

L ’ {,‘
This hexachloroplatinate precipitate is thon ignited at 1000°C in &
silica cruecible to give fine platinum powder. _However, as thera was

considerable loss of platinum in chiu‘proccas, later batches of cormeto

n

were made from platinum powder obtained by grinding'pln;iﬁum spongao
R ' . '

supplied by Johnaon, Matthey nnd‘Mullory in a mortar nnd'pestlé,; Fine

alumina powdar was obtuined from Fishar Scientific.
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Figure 3.9: The cermet press.
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Platinum and alumina'powdera were taken in 70:30 pr0portion
by weight and throughly «mixed for six hours on a ball mill. About

0. 6 g of thia mixture waa placed in the die shown in Figure 3.9 Lpd

Al e rs

Anp , at a pressure of about 100 k pP-8. i A

* 16

0.020" piatinum wire 1ead-was passed through a hole in the base plate
- : ) . . :

aad the bottom plunger of the die before pressing and formed an

pressed,into a pellet

integral part of the cermet.  The 'green' cermet was then sintered at

1500°C for twelve hours with the platinum wire embedded in it.

—

The cermet thus produced had good strength and electrical

conductivity. It could be machined on the lathe at very small feed

'

rates. ILts resistance to attack by liquid aluminum was quite good at

+

.
—,

150G°C as we can see. from Figure 3.10.

A required length of platinum(g$re was welded to the wire on

AN

the cermet. This wire was protected from aluminum attack by an alumina

1

tube (l" oD x §" ID) sealed to the cermet by alundum‘cement, see Figure

3.3, the top of the cermet being machined to fir the inside diameter.

3.10 Slag Preparation

One requirement of slag used in Cell I is that it should be’

alumina saturated. Th 2-—A1203 ayetfm is reported to be a simple

(1L9 -121)

eutectic system with no te al solid solubilities However,

considerable disagreement exis ‘to the euteccic temperature and

[

compositdon, as can be seen from Pigure 3.11. The disagreement 1is

.proBably due to varying quantities of Ca0 preseat in 'pure' CaF

1

2.
B

LE2 TRt
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Pigure 3.11: The 'CaF2?~A1203 phase dlagram. (The poinés indicate the )

- composition of the slags used in Cell I.)
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~In designing slags for Cell I, the alumina saturated liquidue

of Mitchell and Burel( 21 ) was preferred and the compositions ok the
slags chosen are ghown in Figure 3.11. It can be seen that a large
excess of alumina in the elag‘was avolded as that would reduce the
slag fluidity.w

A slag of required composition was made by mixing weighed
quantities of the two powders (CaF2 and Al 03) in-a ball mill for two
.hours. Calcium fluoride was premelted in a graphite crucible in an r
inducéion furpace and poured into a steel mould to solidify. It was
then cruahed and ground in a disclgrinder to the desired size.
Alumina powder was used as aupplied.

The amount of slag required was calculated based on the elag
density and the volume required to give 1" height of molten slag in the
graphite crucidble. Measurements of densities in this aystem

(122)

(CaF ~A1,0 ) at high temperatures have. been reviewed , since

all the slag compositions used were within the range l7ﬁ to 43X alumina,
an average value of 2.85 g/ml was chosen for the calculations. The

height of the slag was found to be close to the calculated value of 1".
> "

Can ~Al 03 slags used in Cell II were also made in the same

way as described above. vCaO—Alzos S:LO2 alags were made by premelting
the required quantities of reagent grade powders in a graphite
crucible and chenipouring it into a steel mould to solidify. The slags

were crushed and ground before use. .
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3.11 Metal and Slag Analysie

Aluminum in the anode of Cell I was analysed for platinum by a
gravimetric method described by Vogel(lza). A weighed Bample was
digsolved in aqua regia and the solution was evaporated to dryness,
dissolved in HCl and again evaporated to dryness to remove the nitrate
ions. ’The residue was digsolved in water and the platinum was
precipitated from the solution as metal by the addition of formic acid
and sodium acetate, After ensuring eomplete precipitation, the
solution was filtered tﬁrough a quantitative filter paper which was
washed until ﬁree from chloride and dried and ignited in a silica

§ ’ 2

crucible. It was then weighed as metallic platinum.

Washing the precipitate and the filter paper throughly before

drying was found to be important, failing which a fine white powder

 (alumina) was found with the dark platinum powder. These 9amp1es wvere

Rd

redissolved and adalysis carried out again.

Samples of slag taken from different regiong of the solidified
melt were crushed and ground before analysing by X-ray diffraction.
Diffraction patterns were then-EBEpared with the parrerns of 'pure’

starting materials to identify phases present in the slag.

3,12 The Platinum-Graphite Thermal EMF Measurement

Y.

:@ The use of a graphite lead in one of the aluminum electrode

designs (Figure 3.3a) introduced a platinum—graphite thermoelectric

EMF into the measured EMF. As no values of t@is quantity at the

i

B ey R T U Ry

oo L bR T
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&
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experiaental teﬁperatures are reported in the literature, the& were
determined directly using the cell-illustrated,in Figure 3.12. It
consisted of.a graphite block (2“ D x 2™ get in a silica crucible
(2 Lu ID x 4"). with alumina powder rammed in between as insulation. A
%" graphite rod which screwed onto the graphite bloch made electrical
.contact with it. The other contact was made by a platinum—alumiaa
cermet‘tightly fitting into a well in the graphite block. - The graphite
rod was protected from oxidation by an alumina tube sealedeto the rog
“at the top hy aa air tight Swagelok fitting. The temperature of the
graphite block was measured by a 0;13 Pt-Rh thermotpuple‘protected by
an alumina sheath.

The graphite block was h§ated by a ‘450 kHz induction furnace,
'The EMF between the graphite rod and the platinum wire and the .
thermocoupie'EMF were measured simultaneously as the block was raised

to the required temperature. Measurements were taken using techniques

" described in Section 3.7.

3.13 Procedure

3.13.1 Cell I

" A cell corntainer was made as described in Section 3.2.1 and
placed within the induction coil. Refractory brick ahielda were piaced
belcg and around the cell in order to prevent*exceséive heat losses:. '

The eell was then set up by placing a cylindrical pilece of hiéh
purity aluminum in the alumina tube of the alaminum eieétrede the

bottom of which was sealed in the well of the graphite crucible. A
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slag mixture of predetermined composition Wae then poured into the
container, .with the thermocouple gheath in position end the oxygen
-electrode positioned above the slag, usiug the water-cooled brass
electrode]holder, Figure 3.1. The induction unit was then switched on o
and the temperature raiaedrto approximateiy that of the exberiment in’
about 45—60 minutes. The melt was equilibrated for a further 15-20
minutes by which time a thermal eteedy atate, with negligible thermal.
drift was achieved.
The aluminum electrode -was tpen-raised end‘the'oxygen electrode

.1owered into the melt until the outer aluméua tube was belou_the
surfaee.of the slag. fhe'inner alumina tube wee'lowered into the slagﬁ
w}fp-the orygen’flowing at a predetermined rate,_until_e;readiug was

N _ . .

obte%ned on the electrometer. When the inner tube was pushed too far

! .
“into 'the melt the saw—tooth" EMF associated with the oxygen bubbling

rthrough the me.lt(99 115) was obtained. The inner tube was then pulled
up until the "aaw;tootu" variation of EMF disappeared.
| After the electrodea were in position (time zero), tﬁe cell and
thermocouple EMFs were altern;tely monitored ou the electrometer and
' check measurements made at eonveuient intervals with the potentioueter.
After anlexperiment the electrodes were aectioned and checked L
for eleg attack. The‘alumiuum electrode was checked for the presence
of aluminum metal and the cerueg condition recorded._ Finally, metel

samples were analysed for platinum and slag samples by X-ray diffractiom.

R o
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3.13.2 Cell 1I ° , o s .
The ¢ ontaiqerlwaa made_and set uﬁ in the induction coil as
in the case of\Cell I. The slag mixture was tﬁen po&?ed into the
crucible and the electrodes positioned above th; slag. The C/CO
electrode was evaéuated and filled with CO at omne aEmbsphere wvhile the
' . .
aluminum electrode was continuously evacuated. The cell was raised to
_the experimental teméerature in 45-60 minutes and theﬁ equilibrated for

further 10-15 minutes. The electrodes were then lo?ered and the EMF

of the cell and thermocouple‘monitored as before.



CHAPTER IV

EXPERTMENTAL RESULTS o

4.1 Standardization of the Experiment - -

The Pt-Ptl3XEh thermocouples used in this atgdy were calibrated
against'a Pt-PthZRh thermocouple whieh-was previously calibrated upto
1100°C by the National Research Council within $0.3°C on the IPTS-48
scale. At 1100°C the Pt-PtlBZRh thermocouples gave a temperature
reading about 1.5°C 1ower.than that indicated by the calibrated .
thermocouple. As no calibration above this tempereture was available,
e constant correction of 2°C was applied.to all experimental
measurements at the higher temperatures. Thua, all temperatures
;uoted in this atu&§ are ;eferred to IPTS-48 acale(lal)

‘The potentiometef and the electrometer uaed for EMF
meaaurementslwere freq;ently calibrated agaiest an Eppley'standard cell..
The EMF of this standard Eell.wes checked against an accurately known
EMF from a Metra Blansko Weston Standard cell (#4828080) and was found
to be correct within the limita of accuracy of the potentiometer i.e.
10.1%Z. Thus, temperature ceuld be measured to an accuracy of #2°C etf
1500°C although, .for the reasons given Below, the cell temperatures
could not be measured with this aecureey.

- o In a preliminary experiment, the temperature gradient along
,'athe cell axis was measured and the reaulta are ehown in Table 4.1 and

Pigure 4.1. Within the electrolyte (slag) layer itself there was 8 o

temperature gradient of at Jeast 5°C at 1450°C (probably larger at

LN

I



TABLE 4.1 ~

TEMPERATURE GRADIENT IN THE CELLS

v

Distance from Temperature, ‘Teﬁﬁerature, '
the crucible bottom, . mv o .
inches . -(Ref. 0°C) . °C
0.0 16.69 - 152
10.25 : 16.68° 1451.2
0.50 . 16.665 . ~.1450
0.75 16.65 T 14497

1.00  16.62 1447 /™
11.125 © 16.595 463

g

TABLE 4.2

PLATINUM-GRAPHITE THERMAL EMF

Temperature, °C  Pt-gr thermal EMF,

(IPTS-48) ' oV
- 937 10,7
1081 14.9
1164 17.3°
1197 18.1
1215 18.6

1360 22,9

.

Note: (1) Cold junction at 30°C

(2) Polarity: Graphite +ve

Platinum —ve
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_higherrtemberatures). The gradient in the radial direction was not

measured but is not believed to be much different., As the thermocouple

P

- was blaced midway in the alag 1eyer,'an overall accurecy of only 25°€

L

can be claimed for cell temperature measurements.
The cell could be raiaed to the experimental temperature near

1500°C in about 45-60 minutes after which it required a further 15-20
: ; _

-

¢ ‘ - '
.minutes to achieve a thermal steady state condition. -Subsequently a

. small temperature drift of about B;C/bopr could be corrected for by

.

fine manual adjustment of the coil current. Overall temPerature
control is estimated et 15°C _ -

The rotameter uaed in Ce11‘1 for the control of the oxygen flow
rate was calibrated using a socap bubble é/bw meter. The floy rate of

oxygen in the electrode was changed from 10 ml/min to 120 ml/min

' without»significently‘affecting_the‘tell EMF, At higher flow rates

theretwas ePurting or freezing of the lieuiﬂ“electrolyte inside the
oxyéen electrode, ﬁhile‘shutting off the oxygen flow made the cell EHF
ertatic. Frcm the preliminary experiments oxygen flow rates of between
20 ml/min and 40 ml/min wvere found to be gultable.’

“

+

4.2 'Platinum—graphite Thermal EMF

A

The results of measurements of the platinum-graphite thermal

’ EMF by the method indicated in Section (3.12) are shown in Ieble 4.2,

These values are plotted against temperature in Figure 4.2, ehieh

indicates a linear variation bf EMF in the temperature range‘shown;

?\‘ . r

A
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This variation of Pt-graphite thermal EMF, e,, can be expressed as

”~

e 216,73 (@V) o (4.1)

e = 2.91x107
t,

where t i1s temperature in degrees Celai&s. Because ¢f the failure of
this cell above 1400°C, equation (4.1) was used to extrapolate the

thermal EMF to.the regquired experimental temperature. The accuracies
: : . , . @
of the temperature and EMF measurements are the same as those given

above.

a

2

4.3 Compatibility of Cell Components .

A

In Cell I, when an alumina saturated elecfrolyte was used, the

" attack on alumina refractories was found tb he. very small upto

températgres around 1500°C. At 1550°C the attack ﬁée more Biénificant'
and at 1600°C it was so rapid that experiments could not be
satisfgctorily performed.

In the case of Cell II the attack on the aluminasref:actories
was more ‘significant even at 1500°C. BHowever, the cell could be
satisfactorily'operéted at these temperatures for over two hours.

The electrolytes used in Cells I and II, in.Can—Al 0, and

273
CaO—A1203-8102 systems, were found tq be stable at the experimental
temperatures, although some vapourization in the CaF2~A1203 sys&em was

observed at higherﬁiemperatures; Slight changes in electrolyte

composition due to dissolution of alumina or evaporation of Can are

not expected to affect the results. .
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In both cells, the‘graphite crucible was virtually intact
after the  experiment and was reused a number of times. The dissolution
““of graphite in the slags used is known to be small(l35) and its effec;:)

can be neglected. Similarly graphite is virtually insoluble in liquid

(125’126). Although platinu@ is extensively soluble in -

(127)

aluminum
aluminum at the experimentgl teﬁpeqaturea very 1itt1e attack:was
obéerved on the platinum—-alumina cermet, Figure 3.10 is a photbgraph
showing an unused cermet (A) and cermets used at 1448°C (B) and

1551°C (C). .The cermet-used at 1448°C can be seen to be virtually
intact while some deterioration of cermet C used at 1551°C is visible.
Cermet C was still workiﬁg when the experiment was-ﬁefﬁiﬁated and
subsequent analysis showed very little'(iz.SIPt) dissolution of
platinum in the aluminum (see Table 4.3).

The platinum wire used in the oxygen electrode in Cell I was
found to have los; 1ts shiny lustre in the portion_subjected to high
temperatures. There were, however, no visible signs of slag attack.

An inch was cut off from the lower end of the platinum wi;e and a fresh
surféce exposed to the slag in every experiment.

The loss of aluminum by oxidation from the electrode was found
to be betweéu 10 and zdz in Cell I, while it was even sm&ller in Cell
II. This sﬁrprisipgly small quantit? of aluminum 1§Fs,inspite qf the
simple electrode design used in Cell I,is believed ko be due‘tb a

protective layer of alumina formed on liquid aluminum.

p

U



Run
No.

13

14

15

- 17

18

19

21

Weight of

the sample, g

- 0.8426%
0.7564
0.1503
0.8032%%
0.7750
0.7624
0.6366
0.7205

0.7801

.97

TABLE 4.3

PLATINUM ANALYSIS OF ANODE ALUMINUM

ti

L

METAL FROM CELL'I

Wt of the Pt ZPt in Mole fraction
precipitate, g Al sample of Pt in Al
(by.weight)

0.0037 C0.46 0.00061
0.0068 0.90 0.00126

Not detected - ‘ - -
0.0053 (0.66) (0.00092)
0.0047 - 0.61 0.00085
0.0122 " 1.60 ! 0.00225
0.0162 2.54  0.00361
0.0157 2.18 0.00309

0.0164 2.10 0.00297.

*  White powdér with Pt preéipitate. Redissolved and reprecipitated

** Slag entrapped in sample

-
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-

4,4 Metal and Slag Analysis

The aluminum used in Cell I designs with a Pt cermet contact
was analysed for Pt by a gravimetric method described in Section 3.11
and the results are showm in Table 4.3. The maximum dissdlution of

platinum was observed in run #18 which contained 2. S4ZPt by weight i.e.

ﬂ

0.0036 mole fraction of Pt. This is not-believed to alter the .

aluminum activity significantly.
Fine white alumina powder was found with dark Pt powder after

ignition at 1000 C while analfsing the sample from run #2. The
. N r :
alumina was believed to have_formed by the oxidation .of unwashed

aluminum chloride in the precipitate. The platinum in the precipitate

was dissolved in aqua regia and reprecipitated before being weighed;

The weight of metal ‘in sample #14 was uncertain as some slag
was found trapped within it. The platinum content of the aample

would be somewhat higher than the value indicated.

-

The electrolytes and the pure starting materials were
analysed by X-ray diffraction on a diffractometer and results are
given in Appendix AI. The X-ray analysislrevealed the presence of

the compound calcium hexa-aluminate (Cao-6A1203) in the CaF -A.1203

electrolytes. The presence of this compound in these slags has been

(121) ;

reported before and is believed to be due to small quantities

of Ca0 invariably present in ‘pure’ CaF,.
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4.5 Variation of Cell EMF with "rime' B .

‘s
In the case of . Cell I, the ‘cell EMF was found to be stable for

an initial period of between 6-15 minutes duration after which 1t
slowly deteriorated. A typical variation o{;cell EMF with time is
shown in Table 4.4 and Figure 4.3. The figuretalso showe the results
of cell revereibility tests performed by momentarily imposing a
greater EHF than the equilibrium value or by discharging ‘the cell
through an external circuit. In each case the EMF returned to its

| "open circuit" equilibrium value within a few seconds. This plateau
EMF has been taken as the reversible cell EMF. “

In the case of Cell II, stable cell voltages were obtained
once the cell attaiued equilibrium. The voltage stability was ehecked
for a period of over two hours uhtil the experiment had to be terminateq
~ due to slag attack on the alumina refractory. The cell reversibility
was checked in the”following oanner: (1) an EMF greater or less than
thg equilibrium velue was impressed, as in the case of Cell I. On
removal of this constraint the cell voltage returned to its original

value. (2) The game EMF was observed when ‘the equilibrium was

approached from a higher or iower temperature. : .

4.6 EMF Data from.Cell 1 ) Jf

Results from type I cells using the graphite contact in the
ancde are summarized in Table 4.5. The composition of the slag; the

cell temperature and the platinum-graphite thermal EMF correction,
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TABLE 4.4
VARTATION OF CELL EMF WITH TiME
(RUN #19)

'Exﬁerimental Conditions: Cell temperature, 1554°C;

slag, SSiCaF 422A1203; Pt Eontact; Estd-l’019

¥

2’

EMF measured,

Time, min EH"ECell'Estd’ Couments
volts -
I .

0.0 e ' “Blectrodes léwered; time zero
1.0 . 0.842

2.0 0.807

‘ 3.0 0.796
4.0 T 0.794 Check reading on potentiometer
o 5.0 0.79 ' External EMF imposed
| 5.5 0.793 !

6.0 0.793 ' Check reading on potentiometer
7.0 0.794 External EMF imposed

7.5 0.790

8.0 - 0.793

9.0 0.791

10.0 0.792 . .

11.0 ' '0.790 Checked on poientiometér

12.0 0.787 | - .
13.0 0.781 | -
14.0 0.774 h )

15.0 D.764

16.0 0.752
17.0 0.737

18.0 0.720
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CELL EMF VS TIME
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Figure 4.3

The variation of EMF of Cell I with time.
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A

determined previqusi}. are also given in Table 4.5. Results from-ceils
with the platinum cermet contact in the énode are shown in Iable‘4.é.
EMFs from all type I cells are pfittedzhgainat the éell tgmpega;uré

in Figure 4.4, The least square line.throggh the d%ta, which can be

representéd by the equé;ion .

.

-

. 7

o ' "4 “
Ecell 2.8806 ~-5.784%10 T volts : {(4.2)

is also shown in the figure along with the.QSIhconfidence limits, The

standard free energies of formation of alumina calculated from the cell

EMFs are summarized in Table 4.7. Assumiug that the Eemperature

variation of AHZ and AS: in the range of temperature shown are small,

f f
an assumption which is implicit in equation (4.2), a linear -
regressional analysis was carried out on the AG; data.f:The results
are shown in Table 4.7 and Figure 4.5, the equation‘ofiﬁﬁh line being
L (4.3)

AGE(A1203) = -398,560 + 80.02T cal/mole A1203 .

The following quantities were also obtained‘from the regressional
analyéis: (1) the standard deviation aboPt the iine, 1800 cal/molg;
(2) the correlation coefficient, 0.882; (3) the. 95% confidence limit
of slope, *27.0 cal/mole-deg; ana (4) the 95X confidence limit on
intercept, 147,800 cal/mole. The equations used to calculate the

above quantities are summarized in Appendix AIT. -,

o



Run
No.

10
12

. TABLE 4.5

EMF FROM TYPEII CELLS USING GRAPHITE CONTACT IN THE ANODE

ZAlZO3

in slag

35
30
34
40
22

+

Rum
No.

13
14
15
17
18
19
21

Temperagure,
.OC‘

1502
1498
1499
1539
1450

. Cell EMF, E°, volts
EMF measured

1.827 0.027

1.857 0.027

1.830 0.027

1.783 0.028

1.858 0.025
TABLE 4.6

103

ko,

PthGr.EHF Corrected EMF

EMF FROM TYPE I CELLS USING A PLATINUM

CERMET CONTACT IN THE ANODE

ZA1203

in slag

18
32
20

30
28, -
40
42
42
43

Temperature,

°C

1448
1482
1440
1476
1462
1530
1551
1554
1545

Cell EMF,

volts

E°,

.1.889 =

1.852
1.878
1.881
1.873

1.845

1.834
1.812
1.834

-~

1.854
1.884
1.857
1.811

1.883
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4.7 The Third Law- Analysis of Cell I Data

A w .

The Third.Law'analyéis‘of the free energy data was carried out

- 4in the following.way. The Gibbs energy function, gefy, given by

- (G® T . ‘ (4.4)

. gef ~ H®
T . .298 : | %

T
;o . .
was determined for alumina, aluminum and oxygen using the relationship.

EReY

"o . Hp - BHygg

- - Q
gefT 5. +

T T (4.5)

and the ghermoéhemical data for these substances chosen in Section

2.7.2. AH®_ _ is then calculated from the free energy data from the

298
equation h
AH298 = AGT - ‘I‘AgefT . (4.6)
where AgefT is given by . -:L,
> oo
AgefT = gefT(A1203) - defT(Al) - 1.5§?fT(?2) . _ {4.7) -

L]
'3

'The results of the calculations for the change in the Gibbs energy

functiqg (AgefT) and AH;QB are given in Table 4.8. The average value

of AHSg. obtained from Cell I data 18 -392.55 keal/mole A1,0,, the

standard deviation of the data being 1.73 kcal/mole. .Ihe‘valued of

AHEBB are plottedcagainst the experimental teémperature in Figure 4.6,

C y

gf
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TABLE 4.8

THIRD LAW ANALYSIS OF CELL E DATA

T x Agef -4H,

Temperature, —AG;; T 298° 5,
T, °K kcal/mo}e kcal/mole kgal/mole AHEQB-(AHEQB)AV’
' kcal/mole
ol | :
1713+ 259.84 131.19 391.03 +1.52
1721 261.36 ~  _131.81 393.17 -0.63 ‘
1723 " 260.53 131.97 392,50 +0.05
1735 259.15 132.90 392,05 +0. 50
1749 | 260.26 133.99 394.25 ~1.70
1755 256.26 '¥¥134.46  390.70°  41.85
1771 260.67 135.70 - 396.37 1 ~3.82
1772 256.93 135.78 392,71 ~0.16
1775 . 256.52 136.01 392,53 . +0.01
; 1803 255.27 138.19  393.46 0.91
9} 1812 250.57 138. 89 389.46 B +3.o%{/“/
BEETITS —253.75 139.35 393.10 ~0.56
1824 253.75 139.82 393.57 -1.02 |
1827 .  250.71 _ 140.05 390.76 +1.79
Note: (AH§98)AN - - 392.55 kﬁal/mole A1203.

D)
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the average AH;éa and the 95% confidence limits being indicated.
The average of ﬁany determinations of AHEQB from bomb calorimetry

*(see §2.7.1) is also shown with its 95 confidence limits. .

“ =N

4,8 EMF Data from Cell TII1

2 274205

electrolytes are summarized in Table 4.9. The standard fsee enexgy

The EMF of type II cells using CaF -A1203 and Ca0-$10

of'the cell reaction

-
2A1 oy + 3C0 A1,04 + 3C (4.8),

(g) * 3

) (s)

is shown in the fourth columm. The fifth column gives the standard
free energy of formation of carbon monoxide, AG;(COS, gliven by

S

AG;(CO) = -27,925 - 20.22T cal (1500°-2000°K) - (4.9)

L_/ | (59)

which was obtained from JANAF Tables . _Combining this data with
the free energy change for the cell reaction the standard free energy
of formation of alumina, AG3(81,0,), 1s 'obtainé,:% and .shown in the
sixth columm. ' )

The values of the standard free energy of formation of
alumina obtained in this manner from Cell II EMFs are p;otteé along
with the data from Cell I in Figure 4.7. Thermochemical values from
JANAF for the same quantity are also included in this figure for

comparison.
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J ' TABLE 4.9

EMF OF TYPE II CELLS AND CALCULATION OF
AG;(A1203) FROM THE DATA

Type of T : Celi EMF AGcell-—,6FE ’ BAGE(CO)’ AGf(AlZOS)
electrolyte cmperature, ¢ 1 i kcal/mole kcal/mole  kcal/mole
used K .. B7, wvo ;s F
: (A) (3 (a+B)

: Caﬂ:-lQZA1203 . 1749 0.480 -66.41 -189.87 ~256.28
CaF,~15%A1,0, 1759 0.475 ~65.72 -190.48 ~256.20
CaF,~15%A1,0, 1785 0.468 -64.75 ~192.05 _256. 81

38%Ca0 . 1674 0.562 . =77.76 -185.32 ~263.08
S - . ,
/427510, 1679 0.580 -80.25 ~185.62 . -265.87
+ - | o
20%A1,0, 1641 0.628 -86.89 -183.32 ~270.21
J
%



>

STD. FREE ENERGY, AG®, kcol/mole AlpOz —=
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qumd Electrolytes

e CaFz- Al,03(02 electrode)
s CaF -Al»03z(CO electrode)
~ A Ca0-Si0z2- Alx03 (CO electrdde)

\
N
.
QO

|
N
6)
O

=270

I
I
i

}

CELL .

-280 .
600 1700 1800
TEMPERATURE , °K —=
Figure 4.7: AG; (A1,0,) data from Cells I and II and comparison

" with the accepted thermochemical value.

1900
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i
* TABLE 4.10
THIRD LAW ANALYSIS OF CELL II DATA °
o - ° 8= Type of
Temperature,  -AGy, T xAgefy, ~Mloggs ape -~ (amSgg),. electrolyte
-] y 1] AV
T, °K ‘kcallmole kcal/mole kcal/mole keal/mole used
1674 . 263.08 128.15 391.23 +1.48 Ca0
1679 265.87 128.54 394,41 -1,70 s10,
- +
1641 . 270.21 125.58 395.79 -3.07 A1,0,
1749 256,28  133.99 390.27 +2.44
- . .CaF2+
1759 256.20 134.77 390.97 +1.74
| : A1,04
1785 256.81 - 136.79 393.60 -0.89

Note: (ABZQB)AN = - 392,71 kcal/mole
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* 4.9 The Third Law Analysis of Cell II Data

Using the.Gibba energy functions established aﬁove,the daga from
.Cell II were analysed by the Third Law me;hod as before. Thg results’
are shown in Table 4.10 and Figure 4.8. The avefage value of
AH%SB (—392.7i kcal /mole) and the 95X éonf;dence interval |
(2.3 kcal/mole) of Cell II dats are shown in Figure 4,8 together with
those from Cell Iﬂghd bomb calorimetric determinations for_comparisbn.
Combining ﬁhe values of AH;QB calcuiated by the third law
‘analysia of Cells I and II data, the following results are obtained:
average AHEQB - 392.60 kcal/mole, standard deviation 1.87 kcal/mole and

952 éonfidence interval 0.92 kcal/mole.

4



CHABTER V

‘DISCUSSION

5.1 Intreduction

o
H

In this chapter the results presented in the last chapter are

discussed vis—a-vis the work reported in therliferature, and the

LY .
differences in the values of. standard enthalpy and free energy are

" ecritically examined. Figure 4.5.§ompare3 tﬁe values of the standard

free energy of formatidn of alumina obt;ined'from Cell I with the |
thermochemical estimation of the éamg quantity b; various authors in the
temperature range of 1700°-1900°K of intefeét in steelmaking. It must

bé noted that the scales have been expanded in Figure 4.5 to amplify

;he difference in the results reported by different.workera. From the

figure it is apparent that the present results are in excellent
(74)

agreement wi{ﬁh:he early‘estimatiog of Treadwell and Terebesi while
ub

they are s BE/ tially more positive than other estimations. Except for
the work of Treadwell and Terebesi, the thermochemical estimates of AGS

f N
(57)

range from -261.74 kcal/mole (Kubaschewski et al. 1967) to .

(56)°

-266.64 kcal/mole (Richardson and Jeffes 1948) at 1800°K, the

presently accepted "best" value being -262.92 kcal/mole (JANAF Tables(sg)
1971). This compares with the value of -254.52 kcal/mole at 1800°K
experimentally determined in this study. Although, in percentage terms;
the present data is only 3.22 more positive than the JANAF data at 1800°K,
they give rise to an order of magnitude'difference in'the value of the

equilibrium constant. Thus, it becomes necessary to examine the

/ : 116
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possible sbgrces of error in the diffefent types 6f experimgnts in

order to arrive at the '"best" value.

Fs

Following Yeffes and Sridhar(l;s), the conditions necessary for

the satisfactory operation of ;he'EMF cell can be enumergfed:

oy

(2)

(3)

(4)

(5)..

These conditions are now considered.

5.2

The components, i.e. aluminum, oxygenvand alumina, must be in their

respective standard states;
the cell reaction must be unambiguous;

the mutual solubility of the phases must be small and the cell
components must be compatible with each other at the reaction

temperature;

the electrodes must be reversible; and

the EMF must represent the lonic process only, i.e. electronic

conductivity of the electrolyte must be small.

Conditions of Operation of the EMF Cell ,

*

5.2.1 Non-standard conditions

, Following the discussion in Section 2.9, the EMF of Cell I can

be written as

81,0

go BT, 7273 , ‘
E=E° - % a5 =372 ‘ (5.1)
8417 Po :

2
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where thé symﬁbla have the same ﬁeaning as béfore. Thus, the atanda?d
cell EMF, E°, ‘can only be obtained if the activities of aluminum and

alumina and the partial‘breasure‘of oxygéh are maintained substantially
close to unity.' The'meésqred cell.EHF can also be in error due to the.

presence of an additional thermal EMF arising from non-identical

electricel leads to the electrodes. Finelly, the t erature gradient

across the cell can give rise to errors in the cell due to changes
G . N
in chemical potential and the thermal EMF thus introduged. These effects

N o

are now discussed aepar&tely.

(a) Activity of alumina in the slag. Tables 4,5 & 4.6 & Figure 3.11 show

. the composition of CaF.,~Al,0, slags used in Cell T at different

2772 _
(119-121)

experimental temperatures. The three versions of the phase

didgr&m of the 'Can'—AJ.zO3 systgm reported in the literature are also
included in Figuré 3.11.  While there is agreement on the natufe of the
system, i.e._é simple eutectic system with mo terminal solid solubilities,
there is no agreement as to the eutectic temperature .and composition.

(121)

The most recent work of Mitchell and Burel is in égreement with that

of Kuo. aﬁd Yenilzo)

with respect to the eutectic comppsicion but with a
80°C discrepancy in the eutectic temperature. These discreﬁancies aré
believed to be'dug to v;rying quﬁntities of Ca0 present in 'puré‘ Can,'
a$ can'be seen from the different meltiﬁg points of Can reported in
Pigure 3.11. There are at least ten dgtefminations of the melting
point of 'pure' CaF2 reported in the literature (see ref. 124) and the§
range from 1386°C to 1423°C. As much as 0.5-2% Ca0 can be formed in
CaF2 by the reaction with water vapour:

2 ~
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cary P * CaO( ) znr(g) . (5.2)

.

while,aome Ca0 'can alsolbe|formed in_the‘Can—A1203 ayatem by the

reaction

3CaF 4+ A1,0 2 3Cca0, | + 2A_1F" S o ‘(5.3)
Z(s) 2 3_(5) ® ‘@ - -

The difference in the liquidus temperatures tzported by kuo and

(120) and Mitchell and Burel(l2 ) can also be traced to the different
experimental “techniques used by these workers. Mitchell and- Burel'
results, determined by tne measurement of thermal arrests, are believed
to belmore aeeurate than those of previous norkers,and tneir alumina’
saturated liquidus was used to design alaga for CeIl I. From Figure 3.11
it is also apparent that a large excess of alumina in the slag wgs
avoidéd as this would have resulted in the loss of slag fluidity.
four slags at lower temperatures had to be used at temperatures higher
than the liquidu; of Mitchell and Burel due to the‘high viseositiea'of
;these slags at the‘reported liquidus temperatures.‘-However, alimina-
saturation of the slags is rtually assured by the‘preaence'of solid’ "
alumina refractories in the ¢ell. .

‘In any-event the errors™dntroduced due to poasible‘deviationa'
of alnmina activity from unity are smsll. ‘Calculations nsing equation
(5.1) show that even an alumina activity as small as 0.9-wou1d introduce
" an error in the measured EMF of 2.7 mV at 1800°K, which corresponds to

an error of 375 eallmole in the calculated free energy of formation.

A

’

fad J
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Finaiiy,nit must be noted that alumiha activities of less than
unity in the electrolyte will result in a more negative apparent -
standard free energy of formation. . Thus, this factor-cannot account

for the discrepancy with thermochemical data shown in E1gure 4.5.

(b) Activity of alumznum in the anode. The solubility of carbon in

"=molten aluminum is small, one estimate(lzs) being less than 0.05 th at
e
.1300°-1500°C - although a higher value of 0.32 wtZ has been reported at

| 1200°c(126) (126)

. However,.lower'valuea were reported by the same workers
'?hen they equilib}étcd thein;mhlt‘in an argon atmosphere. Thislwaé-
attributed to the presence of small amounts of oxygen in the gas. Thus,
theAcarbon content 6f the aluminum anpde~13 beliéved;to be ?éry small
under\;he experi;ental_conditiona in this investigation and its éffect
on the activity of aiuminum can be neglécfad. - | -

On the other hand the phasé diagram §or the aluminum—platiﬁum_

system reported by Huch and Kl mm(127)

indicate extensive aolubiiit§ of
Pt in liquid aluminum at 1500°C. ﬁowever, the use of a platinum-algmina
cermet to contact the iiquid aluminum anﬁ&e drastically reduced the
dissélutioq of Pt in aluminuh at the exﬁerimentgl temperature. Tab}e

4.3 sh&we that the maximun dissolution of Pt in the anode metal was
2.54 wtX (0.0036 mole fraction Pt) ‘at 1551°C while oniy 0.44 wtl
dissolved at 1448°C.

Huch and Klemm(127) have found nine intermetaliic phases in the
Pt;Al system. They were all placed in the Pt rich portion of the
diagram (Pt > 60X by wt) which indicatea a atrong negative deviation
from ideafity in this region. However, in the Al rich part there 1is

an eutectic at 657°C and 9 wtX Pt which indicates a positive deviation
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from ideality at lower temperatures in this region. In any event, the

. activity of aluminum at greater than 0.9964 mole fraction cannot be

very far from unity. Calculations using équation (5.1) ghow that ‘even

an aluminum activity of 0.90 would introduce an error .of only 2.7 mV

in the measured EMF at 1800°K. Thus, onlm_amail corrections to the cell
e N , -

EMF are expected from this source unless substantially small activity

coefficlents of'aluminum exist at mole fractions of Al > 0.99,

w
(c)‘ Partial pressure of;a:ygen in the cathode. High purity oxygen gas
flowing past a Pt wire at a éligﬁtlf higher than atmospheric pressure
waé Ehe standard condition for the gas electrode. In principle,
corrections gre required for dilution of the oxygen gas by CaF2 Qapour,

\
for the excess pressure of the oxyéen caused by the immersion of the

electrode  tip vnder the melt and changeg in the barometric pressure.

However, these corrections are extremely small and well within the

expexrimental precision of this investféatioﬂ.

t

(4) sTé;Tmal EMP. Whéngvef there exists a temperature gradient acrosg
WO ﬁon-identichl electrical leads from an EMF cell to the meésuriﬁg
instrument, a thermal EMF is introduced into the.measured cell EMF. 1In
the initial design of Cell I, the graphitelcohtact for the aluminum

electrode gave rise to a platinum-graphite thermal'ﬁMF which had to be

" corrected for. The highest temperatufﬁ at which values of this quantity

(128) ’ - . p . . .
in the literature is arougd 500°C. Therefore it was

1
—

necessary to determine this thermal EMF in the Cehpératdre range of
interest in this 1nvéatigac19n, 1400°-1600°C, and the results obtained

are shown in Figure 4.2,
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’

Although no meaningful feadingb.could be#obtained from the
platinum-graphite thermal FMF cell above 1400°C, the thermal EMF was
obtained at the higher experimental temperaturea by extrapolation of
the essentially 1inear variation of the EMF below 1400°C, with an |
.accuraey believed to be sufficient for qhis study. Differences in ;'
crystalline oriedtaticn, crystalline perfection, impuripiesi ete, of

graphite are known to affect the thermal EHF(131).

N . "hl_“ .
experiment was repeated with the_bame starting materials and the

Therefore the

reproducibility of the thermel EMF beloé'1400°p was found to be 10.2 mV.
" Thus, the error in the platinum—graﬁhite thermal EMF in tpe temperature
range 1400°-1600°9 18 placed at 0.5 mV.

From Taple 4.5 it can be seen that the corrections to the cell

5

' EMF due to the thermal EMF are'quite'hghstEntial, in the range s

0.025-0.027 V. These FMFs were Added to the measured PMF as they were

in opposition to cell EMF — graphite being positive with.respect to

e

platinum
The reason for the fallure of the thermal EMF cell above 1400°C:
(129)

is not known.' The inveaflgationa of Raub and Falkenburg show that
Pt does not react with "exceedingly pure” graphite beldw the eutectic
temperature of 1736°C. The deteriora&lon df the Pt in coetact with

graphite at lower temperatures is bzlieved to be due tb impurities in

the graphite(lzg). ' . . | -

{e) Temperature gradient in the aell As reported iE-Section 4.1, a
temperature gradient of n5°C existed in the electrolyte layer in the.
vertical direction and 2 similar gradient is expected in the radial

direction. As the anode, cathode and the thermocouple were placed abeqt
4
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the same distance from the centre-of the graphite crucible, the
temperature difference between the electrodes is believed to be much

smaller than 5°C. However, it is interesting fo consider the effect

of h'tempera:ure gradient between the electrodes on the cell EMF.

1f T1 is éhg overall cell temperature and T2;the temperature of

the oxygen electrode, the error in the cell EMF, AE, can be ahownlto
be(130)

AE = = Ly (1) = w5, (TP £ a(r 1) : (5.4)

where ua (T) 1is the standard chemical potential of oxygen at the
2 L
temperature T and o 1s the average change of Pt-Al thermal EMF per °K

at the cell temperature.  The change in the chemical potential of o

oxygen can be estimated from oy

where gefT(Oz) is the Gibbs energy function of oxygen. Using'the Gibbs

energy functions selected before (52.7), Aua is found to be
. C 2
316 cal/mole 02 for Tl = 1778°K and T2 = 1773°K. This is an error of

3 mV in the cell reading. The error from the qecond term of equation
(5.4) cén_be estimat?d from the value of % a1 ™ 0.012 mY/“C at
600’0(132). the hiﬁﬁeat temperature at which this data is available.,
‘Thﬁ thermel EMF correction thus obtained.is only 0.06 mV which is smail

(130)

compared to the above error. Goto and Pluachell have similarly

calculated the difference in EMF caused by a temperature difference of
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10°¢ t6 be 5.3 mV in aﬁ oxygencconcéntration éell uéing lime stabilized
zirconia as solid electrolyte. This isrquite simllar to the value of
3 mV for the 3°C temperature difference calculated above.

in addition, the small variation iq cell EMF with oxygen flow
 rath_can be understood in terms of the above calculatiéns. .At the
higher_flow rates the cold oxygen gas will reduce the oxygen electrode
temperature; thus substantially changing the cell EMF. Therefore, small

oxygen flow rates of 20-40 ml/min were used in this investigation.

5.2.2 Unambiguous cell reaction ' R

In order to get any meaningful thermodynamic data from EMF
measurements on electrochemical cells, it {s imperative that the cell
reaction 1s clearly and unambiguously,aéfined. For example, a "mixed"

potential of little thérmodyﬁamic significance will develop in a cell

of the type

'A-B alloy I Afni, B+n2 lons in electrolyte | 0, , (5.6)
(g)

when A and B are of similar electronegativity. Even if metal A is
sufficiently more noble than metal B, a "mixed" potential will be’
observed below a certain activity of B in the alloy AB., 1In the case of
a pure metal anode, such as used in this invéétigation, there 1is gtill
a possibility of developing a "mixed" potential if there exist more
than one oxidétion state of the metal whiéh are quité close to each
other on the eleétronegativity scale. 1In the'sase of Cell I with an

aluminum anode and oxygen cathode the possible species, representing
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different oxidation states of .aluminum, are Alzo(g), ( y* Al O

( )
and A102 in addition to solid A1203 The standard free energles
()
of formation of these oxides at 1700°K and 1800°K are shown in Table

5.1, the data being selected from JANAF Thermochemical Tables(sg).

From Table 5.1 it is apparent that Al O is much more stable than the
other oxides at 1400°-1600°C and therefore the cell EMF will virtually
represent. the formation of A1203 from the elements

201,  +30, TALO, (5.7

*) 2(g) 2 3(s)

which is obtained by combining the anode reaction

+300°) . TALO,  +6e | (5.8

2%1 slag ¥ 7 2 3(3)

(2)

with the cathode reaction

0. +6e F 3(0%7) v (5.9)

2(8)

W

slag

Another source of smbiguity in a éell reaction-cah arise due to
polarization at the electrodes. The SiC electrode used by Chang and
Derge(133) and the Fe-S51i electrodes used by Sanbongi and Omori(laa)
can undergo surface changes in contact with an elect?olyte‘if even small
amounts of electricity are allowed to pass tﬁrough }he cell, Similarly,
surface polarization is often observeq'in golid metal-metal oxide

mixtures used as reference electrodes in oxygen concentration cells with

80lid electrolytes. Such surface polarization can be the source of
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TABLE 5.1
THE STANDARD FREE ENERGY OF FORMATION, AGE, OF
DIFFERENT ALUMINUM OXIDES AT 1700° AND 1800°K

Speci?

) AG; , kcal/mole

At 1700°K At 1800°K
/
0.~—A12 0 -270.61 -262.92
23
(s)
AlZO(g) -60.77 ~-61.80
Al0 -9.83 - -11,23
(g
TN
A1202 : —87.4“?3\ -86.22
- 7(B)
AlO -45.23 =45.03
2 N
(g)
N : (59)
Note: A_'Ll data taken from JANAF Tables .
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serious errxors due to fhe non-standard activity of the relevant component
étrthe electroaé surface.

In the present invest;gation, the use of a high.impedance
. electrom¥ter and a potentiometer w%;g a step-down reaisgance box
connectéd to a sensitive galvanéﬁéger ensured a very small polarizing |
cell current. ’Ihe possibii{ty of polarization at the liquid aluminum
glectrode is verylsmall due to the high temperatures and conveé;ion in
the liquid. BHowever, reaction polarization of the Qxygen electrode at
relatively high current densitjes is posaible(lla).

In the case of cell I, a "sawtooth" variation of the cell EMF
was observed witﬁ\timelyhen the oxggéq electrode was pushed too far down

1

into the slag. Such a variation haa been observed before by Flood et

ﬂl_(99) (106)

and Sridhar and Jeffes with a platinum—oxygen electrode

‘design similar to the ﬁ;esent investigation, Jeffés'and Sridhar(lls)
explain. this EMF variation on the bast /ggﬁz "nixed" potential at the
Pt-oxygen electro&e; Because of the{gmall solubility of oxygen gas in
the liquid eiectrolyte a sharp o één potential gradient exists in the
electrolyte in which the platinum e is immersed. This gives rise to
a."mixédh EMF which varies periogically at the frequency of gas bubbling.
Sridhar and Jeffga aolved'chis problem by retracting the Pt wire
inside the sheat§ slightly.. This allows the oxygen gas to be in contact
.with the whole length of the Pt wire while contact with the melt is made
through a film of melt weéting the shéath. The EMF variation obaérved
by Flood et al. disappeared when the cell atmosphere and the electrode.

gas was made the same, thereby presumably eliminating concentration.

gradients near the electrode. Delimarskii and Andreava(los) obtained a
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'constagt EMF with a Pt tube electrode only when 2 high flow rate of .
" oxygen (100 cm3/min) was passed. This high flow rate was prestmably
necessary to establish a unit oxygen actiﬁiﬁ& o#er the whole surface of
the platinum electfode in contact with the ;elt. This will, however,
lead-to‘cooling of the oxygen electroderwith the consequent error in
cell EHFldiscussed earlier.

——r

—
5.2.3 Compatibility of cell components and the mutual solubility ‘
. of phases .

The compatibility of cell coméonents has ‘already bfen discusaed
in Section 4.3. It must be noted that the operating range of tpe cell
temperatur;—zzswlimited by the choice of cell components. The lower
temperature limit when using CanaAlzosdeiectrolytes should, in principle,
be the eutectic temperature of 1368°C(121); . However, in practice the
elag; in this system could not be used below 1425°C because of their high
viscosity.  On the other hand, using‘cell design II; a low melting

silicate slag of composition 38 wtX Ca0, 42 wt¥ S10, and 20 wtZ Al 0O

2 273
(Ternary eutectic, 1265°C) could be used as the electroiyte at lower
ce;l témperatures.

The highest temperatures attainable in both the cells were
limited by the rate of slag attack on the refractories. Both the
eiectrolytes were quite stable even at tﬁe highest temperatures used in
this stugyzalthough a slight evaporation of CaP2 was observed. The
vapour presaure‘of ﬁure CaF2 at 1550°C 18 0.7 mm Hg(sy).

Theiheaign of Cell I, in which 1iquid aluminum was in contact

with the electrolyte, restricted the choice of electrolyte components .
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N
to those which could not be reduced by aluminum. The commonly used

silicate electrolytes were thus ruled out. The standard free energy

changes for the reactions:

241 + 3CaF T 2A1F + 3Ca | (5.10)
241 + CaF T 2A1F, . + Ca (5.11)
(2) 2(2) (g) .7 (2,8

" at 1700°K and 1800°K can be seen from Table 5.2 to be positive.

Similarly, the oxidation of CaF2 at the oxygen eléctrode, the reaction

of CaF, and A1203 (Table 5.2), etc., have positivé standard free energy )
changes, thus indicating the compatibility of CaF2 witﬁ the other
components of Cell I. In the Cell II most of these restrictions wéré
removed by separating the electrolyte from the electrodeé.

The mutual solubility of phases in the cell must be small in

order to prevent the cell reaction from taking place chemically rather

than electrochemically. Such a chemical reaction will change the
concentrations of the active species 1ﬁfthe'electrodes and the . )

electrolyte with a consequent drifting of cell EMF. An example of this

(109)

effect 1s the cell used by Ranford and Fleéngas with a Ni anode,

Pt—02 cathode and a N10-5102

s
-

'HaZO_K2D electrolyte. The Ni anode was
rapidly attacked presumsbly due to easy oxygen transfer through the

melt by the following reactions

(cathode) % 0, + 2042 2 0%y + 2004%H ' (5.12)
(anode) Ni, . + 28t 2 am®h . : (5.13)

(s)
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* This “chémical™ sdlubility of oxygen in the melt 1s associated with

the presence of /transition metal ions in the electrolyte. This

problem is absent in t lytes used in this investigatiom.

The “phyaical"'solubility of oxygen in Can-Alzo slags has not

3
been studied, although some data is reportéd for the Ca0-510,-Al1,0

277273
(136) K-
system . The scanty data on solubilities of gases in molten salts

r(137) 2(138).

have been reviewed by Battinmc and Cleye The

apd—Fan
solubility of gases in oxide and silicate _meXts have been reviewed by

(136)

Sasabe and Goto who have also determined the permeability and

diffusivity of oxygen in PbO—SiOz(—FeO) and CaO-SiOz-A1203‘ayatems
using solid electrolyte oxygen-ceils. |

From the observation of the sawtsoth variation of.ﬁMF with time
in Cell I, it can be in}egred that the Vphysicﬁl" a;lubility of oxygen

273
slags gives rise to a sharp oxjgen-potential gradient in the slag layer

in‘Can-Al O, slags is smg}l. The small soluﬁiiities of oxygen in these

which cause a "mixed" potential to be set up on the platinum electrode
'{aee Section 5.2.2). . N
Many metals, especially alkali and alksline earth metals, have\r‘,_,f

considerable solubilities in their molten salts and these have been

adequately reviewéd(138'139). For example, Ca has extensive solubility

—J

in liquid CaF which becomes a predominantly electronic condgéggb after

2
dissolving a certain amount of Ca. However, no Ca is expected in the
electrolytes used since: (1) the reduction of CaF2 by Al at the cell
temperature is not favourable (see Table 5.2) and (2) the cell

| atmosphere will rapidly oxidize any Ca present.
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No data on the solubilities of Al in the<é? Z—Al 07 system are
/

273
(138)
available although scme data. reported in ternary/chloride melts

T (138;140)

—_—

and in cryolite-alumina melts

have been reviewed. The

.eolubility_of &1 in cryolite was found to be smell‘($0.085 wtl) at
'\

1020° C and was substantially reduced by the addition of - alumina In

any ‘event, very little aluminum is expected in the electrolyte under
J
the experimental conditions of the present study.

5.2.4 Revereibility of‘electrode processes

Before a cell EMF can be related to any thermodynamic quantity,
reversibility of the electrodes must be assured. Fortunately, in high
temperature molten ealts the electrode reversibility is the rule rather
than the exception. Reversitility of an electrode depends upon the
velocities of the oxidation and reducfion reactions taking place which
are considerably accelerated by increasing tenpereture. Thu%, large
exchange currents are quite common in molten salt electrodEE“which
fanour reversioility and reduce the possibilities of encountering
" pignificant overvoltages. However, reversibility of electrodes in
_igglten sa;fg is not gueranteed by the rapidity of the redox‘reactiqep.

Ifhsome side reaction occurs at the same eleffrode at a rate similar to

;

‘the process of interest, chances of which are also increesed at higher

temperaturee, the electrode becomes irreversible and a "mixed"

potential is set up. This has already been discussed in Section 5.2.2.
The overall cell reversibility, which implies individual

electrode reversibility, wae-teeted’in the case of Cell I by imposing

'EH?'greater.or less than the equilibrium*valug;//Qn‘removal of this



" except a very,high flow rates, robably caused by cooling of the oxygen
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L _
constraint the cell returned to its initial value within a few seconds.

The variation of” oxygen flow rate had no significant effect on cell EMF

electrode (see Section 5.2.1). The cell EMF was found to qa a single
valued function of temperatnre within tne observed maximum scatter of
*13 nV (see Figure 4.4), the EMF decreasing with increasing temperature.
This agrees with the thermodynamic congideration that alumina is formed

L7

from its constituents with a decrease in entropy.

-

i

aluminum and oxygen electrodee esgentially behave in a reversible manner

These teste, coupled with et;ﬁfnce from the literature that the.

'in similar melts, were taken as sufficient justification to assume_cell

reversibility. The previous uses of the oxygen electrode at high

temperatures have already been reviewed in an earlier section (8 2. 10) N

-

The aluminum electrode has ,been used in many high temperature cells,

some of which have been reviewed in Section 2.11. This electrode isg

(114,141)

“known to be reversible in melts similar to those of the present

T

TTTe——

invegtigatfa’. —_— :

> However, after an initialfplateeu period ofuéeiS minutes the cell
EMF slowly degenerated. This is believed to be due to some 1rreversible
process taking place on the Pt-O2 electrode. When the Pt—O2 electrode

was Teplaced by a C-CO electrode in Cell II, a stable ceii~§§f(yd§—“‘;h\\

obtained. Deterioration of Pt 02 electrodeshas been observed

before (102 114).

For example, Hill et al. found "poisoning" of their
Pt-—O2 electrode by deposition of iron compounds cn the Pt wire in
L1,50,-K 250, melt containing Ca0. The platinum wire near the melt in

Cell I was found to be' dulled and some reaction with the melt cannot be

discounted. A fresh surface was therefore exposed in each experiment.
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5.2.5 Partial electronic cbnductivity of the melt

fhe difference between the standéidpfree energies of formation
obtained from'Cell I and those obtained from thermochemical data could
rbe caused by mixed ionic and eiectronic conduction in the electrolyte.
A 3% eléqtronic conductivity would result in the Cell I values being

about 7.5 kecal/mole too poéitive‘and‘make them consiétent with thd:

generally accepted thermochemical data(5§’59) (see Figure 4.5). . k\\\\\\\-’/

There is, however, considerable evidence in the literature
which indicates that the ionic transport number of the electrolyte is
greater than 0.97 and sufficiently close to unity to preclude the

po;Bibility of any 1érge.syshematic error. These will be discussed

&y
‘NowW., '

The main component of the electrolyte, i.e. Can, 1s known to be an

(142)

ionic conductor. Ure measured transport numbers in solid Can and

concluded that Can 18 predominantly an ionic conductor, almost the

entire current being carried by fluorine F ions. Wagner(143) and

(144)

Hinze and Patterson have shown that'Canlremains an ionic conductor -

over a wide range of conditions. Literature on the transport properties

of CaF2 and its successful use as a solid electrolyte has been reviewed

elsewhere(las). Literature on the conductivity of solid Al

(146,147) .

%
203 has been

reviewed ‘and altﬁough there is disagreement on the extent of
\conduction by the oxygen 02_ ion, substantial electronic conductivity

in A1,0, in the temperature range 900°-1750°C s established. While

273
measurements of the conductivity 6f'a1umina(148_150) show predominantly
electronic conductivity, significant fonic conductivity is reported o ¢
o (33) (151) (152)

from EMF measurements at 1170°C

to 1550°C . "Matsumura
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determined an jonic transport number, ty» of NO 8 at po n~ 1 atm. at

(33)- 2

900‘C. "Although both he and Schmalzried demonstrated that Al 03 '

1

becomes a predominantly ionic conductor above 1300°C, Fischer and

(153)

Ackermann have reported oxygen ion transport numbers of 0.6-0. 7

at 1600°-1700°C from EMF measurements.
Therefore, in the present work we are concerned with the

conductivity of an eléctroi?te formed by the addition of a

semiconducting solid to a molten ionic liquid. Bell and Flengas(ls4 1155)

have sgown that when'aemiconducting sulphides such as PbS and_AgZS are
added té their respective ionic molten.chlorides, ihe total condqc;iﬁity
décreaees initially, . the conductibity remaining totally ionic. On
further additions, the éSﬁductivity passes through a minimﬁm ag
electronic conduction is initiated: The dacélrgporied by Hitchgll and
QCameron(lss). for the Can—A1203 system in the same composition range
as that of the_preaent work, ahows.a steady decrease 1in "conductivity
with the addition of A1203 to molten CaF2

The value of the conductivity itself is én indication of the

- nature of conductivity. From consideration of the maximum mobilities

-1 -1 (157)

of ions a value of 10 ohm =~ cm has been calculated as ‘the limit

of cqnductivity of ionic liquids. On the other hand, predominantly

_eiectroqié conductors have/hdgher conductivities, usually severél‘times

(156)

this value. Mitchell and Cameron's data show a drop in °

conductivity froﬁ G ohmrl cmfl for pure Can to &1.2'ohmfl c:m“1 for

CaF2-3O wtX Al,0,. The drop in conductivity on addition of alumina is

273"
due to reduction of the concentratioh of charge-carrying 1on5(156).
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~

-

Another indication of the ionic character of the slags used, °

comes from the work of Mitchell and Beyncn(lsa)

who report a_Feradaic
efficiency of 100X in a Can A1203 slag

. Finally, the ionic character of the electrolytes used is

‘indicated by the good agreement of the present results with those from {

EMF cells at ~1300°K. The results from these ce115(74 110-114)

, which .
have been reviewed in Section 2.1l, are plotted in Figure 5.1 along
with the data from Cell I and the presently accepted thermochemical ;

(58,59) (114)

data Except for the work of Thonstad the results from :

Cell I are in good agreement with those from lower temperature cells
assgming a linear variation of AG; in the temperature range indicaged
Thonstad could not obtain a stable and reproducible EMF from his Qﬁfl
‘and his value represents the initial reading after switching off the
currenthsubeequent to several hours of elect?olysis. As the probability
of subatantial electronic conduction 1is less at the lower temperﬁfures,
the difference between the thermochemical and cell deta 18 believed to
‘be due to 8 hﬂjother_xeasona. Further diacuasion on the excellent
agreement between the Third Law analyais: of Cell I resultn and
AH%QB(A1203) from various gources, is reserved for a later section ~
(§ 5.6).

Except for the ebove results, the evidence of ionic conductivity
of the Ca?z-Al 0, electrolytes presented from the literature is, at

273
best, qualitative, _However, the direct determination of the ionic

- conductivity of these corrvsive malts’ at high temperatures, with an
accuracy substantially better than +3%, is believed to be difficult.

For this reason it was decided to get indiract experimentsl avidence
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by compafing the results from Cell I with those from cells using

electrolytes known to be lonic. This led to the use of Cell II,

results from which are discussed in the next section.

5.3 Cell II

The Cell II was studied in this-investigation

to check the

results from Cell I which do not-fully agree with presently éccepéed .

thermochemical data. Cell II, which can be represente

C, ﬁ1(£)|A1203 |Electrolyte containing|A1203 | Pe~C
(a) 0%~ (s)

d by

satd? ¢ ©
(5.14)

- 18 essentisally an oxygen concentration cell using.a liquid electrolyte

in which the oxygen potential of the anoda is determin

equilibrium while that of the cathode is given by the

ed by the A.l-A1203

Cc-Co eqﬁilibrium.

The anodic and cathodic reaction for this cell can be written as

+ be
(8}

TN
(Anode) .2Al(1) + 30" ) 2 A1203

 (Catbode) 300 + 6 % 3¢0%7) + 3¢

(g

80 that the total cell reaction is given §y

: ZAI(L) + 300(8) pa A1203 + 3C .

(s)

(5.15)

(5.16)

o

»
s
ol
r
N

(5.17;‘

[

£



139

The standard free energy of this reaction was obtained from measurements
of the cel% EMF as_all the components were kept at uwnit activity. Since
the standard free energy of formation of CO is accurately known to
‘within *1 kcal/mole, the standard free energy of formation of alumina
can be determined from Cell II data. The values of free energy of

alumina thus obtained are compared with the data from Cell I in Figure

4.7 which also show the presently eccepted.thermochemicel data(sg);

From Filgure 4.7 it can be Been_that the Cell IX data are ;n good

agreement with the Cell I data, within the experimental error, and

they are begh eignificantly more positive than the thermochemical data.
Cell II‘was designed with erview to eliminating the possible

sources of systematic error in Cell I. The separation of the electrode

compartments from the electrolyte allowed the replacement of a Can—A1203

electrolyte, whose electronlc properties are unknown, by a well known

ionic melt. The silicate melts containing alkali and alkaline earth

(159,130)

metal ions are predomipantly ionic conductors and a slag in

the CaO—S:LOz--AJ.zO3 system was chosen for the electrolyte. The

- electrolysis of CaO—SiO alaga 159) and the determination of tranaferance-

(160)

numbers in CaO—SiO2 and CaO—SiOz—Al 0, slags show that these slags

273
are predominently ionic conductors. For this reason CaO-5102(161{162)

and Ca0-510,-Al 20 (133,134,136,163-165) slags have.been used in a number

2 3
of EMF cells to determine thermodynamic properties of alloys or the slag
system ;tself; Quite good egreement is obtained_with deteretzations by
other methods and confirm the eighly ifonic nature of these slags.

The composition of the slag chosen was 38 wtZ Cad, 42 wtX SiO2

and 20 wtX A1203 which is the composition of a ternary eutectic in the
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system at 1265°C. This allowed thé temperatpreféange‘of_the
détermination of the standard free energy changé'to-be extended to lower
temperatures. ﬁven at 1400°C the attack of tqis slag on fecrystallized
alumina refradtory was not excessive and expgéimenta could be carried .
out for over two hours. Unsaturated CaFé—A;ﬁo alags containing only

273

wexe also used as eléqﬁéblytés in Cell II as a

10 and 15 wtX A1203
check. The posaibilities of significant eiectronic conductivity at
these low concentrations of alumina are sﬁall.

In order to vérify that the Pt:—O2 electrode was responsible for
the deterioratioﬁ of the EMF in Céll I after the initial constant period,
the oxygen electrode was replaced by a- C-CO electrode, which Gaa .

-geparated from the electrolyte using an alumina sheath. The EMF of Cell
II was found to be conatant at conqéant temperature after the initial
equilibration period. The reverqﬁgility tests, consisting of disturbing
the equilibrium by imposing an external EMF, indicated that the
electrodes were behaving in a reversible mannér. Also, the same cell
EMF was obtained when a given temperature was approached from‘a higher
or lower value.

As identical electrode leads were used;.no thermal EMF
corrections are necessary in Cell Ii. As discyssed in Section 5.2.1,
the very small dissalution of graphite (contact)} in liquid aluminum is
not expected to chnnge-ita activity significantly. The C-CO electrode
‘'and the reservoir wefe filled with CO at one atmosphere pressure which

cannot change to any extent at the higher temperature. Thus, errors

arising fJBm non-standard conditions are expected to be negligible.
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. Ome of\the satisfyiné-aspects of the design of Cgil'II is the
separation of ‘the electrodes and the electrolyte which allows much .
greater flexibility than the earlier design. This separﬁtion also
prevents any physical dissolution of the metal or the gas in the

_e;ectrolyte which could subsequently-react "ehemically' at the other

electrode. | . o S ;7 |
Although the tempgrature gradient in the cell was not

‘measured, it cannot be'very different from th;t of_Cell 1. The errors

in cell EMF arising from such gradients will be of the same order of

magnitude as calculated for Cell T in Secgion 5.2.1. The errors in

temperature and cejl EMF measurements are the same as before. The
cell temperature, sver, Was not determined to the same degree of
accuracy as the induction unit was switched off before a reading could

be taken. The temperature is estimated to be within $10°C of the

true value..

5.4 Second Law Analysis of the Present Data

The temperature variation of the standard free epargy,vAGE,
data can be‘analysed by the “Second Law method” to give the enthalpy
~and gntropy change, AHE and AS%, reapec;ively, of tﬁg cell reaction in
the éyperimentnl temperature range. The fdi;oﬁing‘wall'known

thermddynamic relationships wara used for that purpose

4

|

-

I"-,IAG.I. - AH7 - TASY (5.18)



tangent at absolute zero temperature gives the AHJ. As AHS and AS
. , . . . _ T
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—~—

e _ (3(aG°/T - . . _ 286 |
sHS, = [-_a((ll_‘r))'iP and 853 = - (259, (5.19)

where the subscript P indicates constant pressure, From the equations

it is apparent that the slope of the tangent of AG; curve at any

temperature gives AST at that temperature while the intercept of the,

(-]

are not very sensitive functions of temperature, they can be assumed

constant in a reasonable temperature range. The error from such an

(56) to be within the accuracy of most free

(57)

assumption has been shown
energj data, although Kubasche;ski et al. propose an additionél
T log T" term to befter represent the free energy data. The
experimental;scatter in the present data doea.not warrant such a
treatment and the data from Cell I‘has been treated.by linear regression
using formulae given in Appendix ATI, The results are shown in Figuré
4.5 and Section 4.6 along with the appropriate 951 confidence intervals.
Some comments oﬁ the difference bétween the present data and the |
thermochemical data have already been made and further discussion will -
have to wait till thé results of Third Law analysis are discussed.

The free energy data from Cell II are plotted along with Cell I
data in Pigure 4.7. It can be seen from the figure that data from bo&h

the cells are in very good agreement with each other within the

experimental scatter. This has been taken as confirmation of (1) the

predominantly fonic character of the Can—Alzo3 electrolyte of Cell I,

and (2) the essentially reversible value of cell EMF. It was shown in
Section 5.2.5 that Cell I data are consistent with data from similar
cells at lower temperatures 0¥1300°K). Thus, all the cell data seem to

be consistent with each other.
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The valuesof AH;Aand bS% obtained from the regression intercept
and slope of Cell I dataare now considered. The éverage value of AH;
and AS% in the temperature range 1700°-1825°K are shown below along with
tﬁoée from JANAF Tables. Also.shown are the 95X confidence intervals
of the reéression intercept and slope calculated using formulae given

by Johnson and Leone(173).

- e - [} S -0
AHav, kcal/mole ASavfrygalfmole K
Present data (1700°-1825°K) 398% (£ 48)* 0.080 (% 0.027)

JANAF Tables (1700°-1800°K) 401.39 0.0778

The present data appears to be in excellent agreement with the
thermochemical data, AHZv and ASRV. being only 0.7Z'and 3% different.
The fact that this agreement is only fortuiébus can be seen from the
rather large confidence intervals on AHRV and ASRv calculated from the
present data. On the other hand, the largest value of the 95%
- confidence 1imit on AG® in the range 1713°-1827°K 1is #1.9 kcal/mole,
the smallest being +1.0 kcal/mole. Thisg apparent anomaly in the é}rore
can be understood from the following considerations.

(1) The scatter inrfhe data is too lafge to determine the temberature
variation of 4AG° (i.e. ASRV) to any degree of accuracy. The value of
+0.027 kcal/mo;e—°K represents a *34% variation in the ASZv value.

(2) This'hncértainty in.ASRv 1s magnified by three orders of magnitude

(174)

* Another estimate $1.0 kcal/mole' (see Appendix AII).
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Q,
?
in AH} as the slope, ASRV; is used to extrapolate the data at
1700°-1850°K to 0°K to obtain AHRV. However, the accuracy of the AGE

data in the temperature'range‘1700'-1850°K st{ll remains at
$1.9 kcal/mole (max).

From this diécussion it is apparent that a Second Law analysis

- [

of AG® data iq;ﬁbtwa good method of determining AH® values as an error
5 .
in AG® could drastically change the AH® values. Por this reason a

Third Law analysis of the data was carried out.

N

\‘\
5.5 Thixd Law Analysis

The Third Law analysis consists of converting free energy data
at different temperaturés to a common value of AH;QB using the knowm
values of Gibbs energy functions of the products and the reactants.
This method has the following advantages:

(1) Each experimental point is individually treated. This method can

be even applied to & single observation.

(2) It can detect 1ﬁd1vidual bad points in a set of experimental

observations as points which are outside the normal scatter of values
.

298°

(3) It can reveal non-equilibrium or erroneous trends if the calculated

around an average AH

Aﬂggs show some temberature dependance.‘ This is based on the.aaaumption
that relatively accurate Gibbs energy functions are availgble.

The results of the Yhird Law analysis of Cell I data are shown
in Table 4.8 and Figure 4.6. PFrom this figure it is apparent that

AH§98 values are independent of cell temperature. This was, however,
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checked out mathematically by calculating the coffelatidn coefficient
vhich is 0.05 in this case. The values of the average AH§9B' the
stanﬁard deviation and the 95% confidence 1ntervai were calculated (see
Apéendix AIl) an& the résulfs are summarized in Table 5.4.

Table 5.4 and ?igufe 4,6 also -show the average Aﬂsga; the
standard deviation and the 95X confidence interval of 10 indépendént
determinations of AH;QB of alumina by ﬁbomb"‘calorimétry, reviewéd
previously (§w2.7.1). Although the présen;ly accepted value of AH;98’

(49) and Mah(SI)), is 7.8 kcal/mole

-400.40 kcal/mole (Holley and Huber
more negative than the average value of Cell I data, -392.55 kcal/mole,
theravgrage of all the calorimetrjic determinations is in excellent

' agreement with the present data. |

The Third Law analysis of Cell IF¥ data is shown in Table 4.10
and summarized in Table 5.4 and Figﬁrafﬁ.lo in which the previocus data
arekalao included for csmparisoh. The data‘froh the three sources are !
in excellent agreement.

Finally, the standard free energy data from EMF measurements at
v1300°K were also subjected to the YThird Law analysis. The results are
presented iq Table 2.7, Table 5.4 and Figure 5.2.. Again the agreement
between the various sets of data is good.

Figure 5.3 summarizes the values of AH§98 ob;ainéd from all the

P
gources.
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5.6 Critical Evaluation of "Bomb" Calorimetric Data

The ten determinations;of AH;QB (A1203) by "bomS"'calorimet;y
reported in the literature since 1901 have already been reviewed in
Section 2.7.1. ' The type and purity of the matérials péed'and the
results obtained by the varlous workers are summarized in Table 2.4.
In Fig;re 4.6 these values are plotted and.the average of the ten
determinati;ns along with the 957 cénfidence'interval of the data are
shown. ' Also indicated in the figure is the presently accépted "best"l
v;lue(58,59) of -400.4 kcal/mole based on the data Sf Holley and
tuber 49 (=400.29 kcal/mole) and Mah®*) (~400.48 kcal/mole). .

From Table 2.4 and Fiéure 4.6 it is apparent that while the
estihateg precision by the various authors never exceeds *0.5%, the.
maximum divergence in the;e values is 27 kcal/mole or nearly 7%. As -
noted earlier, three values deterﬁi?é& by géé_investigétor (Roth) over
a period of eleven years'show'a‘raﬁée of 22‘#c31/m01e. Some‘oé the
reasons for these disarepanciés were given in Section 2.7.1 and théy
are now discussed in detail. 7

- The metal samgle mﬁst be as pure as possible since contamiﬁation

JJ .
may introduce a dispr&portionately large error into the results.

Depending on the impurities the AH;QB value'obtaineﬁ can be ﬁigher‘or
loﬁer than the actual value. “In order to expiain the discrepancy'with
the present résults, however, the impuritie; in the aluminum sample
have.to form more stable oxides‘than aluminum. This is unlikely.

' The fluxing of molte 203'with the crucible material can give

rise to extrinsic heat effects resulting in an error in the calculated

AHEQB' This can be avoided by the use alumina crucibles, as is the
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case in the majority of the 1nve3tigations reported (aee Table 2.4).

4 2> and Wartenberg and Witzel(aa) are

The crucibles used by Berthelot
.ﬂot known while those -used by Roth.and Hulle}(as) were unaétisfactofy
iﬁ this reapect. | | |

Ignition aids are easily ignited ﬁater;alé uséd to start the
combustion of rathggﬂinért substances. nHowever, their use:should be Ty
restricted as far“as possible as they introduce additiomnal éfrdré,
their heats of.combustion,éinto the measurements.

, The'differencefyetwgen'ﬁhe calibration run and the actual rﬁn
éaﬂ give rise to considerable efror in the caiéﬁlation of the total
amount of Beat liberated by the sample. For tiis reason the choice‘of
proper sample slze and pgntrol of é;ﬁerimental conddtions are.importaﬁt
considerations. . |

Incomplete combustion ;f the sample ié one of the most common
sources 05 error in bomb caiorimgtric studies. Eing farticles-from‘the -
sample may be thrown off thé crucible by the ﬁiolent combugtion - and
will stop burning once they hit the cold surface of the bomb. Various
estimates of this quantity by the investigatorsfin case of aluminum

- are preaented in Table 2.4, however, this quaEtity is difficult. to

determine accurately.

Another probable source of error is the percentage of the
sample which 1s already oxidized. This will depend on the metal itself
and the form of the sample used, i.e. powder foil, etc, For this
reason fine powder with a large surface asrea should be‘&voided.

, Finally, the form of the combustion product obtained is a very

important consideration when more than one polymorph can be formed.
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Again, the eatimaﬁigﬁ“of the amounts of different crystalline products

i difficult.

2

Critical evaluation of the ddta from aluminum combustion
calorimetry given in the literature is almost impossible as it is

di{fficult to determine to what extent each of these poasible sources of

/

error played a part in the individuai detarminatidnal Later investigatcr!

tend to discount the lower values obtained earlier by suggesting possible
errors in thoae investigacions arising from 1ower puricy of metal and
incomplete combustion of the sample. However, as there 1d(no evidence

to discount any particular valua. equal weight was given to all the
values reported. - This fesglts in an average valge of AH;98 from bomb

calorimetry of -393.08 t 7.3 kcal/mole coﬁpared to the presently-

accepted "best" value of -400.4 t 0.3 kcal/mole; These values are

‘compared with the values obtained from the Third Law adalysia of Cell I,

»*

Cell IY and the cell measurements at ~1000°C reported in the literature,
in FPigures 4.6, 4.8 and 5.2, respectively. From these figures it is

evident that the "average" value of -393.08 kcal/mole 1s in excellent

~ agreement with all the electrocheﬁica} cell data.

%

]

LY

5.7 Aﬂiga Calculatad from Mineralogical Data
Af o o (175) :
e ter the publication of the preaent resultn discrepancies
in the tharmochemical data of several alumina banring minerals have been
brought totthe uttention of the author. Some of these discrepancies

will now be presented.
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(167)

In 1969 Zen -presented data for the following reacti&pa:'

0 (5.20)

Kaolinite + 2 Quartz ¥ Pyrophyllite + H,

\Pyrophylliteli Andalusite + 3 Quartz + H

20 ' (8

Pyrophyllite + 3 Corundum ¥ 4 Kyanite + H,0 . (5.22)

!

invthe temperature range 290°~525°C and the pressure range 0.6-7.0 k bar.
The chemical formulae of the minerals are given in Table 5.3.

Waldbaum(lﬁa) has wsed the data for equation (5.20) to Ealculate AH; 298

for pyrophyllite as -1338.28 % 1.3 kcal/mole. VCombining this value .
with the data of reaction (5.21) a value of -612.73 t 1.6 kcal/mole has

been obtained for AH® (andalusite). Finally, using the data of

£,298
(169)

Holm and Kleppa , Waldbaum has obtained

AH;,298 (corundum) = - 393,76 ¢ 1.7_kcal[mole .

l:l

(167) (168)

Tﬁe'equilibrium data for reaction (5.22) was combined with

the daéa’fG?‘%yanite‘(from solution calorimetric data(lsg) and

Y
enthalpy data@170)) to give

AE;,ZQB (corundum) = - 391.50 % 3,0 kcal/mole .

(171)

In & later paper, Zean has calculated the standard free energy and

;ggthalpy of formation at 298°K of a number of alumina bearing minerals

ER

P

=~y
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from reaction equilibria data. Two sets of standard free energies for
the different minerals were obtained; one set was based on the

calorimetric data for corundum and the other set was based on the

(172)-

calorimetric data of muscovite These two sets are different by

7-1Q¢ kcal/mole. Waldbaum, however, does not attribute the entire
' ‘ ‘
differen corundum and estimates the following enthalpy change from

the above data

AH;,ZQB (corundum) = - 396.18 1.0 kecal/mole .

Waldbaum has also presented calculations of AHEgé (A1203) from
solution calorimetric data. The calculation will ndt be presented here
a8 it is believed sufficient valués from mineralogical data have been
presented to indicate the magnitude of the discrepancy with
calorimetric data. The values of AH]

£,298

Waldbaum are summarized in Table 5.3.

(A1203) calculated by

Table 5.4 and Figure 5.3 compare the AH§98 obtained from the

various sources. The agreement betwéen the data is excellent

considering .the diverse sources of the data.

5.8 AHogg $512033 from Different Sources

In 1961 Chipmqn(176) presented evidence based on five different
equilibria which indicated that the oxygen "bomb" calorimetric
datermination of Aﬂiga (8102) was about 5 kcal/mole more positive than

the actual valus. This discrepancy was resolved independently by
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(177) ‘(178)

Good and Wise et al. using different calorimetric methods.
In this case, the 8 kcal change in the enthalpy of formation of quartz
could be attributed ‘to the presence of unburnt silicon.

However, from Table 5.4 it is appdrent the proposed er:of;in“

the presenfiythccepted calorimetric value for 51203 id"lh'fhe other direction.

. It is not known what could cause the measurement of enthalpy of

alumina formation by oxygen bomb calorimeter to be more negative than
the actual value and\}yrther resolution of this discrepancy must await

determination by a different calorimetric method.

+

5.9 Deoxidation Equilibrium Conatant Using the Present Value of

AG: (AL,0.) | .

The free energy change for the reaction

T A0, : : (5.23)

IZ[A:I.]]_W/0 + 3(0] -
8

lw/o

can now be calculated using the standard free energy of formation of

alumina AGE (Alzoa) determined in this investigation in the temperature

range 1700*-1850°K and the data on solutiocn of Al(lﬁ) and oxygen(z) in
iron. The following equations may be considered
2Al(£) + 3 02 o A1203 4G4 398,560 + 80.02T cal (2;24)
2 e &
’ . . ‘///
Al,,\ I [A1] | AGS = -15,100.~" 6. ;7'1' a1 (16
(L) + lv/o : 2 el ' ¢
—
///-//
-
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l - . ° o - - \ (2)
50, T I0),/ 265 28,000 - 0.69T cal'“’ .
(g)
(5.26)
"~ The free energy change for reaction (5.23), AC°, is given by
AG ’- AGl - 26G2:— 3AG3
= =284,360 + 95.43T cal ' (5.27)
from which K = h2 ‘n3 is calculated a
10 calcu s
log K = - éixil.ég + 20.86 (£0.2 at 1873°K) . (5.28)

This value of K is plotted in Figure 2.2 along with the thermochemical
Lue (16) |

value and the results of many experimental determinations of the

aaﬁe quantity. Using the presently accepted standa?d free energy of
formation of alumina, a value of 4.5*10_14 can be calculated(16) for
K at 1600°C which is an order of magnitudé different from the value of
-fr.i’XlO-13 obtained from equation (5.28). The present results are in
good agreemehé with the value of 1.ZX10-13 fecently obtained by

(32)

'jécquemont et al. using a Th02‘(Y203)'solid electrolyte oxygen

concentration cell. From Tables 2.1 and 2.2 it can be seen that the

present results are also in good agreement with the following

(13) K' = 1.8x10_13; Repetylo et

3

experimental determinationq? Swisgher

ﬂlf(ll) KI (17)

- 5*10-13; Geller and Dicke K' = é.IXIO-l ; and the

extrapolated results of d'Entremont et al.(ls) K' = 2.5*10-13.

Comparison with Table 2.3 indicates that all the earlier eatimﬁtions of



T

K using thermochemical data predict smaller values than th

above, the largest value of K in Table 2.3 being 8. QXIO

157

cse given

14 at lbOO‘C

(39)



CHAPTER VI

SUMMARY AND CONCLUSIONS

(1) Large variations in the reported values of the equilibrium
constant, K, for the aluminum deoxidation of iron are due to errors
in the analyses of small ccnceﬁtrations of aluminum and oxygen, the
presence of reaction product in the samples and non-equil{brium
conditions. A more reliable value of K can be calculated from the

standard free energy of formation of alumina, AG; (A1203).

v _
(2) There is no direct éiperimental determination of AG; (A1203)
reported at steelmaking temperatures, the higheat temperatufea at which
such detﬁrminn:ionﬁ are reported being at aluminum extraction
temperaturek ~1000°C. These results are at variasnce with the
thermochemical data which are calculated from the standard heat of .
formation at 298°K, AH)g

makes the present thermochemical values uncertain.

g and specific heat data. The uncertainty

&
in the wvalue of Aa298

(3) A high temperature electrochemical formation cell .

3

Cell I Pt ., Al (!-) | A1 ;04 in CaP

1

o, Pt

2y g -

has been designed and used under standard conditions to yield the
standard free energy of formation of alumina in the temperature range
1713°~1827°K. The proper working of the cell has been checked by

performing a number of tests. The deterioration of the cell EMF after

158
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an initial period of coﬁstant EMF is believed to be due to the

deterioratiﬁn of the oxygen electrode.

(4) Regression analysis of AG; (A1203) data from Cell I give ‘the

following rélationship
8GZ (a1,0,) = ~398,560 + 80.02T (+ 1,800) cal/mole

in the temperature range 1700°-1850°K.

(5) These free energy values are consistent with those determined at
~1000°C using a similar technique but are 3.3% more positive than the

generally accepted therﬁochemical values at 1800°K.
/

(6) 1In order to confirm the absence of systematic ‘errors in Cell I

281,04

electrolyte or the non-reversible behaviour of the oxygeﬁ electrode, the

arising from any partial electronic conductivity of the CaF

the following cell was designed and operated in the temperature ranga

1641°-1785°K.

Cell II Cgr' Al(£)|A1203]Electrolyte containing|A1203]Fe-CBatd,C0(8),cgr.

©*)

Highly ionic CaO—SiOz—A1203 melts and Can-A}203 melts were usgd as

electrolytes.

(7) Using the well eafabliahed astandard free -energy of formation of
co(g), AG; (A1203) was calculated from Cell IT data. The results are

1n good agreement with those of CeXl I, within the experimental error,

A
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aﬁd théy are both sigpifiéantly more positive than the accepted

thermochemical data.

(8) The Second Law analysis of the present datﬁ gives

AHS = -398.56 (+47.8) kcal/mole and AS; = 0.0800 (£0.027) kcal/mole-deg

]
Av Av
which are in good agreement with the thermochemical data.- However, -
this agreement is only fortuitous due.to large errors associated with

the results of the Second Law analysis of the present data.
(9) The Third Law analysis of the present data gives

Cell I AH°298 = -392.55 + 1.00 kcal/mole
Cell II ‘m§98 = -392.71 £ 2.31 kcal/mole

Combined AHjq = -392.60 * 0.92 kcal/mole .

-

- (10) These values are in good agréement with the Third Law analysis
of data from electrochemical cells at ~1000°C reported in the

literature,

(11) The "present datea is also in very good agreement with AH§98 (A1203)
"calculated from phase equilibria and solution calor;metric‘data in

mineralogical systems.

(12) A1l these values are in variance with—the ﬁrasencly accepted 'best"
value of AH3gq {51203) = -400.40 (+ 0.3) kcal/mole determined by oxygen
bomb calorimetry. However, ﬁha average of .ten determinations of Aﬂige
by bomb calorimnpry raported in literature is in'oxéellent agreement

with the above rélultu.
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/

S/

(13 Therefore, sufficient evidence now exists to indicate that the
presently accepted AH 98 (Al ) may be 6-8 kcal/mole more negative
than the true value. The AG (Al 03) will, then, be in error by the

same amount. This can be resolved by an independent calorimetric

-

—ha“%f‘—__—“‘“THEterminaciunhpf AH298’ using a method other than oxygen bomb -

..

o

: calorimetry

(l&)éUsing the present AG; (Al 03) data and the data on aluminum and

/

uxygen dissolution in iron, the following relationship can be obtained

1ogx---63?1-5—9+ 20.86 (0.2 at 1873°K)

where K = hil hg The value of K at 1600°C is in good agreement with

the most recent work of Jecquemont et al. and is an order of magnitude

higher than earlier calculations.



10
11
12
13

14

_E. T. Turkdogan, J.I.S.I., 210, p 21, 1972

REFERENCES

<

J. Chipman, Basic-oﬁen Hearth Steelmaking, (G. Derge, Ed.),
AIME (Pub), p. 640, 1964
C. Bodsworth and H. B. Bell, Physical Chemistry of Iron and -

Steel Hanufacture, Longman (Pub),.LéndBn 1972

- H. Sawamura and N. Sano, Sub-comm. Phys. Chem. Steelmaking,

19th Comm., Third Div,, Japan Soc, Promotion Seci., Sp. ﬁep.
No. 3, Dec. 1963

J. Chipman, Metal Progress, p 211, 1949

G. R. Fitterer, Chemical Metallurgy of Iron and Steel, ISI Lond.

(Pub), p 184, 1973
A, Jacquemont, _hﬁhfellier and M. Olette, Deoxidation
Equilibrium in/f;quid Iron, IRSID Report RE 109-3, 1975
M. W. Hessenbyjuch, Rev. MEt., 26, p 93, 1929
C. B. Herty ef -al., Co-op. Bull. No. 46, US Bur. Mines, Met.
Advigory Board and Carnegie Inst. Tech., 1930
H. Wentrup and G. Hieber, Arch. Eiaenh.:, 13, p 39, 1940
D. Repetylo et al., J. Met., p 45, May 1967
D. C. Hilty and W. Crafts, Trans. AIME, 188, p 414, 1950
J. H. Swisher, Trans. TMS-AIME, 239, p 123; 1967‘
N. A. Gokcen and J. Chipman, Trans. ADME, 197, p 173, 1953
J. C. d'Entremont, D. L. Guernsey and J. Chipman, Trans.’
THS-AIHE;‘EQQQ p 1501, 1969

162



163.
s

16
if%?QED. ‘ 17 iaenh.! 16, p 431,793
1
19 | . Shibata and T. Yag;has i, Tetéu-to-Hagagé, 39, p 392,:1953 )
©20 ' N. -Dastur and J. Ch mgﬁ, frans. AIME, 185, p 441, i949
21 i H%;ean and H. B. Bf11, J.I.S.I., 203, p 123, 1965
‘ 22 S. E. Feldman and J/ 5. Kirkaldy, Can. Hgﬁ. Quart., 13, p 625
1974
23 I. C. Wilder J. F: Elliott, J. Electrochem. Soc., 107,
| p 628, 1960, :
24 Chem;caltﬂetallurgy of Iron and Steel, ISI Lond.

7 b 173, 1973 y :
25 Schenck et al., Arch. Eisenh., 41, p 13i; 1970

f‘G. R. Beltén and R. J. Fruehan, TMS-AIME, 245, p 113, 1969 A
L. E. Rohde et.gl.,<x;;h. Eiseﬁh;. 42, p 165, 1971 |
T. B. Bram et al., as. quoted Ey A. Vahed and D. A. R. Kay,
Met. Trams. 3:‘§g,’p 285, 1975

4

J. Chipman and F. C..Laﬂgeﬁberg, The Physical Chemistry of

‘Steelmaking, J. F. Ellictr (Ed.), p 46, 1958
30 H. Sawamura et al.; Fac. of Engg. Mem., 19, p 207, Kyoto_Univ.,‘
. | Japan, 1957 'Lf/j |
) 31 K. Kiﬁkkola;and‘c. Wagner, J. Electr?théﬁ. Sgc.z 104, p 379-87;
p 308-16, 1957 I 2
32 A. 3aéquemont et al.,.C.'R.=Acad; SJJ-Paris. 2717, Sgr; c, p 271,
1973 -

33 H. Schmalzried, Z. Phys. Chem., 38, p 87, 1963



Lel

..’J

.52

164

i

S 34 H. Schenck, -Physical Chemistry-of Steelmaking (English
‘Translation), BIS%A, 1945 | | |
35  .J. Chipman, Trans. ASH, 22, p 385, 1934
36 J. Chipman,vBOH Steelmaking, Phys. Cﬁem. of Steelmaking Comm.,
AIME, p 466, 1944 |
37 J. Chipman, ibid, p 621,’1951.m
38 0. Kubascheweki, J.I.S.1., 165, p 89, 1950
39 F. D. Richardson, ibid, 166, p 137, 1950 |
40 A. McLean and R. G. Wafd,‘igid;.ggﬁ, P a; 1966 “
ﬁi(n)'LL. Brewer, Chem, Revs., ég.'(l), Feb. 1953 .
(b) E. Huber and C. E. Holley, Techniques of Matals Research, &, part 1,
R. F, Bunshah (Ed.), Interscience (Pub), 1970
42 M.. Berthelot, Ann. Chim, Phya., 22, p 4%9, 1901
43 H.-Wartcnberg and G. WItzal Z. Eloctrochem., 25, p 209, 1919
44 J. E. Hooae and 8. W. Pnrr, J. Am. Ch. Soc., 46, p 2656, 1924
45 W. A. Roth and F. Muller, Z. Phys. Chen., Al44, p 253, 1939
46 A. Moichener and W. A. Roth, Z. Electrochem., 40, p 19, 1934
47 W. A. Roth, U. Wol§ and O. Fritz, 1bid, 46, p 42, 1940 .
48 P. Snyder and H.JSaltz,.J..Am. dﬁam, Soc., 67, p 683, 1945
49 C. Holley and E. Huber, J. Am. Chem. Soc., 13, p 5577, 1951
50 ‘ A. Schneider Fhd G.-Gattow. Z. nnorg;'u. alleg&m. Chem., 277,
p 41, 1954 °° B
51 - A. D. Mah, J. Phy-.lChem.. 61, p 1572, 1957
M. de Kay. Thompnonl "The Total ‘and Free Energies of Formation -

- of the Oxides of Thir:y-TVO Matals', Elactrochem, Soc. (Pub).

N.Y., 1942



53
54
55
56
57
58
59

60
61
62
63
64
65

66

68

69 .

i

165

K. K. Kelley, US Bur. Mines Bull., No. 371 (1934); 434 (1941);
385 (1935); 393 (1936); 476 (1949); 477 (1950); aﬁd 584 (1960)

F. D, Rossini et al., Selected Values of Chemical Thermodynamig
Properties, NBS Circ. 500, 1952

C. E; Wicks and F. E. Block..Tﬁermodynamid‘Propartiea of 65
Elemegts - Their Oxides, Carbides and Nitriéea, US Bur. Mines
Bull. 605, 1963

F. D, Richardson and J, H. E. Jeffes, J.I.S.1., 160, p 261, 1948
0. Kubaschewnki‘et al., Matallurgical Theerchcmistry; (4th Ed.),
Pergamon Press, 1967 -

J. F. El%&:ft et al., Tharmochemistry for Steelmaking, §.1(1960).
V.2(1963), Addison~Wesley (Pub)

D. R. Stull and H. Prophat (Ed.), JANAF Thermochemical Tables,

(2nd Ed.), US Dept. Comm., 1971

F. T. Purukawa et al,, J. Res. ﬁss. 57, p 67, 1956

D. A. Ditmara and T. B. Douglas, J. Res. NBS, 75A, p 401, 1971

D. C.-Ginnings, J. Phys. Chem., 67, p 1917, 19637

C. H. Shomate and B. F. Naylor, J. Am. Chem. Soc., 67, p 72, 1945
H.-Hoch and H. L. Johnaton, J. Phys, Chem., 65, p 1184, 1961

A, Ferrier and M, Olette, C. R. Acad. Sc. Paris, 254, p 4293,

1962

. P. B. Kantor et al., Ukr., Fiz. Zh., 7(2), p 205, 1962

R. A. McDonald, J. Chem. Eng. Data, 12, P 115, 1967

D. R. Stull and G. C. Sinke, Thermodynamic Properties of the
Elements, Am. Chem. Soc. Monograph No. 18, Wash., 1956

R. Hultgren et al., Selected Valuss of Thermodynamic Properties

of Metals and Alloys, Wiley (Pub), N.Y., 1963



70

71

72
73

74
75
76
17
78

79

80

81

82

a3

84
85
86

87

88
89

166

é. H. Bﬁyco and F. E. Davis, J. Chem. .Eng. Data, 15, p 518, 1970
J. H, Awbery and E. Griffiths, Proc. Phys. Soc. (Lond.), 38,
p 378, 1926 N

A. B. Newman and G,.:%, Brown, Ind. Eng. Chem., 22, p 995, 1930
P. Drosabach, Z. Elektrochem., 36, p 179, 1930

Wy D, Treadwell and L. Terebesi, Helv. Chim.“Acta, 16, p 922,
1933

W. Fischer and R. Geweshr, Z. anorg. allgem. Chem., 20%, p 24,
1932 |

J. Chipman, Trans. ASM, 30, p 817, 1942

Y. H. Chou and J. F. Elliott, Acta Chim. Sinica, 22, p 23, 1956
R. Lorentz and F. Erbe, Z. Anorg. Chem., 183, p 511, 1929
%?’Hillert, B. L. A§erbach and M. Cohen, Acta Met., 4, p 31,
1956 | |

J. Chipman and T. P. Floridis, Acta Met., 3, p 456, 1955

T. C. Wilder and J. F. Elliott, .J. Electrochem. Soc., 107, -

p 628, 1960

0. J. Kleppa, J. Phys. Chem., 60, p 446, 1956

o

7. Vathet et al., C. R. Acad. Sc. Paris, 260, p 453, 1963
P. Woolley and J. F. Elliott, TMS-AIME, 239, p 1872, 1967
G. R. Belton and R. J. Fruehan, TMS-AIME, 245, p 113, 1§69
T. P. Floridis and J. Chipman, TMS-AIME, 212, p 549, 1958
E. S. Tankins et al., TMS-AIME, 230, p 820, 1964 |

J. Chipman, Jquﬂf Chem. Soc., 55, p 3131, 1933

J. Lumndgn; Thermodynamics of Molten Salt Mixtures, Academic

Prass (Pub), 1966



90
91
92
93
94

95

96

97

98
99
100

101

102
103

204

105

106

107

167

M. Blander (Ed.), Molten Salt Chemistry,'lnteracience, N.Y., 1964
B. R. Sundheim, Fused Salts, McGraw-Hill (Pub), N.Y., 1964

Yu. K. Delimarskii and B. F. Markov, Electrochemistry of Fused

‘Salts, Sigma Press (Pub), 1961

R. W. Laity, Electrodes in Fused Salt Systems, 1ﬁ Reference

Electrodes, edited by D. J. G. Ives and G. J. Janz, p 524,

' Acadenmic Preah, N.Y., 1961

T. B.‘Rndgy, E{fctrocham. Tech., 1, p 325, 1963

c. So}omons, in‘"Tachniquba of ﬁ:tals 3e?earch", 4, part 2,

R. A. Rapp (Ed.j, Interscience (Pub), p 35, 1970

c. bijkhuin at a;;, Chem. Rev., 68, p 253, 1968

H. A. Laitinen and B. B. Bhatia; J. Elactrocheﬁ. Soc., 107,

p 705, 1960

H. Lux, 2. Elektrochem., 45, p 303, 1939

H. Flood et al., Acta Chem. Scand., 6, p 257, 1952 SN
P. Csaki and A. Ditzel, Glastechn, Ber./ 18, p 33 (& 65), 1940
R. Didtechenko and E. G. Rochow, J. Am. Chem. Soc., 76, p 3291,
1954 o

D. G. Hill1 et al., J. Electrochem., Soc., 105, p 408, 1958

L. N. Antipin, Zhur, Fiz. Khim., 29, p 1668, 1955

H, Ito and T. Yanagase, Trans. Jap. Inst, Metals, 1, p 115, 1960

V. I. Minenko and'N. S. Ivanova, Ukr, khim, Zh., 29, p 1160,

1963 (Rﬁua).

R. Sridhar and J. H. E. Jeffes, Trans. Instn. Min. Mat., Sec. c,
76, p_éla, 1967

B. M. Lepinskikh and O. A. Esin, Zh. neorg. Khim,, 6, p 1223,

1961; Russ. J. inorg. Chem., 6, p 625. 1961 -



108
109
110
111
112
113
114
115
116
117
118
119

120

121

122
123

124

168

Yu. K. Delimarskii aﬁd V. N. Andree&a. Russ. J. inorg. Chem.,

S, p-873, 19560

-R. E. Ranford and S, N, Flengas, Can. J.-Chem,, 43, p 2879, 1965

P. Drosabach, i. Elektrochem., 40, p 605, 1934

Yu., V. Baimakov et al., reported in ref. 112

V. P. Mashovets and A. A. Revazyan, Zh, Prikl. Khim. Leningr.
(Eng. Trans), 30, p 1069, 1957 |

M. Rey, C. R. hebd, séanc. Acad. Sci. Paris, 260, p-5528, 1965

J: Thonstad, Electrochemica Acta, 13, p 449, 1968

J. H. E. Jeffes and R. Sridhar, in "Electromotive Force

Measurements in High Temperature Systems', edited by C. B. Alcock,
Am. Elsevier (Pub), 1968 -

C. M, Diaz and F. D. Richardson, Trans. Inst. Min. Met., p 196,
1967 | -

F. A. Shunk, Constitution of Binar& Alloys, Second Supplement,
McGraw=Hi11 (Pub), N.Y., 1969 o

R. J. Frunhan-et al., fHS-AIME, 245, p 1501, 1969

P, Paacnl; Z. E;ectrochem., 19, p 610, 1913

Kuo Chu-Kun and Yen Tﬁng—Sheng, Acta Chim, Sinica, 30, p 381,
1964

A. Mitchell and B, Burel, J.I1.S.I., 208, p 407, 1970

W. E. Duckworth-and G. Hoyle, Electro-slag Refining, Chapman -
and Hall (Pub), London, 1969

A. I. Vogel, A Text-Book of Quantitative Inorganic Analysis,

| p 510, 3rd Ed., Longmans (Pub), Londoh, 1961

D. Ghosh, Reaction Sitas in AQ Electroslag Remelting, M.Eng.

Thesis, McMaster University, Hamilton, 1972



125

126
127
-128
129

130

131

132

133
134

135

136

137

138"

159
140
141
142

169

M. Hansen, Constitution of Binary Alloys, 2nd'Ed., McGraw-Hil1
(Pub), N.Y., 1958

I. Obinata and N. Komatsu, reported in ref. 117

R. Huch and W. Klemn, Z. Anorg. Allgem. Chem., 329, p 123; 1964

-M. LaRosa, Nuovo Cimento, 12, p 284, 1916

E. Raub and G. Palkenburg, Z. Metallk., 55, p 186, 1964

K. S. Goto and W, Pluachkell, Physics of Electrolytes, edited
by J. Hladik, 2, p 540, Acad;;;c Press (Pub), London, 1972 :

N. R. Thielke and R. L. Shepard, High- Temperature Thermometry
Seminar (Oct 1959); W. R. Grimes and D. R. Cuneo (Eds.),

TID-7586 (Part l),rprbb, Oak Ridge, 1960

Temperature - Its Msasurement and Control in Science #nd Ihdustry.
Am. Inst. Phys., Rainhold'(Pub), N.Y., 1541

L. C. Chang and G. Derge, Trans. AIME, 172, p 90, 1947

K. Sanbongi and Y. Omori, Sci. Rep. Tohoku Univ., All P 244,

1959

A. Mitchell, Proc. Intarﬁ. Symp. on ESR Procengins, Mallon
Inst,, Part II, paper 1, 1967 |

M. Sassba aﬁggk. 5. Goto, Met, Traus., é,‘b 2225, 1974

R. Battino and H. L. Clever, Chem. Rev., 66, p 395,»1966

G. J. Janz, Molten Salts Handbook, Academic Press (Pub), N.Y.,
1967 |

M. A, Bra&ig, in rafﬂ 90, Chapter 5

A. M. Arthur, Met. Trans., 5, p 1225, 1974

" R. Piontelld, Ann. N.Y. Acad. Scd., 79, p 1025, 1960

R. W. Ure, J. Chenm, Phys., 26, p 1363, 1957
\ : .



143

144

145

146

147

148

149

150

151

152 -

153

154

155
156

157
158
159

160

161

162

170

C. Wagner, J. Electrochem. Soc., 115,'p 933, 1968
J. W. Hinze and J. W. Patterson, J. Electrochem. Soc., 120,

p 96, 1973

‘-X. D. Tretyakov and A. R. Kaul, Physics of ﬁlectrolyﬁes, Vol. 2,

(J. Hladik, Ed.), p 623, Academic Press (Pub), London, 1972

. B. Korousic, Min. Met. Quart., No; 1, p 47, 1970

T. K. Etsell and S. N, Flengas, Chem. Rev., 70, p 339, 1970

J. ?appis and W. D. Kingery, J. Am. Ceram. Soc., 44, p 459, 1961

W. D. Kingery and G, E. Meiling, J. Appl. Phys., 32, p 556, 1961

P. J. ﬁhrrop-and R, H. Creamer, Brit. J. Appl. Phys., 14, p 335,
1963 '

R. Baker aner. M. West, J.I.S.I., 204, p 212, 1966

T. Matsumura, Can. J, PhYI;, 44, p 1685, 1966

W. A. Fischer and W. Ackermann, Arch. Eisenh., 39, p 273, 1968

.M. C. Bell and S. N. Flengas, J. Electrochem. Soc., 1lll, p 575,

1964

M. C. Bell and S. N. Flengas, ibid, 1l1%, p 31, 1966

A. Mitchell and J. Cameron,\Met. Trans., 2, p 3361, 1971

A. F. Ioﬁfe and A. R. Regel{ Progress in Semiconductors, 4,
A. F..Gfﬁion (Ed.), Wiley (Pudb), N.Y., 1960

A. Mitchell and G. Baynon, Met. Tramns., 2, p 3333, 1971

J. 0'M. Bockris et al,, Trans. Farad. Soc., 48, p 536, 1952
0. A. Esin and A. K. Kirisov, Irv. Akad. Nauk. SSSR, Otdel.
Tekn. Nauk., No. 12, p 28, 1955

K;.Schwardtfeger and H. J. Engell, Arch, Eisenmh., 35, p 533,
1964

K. Schwerdtfeger and H. J. Engell, TMS-AIME, 233, p 1327, 1965



P

163

164

165
166
167
168
169

170

171

172 .

173

174

175

176

177

178

179

181 .

186

o | | ' | 171

K. Sanbongi and Y. Omori. Sci. Rep. Tohoku Univ., All, p 339,

1959; AL3, p 174, 1961

" K. Sanbongi and M. Ohtani, ibid, AS, p 263, 1953; AS, p-350,

19535 A7, p 204, 1955

M. Ohtani, ibid, A7, p 487, 1955 |
G. K. Sigworth and J. F. Elliott, Metal Science, 8, p 298, 1974
E-an Zen, Am. Mineral,, 54, p 1592, 1969

D. R. Waldbaum, unpublished report, 1971

'J. L. Holﬁ and 0. J. Kieppa. Am. Mineral., 51, p 1608, 1966

R. A. Robie and D. R. Waldbaum, Thermodynamic Properties of
Minerals and Related Subutancén, US Geol. Suz;v. Bull., No. 1259,
p 256, 1968 | | |

f-an Zen, Am. Mineral., 57, p 524} 1972

R. Barany, US Bur. Mines Rep. Invest 6356, p 6,_ 1964

N. L. Johnson and F. C. Leone, Statistics and Experimental
Design, Vol. I, Wiley (Pub), N.Y., 1964

A. D. Rickmers and H. N. Todd, Statistics, McGraw-Hill (Pub),
N.Y., 1967

D. Ghosh and D. A. R. Xay, Metal-Slag-Gas Reactions and
Procasu.p, ‘2. A. Foroulis and W. W. Smeltrzer (Eds.), _Elactrocham.

s

Soc. (Pub), 1975 4

* Jl Chipmn, Jo Am. Chemo SDC-, _8_3.’ p 1762. 1961

W. D. Good, J. Phys. Chem., 66, p 380, 1962
S. 8. Wise et al., ibid, 66, p 381, 1962
H. Kojima et al., Can. J. Chem., 46, p 2968, 1968

R. C. Weast (BEd.), Handbook of Chemistry and.Phynics, CRC (Pub),
1973

H. ¥, Stimson, J. Ras. NBS A, 65A, p 139, 1961

-



APPENDIX AI

X—RAY ANALYSIS OF CaF -Al ELECTROLYTE

2 3

~ X-ray diffracﬁion analysié of the electfclyte samﬁles wera‘dﬁne
to identify the phases present. The 'pure' starting m;teriala were
| also analysed. A Philipe diffractometer was used for the utuéy.
Typicil resulés are shown in Tables AI.1, AI.2 and AI.3. |
From the tables it can bé seen that the_patf?rns of Can aﬁd
A1203 match quite closely with the standard ASTM pat;erna although tﬁe
intensity ratlo differ to some extent., Only an approximate method qf
taking the height of peaks (instead of area underneath them) was used
to determine'intennity ratios. In addition, since the intensities
depend-on sample pfeparagion, these discrepancies are noflaurpriaing.
No Ca0 was detected in the 'pure' Can; However, Table AI.3
shows the presence of Ca0° 6A12 3 in the elag in addition to CaF2 and
j A1203 All the major lines of Cn0f6Ai203 (I/I0 > 0.3) were obaarvea,
although 1ntansity_ratioa were quite different from the standard pattarn.
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TABLE AI.1 |
X-RAY DIFFRACTION PATTERN OF 'PURE' CaF,

(BDH ~ AS RECEIVED)
. ' (; .
Radiation: CuK , A = 1.5418 X; Scanning Speed - 1*/min

Count Rate: 400 Cps;_Time Constant: 4 8

CaF, (BDH-as received) ASTM $4-0864

Yo 20, deg.  d, A ‘1/10x100' d, A 1/1x100
1 2835 3.148 100 3153 . 94
2 . 47.1  1.929 86 1.931 100
3 55.95 1.643 23 1.647 3P
4 68.8  1.365 8 1,366 12
5 76.0  1.252 7 1.253 10
6 87.5 1.115 9 1.115 - 16
7 94.4  1.0507 3 1.0512 7
s  106.0  0.9653 20,9657 5
9 113.2  0.9234 3 0.9233 7

10 126.4 0.8637 & 0.8637 9
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Radiation: CuKa, A = 1,5418 R; Scanning epeed - 1°/min

Count rate:

No.

R T W T o i o v e =
DR E S ©®m=—uaao s LR H O

V-2 - N - SRV S S .

X-RAY DIFFRACTION PATTERN OF u—A1203

u-A1203

20, deg.

25.7
35.3
38.0
ND*
43,5
ND
52.7

57.65

TABLE AI.2

(PISHER)

400 Cps; Time Constant:

(Fisher-as received)

d, &

3.466
2.543
2.368

2.080

1,737
1.600

I/onloo

75
98
43

4.8

ASTM {10-173

d, A 1/14x100
3.479 75
2.552 90

2,379 40

2,165 <l
2.085 100
1.964 2
1.740 45
1.601 80
1.546 4
1.514
1.510 8
1.404 30
1.374 50
1.337 2
1,276 4
1.239 16
1.2343
1,1898 8
1.1600 <1
1.1470 6
1.1382 2
1.1255 6
1.1246 4
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No.

24

25
26
27

*

175
TABLE AI.2 -~ é_ontinued
a-Al,0, (Fisher-as received) ASTM $10-173
20, deg. 4, 4 1/1,%100 d, A 1/1,x100
o _ | |
89.2  1.098 4 1.0988 8
ND - - 1.0831 4
91.3 1.078 7 1.0781 - )
95,3 1.043 11 1.0426 14
ND - Not detected or trace.
t
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TABLE AI.3

X-RAY DIFFRACTION PATTERN OF SLAG SAMPLE

Radiation: Cch. A= 1,5418 i; Scanning speed - 1°/min

_Couﬁt rate: 400 Cps; Time Constant: 4 s

Line'
No.

O © ~ Ot b W R

DN OO ON O O O e e e
S W N M OO B N SN O

Matches the

20, deg. 4, A I/Igx100 et e 4
‘ "line of *
20,2 4,403 2 CHA
22.2 4.010 2 CHA
25,7 3.466 7 A
. 28.35 3.148 100 CF
32.3 " 2.772 6 CHA
34.3 2,614 2 CHA
'35.3 2.543 7 A
36.3 2,475 3 CHA
38.0 2.368 7 A
39,5 - 2,281 4 CHA
40.9 2.206 - 1 CHA
42.9 2.106 2 CHA
43.5 2.080 9 A
47.1 1.929 91 CF
52.7 1.737 4 A
55.9 1.645 29 CF
57.65 1.600 40 A
58.8 1.570 CHA
60.4 1.533 2 CHA
61.4 1.510 10 A
64.2 1.451 1 CHA 7
66.6  1.404 2 A i
67.4 1.389 1 CHA re
66.3 1.373 3 A ¥4
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TABLE AI.3 - continued

Matches the

Légf 20, deg. 4y R I/IOxIOO ASTM Standard
line of * .
25 68.8 1.365 8 - Cr.- .
26 76.0 - 1.252 7 - CF
27 77.1 1.237 3 A
28 . 87.5 1.115 17 ‘ CF
29 94.4 1.051 5 ‘CF .
30 95.3 - 1.043 2 A
106.0 0.965 7 CF
32 113.1 .0.924 7 cF’ .
126.3 0.864 7 CF o

* CF - Calcium fluoride.(Can)

A =~ a-Alumina (A1203)

CHA - Calcium hexaluminate (CaO-6A1203)
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. APPENDIX AII

. STATISTICAL METHODS

¢

This section dummarizes the statistical -methods used in this

_investigation to treat the experimental data. These methods are

described in detail by‘thnson and Leone(l73g.

&

ATI.1 Treatment of Free Energy of Formation Data ~

. ' I
The standard free energy of formation data calculated from cell

EMFs were trested.by linear éegresbion analysis. Taking 4G° as the
dependent variable y and the temperature as thé independent variable x,

N
the equation of the regression line is

<
-

E(y/x;) = &+ bx, ‘ | N . (A;I.l;f‘-

where a 1is the estimate of the intercept;
- b is the estimate of .the slope; and ¥

E(y/xi) repregsents the estimate of y (£ AG®) at any temperature Xy

In addition to the bésic assumption that AG® 1s a linear function of
teﬁperature, the thérmodynamic implications of which have ‘already been

discussed in Section 5.4, the following assumptions were made about the

data(l73):

+

(1) The X values (i.e. temperature) are controlled and/or observed

without error.
’ . 178
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(2) The deviations ¥y - E(y/xi) are mutually independent. -
{3} These deviations have the pame variance 02 whatever be the value of

*- S s - e e

(&) These*geviations are normally distributed.

By the method of least squares the following estimate of the

(173)

siope and intercept can be derived for n data points (xi,yi)

)

aniyi - Exi-?yi ~ ‘ -
R :

b= (AII.2)

2
nﬁxi - (Egi)

a=y-bx- f - (ATI.3)

where I represents the.sum from i=1 to n;

y is the mean of y given by Zyi/n; and
; is the mein of x given by-Ixi/n.

The standard deviatiom about the fitted line, §, is given %{

.

[ -‘Jf(yi-a—bxi)zl(n—2) b

- J[;yi - aly, - bIx,y,]/(n-2) | _ ' (AXI.4)

e

The 100(1-a) percent confidence interval (C.I.) about the regression

: 4
line at any point X, is given by

- 2 g
;. (@) J1/2

C.I, = itn—z,l—u)zcﬁ +

o~ S ' (AIL.5)
¥ E(xi—x) :

where t is Student's t-distribution with n-2 degrees of freedom.

n-2,1-a/2
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The 100(l-a) percent confidence interval for the slope and the'ﬁfffEEEBE«; .

'were calculated using £

*

“y t oS .
. C.I.(slope) = + —B=2,1-0/2 | (AIL.6)
. R .
N ff(xi-x). -
and . .
o ) .1 X2 12
C.I.(intercept) -’;En-z;l—aIZ(ﬁ + =) S . (AIF’7)
. Z(xinx) }
- - | % |
s ‘_ BN
However, an alternate formula for the confidence interval for the
intercept has been prdppsed by Rickmers and Toda (174)°
C.I.(intercept) = st , , . °S//a - (AI1.8)

which givea a much smgller inter§31 for the intercept gf the present data
than equation (AII.7). Equation (AII.7) seems to take care of the
distanck of the data points from x=0; the further the data points fer
x=0 the lower is the €9nfidence on the valge of intércept a. However,
‘the confidence on y 18 unaffected by its distance from x~0.

Finally, thehco;relation coefficient was calculated using the
formula

 nixyyy - =ty

r ™ > . (AII.9)
'{'[nEXi - (Exi)zj [niyi - (Eyi)zl }1./2

Before closing it is interesting to note the following points about the

, ™~ <
above analysisg: '

(1) Although there was pbviouelf‘an‘error in the measurement of



' methods

-

181

v . -

temperature, it does not invalidate the above analysis, Any error in .

-

the temperature measurement can be considered as an error Iin the free

~

' energy assuming the temperature was correct. Thus, the errors

5alculated are the sum total of EMF and temperature measurements.
(2) The confidence limits calculated from the above analysis only
represent.the "random" error in the experimental data and do not finclude

any systematic errors. .

% .
AIXl.2 Treatment of AH§98 Data From All Sources

AHSQS calculated from‘the Third Law analysis of the'present cell’
data were.tirst treated by the regression analysis given above, After
making sure that AHZQB has no significant correlation with the
experimental temperature, the dataweretreated by normal statistical

3 (173) for a single variable. If (xi), i=1 to n, represents the n

data points, the mean x is glven by

X = Ex,/n . ’ (AT1.10)
The standard devieticn‘S is 31535 by : -
- - - ' r

S = /L(x~x)"/(n-1) I (AI1.11)

c

A -

and the 100(1-qa) percent confidence interval about the mean 1is glven by
. . !

»

[
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N GIemEe . otSih - . (AIL.12)

ﬁheré the symbols have‘the_same meaning as before. v
The.data.from the Third_taw analysis of the results obtained

from cells at ~1000°C were also treated in the same way without the

initial fegreséidn analysis. Ihgfmean. standard deviation and the

confidence intervals of .the "bomb" calorimetric data were obtained

using equations (AII.10) to (AII.12). ' > I
\\
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