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ELECTROCHEMICAL STUDIES OF THE
NiO-, Co0-, Feo0.950-Na28i205 GLASS SYSTEMS

Alton Monroe ﬁacy
Inorganic Materials Research Division, Lawrence Radiation Laboratory,

and Department of Materials Science and Engineering,

College of Engineering, University of California’
Berkeley, California

ABSTRACT
A high temperature galvanic cell of the type
Ni/NiO|j electrolyte || Me/MeO + NS,(glass)

(in which the electrolyte was calcia stabilized zirconia and where Me =

Fe, Co,'or Ni) has been developed for the measurement of activities and

other thermodynamic properties of Fe.g50, CoO and NiO in sodium disilicate

~ glass over the temperature range T00° to 1100°C. The results indicate

that these three oxides show increasing negative deviations from Raoult's
Laﬁ in the order NiO, CoO, Fe.gs50. The solubility limits of each oxide
in sodium disilicate glass havé‘been'measured by this technique and
presentéd as liquidus lines on proposed .phase diagrams for the binary
systems Fe.gs50-, CoO-, Ni_o;uazsizos. Activities of sodium disilicate
have been célculated as a function of composition and temperature by
integration of the Gibbs-Duhem equation; and sodium disilicate liquidus
lines have been determined by equatiﬁg the calculated activities with

the activity of the pure solid sodium disilicate relative to the supef—
cooled liquid. The ¢alculated freezing point depfession of sodium
disilicate by Fe.gs50 was not coincident with phase diagram data published

in the literature; but agreement could be achieved by proposing the

. existence of at least one previously unreported ccmpound in the ternary
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system FeO-Naz0-5i02. Partial molar free energies, entropies and en-
thalpies, as well as free energies, entropies and enthalpies of mixing

for the metal oxides and sodium disilicate glass have also been determined.




I. TINTRODUCTION

An understanding of the thermodynamics of oxide-silicate systems is

necessary for any fundamental interpretation of the physical chemistry

of these systems. OSome areas of investigation where this need has been
clearly demonstrafed are:
Bonding. In the development of a glass-metal bond, Pask, Fulrath,

1-4

Borom, et al. have demonstrated that two types of bonds may be formed

as the product of chemical reaction--a mechanical bond established by

corrosion of the metal substrate with subsequent formation of dendritic

precipitates on or near the interface; and a chemical bond formed by the

establishment of a thermodynamically continuous structure across the

~glass-metal interface. They have shown that the condition for formation

of the latter is the saturatioﬁ of the glass (at the interface) with the
Ilowest oxide of substrate metal. When this occurs, an oxygen activity
balance exiéts and strongest bonding of fhé chemical type occurs. This
is, however, a limiting condition, since the theory does not account in
é quantitative way for any variation in the bond strength with.varying
degrees of saturation. |

If the degree of chemical bonding is to be related to the imﬁélance
in acti&ity between the oxide of the interfacial metal and that dis-
solyed in the glass, then the need for a thorough knowledge of the
activity variation of the oxide in the glass solution as functions of
composition, temperature and pressure is obvious.

Similarly, if bne is concerned with the redox reactions between
glass and metal, predictions of their free energies can only be made if

one knows the activities of the components involved. To date, little
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effort toward this end has been made in complex silicate systems.

Wetting. Aksa,y5 has related the degree of wetting in high tempera-
ture MgO-silicate liquid reactions to the activities of components of
phases in physical contact. He states, "If the liquid aﬁd the solid are
not at a thermodynamic equilibrium; a redistribution of the components
between the liquid and the solid will take place. An equilibrium con-
tact angle will form only after this thermodynamic equilibrium is

2
"  Humenik and Kingery,6 as well as Gaidos and Pask, have

achieved...
similarly related changes in interfacial energy to interfacial reactions.
Stability. The‘stability of glasses with respect to their environ-
ment is also greatly affected by the activities of the component oxides.
Glasses containing oxides with small free energies of formation become
very susceptible to decomposition at low oxygen pressure, high tempera-
tures, or when exposed to reducing atmospheres of other gases. Since
many of these glasses have properties of special interest (e,g., coat-
ings, composites, electronics), it is particularly important to define
carefully and accurately the limits of chemical stability as functions

of composition and environment.

Solid-Liquid Phase Equilibria. Many phase relations within glass—

forming systems can also be inferred from thermodynamic activity measure-
ments of the components. Such data can be used to calculate or predict
liquidus lines, as well as thermodynamic properties of pure components.

.Structure. OStructure and bonding are also related to thermo-
dynamic properties of solutions. For example, strong positive deviations
from Raoult's Law are associated with a tendency for like atomic or

molecular species to associate, tending toward immiscibility; whereas
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negative deviations often represent formation of complex molecular or
ionic species and tendencies toward compound formation. Knowledge of
activities in glass may assist one in inferring possible structural
models for these systems;'whiCh can be Valuable in supporting other
theories'of structure based upon different typé of experimental observa-
tions;

o Kinétics; The kinetics of reactiéns in glasses may also be con-
trolléd by the activities of the components. For example, the rates of
thosevprocesses that are diffusion-controlled, such as dissolution of

many pure oxides by glass,7’8

will be dictated not by composition
gradients per se, but rather by activity gradients, which, in the case of
non-ideal solutions, may be quite'different from the former.

It is therefore apparent that a lack of specific knowledge of the

thermodynamics of glass systems seriously limits one's ability to predict

.reactions, confirm theories related to chemical equilibrium, or control

rate processes. Every.study toward overcoming this void in our
knowledge will be small relative to the total need, but valuable toward
éolving some of the present problemsvand in building the foundation for
further work. It is to this end that the present study has been
directed.

This work is specifically motivated by .the need to obtain the neces-
sary thermodynamic data to define the activity;composition-temperature

% .
relations in the systems NiQO-, CoO-, and FeO-NapSip0s. Sodium disilicate

* FeO will be used throughout the text to represent that iron oxide com-
position in thermodynamic equilibrium with Fe metal at the temperature
of consideration. That is, over the temperature range 700°-1100°C,
"FeQ" X Fe.qs0.



was initially chosen because it is a glass composed of one glass-forming
and one glass-modifying ion, thus facilitating structural interpretatiohsA
based on 0/Si ratios.

These systems have been used in this laboratory for the past decade
in studies of bonding, wetting, and diffusion. Therefore, clarification
of guestions raised in those investigatiohs would require the same
systems for this work.

In addition, the heat capacities, entropies and enthalpiez of
Na,81,05 (solid and liquid) have been measured by Kelley and Kingg’lo
and a phase diagram for the binary system FeO-NSz* is published in fhe
literature.ll

Those activity measurements on molten silicates reported -in the
literature have been made principally on binary metal oxide-silica sys-
tems and on multicomponent siags. Most of these have been carried out
By gas equilibration technigues. The electrochemical method is, however,
often preferable to the gas equilibration method because of the wider
range of oxygen potentials capable of being measured accurately. (Oxygen
pressures in the range of 10-20 atm require CO/QOz ratios of V1000/1 at
1000C. This ratio is near the limit of detection for general experimental
measurement but the same Oz pressure is readily and accufately detected
with solid oxygen éonducting electrolytic cells.) In spite of these

advantages, the number of electrochemical studies reported on liquid

silicate systems is relatively small.

¥ The following abbreviations will be used throughout this text:
N=Na,0, F=FeO, S=5i0,, and C=CoO. (That is, NS,=Na,5i,0s.)

)

Y
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Herri_ngl2 and Didtshenko and Rochow haVe used concentration cells
of the type»Oz(Pty/liquid I':: liquid II/Oz(Pt) in order to determine the
activities of NazO in soda-silica glasses and NazO,'Kzo and Lizo in
PbO-SiOg glasses respectively. In both Cases,'thé cells appeafea to

function properly (i.e., they were reversible and stable), but there has

been no independent verification of the data. This type of cell is

~ generally not suitable for such measurements because of the possibilify

of errors ih emf qeasurements arising from unknown thermoelectric emfs,
liquid junction potentials, poorly defined cell reactions, and indeter-
minant transference numbers éf the conducting species.

Simple formation cells of the type M/MO(iﬁ solution)/Oz are théo—
reﬁically'possible for activity determination in liguid silicates; but
practically infeasible becéuse of the unknown magnitude of electro@ic
conductance in ﬁost silicate systems at high temperatures. (If not
guantitatively accounted for, any electronic transference will short the
cell internally, reducing the external emf, and result in erroneous out-

put for activity determination.) This may be particularly true for

~glasses containing multivalent ions that impart a tendency for semi-

conduction. Esinlu has constructed such a cell to measure the activities
of FeO in complex silicate melts. The procedure he used was technically
difficult and the reversibility of the cells is not known.

Solid electrolytes in which the transference numbef, (t), of an ion
which can teke part in the cell reaction is known (preferably 1.0)
appear the most feasible fér high temperature thermodynamic studies in

glasses. Stabilized Z2rO0; and ThOz are oxygen ion conductors (toz;'= 1.0),



they are inert to corrosion by many liquid silicates, and have been

suécessfully used since 195"{15 for a variety of high temperature thermo-
dynamic investigations on metals and oxides. The reader is referred to
Steele16* for further reference to these works. A search of the litera-

17 H. 8. Ray,l8 and Charette

ture has indicated that Matsushita and Goto,
and Flenga519 have carried out the only previous studies of glasses with

solid electrolyte cells. Matsushita and Goto, and Charette and Flengas

have both investigated the activity of PbO and SiOz in binary Pb0-SiO,

* %
glasses at 900-1100°C using a cell of the type Ni/NiOll CSZ |} Pb/Pb0-Si0;.

Their data corresponds well with that of Richardson and Webb,20 obtained
by other methods. Ray has studied (concurrently with this investigation)
activities of Cuzo, NiO, Co0C and FeXO in ternary Nazoszo—Sioz solvents;
his study apparently has not been published, and only an abstracted

summary was available to the writer.

¥ Steel has presented a very concise survey of the development and

application of solid electrolytes and high temperature galvanic cells,
together with a complete bibliography referring to their uses. Even
though such solid electrolyte cells have not been previously used to
study complex glass systems, Steele's article is still relevant to
thiswork. Inclusion of any of his material here, however, would simply
be repetitious.

*% CSZ will be used throughout this thesis to designate "calcia-
stabilized zirconia."

U S
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IT. THEORETICAL

A.  General Cell Theory

The method developed for activity deteérminations utilized a variation

of the‘oxygen concentration cell containing a CSZ electrolyte, similar in

principle to those developed first by Kiukolla and Wagner.;5

’

_’Og(pA)"CSZ“‘Oz( ) - (1)

Py
where pA'and pB'represent the oxygen pressures in compartments A and B
respectively, and pA > Pge

-20

Since CSZ is a pure oxygen conductor fromp = 1 atm to p = 10

atm, we may represent the process of electrochemical oxygen transfer as

follows:
Compartment A: ;-02(p ) + 2 = Ozi - .(2)
. 2 A A
. : : 2. oo
- In electrolyte: 07 -0 (3)
| I
Compartment B: 0°” = L 02(p,) + 2e” (&)
: B T 5 2Py

The overall cell reaction thus becomes: %-Oz(pA) = % 02(pB)'

The free energy- for transfer df one mole of oxygen from Py to Py
may be expressed as

1/2

A N ‘
F = RT 1n WE | (5)

Pa
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From the relation

AF = nFe (6)

where n = the number of electrons transferred

F Faraday's Constant - 23011 cal/volt

1]

€ = measured cell output voltage,

we may relate the cell voltage to the oxygen pressures by:

P
_ -RT PR
“measured ~ 2nF n Py ' (7)

If in either compartment we fix the oxygen pressure either directly
or by equilibration of a metal and its oxide, the unknown pressﬁre may
be determined by Eg. (7).

When a mixture of solid metal A and its oxide AO are placed in com-
partment A, an equilibrium oxygen pressure is established, which is
related to the standard free energy of formation of AO, according to

reaction (8).
1 v
A(s) + 5 02 = Ao(s) (8)
The free energy for this réaction may be written

1/2
AF = AFXO +RP (ln a,. - 1n pA/ (‘02)); (9)

AO AO

at equilibrium AFAO = 0, and



i/g(oz) = RT 1ln a

—AFAobf RT lp P 20°

(10)

In compartment B, we place & mixture of metal B and its oxide BO.

The half cell reaction for this compartment may be expressed as

BO(s) = B(s) + %ﬂQz

and

AFB

vAﬁ egquilibrium AFBO = 0, and

Ao L 1/2 -
_ AFBO RT In p, (02) = -RT 1n ag, .

The overall cell reaction may be expressed as
A + BO = AO + B;

summing (10) aﬁd (13)

1l/2
( o o ) . .pA/..(Oz) . .aAO
“AQ BO 1/2
ra/2(02) °Bo

If ay, = 1, ﬁe find from (5), (6) and (7),

o - 8 .
-nF (¢ _Ecell) RT 1n &,.

- A0 4 1/2 .
o = OFg, + RT (1n Py (02) - In aBO).

(11)

(12)

(13)

(1k4)

(15)

(16)_
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In the event that A and B are the same metal, Eq. (16) reduces to

-nFecell = RT 1n 8y (16b)
The emf output of the cell will give directly the activity of the ’

A0 in solution, relative to the solid standard state, by the application

of Eq. (16b).
_ =nF
20 = @R(FF eenn) - - an

B. Calculation of the Activity of a Becond Binary
Component When the Activity of One is Known

In a two-component system, the activity of the second component

(BO) can now be determined by calculating the activity coefficient, Yo

(where = /N__.), from integration of the Gibbs-Duhem equation
YBo = ®B0/"BO
Nyg @1n v, + N0 dlnyy, =0. (18)

The In Ypo Cen be directly determined from the integration

N30 g0
_ W
In Ygo = - A0 d In vy, (19)
V5o
Npo™

Darken and Gurry have provided an alternate integration by defining a

function,
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in vy -
Opn = f"“égl | (20)
AO N2
“BO
Differentiation of In Ypo T aAONéo and substitution into (18) results

in the expression

PR Ye
J ang, . (21)

Npo~t

10 Yo = =0 p0lpo -

This may be evaluated. graphically.

C. Partial Molar and Integral Thermodynamic Functions

If the cell reaction is written

AO(solld)a=l > AO(glass)a<l (22)
the free energy of this reaction (AFrxn) may be expressed
AF pn = BT 1o #20(glass)" (16c)

The free energy expressed in Eq. (16c) is recognized as the partial
Sl : :
molar free energy (AFAO) of the oxide in solution. Similarly, having
obtained a,  from either Egs. (19) or (21), the partial molar free

energy for the second component may be found from

AFy- = RT 1n ag.. (164a)
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The integral free energy of mixing (or formation) of the solution from

its components according to the reaction
A0 + BO » ABO,(glass) (23)
may be obtained from
AF . =N, AF  + N, AF_ . (24)
The partial molar entropies may be calculated from the relation
dF = -~ SaT + VaP ~.‘(2‘5)
where, at constant pressure

9AF —
<—3—'f) = - AS ., : : (26)
p .

The partial molar entropies for component AO (Eq. (22)) may then be
obtained from the slope of the cell voltage vs. temperature according to

Egs. (16b), (16d), and (26).

EY _ = _
-nF BT}L T ASAO =" AScell reasction . (27)

The partial molar enthalpy of component AO is simply the heat of the

cell reation (22), and may be found by either of the following relations:
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— o H_..... _ . AEE) . :
AH, 5 = AFAO + TASAO = - oF [e - T(BT p] | (28a)
or
(M) . |
a\_ T = AH assuming AS,, constant : (29a)

A0?

with temperature. The integral entropy of mixing may be found by apply-

ing the equation

85 ix = VaoBSpo + VpohSp00 (30)
where Zgéo has been calculated from (16d) and (26).
The integral enthalpy is readily determined from
M. = AF + TAS . (31)
(AFmix) »
3 ﬁ_'_g_ = M (29p)
o(t)
or
M ix = N My * Npg Mgy - | (28b)
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D. Activities Referred to Pure Supercooled.
Liguid Standard State

If one wishes to compare calculated partial and integral molar
functions with these same quantities for ideal molecular solutiomns, the
activities of A0 in solution must be referred to the pure supercooled

liquid AO, by adding the appropriate thermodynamic quantities for Eq. (32).
AO (supercooled liquid) - AO (solid)ad (32)

to those same quantities for Eq. (22). By comparison of the resulting
sum with the same functions for ideal solutions, excess quantities may
be readily determined.

If the heat capacities of both the pure solid and the supercooled
liquid are known, as well as the heat of fusion, the free energy for

reaction (32) at any temperature may be found by integration of

Ty, Ty
f ACpdT
 %s501id
AF = - STy dT = =R 1In = =1 - -R 1n K (33)
T R liguid =
2

Ty

from which the activity of the .pure solid relative to the pure super-
cooled liquid, (K), may be found.
If heat capacity data are not available, KAO may be related to the

heat of fusion (AHF) of A0 by the relation

LS
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o I |
c “ln Ky = TR (l T ) | (3k)

vhere TF = the melting temperature (°K) of puré AO. This assumes that

the heat capacities of the pure solid and supercooled liquid are equal

below Tf. This is generally a good first approximgtion. (See éppendix D).
The solubility limits of both components A0 and BO may be found by

the points of intersection of plots of the measured activities and the

activities of the pufe solid (when both are referred to the same standard

state) vs. temperature.
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III. EXPERIMENTAL PROCEDURE

A. 'Glass Production

The NiO glass was prepared by mechanically mixing weighed quantities

of Baker's analyzed NiO with sodium disilicate glaSs* obtained from the
Philadelphia Quartz Company. Each mixture was then heated in a Pt
crﬁcible at 1200°C for 12 hours in air to insure homogeneity. The
Co0-NS, glass was prepared in a similar fashion, the CoO being prepared
before mixing from vacuum decomposition of chemically pure Co;0, powder
at 1000°C.

The Feg.g50-NS, glasses were prepared by adding Fe,0; + Fe in the
proper ratio to give hypothetically stoichiometric FeO. This three-
component mixture (Fe + Fe,04 + NS,) was packed in Fe crucibles and
placed in a vacuum quench furnace. After evacuation to '.\JlO_LL torr, the
furnace was back filled with purified argon, the glass batch lowered
into the hot zone and held in static argon for 12 hours at 1000°C. Upon
quenching, the resulting glass was characteristically blue at low total
FeO concentrations and greenish-grey with higher (2,30 weight %) amounts.
There was also a trace of residual Fe metal on the surface, as would be

expected from the reaction
Fe + Fe03 -+ 3Fe, 450 + .15 Fe . (35)

All glasses were ground to powder in an Al,0,; mortar just prior to use

in the individual cell experiments.

* Trade designation: SS-C (powder).
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B. .Cell Construction

A schematic diag?am of .the expefimental,set—up is illusfrated in
Fig. 1. The outer electrode was formed by a tWisted.single wrap of
éO mil Pt wire around the outside of the calcia stabilized zirconia
tﬁbé;* the inner electrode was formed by Wrapping'QO.mil wire in helical
faéhion (2 times) around a glass rod to form a coil slightly larger than
the inside diameter of the CSZ tubef This was then bent so that the free

end extended out along the cénter line of the tube. -The coil was then

"spring-fitted" on the inside and forced to the bottom with a piece of
glass tubing, meking a tight fit to the inside. (This snug fit was

‘necessary for successful operation of the cell.) Approximately 1-1/2

grams_of glass powder was mixed With about 1/3 gram of the appropriate
pure metal powder and put into the tube to a level just above the upper
coils., A short piece of mullite thermocouple protection tubing was
placed over the exposed electrode inside the tube, resting on a bend in

the wire jﬁst above the glass level, so as to avoid contact of the CSZ

" - with the wire. A boron nitride plug with a hole just large enough to

accommodate the protruding mullite tube was placed over the upper end of
the CSZ tube to secure the electrode position and to prevent external

material from falling into the glass at any time. The assembly was then

" seated in a Pt support basket containing'avCoors CN-10 cylindrical Al203

(AD998) crucible containing a mixture of powdered Ni metal (certified

chemically pure by the A. J. Mackay Co., Inc.) and NiO powder (Bakers'

analyzed reagent). Connection from the 20 mil Pt electrodes to the 20

¥ Obtained from Zircoa, Solon, Ohio.
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Figure 1. Schematic diagram of the experimental cell assembly,
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. mil Pt extension leads were made with 8 mil Pt wire. This procedure

allowed for easy connection and disconnection without physically upsetting

the packed powder; Additional powder was then added and tightly packed

‘around the tube.

After sealing in a resistance wound furnace, the system was evacuated

Z torr (2x10—8 atm 0,) and filled with argon just

to approximately 10~
before lowering the cell from the cool quench zone into the hot zone. It
was found that the dﬁration of ‘evacuation (which varied from 1 hr to

2 days)_had no effect on the cell performance. Measurements of cell
output were begun about one hour after lowering. This seemed to be
sufficient time for thermal equilibration and stabilization of the enf.
The cell and>thermocouple butpﬁts were recorded on a high impedance
Honeywell Electronik 19 potentiometric recorder. The thermocouples were
Pt-PtgyyRh,¢. Chromel—alumél couples were tried, but found unsatisfactory

in the reducing atmosphereiof the cell environment.

The residual oxygen rehaining in the furnace after filling with
L

- argon almost dertainly reacted with the exposed Ni metal of the outer

electrode compartment, reducing the O, pressure in the system to the
equilibrium pressure of an Ni/NiO mixturef Any possible pickup of
residual oxygen by the glass in this static environment would result in
ineonsequential alterations bf‘fhe metal éxide content of the glass.
Polarization and revérsibilityvof the cell were checked for either
by short circuiting the cell for a few seconds with constant emf monitor-

ing or by imposing briefly an emf (with a potentiometer) across the cell.

"All cells returned promptly to:their‘original emf'whqn the disturbance

was eliminated.
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Equilibrium was verified both by holding the cells isothermally for
long periods of time (2-3 days) without evidence of drift of the emf
output and by continuously monitoring the cell voltage as the temperature
was raised and lowered. If in a cooling-heating cycle; the electro-
chemical equilibrium is not achieved as fast as the temperature changes,
at any selected temperature one would expect to see higher emf values
upon cooling than upon subsequent heating (i.e., a hysteresis effect of
emf vs. temperature). Such was not the case with these cells. It was
found that continuous cycling gave a reproducibility for any cell to
-t 1 mv irrespective of the rate of cycling. The fastest rate of furnace
cooling or heating was approximately 1°C/min. At faster rates, it was
found that the temperature differences between the cell and furnace wall
exceeded * 1°C. Generally, the cooling rates were of the order of
to 5°C/min. All cells were monitored over at least one full cycle of .2
cooling and heating.

At temperatures above lOOO°C, stability and reproducibility became
difficult to obtain, due to a tendency for downward drift of the emf of
all cells. This behavior is characteristic of some side reaction within
the cell not associated with the cell reaction. It was not possible to
define the specific nature of the drift, but it may be due to attack of
the C5Z electrolyte by the glass, thus altering the metal oxide activity
in solution. Such a downward drift would be characteristic of the intro-
duction of oxygen into the glass. Since this drift was similarly
noticed in a special cell designed to separate. completely the electrode

compartments from each other, it is felt not to be the result of 02



s

b

-2]-

transfer from the Ni/NiO reference electrode to.the glass through the
surrounding atmosphere, but rather to some other undefined reaction.
This reaction could be. dependent on increased. oxygen diffusion through

the electrolyte at high temperatures since microscopic examination of

" a sectioned cell showed no evidence of chemical reactions. Consequently,

data reported for 1100°C are taken from extrapolations of € vs. T curves
on the assumption that the partial molar entropy of the dissolved oxide

does not chaﬁge with temperature.
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1v. RESULTS

A.AAThe,Systém.FeO—NSZ

Experimental studies of the activity of FeO in sodium disilicate
~glass were made in a cell of the type

Ni/NiO | CSZ Il Fe/FeO_, + NS,. .

<1
Ni/NiO was used as the reference electrode because its standard
free energy of formation, hence its equilibrium ongen pressure, has
been established very accurately. It is perhaps the most common
reference electrode used in solid electrolyte galvanic oxygen cells,
The standard free energies of formation of both NiO and FeO were taken
. N . 21 22 .
from the compiled data of Elliot and Gleiser, Ray has reviewed the
work of a large number of investigators and concluded that Elliot and

Gleiser's tables &re more consistent with the accumulated data than

values from any one other source and, therefore, should be preferred -

*
over others.

The overall cell reaction may be written

Fe + NiO = Ni + FeO . (36)
. a<l
By adding the free energy of the reaction 1
FeO(s) + Ni(s) = NiO(s) + Fe(s) (37) "

&J

¥ A cell of the type Ni/NiO |l CSZ |l Fe/FeO was also set up, and the
output found to agree to * 1 mv with the theoretical output calculated
from the tabulated data of Elliot and Gleiser.
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to the measured free energy (-nFg) of the cell reaction, one obtains the
free energy of reaction

FeO(s)a;

—l_= FeO(in_glass)a<l (38)

The'activity.of the dissolyed FéO(a;eofrrelative to the solid standard
state.may be calculated from Eq. (17).

Thevisocompositional cell output (in volts) vs. temperature is
presented in'Fig. 2., FEach line represents an éverage of at least two
trials for the particular glass under invéstigation. The variation of

\

calculated activity with temperature for each composition is given in

. %
Fig. 3. The isothermal dependence of activity (aF ) on composition may

e0
be seen in Fig. L, For the sake of clarityg error limits are not shown
in Figures 3 and L, but they may be readily calculated from Eq. (17),
assuming aﬁ a?erage uncertainty in éell output of #* 2‘mv.

VThe activity of the oxide relative to the pure liquid étandard
state may be obtained by multiélying the measured activity by the
activity of the pure solid referred to the pure liquid standard state--
see Eqs. (33) and (34), and Appendix F. Activities referred to both

standard states are listed in Appendix A, and a plot of activity

(refefred to pure liquid) vs. composition is given in Fig. 5.

t a* will be used in the remainder of the text to designate activities -
of oxides relative to the pure solid standard state; a¥¥* will designate
activities referred to the pure supercooled liquid standard state.

i
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The activity of NSz relative to liquid NSz was found by graphical
integration of the Gibbs-Duhem equation. A pldt-of NFeO/NN82 vs 1ln
Y*FeO is given in Fig. 6, and the activities of NS, calculéted from this
method using Eq. (19) are shown in Fig. T and tabulated in Appendix A.
By determination of the temperature where the activity of the dissolved
oxide is equal to the pure oxide (either by measuring directly when the
output emf for the cell reaction (37) equals zero, or by extrapolating
the activity vs composition curves to the activity of the pure oxide),
one can readily ascertain the FeO liquidus line for the binary system.
The FeO liquidus obtained in this investigation is shown in Fig. 13 and
is_seen to be in good agreement with that obtained by quenching methods
of Tbrehim and Carter,t

The partial molar free energy of the dissolution of solid FeO in
NS glass is obtained directly from the temperature variation of the
partial molar free energy of the cell reaction by using Eq. (27). The

partial molar free energy for the reaction
NS,(pure liquid) = NS,(glass) (39)

may be similarly obtained from Eq. (16d) using activity values calculated
from the Gibbs-Duhem integration. The integral free energy of mixing

so0lid FeO with liquid NS: according to reaction
xFeO(s0lid) + yNS,(liquid) = xFeO+yNS,(glass) (Lo)

is then calculated from Eq. (24). These data are presented in Appendix A

and graphically illustrated in Fig. 8. The partial molar entropies
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— — *

(ASFeO’ ASst) and the integral entropy of mixing (Asmix) as well as the
N —d E . 3 I3 -

partial molar enthalpies (AHFeO’ AHNSQ) and the enthalpies of mixing

("

*% :
i % Aﬂmix) are given in Figs. 9 and 10.

The thermodynamic functions pertaining to the mixing of the super-
cooled hypothetical liquid with pure liquid NS, must take into account

the reaction

FeO(supercooled liquid) = FeO(solid) (L1)

by. adding the partial molar functions for the above reaction to those
calculated for reaction (L0).

Since the heat capacity data for the supervooled liquid FeO is ﬁot
available, the_éctivity of the pure solid FeO relative to the pure liquid

standard state was estimated from the relation

- ln(as/al =1l)=—(1~= (34)

where Hf = 8500 cal/mole and Tf = 1367°C (1650°K). Eq. (34) results from

integration of the van't Hoff equation

a1 K _ M
dT ~ RT (h2)

where K is the equilibrium constant (a

solid/

814 quid = 1) for reaction (k41),

by assuming that the heat capacities of the solid and .supercooled liquid

are equal over the temperature interval of consideration, partial and
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integral thermodynamic functions for the reaction

xFeO(supercooled liquid) + yNS2(liquid) = xFeOsyNS,(liquid glass)  (43)

nay be calculated from the combination of the measured data with that

: ) " ' (_,ﬁ* *R %% *%
data calculated for reaction (41). These AFFeO’ ASmix’ AHFeO’ AHmix’
B AR ) d in Fi 10, and 11 tivel |

peo? OF, ;) are presented in ;gs..9, , an respectively.

The NS»2 liquidus was found by determining the temperature of inter-
section of the NS, activity vs temperature lines for each glass composi-
tion with plots of fhe,activity of solid NS, (referred to pure liquid)

vs temperature.calculated from the free energy change of the reaction
NS,(solid) = NS,(liquid) (lh)

- by integrating'the heat capacity data of Kelley, according to Eg. (33).
These data are presented in Fig. 12, and both liguiduses are plotted on
a proposed phase diagram in’Figs; 13 and 38. (See page 69 for a dis-

cussion of Fig. 38.)

Experimental_detérminations of the activity of CoO in NS, glass

were made in a cell of the type
Ni/NiO || «CSZ W Co/CoOa<l +‘NSZ .

Initialiy, a mixture of Co/Co0 was tried as the reference electrode
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rather than Ni/NiO, but it was found that this mixture caused the Pt
electrodes to become brittle, and was, therefore, unsatisfactory for
extended cell runs. As with the FeO-NS, study, the data of Elliot and

Gleiser21 was used to calculate the standard free energy for the reaction
. ¥ ’
Co0(s) + Ni(s) = Co(s) + NiO(s). - (45)
. Adding this to the overall cell reaction

Co(s) + Nio(s) = CoOa + Ni, . (46)

<1

one obtains
Co0(s) = CoO(in glass)a<l, ' - (bT)

to which Eq.'(lT) may be applied for activity determination.

The isocompositional.cell output (in volts) vs temperature is
shown in Fig. lh; Each line represénts the éverage of two or more
trials and the uncertainty is #2 mv. The variation in activity of CoO
with temperature for each composition is presented in Fig. 15, and fhe
isothermal activity-composition plots are given in Fig. 16. 1In both
figures, thévactivity of Co0 is presented relative to pure solid CoO.

The activity of solid Co0 relative to the pure supercooled liquid CoO

. % As with the FeO experiments, output of a cell of the type o1
"Ni/NiO Il CSZ lI Co/Co0 agreed well with the data of Elliot and Gleiser.
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was estimated from Eq. (34). The'entrbpy of fusion (ASf) %as aséumed
to be the same as for FeO (L,54 cal/mole®C), and the heat of fusion
'(AHf) was found from the'product‘TfASf, (Tf=2078éK),‘giving AHf = 9L3L
cal/mole. The estimated activities of solid CoO relative to the pure
liquid CoO sténdard state,band the approximate free energies for the

reaction
qu(solid) = CoO(supercooled liquid) o (L48)

are presented in Appendix F. Activities of CQOIin NS2_glass solution
referred to both standard states are listed in Appendix B, and isothermal

Lot *%
plots of 8000

vs composition are given in Fig. 17.

The activity coefficient of NS2 relative to pure liquid NSz was

- found from- graphical integration ofvthe modified Gibbs-Duhem eduation,

‘as_presented in Eq. (21). Plots of the alpha~function for foui tempera-

. tures afe given.in Fig.‘lB, and activities calculated from this integra-

tion are presented in Fig. 19._ They are similarly listed in Appendix B.
The partial thermodynamic functions for Co0O and NSz were obtained

in the‘ same manner as for FeO (see pp. 11-13). The partial molar free

energies for CoO and NS2, and the free energy (AF:i ) for oﬁe reaction

X

xCo0(s) + yNS,(1lig.) = xCoO-yNS;(glass) : (L49)

are plotted in Fig. 20 and listed in Appendix B. The partial molar free

‘ xx
energy of Co0 (AF

, ' o *%
CdO) énd the free energy of mixing (AFmiX) for the
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reaction

xCoO{supercooled liquid) + yNS,(lig.) = xCoO.yNS,(glass) (50)

are plotted in Fig. 21 and listed in Appendix B. The partial molar

s (——* —k ¥ vy ) . . . .
entropies ASCOO’ ASCoO’ ASNSZ and the ;ptegral entrop;es of mixing

*® *% ) . . (._x —% ) N
(Asmix’ 85 ;) partial molar enthalpies Moo Moo AHNS2 and the
* *% '
enthalpies of mixing (MH . , AH . ) for reactions (49) and (50) are given
mix’ = mix
in Figs. 22 and 23 respectively.
The NS, liquidus was determined from the intersection of plots of
the measured activity of NS; with a plot of the activity of pure solid
NS, relative to the pure liquid standard state. This is presented in
Fig. 24. This solubility data, combined with the CoO liquidus data,
* %

determined by intersection of the a curves with a, .=1.0, allows a
Co0 Co0

tentative phase diagram for the pseudobinary system CoO-NS, to be pro-

posed. This is illustrated in Fig. 25,

C. The System NiO-NS»

Activity measurements were made in the NiO-NS, system by means of

a cell of the type

Nl/NlQ i CSZ |l Nl/N10a<l+NSZ .

‘Since Ni/NiO is used as the reference electrode, the overall cell

reaction simply becomes

NiO(solid)a = NlO(glass)a<l._ : (51)

=1
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Equation (17) is thus applicable for determination of a;io.

The isocompositional cell output (in.volts) vs temperature is
shown in Fig. 26. As with the Co0 and FeO studies, each line represents
the average of a minimum of two experimental determinations for each
composition. The uncertainty is *2 mv. The variation of a;io with
temperature for each composition is shown in Fig. 27, and the isothermal
" activity-composition plots are given in Fig. 28. Assuming an entropy
of fusion of 4.5k e,u. (the reported value for FeO), and enthalpy of
fusion (MH,) of 10161 cal/mole was estimated at T,(Ni0)=2238°K. The
activity of pure soiid NiO relative to the hypothetical supercooled
liquid NiO was estimated between 800° and 1100°C from Eq. (34). These

activities and the free energies for the reaction
NiO(so0lid) = NiO(supercooled liquid) (52)

are presented in Appendix F. The estimated activities of NiO referred
to this supercooled liquid NiO (agzo) are given in Appendix C and
graphically presented in Fig. 29.

| The activity of NS, relative to the pure liqﬁid was calculated
from integration of Eq. (21). Plots of the alpha fﬁnctions for the
temperatures of consideration are given in Fig. 30, and the calculated
activitiés are plotted vs. composition in Fig. 31.

The partial molar thermodynamic functions were calculated in the

same manner as for the FeO and Co0 systems. The partial molar free

) —
energies (AF

R K ]
Nio® AFNSZ) and the free energy (AFmiX) for the reaction
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(referred to pure supercooled liquid NiO) on composition.
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Figure 30. Alpha function plot for determination of the activity of
NS, in the NiO-NS, system by integration of the modified
Gigbs-Duhem equation,



-60~

WEIGHT % NiO

0 2 4] 6 8
1.0 T ™ T ] T T I T |
— /; —
L9 %,
7 (4
= <7‘)
o $
{4
hy
)\
N4
/‘*-r
8 AN
\
\
\
| L ]
0 N .2
: NNSg
' XBL 699-1425
Figure 31. Activity of NS2 (referred to the liquid standard state)

calculated from integration of the modified Gibbs-Duhem
equation. (One curve is drawn to represent all temperatures
between 800° and 1100°C. Over this small range of concen-
tration, the experimental uncertainty is too large to
distinguish precisely the temperature variation on activity
of NSE)' The estimated uncertainty in these data is 2%.
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xMi0(solid) + yNSz(liquid) = xNiO*yNSz(glass) (53)

_are plottéd in Fig. 32 and listed in Appendix C. ‘The partial molar free

i %%
energy of NiO (AFNiO)'and the free energy of mixing (AFmix) for the -

reaction
: xNiO(supercooled liquid) + yNSz(liquid) = xNiQ*yNS2(glass) (54)

are plotted in Fig. 33 and also listed in Appendix C;, The partiél molar
T ,’(AS | v.AS . = : _

entropies {85y 4s Byio0 “Syg,

* *% :

: — %% .
(Asmix’ ASmix); partial molar enthalpies (AHNiO’ AHNiO’ ZﬁﬁSg) and the

) and the integral entropies of mixing

* * % . .
enthalpies of mixing (AHmi . AHmix) for reactions (53) and (54) are

X
given in Figs. 34 and 35 resPectivély.

The NSz liquidus was determiﬁed by the intersection of the experi-
mentallykcalculated %NSz Vs temperaturevplots, with ﬁhe plot 6f the
. activity of pure sélid NSz relative to the pure liquid standard state.
This graph i$ presented in Fig. 36. The'solubility data for NiO was
vdetermined either by intersec?ipn of the a;io curveé with g;io=l

(Fig. 27) or by intersection of €, vs temperature with € =0,

ell cell

These liquidus date allow one to construct a tentative phase dilagram
for the NiO-rich end of the pseudobinary NiO-NS:2 system. This is given

in Fig. 37.
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Figure 34. Entropy plots for NiO and NS,.
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Figure 37. Proposed phase diagram for the N_iO-NSé system.
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V. DISCUSSION OF RESULTS

A.  .The System FeOQ-NS,

1. 'Phase Relations

A plot of the experimentally determined liquiduses for the precipita~-

tion of crystalline FeO and NSZ is given in Fig. 13, superimposed on the
published binary diagram of Ibrahim and Carter.ll It is seen that there
is good agreement between their FeO liquidus, determined by quench
methods, and the liquidus found in this study by intersection of the
measured activity curves with the activity line for pure solid FeO. The
NS, liquidus calculated from this study does not agree at all with that
‘of Ibrahim and Carter;ll the calculated curve being much lower than the
published one. In fact, the freezing point depression of the NS, by the
addition of FeO is so severe that extension of the FeO liquidus to a
point of intersection (assuming a simple binary eutectic diagram) would
result in a eutectic at an unreasonably low temperature. A freezing
point depression of the magnitude proposed by Ibrahim and Carterll could
’result only if the FeO in solution exhibited a positive deviation from
“ideality.

There is little question as to the reality of the negative deviation
indicated by these emf experiments, since this phenomenon has been
qualitatively demonstrated by two other independent methods of investi-
gation:

(1) The melting of FeO glasses containing 26.74 weight % FeO
(NFeO=.h9l)and 29.80 weight % FeO (NFeo=.528) was at one time attempted
in an atmosphere of CO/COz at a ratio of 10:1 at 1000°C. The results

indicated that the 26.74% glass melted satisfactorily, but there was
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definite evidence of decomposition of the.29.80%vglass. Calculation of

the meximum activity of FeO.which is stable according to the reaction
Fe + COp = CO + FeO _ (55)

at a 10:1 CO/CO, ratio at 1000°C yielded a value of a_ .=0.233 (see

FeO
Appendix E). The successful formation of the 26.T4% glass is indication
that the activify,of FeO iﬁ this composition is very near the maximum
value of 0f233. This is in accordance with the overall data which has
been obtained by emf measurements.

23

(2) Guiot has also investigated thevactivitiesvof FeO in NS,

glass by use of the formation cell
Fe Il FeO + NS,(glass) Il 0,(Pt). (56)

Although the results of this independent experiment are not quantitative,
due to the unknown magnitude.of the electronic transference in the glass,

they compare gqualitatively with these data, indicating an even stronger

»negative deviation than this study indicates. The possibility of any

positive deviations of FeO activity from ideality is then ruled out by
the coincidence of the resuits of these three independent observations.

| Carter and Ibrahim'sll NS, liquidus is not thermodynamically pos-
sible, However, the.experimental data of both Cérter and Ibfahimll and
this study can be resolved 5y reconstruction of the binary phase diagram
as presentéd in Fig. 38. This may be done by postulating the existence

of a previously unreported compound of the formuia FeNa,Si,0¢ (alternately
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FeO;N320028102), and concurrently sqggesting that,the experimental data
of Ibrahim and Carter. is too incomplete.to:warrant»the construction of
the binary diagram FeO-NS, as they have pfesented»it.

'They dovnot exclude this possibility. in the text of their publicép
tion by saying on page 1kog "'...(Melts along the join 2Fe0+Si0,-Na;0+25i0;,)
did'notvcrystallize easily, and certain of them required three or four
days' heat treatment before the initial crystals appeared..." - On page
152 they report, "...Greatest difficulty was experienced in crystallizing
compositions (along the 2FeO4SiOZ—Naéo-QSiOZ join) between 50 and 60
(weight) percent NS,. (These compositions are slightly richer in iron
than the postulated compound FéO-Nazo-QSioz). Thus only one or two
crystals were seen after heating the 47/53 melt for one week at 6lb°C.
The same épeéimen heated for 125 hours at 590°C developed (a fine
strﬁctﬁre) resembling a eutectic, although the (matrix) was glassy..."
Further, on page 155 they state "...Melts (along the join Fe0+SiO,~
Na,0+810,) containing 35 and more (Weight) percent NS, were éompletely

glassy after. furnace cooling..."

The postulated compound composition
occurs at the 50/50 point along this join.

Although they present oﬁe experimentai point for the liquidus at
SQ mole percent FeO in the FeO—NSz binary, no other experimenfal points
for definition of this curve are given. If one accepts the validity of
this point on the aésumption that they may have been incorrect in dis-
cerning the na%ure éf the crystalline proaucts resulting, it becomes
easy to incorporateﬂall their obser#ations into the modified diagram in

Fig{ 1h. It is not possible by these experiments to ascertain the

liquidus between the 50 mole percent composition and the calculated NS,
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liquidus. A possible liquidus has been drawn in with dashed lines to
illustrate the qualitative shape of the diagram. Schairer, Yoder and
KeeneeLl have also presented a preliminary ternary diagram for the system
Na,0-Fe0-Si0z, which differs from that of Ibrahim and Ca.:r‘ter.:l':L These
diagrams are presented in Fig. 39. Schairer, et al.2h have broken up

the primary phase field of NS, into two divisions with a speculative
eutectic (indicated by the dashed line) at approximately 16 weight percent

FeO (N_,_ =0.32L4) on the FeO-NS, join. Assuming the eutectic as this com-

FeO
position, the results of this study indicate the eutectic temperature to
be WH85°C. Schairer et al.2h show another eutectic at about 35 weight

11

percent FeO (N_ .=0.59) which corresponds to that of Ibrahim and Carter.

FeO
Between these points, they have suggested "several fields."
They have, however, indicated the 800°C isotherm intersecting the

FeO-NS, join at approximately 14 weight percent FeO (N, =0.30). This is

FeO
not in agreement with either Ibrshim and Cartert (who establish the 800°
liquidus point at 23 weight percent FeO), or this study (which fixes the
800° NS2 liquidus point at approximately 8 weight percent).

AMternatively, a liquidus of the shape indicated in Fig. 14 may be
explained by assuming that the FeO-NS; syétem is not a.true binary_(as
stated by Ibrahim andearterll). This would require that the join FeO-NS,
extend acrossvthe primary phase field of some other compound (not NFS)
in the FeO—NaZO—SiOZ ternary system. To do this, either the boundaries
of the primary phase fields shown in the diagrams of Schairer et al.2h
and Ibrahim and Carterll must be reconstructed; or one must propose the

existence of some compound other than NFS, whose primary phase field will

encompass the region between the two eutectics in Fig. 14. Likely
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candidates are NFSq,”Nsta,'NFss and/or NFzSg.' None of these compounds
have been identified, but would be found within the region designated
"several fields" by Schairer et al.21¥ Confirmation of this will have to
await direct observation of these compounds.

The results of this investigation indicate the value and utility of

thermodynamic studies in providing informetion about phase diagrams. It

is a tool which can be used to particular advantage in glass systems which

tend to supercool readily and crystallize slowly, thus circumventing the
difficulties inherent in quenching techniques.

2. ‘Structure

Any interpretation of the structure of molten silicates based solely

upon thermodynamic studies must be made with great reservation. Bockris2

has pointed out that thermodynamic properties do not give direct infor-
mation on problems of structure, but rather act as an impartant check
on structural theories derived from other data, such as electrical con-
’ductivity, viscosity, etc. Flood and Knapp26 have developed models for
the structure of borosilicate melts containing a single network modify-
ing cation, based solely upon the thermodynamic properties of the pure
componepts involved and the shapes of the liquidus curves. Such models
are of limited applicability, and are not particularly definitive even
for selected systems. In general,.however, large negative deviations
from ideality may be interpreted as a tendency toward complex ion forma-
_tion by the individual components, and positive deviétions indicate

tendencies toward exsolution of the particular component. The extremely

negative deviations found in the FeO-NS; system are then taken as evidence

that FeO is readily incorporated into the structure of the solvent NS».
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Additional evidence of .structural changes‘inuthe.glass may be seen
from the variation -of the entropy of mixing and the partial molar entropy

of solution of the components. This study indicates that the ngeo tends

to a minimum at approximately N __.=0.3 and goes through a maximum at

FeO

NFeO=O.5. This is taken as a qualitative indication of a disordering
process with respect to the distribution of FeO in the atomic lattice

between N =0.3 and N OfS. The partial molar entropy of NS, falls teo

FeO FeQ

zero at N 5. Since this is the composition of the proposed compound

Fe0=0’-
FeO+Na,0+28i0,, this might be interpreted as a partial ordering of the
soda-silica lattice as would be necessary for hucleation of a crystalline

27

phase. Richardson™' has pointed out that liquid compounds are probably
structurally similar to the solid phase, except that they are lacking

in the long range order of the crystalline structure.

'B.. The System. CoO-NiS,

1. Phase Relations

From the experiméntally determined liquidus lines and the known
melting points of Co0 and NS, a simplé eutectic phase diagfam has been
éonstructéd in Fig. 27. There is no known published information on
ﬁhase felétions in either tﬁis pseudo—binary system or in the ternary
system CoO-Nap0-8i0,. The solubility limits of CoO in NS, are, however,
"in qualitative agreement with. interface compositions for CoO—NSz dif-

. fusion couples.8 Because of the general chemical similarity between
Fe2+ and_Co2+ in silicate systems Co-silicates analagous to the postulated

 Fe-silicates may also exist in the system Co0-Na,0-5iC,. The displace-

ment of the Co0 and FeO liguiduses as functions of composition and
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temperature indicate, however, that analagous compounds may have differ-
ing stebilities at high temperatures. For.eXample; Figs. 14 and 27
suggest that NaZO'FeO°ESi02 may melt congruently, whereas Nay0¢Co0+25i0;
(if it exists) may melt inéqngruently. This 1s speculation, and con-
firmation rests with further investigation of the phase relations in this
system.
2. Structure

It may be seen from comparison of Figs. 5 and 19 that CoO exhibits
strong negative deviations from ideality in the same manner as FeO in
NS, solvent. Figures 9 and 23 further indicate practically parallel
variation of the partial molar entropy of the metal oxide with composition
up to the solubility limit of CoO. This suggests that Co0 and FeO are
isostructural on an atomic scale. The negative slope of the partial
molar enhtropy curve of CoO and FeO is the result of a reduction in the
available sites for distribution of the Co0 and FeO within the NS, matrix
as the oxides are added. As original sites are filled, however, the /
addition of oxygen increases the 0/Si ratio above the initial 2.5, thus
breaking down the atomic network structure by increasing the number of
unshared oxygens. This structural disruption thus provides additional
sites for incorporation of the metal oxide cations. The result of these
two opposing factors--the filling of the matrix with oxide cations and
the structural randomization resulting from an increasing 0/Si ratio--is

a minimum in each partial molar entropy curve for CoO and FeO.
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C...NiO-NS2

1. ‘Phase Relations

‘As with Coo; thére’are no reporfedﬁstudies of phase relations in
the systems NiO-NSz or NiO—NazO—SiOZ. The solubility data détérmined
here enableé one to construct a simple eutectic diagram as shown in
Fig. 37. The NiO liquidus has been extendéd to the mélting point of
pure NiO, since no compounds other thah the pure end members have been
identified in this system. The eutectic determined from intefsection of

the liquidus lines occurs at NNi =0.12 at 830°C.

_ 0
2. ‘Structure

| Due to the estimation of the heat of fusion of NiO at femperatures
far below its melting point, it is not possible to obtain quantitative
values of QE:O from Eq. (34). The curves presented ih Fig. 31 are there~
fore semiquantitative, based upon the assumption that the heat capacity
of the solid NiO and the supercooled liquid NiO are equal--that is, the
heat of fusion 1is constant at all temperatures. At temperatures far
below the normal fusion temperature; the assumption may not be valid.
For this reason, one cannot say with certainty that the'a;:O curves of
Fig. 31 really extend above the Raoult's Law line, thus indicating a
positive deviation from ideality. No interpretation of structure based
bn such a deviation can be made. Qualitatively, NiO appears to show less
vnegative deviation than either CoO or Fe0 in NS» solution, indicating
that it is not as readily incorporated into the glass structure, and
probably has less tendency for form complex lonic species with the

solvent than do either CoO or FeO. Further structural interpretation

requires other non-thermodynamic data.
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VI. SUMMARY

The solid electrolyte galvanic cell method has been adapted to the
measurement of thermodynamic properties of FeQ, Co0 and NiO in sodium
disilicate glass solutions over the température interval T00°-1100°C.
Activities of these oxides (relative to the pure solid oxides) have been
determined as a function of composition and temperature, and thus pro-
vide a more substantial basis for predicting and interpreting chemical
reactions between these glasses and metals or other oxides. It may now
be possible, for example, to relate the degree of wetting and chemical
bond formation to the glass composition in a more general way than before
these studies were carried out. Similarly; these data are fundamental
in defining conditions under which metallic dendrites will form in glass-
metal systems.

The oxides of iron, cobalt, and nickel &1l show negative deviations
from Raoult's Law with iron being the most negative, and nickel the
least. These are interpreted to mean that the oxides are incorporated
readily into the glass structure, possibly forming complex ionic species
with the silicate solvent. The partial molar entropies of solution for
these oxides indicate that definite structural changes in the glass occur
as the oxides are added--changes which manifest themselves in an increase
in the number of atomic sites available to accommodate.additional net-

. work modifying ions. This is in agreement with the Zachariason concept
of glass structure based on 0/Si ratios.

Calculation of a partial phase diagram for the pseudobinary s&stem

‘FeO-NS2 indicates discrepancies between this study and published studies
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of the FeOQN82_system. These discrepancies’are,resoived_by the author
by postulating the existence ‘of one or more unreported compounds in the
ternary system FeO‘NazOPQSiOz. ~Buch compounds have not been previously
identified»because of the:difficulties involved'in getting glasses of
approximately that composition to ecrystallize within reasonable periods
of time. It has been . further speculated on structural grounds than'
analagous compounds in the system CoO‘NaZO'QSiOZ may also exist; but if
s0, probably have stabilities different from their FeO counterparts.
Simple eutectic phase diagram for the CoO-NSz and NiO-NS, systems have

been proposed, based upon limited data available from this study.
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Appendix A:

Tabﬁlation of thermodynamic data for the FeO-NS; system

*

*%®

*%

a*¥ refers to the liquid st. state for FeO.

AF and AH data are listed in terms of cal/mole,
AS dats is given in cal/mole °K.

. * S —
¥reo  PFe0 P ®pe0 %re0 ' %m0 Mms, fys; " %ws,  “FFeo  “FFeo  “Fns, “Fmix Fmix  Yreo
Temperature 800°C
.121 .021  -=3.863 .006 -5.093 .,879 . .866 -.1439 -10858 -8236 -307 =1266 -=1583 .050
.127 023 =3.772 .007 -5.002 .873 .858 -.1532 10664  -80k2 -327 -1307 -1639 ,055
.208 .O0hs  =3,101 .013 -4.331 .782 LThT -.2917 - 9233 -6611 -622 -1808 -2L4L13 .063
284 075 =2,590  ,022 -3.820 .716  .619 - 4797 - 81hk  -5522 -1023 -2301 -30L45 .OTT7
.336 115 -2.163 .03k -3.393 .664 .518 -.6578 =~ 7234 k612 -1h0o2 2481 -3362 .101
.388 .180 -1.715 .053 -2.945 612  .405 -.9039 - 6278 -3656 -1927 -2598 -3616 .137
Lk 280 -1.273 .082 -2.503 .557 .295 -1.2208 - 5336 -271h 2602 -2652 -381k .185
491 L4150 - 879 .121 -2,109 .509 .207 -1.5750 - L4496 1874 ~3358 -2629 3917 .246
.528 555 - .589 .162 -1.819 .42 .153 -1.8773 - 3878 -1256 -L0o02 -2552 -3979 .307
.568 L765 - .268  .223 -1.h98 k32 ,105 -2.2538 - 3193 - 571 -4805 -2400 -3890 .392
.603 1.000 0 .292 -1.230 .397 .070 -2.6593 - 2622 0 -5670 -2251 -3832 .48L
Temperature 900°C
.121 .020 -3,912 ,008 -4.,841  .879 .867 -.1427 -11283 -9118 - 333 -1396 -1658 .066
.127 .022  -3.817 .009 ~4.746 873  .859 -.1520 -11061 -8896 -~ 394 -1439 -1T716 .OT1
.208 ok -3,124 017 -4,053 .792 .7L8 ~.2904 - 9Lke 7281 - 677 -2051 -2501 .082
.284 .075 =2.590 .030 -3.519 .716  .625 -.4700 - 8202 -6037 -1095 -2499 -3114 ,106
.336 .108 -2,226 .0L3 ~3.155  .66L  ,530 -.6349 - 7353 -5188 -1480 -2726 -3453 128
.388 .160  -1.833  .063 -2.762  .612  ,h28 -.8486 -~ 6437 k272 1978 -2868 -3708 .162
4h3 235 -1.448  ,093 -2.377 .550 .324 -1,1270 - 5540 -3375 -2627 -2958 -3899 .210
ko1 .325  -1.,124 128 -2.053 .509 .240 -1.Lko71 -~ 4785 -2620 -3326 -2979 -kOh2 .261
.528 Lot - 851 167 -1.780 .412  .178 -1.7260 - L148 -1983 -L023 -2946 -L0B9 .316
.568 ST7T - 550 .228 ~1.479 432 124  -2,0875 -~ 34L7T 1282 U865 -2830 -406O .4O1
.603 750 - .288  .296 -1.217 .397 .085 -—2.h651 - 2836 - 671 -57h5 -2685 -3991 ko1
.638 1,000 0 .395 -0.929 .362 .054 -2.9188 - 2165 0 . -6803 -2463 =384k 619
Note: a¥ refers to the solid st. state for FeO.




' Appendix A: Tabulation of thermodynamic data for the

FeO<-NS2

system (continued)

*%

.50

¥ * ¥ % P — —— :
"rec  %Fe0 1™ %Pe0 %Fe0 P %peo Tws, s, P s, “FFeo Feo  “Fws, Fix “Tmix  Yre
Temperature 1000°C
121 .020 =~3.912 .010 4,587 .879 .867 - .1k27 -9895 -11602 - 361 -1515 -1721 .083
127 .022  -3.817 .0l1 -4, ho2 873 .860 - ,1508 -9655 - 1136 - 381 -1559 -1776 .087
.208 L043  -3.1h47 .022 -3.822 .792 .751 - .286k -7960 - 9667 =~ 724 -2229 -2585 ,106 -
284 076 =2.577  .039 -3.252 .716 .632 - 4589  -6518 - 8225 -1161 -2682 -3167 .137
.336 .105 -2,254 .053 -2.929 .664  .5h2 - ,6125 ~5701 - Th08 -1549 -29hk 3518 ,158
.388 bl -1,938 .073 -2,613 .612 .Lh9 - 8007 -4902 - 6609 -2025 -3141 -380L4 .188
b3 .201 -1.604 .102 -2,279  .557 .349 -1.0527 -4o57 - 576L -2663 -3281 -L037 .230
491 271 =1.306 .138 -1.981 .509 .765 -1,3280. -3303 - 5010 -3359 =-3332 -Lki70 .281
.528 .350 -1.050 .178 -1.725 .42 204  -1.5896 -2656 - 4363 -L0o21 -3300 -Lk202 .337
.568 L65 - 766 237 -1.441 432,14l -1.,9379 -1937 - 36Lh -h902 -3218 -4188 .LiT
.603 .585 - .536 .298 -1.211  .397 .101 -2.2926 -1356 - 3063 =5799 =-3120 -L1k9 Lok
.683 .000 0 .509 - .675 .317 .039  -=3.24k2 0 - 1707 -8206 -2601 =3767 .T45
s?’eo SF:O _Sst HF‘eO HF:O ,HNSz .S;ix S;ix .H;ix .3§§x
7.40 2.86 Lo -403 ~7893 + 135 1.25 .70 75 - 836
7.25 2.71 .Lo -360 -7850 + 115 1.27 .69 55 - 897
5.95 1.41 .52 ~-305 ~7795 - 6L 1.81 LTl T4 -1672
5.65 1.11 .55 603 -6887 - 448 2,00 LTL -155 2277
5.70 1.16 .61 1519 -5971 - 761 2.32 .79 8 -2512
6.00 1.46 .61 2761 -L729 -1261 2.70 el 299 -2610
6.50 1.96 249 Lhoks -324T -2056 3.15 1.14 728 -258L4
7.00 2.46 .12 5612 -1878 -3206 3.50 1.27 1126 2554
7.15 2.61 -.05 6lLo2 -1068 ~LoTh 3.75 1.40 172 ~2L87
7.0 2.46 .29 6948 - 542 =4517 4.10 1.52 1999 -2259
6 1.96 1.08 6949 - 51 -hh17 4,35 1.61 2416 -2080

_gg_



Appehdix B: Tabulation of thermodynamic data for the CoO-NS2 system

*

* *%

* %

AF**

J . . * * %
Nooo  ®coo 1P 8o0  Zcoo M 20 s, s, P %ws,  “Feoo G0 Mys, SThix OFnix Yeoo
Temperature 800°C

.Q5k .020 -3.912 .002  ~6.053 k6 945 - 0566 -8340  -12904 - 121 - 565 - 811 .037
.120 .056 -2.882 .007 -5.023 . 880 ,855 - .157 -olkk -10708 - 334 -1032 =1579 .058
,182 120 -2.120 01k =h.261 .818 .760 - .27h  -4519 - 9083 - 584 -1300 -2131 .O77
221 L1700 =1.772 .020  =3.913 LT79 .690 - 371 =3778 - 8342 - 791 -1h51 -2460 .090
27T .255 ~1.366 .030  =3.502 .723  .590 - .528 -2912 - 7476 -1126 -1621 -2885 ,108
. 321 .345 -1.064 01 -3.205 679 .515 - 664 2268 - 6832 -1Lh16 -1689 -3155 .128
.367 485 - .72k 057 -2.865 .633 ,k425 - .854  -15L43 - 6107 -1821 -1722 -339h4 ,155
Jhbot .715 = .335 .08k 2,476 .593  .340 -1.07h -~ T1k - 5278 -2290 -1655 =3506 .206
437 1,000 O 118 2.1k .563 .280 -1.273 0 - L4seh 2714k -1528 -3522 .270
Temperature 900°C

.05h .020 -=3.912 .003 =5.677 946 .9hk5  -,0566 -9119 -13233 -~ 131 =~ 617 - 839 .056
.120 .056 -2.882 .010  -=L4,6L7 .880 862  -.1h9 -6718 -10832 - 347 -1112 -1605 .083
.182 115 -2,163 020 -3,928 818 .T72 -.259 . -5042 - 9156 - 604 -1411 -2160 .110
.221 .160 -1.833 027  -3.598 779 L7100 -.342 -4389 - 8503 -~ 797 -1565 -2500 .122
277 240 -1.k4k27 Ol -3.192 .723  .610 -.Lok -3326 - T4h0 -1152 -175h -2894 ,1L48
.321 .325 -=1.124 L056.  -2.,889 679  .530 -.635 -2620 - 6734 -1480 -1846 -3167 .175
.367 Lo - 821 075 -=2.586 .633 kb7  -.805 -191k - 6028 -1876 -1890 -3L00 .20L
LoT .590 - ,528 101 -2.293 .593  .370 -.994 -1231 - 5345 ~-2317 -1875 -3549 ,248
L5k .885 - .122 .151  -1.887 .5h6 270 -1.309 - 284 - 4398 -3051 -1795 -3663 .333
A62 1,000 0 JAT71 =1.765 .538 .252 -1.378 0 - h1iah -3212 -1728 -3628 .370
Note: a¥* refers to the solid st. state for CoO.

a¥¥ refers to the liquid st. state for CoO.

AF and MAH data are listed in terms of cal/mole.

AS data is given in cal/mole °K.




Appendix B: Tabulation of thermodynamic date for the Co0O-NS,; system (continued)

*

*

*%

*%

AF®

T

Neoo 2000 1 8%o0  Bcoo P %oo s, s, 1P s, Goo  OFGE0 Frs, MFhix AFRix YFeo
Temperature 1000°C

.054 .020 ~-3.912 .005 =5.356 OL6  .9k6 - ,0555 - 9893 -13545 - 1LhOo - 66T - 864 .093
.120 .056 -2.882 .013 -4,326 .880 .870 - .139 - 7289 -10941 - 352 -118F -1623 .108
;182 110 -2.,207 026  -=3.651 .818 .780 - .248 - 5582 - 9234 - 627 -1529 -2193 .1k43
221 .155 -1.86L .037 -3.308 79 .7200 - .329 -~ L7ihk - 8366 - 832 -1690 -249T .167
277 .225 -1.,hk92 .053 -=2,936 .723  .630 AM62 - 3773 - Thos -1168 -1890 -2901  .191
.321 .290 -1,238 068  -2.682 679  .555 - ,589 - 3131 - 6783 -1490 -2016 -3189 .212
.367 .390 - .92 .092  =2.386 633 470 - .755 - 2382 - 6034 -1909 -2083 -3Lk23 .251 -
LhoT .505 - .683 119 -2.127 593 396 - .926 1727 - 5379 =-23hk2  -2092 -3578 .292
L5k .730 - .315 AT72 0 =1.759 546 03100 -1,171 - 797 - Whh9 -2961 -1979 -3637 .379
488  1.000 O 236 ~1.hhhL .512  ,235 -1.448 0 =~ 3652 -3662 -1875 -3657 .L84
Temperature 1100°C

.05L4 .020 =3.912 006 =5.,08L 9k6 946 - ,0555 -10673 -13870 - 151 - 720 - 892 ,1l11
.120 .056 2,882 017 =3.05k4 ,880 .880 - ,128 - 7863 -11063 - 349 1251 1634 .1k2
.182 .107T -2.235 .033  =3.ko7 .818 ,790 =~ .236 - 6097 - 9294 - L4 1636 -2218 ,181
221 bt 1,017 046 3,089 779 730 = .315 - - 5230 - 8427 -~ 859 -1825 -2532 .208
277 210 -1.561 - .065 -2.733 .723 L6455 - 439 - L4259 - TW56 -1198 -20L5 2932 ,235
.321 270 -=1,309 084 2,481 679  .573 -~ ,557 - 3571 = 6768 <1520 -2178 =-3205 .262
.367 .355 =1.036 110 -2.208 .633 . W00 - 713 - 2826 - 6023 -1945 2263 -34Lk2 .300
Lot Lh60 -~ LTTT 143 -1.,949 .593 k25 - .856 - 2120 - 5317 -2335 -2247 -3549 351
L5k 625 -~ 470 1ok <1.6Lhk2 546 340 -1,079 - 1282 - Lh79 294k 2189 3640 .L2T
517  1.000 O .310 =1.172 483,215  -1.537 0 -~ 3197 .600

-4193

-2025

~-3678

_Lg_



Appendix B: Tabulation of thermodynamic data for the CoO-NS, system (continued)

1\TCOO NNS 2 AS(9500 Aségo ASNS 2 AHéOO AHééO AH'NS 2 ASIT]J'.X AS:EX AHI-)relix AH;;'.ex
.05k .9L6 7.83 +3.31 .05 95 -9339 75 .10 .23 -1Lk - 575
.120 .880 5.80 +1.26 .1k 90 -93L4k4 - 17k .82 27 -142 ~127L
.182 .818 L.72 + .18 .32 463 -8971 22k 1.12 .29 - 99 -1816
221 179 4,33 - .21 b1 768 -8666 - 318 1.28 27 -~ 68 -2163
277 723 4,05 - .o .52 1386 -8066 - 525 1.50 2L + 7 -261h —
.321  .679 L.05 - k9 .53 2056 -7378 - 828 1.66 .20 97 -2931
.367 .633 4,18 - .36 .48 2848 -6586 -1301 1.81 W17 233 -3241
Lot .593 4, 4o - .14 .36 3689 -57L45 -1881 1.92 .16 381 -34s5)
437 .563 L.70 + .16 .10 5157 ~hoT7 2.00 .13 573 -34L3

-2796




Appendix C:

Tabulation of thermodynamic data for the NiO-NS, system

*

*%

*%

N

Kf%%

AF¥,

Nyio ®wio 1P %wio  fwio P B0 Mws, W2 1mayg, A, Ao Afys, YFmix  SFnix "hio
Temperature 800°C

.015 - ,170 =1.772 .015 =L,255 .985  ,985 -0.0111 =3778 -9072 - 32 - 88  -168 1.000
.027  .265 -1.328 .023 = -3.811 977  .977 -0.0233 ~2831 8125 - 50 -125 -268 /852
.053  .4ks  -0.810 .039  -3.293 .955  .955 -0.0460 -1727 -7021 - 98 -184 -465 .736
076  .630 .-0.k462 .055 =2.945 .930 .930 -0.0726 - 984 6278 -155 -218 ~620 .12k
.099  ,860 -0.151 075 -2.634 897  .897 -0.1087 - 322 -56156  -232 -2L0 ~ -765 .758
.109 1.000 0 .087 -2..483 .882°  .882 -0.1256 0 -5294 268 -239 -816 .798
Temperature 900°C

.015 .110 -2.207 014 -h,282 .985 .985 -0,0151 -51k5 9681 - 35 =112 -184 .933
027 170 -1.772 .021 -3.847 973  .977 ~-0.0233 -4131 -8967 - Sk 16k -295 .778
.053  .290 -1.238  .036 -3.313 OU7  .955 -0.0460 2886 ~7722 -107T =254 . =511 679
076 ko2 -0,863 .053 ~-2.938 924,930 -0.0726 -2011 -68LT -169 =309 =677 697
.099 .590 -0.,528 074 -2.603 .901 .897 -0.1087 -1231 -6067 =253 =350 -829 - LThT
.109 .680 -0.386 - .085 - -2.461 .891 .882 -0.1256 - 900 ~5736 -293 =359 -886 .780
116 .7h0o  -0.301. .092 -2,376 884 870 -0.1393 - 701 -5537 =325 -368 -930 .793
127  .855  -0.157 107 =2.232 873  .850 -0.1625 - 366 -5202 =378 =376 -991 . .843
.139 1,000 0 .125 =2,075 861 .830 -0.1863 0 -L483¢6 -L28 369 =104l .899
Temperature 1000°C ' ‘
.015  .,075 -2.590 013 -Lk.321 .988 ,985 -0.0151 -6550 -10928 - 38 -136 -201 867
027  .115  -2,163 .020 ~3.894 973  .977 -0.0233 -5470 -9849 - 59 _205. -323 LTl
.053  .200 -1.609 .035  -3.3k40 947,955 -0,0460 L4069  -8u4LkT ' -116 =326 -558 .660
076 .307 -1.181 .054 -2,012 924,930  -0.0726 -2987 -7365 <184 -397 -730 .T10
.099  .430 -0.84k4 076 -2.575 .8o1  ,897 -0.1087 -2134% -6512 -275 -h59  _892 . 768
.109  .500 -0.693 .089  -2.k2h .891  .882 -0.1256 -1753 . -6131 -318 4Tk -952 817
116 540 -0.616 .096  -2.347 884k ,870 -0.1393 -1558 -5936 =352  -492 © -1000 .827
Jd27 620 -0.478 110 -2.209 873 .850 -0,1625 -1209 -5587 -k11 -512 -1068 .866
149 795  -0.229 L1kl -1.960 .851  .820 -0.1985 - 579 -ko57T -h71  -530 -1139 .9L6
.170 1.000 0 AT77 0 -1.731 .830 .770  -0.1863 0 -4378 <471 =550 -1200  1.0kL1
Note: a¥ refers to the solid st. state for NiO,

a*¥ refers to the liquid st. state for NiO,

AF and OH data gye listed in terms of cal/mole,
AS data is given in cal/mole °K.

_68_



Appendix C: Tabulation of thermodynamic data for the NiO-NS, system (continued)
Nyio ®mio 1 %wio fwio " %yio Mws, s, ® s, Mo o s, Ymix  aix Mo
Temperature 1100°C
.015 .050 -2,996 ,012 -k, L38 .985 .985  -0.0151 -8173 -12107 - L1  -163 - 202 .800
027 .080 -2.526 .019 -3,968 973  .977 =0.0233 -6891 -10825 -~ 64 248 355 .T04
.053  .140 -1,966 .033 -=3.k08 9h7T  .955 -0,0460 -5363 - 9297 -125  -L03 - 611 .623
.076 215  -=1.537 .051  =2.979 .924 .930 -0.0726 -4193 - 8127 -198 =502 - 801 671
.099 .320 1,139 076 -2.581 .901 .897 -0,1087 =3107 - TO41 -297 =575 965 . 768
.109 375 =0.981 089 2,423 891  .882 -0.1256 -2676 - 6610 =343 =597 -1026 817
.116 415 -0.879 .098 2,321 . 884 .870 -0.1393 -2398 - 6332 =380 ~61k -1070 .845
127 480 -0.73L ,113  -2,176 . 873 .850 -0,1625 <2002 - 5936 -hk3 641 -11k1 . 890
.149  .620 -0.478 JAk6 ~1.920 .851  .830 -0.1863 -1304 - 5238 -508 . -680 -1213 .980
.200 1.000 0 236 -1.hk2 .800 0 - 3934 -700 -1320 . 1.180
Yyio Yws,  %Syio Syio  Mys,  Myio vio  MMys, ik Sk Mgy My
.015 .985  15.2 10.7 .03 12678 2517 -9 .25 .19 181 29
027 .973 13.3 8.8 .05 11218 1057 16 Sl .29 319 Ly
,053 L9LT 10.8 6.3 17 9697 -L6L 113 .73 .49 621 82
076 L9224 9.7 5.2 .23 9319 -8L2 - 163 .95 .61 859 87
.099 .90l 9.0 L,5 .22 9305 -856 105 1.17 .64 1016 10
.109 .891 8.8 4.3 .25 9430 -731 108 1.24 .69 112k 17
116 . 884 8.5 4,0 .29 9282 -879 82 1.24 .72 11k9 -30
127 .873 8.2 3.7 .32 9290 =871 k8 1.32 .75 1222 -69

_06_
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Appendix D: Comparison of values obtained for the .activity
of pure solid NS2 relative to.the supercooled
liquid standard state when. (1) the free energy
of fusion is. known for all temperatures below
the normal melting point and- (2) when the heat
of fusion is assumed invariant with temperature.

10
Kelley has given heat capacity data for both the crystalline solid

sodium disilicate and the supercooled liquid. By integration of the

expression for the heat capacity change for the reagtion
NS 2(supercooled liquid) = NS,(solid) o (L)

according to Eq. (33), and taking the heat of fusion of NS, as 8500
cal/mole at llh'?pK, one obtains the following expression for the free
eneigy of reaction (Llb)

AF = 11.47T1nT. - 8.23x10'3T2 -'h;515x105T'1 ~81.234T + 11696

\

From the expression

%NS ,(solid)
AF = RT 1n ———————o ' (33)
®NS(liquid) = 1

the,activity of the solid NS, may be readily calculated.

In the event that free energy data are not available for the solid

and supercooled liquid states, Eq. (34) may be used to estimate the

- activity of the solid referred to the pure SupercooledvliQuid standard

state. FQllqwing'is a table listing the activity values calculated
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for solid NSz by the methods of Eq. (33) and Eq. (34).

Temperature Calculated Estimated

(°c) . ‘ aNSz(solid)'+qu:(33) 4.aNSZ(solid) - Eq.(34)
800 0.245 0.200

900 0.398 : ' 0.358
1000 0.597 0.578

1100 0.85k4 ~0.853
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Appendix E: Calculation of the maximum activity of "FeO"
stable in a 10:1 CO/CO2 atmosphere.at 1000°C

Consider the reaction:-

Fe + C02 = CO + FeO

At 1000°C (from the tables of Elliott and Gleiser)

'AFSO = 53676 cai/ﬁole

: AFSO2 = -9L4687 cél/mole

AFﬂFeO" = =43156 cal/mole

Therefore, AF® .. = -2145 cal/mole. If
- reaction

P

| | e
AF = AF® + RT(2.303)log —o—isd
, : : Po,

~and at equilibrium AF = 0, then we may write

0 = -2145 + 1.987(1273)(2.303)1og 10*any on-

. Solving for a"FeC"’

log auggn = 0.3682 - 1 = =0.6318

i



- ‘9)_"}_

and

&g = 0.233

An activity of "FeO" larger than 0.233 under these environmental -
conditions will result in the reaction (55) to proceed to the left as
written above, and FeO will decompose in a glass, precipitating metallic

Fe.




Appendix F: Estimation of free energies, enthalpies, and
’ entropies of fusion of NiO, CoO, and . Fe.9s50 at
temperatures below their melting points;.and
estimation of the activity of the pure solid
oxide relative to the supercooled liquid (K).
(See Eq. (33) and (3L).)

T, = 1650°K (1377°C)

Fe.g50 =mmm—mme———— AH (at 1650°K) = TL90 cal/mole

ASf = 4,54 e, u.

..T(°C) -.T(%K) AF (cal/mole) K
800. 1073 -2622. .292
900 1173 -2165 .395

1000 | 1273 | - =170T. .509

T = 2078°K (1805°C)

£
| 000 mmmmmmmmeee NH, T 4.54(2078) = 9h3h cal/mole
T(°C) T(°K) AFf(cal/moie) K
800 1073 456k .18
900 1173 =h11h 171
1000 1273 -3652 S .236
1100 1373 ~ o =3197 .310

T = 2238% (1965°C)

f

NiO -; __________ M, = b.54(2238) = 10161 cal/mole
T(°C) ~ T(°K) .AFf(cal/mole) K
800. . 1073 -529) .087
900 1173 ' -4836 .125
1000 1273 . -4378 AT77

1100 1373 -393k4 .236




Appendix ‘G: Conversions of oxide weight percent values to mole fraction

Weight

% Nio

0.62
1.00
1.14
2.00
2.23
3.00
3.20
4,00
L.30
L. 77
5.00
5.11
5.66
6.00
6.70
7.00
8.00

9.00
10.00

-96 -

Gram Formula Weights: NiO

N

.015
.02k

.027.

.0hT
.053

~.070

.076
.092
.099
.109
J11k
.116
127

<135

.149
155
175
.19k
.213

.Co0
"FeQ" = Fe.gs0
NazSi 05
Weight N, .
. %COO ... Co0
2.30 054
. 5.00 .113
5.30 .120
8.40 .182
10.00 .213
10.59 .221
13.62 277
15.00 .300
16.26. .321
19.23 367
20.00 .378
22,03 .hoT7
25.00. Akt
25.52 .45k
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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