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ABSTRACT .

A solid eiectroiyte‘elegt?bcﬁémiéalvéeli'of theﬂgehefal ﬁype
Pt/gi:Nioa;lflz;05'+'7.5%”Caoi|Fe$Feoa<l + g;ass/Pt

has been utilized to messure the activities of fefrbﬁs”oxidé'in sodium
disilicate glass over .the temperature ihtefval_from 750-1050°C. The data
indicate é.solubility'of fefroﬁs 5Xidé in sodiﬁm disiliédte glass which
is in good;ggreement'with previqué'stu&ies of the ternary system
Ne O-Feg.950-5102. From the variation in ferrous oxide activity, thé
activity 6f éodium disiliéate in‘glass‘solution has been calcﬁlatéd; and

. from these combined data, partial molar free energies;ahd'entropies of

solution of ferrous oxide and Na;Si»0s, as well as3frée energies and

This work was done under the ausplces of the U S Atomic Energy
Commlss1on._

At the time this work wes done, the writers were, respectlvely,
~ graduate student research assistant and. professor of ceremic englneerlng.

. This work was submitted in partial fulfillment of the requlrements
for the degree Doctor of Philosophy.
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entropies of mixing have been calculated. Phase.equilibria data deter-
mined from this.investigation_spggest some modification of both published
phase diagrams of the system Feo.gso—Nazsizosg and indicates the exis-

tence of a new compound in this system, as yet unidentified.
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I. INTRODUCTION
In an,atteﬁpfﬁto.better undérstaﬁa the'nature of giass as a reactive
: component_df a chemical SySteﬁ;'énd to.fﬁrther estaﬁiish the criteria for
the déveldpmént of chemical élass—metai bonding;.an électrochemical
study of the thermodynamlc act1v1t1es of various ox1des in a model glass
solutlon-has-been undertaken: Thls report presents the results of the
work on the thermodynamic prdperties>ofvferrous dxide.in iiquid sodium
disilicate.  Such data has particular value in the 1nterpretat10n of
physical and chemical behavior (e =S bonding, mass. transfer wetting,
environmental stability and structure) of glass and glass-metal system.
| | II. EXPERIMENTAL "

‘ BACkgfound infbrﬁation-iegafdiﬁgfthé tyﬁés of electrocliemical cell
congtructions which have been used in the past for similar work on glass
systéms'hég’beéh présehtéd‘by Lacy and Pask’ aS Part?ifo this'series.

It contains:d échematic‘diagram'Of the cell constructibn used éﬂd'a
description of the experlmental procedure for obtalnlng data from this

. cell. In this study, however, the NaZSi Os + NiO + Ni mixture in the
inner electrode compartment’ was replaced with a mlxture of Ne,Si,05 +
FeO* + Fe.l invéddition, another cell of the type Ni/ﬂi0 | calcia-
st&bilized_zirconia** {lFeO/Fe was consfructed by'replécing the_glass-
metal miﬁpure in the'iﬁnér electfbde éomparfment Vith;a mixtﬁre of Fe/FeO

. ¥ The des1gnatlon FeO will be used throughout this text to represent that
iron oxide composition in thermodynamlc equilibriium with Fe metal at the
temperature of con81deratlon. That is, .over the temperature range
T00~ lOSO°C FeO £ Fe0 95

** Obtained'from Zircoa, Solon, Ohio
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powder. The output of this cé11 over the temperature fange from 70041050°C
was in good.aéreement;(ii.mw) with that expecﬁed from theoretical calcu-
lations using the tabﬁlatéd thermodynamic data for NiO and FeO of Elliott
and Gleiser.2 This procédpre wés'followéd to ve?ify the proper operation
of the expefimental'aﬁpdfatus}\. o s

III. RESULTS AND DISCUSSION

(1) Thermodynamic Data

The overall cell reaction for the.arrapgement used in this work may
be expressed as
MO () + Fe(s) = Ni(s) + FeQa<l_(gl§.s§)' | | (1)
The free enérgy for this reaction may then be written as
| AP | AF® + RT 1n 8re0 " (2)
Alternatively, using the equality AF = —q}E, where n = the number of
electrons transferred in each half-cell reaction (in this case, 2); Fo =
Faraday's Constant (23,061 cal volt); E = the cell output in volts; R =
the gas‘constént (1.987»¢ai/°0); and T = thédabsolutejtémperature;"' -
- = ° + .
q}E QfE RT 1n aFeO'v v (3)

(E° is the cell output when all components are in. their standard states.)

Eq. (2) may be written as

The aétivity of FeO in the glass (relatiye to pure 'solid Fe0) may there-
fore be calculated’difectly from'(3) as ‘ v _
Bro exp(-nJ [E-E°]/RT). - : (v)
The cell output for é number of compositions vs; temperaturé is |
shown in fié. 1, along with the valﬁe ofvE° determiﬁed from the cell
containing Fe/FeO instead of glass + Fe + FeO. The uncertainty in each

experimental curve is *2 mv.  The variation of 8pe0 with temperature for
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each compositicu is shown_in Fig. 2 and the isothermal activity-composition
curves are given in Fig. 3; ' |
One activ1ty value was unlntentlonally but pos1t1ve1yvconf1rmed by
another serles of experlments being conducted in this 1aboratory. The
meltlng of dS; glasses contalnlng 26. Th wt% FeO (N O.h91) and 29;80 ,
wt% FeO (NFe6=O'528) was attempted in an atmOSphere offdo/doz at a ratio
of 10:1 at 1000°C. The results indicated that the 26;7h% glass remained
stable,"but there was defiuitedevidence'bf decomrositieu ef'the 29{80%
 glass., Caiculation-cf’thevmaximnm actiVity‘of FeO which is stable accord-
iug to the‘feaction | | | |
Fe + C0z = CO + FeO o (s)
under these condltlons ylelded a value of aF 0 v d 23; Theﬁsuccessful
melting of the 26 The glass w1thout perceptlble decomp031tlon is 1nd1cap'
tion that the activity of FeO in this comp031t10n is very near O, 23.
This is in good}agreement w1th.the:act;v1ty data derived from emf measure-
ments (seefFig. 3). o
The act1v1ty of NSz in the glasszflatlve to pure llquid NSz nay be
calculated from the Glbbs—Duhem equatlon by performlng the follow1ng

integration.

(6)

* : _ .
NS2 will be used throughout this article to designate Na,Si»0s.

~
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Activities ¢alculated in this manner are shown in Fig. k.

The partial molar quantities for the solution of pure solid FeO and

pure liquidfﬁsz together méy bé‘determinéd from the folldwing expressions:

:AFoxide = -RT In 8oxide - _ : (7)
() = o
= = s em - o{2EY]

B ide = Moxiae T TAquide = '“3‘[%f? (aT } (9)

The partial molar free'energieé and entropies for thevgiass studied here
arepresented in Table I. Free eneigie53 entrbpies and enthalpies of
mixing of pure solid FeO and pure liquid NS2 may be calculated from the

general expression

le; + N2Xz = Axmix _ (10)

where Ni'and N2 are the mole fractions of each component, and X is the

thermodynamic property of interest. Mixing data are given in Table II.

(2)  'Selubility Limits énd Phase Equilibria

For any temperatuie, the éomposition_atvwhicH the éctiVity of FeO
in the glass équals ﬁnity.represents the satﬁratioﬁ éoiubility of FeO.
By ektension_of the isothermal activity-composition curves shown in
Eig. 3 to a; 1, the'golﬁbility limits of F66 in_NS¢'can be estimated.
(Extension ofvvoltage-teméerature curves of Eig{vl to intersect the out-
.put curve for the test ceil will produce the same ihformation.)

The NSZ liquidus was determined by the intérséétion of the'experi-
mentally célcuiated aNS2 vs. temperature’plo@s wifh the_plot of aéfivity

of pure solid NS, relative to the pure liquid standard state. The data

rs
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Both alternatives are consistent with the data of Schairer et al.,

et al.'s 800° liquidus isotherm intersects the FeO—NS”'join at N
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for such a celculation was'taken’fromethe'JANAF Tahles of Thermochemical

Data.3

The graphlcal analy51s is shown in Flg. 5, and the two liquiduses
so determlned are glven 1n Fig. 6.'

As can be seen'from Flg; 6-'the sOlﬁbility data of FeO COmpares well
w1th that of Ibrehim and Carter,h but the NSZ solublllty data is not con-
sistent with their phase dlagrem. Thls dlscrepancy can be resolved by
reconstruction of their diagram as shownrlnvElg. 7 by.u51ng all thelr
data points;ebut pdstulating’the existence of NaZOfFeO-ESiOZ; a breviously
unreported cempound; 'Itvis‘alternatively possible that,the'Eystem
FeO—NaQSiéOs is not a‘truevbinary system;’but a pseudobinary with the
Join intefsecting tﬂe primary'phase‘field‘of eome cherrternary compound.

» > who
through differeht experimental methode conclude that the region between
NFeO = 0;32.354 Neeo = 0;59 contained‘"seferel (phase) fields" which were
not specified. At veriaﬂce; hoﬁeier; is the indication that Schairer

FeO = 0.30

(14 wt% FeO), while this work indicates en intersection at NFeO = 0.20

(9 wt% FeO). No explanation for this difference is offered. If one

accepts the eutectic of Schairer et al. at Npeo = 0-32 (16 wt% FeO),.this

work indicates eieutectic tempereturelof 720°C.

Data from all three studies of the eutectic composition and tempera-

ture at N = 0 59 is in agreement.

FeO
' IV, SUMMARY

A high temperature electrochemical cell.utilizing a st&bilized
zirconia electrolyte has been successfully used for the acqulsltlon of

thermodynamlc data on the solutlon of FeO in sodlum disilicate glass.
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From this déta,ithé isothermal variations in activity with composifion

for FeO and NSz have been-calculated; and the possible phase relations

between these two compounds have been investigated. vThé results verify

part of exisﬁihg FeO-NSz phase diagrams»and indicatevthe existen;e of

at least one unreported'compound within thé ternaryfsystem NaZO—FeO—Sioz.
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Teble I.

Activity and partial molar free energy data for the

solution of "FeO" in sodium disilicate glass

. By, | 2ys,  OFys,

O R L W82 aie o e ' 5. D5
FeO 800° 900° 1000° 800° 900° 1000°  F% 800° :900° 1000° . . 800° +900° .1000° FeO %
121,021 .020 .020 -82k0 -9120 -9895 - .879 .87 .87 .87 - 310 - 330 - 360 - T.b Lo
.127 1023 .022 .022  -8040 -8900 -9655 .873 .86 .86 .86 - 330 - 350 -~ 380 7.3 Lo
.208 1045 .04k .0L3 -6610 ~7280 =7960 " .782 .75 .75 .15 - 620 -680 - 720 6.0 .52
.284 1075 .075 .0T6 -5520 -6040 -6518 .716 - .62 .63 .63 -1020-. -1100 =1160 5.7 .55
.33 .12 .11 .10  -W610 -5190 -5701 = .664 .52 .53 .5k ~-1400. -1480 =~1550 5.7 .61
.388  ,18 = .16 .14 -3660 -h270 k90O ,612 k1 .43 . L5 -1930 -1980 -2030 6.0 61
L4328 .24 20 -2710 -3380 -h0o60 .557 .30 .32 .35 -2600. -2630 -2660 - 6.5 .49
o1 k2 .33 .27 ~-1870 =2620 =-3300 ,509 .21 .24 .27 -3360 =3330 =~-3360 7.0 .12
.528 .56 .43 .35 -1260 -1980 -2660 k72 .15 .18 .20  ~hooO -h020 --L020 7.2 .00
568 LTT .58 .47 - 570 -1280 -19%0 .432 .11 .13 .15  -k810 -4B870 -k9OO 7.0 .29
.603° 1.00 .75 .59 o - 670 =1360 .397 .0T .09 .10  =5670 =5750 -5800 6.5 1,1
638 == 1,00 =-- m—— 0 eme= ,362 = ,05 - memm <6800 e e- -
683 === == 1,00 cm— ——— 0 .317T  ~= -- Ok e mmee <8200 —-- ——-

e

9$96T~T4oN
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‘Table II. Mixing Data for the "Fe0"-Na,Siz0s System

1 .. .FeO

121

<127
.208
. 28h
1,336
.388

43

91
.528
568

.603
.638
683

AS

~AF )
mlx
NS, .800° . . .. 900° ..1000°
.879 -1270 -1k00 -1520°
.873 ~-1310 ~-1kko -1560
792 -1810 ~2050 -2230
.T16 ~-2300 -2500 -2680
.664 -2480 -2730 -2940
612 -2600 -2870 -3120
557 ~-2650 -2960 ~3280
.509 ~-2630 -2980 -3330
JT2 -2550 -2950 - =3300
432 -2400 -2830 -3220
.397 -2250 -2690 -3120 -
.362 —_— -2460 -—

-2600

1.25
1.27
1.81
2.00
2.32
2.70
3.15
3.50
3.75
4,10
k.35

1)



Figo lu :

Fig. 2.

Fig. 3.

Fig. b,

Fig. 5.

Fig. 6.

Fig. T.
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FIGURE CAPTIONS
Isdcompositional cell 6htput fof FéO—NSe_glaﬁééé as a function
of temperature.
Variation in the activity of FeOI(referréd td'thé.purebsolid
standard state)-withﬂfempefaturé fo£ eaéh;comp6sitioh’studied;

Isothermal dependence of FeO activity (referred to the pure

- solid standard state) on composition.

Isothermal activities of NS, (referred to liquid standard state)
calculated from Gibbs-Duhem integration.
Isdcompositional1activity plots for NS2 for determination of

the NS, liquidus in the FeO-NS,, system,

2 .
Comparison of the calculated N82 and'FeO liquiduses with the
published phase diagram of Ibréhim and Carﬁer.l;f

Proposed phase diagram of the FeO—NSa-system incorporating the

,poétulated compound NFS2.
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vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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