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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
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assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
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process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
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R
[ e

o g s

5 C R -iii- =

ELECTROCHEMI CAL STUDIES IN GLASS
I: THE SYSTEM NiO-NapSiz0s

Alton M. Lacy and Joseph A. Pask -

Inorganic Materials Research D1v1s1on, Lawrence Radlation Ldboraxory,

2 : and Department of Materials Science and Engineerlng, K
A ' College of Engineerlng, University of CalLfnrnia, = . Lk
Berkeley, California , T
- “". March 197qu: .
'ABSTRACT

'v‘-a

A gsolid electrolyte electrochemlcal cell of the type
Ptlmi Nio l[ZrOz + 7.5% Caol[N1 Nio, . + glassIPt has been utilized to S
me asure ‘the activities of NiQ in sodium disilicate glass_over phe
temperetu:e interval fram 759 to 1100°C. The data indicates a solﬁ-
bility varying from ll mole percent (5.0 wt%) at 800° to 20 mole percent
(9.3 wt%) at 1100°C. From the variation in NiO activity, the activity
of sodium disilicate in glass solutlon has been estinated; and from
these cdﬂbined data partial molar free‘energies and entropiea of solution
of NiO and NaQSizog, and free energies and entropies of mixing have been
calculamed A partial yhase diagram for the systenm Ei@uﬂazﬁizos is pro-
posed fram solubility data indicatlng a eutectic at approximately 12 mole

" percent (5.3 wt$) Fi0 at 830°C.

This work was done under the auspices of the U. S. Azanic Energy
Cammission.

At the time this work was done the writers were, reapectively, graduate :
research esssistant and professor of ceramic engineering. '

Based on part of the thesis submitted by Alton M. Lacy for the Ph.D. degreev
in ceramic science at the University of California, Berkeley, Sept. 1969.
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~ glassee reported is, however, relatively small.
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I. INTRODUCTION
The abiiity-to predict and understand reactions occurrihg between
mgtefialS'of'any system.requires a knowledge of the thermodynamic
properties of the constituents. In the development of & chemical bond

between glass and metal, Pask end co—workers;-3

hare'sﬁown that a neces-
S&fyjériterion'for maximﬁh bond strenéthAis thevestablishment of a cén—
ditichi§f:gaturation of the glass by the-oxidé'of thé:ﬁétallic'substrate.
Eqﬁiligrium‘gompositidhs can alsd develdp‘at thé iﬁterface by redox
réaétians ﬁetween.dissoivedﬁoxides in the glass énd the metal substrate.
The‘gxﬁént £o which auyvreacfién will occur is'dependeht'upon.the im-
balanéé of chemical potehtfél# of the constituents in the reacting phases... -
The sf@biiity of:glaéseélinfoxidizing or reduéingrétmdbpheres, as well
és;thefkihétics'éf‘diffusiégfcontrol;ed reaéficns'are-dépeﬁdent upon ‘the
gctiﬁffi;s of cqnatituénts in glasses relaxiie fo apﬁivities.bf the same
coﬁ?bnénts eléeghere in theléystem of interest. Tﬁis work h;s ﬁeen
;ndéryqtep‘to establish dﬁg?titativelyAtﬁe éomposi%iongi dependence of
activifiéé of some "adha:énéé oxides" in sodium disilicate glass (NS,)
in order that we may 1ﬁprove our understanding of thid glass a8 &
régctivélccustitusnt in bondiﬁg and wetting studies. | |

,T§09é activity‘measurements on moltén siiicates reported 'in the
lit;rn;u:e have beer made priﬁcipélly on-binary‘metalzoxide-silica
ayﬁtemg"and on multichpaﬁent slags. Most of these'héwe been carried
ou;'bi.gas equilibration techniques. Aﬁ electrochemicai method is ‘often
preféfable_because of the wider range of‘oxygenvpotentials capable of

being measured accurately. The number of electrochemicel studies of

e . R . ) Lo,
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Herringh and Didtshenko and Rochows_have used cells of the type
Oz(Pt)/liq'I::liq II/OQ(Pt) in order to determine the activities of Na20

in soda~silica glesses and of Na20, K20 and Li20 in PbO—SiOz glassges

. respectively. This type,of'cell is not generally suitable for quantita-

tive meésurements;beéause 6f the inherent possibiiiﬁies for error'arising
ffpm undéfined therméeiéctficlemf's, iiquid Junction potentials, pcorly
definéé,céll réacfions'éhﬁ iﬁdéterminan£ transferrence numbers of the
conducting species; Esiﬁsvhas utilized a simple formation cell of the
type M/MO (in glass sol'ﬂ)/Oa to measure activities of Fe0O in complex
silicate melts. Unknown transference numbers and questioneble reversi-
bility éléo present problems in these méasurements; Maﬁéushita and Goto
and Charette and Flangas® have carried out studies of the oxide activities
in the Pb0O-8i0 _éystem Betﬁeén 960-llOO°C usiné a soiid‘electrplyte éell
of the type Ni/810//c8z1//Pb/Pbo + 510,. Their data corresponds well

? obtained ty other methods.

vith that of Richardson and Webb
We are presenting here the first pért of a cﬁfrenf series of electro-
'chemicél‘qtudies of the activities of‘thevtransition metal oxides Nio,
FeO.MT;gnd.CoO in sodium‘digi;icate glass.
| | II. EXPERIMENTAL

; A:aéhematic diagram of the experimental set-up is illustrated in

Fig. 1. The cell arrangemeht vas constructed by positioning a 6" calcia-

N ’
stabilized zirconia tube in & Coors CN~5 alumina crucible containing a

tightly packed Ni/Ni0 mixture. The Ni powder was certified chemically

+ CSZ refers to 0.15 Ca0+0.85 ZrO,

® Obtg&l‘ned fram Zirconium Corporation of America, Solom, Ohio.

7
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pure bybk.'D. Maekay Co. Inc., and the NiO was.a Baker‘s analyzed reagent.
The eieetrodee were 20 mil Pt wire--the outer wire doubly wound around
the 1dwef portion of the zirconia electrolyte tube and twisted tightly
to seaure}{ﬁ;band the innef electrode was coiled on one end and‘pushed
to the bottsm of the tube, Approximately‘l—l/Q gréms of xNiO*Ng,0+2510;
glass was put into the tube with a small quantltv of - powdered Ni metal.
'_A boron nltrlde plug w1th a 25 mll hole was placed over the upper end of
the tube to.prevent the Pt electrode from touching the tube walls at enyv
poihtvgbeve the glass surfece; In the latter stages of tiie exberimental
program,'the'outer elecfrbde was containeq-in a short piece cof mﬁilite
thermocoﬁbie protectiog‘tubing which penetrated the surface of the Ni/NiO
mixture;  The remaining exposed surface of the Ni/NiO powder was sealed
off from the'ambient‘aﬁmbsphere by covefing it with 'a powdered swdiumv
dlSlllcate glass contalnlng 7 SSﬁ NiO plus excess Ni metal *f ‘was
found that the e.m.f, output of a cell was not aitered but that the ce71s
vere stab1112ed for longer perlods of tlme increasing_the precxsion of
the measurements. - |

The assembiy shown in Fig. 1 was then seafed in a Pt basket and sus-

pended;on a push rod-cdntaining a therﬁccouple and the{electrodes leading

iy
¥
T

to the‘recorder.' After sealing in a resistance wound furnace, the system

% m Hg. {(“2 x 10-8 atm O2) and the

: wes pumped out to approximaiely.lo
cell wee‘lewered in vacuo into the hotnzone of the furnace. After one
minute;iefgon'was introduceg.into the furnace and ﬁhe embient‘preSSure
was hroﬁght up to 1 atm; “After ohe hour, measurements" of the genefated

e;m.f.“were‘taken.' Although a tendency existed for some of the residual

oxygen in the system to be picked up by the Ni metal in the glass, this
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presented no significant problem, since the quantity of oxygen was not
large enough after evacuation to significantly alter the compesition of

the glass even if it were primarily absorbed into the glass; and secondly,

‘the quantity of Ni metal exposed to the ambient atmosphere was sub-

stantiéliy éreater in the outer electrode compartment’than inside'thé
tube. 'Quﬁniitative.electfon microprobé‘analysis‘after.operation of the
ééll'iﬂdicated no change in the_glass composition due to Ni oxidation
and suﬁsequent solution,

The e.m.f, output vas recorded by a Honeywell. Electronik 19 hlgh
impedence potentlometrlc-recorder. All cells were run for & minimum of
2 days. Over this time, the temperature was varied between T50-1100°C.

The reversibility of the cell was'inferred from the reproducible
behavior of several cells containing’the same glasé,,and also by the ten-
dency for the cell to return to the same e.m.f. value vhen disturbed by a
temporary short clrcult or by 1mpre531ng a small voltage via a potentlo—
meter.

IIT, RESﬂLTS'AND_bISCUSSION

(1) ,Thermodynamic Data

- Bince measurenentb were made by using a cell of the type
a<l + NSz, the overall cell reaction may be expressed

¥i0(solid) _. = NiQ(giass)a<l_ - (1)

a=1

At equilibrium in a reversible cell, the free energy of this reaction may

be related to the cell potential by the expression

LI

s :
ST

k)
e
.
pi
.
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AF n¥FE P.T(2.303)log\awio). e (2)_
W . '
" The activity of Ni0O in the glaSS‘(relative to pure solid NiO may there-
o v L _ . _
n fore be directly calculated from (2) as
. o &0 = exp(-nFE/2.303RT), - ;k;j',(ﬁ)
_where F = Faraday's constant (23,061 cal/volt), E = the’deil output in
volts, R = the gas constant (1.987 cal/°C), T = absolut Jempe%atﬁrey‘and
n = the number of electrdns‘trenSferfed in the cell res Jlén'(in this.
éwe,twﬂ" 1?
The 1socomposit10nal cell output. vs. temperature is showu in Flg 2.
Each line represents the average of a mlnlmum of two exper;mental deter—
'mlnations-for each glss compositidn. The uncerta;nty 1312 mv. ~The
varlatlon of aNiO with temperature for each comp081tion is shown in -
Fig. 3. and the .-J;.;?;~" act1vity-composxt10n curves sare given
in Fig. L for several temperatures. , .
The activity. of NS in the glass relative to pure.liquid st may ‘be
found by calculating the act1v1ty coefficient, YNSQ YNSz = aNSg(NNSz)’
. from integration of the Gibbs-Duhem equatiop '
]

()
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Thé calculated activities of NSz_are-shown in Fig. 5. Over this
small.concentration range, the experimental uncertainty is too large to
distinguish'precisely the temperature variation of the activity of NSz,
hence a gingle line is drawn with an estimated uncertainty for all
temperatures of 2%.

The partial molar quantities for the solution.of_pure solid NiO and

pure liquid NS, in glass may be calculated.from_the'following expressions:

AFoxidei= -RT 1n & . e’ (5)
A8 oxige = " (Ta"'r")p’ end - (6)

AHoxi&e = AFoxid_e +-.'_IIA‘Soxide B ’FF'{E-T (sf'p] (7)

vhere E is the cell‘dutiut in volts. The parﬁial ﬁpiai7&ata for the glass.

studiedfheré'18'presénted-in Téble 1. Free energies,'entropies and en-
thélpigs of mixing of pufé NiC angd NSi'may be calculatéa from the general

expressioh
LI -'+_ NoXz = 8X

where,Nl, N2 are the mole fractions of each component, and X is the
thermodyhamic property of interest. Mixing data are presented in Table II.

(2) Solubility Limits

qu any temperature, thé composition in which the activity of NiO
equals unity represents the seturation solubility of‘NiC. By extension

of the isothermal activity-composition curves (Fig,_h)vtb ayio * 1» the
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equiiitrium eoluoiiity lim;ts canvbe estimated.vaimilaxLy, extension
of e;p.f;-temperature eufﬁeS (Fig. 2) to E=0 ﬁiil produce the same infor-
a0 : mation. . | .

The NS2 llquldus was determined by the intersection of the experi-
mentally calculated aNS vs temperature plots, ‘with" the plot of the
actlvity of pure solid NS; relatlve to the pure.liquid standard state.
The data for this determinatlon vas taken from the compllatlons of
Kelley.lo. The graphxcal analysis is shown in Flg..6;"'

Since no compounds along.the Join NiO-NS,; are known to the authors,
the solubillty data determined from these data are presented in the
ten ative phase dlagram of Flg. 7{ Intersectlon of these two liqu1duses
1ndioates a eutectic at NNiO o. 12 (5. 28 wt%) at a temperature of
approximateiy.830°0. The broken curves in Fig. 7 are interpolated.

IV, suMMARY -

_Tﬁe 8olid electrolyte electrochemical method hae oeen shown tcvge
adaétoble to studies on the solutioh of nickei'oxide in sodium disilicate
glass, pfoviding oumefiealfthermodynamic data as well as information con-
-cerniﬁﬁ.the phase diagram, in the absence of direetfobseryation of
ctysteiiine products.

S Aamowmncm'rs -

e o - The authors wish to express their appreciation to Dr. Prodyot Roy,

.Dr. Leo Brewer and Dr. John Chipman for their helpful commenta.
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Table I. Activity and pertial molar free energy dste for the
solutlon of NiO in sodium dislllcate glass
: it e o
N_. AF, . . (cel/mole) No . e bF, . - (c&l/mole) BSpio ASks,
NiO %10 NiQ. s NS, 2NS, NS, o2
800° 900° 1000° 1100° 800° 900° 1000° -1100° 800° 900° 1000° 1100°
.015 AT .11 075 .050 <3780 -5150 -6550 <8170 .985 099 - 20 - 20 - 25 - 3C 15.2 .03
.027 .27 .27 .12 .080 -2790 -4130 -5360 -6890 .973 .98 - L0 -5C - 55 - 60 . 13.3 0T
.053 45 .29 .eC .14 -1700 -2890 =LOTO0 -5360 .9L7 96 -~ 60 = 70 - 86 - 90 10.8 .10
.076 .63 L2 .31 .22 - 990 =2020 -2960 4130 .92k .93 =150 -170 - =180 - =200 9.7 .15
.099 .86 .59 Lz .32, = 320 -1230 -2130 ~3110 .,901 .90 =220 <250 =270 -290 9.0 22
.109 1.00 .68 .50 .38 0 -« 900 -1750 -26L0 .891 L88  =27C ~300 =320 . -3k 8.8 .25
16 === T4 .5k U2 e - 700 =1560 ~2370 .884 .87 —--= -330 -35¢ =380 8.5 .30
127 m———. 86 .62 TR R - 350 -1210 -2000. .873 .85 —=-= =380 -k10 -Li40 8.2 40
2139 ~=== 1.00 e=em= e mmeee 0 =emee —eeee 861 .83 —emm 2b30 mmee e amee _—
A9 e e 80 62 cmmee et 2 560 ~1300 .851 .82 cmem  meem SBTO <510 e ———
AT0 === ——== 1.00 — e ——— o J— ©.830  LTT mmem emmm 2500 emem —mee —_—-
.200 1.00C 0 B00  mem e e e 2710 —eee —_—
® Entropy data given in (cal/mole.%K).
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Table II. Mixing data for the NiO-NazSi20s system

NiO

LOLS
027
0572
076

099"
.109.

L 116

127

- 139
“.lh9
.170

.200 .

(ecal/mcle)

*
NS AFmix ASmix
800° 900° ~  1000° 110C¢°
.985 - 76 - 97 ~123 -152 .é6
.973 -114 -160 -198 ~2Lk R
LohT -1h47 -219 -291 -369. €7
.924 -21k4 -311 -391 -Lk9g - .95
.901 -230 =347 -hsh -569 1.10
.891 ~2h41 -365 -b76 -591- 1.19
.88k —— -373 -L90 -611 - 1.25
873 —— -376 -512 -638 1.3%
.861 —— =370 —— ——— | ——
.851 —— — -L83 - 628 ———
.830 =415 ——— ——
.800 — —r—— — -568 —

* Entropy. data given in (cal/mole+°K).
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Figure 1.

Figure 2. .

Figure 3.

Figureik:b

Figure 5.

Figure 6.

Figure 7.
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FIGURE CAPTIONS

. ‘ o - : '
- Schematic diagram of tne experiment:1 cell assenbly

isnceomposition cell output fcor NiO~NS”vglaSSGS s a function
of temperature (+2 mwv). , . 'y
Variation in the activity of NiO {referred to the pure solid

standard state) with temperaﬁure for eﬁch composition studied.
Isothermal dependence of NiO activity (referred to the pure

solid standard sfate) on composition.

Activity of NS, (referred to the liquid standard state)

calculated from integration of the modified Gibhz-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 dis-

tinguish precisely the temperature variation on activity of

NS,). The estimated uncertainty in these data is 23%.
Isocompositional activity plots for.NS2 for determination of

the NSe'liquidus in‘the NiO-—NS2 sygtem.

Proposed phase diagram for the NiO—N52 system.
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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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