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EMF measurements were carried out at temperatures ranging from 1280 to 1490 K in the followingce®iis; Si+ NbSh

+ Si0, /Si0,-sat. LLbO-SiO, /NbSh, + NbsSi; + SiO,, Mo®, ©Mo, Si+ NbShp + SiO,/SiO,-sat. LLO-SiO, /NbsSi;

+ NbO + SiO,, Mo@®, and ©Mo, NbSh + NbgSi; + SiO,/SiO,-sat. LLO-Si0O, /NbsSi; + NbO + Si0O,, Mo @ , using
SiO,-saturated lithium silicate liquid electrolyte. Each of the cells showed a reliable electromotivg danfecorresponding to

the difference in silicon potential between the electrodes. Based on these emf values measured, the molar standard free energy of
formation for NbSj and NBSi; were determined to b& GRyg,/kd = —165+ 0.008 (T/K) * 13 andAGR, s, /k] = —526

+ 0.009 (T/K) = 63, respectively.
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Pure niobium is commercially produced by a process involving ag;, for points B and C are related to the standard free energy of
aluminothermic reduction of niobium pentoxide. Another method tormation for niobium silicides AGRys, and AGRy, s . respec-

proposed by the present authotss a silicothermic process involv- . . . . .
ing reduction of niobium pentoxide and deoxidation of as-reducedt'veLy' In other ;Nords, ifag; at point B and C is obtained, both
niobium metal by silicon. In considering this process, thermody-4Gnpsi, @1dAGyy,s;, can be determined. Considering that the main
namic da_ta such as heat capacit_y, heat of fqrmation, and free energybjective of the present work is the determinaﬂonﬂﬁﬁlbsz and
of formation for the compou_nds in _the Nb'.s' b|_nary system became Nb.si.» measurements of emf corresponding to the difference in
necessary. However, only limited information is available on these 5513 ) o
in the literature’ Most of the reports*for the heat of formation for ~ asj between points Aand B, and between Aand C in Fig. 2, are most
NbSi, and Nb;Si; are calculated and estimated values, except forSuitable. However, because the experimental conditions are limited
the report by Gorelkiret all% and that by Meschel and K|epﬁh|n to the composition of Sl@ saturation and metallic niobium and
these reports combustion caloriméftyor NbsSi; and direct syn- ~ SiO; can never co-occur in Nb-Si-O ternary systems emfs corre-
thesis calorimetr¥ for NbSi, and NiSi; were performed. Experi- ~ sponding to the difference ias; among points A, B, and D are
mental evaluation of the heat capacity for Np&nd NBSi; are also mea_ls_ur_ed in this study. The line CD corresponds to the following
limited.>6 Further, no experimental work on the direct determina- €quilibrium
tion of the standard free energy of formation for niobium silicides 10NbQs) + 6Si(s) = 2NbsSiz(s) + 50,(9) Ky, [1]
has been reported.

In the present study, electromotive foréemf) measurements
were carried out to determine the standard free energy of formation
for NbSi, and NizSi;. The temperature range investigated is 1280- 6 1
1490 K. Based on the results, the standard heats of formation at 298 logpo, = glogas + zlogK, 2]
K for NbSi, and NizSi; have also been obtained.
wherepo2 andKyy are the partial pressure of oxygen and the equi-
) . ) ] o librium constant for Reaction 1. The slope of this line is the fixed
According to the binary Nb-Si phase diagrdrshown in Fig. 1, ymerical value of 6/5, and the location of point D can be deter-

two niobium silicides).e., NbSi; and NbS;, are stable at 1373 K. - yined py the measurement of the differencainbetween points A
In the Nb-O binary systerlY, three niobium oxides exist. Although and D. Thenag at point C can be derived by usimg, at point C
. | > )

the phase relation is clear for each of the binary systems in Fig. 1, . . : . . . .
the phase relation for the ternary Nb-Si-O system is not certain. |nWhICh is the intersection of the line CD and the line corresponding

order to draw the isothermal section of the ternary phase diagram, & the Po, at the two-phase equilibria of Niv NbO in Nb-O sys-
potential diagram, in which thermodynamically stable phases argem.
related to the oxygen and silicon potentials, is constructed as in Fig. In this way,ag; at point B and Cj.e., forAGﬁ,bS-b andAG§b55i3,

2. The free energy of formation for each of the compounds that iscan pe obtained. It should be noted, however, that the standard free

necessary for this potential calculation has been obtained from Barg,arqy of formation of NbOAG?. - is necessary for determination
in's table* Solid solubilities and the possibility of ternary com- 9y O2Gipo y

(o} [0} H
pounds are ignored in this calculation. of AGyps;, andAGyy, g;, and that the accuracy of the literature data

In Fig. 2, three-phase equilibria is represented as a point andor AGR,o influences the results of the present study.
two-phase equilibria is represented as a line, except for the cases of
SiO, and Si(these single-phase regions are shown as gray)lines
The isothermal section for Nb-Si-O ternary at 1373 K shown in Fig.  Assembled cells.—Three kinds of electrodes, in which the silicon
1 is based on this potential diagram. Points A-F in Fig. 2 correspondootential is fixed by three-phase equilibria of Nb-Si-O ternary, were
to the three-phase triangles A-F, in Fig. 1. Locations of these pointsysed for emf measurementse., electrode A: Si(s)}t NbSi(s)
in Fig. 2 depend on the free energies of formation for the corre- sjo,(s); electrode B: Nb$(s) + NbsSis(s) + SiO,(s); and
sponding compounds. For example, the values of silicon activity,gjectrode D: NESis(s) + NbO(s) + SiO(s). The letter represent-

ing each electrode corresponds to the characters used in Fig. 1 and 2.
By choosing two electrodes from these three, three kinds of cells
Z E-mail: fujiwara@energy.kyoto-u.ac.jp were constructed:

Thermodynamic Considerations

Experimental
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Figure 1. Phase diagrams of Nb-Si, Nb-O, and Si-O binary systems and g\
isothermal section of Nb-Si-O ternary system at 1373 K. -30 oo
-15 -10 -5 0\
activity of silicon in logarithm, [0g ag; Si(s)
cell AB: © Mo, electrode-A/Si@-sat. LLO-SiO,/
Figure 2. Potential diagram of Nb-Si-O ternary system at 1373 K. Points
electrode-B, Mo @ (3] A-F correspond to the three-phase region shown in Fig. 1.
cell AD: © Mo, electrode-A/Si@-sat. L,O-SiO,/
electrode-D, Mo @ 4 ) ) S .
[4] ment (i.e., during “equilibration”, these residual reactants reacted
cell BD: © Mo, electrode-B/Si@-sat. L,O-SiO)/ and the electrode reached equilibrium. The electrodes were analyzed
by XRD after the emf measurements, which confirmed disappear-
electrode-D, Mo & (5] ance of all these residual reactants. This disappearance suggests that

these compounds do not participate in the three-phase equilibria of
Sakao and Elliotf have reported measurement of silicon activity the electrodes.
in Ag-Si alloys using lithium silicate electrolyte. In order to ensure  Lithium silicate was prepared by heating in air the mixture of
the working of the present experimental setup, activity of Si in Li,CO, and SiQ at 1173 K for 43.2 ks in a SiQcrucible. Disso-
Ag-Si alloy using lithium silicate electrolyte was first measured, and gjation of CG from carbonate was ensured by weight change. The
the values obtained were compared with the values reported b3é|ectro|yte composition was 86 mass % SiOThis composition

them. The cell constructed for this purpose is: corresponds to the Sidiquidus at 1573 K in LjO-SiO, binary
cellAg): © Mo, electrode-A/Si@-sat. Li,O-SiOy/ phase Q|agrari'1? Ag-Si alloy used for cell(Ag), Eq. 6, was prepared
by melting the pure metals in a graphite crucible under argon atmo-
Ag-Si(xg; = 0.054, Mo @ [6] sphere.

Materials.—SiQ used was extra-pure grade from Wako Pure  Apparatus and procedure-A schematic illustration of the ex-
Chemical Industries, Ltd. NbSiand NiSi; were synthesized by Perimental setup is shown in Fig. 3. A silicon carbide resistance
vacuum heating of the mixture of pure elements. Appropriatefurnace equipped with mullite reaction tubg) of 52 mm i.d., 60
amounts of niobium powdef99.9%, less than 74m, Furuuchi mm o.d., and 1000 mm length was used. Temperature was measured
Chemical Co.)and silicon powdef99.999% less than 5am, Fur- by a Pt+ (Pt-13%Rh) thermocouplé) placed inside a SiQpro-
uuchi Chemicalwere mixed and pressed into 10 mm diam pellets. tection tube(h) and was controlled by PID type controller tol K.

The pellets were placed on a molybdenum plate and heated inside &he cells were placed inside an outer Si@ucible (c) of 36 mm
vacuum graphite furnace (1dto 102 Pa) at 1473 K for 7.2 ks. To  0.d., 32 mm i.d., and 100 mm height, which in turn was placed in a
complete the solid-solid reaction, they were continuously heated agraphite protection cruciblé).

1873-1973 K for 7.2 ks. NbO was prepared by vacuum heating of ~ At first, a molybdenum lead wirg)) of 0.5 mm diam and the
the mixture of niobium powder and MO (99.9%, Nakarai Chemi-  Pelletized electrode), which was prepared by pressing the pow-
cal Co.). The heating operation was similar to that for silicides. der mixture of one set of the three compounds, were placed into an
Synthesized silicides and NbO were examined by X-ray diffractioninner SiG crucible (d) of 12 mm o.d., 10 mm i.d., and 10 mm
(XRD) analysis. height. A mullite insulating tubde) was pushed into the gap be-

The oxides and silicides thus prepared contained small amountiween the inner Si®crucible and the electrode pellet in order to
of some residual reactaniss., NoQ, in NbO, NkSi; in NbSk,, and avoid direct contact of molybdenum lead wire with the electrolyte.
Nb in NbsSi;. This was apparently caused by evaporation of the Four such inner Si@crucibles(d) were used in every heating op-
high-vapor-pressure substances during the synthesis process. Howration(Fig. 3, top view). Then these inner Si©rucibles were put
ever, because of the preheating of the cell before the emf measurénto the outer Si@ crucible (¢) with powder SiQ and electrolyte
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Figure 3. Schematic illustration of experimental apparat(e) electrode
pellet, (b) SiO,-saturated liquid electrolytég) outer SiQ crucible,(d) inner
SiO, crucible,(e) mullite insulating tube(f) graphite protection cruciblég)

mullite reaction tube(h) SiO, protection tubei) thermocouple, andj)
molybdenum lead wire.

(b). The upper part of each of the inner $i@ucibles(d) was fully
covered with electrolyte.

temperature, T | °C
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Figure 4. Observed emf of the cell[© Mo, Si+ NbSjp

+ Si0, /SiO,-sat. L,O + SiO,/Ag + Si(xg; = 0.054), Mo @] as a func-
tion of temperature and comparison with literature déta.

before starting the emf measurement. Each emf was obtained after
holding at a constant temperature for more than 2.4 ks. Only emf
values stable within 1 mV for 600 s were considered as equilibrium
value. EMF was measured by digital voltmeter with 1)Gnner
electric resistance. Reversibility of the electrochemical reaction was
checked occasionally by passing a small amount of outer current
through the cell for a moment. In this operation, emf was restored
eventually. Stability of the emf was tested by holding the cell at a
constant temperature for 43.2 ks. Measured emf values were repro-
ducible within 1 mV.

Experimental procedure for céflg) was almost the same as that
for silicide electrodes, except for the location of the alloy electrode.
To ensure good contact of the molten Ag-Si alloy with the electro-
lyte, the molten alloy was placed inside a $i@be(12 mm o.d., 10
mm i.d., and 60 mm lengjhwith holes and kept on the electrolyte.
The molybdenum lead wire was dipped into the molten alloy for
measuring emf. After emf measurements, solidified Ag-Si alloy was
dissolved in HF HNO; solution and the silicon content was de-
termined by inductively coupled plasma spectrometry.

Results and Discussion

Activity of silicon in Ag-Si alloy—As electrode A contains pure
silicon, the activity of silicon in this electrode is unity. Then the emf
for this cell is given

RT ,
E= fﬁln ag (in alloy) [7]

The emf values of the cell represented Eq. 7 are plotted against
temperature in Fig. 4. In this figure, the results of Sakao and Efliott
for alloys with nearby compositions§; = 0.0474 and 0.066lare

also shown. The slope of the relation obtained by the present study
is comparable to those reported by them, indicating that equilibrium

In order to establish the equilibrium between electrode and elecwas reached at various temperatures. Activity of silicon in the Ag-Si
trolyte, the cell was first heated to 1423-1473 K for 7.2-14.4 ks (xSi = 0.054) alloy at temperaturgd323 and 1423 K)btained
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Table I. Activity of silicon in Ag-Si alloy (x = 0.054), respectively. It is clear that the temperature dependence of emf is
relatively small for all three cells. This is so because only condensed
TemperatureT/K Present study Sakao and Elllott ~ Phases are involved in the overall cell reactions, for which the en-
tropy change is known to be small. Although emf measurements
1323 0.190 0.186

were carried out by increasing and decreasing temperature, no sys-
tematic difference was observed in the results. Each of the emf
avalues read from graph. measurements of the celle were carried out independently. Howeyer,
only two of them are arithmetically independent. Consistency in
measurements can be seen by comparing measured emf-temperature

. ) . . relation(Eqg. 10)with the following equationEq. 11)
presently are listed in Table | along with those of Sakao and Elliott.
The present results compare well with these values. The use of Egp/mV = +239— 0.004(T/K) = 1.5 [11]
lithium silicate electrolyte in the present study was essentially the
same as that by Sakao and Elliott. However, few points relating tocalculated using Eq. 8 and 9. Tlig,/mV values obtained at an
the experiments were differeng,g., the electrode without molten average temperature of 1400 K from Eq. 10 and 11 are 234.8
alloy and the electrolyte with a slightly different composition. These + 1.1 and 233.4+ 1.5, respectively.

results apparently indicate that no problem was caused by these Becauseng; at electrode A is unity, for cell AB and AD, the emf
differences under the present experimental conditions. values,E s andE,p , are given as

1423 0.126 0.130

EMF and activity of the three-phase equilibrivrREMF of the

RT
cell AB, AD, and BD,Eag, Exp, andEgp, are shown in Fig. 5. Eps = ——=Inag, [12]
The emf-temperature relations obtained by the linear regression are 4F
RT
Eag/mV = +111— 0.012 (T/K) = 0.9 [8] Eap = 52 n a2 [13]
Exp/mV = +350— 0.016(T/K) = 1.2 [9] S .
Thenag; at the three-phase equilibrium at points B and D are ob-
Epp/mV = +225+ 0.007(T/K) = 1.1 [10] tained as functions of temperature within the experimental tempera-
8D ' - ture range(1280-1490 K)
logal = +0.24— 2240(T/K) + 0.02 [14]
temperature, T | °C D
p ) loga2 = +0.32— 7060(T/K) + 0.02 [15]
400 10100 —_— 1,1|00 12'00 Using these equations, leg; values at points B and D at 1373 K are
calculated to be-1.39 and—4.82, respectively. The former value is
about a 0.8 order of magnitude lower than that shown in Fig. 2.
B ] Standard free energy of formation for silicidesAs mentioned
previously, the only two emfs of the three cells AB, AD, and BD are
Q arithmetically independent. Because the standard deviation of the
Eap / mV= 350 — 0.016 (T/K) i1.20 1 linear regression is relatively low, emf of cells AB and BD are used
300t A 4 for the calculation of the standard free energy of formation for sili-
o) Mo, Si+ SiO,—sat. | NbsSi;+NbO : cides.
NbSi,+SiO,| Li,0-SiO,| +SiO,, Mo ] At electrodes B and D, the following equilibria are achieved,
> respectively
E T ] 1 5
3 —B-co—pP-o-—0—0-g——0——0— = NbsSig(s) + Si(s) = = NbS(s) [16]
- Egp / mV=225+ 0.007 (T/K) =1.1
3 L . , . 10 2 5
S 200 Mo, NbSig# | SiOp-sat. | NbsSiz#NbO g ZNbO(s) + Si(s) = -~ NbsSig(s) + —=Si0,  [17]
3 NbsSiz+Si0, Li,0-Si0, | +SiO, Mo 11 11 11
§ i ] Thus, the activities of silicon at electrodes B and D are given as
S
S B 5 o 1 (o]
RTInag = +=AGRus, — 5 AGR,g, (18]
100 —o-0orf0c00 s oo ] RTI D*+2AG° +5AG° 1OAG° 19
Eng/mV=111-0.012 (T/K) £0.9 Nasi = +11ACNns, + 174Gs0, ~ 174Cwo [19]
© mgé$i+8'o S:-Ozc—)s;to Nbsg_:_)Nbsl\f':’@ whereAGgo, andAGyy are the standard free energy of formation
+ - +
ol Lol 2, MO for SiO, and NbO, respectively. The emf of cells AB and BD can be
related to the standard formation free energy for silicides as
01300 1400 1500 S aGe - + tage
AFEpg = —7AGRys, + 7 AGRs, [20]

temperature, T | K 5 25 5
AFEgp = +2AGg — —AGS o, — —AGL, + — AG?
Figure 5. Observed emf of cells AB, AD, and BD plotted against tempera- 8P 77 TNRSy 77T NS 17 TS0, NbO
ture. [21]
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temperature, T | °c are calculated to bez13 and+63 kJ mol'?, respectively. The ex-
’ perimental error in temperature measurements is ignored because of
its relatively minor effect. Considering that 5 mol of niobium is
10100 11,00 12,00 consumed in the formation reaction of 1 mol 8, the fact that
the calculated inaccuracy AfGﬁbssi3 is five times as large as that of

AGR,o indicates the very large uncertainty that could be introduced
D e, ] by uncertainty of the value afGR,,. As far as the present experi-

mental method is applied, the electrode composition is limited to
. . SiO, saturation. In other words, emf measurements corresponding to
—200} Nb(s) + 2 Si(s) = NbSi,(s) - the difference in Si potential between point C and point A or B in
AGP/kJ = — 165 + 0.008 (T/IK) £ 13 Fig. 2 cannot be performed, as pointed out previously. Thus, the
relatively high level of inaccuracy cannot be avoided.

Figure 6 shows the standard free energy of formation of niobium
— prese4r)1t study | 7] silicides. As shown in this figure, temperature dependence of the
------ Barin standard free energies is negligibly small. The present results for
NbsSi; agree with the literature ddtand the temperature depen-
—400} ] dence of the free energy for both silicides is coincident. The present

5 Nb(s) + 3 Si(s) = Nb;Si;(s) result for NbSj is about 40 kJ lower than the literature data in the
AGPIKJ = = 526 + 0.009 (T/K) = 63 experimental temperature range. Even if the accuracy of the present
- . data is considered, this difference is apparent.

The standard heats of formation of silicidesBy applying the
600 third law method, the standard heat of formation of silicides at 298

1300 14'00 1500 K, AH{(298), is given as

standard free energy of formation, AG° 1 kJ

temperature, T/ K

) ) ) ) ) AH(298) = AGY(T) — Afef- T [24]
Figure 6. Comparison of standard free energies of formation for ha8d

NbsSi; obtained with the literature data.

whereAfef is the change in the free energy function for the forma-

By solving these equations and using literature Hatar AGCs)sio2 tion reactions of the silicidesThe calculated values are listed in

and AGRyo, AGRps;, and AGRy, g, are obtained as functions of Table II. As the difference in AH{\bsy),,(298)  and
temperature AH{\ngsiy),(298) calculated by using the free energy values of
AGﬁbSiz/kJ = —165+ 0.008(T/K) = 13 [22] 1300 and 1400 K was less than 0.3 kJ, the averages of them are
adopted in the Table. The estimated error in this Table was calcu-
AGRyq/kJ = —526+ 0.009(T/K) * 63 [23]  lated from Eq. 22 and 23.

As mentioned before, the experimental dataA¢t(298) were

The experimental errors in emf measurements of cells AB andreportetii by Gorelkinet al.® (1= NbsSi;) and Meschel and
BD are 0.9 and 1.1 m, respectively. These errors restn 1 and PR (1 W0k o W), The presert Bsuis [of oS,
1 o 0 H J
kJ mol ™~ in accuracy OfA_GNbSiz and AGypg;, - Inaccuracies of respectivealy. gBased on the assessed data by €tkarhaschewski
AGgj, and AGRy, are estimated from the standard heat of forma- et al.> and Barif and on the experimental data by Meschel and
tion of Si0, and NbO, and are-1.7 and+12.6 kJ mol 1,2 respec-  Kleppal! AH?(298) for NkSi; is more negative than that for
tively. Therefore, the overall inaccuracies ﬁbGﬁ,bSiz andAGﬁbsSis NbSk. This tendency is in accord with the present results.

Table Il. Comparison of values of standard heats of formation of niobium silicides reported by various workers.

A¢HP(298)/kJ mol*

Source Reference Method (NbSbL) 13 (NbsSiz) /8
Present study EMF measurement —53.9+ 4.2 —622+79
Barin 4 Assessment —-41.8 —63.8
Kubaschewskiet al. 5 Assessment —46.0= 13.9 —-56.5+ 13.6
Chart 6 Assessment —46.0 -60.7
Niessen and Boer 7 Calculation —-46

Kaufmann 8 Calculation -90.7 —65.3
Fernande®t al? 9 Calculation —55.5 —-62.7
Fernande®t al? 9 Calculation -56.0 -60.9
Gorelkinet al. 10 Calorimetry —-63.8*+ 115
Mischel and Kleppa 11 Calorimetry —53.7+ 1.6 —-64.6+ 2.4
Schafer 12 Estimation =-13.3
Searcy 13 Estimation —42 + 20 —-33+ 16
Brewer and Krikorian 14 Estimation —24t0o—78 —13to—98

aTwo different models are applied.
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Conclusions AH .51y, (298)/KI = —62.2% 7.9

In order to determine the standard free energy of formation of

niobium silicides, emf measurements were conducted at tempera-
tures ranging from 1280 to 1490 K. The results are as follows:
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