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THERMODYNAMICS OF OXYGEN IN SOLID SOLUTION IN
' VANADIUM AND NIOBIUM-VANADIUM ALLOYS

Gary Lee Steckel, Ph.D.
Department of Metallurgy and Mining Engineering
University of Illinois at Urbana-Champaign, 1978
A thermodynamic study has been madelof the vanédium-oxygen and

niobium-vanadium-okygen systems utilizing the solid state galvanic cell
technique. Investigaﬁions were ﬁéde withia Th02/Y2O3 electrolyte over
the temperature ranges 700-1200°¢C (973-1473 K) for the binary system and
" 650-1150°C (923-1423 K) for the ternary system. The activity of oxygen in
vanadium obeys Hénry's law for the temperatures of this investigation for
concenfrations up to 3.2 at. % oxygen. For higher concentrations the
actﬁvity coefficient shows positive deviations from Henry's law. The
oxygen activity, entropy, and enthalpy. can be described over the entire
composition<fange by interstitial solution theories when it is assumed
that secohd nearest neighbor oxygen-oxygen.interaction energiés are of
the-same magnitude aé the first nearest neighbor interactions. The
terminial solubility of oxygen in vanadium was deﬁermined.

The -activity of oxygen in Nb-V alloys bbeys Henry's law for the
temperaﬁures of this study forvoxygen concentrations less than approximately
2 at. %. For -certain Nb/V rafios Hepry’s law is obeyed for concentrations
as high as 6.5 at. % oxygen. First order entropy and enthalpy interaction
coefficlents ha&e been determihed to déscribe the effeét on the oxygen
activity of niobium additions to vanadium-rich alloys with dilute oxygen
concentrations. Niébium causes relatively small decreases in the oxygen
activity of V-rich alloys énd increases the oxygen.solubility limit.,

Vanadium additions to Nb-rich alloys also increases the oxygen solubility




and causes substantial decreases in the dilute solution oxygen activities.
The change in the thermodynamic properties when molecular oxXygen dissolves
in vanadium and niobium-vanadium alloys and the equilibrium oxygen pressuré

over the binary and ternafy systems were also determined.
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1. INTRODUCTION

There is an.ever increasing need for better structural metals and
alloys for use iﬁ high'temperature environments. Emphasis has been placed
on the refractory metals, molyb&énum, niobium, tantalum, tungsten, and
vanadium, because of their high melting points and their‘strength. The
group V metals, niobium, tantalum, and vmadiu.ﬁ, are much easier to |
fabricate tban,thé other refractory metals and are therefore Qf primary
interest for many appiications. Unfortuneately, these metals are, when
‘at high temperatures, extremely reactive with the gases 6xygen and nitrogen.
In this connection, if has been the objective of this research program over

1-5 6-7

the past several years to study the thermodynamic, crystallographic,

1 of these metal-gas systems.

and mechanical properties
| The primary purpose of the present research has been to dgtermine

the thermodynamic properties of vanadium-oxygen and niobium-vanadium-oxygen
solidAsolutions and té determine the terminal oxygen solubilities. The EMF
produced‘by solid state galvanic cells is used for these determinations. A
secoﬁdafy objective of the project is torcompare the oxygen activiﬁy data
with the predictions of various theoretical solution models; These

comparisons are made with the hope of gaining more insight into the atomic

arrangement of the various species in the solid solutions.

1.1 Solid State Galvanic CellATechnique

' The galvanic celllconsists of a solid 6xide’electrolyte between two
metal-oxygen alioy electrodes. Over a range of temggraturé-and external‘
oxygen pressure the anionic transferencéApumber of the electrolyte is

unity and it is totally ionic conducting. At a temperature high enough for




‘ _ _ 2
appreciable oxygen diffusion the chemical potehtial difference produces
a flux of oxygen from the high to the low chemical potential electrode..
Provided that the electrode oxygen partial pressures are within the range
such that the electrolyte cannot conduct electronically, a charge is
bullt-up on the low chemical potential electrode. This créates a flux of
oxygen opposing that due to the chemical potentlal difference and a steady
state condition is achieved. At the steady state condition there is no
netlflux of oxygen across the cell and an'equilibrium EMF can be measured
which is related to the chemical potential difference of oxygen between
. the two electrodes. One electrode is used as a reference with a known
chemical potential so that_the chemical potential of the second electrode
can be determined from the measured EMF. In addition to the assumption
that all charge transfer through the electrolyte is by oxygen ion migration,
it is also assumed that there is only one reversible cell reaction and
-that there are no reactions between the electrodes and the cell aﬁmosphere
or between the electrodes and electrolyte.

‘Kiukkola and Wagner8’9 first discussed and'demonstréted the wvarious
aﬁplications of solid elecfrolytes. Since that time numerous studies
- have been ﬁade on the electronic and physicai properties of solid oxides
and many oxide electrolyte systems have been successfully developed. (See
review by Etsell and Flengaslo); The most important critera in the
selection of an electfolyte for thermodynamiﬁ studiés are the iomic and
eleétronic conductiviﬁies and transpoft numbers over the range of oxygen
pressure and temperature to be studied. The ionic transference number
must be greater than 0.99 and the ibnic conductivity must be sufficient

for oxygen to be transfered across.the cell in a relatively short period

of time.



The group V metal-oxygen systems have extremely low equilibrium
oxygen partlal pressures, and thoria-base electrolytes with their superior
.thermodynamic stsbillty are the only available electrolytes that meet the
sboveAcriterea for the study of these systems. The electrolyte used in~
this study is a solid solution of 92 mole % Tho2 anu 8 mole % Y203 and has

the fluorite structure. This mixed oxide has a 3.75 % anionic vacancy -

concentration set by composition which results in the desired high anionic

mobility relative to the cation and electron mobilities. The total

conductiv1ty of the electrolyte as a function of oxygen pressure and

1
1-15 At 1000°C (1273 K) the electrolyte

)ll

temperature is shown in Figure 1.
exhibits p type conduction for pressures greater than 10~ -5 atm. (1.0l Pa.

-25 Pa )

and n type conduction for pressures less than 10” -30 atm.(l.Ol x 10
Between these values the conductivity is constant and ionic in nature.
Increasing the temperature'increases both the ionic and electronic conduc-
tivities and reduces the useful oxygen pressure range. The minimum oxyéen
pressures studied in this inyestigation_are also shown and are seen.to‘

be within the region of ionic conduction for each of the three temperatures

in the figure.

1.2 Vanadium-Oxygen System

Several studies have been made of the vanadium-oxygen system.to
determine the terminal solubilityAsnd related thermodynamic properties.
Techniques such as metallographic observation, X-ray parametric measurements,
internal.friction, microhérdness and electrical resistivity measurements, and
thermal techniques have been employed in these studies.l6-20 Some dats

have been reported for this system from experiments utilizing the solid

.state electrolytic cell technique.21

Early investigations of the high-vanadium region of the V-0 system
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were made by Seybolt and Sumsion; ~and by Rostoker and Yamamoto.]f7

These
studies were also included in a review by Stringer.22 Seybolt and'Sumsion
established the solubility limit of oxygen in b.c.c. a vanadium as 3.2 at. %
at 6oo c (873 K)' and 1000°¢C (1273 K). The phase boundary had no appreciable
temperature‘dependence. Rostoker and Yamamoto set the terminalisolubility
at 3.2 at. % at 1600°c (1873 K). The solubility decreased to 0.2-0.8 at. %
at temperatures below 900°C (1173 K). More recent publications by Henry
et. al.18 and by Alexander and Carlson,lg using vanadium of higher purity
than that available to.the early investigators, have indicated that the

' solubility 1limit is much greater than prev1ously reported. Henry et. al.
reported that the solubility varied from 6 8 at. % at 600°C (873 K) to

10.4 at. % at 1200°¢ (1473 X). Alexander and Carlson reported the same
‘value at 600°C (873 K), but found a slightly lower solubility of 9.5 at. %
at 1200°C (1473 X). Henry et. al. and Alexander and Carlson also found
that alloys of various oxygen contents did not retain their high temper-
ature Structure when quenched to room temperature. ‘Mloys with an oxygen
content in the range 5.7-9.2 at. % had a banded structure when quenched

to room temperature. Room temperature x—ray analysis revealed the
presence of a b.c.t. phase along with the b.c.c. @ phase. The b.c.t.

phase was interpreted as being a metastable transformation product of

the quenching process. These banded structures are believed to have

been single phase & at the high temperatures. High- temperature X-Tay
parametric measurements by Henry et. al. have confirmed this interpre-
tation. Seybolt and Sumsion and Rostoherhand Yamamoto also noted the
banded structure, but. they interpreted.the alloys to be twolphasecz+6

at the high temperatures: This diiference in microstructure interpre-
tation end relatively low purity of the vanadiumiused by the earlier

\

@




investigators explains the lower solubilities reported in the earlier

work.

Fromm and Kirchheim.zl determined the solubility over the temperature

" range of 650 1150 ¢ (923-1423 X) by the use of the equilibrium galvanic

cell technique. Their results showed excellent agreement with that of
Henry et. al, and Alexander and Carlson. But more recently Smith2
reported a much lower value for the saturation concentration of the 4

phase (e.g. 3.88 at. % at 800 c (1073 K)). -Smith's results are based

upon internal friction analysis of quenched specimens, oxygen distribution‘

experlments in the V-0-Na system, and gaseous oxidation experlments. In
view of the conflicting values reported for the terminal solnblllty and
the limited thermodynamlc data, it seemed advisable to make a more

thorough‘examination of vanadium-oxygen solid solutions.

1.3 Nloblueranadium-Oxygen System

A prellmlnary study of the niobium-vanadium system by Rostoker

o 5
- and Yamamoto 3 demonstrated that these metals alloyed to form a continuous

serles of SOlld solutions in the as-cast condltion. However, alloys
containlng 30 and 40 at. % Nb after anneallng at 900°C (1173 K) for
170 hours showed small amounts of a grain boundary precipitate. In

a later, more extensive study of this system no second phases were
observed after various annealing treatments.zh It is now believed
that a continuous series of‘solid solutions exists'from>the melt down

to room temperature. Ho‘bsonz5 reviewed data on‘the effect of additions
e , : ,

Al

of W, Re, Ta, Mo, Hf, V, Cr, Zr, and Al on the strength, oxidation
resistance, corrosion resistance, aging characteristics, and compositional
stability of niobium. It was concluded that Nb-V alloy. with an oxygen-

scavenging third element could produce an alloy combining the best -



| [
;propefties of strength, ductility, corrosion resistance, and high teméerature
stability. Rajala and Van Thyne26 reachéd a similar conclusion for their
study of various_V-baéed alloys. Therefore, these alloys show a great

deal of promiseAas high temperature structural materials and a study of

the thermodynamic; of their réactions with oxygen is warranted.

From a more dcademic‘point of view, the Nb-V-O system has many
favorable characteristies for the stndy of solutions containing both
substitutional and interstitisl solutes. Since the Nb-V binary consists
of a complete series of solid solitions, the addition of oxygen might not
result in the formation of any second phases other than the equilibrium
oxides. As will be seen later, oxygen has a somewhat lower activity in
vanadium than in niobium.. Therefore, effgcts on the oxygen activity by
substitutiqnal solutes with a 1argér or smaller interaction with oxygen
than the solvents can be determinéd‘by studying Nb or V-rich alloys,
‘respectively. Final;y, both niobium and vanadium'have relatively nigh
-oxygen solubilities‘SO the élloys should have fairly highlsolnbilities,
enabling a broad range of oxygen concentfations to be ‘examined in the -
solid solution region of each Nb-V alloy.

Although very little has neen reported on the Nb-V-O systgm,
numerous studies'have been made of various ternary systéms containing
én interstitinl and substitutional solufe. Zirconium and hafnium form
éxtremely stable bxidés. AThe addition pf small quantities of these
elements (less than.l at. %) decreases the oxygen solubility of Nb to
less than 250Aatomié ppm at 1000-16000b (1273—1873 K) by the formation
of internal Qxides of Zro2 ana Hfoa, respectively.27"3o ‘Low temperature,
-, internal friction experiments on the effect of Zr additions to Nb revealed

the presence of 0-Zr-0, Zr-N, and N-Zr-N clusters.?’l"32 Mosher, Doliins,
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and Wert32

reported that the Zr-N and N-Zr-N clusters haye binding enthalpies
over 3 times as large as those reported for 0-0, N—ﬁ, and C-C clusters in
b.c.c. metals. Apparently.Zr-N clusters are more affected by temperature
than 7r-0 clusteérs in Nb. -de Lamotte et. al.” found that a 1500-2200°C
(1773-2473 K) Zr additions of up to 1.5 at. % had little effect on the

nitrogen solubility and caused a relatively small decrease in the absolute

entropy of the nitrogen. Additionally, the nitrogen obeyed Sieverts' law

over the entire temperature range.

Taylor and.DOylé33-35-studied the effect of small additions of Mo,
W, and Hf on the solubility of nitrogen and oxygen in Nb. All three
substitutional elements decreased the solubility of both nitrogen and
oxygen at high temperatures. Horz and Steinheil36 237 found the same -
effect for Mo additions to Nb in a study across the entire composition
range of:Nb-Mo-N solid solutionsr_ However, they found that the Mo
decreased the nitrogen solubility by increasing the nitrogen activity

in the solid solution, whereas Taylor and Doyle33 had concluded that

the decreased. solubility was due to the formatlon of a Mo Ny n1tride

' phase. No molybdenum nitride phase was observed in the later work for

Mo concentrations less than 80 at. %. For the Mo rich alloys (less

than 20 at. % Nb) the Nb decreased the activity of nitrogen from its

value in Mo.‘ Sieverts'! law was obeyed by'the N for all of the Nb-Mo
alloys.

Klueh and Devan38;39 have  determined the effect of several elements
on the activity of oxygen in vanadium at 600°C.(873 K) by equilibration
experiments of the alloys with oxygen in'liquid sodium. It was found
that Cr, Mo, Fe, Ta, and Nb all 1ncrease the oxygen activity, with Nb

and Ta having the smallest effect. T1 and Zr decreased the oxygen act1v1ty




and caused internal oxidation.

Numerous investigations have been made of f.c.c., and b,c.c. Fe=X-C
systems from 800-1150° c (1073- 1423 K) employing such substitutional elements

~as Co, Cr, Mn, Ni, Si, and V.)+O =50

Ni, Co, and Si all increase the
carbon activity, while Mn, Ni, Si, and V have the oppoeite effect. In
general the behavior for these systems is of the same nature as the
refractory metal-interstitial systems., Substitutional solutee with a
higher attraction for the interstitial in the binary -systems than the
solvent will decrease the‘intersfitial element activity and those With' |
a lower attraction will increese the activity. The influence of the
substitutional solute on the interstitial solubility is usually not as
obvious since it is not readily apparent what phase will precipitate at

saturation or how the substitutional solute will affect the activity of

the precipitate phase.

1.4 Theoretical Models for Interstitial Solid Solutions

A secondary objective of'this investigation is to compare the
experimehtally determined thermodynamic properties of oxygen in solid
solution w1th those properties predicted by varlous theoretical solution
models. These comparisons can yleld valuable 1nformat10n about the inter-
actions between the various atomlc species in the solutlon. Before making
these comparlsons and dlscussing the results in detail it would seem
pertlnent to brlefly review the models developedfto describe the behav1or
of interstitial solid solutions. This review 1s not intended to be all-
inclueive;- Only ﬁhose treatments whieh are believed to be applicable to
the vanadium-oxygen and nloblumpvanadlum-oxygen results are presented.

The more interested reader is referred to more thorough reviews by

1
McLellan5 and Kapoor.s'2
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The normal procedure in statistical calculations is to start with
a physical model for the mixed crystal, calculate the canonical partition

function, and use the relation,
F = -kT 1n Q, ' | (1)

where Q is the canonical partition func¢tion, F is the Helmholtz frce energ&,
and k and T have their usual meanings. Thé other thermodynamic functions
can then be calculated from F, remembering that for condensed-phases F¥aG,
thc ¢ibbs free energy. The canonical partition function is calculated by
forming the sum over all the accesseible quantum states of energy,'Eq, of

the crystal.
| Q=3 exp ('-gq/krr). | . (2)
This is often written as the product,.
Q=0.9; | | (3)

where ch is the positional or configurational partition functionAand fli

'is the intergal partition function. !li is determined by summing over

the accessible vibrational and electronic states of.the system. The
dctermination of this quantity is an extremely complex problem and for
most of the models considered here it is assumed that..(?.i is independent

of solutc concentration. This would appear to be an unreasonable.assumption,
but as McLellan51 states, "most of the.calcolationsnof Ilc involve approxi-
mations such that the correspondiné thermodynamic functionsvinvolve errors
of such a magnitude that assuming-that'thelthermodynamic functions arising

from 121 do not vary with solute concentration is a fair approximation".
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By classical thermodynamicé a solution is ideal if the relafive
pa;tial enthalpies and volumés of its éomponents are zero aﬁd the relative
partial entfopies’are due only to the random distribution of the atoms ip
the lattice. By statistical mechanics lli is defined to be unity for an
ideal solution. If ny is the number of metal atoms, n, is the number of
interstitial gtoms, and 8' ié the number of interstitial siteé per metal

site, then the number of configurations, W, for a random binary interstitial

solution is,

. (6'111)1 (1)
= 1 11 - !
| n2.(3 n n2)
The partition function can then be_representéd by the equation,
id : .
Q™" = 0, = W exp (-E/kT), (5)

where E is the énérgy of the one highly degenerate energy level of the

~ideal system. Furthermore, it can be shown that the partial molar

configurational entropy of the interstitial solute, Sg’ld, is
\
2 ' 1-N2/6'N1 3'-N2(6'+l) =

where Ny and N, are the solvent and solute mole fraction, respectively.

Thus, for the ideal interstitial solution the partial molar Gibbs free

energy, Ezd, is

=id o N2
G2 = G2 + RT 1n B'_N2(6'+l) ’ (7)

where Gg is the molar free energy of pure component 2 under a given set of
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reference conditions. The activity, a of the interstitial solute is

defined by the relationship,

(8)

- 0
G2-G2 = RT 1n a2
and hence for the ideal interstitiél solution
N
a, (9)

[
27 8'-Ny( g,f+1) )

Real solutions are rarely ideal, however it is useful to describe real
solutions'relative to the ideal solution. The activity coefficient, ¥,
is defined for this purpose by the relation, .

- N, -1 - :
¥. =8, |——a—n] . ' 10
2" 2| g'-N,(B'+1) , _ (' )
By the combination of equations (7), (8), and (10) it can be shown that
for a real solution ' |
—=id

G, = G2

> +RT 1n ¥, - | (1)

{

with ¥, = 1 for an ideal solution.

A model closely related to the ideal solution, but which describesi
many real soiﬁtiohs, is the régular solution which wés first ihtroduced
vby Hildefrand53 for substitutionél soiutions. The regular solution’is
assumed to be random, so the pértial molar entropies are the same as for
an ideal\solution. The relative péftial enﬁhalpy is nonzero and therefore:
results in deviations from ideal behavior. Several variations of the

regular solution have been derived. These various regular solution models

differ in their description of the energetics of the solution.
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The simplest of the regular solutions has been termed "quasi- regular" Sh
The solute mutual interaction energies are assumed to be negligible;, but

a finite solvent-solute interaction energy, E

5 is allowed. Eé is the

ehergy required to insert a solute atom into the solution, measured with
respect to the energy of en atom at rest in a vacﬁum.' This moael also‘
ellows for a nonconfigurational entropy term, sz. BZX and Eé are both
‘assumed to be independent of solute concentration and femperaxure.

McLellan has shown that for such a model55

Eé.= Eé-T§2X+R? ;n 6'-N:%6'+1) (12)
By‘the cembination of equatiens (8), (10), and (12)
RT 1n ¥, = AHY -TAS3 0 : - (13)
and
| N2 o, =0,
8, = 5 (FD) exp AHé/RT exp -ASQ/R, (1k)

where AHY = Eé-HZ and AEE’: ESX-SS are the relative partial enthalpy

and nonconfigurational entropy of the solute atoms with respect to

~ pure solute at infinite dilution. Since Eé and §Zx are iﬁdependent of
solute concentratlon,vequatlon (13) demonstrates that 8 is also 1ndependent
of N2 and hence qqasi-regular solutions obey,Henry s law. The quasi-
regular freatment has been extended to ternary solutions having'a substitu-
" tional solute, component 3, in addition te the interstitial solute.5 In
©3js assumed to .be the same as for the 1-2 binary

2
g
_system and the partial relative enthalpy, Aﬁg’ , is a linear sum of the .

the ternary model AS
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relative enthalpies, Ay’® and Af)’%, determined from the 1-2 and 3-2
binaries. Thus, equations (13) and (14) are the same as for a binary

system except that Aﬁgois replaced by

N ' N

7,00 =1,00 =3,00

AH":N—iﬁ—AHl’ +—NE—NAH3’. (15)-
173 173

: . The linear sum of the partial relative enthalpies is the result’of makiﬁg
the assumption that the bonding between'components l&2land-3&2 afe the
same as for thé respective binaries.

Kirkaldy and Purdy57 have derived a regular solution model for
f.c.c. lattices having a substitutional and an interstitial solute. In
.this model the nonconfigurational entropy is assumed to be zero and the
energy of the solution is assumed to consist of pairwise interaction
,énergies of nearest neighbor pairs. The model will be derived here for
a b.c.c, structuré assuming the interstitials occupy the octahedral site§.~ .
(8' = 3). The total energy of the solutioﬁ, E, is given by the sum Of

the various energy pairs,

E = P11E11+P12E12+P13ElSfP22E22+P23E23+P33E33, (16) |

where Eij is the energy of an ij pair and Py is the number of such pairs.

J
The subscript 1 refers to the solvent, 2 is the interstitial solute, and 3
is the substitutional solute. The Pij values are calculated assuming a

random solution and are related to the number of atoms by the relations,

P1y

h[nl-n3( 1‘ﬁ3j /( nlj"n3)] :

P 2n2[1—n3/(nl+n3ﬂ

12
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P, = Ba(1n )/(n,+n n,
Pop = 2n2/ 3(ny+n5)

| Ppg = 2ﬁ2p3/(n1+n3) (l7>
Pyg - hng/(nl+n

After performing the sum of the energy pairs, differentiating with respect
to n,, and converting to mole fractions, the partial'molar energy of the

~ interstitial component can be showvn to be

E. hN2E22 2N B, 2N3Foq (18)
2 = - - - ° '
3(1 N2) 1-N, 1-N, :
The number of configurations for the random solution is
Boeng]t (apenys |
W e ki 1A (29)

n,! (3nl+3n3—n?)g X nl!n3!

Sincé S =k 1n W, after appl&ing Sterling's approximation, differentiating,

and converting to mole fractiouns,

- N
=C 2 :
S, = =R 1n ;E-N—e-, : , ' (20)

=c,id
2

is approximately equal to Eé—TSZ,

which is the same as 5 for a binaryAinterstitial solution. Since G

s uNE +6N1E12+6N3E23 +Ri1 ln- N2 (o
2 3(1-m,) 3-kN, _

and after applying equations (8) and (10),
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2N1E12+2N3E23 o, hN2E22
(l'N2) 2 32 l_N25 -
Ny
- J
1 ; N,

a2 .
RT 1n -@(3-{&\12)] = RT 1n ¥,

J. o+ J (22)

0+

where Jgy = [(2N1E12+2N3E23) /(1-1,) -Gg]and J, = 4Eyp/3. The pairwise
interaction energies are assumed to be independent of composition.
Therefore, plots of RT 1n Xa-venSus Né/(l‘Ng) at constant temnerature

and metal atom ratio, Nl/N3’ are iinear for solutions whieh,obey this
model. The interstitial mutual interaction. energy, E22, can be:determined
from the slope and E12

a binary system equation (22) reduces to

and E23 are determinable from the intercept. For

s ’-LN2E22
RT 1n (2 = 2B -0y + 3 Tw) (23)

In principle, since the interaction energies are assumed to.be independenf
of composition, the activity of eomponent 2 cen be predicted from the
application of equation (235 to the 1-2 and 2-3 binary systems. However;
in practice, the interaction energy E23 is th assumed to be the same
as thet'for the 2-3 binary. 'instead3 energies E,, and E,, are determined
fo be the same as for the 1-2 system and E23 is determined from the -
ternafy datau.ue’u3

Hoch58 and McLellan and Chraska56 have developed models very
similai to that of Kirkaldy and Purdy. However, in these models a
nonconfiéurational entropy term is ellowed which is assumed to be
independent of temperature and composition. This duantity would appear

in equations (22) and (23) as an additional intercept term. These two

types of regular solution behavior have been used to describe dilute
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u2,43,56-60

solutions of numerous systems.

Fef-C,60 Fe-Mn-C,he’59 Ta-H,58

A Tew of these systems are:
and Ni-cu-c.”®
R S N | o
Oriani and Alcock  have pointed out that, strictly speaking, the -
regular solution model is not internally consistent. The inconsistency
arises from the fact that the finite interaction energies éllowed by the
model necessarily imply deviations from perfect randomness of the distri-
‘bution of the atomic species. The success of the regular solution, despite
this inconsistency, is attributed to the fact that it is usually applied
to systems for which the solute mutual interaction energies are smaller
than kT.51 Under these conditions the deviations from randomness are
slight.
. 62 i ‘
Speiser and Spretnak  developed a model which accounts for deviations
from regular‘solution behavior by assuming that each interstitial atom
blocks a number of surrounding interstitial sites, z", from being

occupied. This results in a nonideal configurational entropy, which

is determined to be,

. . Ny - .
82 = =-R 1n 6' -N2(6'+Z") . . (2’4-)

Combining,thié entropy term with the enthalpy assumptions of the quasi-
regular solﬁtion yields the following equation for the solute free energy:
N

= = =8 2
G. =E --TS2 +RT 1n 6|_N2(b'+zn) . | (25)

2 2

This typé of behavior has been termed “quasi-athermal".sh. The model
can obviously only abply to solutions for which the interaction energy

between interstitials is repulsive. Although the quasi-athermal model
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ho 63 it is also internally

has been used to describe real solutlons,
inconsistent. The concept of blocked sites infers an infinite repulsive
interaction for the calculation of the configurational entropy; while |
this sameninteraction energy is regarded to be negligible for the |
enthalpy calculation.

The quasiechemical model, first introduced by Guggenheim,6u'
removes the 1nternal inconsistencies of the regular and athermal
treatments. As for the regular solutlon, the total energy of the solutlon
is attributed to the sum of nearest neighbor pairwise inteéraction
energies which do not vary with concentration.’ However, the deviations
from random behavior resultingAfrom these interactions are accounted
: for in the calculation of tne configurationalientropy. A1l nonconfigur-
‘ational effects are assumed to be independent of composition. McLellan
and Dunn6? have derived expressions for the thermodynamic properties of
the 1nterst1t1al solute using the quas1-chem1cal method. Their expressions’

for the partlal molar conflguratlonal entropy and enthalpy for a binary

solution are

9/6',>z-l l.'e/e"d’ \ Z/2

§c =R 1In i-e/p' 6/61 __¢
28, (1-26/8") (1-0) [(1-6/p Yol '] © 0
* 2T.(2¢d-1)(1-e/e'-¢)(e/e'-¢) (2 ).
and
- - ' (1-26/p')(1-0) [(1-6/8" )@ 81)% | | ’
By = (2/2)8p |1+ (2¢<rp-1)(1-e/@[s$-¢){e/e'{¢) I (27)

where'ﬁg°is the enthalpy of solution at infinite dilution, z is the
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coordination number between interstitial sites, E§=‘Né/Ni, o= l-éxpv-E22/RT,

and

6 - 1-[1-bo(1-6/8")6/8'] 1/2
- k) .

The activity of the interstitial solute determined from equations (26)

and (27) is
ol | 1-0e-a [ o 2|
%= 1-9/e'| 96'-4 \1-0/p"
X exp AE;7RT exp ASE7R exp zE22/2RT, (28)

where Aﬁg’ and A—S'g ;'a.re the relative partial enthalpy and nonconfigurational
eniroPy df the solute atoms with respect fo pure solute at infinite
dilution. Equations (26) thfough'(28) have been used to describe the

Fe-C System.66’67 This model'haé'élso been extended to include the

‘ 69,70

effect of a substitutional solute. The resulting model satisfactarily
describes the -carbon activity in f.c.é. allojs in the Fe-Cr;C;'Fe-Mn-C,
Fe-Co~C, and Fe-Al-C systems.68 And, perhaps'more importantly, it
properliy describes the variation of §g and ﬁé with composition aqd'
température for these systems. |

 A quasi;chemical model fifst.developed by Jacob and Alcock7o has
been used to describe the‘dissolution of oxygen and nitrogen interstitially
in’ substitutional solutioﬁs. This treatmentvis somewhat more sophisticated
than the pfevious models in that it allows the interaction energies‘to"

vary with composition. Specifically, the bonding between the interstitial

|
‘  atom and the metal atoms is assumed to depend upon the relative number of ’ ‘

T
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atoms of types 1 and 3 surrounding the interstitial. Various interpretations

T1-T3

of the bond energy dependence on the atomic env1ronment have been given.

However, ‘this model is very limited 1n its appllcablllty because the solution
is required to dbey.Sieverts’ law and the nonconfigurational entropy is not

allowed to vary with N3 This investigation will indicate that the éntropy

of oxygen in the Nb-V-0 system varies with the Nb/V ratlo. Therefore,
the model can not be applied to this system. and will not be considered -
further.

The "central atoms" model, introduced independently by ILupis and
Th . [P

‘Elliott’ and Mathieu et. al., differs from the previoué models in that

it considers as the basic units thelatoms instead of their interaction
éenergies. This offers the advantage of describing the energy of‘thé
central atom by any suitable function of the arrangeﬁent of the atomic
sﬁecies in the néarest neighbér'shells. Additionally, variations in the
vibrational modes of the central atom can be accounted for. It is con-
ceivable that ﬁhe free energy of the central atom can be calculated for
all possible-configurations of the atoms in the nearest neighbor spbsti-
tutionai and interétitial sites by application of the proper energy
‘functioﬁ; Unfortuhétely, in practigé the mathematics of the model are
'extremgly coﬁplex and in order to redude the number of parameters it is
usualiy assumed that the energy of the central atom is linearly dependent
on the surroundings. This approéch is equivalent to that of the previouss
models inlwhich fhe energy of the solution is described by the sum of
| pairwise interﬁction energiés. Making use of this assumption, Foo and
,Lupis76’77 have arrivéd at the following‘equations for the interstitial

activity in binary (equation (29)) and ternary solutioms (equation (30)):
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_ =00/ _ AR
1n 8 5 = In y,+ AH2/RT Asz/R

: ' 1/2
C(1y,) + [(l-y2)2+ by, exp -Agéa)]

2

-2z 1n

(29)

1n a2,T‘ = 1n a, 5-27 In [(l+' ¥3) (1-¥,) +A32(y2-y3)]
: , o

A 1/2
+ h(l-—l32)y2(l-+y3) j—2Z lg 2(}4-y3). - (30)

In these equations y, = Ne/[ﬁ'— 2(5'+1ﬂ = (0/8')/(1-08"), y3 = N3/(Nl+»N3),
. Z is the number of substitutional nearest neighbors to an intersitital éite,_
')\32 = l-exp -(Agge)eégga)), and Ag§2) are parameters which analyze the

bonding between the ith species and the interstitial central atom. These

parsmeters may be related to the interaction energies for dilute interstitial

concentfations by the expression, , . z'
(2)
E21 = 2RT./_\gi . ' (31)
(2)

The Agi parametérs are presumed to be pfOportional_to‘reciprocal'
temperature with é nonzero infercept term indicating that the viﬁrationql
frequency of the interstitial atom is altered by the presence bf an 1 atom
nearest neighbor. Positive falues for Agée) aré indicative of a repulsion ‘
between interstitial atoms, while positiﬁe values for Aggindicate that

the interstitiél is more attracted to the solvent than the sﬁbstitutionél ’
solute. | |

Most theoretical solution models are derived under constant volume
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' conditions. Thisis the case for all of the models presenj:ed except
the central atoms model which was derived at constant pressure. Most
experimental measurements, including those of this study, are made under
constant.pressure conditions. Therefore, it is important to consider

78

the magnitude of the consequent corrections reqﬁired. Wagner and

Lupis79

have addressed this problem. It was concluded that the substi-
tution of a constant pressure condition for.that of a constant voiume
condition affeqts very markedly the composition dependence of the chemical
potential,.but only slightly that of the activity and activity coefficient.
The applicability of the models presented to the V-0 and Nb-V-0 sysféms
will usually be teéted by combaring the theoretical and experimental
variations of the activity coefficient., It is therefore assumed that no

corrections for constant pressure are required and that the comparisons

will give a true test of the relevance of the models to these systems;

1.5 Thermodynamics of Substitutional Solutions

By following the same procedufe as that used for interstitial
solutions it can be shown that the partial molar configurational entropy

of the ith'sPecies of an ideal substitutional solution is
S, =-R1ln Nl | X . (32)
Thus, from the definition of an ideal so%ution,

":d G, +er 1n N,. | - ' (33)

From the definition of the activity, equation (8), it follows that for

an ideal substltutlonal solution al N ‘and the activity coeff1c1ent

KN" is therefore defined by the relationship,
i .



B
B =%/ | (34)

N,
i

where the subscript Ni denotes that the activity coefficient of the i

species 1s being defined by the substitutional formalism. As fbr inter-
stitial solutions, the activity coefficient describes real solutions
relative to the ideal solution. For a real solution

- —id
Gi % G; + BT 1n XNi | . (35)

i

!
! ‘ ' with XN = 1 for the ideal solution. Another means of discussing solution
| thermodynamics is by the excess partial molar quantities. Using the Gibbs

- free energy as an example, the excess quantities are defined by expressioﬁs

of the form
XS id ’
& = @, -G, : _ (36)
and it follows that

i i i Ni

(3)

8 , g :
Wagner © has described the thermodynamic behavior of multicomponent

systems by using a Taylor series expansion for the excess partlal molaxr free
~energy or the logarithm of the activity coeff1c1ent Following this procedure

the activity coefficient for component 2 of a ternary system can be written

dln ¥ dln ¥
EXS/RT 1In¥X. =1n ¥° +N T2 +N T2 +

2 N, N, 2\ 2N, 3\ Ny

Nz o1n ¥ 3in ¥, ¥ ($1n ¥

— 2l yuN +—§— 2} 4 ...(38)
~ + _—
2 2 3 2 2 e e
821\12 SN AN ) N3
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where Koo is the act1v1ty coefficient at infinite dilution in the 1-2 binary.
2
If terms involving second and higher order derivatives are dlsregarded, the

logarithm of the act1v1ty coefficient becomes a linear function of the mole

fractions of the solutes,

o @, pe®
5o o1 ¥ = 1% + nel® 4 owe (39)
/ N, w, * %2 32

where the coefficients Eée) and Eés) are defined by the expressions,

3ln ¥
6(2) - N2 ’
2 6N2 Ni_’l
(10)
dln ¥
€(3) = ______EL .
2 6N3 NI-*l

These quantities have been termed first order free energy interaction

coefficients.80 The Taylor series expansion may also be applied to the
81

excess enthalpy and entropy. Disregarding second and higher order

derivatives these are

=XS XS
ﬁ}cs B ﬁ'x o0 3H2 BHE
2 2 2 aN2 3 3N3
and
» a‘gxs a-S—XS
§xs _ §xs + N 2
2 - 2 2 6N2 3 8N3 *

First order enthalpy and entropy interaction coefficients may then be

defined by. the relationms,




=X8 , s
12(2) _ 6H2 n(3) | aﬁ; (43)
2 =| 7o 2 =\ ow, 3
2 [Nl 3 /N1
and
agxs S-XS
o(® _ [2— (3 - [ (1)
2 3N e T oN '
2 Ni‘#l 3 [N~—1
. - 1
- Since azs = ﬁ;s - ngs it can be determined from equations (39)-(44) that
P —xs%® _—xs%®
RT 1n XN2 =f, - T5, (45)
and
s e [(2) () (3) _ pgl3)
RT 1n XN2 = H? -8, + 1\12["1_2 -To, °| + g n,~" - 16, - (46)

By definition, the activity coefficient is not a function of Nglfor solutions

which obey Henry's law. Therefore, if Henry's law is obeyed over the entire
temperature range,'néz), dée), and.éée) are all zero and equation (46) reduces
to 4

xs®  —xa®
RT 1n KN2 = HZS - ngs + N3[”lé3) - ng)] . (1) |

By the combination of equations (34) and (47) the activity may be described
by the expreséion,

[/
%, 5(3)y

=xs” o(3)
5 3 HZ -+ﬂ2 N3

R exp RT .

a, = N, exp- (48)
Expressions (32)-(48) have been derived for substitutional solutes.

However, in practice these expressions are often used to describe the

thermodynamics of interstitial elements in metallic solutions. This is
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" particularly true for the dissolution of the diatomic gases oxygen and
nitrogen into solid solution. For the reaction oxygen (or nitrogen) gas
going into solid solution Sieverts' law is frequently obeyed. That is, .

the oxygen mole fraction is proportional to the square root of the

equilibrium oxygen pressure. If the PO = 1 atm. (1.01 x lO5
‘ 2

"selected as a standard state fof both the gas phase and the oxygen in

Pa.) is

solution, the oxygen activity is defined to be (PO )1/2 and the preceding
2 o
expressions for substitutional solutions are applicable. Equation (48)

is then a statemént.of both Henry's and Sieverts' laws and ﬁ;s and §§s
are the enthalpy'and entropy changes for 6xygen going from the gas phase
into a solution with Né = 1. This repreéénts a nonphysical reference
state since a second phase usually precipitates at values of N2<< 1.

It is therefore often preferable to define 1 at. % oxygen in solution
as the standard state. This allows the activity of the oxygen to be
-conveniently described relative'to both the gas phase and the oxide_
phase. As'wili Be shown later, the terminal oxygen solubility for a
binary éystem can be readily determined using this standard state. The

equilibrium oxygen pressure is related to the at. % oxygen in solution,

X, by the expression,

(Poa)_l/2 = ¥'X exp -r5°/R exp LFO/RT | (49)

where the activity coefficient,‘X', equals a/X and ASO and Aﬁo are the
standard enthalpy and entropy of oxygen in solution, respectively. When o
Henry's and Sieverts' laws are obeyed ¥' is one and equation (49) is of

the same form as equation (48) for a binary system. Since X = lOOl\T2 and

1/2
8, = (Po ) / it can be readily determined that
2 .
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r3° = 's"ecsm.;g 1n 100 ' © (50)
' 0 ' , -
A'Ho =5 . . (51)

When there are deviations from Henry's or Sieverts' law these equations:
are no lbngqr valid.A However, the activity coefficients for the different
standard sﬁates may be compared over the enﬁire composition range by the
expression,

In ¥' = 1n ¥ - ln 100+ B /R- E/RT (52)
| A S /R . |

'Subétitutional solution theory provides expressions for the
thermodynamic prOperties which are somewhat ieés<mathematically COmple£A
than those of interstitial theory. Furthermore, substitutional theory
allows for the description of the oxygen in solution by Sieverts' law.
There is no equivalent statement of this con?enient law by interstitial
theory. Therefore, although oxygen is located in interstitial positions
in vanadium and niobium-vanadium alloys, its behavior will be’described.
in substitutional soluiion terms. However, interstitial theory must be
used to properly.interpret-tﬁe physical sigﬁificance of the results;
Equatiéns*have theréfore been derived which enable one to comvert the

. substiﬁﬁtional properties, XN’ ﬁ*éT and §xsf’to the interstitial ﬁroperties,
R AH’”, and AE® 1f it is assumed that the oxygen occupies octahedral

interstitial positions in the b.c.c. iattice, the relationship between

the activity coefficients of the two splution theories is
in ¥ = 1n KN + 1n (3-4N). X (53)

Equation (53)'is valid over the entire composition range of the solid

o .




28-
solution. This equation demonstrates'that,lstrictly speaking, a solution
" which -obeys Henfy's law by substifutional solution theory can not obey |
the interstitial statement of Henry's law, However, for dilute solutions
1n (3-UN) -can be approximated by lﬁ 3 and the solution can be described
by Henr&'s_léw for both treatments. Eﬁpressions (14) and (48) for the -

activity can then be equated resulting in the following:

e I-I-xsw . | | ‘(5’+)
@ . :
B2 . r1n 3. ' (55)

Tn this study the above approximation ié Qithin the limits of experimental
acecuracy for concentrations up to around 5 at. % oxygen. The interstitial
soiution'theor& properties ﬁay be determined from those based upon the

1 at. % oxygen standard state by the combination of‘equations (50)-(55).
The subscript denoting the - atomic species has been omitted from equations
(53);(55), as it will be throughout the remainder of the thesis, since

these quantities will always be describing the properties of the oxygen.
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2. EXPERIMENTAL PROCEDURE

2.1 Preparation of Electrolytes

The electrolytes employed in this investigation were either purchased
commercially or pressed and sintered in.our-laboratory.*' The minimum
purities of the thoria and yttria used for the production of electrolytes
were 99.9 % and 99.99 %, respectifely. The mean volume diameter of the
thoria powder was 5-15 microns. Although the particle gize of the yttria
was not reported by the supplier, 1t was observed to be somewhat finer
than thaf of the thoria.

The elgctrolytes were pressed and sintered by a procedure similar
to that employed by Alcock and Steele.lh 2.79 grams of ThO and. 0.21
grams of Y203 were mixed and ground together with 3 drops of H20. The
water was the only additive used and was employed to prevent the pellet
from cracking upon removal froq the aie after pressing.' The pellets were
pressed to h? metric toms/mma, giving an as;pfessed pellet with the
approximate dimensions L mm thick x 16 mm diameter. The pellets were
then dried in air é 110°¢ (383 K) for 10-12 hours. The sintering
freatment was carried out.at 2100°¢ (2373 K) for 3 hours in a vacuum
furnace which maintsined a pressure in the low lO-6 torr (lo-u-Pa.)
range. The pellets were heated to the siptering temperature over a
period'of 8 hburs énd cooled to room temperature over a period of 2-
hours to prevent cracking due to thermal shock. The vacuum sinfering
resulted in highly_réduced, black pellets. The original oxygen/métal

ratio was restored by annealing.the pellets at-l375°C (1648°K) in air

* - . .

The commercial ‘electrolytes were purchased from the Zirconium
Corp. of America and the ThO and Y 0., powders were purchased from.the
Rare Earth Division of Amerlcan Potasﬁ and Chemical Corp.
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for 30 hours. Once again thé heating and cooling rates were minimized.
This treatment yielded brownm, translucent electrolytes. All of the aboﬁe
heat trestments were carried out with the pellets resting on thoria diécs
to minimize contamiﬁation.

The electrolytes were ground and polished through 0.25 micron diamond
paste., The final dimensions were 2 mm thick x 1t mm diameter, as éompared
to the commercial electrolyte dimensions 3 mm thick x 12,5 mm diameter.
Optiéal microscopy revealed that the stfucture and porosity of our electrolytes
compared favorably with those of the commercial electrolytes. A few of ourA
electrolytes were tested by repeatinglthe EMF measurements of varioué cellé
which had previously been made using commefcial electrolytes. The EMFs
were reproducible within 5 mv (230 cal./mole), which is within the
limits of experimental error of the technique. It was therefore assumed
that the properties of these electrolytes were adequate for experiﬁental

use and no further tests were conducted.

2.2 Preparation of Niobium-Vanadium Alloys

The niobiumpvénadium alloys for the study of the Nb-V-0O ternary system
were prepared'by conventional arc melting tedhniéues. The niobium was
purchésed* in rod form and was the same stock as used by Nickerson.5 The
vanadium was donated by the U.S. Bureau of Mines in the form of as-caét
Bars of approximately 11.5 x 6.5 x 1.2 cm., The éhemical analyses of these
materials are given in Table I.

The arc melting was carried out in a furnace having a copper Cruciblé
with a tungsten electrode and an argon atmosphere. In order to facilitate
homogenization of the alioys the niobium and &anadium pieces were distributed

- in the»cru¢ible as evenly as possible. The more dilute element was rolled

*Purchased from Wah Chang Albany Corp.
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TABLE I

Analysis of Starting Material (Atomic ppm)

Niobium ' . Vanadium

Ternary Study Binary Study

A B C D E F B

278 -—- .= <50 . === 50 ---
332 --- --- 4o . 488 425 . 6ho
318 - 800 ¢35 1k 550 620
539 -—- 1040 96 210 640 1910
- <20 , . --- ——- --- —— . =e-
- 50-200 e --- -—- 95 -—-
-—- 200 o m—- - <aT - 910 . -
- <20 ——— -~— ——— - ——
— <20 _—- ——— —— - ———
78 .- e 55 . -

——- 30 - matrix -—- ** -—-
——- 30 - - -— 100 -
83 30 --- Cmem L mes 90 =--

- 50 - <£8 - -—— -~
275 Loo ——— --- -—- - R
KK matrix —— - - ——— C -
——- - ko - _— -— --- 30 -
42 12 -—- -—- --- - -—-

297 100" _— --- ——- ——- ———
106 30 -—- ——— ——- ——- -

Lot analysis. ) '

Materials Research. Laboratory, University of Illinols (mass
spectrographic analysis).

Oregon Metallurgical Corporation, Albany, Oregon (vacuum fusion
analysis)., , : ‘ ‘

- Lot analysis (all other elements were below. detection limits of

emission spectrography). o
Leco Corporation, St. Joseph, Michigan (vacuum fusion analysis).
Supplier's typical ingot analysis, values are maximum content.
Al seemed to be inhomogeneous.

99.85 wt. %. '

99.76 wt. %.

<
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into very thin strips, 0.2 mn thlck, thus maximizing its surface area and
facilitating the uniform mixing of the two metals. A zirconium button
was melted in a separate compartment of the crucible prior to melting. the
alloy. It acted as a getter for impurities in the argon atmosphere. -
Each alloy was melted four times. Both buttons were etched to remove any
oxide layer picked up during cooling and turned over between melts. The
final welght of the alloys was within *0.20 wt. % of the 1n1t1al weight.

The as-cast alloys were approximately 12 mm in diameter and 12-30 mm
long, depending upon the welght and Nb/V ratio. Generally the buttons
weighed 25- 30 grams with some weighing as little as 15 grams. These
| buttons were swaged to a 3.1 mm diameter rod and cold rolled into strips
6.6 mm thick. The width of the strips depended upon the deformation
'~ characteristics of the variOus‘alloys and varied from 5.6 to 7.0 mm.

Each strip had a uniform width over the length of the strip. No inter-

" mediate annealing was required at any stage of the deformation process.
Microprobe analyses performed on seotions.taken from various areas

. of the swaged rods or rolled strips indicated that the alloys were
homogeneous over their cross-section and length. The niobium and vanadium
concentrations of the alloys were checked by titrimetric and spectrophoto-
metric methods. Substltutional 1mpur1ty levels were determined by mass
spectrographic analyses and the presence of interstitial elements o, C,
and N was determined by vacuum fusion analyses. 'All of these chemical

analyses are given in ?able I31.

2.3 'Flectrode Preparation

The vanadium used for the study of the vanadium-oxygen system was

‘ L % : .
- purchased: in-rod form. The chemical analysis of this material is given

Purchased from Wah Chang Albany Corp.




TABLE IT

Analysis of Niobium-Vanadium Alloys (Atomic ppm)

200

Vanadium and niobium concentrations are in at. %.
-at the Materials Research Laboratory, Unlversity of Tllinois (tltrimetrlc

and spectrophotometric analyses)..
Carbon, nitrogen,and oxygen were determined at Leco Corporation, St Joseph

Michigan (vacuum fusion analysis).
All other elements were determined at the Materials Research Laboratory,

University of I111n01s (nass spectrographic analy31s)

* . .
Vg 85.2 70.7 50.5 35.1 20.7 19.9 5.1
Nb 14.8 29.3 49,5 64.9 79.3 80.1 9k.9
c 519 - 239 --- —-——- 380 -—-
N - 181 —— —-—- 610 ae- _—
0 1303 989 775 17k 1036 908 726
F —— 0.3 <0.3 0.4 0.k 2 <0.3
Na <1 <1 <1 <1 <1 <1 <1
Mg <0.2 <0.05 <€0.05 <0.1 <0.05 <2 0.1
Al 2 3 2 2 5 8 6
Si =3 .2 £ 10 6 10 6
K <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Ca <0.2 1 <0.08 £0.3 <0.04 £2 0.3
Ti <0.6 <0.1 <0.5 £0.2 <0.1 21 £0.1
Cr 30 30 20 20 10. 20 5
Mn <0.4 1 10 5 2 100 0.4
Fe 20 7 7 10 6 10 2
Co <0.03 <0.03 <0,03 <0.03 <0.03 <€0.03 <0.03
Ni £0.2 <0.04 0.1. <0.1 <0.2 <0.5 £0.2
Cu L 10 20 - 9 8 100 . I
Zn <0.06 <0.06 < 0,06 <0.,06 <0.06 <0.06 <0.06
zZr - 30 0.6 200 2 =0.06 400 0.8
Mo <2 0.3 <0.k4 <0.6 0.4 1 1
Hf <0.2 <0,08 1 <0,08 <0.08 I <0.08
Ta <10 2 6 5 5 10 20
W 10 1 0.5 0.3 50 L

These were determined
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in Table‘I. The‘vanadium-oxygen and niobium-vanadiumpoxygen‘alloys’were

prepared by doping the metal strips with known quantities of oxygen in a

nigh vacuum Sieverts' apparatus. A detailed description of this apparaﬁus
is given elsewhere.82 The vanadium strips were outgassed and doped at
l300°C.(1573 K) with the pressure in the low 1077 torr (lO'5 Pa.) range;
The niobium-vanadiun alloys were butgasaed and doped at temperatures
varying from 1150-1350°C (1423-1623 X). SinceAvanadium has a much higher
vapof pressure than niobium the lower temperatures were used for the .
vanadium-rich alloys to limit vanadium losaes. Following the outgasslng
treatment the vacuum pumps were closed to the specimen chamber and the
oxygen was introduced step-wise to prevent the formation of‘a surface
oxide layer. The strips were annealed 0.5 hour after doping and before
the vacuum pumps were reopened to the chamber to insure that all of the-
oxygen had been sbsorbed. The strips were then given an homogenization
anneal for 0.5 to 3 hours at the doping temperature with the pressure

in the mid Zl.O'7 torr (lO"'5 Pa.) range. The length of this ammeal varied
directly with the quanﬁity'of oxygen added to the strips. Following

the anneal, the strips were slowly cooled to 900-lOOO°C'(ll73-l273 K)

‘and radiation cooled to room temperature. The oxXygen concentrations

of the alloys were.ehecked by vacuun fusion analysis and compared to

*
the expected values. The vanadium alloys were doped with oxygen between

0.6 and 10 0 at. % and the nloblumsvanadlum alloys were doped w1th oxygen.

. between 0.3 and 10.8 at. %.

Rectangular electrodes were cut from the dcped strips and had the
dlmensions 13 x T x 0. 7 m for the vanadium.alloys and 13 x 5. 6-7.0 x

0.6 mm for the niobium-vanadium alloys. The electrode surfaces were

*The vacuum fusion analyses were performed by Leco Corppration.
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ground and attack polished through 0.05 micron alumina in a chromic acid

slurry.18 This resulted. in highly planar electrode surfaces with parallel

faces. The vanadium-oxygen electrodes were slightly etched in a solution

consisting of equal parts of HF, HNO3’ and H20. The niobium-vanadium-

oxygen electrodes were etched in a solution of H2O, HF, HN03, end H SOlL ‘

in the ratio 10:2:1:1. Platinum EMF leads and platinum/platinum +13 %

rhodium thermocouples were epot welded to each electrode.

2.4 Experimental Apparatus and Technique

A schematic cross-sectlon of the experimental apparatus is glven in

Figure 2. The cell was supported between two vertical, high density

. alumina rods in a vacuum furnace. Rings made of 0.5 mm diameter platinum

were placed Dbetween the support tubes and the electrodes. These rings
underwent creep at the operatlng temperatures under the load of a 1.4 kg,
stalnless steel weight placed on' the upper support tube. This helped to

insure good physical contact between the electrolyte and electrodes.

Thoriated tungsten resistance elements surrounded the cell and were used

for heating with a.c. current. The temperature was controlled with a
proportional controller using the upper electrode thermocouple. The

vertical position of the support tubes and the cell could be varied

" relative to the furnace elements to maintain the temperature gradient

between the electrodes at less than 3OC. Cylindrical niebium sneets

placed between the cell and furnace elements acted as electrical shielding

and as a getter for gas.impurities. A high impedance (lO12 ohm) vibrating

" reed electrometer was used as a buffer between the cell and a digital

recorder. Several radlatlon shlelds around the furnace elements reduced

the heat loss and helped maintain a uniform cell’ temperature. The amblent ‘

-8 =5 Pa.)

{.l
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Figure 2: Schematic cross-section of the experimental apparatus.
1. cell ' . 6. heat shields
2. lucalox tube 7. thermocouples
3. Nb shield 8. EMF leads
4, furnace winding ' 9. - stainless steel weight

5

ceramic insulator =~  10.. stainless steel frame

]
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range to slow down contamination from the environment.

For accurate EMF measurements it was essential that care was taken
in the electrical isolation of the cell. Since measurements were made
with one electrode grounded, it was required that the other electrode
have a high impedance to ground. The tep support was therefore isolated
from the lower support by alumina spacers at room temperature. Since
one electrode was grounded it was possible to construct a double cell
configuration. This assembly consisted of three electrodes with two
electrolytes sandwiched between the electrodes. The middle electrode
was grounded and was the reference electrode for the other two. Equilibrium
EMF measurements were made between the reference electrode and each of the
other electrodes independently. Since the electrometer could ﬁot monitor
the EMFs acfoss both cells simultaneously,Aone cell wes always left at
open circuit while measurements were made en the other cell. 1In ordef
to maintain a temperature gradient of less than 3°C only the thinner .
electrol&tes were used for the double cells. To insure that there was
no electricai interaction between the two cells one set of electrodes
was tested using both the single.and double cell arrangements. AThe'EMF

was reproducible within +6 ) for both cells.

Once the EMF and thermocouple leads were attached to the electrodes -
the cell was assembled and allgned between the support tubes.: The weight
was placed on,the'upper support tube, radiation shields installed, and
the lead wires were spot welded-to the vacuum feedthrough terminals. The
system was then evacuated to the low 10~ ol torr (107 =5 Pa.) range prior
to heatlng. The temperature was gradually increased to 1000°C (1273 K)
over a space of 6 to 8 hqurs, maintaining vacuum. This temperature was

maintained until the cell EMF (or both cell EMFs) reached a constant value.
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Equilibrium waslgenerally reached after hfS hours for the vanadium-oxygen
system and 8-12 hours for the niobiumpvanadiumsoxygen system. The electrode
temperatures and cell EMF (or EMFs) were then recorded. This procedure
was repeated at 1100°C (1373 K), 900°C (1173 K), 800°¢c (1073 K), etc., down
to 6OOOC (873 K)f nata points were then teken midway_between'the above
mentioned temperatures on rising tempearturebup to 1200°C'(lh73 K). This
procedure was followed to determine whether the EMF depended upon the
direction of temperature change prior to reaching equilibrlum. EMF
measurements at temperatures above 1100°C (1373 K) were always taken
last since electronlc conduction through the’ electrolyte cau81ng oxygen
transfer across the cell often occurred at these temperature. After
the high temperature measurements were made the EMF was checked at a lower
temperature to determine the extent of oxygen “transfer. The long tlmes to
equlllbrlum at the low temperatures and the electronic conduction at high
temperatures limited the temperature 1nterval»of these investigations to
650-12oo°c (923-1473 K) for the vanadium-oxygen system and 650_-115090

(923-1423 K) for the niobium-vanadium-oxygen system.

2.5 Galvanlc Cells for the Vanadlum—Oxygen System

For the study of the vanadlumpoxygen system only s1ngle cells were

ut111zed. Equllibrlum EMFE measurements were made on the follow1ng cell:

I V + 10.0 at. % 0 electrolyte V-0 solid solution
' (@ 6 phases) (Th02/YéO3) " (@ phase) .

The reaction for cell I is

kﬂTwo Phase ‘.EﬂSingle Phase’ €56)

The equilibrium EMF, E; for the cell reaction is related to the difference
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in free energy of oxygen between the saturated and unsaturated solutions

by .

AGI = -nFE = AE; + RT 1n ¥'X, (57)

vhere n is the ionic charge, F is the Faraday constant, Aﬁ? is the standard
free energy change, ¥' is the activ1ty coefficient of the single phase
electrode, and X is the oxygen concentration of the s1ngle phase electrode
in at. %. The standard states are the 1 at. % solution for the unsaturated
electrode and the saturated solution (equilibrlum between the @ and 6

phases) for the two phase electrode. At the terminal solubility the EMF.

will be zero and from equation (5T7)
AE‘I’ = -nFE° = -RT 1n¥'X_, -~ (58)

where X5 is the terminal solubility in at. %, Cell T is thus used to

explore the behavior of oxygen in solid solution in vanadium.’

For nloblumroxygen and tantalum-oxXygen SOlld solutions thermodynamic

information for the reaction oxygen going from the gas phase into the

"solid solution,

1/2 0,(g) —— [01 ’ . (59)

can be deduced from the terminal solublllty of the & phase and free

energy of formation values of the equilibrium oxldes.3 -5 A similar

calculation is not possible for V-0 solid SOIutions, as no data are

‘availeble for the adjacent § phase. However, thermodynamic information

for reaction (59) can be determined from the EMF of a second cell with

a Nb-O solid solution as a reference. A similar procedure was used by

Fromm and Kirchheim.el to determine the oxygen equilibrium pressure over

!
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V-0 solid solutiohs. The following cell was utilized for these determinations:

electrolyte | V + 3.21 at. % O.

1T Wb + 0.45 at. % O
(Th02/Y203)

The EMF produced by cell‘Il is related to the oxygen equilibrium pressure

of the V-0 electrode, P and the oxygen equilibrium pressure of the

O2 A
Nb-O electrode, P 3 by the relatlon,
02,Nb
= (Rz/4F) 1n (Pog,Nb)/(POQ;V)" (60).

The standard free energy change for equation (59) is‘related to the
equilibrium oxygen pressure, P O , at any oxygen composition of the solld
solution by equation (49). Therefore, by the combination of equatlons (b9)

and (60) the standard heat of solution, AR°, and the standard entropy of

from the EMF of 'cell IT and known values of the equilibrium oxygen pressure
‘of the Nb-b electrode.3 ~Cell IT is thus'used to determine the change in

the thermodynamic functions when molecular oxygen dissolves in vanadium.

2.6 Galvanic Cells for the Niobium-Vanadium-0Oxygen System

|
|
solution, /8°, for oxygen gas in the V-0 solid solutions can be determined

For the study of the Nb-V-0 system both single and double cells

were used. qulllbrlum EMF measurements were made on the ‘following double

cell:

Reference
V-0 Binary (B)

electrolyte
(Thoa/Y203)

IIT Nb-V-0

(1)

electrolyte\ Nb-v-0
(Th0,/Y,0,) (T

‘and the single cell.

Reference
V-0 Binary (B).

IV Nb-vV-0
(T3)

electrolyte
(Th02/Y2O3)

o
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For double-cell IIT the ternary electrodes, T. and T2, had different oxygen

1

~concentrations and/dr Nb/V ratios so that two ﬁnequal and independent EMFs
werg generated relative to the binary reference electrode. The only
difference betweén double éell TIT and cell IV was that the utilization
of the double ceil enabled twice as much data to be collected in a given
period of time; The Vgo reference electrodeé had oxygen concentrations
such that théy were either @ solid solutions or two phase over the entire
temperature interval. For most measurements single phase reference
electrodes containing 3 to 4 at. % oxygen were used since these electrodes
were easier to grind and polish than‘thé'more'brittle, harder two phase

" electrodes.

The reaction for each cell of double cell III and for cell IV is
Oy — Oy | (61)

The EMF, Ei,Afor reaction (61) is related to the oxygen equilibrium

pressure. of the binary electrode, P , and the oxygen equilibrium

02,B

.pressure of the ternary electrode, Po- 0.° by the relation,
~ ' 22-1

= (RT/b4F) in (POQ,T‘)/(PO I - (62)

B

5

For the ternary electrodes the Py = 1 atm. (1.01 x 10” Pa.) was used

as the standard state rather thanethe l'at. % oxygen standard state.

. The gas phase standard state was more convenient because it enabled all

of the alloys to have the same reference. state regardless of the Nb/V ratio.
As previously stated, with this standard state the activity, a, is deflned«a
as the (Poa)l/z. The activity of oxygen in the ternary electrodes can

therefore be determined directly from‘the EMF measurements on cells IIT & IV

by using equation (62) and the results of the‘vanadiumfoxygen system.
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3. RESULTS

3.1 Vanadium—Oxygen'System

The raw EMF data for cell I are presented in Figure 3.as a fuﬁction
of temperature. Straight lines were fitted to the data by least squares
analysis.. The EMF equations resulting from this analysis are listed in
TableAiIi. Equation (57) can be used to interpolate compositions fo
find E?, the EMF for a 1 at. % solution. The data for different oxygen
concentrations can be normalized by substituting equation (58) into

equation (57) to give:
nF(E- E°)/RT = -1n §' - 1n X : (63)

The validity of Henry's law was tested by plotting nF(E-;EO)/RT veréus In X
for temperatures from 700-1200°C (973-1473 K). This plot (Figure 4) is
iinear with a slope of -1.03 for concentrations up to 3.2‘at. % oxygén

over thé entire temperature interval, but deviates from linearity for
higher‘concentrations. Least squares analysis of the data for the in&ividual
temperatures and the three_iowest oxygen concentrations gives>calculated
slopes varying from -1.08 for 700°C (973 K) to -1.00 for 1200°¢C (1&73 K).
Therefore, Henry's law is fairly well obeyed for compositibns up to about

3 ét. %, but is not obeyed for higher doncentratibns.' By our choice of
standard states x"is defined to bé 1 over the region in which Henry's

law is obeyed. By use of equation (57) and the plots exemplified by

. Figure h,'X' can be caléulated fof the compositioné which do not obey
Henry's law. It will be shown iater thaf ¥' can be analytically represented

as a function of temperature and composition over the entire composition
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. Figure 3: EMF versus temperature for thé vanadium-oxXygen system.' The
oxygen concentratlon of each s1ngle phase electrode is 1nd1cated
in at. % O
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TABLE ITT

EMF versué Temperature Equations for the Vanadium-Oxygen System

At. 40 Slope EMF Intercept Temperature, °c
0.60 0.150 ‘ - 25,4 646-1139 .
1.13 0.130. _ 10.2 647-1168
3.21 : 0.090 -8.8 . 652-1200
5.08 0.071 -2h.6 o 640-1203

2 6.35 , 0.066 . o -34.8 T 649-1203
6.57 0.063 -40.7 . 650-1249
T.45 0.06h r -49.5 o 778-1204 °
8.54 ' 0.076 - -T8.2 1030-1262
9.00 0.060 -65.7 1100-1249
9.30, ; 0.037 -43.9 - 1190-1254

9.75 - 0.018 - o -21.7 1220-1262

* - ’ :

‘The data for the 9.75 at. % oxygen electrode are not shown in Figure 3.
The results of thisoelectrode were only used to determine the point on the
solvus line at 1220 C. : ' .
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range of the & phase. A
Values of EC were substituted into eguation (58) to caiculate AE?.
From the temperature dependence 6f Aﬁg the standard enthalpy and entropy
changes for reaction (56) ovef the temperature range 700-120000 (973-1473 K)
were determined to be 1010 % 100 cal/mole and 6.11%t 0.15 cal/mole, K,l
respectively. |

The EMF of cell II is presented in Figure 5 and can be described as

'a function of temperature by the equation
E = -0,113T + 202,81 0.6 mv. L (64)

From these data and the known equilibrium oXygen pressure of the Nb+ 0.45

at. % oxygen electrode,3’5

?oe,Nb = l.lelOSXE‘ exp (2/R) [13.3’:0.&- (91,37o:r3oo)/'r] Pa., (65)
.the equilibrium pressﬁre of the V+ 3.21 at. % oxygen electrode can be
calculated from equation (60). Since the‘3.2i at. % oxygen alloy has
been shown to obey Henry's law (¥' = 1), the standard enthalpy, AEC,
and entropy, AS°, of solution have been determined'from eéuation (49)
to be -100,720% 330 cal/mole and -14.6% 0.6 cal/mole, K, respectively.
These values are in good-agreemeﬁt with those reported by Fromm and
Kirchheimo— (AR = ~100,970 cal/mole and A = -14.9 cal/mole, K).
From the values of AH° apnd AS- the equilibrium oxygen pressure over a
s0l1id solutions having X % dissolved oxygen is

Py .y = 1.01x105(z;_.'x)2 exp (2/R)[1h.6t 0.6- (100,7201‘ 330)/T]Pé. (66)
2" - : .

The terminal solubility can be determinédﬂby solving. equation (58)

for XS, but ¥' must be known as a function of concentration and temperature
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in order to solve this equation. It was found that a convenient functional

Arelationship for ¥' could be determined'by converting from the 1 at. % 0

standard state to the P0 =1 atmosphere (1. lelO5 Pa.) standard state.
2
Since by this standard state the activity equals (P )1/2, it follows from.
2
equation (34) that
1/2 In P, =.1n ¥ + In N: (67)
e 0, N

Values of the activity coefficient, ¥ N’ were then calculated for the raw.
EMF data from equations (66) and (67) using values of ¥’ determlned from

equation (63). Following Darken and Gurry,83

the function, 1n KN/(l-N) ,
was plotted as a function of the oxygen mole fraction at the temperatures
indicated in Figure 6. Straight lines fitted to these plots by least

squares analysis enabled the activity coefficient to be described as a

function of temperature end concentration as follows:

1n x [(19 98- 96, u7o/T)N+ 12.00 - 50 770/T](1-N) ‘(68)

The activity coefficient, ¥', for the 1 at. % standard state can then be.

‘determined from equations (52) and (68) and is,

1n ¥ = [(o.aof 96k, 70/T)X + 12,00 - 50,770/T](1-x/1oo)_2

-11.96+ 50,690/T. ' (69)

Equation (69) is valid over the entire composition range of the & phase
from T00-1200°C (973-1473 K’. However, since Henry'sAlaw isvdbeyed for
solutions up to 3 at. % oxygen it is not necessary to use equation (69)
unlees the oxygen content exceeds this value. Equation (69) is a better

representation of the data for temperatures above 1000°C (1273 K) than for

the lower temperatures. Thisis a consequence of the fact that fewer data
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points were available at the lower temperatures.

Equations (58) and (69) can be used to calculate the terminal solubility

at any temperature from-700-1200°C (973-1473 K). The calculated solubility

is presented in Figure T. Also plotted inAFigureYare solubility points
determined from EMF measurements on cell I by observing the tempefature at‘
whieh the EMF‘falla to zero or rises from-zero on falling or increasing
temperature, reSpective;y. The agreement between the two determinations
isAexcellent. The results of other recent investigations are also shown

in Figure 7 with the reference numbers indicated on the figure. The |
terminal solubility presented inlthe present stﬁdy shows good agreement'

with the results of Hehry et. al.,l8 Alexander and Carlson,19 and Fromm

. .21
and Kirchheim. The results of Smitheo show a considerably lower value

-for the solubility. Smith'e results are based upon specimens prepared

by oxygen distribution experiments in the V-0-Na system and by gaseous
ox1dat10n experlments. The solubility limit was determined by the formatlon
of an ox1de layer on the surface of single phase sPec1mens. It is possible
-that the temperatures used, 800°¢c (1073 K) and less, were too low for the
solld solution to dissolve a nonequlllbrlum oxide layer, resultlng in
lower estimates of the solublllty llmlt.

Optlcal mlcroscopy revealed the preséence of the same structures as
noted by Henry et. al. 18 and Alexander and Carlson.l9 Alloys w1th
oxygen concentrations less than approximately 6 at. % had typical solid
solution structures when quenched from high temperaﬁures. Alloys having.
greater than 6 at. % oxygen, when quenched from the solid solution region,
had banded marten81tlc structures of transformed.a(Flgure 8) As mentloned
prev1ously, this phase is a metastable transformation product of the

quenching process. Figure 9 shows the structures that resulted when the
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Figure 8: V + 6.35 at. % 0 alloy vacuum quenched from lOOOOC. Martensitic
structure of transformed .

“TFigure 9: V + T.45 at. % O vacuum quenched from 800°c. Striated platelets
of @ embedded in a matrix of transformed 4. Ry
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. higher oxygen content alloys were quenched from the two.phase region.

Striated'platelets of # were embedded in a matrix of transformed &.

3,2 Niobium-Vanadium-Oxygen System

3.2.1 Results of the FMPF Measurements

The EMF data for cells III & IV are‘presented in Figures 10-15 as
a function of temperature. The vanadium concentrations indicated are for
the alloys prior to the addition of oxygen,* Althouéh several different
V-0 reference electrodes.were used, . all the data are presented relative
to the V-0 two phase electrode. The EMF for the reactlon oxygen g01ng
from the Z+f mixture to NbO is_also presented in the figures. This allows
the ternary data to‘be readily compared to the oxide phases of both binary
systems, Straight llnes were fitted to the data by least squares analysis
and the resulting EMF equatiohs are given in Table IV. For several runs .
when the EMF was greater than-approximately 160 mV and the temperature
exceeded 95000‘(ll23.K), the data points fell,below the straight lines

t the higher temperatures (Figures 10-13). This was assumed to be due
to electronic conductlon through the electrolyte at the high temperatures.
The least squares analysis was performed only on the low temperature data
for these runs and thls line was -extended over the entire temperature
range.

By the combination of equatlon (62), the results of the V-0 system,
and the EMF equations in Table v, the equilibrium»oxygen partial pressure
can be calculated for each Nb-V-0 alloy as a function of'temperature.

- With the P, = 1 atm. (1.01 x 1_o5 Pa.) standard state the'activity coef-

0
> A
ficient relative to the oxygen mole fraction is defined by equation (67)

*The[20.3 at. % V value is the average composition for the 19.9
and 20.7 at. % V alloys.




5l

concentration of each terna.ry electrode is 1ndlcated in at. % 0O

|} | | N |
[OJMI! Oa - ' .
200k 85.2 AT. % V ' 0.76 o
/.
® )
1 _e— L44
160 I ./. /A1/ﬁ
— A
— A o
o—* aA—A 2.69 -
- A o—9¢
A .__‘.._—-—-
w & —Ob— 8.62
o—o—o0— %
— 0 @ e A A — A — A ——
S e A—a—a—a—a—4 7.57
opr -
-40 = -t
' NbO
GBQE 4 —t 1 [ A N .
. 600 700 800 900 - . 1000 1Hoo 1200
TEMPERATURE °C
. Figure 10: EMF versus temperature for the 85.2 at. % V alloy. The oxygen




55

[o:la +8
200

160 -
20~

80

70.7 AT. % V . | ‘ | ]

|

i —@ —

°A

4.03
o—9©

6.74

C——
‘ _.——— .
A

A A

A—A

EMF, mV

40 r

A A A

A A

9.48

NbO

q 1 S 1 ]

€00

Figure 11

700

EMF versus temperature for the T0.7T at. % V alloy.
concentration of each terna.ry electrode is indicated in at % 0

eoo 900 1000 1100 1200

"TEMPERATURE, °C

The oxygen




' | L ] ¥ | ] | |
. ° , /
200 50-5 AT. % V ——o—e— & o o
o «—° a2
anm— evm—
ol .._.——-“"'_A—_-‘—-—_ ' -
120 b ‘ . 3.4!
' PY Py P o—eo e o—© o
£
.80 5.82
w A—A—A A——A A—A—A—A—M—A A
- ,
BT
or -
° 10.46
oo 5 e —e—e—e—e—0_2
-40} - -
- _ A : ~ NDO
~-80kL L i AU SRR | 1 o
600 T00 800 - 900 . 1000 oo
TEMPERATURE, °C
Figure 12: EMF versus temperature for the 50.5 at. % V alloy. The éxygen

56

1200

concentration of each ternary electrode is indicated in at. % O.

-




. T 2 | T T T
[0, 9
200k 351 AT. % V | | 0.75 4
a —e—e— 9 0 o e o
._—_.__.___.__.’ o o : .
| | ' - .27
160 -Aa—a—4 A—A—A A A—A—A-A ~ — A -
. | - - : 3.09 _
| 120 r0—o—eo o @00 —0—0@ - @ ® ~
E.
T .
s |[A—a__,
w : A ——A—fy . 6.66
\‘_* —_— - »
40 b A “‘*—A-A -
or -
: | NbO
-80pL. A AL . 1 | - =
- 600 700 800 900 . 1000 Hnoo

‘ ‘1200
' TEMPERATURE, °C o

- Figure l3:A EMF versus temperature for the 35.1 at. % V alloy. The okygen

concentration of each ternary electrode is indicated in at. % 0.




58
Y | T Y T
[°]¢+p oA
200} 203 AT. ‘% v i
0.95
- —e _—-o———O——‘ o . .
160t ——0-——,”_17__' | .44
—A A A A A A—, A
S ® o—0—¢—0—0—0—0 °
120 . - 2.05
. 80 g | o 1
w 3 T TTA— A A A4 44
s | - o 41
o -
| | 7.7
| "___A_—‘w——‘ ““Tfis
| ~ - | o | | NbO
=80 B SR | A A . o

€00 700 600 900 1000 N0oO 1200
' | - TEMPERATURE, °C | |

Figure 14: EMF versus temperature for the 19.9 and 20.7 at. % V alloys. The
: 1.kk, 2.05, and 7.17 at. % O samples were prepared from the 19.9
at. % V alloy. The 0.95, 4.83, and 9.79 at. % 0 samples were
. prepared from the 20.7 at. % V a.lloy ' .




J R L O |
- [O]H»ﬂ OA ’ A
) S.! AT. % V -
- 160 . : A 0.29 :
——
e ° e ® ] o—© g *
120~ | . S 0rs .|
A
A—aA A—A—pA——A—A
sopM “
2 , 2.01 -
w ° : .-—-—-0-—-—“ o—° :
w o—o—o—0—0
opr -
- 4.27 -
-40r~ a a @ s =
B === ‘ 6.55
a—
-sojla=—"% -
o ' o
-1208 3 - A ’ 1 —

600 700 800 900 11000 . 1100 1200
- , ‘ - TEMPERATURE, °C ’ C
A Fiéure 15: EMF versus temperature for the 5.1 at. % V alloy. The oxygen
concentration of each ternary electrode is indicated in-at. % 0.




TABLE IV

60

EMF VérsusATempéraﬁure Equations for the NiobiumpVanadium-Oxygen SyStém

At.
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Slope
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oNoNoNeNoNolNoNoNoNoooNoNoNe oo o NoNoNo No)

L
oNeoNeoNoNo

.125
.100
073
.051
.027
.0k0

.082
.087
.038
.016
.003

.06k
.05
.010
.003
.009

.034
.011
.008
.okl -

053
.018

.02h
.011
.008 -
.063
.010
=0.
.0L45
.006 -
.040

.009 -
Mol lTo}
.001
.037
.030
.069
.110
.012
.106
.001

007

EMF Intercept

56.2
49.6

n w
%
™

N\ \0 \O
.-O-x'l«'lO‘\n = O

e« & -8 . . . . -
N FORFP OOWw O

}_J
N
-3
\V]

(W -
o w
- \O
.
ON\O

-
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-17.0

160.2
154.0 .
123.2
87.0
-5.1
-71.6

143.6
159.4 -
137.2
105.2
58.5
-28.9
=79.0
-59.6
-87.8
C1he,.6
101.3
93.0
-59.8
. =8.1
-41.8
-147.9
'55-6.
=142
T -h2.1-

Temperature, °c

604-957 (1140)",

604-1003
602-1200
603-1198
604-1187
603-1199

602~ 90L
64T~ 959
602-1152
602-1150
602-1147

599- 917
606-1002
606-1199

. 599-1199

600-1160
602- 90k

© 608-1163

608-1160
600-1163

933-1155

606-115L -

60l4-1152

646-1150 .
603~ 891 -

891-117h
599~ 956
956-1201
600~ 829

(1203)

(1148)%
(1155)"

(11k2); .
(1202)

(115)*

- 605- 933

829-1171

607~ 850
850-1157
648- 853
853-116k4
600~ 873

873-1160 -

. 602~ 940

940-1195
600- ‘933

. 933-1192

The least squares analysis was performed over the temperature

The linear relationship was extended up to the

temperature in parentheses, which is the highest temperature for

which EMF measurements were made.
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énq In XN can alsq be determined as a temperature function. Isofhermal
plots of ih KN versus N for each Nb-V alloy indicated that the activity
coefficienf ié.essentially constant for low 6xygen‘concentrations énd
Viﬁcréases in a nonlinear.fashion for:highér values of N,

Over the composition range in which the activity coefficient is "
coﬁstant Henry's and Sieverts' léwé are obeyed. Averaée activity
coefficients we?e célculatéd and-are represented as a function of temperature

by equations of the form,
. . ‘ | S
lo ¥ = A+ B/T _ (70)-

where U; ié the activity coefficient‘df oxygen at ihfinite dilution in‘the
particular Nb-V alloy. The comparison of equations (70) and (37) indicates
'that“A = -sto/R and B = ﬁxso/R, where §xso'and ﬁxso afe'the excess entropy
and énthalpy of the oxygen at infinite dilution in the particular Nb-v
alloy. Sinée Sieverté' law is dbeyed, the oxygen pressure is felated.to
cbhcentration and tempefafure By the équation, |

P —1oix105N2é (2/ =, 55 Sy

0, = 1 A xp[ R)(-S +‘E ﬁTﬂIPa. -(71)

(o] e]

~ The calculated»values of ﬁxs and gxs are preseﬁted in Table V'along

with the valﬁesvfor the Nb-O3 and V-0 systems. The excess quantities

for the binaries wefe calculéted'using equations (50) and (51).- The"
‘concentratidn ranges over which Sieverté' law is obeyed are also indicated
as a function of temperaturé.‘ o

The quéntities.in Table V are plotted as a function of alloy conéen-
o

o}
XS —Xs . : . .
and S are a linear function of the niobium

tration in Figure 16. H

mole fraction, for the vanadium-rich alloys. Therefore, Wagner inter-

L
action coefficients can be determined’ from the slope of these plots and the
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act1v1ty, (P ) /2’ ", can be represented by equatlon (48) for dilute oxygen'

concentrations with N less than 0.65. - The values of the interactlons

Nb
coeffic1ents and excess ‘quantities at infinite dilution in V as determined -
-~ by least squares analysis are given in Table VI. The agreement between
the values of H wa.nd ] s in Table VI w1th those in Table V for the V-0
analysis is indieative of the excellent fit of this analysis to the ternary
' data. Values are also givenlin Table VI for the interaction between V and O
in Nb-rich alioys. These values are determined from only two data points,
NV = O.QOO and 0,051, and are therefore not necessarily indicative of
intermediate compositions. They‘are‘useful, however, for comparing inter-
actions tetween Nt‘and 0 with those between V and O.

_At the hlgher oxygen concentratlons the act1v1ty coefficlents were

a function of the oxygen content of the alloy and it was found that K

could be fit to a polynomial of the form,
1n XN = Ay + AN+ A2N2. . - . (7?),

The curve fitting was done isothermally at 50 degree intervals from 650-
1150°¢ (923-1423 X) over the entire oxygen comp031t10n range. . The resulting
values of AO’ Al’ and A2 were then determlned to be llnear functlons of
reciprocal temperature and - can be written,

By =2y + b, /T A o ' (73)

Thus,-by_the combination of equations (37), (72), and (73),

ﬁ‘x-s. R(b, + )N + bél\lz)
_ ' (T4)
§XS

-R(ao + aiN + azN?).

‘The equilibrium oxygen pressure can then be determinedbas a function of




e

63

TABLE V

o o .
=X .4 L
S S and H . from Sieverts' Law Analysis

(o]
=XS

S

N, §° |, cal/mole, K £, cal/mole | Max. N: F'T, K
1.0 _ 235 ~ -100,720 ~ 0.0321 973-1473
0.852 -2k.56 - -102,670 - 0.0269 923-1423

0.707 -25.65 ~-104,380  0.0674 - ge3-1he3
0.505 - o772 ~ -107,600 0.050 . 923-1223
0.505 " | " 0.0341 1223-1423
0.351 8.9  -108,250 0.0309 923-1423
.0.203 -29.07 o ~108,490 0.0205 923-1hé3
0.051 . 30.7h ‘ 106,480 0.0075 . gp31273
. 0.051 "o w . 0.0201 1273-1423
M 22,45 1,370 N © 1123-1548

*
. Max. N, represents the maximum oxygen concentration for vwhich Sieverts'
law is obeyed. NS is the terminal oxygen solubility limit. .

. TABIE VI
Fii'st Order Atomic PFraction Interaqtion Coefficients of

" Enthalpy, f??él), and Entropy, a(()l)

Interactibn Coeffiéien‘b Concentrafion Range Excess Quantity at o0
) g _xs® . |
ny o= -12,180 cal/mole - Ny £ 0.649 H = -100,860 cal/mole

. —xg®
. d(()Nb) = ~-T7.31 cal/mole, K L €0.949 §*%" = -23.66 cal/mole, K
2V _ 296,270 cal/mole | “ <0.051 . E=" - -91,370 cal/mol

0. .=~ s cal/mole l\Iv__.S : = =-91,370 cal/mole

(V) ’ eal /i ' —xs®
o = -162.6 cal/mole, K N, £ 0.051 g = -22,45 cal/mole, K

o
!
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temperature and oxygen composition for each Wb-V alloy by equation'(7l)

o o
S replacing ©T° and 5°° , respectively.

with the quantities T° and §°
The pelynomial coefficients are given in Table VII. The curve fitting
technique was also applied to the V-0 system and the results of that
analysis are also given»in the table. The coefficients for fhe 20.3 and
5.1 at. %AV alloys are broken downAinto two temperature ranges. This is
due to the slope changes in the EMF Curvesifor these alloys (see_Figures
14 and 15). |
'Ae an example of the fitting procedure, the equilibrium oxygen pressure
is'plotted as a functien of temperatﬁre and oxygen concentratioh for the 35.1
at. % V alloy in Figure 17. ‘The'data poiﬁts represent the'oxygen pressures
calculated from the EMF eé@ations in Table IV. The dashed lines through
the daﬁa points were caleulated from equation (71) and the data in Table V
| for concentrations up to 3.09 at. % 0 and from equations (71) and (74) along
with the data of Table VII for the higher oxygen concentrations. It is |
appareﬁt that the fitting proceduree,describe the data well and the two
analyses are quite compatible with each other. The calculated oxygen
pressures for the,Nb-O and V-0 binery systems are also shown at the three
temperatures for eomparieon ﬁith the ternary alloys. The figure readily
‘demonstrates that the addition of 35 % Vanadiuﬁ to niobium significantly
decreases the activity of oxygen in soiid solution. No second phases
_ were precipitated in any of the Nb-35.l % V-0 alloys. Therefore,'it_WOuld
appear that adding V to NbAsubstantially increeses the oxygen solubility
limit. It is seen that these effects of:the alloying were<diminished as
the teﬁperature was iﬁcreased. The tfends shown by this alloy wefe
. representative of ﬁhose exhibited‘by all of the alloys. The results Nb-

rich snd V-rich alloys at 1000°C (1273 K) are plotted in Figures 18 & 19.
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.Péiynomial Curve Fit Coefficients

N g Py ! Py & P T,K

- 1.0 11.86 -50,586 10.2% 14,860 -223.6 409,390 973-1&73
0.852 12.38 -51,8L40 0.83 9,350  -L2.28 6;750' 923;1u23
0.707 .-13.17 -52,670 -12.08 -0 . 78.9 108,040  923-1k23 - -
0.505 13.85 75u;oso -7.93 7,200 -1k.7 - 222,200 923-1&23,
0.351 llh.h7 © =5h,hho -1.92 -22{1ho -101.3 623,360 923-1k23
0.203 13.76 -53,bkk0 82,2 -116,600 -1250 2.181:;102' 923-1173
0.203 14,61 | =54, 440 - 8.2 -29,650 -568.1 1.385x 10" 1173-1k23
0.051 16.85 -55,270 -210.1 270,000 1798 -1.899::102 923-1223

- 0.051 16,11 =54,L10 -272.2 346,100 h825 -5.571L x10" 1223-1423
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~ Figure 1T: 4Equilibr'ium oxygen partial pressure as a function of the oxygen
. concentration for the 35.1 at. % V alloy at 700, 950, and 1150°C.
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concentration for the vanad:\.um-rlch alloys at lOOO c.
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‘~Thé 50.5 -at. % V and Nb-O and V-0 curves are inéluded in both figures'to
'aid ip.comparisons bétween the figﬁres. For the Nb;rich alloys the equilibrium:'
oxygen partial pressures progressively decreased at a given oxygen éontént
as the amoﬁnt of vanadium_in‘solution was increésed. However, the éffecﬁ
of vanadium additions greater than approximately 20 % was slight. In féct,
for any giveﬁVOXygen-cdncéntfation less than roughly 5 at. %, the oxygen
<§ressure,varied less thén'an order of magnitude for variations in the V
-céntent from 20 to 100 %. Furthermore, these figures indicate that the
deviations from Sieverts' law were also a function of the Nb/V ratio. The
V-rich alloys deviated only slightly from Sieverts' law for oXygen concen-
trations up to 7 at.(%, whereas,<the'5.l-50.5 at. % V alloys showed |

substantial deviations for oxygen concentrations in excess of only 3 %.

© 3.2.2 Microscopy andAAugér Electron Spectroscopy

The resuifs of the EMF measufements indicated the possibility of
oxide phase precipitation'for certéin oXygen conceﬁtrations of the Nb;
 rich alloys. The EMF for the 5.1 at.‘% v élloy wés roughly the same for
| the 4.27 and 6.55 % 0 concentrations,(sée<Figure 15). This suggésts the
probable formation of an oxide phase abo&e approximately k4.2 at..% oxygen.
The 9.79 % O sample for the 20.3 % V alloy did not follow the functional
relaﬁionship between oxygen partial pressure and oxygen concentratién
exhibited b& the other samples (Figure 18). This also suggeété the precip-
itation of’an oXide:phase. Therefore, optical and transmission electron
microscopy were pérformed on the high'oxygen concentration samples for .
each Nb-V alloy.

| AOptical miéroscopy inﬁiéated that the 85.2, 70.7, 50.5; and 35.1
% V alloys héd solid solution structures for all of the:qugen‘compositibns

studied. However, the 7.57 and 8.62 % O samples for the 85.2 % V alloy,
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when vacuum-quenched from around lOOOOC (1273.K), had the same martensitic

structure (Figure 8) as the high oxyéen V-0 alloys. As for the V-0 system

© this phase‘was imterpreted as.beimg a metastable transformation product

formed during the'quenching process. This phase was not seen in the bL.53 % -

ox&gen sample or in any of the lower vanadium alloys.

| A grain boundary prec1p1tate was present in the 20, 7 at. % V-9. 79

iat. 4% 0 alloy after water quenching from 70O and 1000°¢ (973 & 1273 K).

The amount of this phase, which is shown in Figure 20, did not appear to

be a function of - temperature. The ﬁrecipitate did not appear in.any of

“the louer‘oxygen'concentrations of the 20.7 or 19.9 % V alloys. A similar:

grain boundary phase was observed in the 5.1 % V alloy with 4,27 and 6.55

% O.(Figure 21).V-The'volume fraction of this phase was also independent

- of the quenching temperature. However, the 4.27 % 0 alloy had a very low

fraction of the precipitate and 1t is assumed that thls oxygen concentration

is very near the minimum concentration for which thls phase forms. Since

the precipitates in Figures 20 & 21 are fairly large, up to 25 microns; it.

vwas possible to determine their structure by electron diffraction. Both

precipitates have the same structure as NbO, which is related to the NaCl

structure, except'with three molecules per unlt cell. Lattlce parameters

were calculated for the precipitates and are 4.20 X for the 20.7 % V-9.79

% o alloy and 4,22 A for the 5.1 % V-6. 55 % O alloy. . These va.lues may be

compared to the publlshed lattice parameter of NbO which is h 210 A.Bh
Analytlcal electron microscopy, AEM, and Auger electron spectroscopy,<

AES, were also employed to further characterize the grain boundary phases.

fIn the AFM work energyddispersive x-rayAanalyeis, EDEX, was utilized iu an

attempt. to compare‘the Nb/V ratios between the matrix and precipitate for

the 5;1 % v-6.55 % O alloy. This analysis indicated that the Nb/V ratios



Figure 20: 20.7 at. % V-9.79 at. % 0 alloy vacuum quenched from 1000°¢.
Solid solution matrix with grain boundary precipitate.
Mechanically polished.

Figure 21: 5.1 at. % V-6155-at. % O alloy water quenched from 800°¢.

Solid solution matrix with grain boundary precipitate.
Electropolished.
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wEre qualitgtive;y the same for the precipitate as for the matrix. The AES
study was made on the 5:.1‘ % V-6.55 % O and 20.7 % V-9.79 % O alloys. This
analjsisvalso indiéated that the Nb/V ratibs were qualitativély the same in
the preéipifates;as in the matrix. AES was also used to determine variations
| in the oxygen content within ﬁhese alloys. :Figure 22 shows an AES scan'of
the 510 ev oiygen.peak across a sample of the 20.7 % V-9.79‘% 0 alloy. The
" horizontal line across the electron image_designétes the location of the
line scanvachSs the sample. The second line plots the variation in the..
_oxygen conceﬁfration. Substanﬁial increases in the oxygén concentration
are notedlét grain boundaries which contain preéipitatés. Unprecipitated
grain bdundariesland ﬁhévmgtriX'shoﬁed little'Variation in the oxygeﬁ
'éignal; The generai curvature of the oxygen'scan across the saméie is
. believed to bé due to:geometricai effécts.and dpésynot reflect changés in
' the oxygen concentration;‘ Similar plot; were;obtainéd_for the 5.1.% V-
6,55.% 0 élloy; These results demonstrate thaf precipitates are oxygen-.
fich.phéses. | N _ | |

| It is-conéluded.ffom the electron difffactibn, AEM, énd AES analyses
that the'precipitates'forﬁedAare isosfructﬁral with NbO with vanadium in
éolution on thg niobium lattice. This suggests a certéin‘range of solubility
of NbO in thé Nb;V-O syéfem. Hoﬁever, this suggestion Cannot‘be defiﬁitely
concluded from‘tﬁe results. SinceAthe highest temperature employed in this
investigétion is lessAthan half the melting point of the alloys, thg fedistri--‘
bution qf‘Nb'and.V would be &ery.slow. . Therefore, the precipitates formed
f-ﬁay not be at equilibrium.

Elecfron microscopy was also uséd to détermine if any second phases

were formed for the highef.oxygen comboéitions of the other Nb-V alloys.

For the 70.7 and 35.1 % V alloys no.second phases were observed. The 6nly
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Figure 22: 20.7 at. % V-9.79 at. % 0 alloy water quenched from 800°¢.
AES absorbed electron current image with superimposed oxygen
line scan. Horizontal line indicates the line scanned.
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second phase noted in the 85.2 % V alloys was the martensitic phase noted
optically. For the 50.5 % V-10.46 % 0 and 19.9 % V-7.17 % O alloys there
was evidence of very small precipitates in samples water quenched from 700
and 1100°C (973 & 1373 K). An example of the type of contrast observed
is shown in Figure 23 for four different orientations of the same area. It
is believed that the contrast was caused by sperically symmetric strains
around coherent precipitates. A description of the various contrast effects
for this type of precipitate has been given by Phillips and Livings’con85 and
Ashby and Brown86 for the kinematical and dynamical theories of diffraction,
respectively. When only one strong reflection is operating, the contrast
appears as a pair of lobes which are summetrically placed about a line of
no contrast. This line of no contrast is perpendicular to the reciprocal
lattice vector, g, used to form the image. These diffraction contrast
effects are exemplified by the precipitates in Figure 23. The length of
the line of no contrast is approximately equal to the particle diameter.
Thus, the precipitates shown were in the 250-400 E size range. It was
noted that the precipitates formed inhomogenously within the matrix and
were often found near grain boundaries and on dislocations. The size
and density distributions were not rigorously determined. However, these
distributions appeared to be the same for the two annealing temperatures.
In view of the above observations it was assumed that these precipitates
were formed during the quenching process and were not present at the higher
temperatures. To test this hypothesis a set of samples which had been
annealed at SCOOC (1073 K) and water quenched, were subsequently aged at
35000 (623 X) for 50 hours. The ageing treatment resulted in an increase

in the precipitate size by a factor of 2-3 times. This is demonstrated by

Figure 24 in which the aged and unaged precipitates are shown for the same




Figure 23: 19.9 at. % V-7.17 at. % O alloy water quenched from 700°¢.
Four orientations of the same area showing relationship between
strain field contrast and the operating reciprocal lattice vector.
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Figure 24: 50.5 at. % V-10.46 at. % 0 alloy.
a. Water quenched from "(OOOC.
b. Water quenched from 700 C and aged 50 hours at 35000.
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alloy. The "cloverleaf" contrast shown in this figure is the result of
two strong reflections operating wifh the reciprocal lattice vectors
perpendicular to one another. The precipitate diameter is proportional
to the region of no contrast in the center of the cloverleaf. Therefore,
the particle size was increased significantly as a result of the ageing.
Since the precipitates grew at 35000 (623 K), but had the same size when
quenched from TOO and 1100°¢ (973 & 1373 K), it is concluded that they were
formed upon cooling from the quench temperatures and were not present within
the temperature range of the EMF measurements.

A second type of precipitate, which was present for all three oxygen
compositions of the 19.9 at. % V alloy, is shown in Figure 25. This
precipitate was not observed in any of the 20.7 % V alloys. Since the
19.9 % V alloy had a relatively high zirconium concentration (400 at. ppm),
and since Zr02 has a lower free energy of formation than that for oxygen
in solution, this precipitate was suspected to be Zr02. The x-ray energy
spectrum was determined for the foil area containing the precipitate and
compared to that for the matrix. The results of that analysis are shown
in Figure 26. The two spectrums are identical except for the small peak
at approximately 15.7 keV. This is the zirconium K, peak, and the presence
of Zr in the precipitate was thus verified. Although the 50.5 % V alloy
also had a fairly high concentration of Zr, no precipitates were noted in
any samples for that alloy. The precipitates were extremely inhomogeneously
distributed in the 19.9 % V alloy and it is assumed that they were present
in the 50.5 % V alloys, but did not happen to be in the thin regions of the
TEM samples.

The presence of zirconium in these alloys removes a quantity of oxygen

from solution equal to two times the Zr concentration in the formation of
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Figure 25: 19.9 at. % V-1.4k at. % O alloy vacuum quenched from 1000°¢
showing Zr02 precipitates. .
|
\
|
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Figure 26: X-ray energy spectrum for 19.9 at. % V-1.4tk at. % 0 alloy.
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the internal qxides. 'his would be_ only 800 and 40O at. ppm for the 19.9
and l50‘.5 %V alloys, respectiveiy. Thisis a relatively insiénif‘icant amount
relative to the total que.nﬁity of 'oxygen in solution. It is -therefore
concluded that the zircon:.um does not significantly influence the thermo-
dynam:.c data. Thls conclus1on is supported by the agreement of the data
in Figures 14 and 18 for the high Zr, l9‘.9 % V alloy and the much lower Zr,'.

20.7 % V alloy.
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., DISCUSSION

',h 1 Appllcatlon of Theoretical Solutlon Models to the Vanadlum-Oxygen

and Nloblum-Vanadlum-Oxygen Systems

In order to.apply 1nterstit1al solution models to:real systems some .
assumption mist be made regarding the iooation of the interstitial atoms in
the -solution. For the case of b.c.c. metals, oxygen, nitrogen, and carbon
are usually assumed to occupy octahedral (O, O,.l/g) interstices."This
assumption has been based upon the results of internal friction studies in
.which the presence of a Snoek peak could best be explained by oetahedral

- site occupancy.87 However, it has been argued that occupancy of the tetra-
hedral (0, 1/2,. l/h) pos1tlons can also cause Snoek peaks. 88,89 Attempts
have been made to determlne the more energetlcally favorable site by
elasticity calculations. These calculations have also left the issue
unresoived, particularly for the case of oxygen in vanadium. Beshers
has predicted octahedral occupancy for oxygen in V,'while Shatalov and

'4Khachaturyan89 have proposed tetrahedral site occupancy for any of the
interstitial eiements in V.‘.However, recent neutron diffractiOn experiments
on V-0, V-N, and V-C solid solutions have indicated that all three inter-

" stitial elements occupy the octahedral positions.9o .For the V-0 system the
experlments were performed on samples quenched from 500°¢C (773 K) containing
roughly 3 at. % 0. The compositlon and temperature of these experiments

:7were stm;lar to_those of this 1nvest;gatlon. Therefore, on the ba51s of

the neutron diffraction measurements, octahedral 31te occupancy will be

assumed throughout this section.

Befor testing the appllcablllty of the 1nterst1tial solution models
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it will be advantageous to calculate the functlons, A5 and H- H V

=€

ASX is the nonconflguratlonal entropy change for the reaction oxygen gas

going into solution. It is related to the total oxygen entropy change for

the reaction, AS, and the absolute entropy of gaseous oxygen, So, by the

‘relations,
/%% - p5- g1
—eX =£X 0 (75)
NS =85 -85,

where 5« is defined by equation (37) with & substiﬁuted for XN. 7.7V )

is determined from the relation,

A" =3 —U,V'

EE oA )
7.7 - (3-8 - (8-,

vhere H is the absolute enthalpy of oxygen in solution and the superscript

GW,V refers to the infinitely dilute oxygen solution in vanadlum 5% and

bﬁ;-ﬁgbv have been calculated from equations (6) and (68) for the V-0 system
and equations (6) and (71) and the data in Table VII for the ternary alloys
énd are bresented in Figure 27. The curves . for the 5.1 and 20.3 at. % v
alloyé Were‘calculated from the higher temperaturg coefficienté in the
table. ASF and ﬁ__ﬁ@%v are independent. of temperature for all the other

alloys.

4.,1.,1 Regular Solution Models

Regular solutions are assumed to be random and the configurational

entropy is thus given by equation (6) with @' = 3. Furthermore, ¥ is

assumed to be constant. Th'erefore,‘ASex can not vary with ongen content

when regular solution behav1or is obeyed. All of the AS°¥ plots in Figure 27

vary with oxygen compos1t10n and so none of the alloys strlctly obey regular
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Variation of,,Age x and H- H >V with oxygen concentration for
all of the Nb-V-0 alloys and the V-0 alloys.




up to approximately 3.2 at. % oxygen. The values of AS® and AH® given in

_ of AS®and AE® are -25.93 cal/mole, K and -100,720 cal/mole, respectively.

At lOOO?C (1273'K) 8% - 4.18 e.u. and ¥ = -95,860 cal/mole. These values

may be compared to those of the Nb-0 system for which 5% = 5.48 e.u. and
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solutipn.behawior. However, for dilute solutions itkhas been shown that .
Henry's law is obeyed by all the alloys and average values for the entrdpy
and eﬁthalpy-of solution have been calculated (Table V). The vanédiumf

oxygen systém therefore obeys quasi-regular behavior for solutions having

equations (13) and (14) can be approximated using equations (54) and (55) -

—xs° - xs© ' L
and the values of S and ﬁx given in Table V. The calculated values

¥ and ¥ may then be calculated from published values of S° and 50,7t

= -86,5].O‘cal/mole.3 Thus, assuming both solutions are random at low

'oxygen concentrations; the lower chemical potential of oxygen in yanadium

is primarily the result of a lower energy of solution as opposed to a

.higher entropy. Since E is actually an enthalpy term its more negative

value for vanadium than niobium may be due to either a stronger bond with

the okygen or could also be due to less distortion. of the vanadium lattice

~ upon insertion of the oxygen.

Although the ternary élloys obey Henry's law. for dilute solutions,
tﬁey dé not obey quasi-regular_behavior. ‘For quasi-regular Béhavior to
be Qbéyed ¥ in thé ternary is required to equal'géx in the solvent-

, ,Aﬁggmb'

oxygen binary and Nutde must be a linear sum of AH§5V7and (equation

(15)). -~ Inspection of the data in Table V demonstrates that neigher of

‘theée'requireménts is met, AﬁaﬁT is>mgch more negative than the model

predicts'and 5%%¥ is lower than the values .for either binary system. A
possible reason for gt not following eqﬁation (15) is that bonding

bétweén the Nb & O.or V & 0 atoms; or both, is not the same in the . ternary
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system as 1t.1s in the respectlve binaries. Another possible explanation
may be in the strain energy term. Since there is a considerable size
”difference'between the Nb and V atoms, the size of the interstitial holes
is probably significantly different forvdifferent Nb/Vlratios. Also, the
elastic.constants would be expected to be a‘function of the Nb/V ratio.
Thus, the AH gotrain term would be expected to vary with the Nb/V ratio. The
results in Table V 1mply that either the bonds are stronger or the straln
energy is less positive in the termary system. A change in either the
bond energies er strain energy would be expected to be accompanied by a
change in the oxygen vibrational frequency, thus changing gex. Alternately,
the low values of S 1n'the ternary alloys relative to the binaries may be
due to nonideal conflguratlonal entropies in the ternarles. Since the V-0
interaction is stronger than that between Nb and O the oxygen atoms would
‘be'expected to cluster'eround the vanadium atoms, thus decreasing the con-
figuratienal entropy. The values of AEex and gex would therefqre be more
positive‘then those calculated by assuming a random solution and would mbre

closely approach the values for the binary systems.

The last of the regular solution models to be cons1dered is that of
Kirkaldy'and Purdy,57 equations (22) and (23). In the derivation of the
model the nonconfigufational entropy was assumed to be zero. If this
restriction is removed and a nonconfigurational entropy term independent
of composltlen is allowed, equation (23) may be revritten,

- a, o L’NeEee

. o ex : - :
The interaction energies and AS — are assumed to be independent of concen-

tration. jTherefore, if the model applies, a plot of the left side of equation
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(TT7) versus N2'/(l-1\12) chould be linear with the slope proportional to the

solute mitual interaction energy, E22; Figure 28 shows plots for the V-0

system at the temperatures indicated. These plots would seem to indicate
that the model describes the data with the oxygen-oxygen interaction energy

varying from 10,750 cal/mole at 700°C (973 K) to 8,520 cal/mole at 1200°¢

(1473 X). However it has previously been determined from Figure 27 that
A5°F varies with oxygen concentration and thus one of the basic assumptions
of the modellis not met. The fit of the data to equation (77) must there-
fore be fortuitous. This eonclusion is verified by Figure 29. In the |
upper portion of the figure the experimentally determined oxygen enthalpy

in vanadium relative to infinite dilution is compared to that predicted’
by the model at lOOOOC (1273 K) using the value of E22 determined by the
'plot'in Figure 28, In the lower portion of the figure the absoldte enﬁropy
of oxygen in vanaduum is compared to the absolgte oxygen entropy preddcted
by hhe model at lOOObc (1273 K).. The subscript 2 in theee plots represents

the properties predicted by the model end the experimentai values have no

subscript. At a given value of N/(l-N) it can be shown that
7(S-8,) = (B-F -"’V) (7, -T3)-

Therefore, the errors in the entropy and enthalpy terms deduced from the
model cancel each other and hence the fit of the data to equatlon (77) is
meaningless. The model does not describe the system and the values of the
interaction energies determined by the plofs in Figure 28 have no physical
significance. 'The failure ofvthe model to describe the system despite the
fit of the data to equapion (77)hdemonstrates the importance of properly
testing the assumptions of the statistical models when applying them to

real syétems. zThe variations of Agex with oxygen composition for the ternary
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vanadium-oxygen system at the temperatures indicated in the f‘lgure
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(dashed lines) for the vanadium-oxygen system at 1000°C.
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'alloys (Figure 27) clearly indicates that the model also can not apply to

the Nb-V-0 system.

h.1.2. Quas1-Athermal Model

If the assumption that the nonconfigurational entropy does not vary
with interstitial composition is accepted, then for the V-0 and Nb-V-0
systems the configurational entropy can not be ideal. The pos1tive
deviations from Henry's law exhibited by these alloys at high oxygen contents
are characteristic of repu131ve interactions between the oxygen atoms.
Consequently, it was felt that the concept of blocked sites; vhich results
in a nonideal confignrational entropy due to repulsive interactions, might
describe the oxygen entropy in these solutions. ‘However, Figure 30 demon-
: strates that this modei is also incapable of describing the variation of

the entropy with oxygen composition, The configurational entropy is plotted .
for the ideal interstitial solution and for three values of z" (equation (2&))
Thé nonconfigurational entropy is the difference between these curves and

the curve representing the absolute entropy of oxygen iniVanadium at 1000°C
(1273 K). As the number of blocked sites is increased the configurational
entropy decreases with the magnitude of the decrease being greatest for

high oxygen contents. The resulting nonconfigurational entropy yaries

with oxygen composition even more than that determined by assuming a random
solution. Therefore, the Pblocked sites nodel also does not apply to the

V-0 system. Byzsimilar plots it has also‘been deternined that this model

does not apply to the ternary data.

4,1.3 Quasi-Chemical Model

The binary quasi-chemical model of McLellan and punn® can be tested
by calculating the activity, (Po )1/2, from equation (28) for varions values -
2 . L ’
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Flgure 30: Comparison of the absolute oxygen entropy in vanadium at 1000°¢
. with the ideal conflguratlonal entropy and the conflguratlonal
entropy calculated assuming z" oxygen sites are blocked by each

oxygen atom.
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of E22 and'oxygen eomposition and then comparing the calculated values to
those for the V-0 system. The values of ME®and AS®given in equation (28)
were determlned from the Henry s law region of the V-0 system by plottlng
(P ) 1/2 versus N/(3-4N) at various temperatures. They are -101,120 cal/mole
foradﬁa’and -26 15 cal/mole, K for AS®" The. coordlnatlon number for nearest
neighbor interstitial sites is 4. The calculated values of (P ) 1/2 are
presented in Figure 31 for several values of E22 at 1QOO C (127§ K) and
can be compared to‘the curve for the V-0 system calculated from equations
~ (67) and (68). The dashed line for E,, equals zero is an extension of the
dilute solution'Henry's law line. For high oxygen concentrations positive
~values of E,, (repulsive interactions) cause. positive deviations from
Henry's law andAnegative values cause negative deviations. E must:be

22

positive to describe the V-0 activity curve. As E22 is increased‘the
deviations from Henry's law are increased and the'theoretical curve is seen
to approach that for the oxygen activity in vanadium. However, values of

Eso greater than around 10 kcal/mole do not result in further increases in

- the activity and the model is 1ncapable of describing deviations from

Henry’s law as large as those for the V-0 system. _Values of E22 greater

than 25 kcal/mole result in unrealistic activity values at low concentrations,
~but do not 1ncrease the act1v1ty at high concentrations above that for

10 kcal/mole.

The conflguratlonal entropy predlcted by the model can be calculated
using equation (26). The model aSsumes that the nonconfigurational entropy
is inrarient ﬁith composition.' Therefore, a plot of the'absolute oxygea

' should not vary with oxygen concentratien.

' L] 3 - —lc
entropy in vanadium minus 82

" Plots of.§-§g for several values of Eéa

_*The values given previously of -100,720 cal/mole and -25.93 e.u. were

approximated from equations (54) and (55). Thus the approximated values are
seen to be quite accurate.

are shown in the lower portion of
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Figure 31: Comparison of the activity calculated by the quasi-chemical model
- - for various values of the ineraction energy, Enns with the oxygen
activity in vanadium at .1000 C. ‘
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= 15 kcal/mole the nonconfigurational

Figure 32 at 1000°C (1273 K). For Epp

entropy is roughly k.l e.u. across the entire composition range. The noncon~
4 figurational_entrdpy at infinite oxygen dilution‘can be calculated from

‘ _A§°oénd is 3.96 e.u. The model can theréfsre describe the configurational
entropy of oxygén in vanadium assuming that the nonconfigurational entropy
is constant. The enthalpy relative to'infinite dilution is calculated by
using equation (27). 'The enthalpy difference Between oxygen in vanadium and
that calculated by equation (27) is shown in the upper plots of Figure 32.
These plots should be zero across the entire éompoéition rénge_for values

of E ﬁhich describe the oxygen enthalpy. A value of 20 kcal/mole

22
describes the enthalpy variation fairly well. At 1200°¢ (1473 K) the

variation of the entropy and enthalpy with oxygeh composition was best

described by the.model by values of E., equal to 20 and 24 kcal/mole,

22

respectively. However, in order for the model to apply to the experimental

results the same value of E o should describe the configurational entropy

2
and enthalpy. The inability of the model to describe these functions by

the same E22 value results in the poor fit for the activity. The values

of E22 used to describe the enthalpy and entropy composition variations

are unrealistically high. For example, the model was found to describe thé

f.c.c. Fe-C system from 900-1400°¢ (1173-1673 X) with an E_, value of 1.97

67

22
kcal/mole. The physical significance of the interaction energies used

to describe the entropy and enthalpy is therefore regarded as questionable.
It is, however, evident‘that repulsive interactions between'oxygen atoms

are quite high, This implies tha£ second and possibly third nearest neighbor

interactions, both of which are ignored by the'model, may be significant.

For the Fe-C system it was found that interactions outside the nearest

92,93 -

neighbor'shell could be ignored For octahedrél sites in an f.c.c.
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latticé there are 12 nearest neighbor interstitials to an interstitial at

a diStanée of 0.707 times the lattice parameter, a.. The 6 second nearesf
héighbors are at a distance of 2, and have a metal atom situated directly
between the two interstitials. For b.c.c. lattices the 4 nearest neighbors
are_éeparated from the interstitial by the distanqe a0/2 and the second

and third nearest neighbors, éf which there 8 of each, are at the distances
0.707a, and O.866ao, respectively. Furthermore, no metal atoms are locatea
directly between the oxygen atom and the first, second, or third neighbors.
Thus, for b.c.é. latfices'there ére fewer nearest neighbors and the second
and third nearest neighbors are much closer fhan for f.c.c. lattices. Th¢
second and third nearest neighbors are also not as effectively "screened”
frém.the central<interstitia; by metal atoms as in an f.c.c. lattice. There-
fore, if is suggestgd that the second and third nearest neighbor interactioﬁs
would be more likely to influenceAthe thermddynamié propertieé'of the inter-
stitial atoms in a b.c.c. lattice than in an f.c.c. lattice.

In order to assess the significance of the second nearest neighbor
intefactions it Was‘assumed that these interactions are the same magnitﬁde
as the nearest neighbor interactions and that the third nearest neighbor
inteféctions could be ignored. This is equi?aleht to regarding the second °
nearest neiéhbors‘as being 8 additional first nearest neighbors. Thus, the
Value.of’z in equations (26)-(28) was changed from b to 12. Tt was then
found that the oxygen activity,‘enthalpy, and entropy at 700, 1000, and
1200°¢ (973, 1273, & 1473 Kj could be deséfibed.by‘the quasi-cﬁemical model
with the oxygen-oxygen interaction energies'given in Table VIII. Also given
in the table are E,, values for z = 20, This value of z is the result
of assuming that the third nearest neighbors have the same intgractién

energy as the first and second nearest neighbors. The E_,, values given in

22
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TABLE VIII

Oxygen-Oxygen Interaction Energies

| Epos keal/mole
T, K z = 12 ’ z = 20
973 6.75 4.20
1273 7.20 4.30

1473 . 7.50 k.25

the table are those which gave the best simultaneous fit with the experimental
egﬁhalpy and entropy oxygen concentfation variatioﬁs.' They are only apﬁrox—
imate since.no elaborate curve fitting techniques were employed. The calcu-
lated‘énthalpy and entropy for z = 12, using thévinﬁeractioﬁ energies given
in Table VIII, are compared with the experimeﬁtal values in Figure 33. The
continuous lines représént the éalculated quantities and the points are the
'experimentai values determined directly from the slope and intercept of the
EMF curves. ‘The calculated absolute entropy curves were determinedlby the

=C

addition of 82

- experimental value of AS%® The lower curve for the absolute entropy at

, calculated from equation‘(26), and §ex,‘determiﬁed from the

TOOOC (973 K) is the sum of the.ideal configurational entropy and §¢x.
Comparison of the two entropy curveé for 700°¢C (973 K) indicates that the
model‘preﬁicts a configurational entropy somewhat higher than that for an
ideal solution. The maximum possible'configurational entrOpy is that for
.an ideal solution. Therefore, the configurgtional entropies éalculated

by the model are somewhat too high. Since the calculated entropiesifit
£he\experiﬁental data, the error must be in thenassumption that the non-
S A ,
'configuratioﬁal.entropy does not vary with oxygen concentration.' §ex

should increase as the.oxygen concentration is increased in order to

explain the expefimental entropy variation. An alternate explanation




KCAL/MOLE

8
I
]
[
0 S — A —

o 0.0l ‘ 0.02 0.03
X
.uj
-
@)
=
~N
-J
<
O
n

i S|
0 4 0.01 0.02 0.03
' ' N/(3-4N)
gigure 33: Comparison of the absolute entropy and enthalpy calculated by

the quasi-chemical model for z = 12 (solid lines) with the
absolute entrogy and enthalpy of oxygen in vanadium at TOO,
1008, and 1200 C (data points). The lower entropy line at
TOO™C represents the calculated absolute entropy for an ideal
configurational entropy. _ :




99
would be that at fhe higher oxygen concentrations éome of the oxygen atohs
éccupy the tetrahedral interstices., This would allow for a higher cdnfigﬁr--
ational entropy at the higher concentrations than that given by the ideal
‘solution curve. Despite this error in the model's description of the
: éonfiéurational entropy, the good fit of the model to the data is considered
to be significant since the magnitude of the error is relatively small and
the error does no affect the enthalpy.

The(éurves for thevactivity calculated usiﬁg the interaction energies
in Table VIII are plétted in Figures 34 and 35 and are compared to the
experimental oxygen activity (data points.) Also included in these figures
_ are the maximum allowable activities by the model for z = Ly (E22 2 10 kecal
per mole). At T700°C (973 K) the curve for z =’20 best fit the experimental
activity, while at 1000 and 1200°C (1273 & 1473 K) the curves for z = 12
gave the ﬁést‘matéhAwith the data. For all three temperatures the curve
.for z = higave the‘poorest fit. Althoughvthe asspmption,that the second
and'third nearest neighbor oxygen atoms interact with the same energy as
the first nearest neighbors may be somewhat in error, it is concluded that .
the'second aﬂd possibly third nearest neighbpr interactions are of sufficient
ﬁagnitude to significantly affect the oxygen activity. This may be a result
of the geometr& of the 5.c.c. iattice or it could be an inherent property
of oxygen in solution. Second nearest neighbor interactions have aléo been
found to be significant in the hekagonal lattice of Ti-0 solid soiutions.gh
Tt should also be noted that the interaction energies in Table VITT
, for z = 12 have a notabie tempefature dependence. This implies that Eoo is
in réaiity a free energy and ié temperature dépendent due to a TAS term.

This term would result if the vibrational entropies of two isolated oxygen

atoms differ from those for two neighboring'oxygen atoms.,
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‘4,1.4 Central Atoms Model

- The central atoms model was tested by ealculating the activity using
equation (29) and the values of AH® and AS® given in the previous section.
For repulsive interactions between oxygen atoms Agéa) is positive. For

values of Agée)‘greater than approximately 3 equation (29) reduces to

lna, _ =1n y24-Aﬁ;7RT- ASJ/R -2z 1n (1-y,). - (718) |

2,B
' 2
2 3 the activity no longer depends upon Agé ). The maximum

Thus, for Agée)

deviation from Henry's law accounted for by the model is that given by this
equation. Figure 36 shows ﬁlots of the activity calculated frém equation (78)
with z = .k relative to that for oxygen in vanadium at 700 and 1000°¢ (973 &
1273 X). As was the case for the quasi-chemical model, the central atomé
modelﬂcoﬁld not account for the large déviations>ffom'Henfy's law when only
nearest neighbdr oxygen interactions were considered. quevér, the model

was found to describe the experiﬁental data quite well when the second

.nearest neighbors were included. This is shown by the curves in the figure

for z = 12, The values of Agée) whiqh best fit the activity data at'700;
1000, and 1200°C (973, 1273, & 1473 K) were 1.70, 0.65, and 0.45, respectively.
Thus, it may also be c;ncluded from the central atoms model that oxygen atom
interactions outside the nearest neighbor shell must be:taken into consider-

ation in order to describe the oxygen activity.

. . . (o] ‘
The temperature dependence of Agéa) would appear to be the opposite of
that for the interaction energies of the quasi-chemical model for z = 12
: ' 2) . ' o
given in Table VIII. However, Agé ) is a unitless quantity, whereas E22 has

- 2
the units cal/mole. Therefore, when comparisons between Ag( )

A 2
mist be divided by RT. When this is done Agée) and E

and E22 are

E22 00 poth decrease

as the temperature is increased. Thus, the two treatments are qualitatively

consistent.
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The quasi-chemical and central atoms models can also be applied to
ternary systems. Unfortunately, the ternary treatments are nof believed
.4 to be applicable to the Nb-V-O system. Small additions of V to Nb-rich
alloys cagsed decreases in the oxygen enthalpy, entropy, aﬁd activity too
large to be described 5y these models. For V-rich alloys the decreases in
the thermodynamic properties when Nb was added wefe small enqugh to be
accounted for by the models; but their application to ﬁhese alloys would
indicate that thé bondipg‘between NB & O is stronger than thgt between V &
0. These decreases in the oxygén activity are believed to be due to volume
effects réther than bond energy differences. Therefore, bond energies deduced
from the ternary models would not be considered releﬁaﬁt and no attempt was

made to fit the data for the V-rich alloys to these models.

4,2 Vanadium-Oxygen System

For diluté éoluﬁions, X < 3.2‘at. % oxygen, éur_results agreé very well
with thelelectrochemicél results of Fromm and Kirchheim;zl For more concen-
trgtéd 36luti§ns our oxygeun activities show positive deviations from Henry's
law while'fromm and‘Kirchheim indicate that Henry's law is obeyed up td the
términal solubility limit. The two studies gave simiiar valueslfor the -
solubilitj, but the aétivity of oxygen at that composition was higher for
our results. This difference in the activity arises from our higher valﬁes
of the EMF of cell I than for Fromm‘and Kirchheim's results. The difference
is appréximatgly 30 mV at any given tempergture for single phase elecﬁrodes
containing less that about'3 at. % oxygen. The difference diminishes as the
single phase électrodes become more concentrated, in accord with the fact
£hat the studies indicate similar maximum solubilities. One possib}e explah-

Y .

ation for these discrepancies in the reported oxygen activity might be that

the two stocks of vanadium had different impurity contents. xBut this seems
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unlikely since the two studies found similar oxygen activities for»dilute
solutions, for which the effect‘of impurities on the activity would be
expected to be the greatest. To further elucidate solute effects, experiments
performed‘on higher purity vanadium gave substantially the same resulte as
reported‘above.* The EMF for cell T using the higher purity vanadium with
a'single phase electrode centaining 1.01 at. % oxygen was within 3 mV of
the calculated values of Eo for the lower purity vanadium, regardless of
the temperature. Experiments for'cell IT using the higher purity vanadium
resulted in values of Aﬁo and Aﬁo within the reported precision of the
values given earlier. Therefore, it seems unlikely that the differences
between our results and those of Fromm and Kirchheim are due to the purity
of the vanadium and the discrepancies are left unexplained.

It is interesting to compare the solubility of oxygen in vanadium with
the solubilities in the other cubic metals. Figure 37 indicates that of the

group V metals vanadium has a considerably higher solubility for oxygen than
95-100

) A
do niobium3 and tantalum. A brief sampling of the literature indicates

that for many cubic metal-oxygen systems the solid solubilities range down-

ward from 200 atomic ppm. GroupAIV metals (Ti, Zr, and Hf), however, can

contain several atomic percent of oxygen in the high temperature, cubic
101-103 R . . .
phases. The group V metals, and in particular vanadium, are very
desirabie for studies of interstitial -solute behavior, since a broad range
of composition may be investigated down to relatively low temperatures;
This has been demonstrated by the application of the interstitial solution

models to the oxygen activity data. The importance of considering oxygen-

. oxygen interactions outside the nearest neighbor shell could not have been

determined were it not for the high oxygen solubility in vanadium,

"The higher purity vanadium was from the same stock as that used for
the ternary study. See Table T. '
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From a practical standpoint the strong chemical affinity of vanadium
for oxygen has implications for its use as a structural material and its
degradation in oxygen-containing environments. There is a lower eéuilibrium
oxygen pressure for the V-0 terminal solid solution in spite of the fact that
i£ contains roughly a factor of ten greater amount of oxygen than do Nb or Ta
at saturation. For example, at 1000°¢C (1273 K) the equilibrium éxygen partial

pressures for the Nb-O, Ta-0, and V-0 saturated solutions are l.l3)(lO-2O,

2.99x10"%°, and 1.34x1072

1 Pa., respectively, while the solubilities are
0.24, 0.35, and 2.8 %, respectiveiy, on é weight baéié. This means that
ﬁhen comparing vanadium and niobium as possible.nuclear reactorAmaterials,
tha'vanadium mist be much better protected from an oxygen-containing
environment than niobium--it is a better getter. If, however, only a

limited amount of oxygen is available, vanadium could absorb it better than

niobium without oxide précipitatiqn at a given temperature.

4.3 Niobium-Vanadium-Oxygen System

‘The oxygen activity results for the Nb-V-0 system areArgviewedtin
Figure 38. The logarithm of the oxygen acti&ity coefficient is plotted
as a function of thé vanadium content for three different oxygen concentra-
tions and two temperatures. For those alloys in which oxide précipitation
ﬁas observed the activity coefficient’is indicated at the estimated solubility
limit. When the temperature was increased from 700 to llsOOC (950 to 1423 K)
the efféct‘of the alloying element was diminished. This is evidencéd by the
observation that the decreases in the activity coefficient plots relati#e
to the binaries were léss severe at the hiéher temperature.A The deviations
from Henry's law wefe also diminished at the highe; %emperature. Solu%ions

) . . o . ’
are expected to become more random as the temperature is increased. There-

fore, these results are not surprising. In view of the fact that vanadium
R
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38: Temperature and vanadium concentration dependence of the oxygen
activity coefficient at the oxygen concentrations indicated.
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has a somewhat stronger interaction with oxygen than does niobium, the
decreases in the activity coefficient in the Nb-rich alloys waé also as
énficipated. However, the magniﬁude of the efféct was somewhat larger
than one might expect,‘paftiqularly for dilute oxygenVSOIutionslin the -
20.3 and 35.1 at. % V alloys. 'The extremely large deviations from Henry's
law were aiso unexpected. For the Nb-rich alloys it is assumed that the
oxygen atoms are preferentially attracted'to the V atoms. This is supported
by the substantial décreases in gxs and ﬁgs fof dilute oxygen compositidns
in the 5.1 4 V alloy as compared to the Nb-O binary (Figure 16). If the
oxygen atoms continue'to order around the vanadium atoms as mofe oxygen
is_added to the solution,jsignificant interactions between the oxygen atoms
might result. This would cause the observed lérge'deviations from Henryfs
law. _The élopé changes in the EMF curves for the 5.1 %-V é;loy having 0;29,
0.75, and 2.01 at. % O in solution (Figure 15) and the 20.3 % V- alloy
having 4.83 and 7.17 at. % 0 (Figure 14) also suggested ordering of the
oxygen. The slopelchanges indicated that the oxygen entropy is .lower at
the lower temperatures, implying a more ordered system at these temperatures.
Hdwever; TEM results indicated sélid solution structures over both temper-
ature regions in these alloys. Any ordering must therefore be very localized.

Zirconium and Hafnium additions to Nb have been reported to séverély

27-30

limit the solubility of oxygen in Nb by the formation of ZrQ,_ and Hfoe.

2
Vanadiﬁm might be expected ﬁo have the same effect. However, the results
have shown that V additions aqtually increased the oxygen solubility. Af
1000°¢ (1273 K) the‘oxygen solubility was increased from 2.0 % in Nb to
around 4.2 % in the 5.1 % V alloy and to around 7.3 % in the 20.3 % V alloy.

Purthermore, the oxide phasevwas noted to be isostructural with NbO and had

the same Nb/V ratio as the matrix. Tt has been pointed out that the oxide
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phase may not be at equilibrium due to the slow redistribution of Nb and V
at the temperatuies.of this study. .Thﬁs, although the equilibrium Nb/V

ratio may be somewhat different than that of the oxides observed, it is
sﬁggested that the oxide is a Nb-rich phase. The increased exygen

‘ solubility limit for the Nb-rich alloys may then be attributed to the

} decreased activity of the oxygen at infinite dilution due to the vanadium

| additions. Titanium has been reported to increase the solubility of oxygen

| in niobium for the same reason.lou Alternately, £he increased solubility
in‘the ternary alloys may be_attrihuted to the oxides phases. The oxide
phases which are in equilibrium with the terminal solid solution in the

two binaries might be expeeted to have quite,different'properties in the
ternary system., As mentiohed previously, NbO has a cubic NaCl tyfe
structure with three molecules per unit cell, Furthermore, NbO is a
st01ch10metr1c compound while the body-centered-tetragonal @ phase of the
.vanadium-oxygen system is an 1ntermed1ate.phase of fairly broad composition
range. The vanadium-rich solvus of the @ phase is temperature dependent,
therefofe, the compositioﬁ of the @ phase in equilibrium with the & phase

. varies withAtemperathre. Thus, the oxide phases pfesent in the respective
binaries are quite differeht from each other and would be expeeﬁed to have
very limited solubility in one another;' The presence of vanadium in NbO
might increase the free energy of formatlon of the oxide phase. The-same
‘might be said of niobium in the § phase. Increasing the formatlon energy
of the oxide phase would have the observed effect of increasing the oxygen
solublllty. The fact that the only oxide phase noted in the ternary system
was Nb rich suggests that the formation of the 8 phase may be suppressed .in
the ternary system. Although the @ phase has a lower free energy of formation'

than NbO in the binary systems, the opposite may be the case in the ternaries.
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The results in Figure 38 for the V-rich alloys indicate that Nb

decreased the oxygen activity ﬁelow that for the V-0 system. Furthermdre,
the deviations frém Henryis law were smaller for the 85.2 and 70.7 % A
alloys than for the binary system. The negative values for the Wagner
interaction coefficients indicate that the Nb decreased both the.enthalpy
and entropy of the oxygeﬁ in soiution. A1l of these factors were somewhat.
surfrising since, in the binaries, Nb does.not react with oxygen as strongly
as does vanadium. Ofcourse; this reasoning éag be overemphasized since
the activity of oxygen iq niobium is also very low. Nevertheless, this
type ofAbehavior is atypical of that demonstrated by numerous systems. For
example, in Fe-X-C systems the substitutionai elements Co, V, Cr, Mn, Ni,
and Si all influence the carbon activity as anfiéipated from a consideration

0-50

of the Fe-C and X-C binaries.u Furthermoré, it ﬁas been shown that

for the Nb-Ta-0 system the entropy and enthalpy interaction coefficients

are constant across the entire range of the Nb/Ta ra‘bios.105 With the’

exception of Si and V in Fe, all the substitutional elements in these alloys

. * ’
have atomic radii within 2.5 % of that of the solvent. In the alloys of

this investigatioﬁ Nb has an atomic radius approximately 8 % larger than

that of V. Similar misfit occurs in the Ta-Mo system. Diffuse x-ray

scattering has shown that these alloys form short range ordered solid
solutlons.lo Preliminary measurements have indicated that ordering also

occurs in the Nb-V system with the maximum ordering occuring around 40 at. %

vanaﬂiﬁm.lo7 In contrast to the Nb-V alloys, Nb-Ta alloys are believed to
106 |

be completely random. The high degree of misfit and resulting ordering

on the Nb-V lattiée could therefore be responsible for the unexpécted

behavior of oxygen in the V-rich alloys. It is interesting to note that

the minimum excess enthalpy (Figure 16) and the minimum activity in dilute

*The atomic radii were determined from the lattice parameters of
the pure elements.
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‘oxygen éolutiéns (Figuré 38) both occur near the Nb/V ratio of maximum

’ 6rdéring. It it is assuﬁed that £he oxygen 1is prefereﬁtially attracted
»to v, then'the ongen might also exhibitAshort range ordering. The
thermodynamic properties_would then be quite different from those expécted

A frdm the binary metal-oxygen systems. Even if the oxygen is not ordered,
the misfit on the Nb-V latticé could cause'the variatioﬁs noted due to

. the strain energy effecfs noted earlier. It shouid also be noted that
thé.inte;stitial solution models -can.not be'expected tb apply foﬁISuch
a system due to the large volume changes.

Klueh and Devan39 reported that Nb'incréasgs the activity of oxyéén
in w}anadium at 600°C (873 K), which contradicts the results of this study.
waevef, their ailéys also contained séveral percent of Zr and Fe and
‘substantial quantities of C and N and the effect of Nb could not be
compleﬁely isolatéd from those of the other-élements-presenf. Therefore;

this contradiction is not considered to be significant.
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5. CONCLUSIONS

1. Oxygen in solution in vanadium dbeys Henry's law for concentrations less
than approximately 3.2 at. %; For higher oxygen concentrations there are

i 4 positive deviations from Henry's law.

2. The ?ositive deviations from Henry's law of the oxygen activity in vanadium
are believed to be due to repulsive'interactions of several kcal/mole

-between first and second and possibly third nearest neighbor oxygen atoms.

g 3. The vibrational entropies of neighboring oxygen atoms are believed to

L differ from those of isolated oxygen atoms in vanadium.

=

The oxygen solubility in vanadium varies approximately linearly with
temperature from 7.0 at. % at 700°C (973 K) to 9.3 at. % at 1200°C

(1473 K.

5« Oxygén obeys Henfyis law invsoluﬁion in.Nb-V'alloys for ox&geq,concen-'
 tfations less'than approxiﬁately 2 at;,%.. For V;rich'alloys withiﬁ
the Henry's‘law region the oxygen partial preséure can be-determiped
as a function of the niobium and oxygen concentrations and temperature
byAthe relatién,

0 0)

2 5 2 SR 2 |
P . = N. x10° exp -.ﬁ(,-23.-66- T. 31NNb) exp .R,T(-loo,86o- lE,lBONNb) Pa.,

for Nﬂb

< 0.65.

6. Niobium decreases the activity of oxygen'in vanadium and decreases
the magnitude of the deviations from Henry's law for Ny, £ 0.7. These

effects are believed to be due to the size difference between Nb & V atoms.

Y.
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7. 'Vahédium causes large:decreasés in the activity of oxygeﬁ in niobium
and causes substantial deviations from Henry's law. These effects are
.primafily attributed to the stronger bonding between V & O than betﬁéen

Wb & O.

8. Vanadium increases the oxygen solubility in Nb-rich alloys and niobium

iﬁcreases.the oxygen solubility in V-rich alloys.
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