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Abstract

Thermodynamic properties of the ternary system Nb–O–Zr have been evaluated by means of the CALPHAD (CAL-
culation of PHAse Diagrams) method. The pertinent experimental data are surveyed and the thermodynamic models based
on the previous assessments of the binary systems Nb–O, Nb–Zr and O–Zr are delineated. The results of our computations
indicate that the models describe the zirconium rich portion of the ternary phase diagram satisfactorily, however, in the
niobium rich part, the calculations differ from the experimental data and should be verified by new experiments.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

The Nb–O–Zr system constitutes the basis of sev-
eral important alloys. The zirconium rich portion of
the system, Zr–Nb based alloys, are employed in
water cooled nuclear reactors in fuel and core com-
ponents. For example, the alloys ZIRLO [1] and M5
[2] are increasingly used as fuel cladding materials in
pressurised water reactors, Zr–2.5Nb has been
employed as a standard material for the pressure
tubes in pressurised heavy water reactors [3,4],
and E110 [5] and E635 [6] alloys are utilised in the
Russian built VVER and RMBK cores. Improving
the performance of these alloys to meet the demands
of high exposures requires further optimisation in
composition and heat-treatment for which a
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detailed knowledge of the alloy phase equilibria is
important.

Alloys, in the niobium rich part of Nb–O–Zr
system, e.g., Nb–1Zr based alloys, are leading
candidates for components of future space vehicle
reactor systems [7,8]; and possibly a suitable mate-
rial from this family of alloys for the first wall of
the future fusion reactors [9,10].

The Nb–O–Zr system has been a subject of
several experimental investigations. Asundi et al.
[11] have provided a short restricted review of the
data up to 1981 and based on that have deduced
two ternary phase diagrams for the Nb–O–Zr sys-
tem at the temperatures 1273 K and 1773 K. Also,
it has been referred in the 1999 CALPHAD meeting
summary [12] that ternary phase diagrams for the
Nb–O–Zr system were assessed and calculated by
Dupin and co-workers, however, to best of our
knowledge, no publication of this work is yet avail-
able in the open literature.
.
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Table 2
Summary of the range of compositions and temperatures studied
in phase equilibria experiments made on the Nb–O–Zr system

Zr content (at.%) O content (at.%) Temperature
(K)

Source

7.5–68 7–61 1773 [29]
1–15 0–5 1273–1473 [25]
0.7–14 0.3–30 1573 [26]
20–25 0.02–0.86 1273–1473 [49]
0–100 0–20 1273&1873 [27]
94–99 0.8–3.0 1197–1457 [20]
2–5.4 0–2.5 293&1173 [56]
2–5 0.02–0.25 1783–2175 [28]
0.33–1.0 66.67 450–1140 [30]
95.5–100 17–28 325–905 [36]
97–99 0.54–2.44 900–1265 [24]
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In this paper, we briefly review experimental
phase diagram data on the Nb–O–Zr system avail-
able in the open literature. The data comprise those
reviewed by Asundi et al. plus later studies on this
system. Moreover, based on the thermodynamic
models and assessed model parameters developed
for the binary systems Nb–O [13], Zr–O [14] and
Nb–Zr [15], which have been collected in a binary
system data base for Zr base alloys [13,16], we cal-
culate the phase diagram of the Nb–O–Zr system
at several temperatures of interest and compare
the results with measured data. In addition, we com-
pare the calculated solubility of oxygen in this sys-
tem with measured data.

This paper is organised as follows. In Section 2 a
short review of experimental thermochemical data
on the Nb–O–Zr system is presented. In Section 3
the ingredients of the thermodynamic modelling is
delineated. The results of thermodynamic computa-
tions are presented in Section 4. In Section 5, we
compare and discuss the computational results with
experimental data, which include the oxygen solu-
bility, the energy of formation for niobium oxides
and the phase boundaries.

2. Survey of experimental data

In this section a brief review of experimental
thermochemical data on the Nb–O–Zr system is
made to establish the experimental basis for the ver-
ification of the models discussed in the subsequent
sections. Table 1 outlines the principal phases which
exist in this system, while Table 2 summarizes the
range of compositions and temperatures for which
measured data are reported in the literature. A more
detailed survey is provided in [17].

Zirconium has two allotropic phases, a-Zr (hex-
agonal close-packed), which is stable up to 1139 K
and b-Zr (body-centred cubic). The a-Zr phase
Table 1
Principal phases in binary systems Nb–O, Nb–Zr and O–Zr

Phase name Composition Sy

a (Zr, Nb),(Zr, O),(Zr, Nb, O) hc
b As above + (Nb,O) bc
a-ZrO2 ZrO2 M
b-ZrO2 ZrO2 T
c-ZrO2 ZrO2�x C
NbO NbO C
NbO2 NbO2 T
NbO2 NbO2 D
b-Nb2O5 Nb2O5�x M
c-Nb2O5 Nb2O5 O
dissolves oxygen interstitially and the maximum sol-
ubility limit of oxygen in a-Zr is 35 at.% O
(8.63 wt%O) at the eutectic temperature of 2338 K
[18,14]. Similarly, the b-Zr phase dissolves oxygen
interstitially but with the maximum solubility limit
of 10.5 at.% O (2.76 wt%O) at 2243 K. Niobium acts
as a substitutional element in zirconium. Oxygen sta-
bilises the a-Zr phase, whereas niobium stabilises the
b-Zr phase. This difference in phase stability results
in a very small solubility limit of oxygen in Zr–Nb
alloys despite the fact that solubility limits are very
large in b-Nb (bcc), a-Zr and b-Zr.

Niobium has a bcc crystal structure with a melt-
ing point of 2741 K and a boiling point of 5015 K.
Introduction of oxygen into niobium lowers the
melting point to 2188 K at around 10 at.% O. Nio-
bium can also exist in metastable states in the a
(hcp) phase [19].
2.1. Zirconium rich region

In the Zr-rich part of the Nb–O–Zr system (0.5–
5.6 at.% Nb), Hunt and Niessen [20] have studied
mmetry Space group

p P63/mmc
c Im�3m
onoclinic P21/c

etragonal P42/nmc
ubic Fm�3m
ubic Pm�3m
etragonal P42/mnm
istorted tetragonal I41/a
onoclinic P2
rthorhombic Pba2
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the effect of oxygen on the equilibrium b! (a + b)
transition temperature of Zr–Nb alloys employing
quantitative metallography. Their data show a
strong impact of oxygen content on the transition
temperature, i.e., increasing the oxygen content
increases the transition temperature, while there is
a weak dependence of the transition temperature
on niobium content in the studied range of concen-
trations. The transition temperature versus oxygen
concentration fits an Arrhenius form relation,
XO = A exp(�Q/Tt), where XO is the oxygen
content, Tt the transition temperature, A =
4003.96 (at.%) and Q = 10352.9 (K). The actual
raw data summarised by Hunt and Niessen [20,21]
are listed in Table 3 (translated to units of at.%
and kelvin) for convenience.

The equilibrium a/(a + b) boundary (tempera-
ture versus Nb concentration) in an industrial zirco-
nium alloy containing 2.7 wt%Nb with 0.137 wt%O
and 0.09 wt%Fe were determined by Bethune and
Williams [22] using electronprobe microanalysis.
They found that the solubility limit of the niobium
in a-Zr at 873 K is (1.1 ± 0.1) wt%. Later North-
wood and Gillies [23] re-determined the a/(a + b)
and (a + b)/b boundaries of a single Zr alloy,
containing 2.5 wt%Nb with 0.123 wt%O and
0.0545 wt%Fe, using image analysis combined with
X-ray determination of a- and b-phases. Their
results show that the maximum solubility limit for
niobium in the alloy is 0.8 wt% and the monotectoid
composition is just about 21 wt%. Moreover, they
observed that oxygen raises the transition tempera-
ture of a-Zr, while iron is segregated in b-Zr.

More recently, Toffolon et al. [24] examined the
influence of oxygen content on a/(a + b) and
(a + b)/b transition temperatures in Zr–1 wt%Nb
employing calorimetry. Their data indicate that
Table 3
The data of Hunt and Niessen [20,21] on the b! a + b-phase
transition of Zr–Nb–O alloys

O content
(at.%)

Nb content
(at.%)

Zr content
(at.%)

Temperature
(K)

0.80 0.50 98.70 1233
0.82 2.38 96.80 1247
0.82 5.56 93.62 1197
1.55 0.50 97.94 1315
1.55 2.52 95.92 1308
1.63 4.27 94.10 1309
3.09 0.51 96.40 1457
2.96 2.30 94.74 1437
3.00 3.93 93.07 1430
increasing the oxygen content, from about 0.1 wt%
to 0.27 wt%, will increase the (a + b)/b transition
temperature from 1185 K to 1265 K, while the
a/(a + b) temperature varies in the range of 900–
910 K. They also studied the influence of niobium
content in the range of 0.5–2.5 wt% in Zr alloys con-
taining 0.12–0.13 wt% oxygen. They observed that
raising the niobium content lowers both the
(a + b)/b temperature (by about 15 K) and the
a/(a + b) transition temperature, where the latter
remains constant for Nb contents P1 wt%.

2.2. Niobium rich region

The solubility of oxygen in the Nb-rich part of
the Nb–Zr system has been a subject of several
experimental studies [25–27], for zirconium concen-
trations in the range of 1–15 at.%, where metallo-
graphic and X-ray diffraction techniques have
been employed. These studies indicate that the
oxygen solid solubility is less than 0.1 at.% O at
1273 K. Marcotte and Larsen [25] using standard
vacuum-fusion techniques measured oxygen in
Nb–Zr–O alloys at temperatures 1273 K, 1473 K
and 1773 K. They found that the solubility of oxy-
gen in niobium-base alloys containing up to
15 at.% Zr is less than 180 wppm.

The solubility of oxygen in the Nb-rich part of
the Nb–Zr system has been determined by Jehn
and Ortali [28] using a quantitative metallographic
technique. Their data, indicate the relation X O ¼
A expð�Q=T ÞX�1=2

Zr , where XO is the solid solubility
of oxygen, XZr is the content of Zr, both in at.%,
A = 2630.27, Q = 19525.92 K and T is the absolute
temperature. This relation is valid in the tempera-
ture range of 1673–2173 K and the composition
range of 2–5 at% Zr (where measurements were
made). Their data show that the oxygen solubility
is lower in the Nb-rich alloys than in the Zr-rich
alloys.

Wyder and Hoch [29] investigated, inter alia, the
isothermal section of the Nb–Zr–O system at
1773 K, in a broad range of compositions, employ-
ing X-ray diffraction and metallographic techniques,
from which they constructed a phase diagram for
this ternary system at 1773 K. Later, Barber and
Morton [26] studied the isothermal section of the
Nb–O–Zr system at 1273 K. They utilised X-ray
diffraction and metallographic methods to examine
the phases, the precipitate size and dispersion of
compounds in this system. The Nb-rich portion of
the system was studied in the composition range
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0–10 wt%Zr and 0–10 wt%O2. Barber and Morton’s
main finding for this system was that zirconium sali-
ently reduces the solubility of oxygen by forming
ZrO2, e.g., an addition of 1 wt%Zr lowers the
solubility of oxygen in niobium at 1273 K from
3800 wppm to less than 100 wppm. They noted that
niobium oxide (NbO) forms as angular particles in
brittle solid solution matrix and does not precipitate
in dispersed form; whereas zirconium dioxide
(ZrO2) at low concentrations precipitate randomly
as spherical particles in a ductile solid solution.

Nakai et al. [10] have studied the effect of oxygen
(and/or nitrogen) on phase stability of the Nb–Zr
alloys above the monotectoid temperature
(Tmono � 895 K) using optical microscopy, X-ray
diffraction, electron microscopy and electronprobe
microanalysis. They prepared specimens of Nb–10,
20, 40 and 50 wt%Zr for this purpose. They
observed that a-Zr and b-Nb + b-Zr phases precip-
itate preferably in places where comparatively large
amounts of oxygen or nitrogen are present, i.e.,
close to the surfaces of the specimens. They noted
that the element oxygen (and/or nitrogen) stabilizes
the a phase at temperatures above Tmono, and also,
these elements expand the miscibility gap (mono-
tectoid loop) of the phase diagram. Nakai et al.,
however, did not specify the oxygen content of the
alloys, hence their results are only qualitative.

Seta and Naito [30] have studied the Nb-rich part
of the Nb–O–Zr system, regarding the phase transi-
tion temperature of NbO2. NbO2 undergoes a phase
transition at about 1070 K from a high temperature
tetragonal phase to a low temperature distorted
tetragonal structure [31]. In particular, employing
calorimetry (directed heat-pulse), they measured
the heat capacity and the electric conductivity of
Nb1�xZrxO2 in the range of x = 0.01–0.03. It was
shown that the transition temperature of this com-
pound decreased linearly with increasing x accord-
ing to Tt(x) = Tt(0) � 1700x, where Tt(0) =
1074 K. The change in the transition temperature
with mole fraction of Zr suggests that this transition
is caused by the change of the cation–cation bond,
i.e., the decrease of Tt is due to the number of
cation–cation pairs. In Nb1�xZrxO2 the valence of

each cation is expressed as ðNb4þ
1�xZr4þ

x ÞO2. In the
low-temperature phase, however, Seta and Naito
note that Nb4+Nb4+ pairs form and the compound

may be represented by ð½2Nb4þ�ð1�2xÞ=2Nb4þ
x Zr4þÞ

O2, where [2Nb4+] denotes the Nb4+Nb4+ pair, the
concentration of which controls the transition tem-
perature. Seta and Naito also found that the excess

entropy, due to the phase transition and the elec-
tronic heat capacity (cf. [30] for definitions),
decreases rapidly with increasing x, which they
explained as being due to the change in the elec-
tronic structure of the compound. Seta and Naito
also measured the lattice parameters of
ZrO1�yNbyOx compounds by X-ray diffraction.

2.3. Order–disorder transition

As mentioned earlier, oxygen atoms up to a con-
centration of 35 at.% O are in solid solution of a-Zr.
Oxygen occupies the octahedral interstices of the
hcp zirconium lattice, forming ordered structure at
higher oxygen compositions. It has been shown by
X-ray, electron and neutron diffraction studies that
there are three phases of zirconium–oxygen alloys
[32–35]: the completely ordered phase a00-Zr, the
intra-layer disordered phase a 0-Zr, and the com-
pletely disordered phase a-Zr.

Tsuji et al. [36] have measured the heat capacities
of Zr–O alloys, ZrOx, for x = 0.17, 0.20, 0.28 and
0.31 and those of niobium doped alloys, (ZrO1�y/
Nby)Ox, for x = 0.17 and 0.28 and y = 0.005 and
0.01, in the temperature range of 325–905 K by an
adiabatic scanning calorimeter. They observed two
kinds of heat capacity anomalies at two different
temperatures in the specimens. The anomaly, at
higher temperatures, was attributed to the order–
disorder rearrangement of oxygen atoms, while the
one, at lower temperatures, was suggested to be a
non-equilibrium phenomenon. Based on the heat
capacity measurements the transition temperature
and the change in enthalpy were determined.

Tsuji et al. [37] have also determined the lattice
parameters of (ZrO1�y/Nby)Ox (a and c of hexa-
gonal close-packed structure) by means of X-ray
diffraction. Their results indicate a slight decrease
of the lattice parameters in the range of the Nb con-
tents studied. That is, the impact of variation of y in
the range of y = 0 to y = 0.01 was in the order of
fourth decimal (nm scale).

3. Thermodynamic modelling

We utilise the existing thermodynamic models,
developed for the various phases of the binary
systems, Nb–O, Nb–Zr and O–Zr, for the calcula-
tion of the ternary Nb–O–Zr phase diagram. The
models comprise the Gibbs energy expressions,
obtained by evaluation of experimental data, for



Table 4
List of models selected for the Nb–O system based on the work of
Dupin and Ansara [46,13]

Symmetry Model Constitution

Gas Ideal mixture (O,O2,O3,Nb,NbO,NbO2)
Liquid Ionic melt (Nb+2)P (O�2,h�2,NbO2,

NbO5/2)Q

bcc Interstitial
solution

(Nb)(O,h)3

hcp Interstitial
solution

(Nb)(O,h) (h)

Cubic NbO Stoichiometric (Nb)(O)
Tetragonal

NbO2

Stoichiometric (Nb)(O)2

Monoclinic
Nb2O5

Stoichiometric (Nb)2 (O)5

Table 5
List of models selected for the Nb–Zr system, see [15]

Symmetry Model Constitution

Liquid Substitution, Redlich–Kister (Nb, Zr)
bcc Substitution, Redlich–Kister (Nb, Zr) (h)3

hcp Substitution, Redlich–Kister (Nb, Zr) (h) (h)

Table 6
List of models selected for the O–Zr system [14,57]

Symmetry Model Constitution

Liquid Ionic melt (Zr+4)P (O�2,h�4,O)Q

bcc Interstitial solution (Zr)1 (O,h)3

hcp Interstitial solution (Zr)1 (O,h)1

hcp (a 0) Bragg–Williams (Zr)6 (O,h)2 (h,O)2 (h,O)2

Cubic c-ZrO2 Wagner–Schottky (Zr)1 (O,h)2

Tetragonal
b-ZrO2

Stoichiometric (Zr+4)1 (O�2)2

Monoclinic
a-ZrO2

Stoichiometric (Zr+4)1 (O�2)2
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pure elements, substitution solutions, stoichiometric
compounds, ordered phases, interstitial solutions,
liquid and gas mixtures.

The formalisms of the models have been dis-
cussed in many publications and will not be detailed
here, see, e.g., Sundman et al. [38] for an overview.
The Gibbs energy expressions are input data to the
CALPHAD-type software tools used for calculation
of phase equilibria/diagrams of compounds. In the
CALPHAD (CALculation of PHase Diagrams)
methodology one defines the Gibbs energy of each
element with respect to its stable magnetically disor-
dered state at 298.15 K and 101325 Pa, referred to
as the stable element reference (SER), as recom-
mended by the Scientific Group Thermodata
Europe (SGTE). In the SGTE pure element data-
base [39], the Gibbs energy is expressed in terms
of a power series expansion in temperature in the
form:

GðT Þ ¼ aþ bT þ cT lnðT Þ þ
X

n

dnT n; ð1Þ

where n takes the values 2, 3, �1, . . ., and a, b, c, dn

are empirical constants determined by experimental
data. The reference states for the pure zirconium,
niobium and oxygen are hcp Zr, bcc Nb and gas-
eous oxygen, respectively.

We have used the Thermo-Calc software [40] and
the database for zirconium alloys [17] for thermo-
dynamic analysis of the Nb–O–Zr system. In
Thermo-Calc, all the solution phases are described
by the sublattice model, which is based on the com-
pound energy formalism [41]. In this framework,
e.g., the lattice for a solid state phase can be divided
into several sublattices where the fraction of sites at
each sublattice can be used as composition parame-
ters [42,43]. For a molten ionic solution, the compo-
sition parameters may be divided into two sets, one
for cations another for anions, i.e., an ionic solution
can be represented by a two-sublattice model. The
phase may also be described as substitutional, e.g.,
the gas phase. We have outlined the basic relations
of the compound energy formalism, appropriate to
a ternary system, in Appendix A. The computa-
tional methodology of Thermo-Calc is well
described by Hillert [44] and Jansson [45].

More specifically, for the Nb–O system, we
employ the models and expressions of Dupin and
Ansara [46,13]. For the Nb–Zr system, the work
of Fernandez-Guillermet [15] and for O–Zr the
models assessed by Liang et al. [14,13] are utilised.
A summary of type of models used here are listed
in Tables 4–6, for the Nb–O, Nb–Zr and O–Zr
systems, respectively, where a square (h) denotes
vacancies. The thermodynamic parameters for the
Nb–O system used in our computations are listed
in Appendix B.

4. Thermodynamic calculations

The binary phase diagrams for the Nb–O, O–Zr
and Nb–Zr, calculated by using the Thermo-Calc
program, equipped with the models delineated in
the foregoing section, are presented in Figs. 1–3,
respectively. Fig. 1 rests on the unpublished assess-
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ment of Dupin and Ansara [46,13]. This assessment
shows that the maximum solubility of oxygen in
solid Nb at the eutectic temperature of 2192 K is
9 at.%. In this system there exist three types of nio-
bium oxides that melt congruently (Fig. 1).

Fig. 2 shows the stable phases of the O–Zr system
based on the assessment of Liang et al. [14]. The
maximum solubility of oxygen in b-Zr (bcc phase)
is 11.8 at.% O, which occurs at the peritectic temper-
ature of 2241 K. The solid solution of oxygen in
a-Zr (hcp phase), on the other hand, has a maxi-
mum solubility of 32 at.% and occurs at the eutectic
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temperature of 2357 K. The oxygen atoms occupy
the octahedral interstitial sites of the hcp structure,
i.e., the octahedral vacancies. At sufficiently high
temperatures or low oxygen contents, the oxygen
distribution in the sublattice of the octahedral
vacancies can be in a disordered state, called a-Zr.
This phase is stable up to its congruent melting
point of 2400 K at 29 at.% O. At low temperatures
there is a phase transition from the disordered phase
to an ordered one. The ordered phase is formed by
stacking a series of oxygen atom layers parallel to
the hcp basal plane in the octahedral vacancies.
Below 1270 K, the ordered phase a 0-Zr is formed
by a second-order transition. As mentioned in
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Section 2, even another ordered hcp phase has been
reported a00-Zr [47]. In the Zr–O assessment made
by Liang et al. [14], only the ordered a 0-Zr has been
modelled (Table 6). The order–disorder transition
boundary, a-Zr M a 0-Zr, is represented by the
dashed line shown in Fig. 2. The compound ZrO2

has three stable modifications: the low temperature
stoichiometric compound a-ZrO2 with monoclinic
structure, which is stable up to 1478 K, the tetrago-
nal structure b-ZrO2, stable up to 2625 K and the
non-stoichiometric c-ZrO2 with a cubic structure
(CaF2 prototype) and the congruent point at
2995 K.
The extrapolation of the binary systems to the
ternary system is achieved using the method of
Muggianu as described in Ref. [48]. The isothermal
sections of the ternary phase diagram at tempera-
tures 1273 and 1773 K are displayed in Figs. 4 and
5, respectively, while Figs. 6 and 7 depict the corre-
sponding diagrams in the Zr-rich corners.
5. Discussion

For the thermodynamic evaluation of the Nb–O–
Zr ternary system, we have used the thermodynamic
descriptions of the binary systems discussed in the
foregoing sections. In order to verify the extrapola-
tion of the assessed binary systems to the ternary
system, several isothermal sections were calculated
and compared with the available experimental data
on the Nb–O–Zr ternary system. The extrapolations
are compared with the available experimental data
at the Zr-rich corner of the ternary system. In Figs.
8–10 three isothermal sections of the Nb–O–Zr
system at 1273 K, 1473 K and 1773 K are presented,
respectively. It can be seen that good agreement is
reached between the calculated Zr-rich portion of
the phase diagram and the experimentally deter-
mined two phase field (a + b, open circles) and the
single phase b field (filled circles) of Hunt and Nies-
sen [21] at 1273 and 1473 K. Moreover, the compu-
tations are in agreement with the data of Wyder and
Hoch [29] at 1773 K. We have also compared the
results of our computations of the b! (a + b)
transition temperature as a function of niobium



Fig. 8. Calculated isothermal section of the Zr-rich corner of the
Nb–O–Zr system at 1273 K and measured data of Hunt and
Niessen [21] (open circles: (a + b)-phase region, filled circles: b-
phase region).
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concentration for several oxygen contents with the
experimental data of Hunt and Niessen [20,21],
Fig. 11.

The calorimetric data of Toffolon et al. [24] on
phase transition temperatures in the Zr-rich portion
of the Nb–O–Zr system are evaluated using
Thermo-Calc with the models alluded in Section 3.
The results are presented in Figs. 12 and 13.
Fig. 12 shows the isoplethal section of the Nb–O–
Zr system with 0.12 wt%O. The symbols denote
measured values. For a frame of reference, the same
calculation was performed for 1.0 · 10�6 wt%O
(grey continuous line), which virtually represents
the binary Nb–Zr system. Fig. 13 depicts three
isoplethal sections for the Zr-rich portion of this
ternary system. The calculations are made for
970 wppm O (black continuous line), 1290 wppm
O (dashed line) and 2745 ppm O (grey line) and
are compared with the experimental data (symbols)
obtained by Toffolon et al. [24] at 0.98 at.% Nb. It is
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seen that agreement between calculations and mea-
surements is satisfactory. Hence in general, the
model extrapolations from the binaries to the ter-
nary system capture the measured phase boundary
a M b adequately.

On the other hand, in the Nb-rich portion of the
phase diagram, the binary model extrapolations
differ from the accepted ternary diagram. As can
be seen from Figs. 14–16, in the isothermal sections
at temperatures 1273, 1473, and even at 1773 K, the
boundary between the two-phase fields and the tie-
triangles does not fit all the experimental results in
Refs. [25,26,49]. In Fig. 14 the experimental data
on the three-phase triangle Nb + NbO + ZrO2 is
well fitted but the two-phase field Nb + NbO does
not extend into the ternary because no solubility
of Zr has been allowed in NbO.

The calculated two-phase field monoclinic
ZrO2 + b-Nb region is narrower than that found
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experimentally by Barber and Morton [26], but the
three-phase equilibrium a + monoclinic-ZrO2 +
b-Nb agrees well with the experiments by Marcotte
and Larsen [25]. Since the composition of mono-
clinic ZrO2 is fixed, the only way to make the two-
phase region wider is to increase the content of Zr
in b-Nb in the three-phase equilibrium, but that
would militate the experiments by Marcotte and
Larsen [25].

The calculated solubility of oxygen in b-Nb
phase does not agree with some of the experimental
data. According to our calculations, oxygen reacts
strongly with zirconium to form ZrO2 and as the
zirconium content increases very little oxygen
remains in b-Nb. In Refs. [25–28], it was experimen-
tally established that the addition of zirconium dras-
tically would decrease the oxygen solubility in
b-Nb. The solubility data reported in Refs. [25,26]
are less than 100 wppm (0.05 at.% O) in Nb–
1 at.% Zr alloys, for the temperature range of
1273–1473 K, and the solubility limit reported in
[27] for Nb–0.4 at.% Zr was 0.025 at.% O at
1273 K. In Fig. 14, the solubility of oxygen in the
three-phase equilibrium b-Nb + a + monoclinic-
ZrO2 is very low. At 3 at.% Zr, the a-Zr phase
would already form because the oxygen has been
rejected from the b-phase.

The computed solubilities of oxygen in Nb–
2 at.% Zr and Nb–5 at.% Zr together with the
experimental data of Jehn and Ortali [28] are shown
in Fig. 17. As can be seen, the trend is predicted
correctly but the calculated values are by an order
of magnitude lower than the experimental results,
and they are even lower than the data reported in
Refs. [25–27]. However, it is not clear if the experi-
mental data by [28] really represent the oxygen
content in b-Nb or the overall oxygen composition
in the two-phase field b-Nb + ZrO2 at some
unknown oxygen potential. In Fig. 18 the Nb-rich
corner is plotted with logarithmic composition axes
and the decrease of oxygen solubility with increas-
ing zirconium content is a straight line, representing
the constant solubility product xZrx2

O. When the
monoclinic ZrO2 is in equilibrium with Zr in the
bcc phase, the energy balance requires

0Gmono
ZrO2
¼ 0Gbcc

Zr þ 20Gbcc
O : ð2Þ

Here 0Gbcc
Zr and 0Gbcc

O denote the reference state
Gibbs energy for zirconium and oxygen in the bcc
phase, respectively [39]. Using the formalism pre-
sented in [42], we obtain the solubility product at
T = 1273 K, xZrxO = 2.0 · 10�15, which describes
the straight line depicted in Fig. 18.

Considering the thermodynamic stability of the
phases, it is important to point out that the Gibbs
energy of a phase depends on several state variables,
which in modelling, is expressed as a function of
temperature and composition [50]. From the Gibbs
energy, all the state variables such as the enthalpy
(H) and the chemical potential (l) can be deter-
mined. Thus, information on experimentally deter-
mined thermodynamic quantities, like the enthalpy
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of formation of a phase, is crucial for evaluating the
phase stability. Since the details of the Nb–O system
assessment had not been published [46], we calcu-
lated the thermodynamic properties of the NbO,
NbO2 and Nb2O5 compounds and compared our
results with some of the experimental data available
in literature [50–53] in order to check the stability of
these oxides (Fig. 19); these are reported in Refs.
[54,17]. We have also verified the calculated Nb–O
phase diagram (Fig. 1) with the available experi-
mental data [54].

To conclude, the results of our calculations show
that the CALPHAD method used here describes the
zirconium rich portion of the ternary Nb–O–Zr sys-
tem adequately, however for the niobium rich part,
the calculated results should be verified by new
experiments.
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Appendix A. Definitions of terms in the compound

energy formalism

The Gibbs energy per mole for a phase u is
defined as

Gu
m ¼

X
i

Y
s

ys
i G

ref
i þ Gid

m þ Gex
m ; ðA:1Þ

Gid
m ¼ RT

X
s

X
i

asys
i lnðys

iÞ; ðA:2Þ

Gex
m ¼

Y
i

ys
i

X
j

yt
jLi;j þ

X
j

X
k

yt
jy

u
kLi;j;k þ � � �

 !
;

ðA:3Þ

where Gref
i is the reference Gibbs energy of the pure

element i, e.g., Nb, Zr, or O in the corresponding
allotropic form u, Gid is the ideal Gibbs energy of
mixing, Gex the excess (interaction) Gibbs energy,
ys

j the site fraction of the sublattice s, R the gas
constant, T the temperature, as the stoichiometric
coefficient in the sublattice s, Li,j are the binary
interaction parameters between elements i and j,
etc. The L parameters are composition dependent
and are expressed by the Redlich–Kister polynomi-
als [55]. In terms of the site fractions, e.g., the inter-
action parameters between atoms A and B can be
expressed in the form:

LA;B ¼
X

m

Lm
A;Bðys

A � ys
BÞ

m
; ðA:4Þ

where the coefficients appearing on the right-hand-
side can be temperature dependent in the form
Lm

A;B ¼ b0 þ b1T þ b2T 2 þ � � �, etc.
Thermodynamic equilibrium demands that the

Gibbs free energy of the set of stable phases at a
given T, pressure P and composition xi is at its
minimum; we write



Table B.1
Thermodynamic properties of the different phases of the Nb–O system

Parameter (J/mol) Range (K)

GNbO = �434220.337 + 246.876204T � 42.99897T ln(T) � 0.0044367135T2

+ 7.613485 · 10�10T3 + 201346.65T�1
298.14 < T < 2210

GNbO = �456057.083 + 399.171599T � 62.76T ln(T) 2210 < T < 6000

GNbO2
¼ �817191:531þ 381:593377T � 64:17126T lnðT Þ � 9:08246E � 04T 2

�4:022435� 10�6T 3 þ 418142:7T�1
298.14 < T < 700

GNbO2
¼ �811038:971þ 277:505525T � 47:77082T lnðT Þ � 0:01985076T 2 700 < T < 1000

GNbO2
¼ �7995222:39þ 66544:4364T � 9449:355T lnðT Þ þ 5:400225T 2

�5:80159� 10�4T 3 þ 1:0211785� 109T�1
1000 < T < 1300

GNbO2
¼ �825146:769þ 515:555749T � 83:0524T lnðT Þ 1300 < T < 2175

GNbO2
¼ �849262:299þ 611:84916T � 94:14T lnðT Þ 2175 < T < 6000

GNb2O5 ¼ �1942063:25þ 674:379374T � 115:742T lnðT Þ � 0:0547895T 2

þ8:24945333� 10�6T 3 þ 534527T�1
298.14 < T < 700

GNb2O5
¼ �1967843:43þ 1010:19042T � 166:3182T lnðT Þ � 0:010714595T 2

þ1:04697633� 10�6T 3 þ 2995953T�1
700 < T < 1500

GNb2O5 ¼ �1970867:16þ 1053:49937T � 172:7281T lnðT Þ � 0:006198805T 2 þ 5:181745� 10�7T 3

þ2995953T�1
1500 < T < 1785

GNb2O5
¼ �2077756:73þ 1625:45741T � 242:2536T lnðT Þ 1785 < T < 6000

Liquid phase

GL(Nb+2, O�2) = 2GNbO + 310681.92 � 135.66551T 298.14 < T < 6000
GLðNbO2Þ ¼ GNbO2

þ 62301� 16:9083T 298.14 < T < 6000
GLðNbO5=2Þ ¼ 0:5GNb2O5

þ 19682:659� 10T 298.14 < T < 6000
L0,L(Nb+2,O�2,h) = 56277.338 298.14 < T < 6000

bcc-A2 phase

Gbcc ðNb : OÞ ¼ GNb2O5
þ GNbO þ 250000 298.14 < T < 6000

L0,bcc (Nb: O, h) = �670149 + 76.4T 298.14 < T < 6000
L1,bcc (Nb: O, h) = �354266 298.14 < T < 6000

hcp-A3 metastable phase

Ghcp (Nb: O, h) = GNbO + 100000 298.14 < T < 6000
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min
ðnu ;yÞ

G ¼
X

u

nuGu
mðT ; P ; yÞ

( )
; ðA:5Þ

where nu is the amount of phase u and y denotes all
the site fractions in the phase. The minimization is
performed subject to the following constraints:

1�
X

i

ys
i ¼ 0; nu ^ ys

k P 0: ðA:6Þ

In case of ionic solutions, one also has the con-
servation of charge,

P
s;kasvkys

k ¼ 0, with vk denoting
the valency of constituent k.
Appendix B. Summary of thermodynamic

functions

The properties for Nb–Zr and Zr–O are well doc-
umented in Refs. [14,15], respectively and hence are
not repeated here. Table B.1 lists the thermody-
namic parameters, the Gibbs energies as a function
of temperature, describing the Nb–O system with
respect to the stable element reference HSER (at tem-
perature T = 298.15 K and pressure P = 101325
Pa). The interaction parameters are denoted by L.
These results, which are input to Thermo-Calc, are
based on the work of Dupin and Ansara [46,13] pre-
sented here with some minor misprint corrections
and modifications of the interaction terms for the
bcc-A2 phase.
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