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The Nb-Ge binary system has been thermodynamically assessed using the CALPHAD (Calculation of
Phase Diagrams) approach on the basis of the experimental data of both the phase equilibria and the
thermochemical properties. The reasonable models were constructed for all the phases of the sys-
tem. The liquid and the terminal solid solution phases, Bcc-(Nb) and Diamond-(Ge), were described
as the substitutional solutions with Redlich-Kister polynomials for the expressions of the excess
Gibbs free energies. The intermediate phases (NbsGe), (NbsGes), (NbsGe;) and (NbGe;) with homo-
geneity ranges were treated as the sublattice models Nbg;5(Ge,Nb,Va)g 25, Nbgs(Nb,Ge)o.125(Ge,Va)o 375,
(Nb,Ge)o.222(Nb,Ge)o333Nbg 333(Ge,Va)o 111 and (Nb,Ge)o333(Nb,Ge)o 667 respectively based on their struc-
ture features of atom arrangements. A set of self-consistent thermodynamic parameters for the Nb-Ge
system was obtained. Using the present thermodynamic data, the calculation results can reproduce the
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experimental data well.
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1. Introduction

The compounds of the Nb-Ge system have been focused into
many applications due to their special physical and chemical prop-
erties. For example, the Nb-Ge superconducting films made of
the Nb3Ge phase with A15 crystalline structure process excellent
superconducting critical properties, such as high critical tempera-
ture (T¢), upper critical field (H¢) and high current carrying capacity
[1-4]. The NbsGe3 compound with the composition MsX3 (M= Mo,
Nb and Ti transition metals, and X=Si and Ge semimetallic ele-
ments) can exhibit extremely high thermal stability and can be used
as the candidate of high-temperature materials [5,6]. Understand-
ing the phase equilibria as well as the thermochemical behavior of
the system is helpful for the development of the related materi-
als. The Nb-Ge system has not been thermodynamically assessed
because of the limited thermodynamic data and the different argu-
ments on whether the Nb3Ge, phase can exist or not as a stable
phase in the Nb-Ge phase diagram. The present paper deals with
an assessment of the thermodynamic description of the Nb-Ge sys-
tem with the inclusion of the newly confirmed stable phase Nb3Ge;
by means of the CALPHAD (Calculation of Phase Diagram) technique
and provides a set of self-consistent parameters for calculation of
phase equilibria and thermochemical properties of the system.
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2. Experimental
2.1. Phase equilibria

The complete investigation of the Nb-Ge phase diagram was originally mea-
sured by Pan et al. [7], including four intermediate compounds (NbsGe), (NbsGes),
(Nbs3Ge;) and (NbGe; ) with homogeneity ranges, two terminal solution phases Bcc-
(Nb) and Diamond-(Ge), two eutectic reactions and three peritectic reactions. Muller
[8] gave a partial phase diagram of the Nb-Ge system at Nb-rich side in the tempera-
ture range from 1600 to 2065 °C. Jorda et al. [9] later reinvestigated a majority of the
Nb-Ge equilibrium phase diagram by means of X-ray diffraction (XRD), metallogra-
phy, hardness measurements, microprobe analysis and differential thermal analysis
(DTA) up to 2200°C. For temperatures higher than 1870 °C, the solidus lines were
determined by thermal analysis on levitating samples. To obtain high accuracy of the
Nb-Ge phase diagram, the weight losses during the melting were also compensated
due to the vaporization of Ge at higher concentrations than 30 at.%. Feschotte et al.
[10] measured and estimated the homogeneity ranges of the phases in the Nb-Ge
phase diagram in the temperature range from 600 to 1050°C and also determined
the temperatures of the eutectic reactions L <> (Nbs;Ges)+(NbGe,) at 1593 °C and
L < (NbGe; )+ Diamond-(Ge) at 937 °C respectively. The phase Nb;Ge; has not been
suggested in both Refs. [9,10].

The solubility of Ge in Bcc-(Nb) measured by Jorda et al. [9] increases from
441 to 11.5+ 1 at.% Ge within the temperature range from 1000 to 1900 °C, which
is higher than that of 2-8at.% Ge determined by Pan et al. [7] and that of 3-5%
at.% Ge by Muller [8]. The (NbsGe) phase is formed by a peritectic reaction L+Bcc-
(Nb) <> (Nb3Ge), which is measured at 1900+ 10°C, 18 £ 1 at.% Ge by Jorda et al. [9],
at 1970°C, 18 at.% Ge by Pan et al. [7] and at 1910°C, 18 at.% Ge by Muller [8]. The
homogeneity range of the (Nb3;Ge) phase was confirmed between 18-23 at.% Ge by
Jorda et al. [9], 15-18 at.% Ge by Pan et al. [7] and 18-19 at.% Ge by Muller [8]. The
eutectic reaction L <> (Nb3Ge)+(NbsGes) occurs at 1865 °C, 27 at.% Ge measured by
Jorda et al. [9], (1930°C, 26 at.% Ge) by Pan et al. [7] and 1900°C, 21.8 at.% Ge by
Muller [8]. The congruent melting point of (NbsGes) measured by Jorda et al. [9]
is 2180+ 10°C which is higher than that of 2150°C by Pan et al. [7] and 2065°C
by Muller [8], and the homogeneity range of (NbsGes) extends from 38 to 44 at.%
Ge [9] which is distinctly different from the range (34-36at.% Ge) given by Pan
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Table 1
The experimental data of the Nb-Ge system.
Reaction Composition (at.% Ge) T(°C) Method Reaction-type Reference
L+Bcc-(Nb) <> (NbsGe) 19 8 18 1970 Experiment Peritectic [7]
18.5 4 183 1910 Experiment Peritectic [8]
2241 11.5+1 18+1 1900+ 10 Experiment Peritectic [9]
22 115 18 1900 Evaluated Peritectic [11]
22 111 18.1 1903 Calculated Peritectic This work
L < (NbsGe)+(NbsGes) 26.5 20 334 1930 Experiment Eutectic [7]
21.8 18.8 36.1 1900 Experiment Eutectic [8]
27 23+1 37.1 1865+5 Experiment Eutectic [9]
27 23 36.5 1865 Evaluated Eutectic [11]
25 24 37 1865 Calculated Eutectic This work
35.7 35.7 2150 Experiment Congruent [7]
38.4 38.4 2065 Experiment Congruent [8]
L < (NbsGes) 38.0 38.0 2180+10 Experiment Congruent [9]
37 37 2180 Evaluated Congruent [11]
38.2 38.2 2179 Calculated Congruent This work
60 44.4 66.8 1590 Experiment Eutectic [7]
L < (NbsGe;)+(NbGe;) 58 43 66 1589.4 Calculated Eutectic This work
- - - 1590 Experiment Eutectic [10]
L« (NbsGes)+(NbGe;) 59.2 444 66.2 1580+ 10 Experiment Eutectic [9]
58 43 66 1589.4 Evaluated Eutectic [11]
67.0 67.0 1680 Experiment Congruent [7]
66.5 66.5 1680 Experiment Congruent [9]
L« (NbGe,) 66.1 66.1 1680 Evaluated Congruent [11]
66.7 66.7 1680 Calculated Congruent This work
. ~100 67.4 99.9 937 Experiment Eutectic [10]
L < (NbGe,)+ Diamond-(Ge) 99.5 67.2 99.7 937.8 Calculated Eutectic This work
. ~100 68.7 99.9 950 Experiment Peritectic [7]
L+(NbGe,) « Diamond-(Ge) ~100 68.7 99.9 950 Evaluated Peritectic [11]
45.7 35.7 40.9 2040 Experiment Peritectic [7]
L+(NbsGes) <> (Nb3Ge,) 46.8 39.3 41 2040 Calculated Peritectic This work

etal.[7] and the range (37.5-42.3 at.% Ge) given by Feschotte et al.[10]. The eutectic
reaction L <> NbsGes + NbGe, was measured at 1580 + 10°C, 59 at.% Ge by Jorda et al.
[9], at 1590°C, 60 at.% Ge by Pan et al. [7] and at 1590 °C by Feschotte et al. [10]. The
congruent melting point of (NbGe,) is 1680°C [9]. For a same isothermal reaction,
the peritectic reaction L+ NbGe; <> Diamond-(Ge) was measured at 950°C by Pan
et al. [7] while the eutectic reaction L <> NbGe; +Diamond-(Ge) was proposed at
937 °C by Feschotte et al. [10].

Okamoto [11] reviewed the literature data and constructed the Nb-Ge phase
diagram which is mainly based on the experimental results measured by Jorda et al.
[9] and Pan et al. [7].

The experimental data and the crystalline structures of the different phases in
the Nb-Ge system are shown in Tables 1 and 2 respectively.

2.2. The existence of the phase NbsGe,

The phase NbsGe, is also known as hexagonal NbsGes, 3-NbsGes, NbioGe7,
NbGeg 67 or NbsGes 5 and crystallizes in the MnsSis prototype (D8g) with the space
group P63/mcm (No. 193). This phase with the hexagonal MnsSis structure is usu-
ally regarded as a metastable phase and can be easily stabilized by the interstitial
elements like B, C, N, O [13-15], which occupy the 2b sites of the space lattice.

Corbett et al. [16] pointed out that only some phases with the hexagonal MnsSis
structure require interstitial stabilization, while others can well be prepared under
clean conditions. Nowotny et al. [17] firstly reported the existence of the NbsGe;
with the composition of NbGeg g7.05. Braginski et al. [18] and lijima et al. [19] later
detected different ranges of Nb3Ge, by chemical vapor deposition and diffusion
couples respectively.

Pan et al. [7] and Jorda et al. [9] presented two different Nb-Ge phase diagrams.
Pan et al. [7] testified that the phase Nbs;Ge, appears from a peritectic reaction
L+NbsGes <> NB3Ge, at 41 at.% Ge, 2040°C, while Jorda et al. [9] claimed that this
hexagonal MnsSis-type phase was impurity stabilized and excluded it from the
Nb-Ge phase diagram.

Kloska and Haase [20] discussed the existence of the hexagonal Nb;Ge, phase
based on literatures and prepared thin films with a composition near Nb; Ge; under
clean conditions. A new phase with two different characteristic X-ray pulses com-
pared with that of Nb3;Ge; was found. They believed that the phase Nb3Ge, was
either stabilized by light elements or metastable. This thin film phase can also be
stabilized by substrate since the lattice epitaxial growth.

Recently, Richter et al.[21] studied the alloys around the composition 34-50 at.%
Ge at temperatures between 1100 and 1350°C using X-ray powder diffraction and
electron probe microanalysis. They conquered the influence of the impurity atoms
and oxidation of the samples and believed that the Nb;Ge, was formed as a binary
stable phase. The homogeneity range of (Nbs;Ge,) is 41.6-42 at.% Ge at 1100°C. The
Ge contents of the Nb3Ge, phase of different literatures are shown in Table 3.

In the present assessment work, the experimental information of the phase
NbsGe; is taken from Pan et al. [7] and Richter et al. [21].

2.3. Thermochemical data

Carpenter [22] calculated the enthalpy of the decomposition reaction
6.67NbGey 15(s) <> 6.67Nb(s) + Ge(g) at 25°C and reported the enthalpy of Nb;Ge
compound with a composition of NbGeg ;5. Later Carpenter and Searcy [23] calcu-
lated the enthalpies of NbsGes, Nb;Ge, and NbGe, with the composition NbGey s4,
NbGegs; and NbGe, at 25°C respectively in the same way as Ref. [22]. Wan and

Table 2

The structure information of Nb-Ge system.
Phase Pearson symbol Space group Struk designation Prototype Structure description Reference
Bcc-(Nb) cl2 Im§_m A2 " Body-centered cubic [9,12]
(NbsGe) cP8 Pm3n A15 Cr3Si Cubic [9,11,12]
(NbsGes) ti32 I4/mcm D8 Ws5Si3 Tetragonal [9,11,12]
(Nb3Ge3) hP16 P63 /mcm D8s MnsSis Hexagonal [12,20,21]
(NbGe;) hP9 P6,22 C40 CrSip Hexagonal [9,11,12]
Diamond-(Ge) cF8 Fd3m A4 C(Diamond) Diamond [12]
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Table 3
The content of the Nb3;Ge; (D8g) phase (at.% Ge).
The range of the composition Method Reference
40-43 Microprobe analysis [7]
38.3-41.9 Chemical vapor deposition [18]
41.8-43.7 Diffusion couples [19]
40-44 Co-evaporation [20]
41.6-42 Microprobe analysis at 1100°C [21]
41-43 CALPHAD This work

Spear [24] estimated the approximations of the enthalpies and entropies at 927 °C
for the compounds of NbGeg 33, NbGegs4, NbGegg; and NbGe;. deBoer et al. [25]
calculated the enthalpies of all the intermediate compounds in the Nb-Ge phase
diagram. Beloborodova [26] measured the formation enthalpy and the mix enthalpy
of the liquid phase in the composition range of 80-100 at.% Ge at 1700°C.

3. Thermodynamic models
3.1. Unary phase

The Gibbs free energy function OGY(T)=G/(T)-
HPER (298.15 K) for the pure element i (i=Nb or Ge) in the
structure of phase ¢ (¢ =Bcc-(Nb), Diamond-(Ge) and Liquid) is
described by a function of temperature as follows:

0GY(T) = G/(T)— H*R (298.15 K)
=a+bT+cT In T+dT?+eT? +fT" ' +gT” +hT™° (1)

where H?ER (298.15 K)is the molar enthalpy of the element i inits
stable element reference (SER) state at 298.15 Kand 101.325 Pa, Tis
the absolute temperature, and a, b, ¢, d, e, f, g and h are coefficients.
The Gibbs free energy of the element i in its SER state, 0G;p(T), is
denoted by GHSER;.

GHSERyp, = GEE(T) — HYER (298.15) (2)
GHSERge = GRiamond(T) _ HSER ' (398.15) (3)

The Gibbs free energy functions for the pure elements Nb and Ge
are taken from the compiled data by Dinsdale [27] in the present
work.

3.2. Solution phases Liquid, Bcc-(Nb), and Diamond-(Ge)

The substitutional solution model was chosen for the Liquid,
Bcc-(Nb) and Diamond-(Ge) phases. The molar Gibbs free energy is
expressed as follows:

¢ _ 9 0¥ © 09 @ @ @
G =XGe Gge T X\ Opp + RT(Xge Inge +X

¢ Ec®
N b ) + G (4)

where EGY, is the excess Gibbs free energy and is written as a
Redlich-Kister polynomial:

n

(5)

m
EcQ _ 0 0 nye o 9
Gm _xGeXNbE , Leenn(XGe = %Np)

n=0

where "Lg onp 1S the interaction parameter between Ge and Nb and

is the function of temperature:

"LE Ny =+ bT + T In(T)+dT? +eT~' +fT3 + gT7 + hT~9  (6)

where a, b, ¢, d, e, f, g and h are the coefficients to be optimized. In
most cases, only the first one or two terms of the above equation
are used.

3.3. Intermediate phases with solubility ranges

There are four nonstoichiometric compounds (Nb3Ge;),
(NbsGes), (Nb3Ge)and (NbGe, ) with different homogeneity ranges.
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Fig. 1. Structure of MnsSis, view along [001].

Considering their crystal structures as listed in Table 2, the Gibbs
free energies of the nonstoichiometric compounds are described by
different sublattice models as follows.

3.3.1. (Nb3Gey) phase

The phase Nb3Ge, crystallizes in the Mn5Si3 prototype (D8g)
as shown in Fig. 1. In the crystal structure of the phase Nb3Ge,,
the Ge atoms occupying the 2b sites cause the existence of Nb3Ge,
at the higher composition range than the stoichiometry 5:3 of its
prototype MnsSis. Four kinds of atoms are located in the unit cell:
Nb(1) (6g) at (1/4, 0, 1/4), Nb(2) (4d) at (1/3, 2/3, 0), Ge(1) (6g) at

@ ——0O

Fig. 2. Nb3Ge,-D8g structure. (a) No 2b sites occupied by Ge atoms; (b) all 2b sites
occupied by Ge atoms; (c) partial 2b sites occupied by Ge atoms.
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Fig. 3. Nb3Ge-A15 structure. (a) X=25at.% Ge; (b) X< 25 at.% Ge.

(0.615, 0, 1/4), and Ge(2) (2b) at (0, 0, 0). A gradual transition from
5:3(37.5at.% Ge), Fig. 2a,t05:4(44.4 at.% Ge), Fig. 2b, will take place
with increasing the occupancy of the 2b sites by Ge atoms. Fig. 2¢
shows the partial occupation of the 2b sites by Ge atoms.

Both (Nb3;Ge,) and (TisSi3) phases are known to be of the same
structure as the MnsSis-type (D8g). Referring to the sublattice
model of the (TisSi3) phase used by Seifert et al. [28], four sub-
lattices (Ge,Nb%)O.Dz(Ge%,Nb)0.333(Nb)0.333(Ge,Va)0.1 11 are used to
describe the Nb3Ge, phase in the present work, with ‘%’ represent-
ing the major component in the related sublattice. The Gibbs free
energy of Nb3Ge; is expressed as follows:

Gg;lb3ce2) _ reng;Ib3Gez) + idc%\lbg,cez) + excg‘:lb3(3e2) (7)

ref ~(Nb3Gey) _ I I IV O0~(Nb3Gey) I I IVO~(Nb3Gey)
Gm 32 = YceYceYce GGe:(S‘,e:I\%b:Ge"_yGeyGeyVa GGe:ée:I\%b:Va

I I IV 0~(NbsGey) I I IVO~(Nb3Gey)
+yGebeyGe GGe:I%Ib:sz:Ge+yGebeyVa GGe:l%Ib:I\ZIb:Va
I Il IV 0~(Nb3Ges) I Il IV O~(Nb3Ges)
+TYNYGeYGe ONb-Gerib:Ge T YNbYGeYVa ONb:Ge:Rb:va
I Il IV O~(Nb3Gey) I I ,IVO~(NbsGey)
+YNbYNbYGe ONb:Nb:fib:Ge T YNbYNbYVa CNb:Rib:Rb:va

. (8)
dGPsGe2) — 0.222RT(yg, In yh. +yk, In yip)

+0.333RT(yd, In yl +yl, In yi)
+0.111RT(YY, In YN +yY In yi) (9)

ex~(Nb3Gey) _ § § [ 1 I,IVOr(Nb3Gey)
Gm 3V = YeeYnbYi Vi LGe,l\3Ib:i:2Nb:k
i=Ge,Nbk=Ge,Va

L, Il VO (NbsGey)
+ E E YiYceYnoYk' Li:cenbib:k
i=Ge ,Nbk=Ge,Va

1 I IV IV 07 (Nb3 G
+ Z Z yiyijeyVa LE:j:I\?b:(elze?Va (10)
i=Ge Nbj=Ge,Nb

1 1 1 1
(a) Rk z Panetal. [71
2427 ws ow T o] |-
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Fig. 4. The Nb-Ge phase diagram. (a) Optimized phase diagram and experimental
data; (b) optimized phase diagram. The dotted line represents the liquids and the
boundary of the solubility of Bcc-(Nb) evaluated by Okamoto [11].

oL Rk = D (@n + baT)(Yge — Vi)' (11a)
n=0

oL R e = D (an + ba Ty — i) (11b)
n=0

oL = D> _(an+baT )W — W) (11c)

n=0

where ™fG? represents the mechanical mixture energy of the
hypothetical end member compounds; 4G, the Gibbs free energy
contribution by the ideal entropy of mixing; ®*G% the excess
Gibbs free energy; °GINPCe2) (A, B=Ge, Nb and C=Ge, Va) the
Gibbs free energy of the hypothetical end member compound
A0.222B0.333Nb0,333C0'111. y:' y]" and y}{v (i,j=Ge, Nb and k=GE, Va)
are the site fractions of components i, j and k in the 1st, 2nd
and 4th sublattices respectively. To reduce the number of the
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parameters of the Gibbs free energy expression it is supposed

0 (Nb3G€2) _ Oy(N b3GE‘2) 0 3GE ) 62)
that "Lee Xp: Nbck LRSS 0:nbsk Lo eNnbe = *LNbre foenp:
OL(Nb3Ge2) (Nb3Ge2) and OL Nb3Ge2) OL(Nb3Ge2)

i:Nb:Nb:GeVa — i:Ge:Nb:Ge,Va Nb:j:Nb:Ge,Va =~ ~Ge:j:Nb:Ge,Va

kv
in

the present work. The parameters a, and b, are to be optimized.
In Eq. (8), the Gibbs free energy of formation of the hypothetical
compound, °G(NP3Ce2), is expressed as follows:

OGINDsCea) — a4 bT + CT  In(T)+dT?+eT~ ' +fT3+gT7+hT~°  (12)

where q, b, c, d, e, f, g and h are the parameters to be optimized.

3.3.2. (NbsGes) phase

The (NbsGes) phase is of the same structure as the (NbsSis)
phase with the W5Sis-type (D8p). Considering the similarity
between Ge and Si, and referring to the three-sublattice model
used by Fernandes et al. [29] to describe the (NbsSis3) phase, the
(NbsGes) phase is modeled as (Nb)g 5(Ge,Nb%)g 125(Ge%,Va)g.375 in
the present optimization. Some vacancies are introduced in the 3rd
sublattice to replace the Ge atoms since the homogeneity range of
the phase (NbsGes ) spans both sides of the stoichiometric composi-
tion 37.5 at.% Ge [9]. The Gibbs free energy is given by the following
expression.

111 0;(NbsGes)

111 0 ~(NbsGes)
Wbt +yee v "Gl

111 0 ~(NbsGes)
Nb.eeid + YNbYee Gb R

(Nb5Ges)
Gm Nb:Nb:Ge

=¥ ey

111 0 5(NbsGes)

YNV Gl Rioua+0-125RT(Vg, In Yo + ¥R, In yRyp)

111 111
In YGe + Yva

+ Z yGey bymoL NbsGeggk
k=Ge,Va

§ 11 111 07 (NbsGes)
+ yzyGeyVa LNblGeVa
i=Ge,Nb

+0.375RT(y1 )

In yy

(13)

where y!l and yll' (i=Ge, Nb and k=Ge, Va) are the site frac-
tions of components i and k in the 2nd and 3rd sublattices
respectively. °G(N>2%¢3) (A=Nb, Ge and B=Ge, Va) represents the
Gibbs free energy of the hypothetical end member compound
Nbg.5A0.125B0.375. To reduce the number of the Gibbs free energy

3.3.3. (Nb3Ge) phase

The phase Nb3Ge with Cr3Si-type structure exhibits a consider-
able range of homogeneity on the Nb-rich side of the composition
18-23at.% Nb [9] which is lower than its stoichiometric com-
position 25at.% Ge. Carpenter [22] firstly found that the solid
solution range of the Nb3Ge phase extending from NbGeg 151001
to NbGeg 224001 at 1600°C.

Belova and Murch [30] predicted the structure of the A3B-A15-
type compound. The B atoms form a bcc lattice (the 3 sublattice)
while the A atoms occupy the positions in the cubic faces (the o
sublattice), as shown in Fig. 3a. Geller [31] observed that the lattice
constant of Nb3Ge is larger than the prediction and suggested that
the deviation from stoichiometry in the Nb-rich side of the Nb3Ge
phase is caused by the replacement of Ge atoms with Nb atoms in
the 3 sublattice. Manning [32] suggested that the thermal vacan-
cies are not stable in the (3 sublattice and there formed a quintuple
defect consisting of four vacancies and an antistructure atom. In
the present optimization, considering the vacancies and the anti-
structure atoms in the [3 sublattice of the A3B-A15 structure, the
two-sublattice model (Nb)g 75(Nb,Ge,Va)g 35 is used to describe the
NbsGe phase.

G(Nb3Ge) yll OG(Nb3Ge)+yll OG(Nb3Ge)+yll OG(Nb3Ge)

+0.25RT(yL, In yl +yl In Y+, In i)

Il ny(NbsGe) ny(NbsGe)
+§ YeeVup " Lib, GeNb T E YeeWa"Lih, :GeVa

I ny (Nb3G
+Z3’be 2" LRy Rba (14)

wherey is the molar fraction of the element i (i=Ge, Nb, Va) in the
2nd sublattice; °G(\P3¢¢) (A=Ge, Nb, Va) the Gibbs free energy of
the hypothetical compound Nbg 75Aq.25; ”L(Nb3GE) (i, j=Ge, Nb, Va
withi # jandn=0,1,2,...) the interaction parameter between the
componentsiandjinthe second sublattice while the first sublattice
is occupied by Nb atoms.

3.3.4. (NbGe;) phase
The (NbGe; ) phase is of the CrSi,-type (C40) structure. Since the

expression, it is supposed that OL(NbsGes) OL(Nb5G83) and homogeneity range 65.5-67.4 at.% Ge of the (NbGe,) phase spans
0 (II)\Ibs Ces) 0 (Nbsl;epg) 0 Nb:Nb,Ge: Gel NDb:Nb,Ge:va both sides of the stoichiometric composition [11], a two-sublattice
LNbRp:deva = Ihp:ge:deva i the present work. model (Ge,Nb%)g 333(Ge%,Nb)g gs7 is used to describe its Gibbs free
0.8 09 1.0
L|qu id -=---- Panetal [7]
++++++ Okamoto [11] L
P This work 938.6 | | |
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P h 0384~ 2 . SREC
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Fig. 5. The partial enlarged Ge-rich phase diagram with the composition range from 0.6 to 1.0 at.% Ge and temperature range from 827 to 1727 °C.
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Fig. 6. The partial enlarged phase diagram of the Nb-Ge system around the Nb3Ge phase compared with the experimental data. (a) Optimized by the present work with the
temperature range from 927 to 2127 °C; (b) evaluated by Jorda et al. [9] with the temperature range from 1550 to 1950°C.

energy expression, as follows:

G(NbGe;) 0G(NbGe;)
m

| 11 1 I 0~(NbGey)
= YGeYGe “Ge:Ge +yGebe GGe:sz

I Il 0~(NbG I Il 0~(NDG
VY e GRmee?) + YipY N G2
+0.333RT(yL. In yh.+yh, In yi,)
+0.667RT(yl. In yl +yh  In yi)

07 (NbGe,)

I 1 i 0f(NbGey)
GeNbte TYGeYNbYNb LGeNb

|
+tYceVnpYGe Ge,Nb:Nb

1 11 ]I 07(NbG 1 11 ,,]I 07(NbG
1YceYceVnb L(Ge:Gg,%\I)b + YNbYGeYNb Ll(\Ib:Gee.zl\}b (15)

where y} and y!' are the site fractions of the component i (i=Nb,
Ge) in the 1st and 2nd sublattices respectively; 9GNPGe2) (A, B=Nb,
Ge) represents the Gibbs free energy of the hypothetical end
member compound AB,. To reduce the number of the Gibbs free

energy expression, it is supposed that OL(GI“‘;.’I\%:ZC?E = OL(GI‘é"’I\?;:ZI\}b and
0] (NbGe, )
G

_ O7(NbGey) ;
e:Gokb = LNb-cexib i the present work.

,D | | | 1
£ -5 a Carpenter [22-23] |
§ o deBoer et al. [25]
S =10 e Miedema's method [34] -
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Fig. 7. The formation enthalpy of the Nb-Ge system with the experimental data at
25°C[22,23,25,34].

4. Results and discussion

The optimized thermodynamic parameters are listed in Table 4.
Fig. 4 shows that the calculated Nb-Ge phase diagram agrees well
with the related experiment data [7-10]. The calculated results for
two congruent reactions and five invariant reactions are listed in
Table 1 and are compared with the experimental data. The homo-
geneity range (37.5-38.8 at.% Ge) of the (Nb5Ges) phase at 1100°C
is consistent with the experimental data (37.9-38.5at.% Ge) [21].
The calculated incongruent melting point (2040°C, 41 at.% Ge) of
the (Nb3Ge, ) phase agrees well with the experimental data [7] and
the calculated homogeneity range (41-42.9 at.% Ge) at 1100°C is
slightly larger than the experimental data (41.6-42 at.% Ge) [21].

The optimized liquidus is mostly consistent with the experi-
mental data measured by Pan et al. [7] with the only large difference
at the Ge-rich side since the vaporization of Ge can easily take place
during the preparation process of the Nb-Ge alloys. In the Nb-Ge
system, the melting point of Ge (938.3°C) is much lower than
that of Nb (2469 °C). Flukiger and Jorda [9,33] studied the experi-

100 L 1 1 L

~J (o] [{e]

(=] o o

1 ] ]
—a—

T T T

The formation entropy at 927 °C, J/m
3
1
T

50 -
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Fig. 8. The formation entropy of the Nb-Ge system with the experimental data at
927°C [24].
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Table 4
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Thermodynamic parameters of the Nb-Ge system.

Phase Sublattice model and parameters
GHSERNB =-8519.353 +142.045475T — 26.4711TLN(T) 298.14<T<2750K
+2.03475E — 04T2 —3.5012F — 07T° +93,399T"! 2750<T<6000K
—37,669.3 +271.720843T — 41.77TLN(T)+ 1.52824E +32T-°
GHSERGE = —-9486.153 + 165.635573T — 29.5337682TLN(T) 298.14<T<900K
+0.005568297T2 — 1.513694F — 06T + 163,298T! 900<T<1211.4K
—5689.239+102.86087T — 19.8536239TLN(T) — 0.003672527T> 1211.4<T<3200
—9548.204 + 156.708024T — 27.6144TLN(T) — 8.59809E + 28T°
Liquid Model: (Ge,Nb) 298.15<T<2750K
0GHa = 129, 781.555 — 10.816418T + GHSERNB — 3.06098E —23T7 2750 <T<6000K
—7499.398 +260.756148T — 41.77TLN(T)
UGg;l“id = +37141.49 — 30.687043T + GHSERGE + 8.56632F — 2177 298.14<T<900K
+37,141.489 — 30.687044T + GHSERGE + 8.56632E — 21T’ 900<T<1211.4K
+27,243.473 +126.324186T — 27.6144TLN(T) 1211.4<T<3200K
Liquid _
0L = ~171,008.9129 + 3.41895T
Liquid
LodNs = +46, 134.81563 — 14.19642T
Liquid __
2100 = 420, 671.04339 + 12.31747T
Liquid __
3LUI = +4118.70195 — 5.60056T
Bcc Model: (Ge,Nb%)

Diamond-(Ge)

NbgGE

Nb5GE;

Nb3GEz

0GBee = 1 GHSERNB
0GBee = +34100 — 23.5T + GHSERGE
07 B —
LB, = —121000 — 2.5T
LB, = +30, 000 + 6T

215 = ~22,000 + 38.0190T

Model: (Ge%,Nb)
0GDiamond — 13000 + GHSERNB

0GRiamond —  GHSERGE
07 Di d _

LDiamond — _85,000 — 2T
Model: (Nb)0_75(Ge%, Nb,Va)[]]s

”GR”;?GG: =+0.75 GHSERNB +0.25 GHSERGE —22,774.7414 — 8.86092T

OGNb3Ge — | GHSERNB + 40, 653.1191 — 1.86845T

OGNbsGe — 10,75 GHSERNB + 61, 452.3923 — 1.39168T
b-

OpNbsCe = —73,741.4883 + 6.50779T
b

1LNbsCe = —44,203.9716 + 37.37120T

ULEE?GG:,Va = +1844.72216 — 12.44141T

1LE‘;:3CC:'V3 =460, 030 — 17.000T

UL, = -20.00

Model: (Nb)o5(Ge,Nb%)o.125(Ge%,Va)os7s

UGEE;SI\?bC?Ge = +0.625 GHSERNB + 0.375 GHSERGE — 39, 803.98 — 9.408T

b.
0GNbsGes — 0.5 GHSERNB +0.5 GHSERGE — 6000 — 14.8T

0GNbsGes — 0.5 GHSERNB +0.125 GHSERGE — 14, 746.53067 — 1.60303T

Ucmg?l\lcb?la = +0.625 GHSERNB + 45, 555.22816 — 7.08211T
b. b.

ULnb:SGGee,I%Ib:Ge = OLL‘b;SGGeCﬁb:Va = —34,356.63405 + 0.60585T
b. b.

ULII:l’b:SI\lee?Ge,Va = OLKI‘b:SGGee:%e,Va = —8591.58946 — 1.0001T

Model: (Ge,Nb%)o222(Ge%,Nb)o333(Nb)o333(Ge,Va)o.111

b. —
0GNbsGe = 10.888 GHSERNB+0.111 GHSERGE

0GNbsGe — 10.888 GHSERNB + 34, 272.70687 + 7.93092T

UGEE:B&%MGE =+40.555 GHSERNB + 0.444 GHSERGE
UGEEZ}GG::%\IIXVA =+40.555 GHSERNB + 0.333 GHSERGE
UGEE:BNGl)e:%\Ib:Ge =+0.666 GHSERNB + 0.333 GHSERGE
UGEE:BNGI)?\H):VA = +0.666 GHSERNB + 0.222 GHSERGE — 22, 500 + 3T
UGEEZBG‘;?‘MG = +0.333 GHSERNB + 0.666 GHSERGE + 20, 537.39061
chg?cie:%m;v.; = +0.333 GHSERNB + 0.555 GHSERGE — 8250 + 1.9T
b. _OyNb _
ULge,BNGb??;e:Nb:Va = OLge,?\l?fﬁb:Nb:Va =4193.99872 — 3.70905T
b. _ OJNb _
ULII:IIb?GGee,Zb:Nb:Ge = OLge:%G;IgIb:Nb:Ge = —74,400 —42.522T
b b
ULge,?\I%?ée:Nb:ce = OLgefﬂifﬁb:Nb:ce =0
b b
ULnb:BGGeC,I%Ib:Nb:Va = UL(I\ZIE:BGG:I%Ib:Nb:Va =0
b b
ULEb?NGbC:ZNb:Ge.Va = OLge?NGbE:%\!b:ce,Va =0
ULII:IHI;?GG::%\IIJ:GE Va = OLEZ?GGee;ﬁb:ce va=0
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Phase

Sublattice model and parameters

NbGEz

Model: (GE,Nb%)QgB(Ge%,Nb)g‘Gm
OGRbSes — +GHSERNB + 29, 469.09156 — 7.95266T

OGRbCe: — 1+0.333 GHSERNB +0.667 GHSERGE — 32, 063.206 — 12.545T
OGNbees — 1+0.667 GHSERNB +0.333 GHSERGE — 5375.94182 +3.05116T

OGNbCes — +GHSERGE + 18, 623.70942 + 4.83337T

*LeeRizce = *Loonian, = 19200+ 7T

*Lacan, = Loecen, = —81,400 + 25T
g 30 ! L ! L £ 0 1 1 ! I
3 (a) 5 (b)
X ¥ g VAl
S 20 o Beloborodova [26] %) o Beloborodova [26] 5
s o -10 -
R S o
= 104 = -15 o L
© ©
e T -20 -
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= 0- = 25 L
o o
E 5-20- —
=10 £ 35 -
c c
c 2 -40
5-20- 5
...3 -30 | | | | '*3 -50 T T T T
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= = Mole Fraction Ge
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Fig. 9. The formation enthalpy of liquid with the experimental data at 1700°C [26]. (a) The reference states are Bcc Nb and liquid Ge; (b) the reference states are liquid Nb

and liquid Ge.

mental technique in the Nb-Ge phase diagram determination and
concluded the weight losses became important and should be com-
pensated for Ge concentrations higher than 30 at.% due only to the
vaporization of Ge. Richter et al. [21] also studied the Nb-Ge alloys
and showed the great influence of Ge evaporation during heat treat-
ment. Annealing of Nb3 Ge; under dynamic vacuum will always lead

to a shift of composition towards the Ge-poor tetragonal NbsGes
and ultimately to the complete disappearance of Nb3Ge,.

The losses of Ge gave rise to the shifts of the overall compositions
towards the Ge-poor direction. From those experimental results
[9,21,33], the volatilization of Ge is more and more serious with
increasing Ge concentration and the measured liquidus is more and

2727 ' ! !
(a) 2127 I I | z Panet ;I [71 (b) L
x Mull ' 8] 2427 4 rrr2** Okamoto [11] |-
2427 eoaoe Jourdgr {9] E 21505179 —— This work
+ Feschotte et al. [10] Sy -
2127 4 + Richteretal. [21]] 2127 ~ E
o 1827 %; 827y 1680 I
g 5 1527 i o B
% 1527 © : 156;1,4 ‘(\157
8 1227 g 1227+ «f
£ NbsGe, 3
S go7- P 927- o LB
N 0.995
a4 NbyGe NbGe,  (Ge)—_
627+ 627
327 327 -
27 T I \ T 27 T T T
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0

Mole Fraction Ge

Mole Fraction Ge

Fig. 10. The calculated Nb-Ge phase diagram without the existence of the phase Nb3;Ge;. (a) Calculated phase diagram compared with experimental data; (b) calculated

phase diagram compared with the evaluated phase diagram by Okamoto [11].



3088 T. Geng et al. / Journal of Alloys and Compounds 509 (2011) 3080-3088

more higher than the real one. Fig. 5 shows the enlarged phase dia-
gram at the Ge-rich side. The measured melting temperatures of
the three samples at the Ge-rich side need to be revised towards
the reduced Ge composition, as indicated by the arrows in the dia-
gram. The optimized liquidus at the Ge-rich side approximates to
the evaluated liquidus by Okamoto [11]. The optimized eutectic
reaction at (99.5at.% Ge, 937.8°C) agrees with the experimental
data measured by Feschotte et al. [10].

The optimized Nb3Ge phase, Fig. 63, is well consistent with the
experimental data measured by Jorda [9], Fig. 6b.

Fig. 7 shows the formation enthalpy of the Nb-Ge system at
25°C compared with the experimental data [22,23], the theoreti-
cal data [25] and the predicted values using Miedema'’s model [34].
Fig. 8 is the formation entropy of the Nb-Ge system at 927 °C com-
pared with the experimental data estimated by Wan and Spear [24].
Fig. 9 shows the formation enthalpies of liquid with the different
reference states at 1700°C compared with the experimental data
by Beloborodova [26] respectively.

Considering the arguments on whether the Nb3Ge, phase can
exist or not as a stable phase in the Nb-Ge phase diagram, as men-
tioned in Section 2.2, Fig. 10 shows the calculated phase diagram
without the existence of the Nb3Ge, phase. The comparisons with
the experiment data, Fig. 10a, and with the evaluated phase dia-
gram by Okamoto [11], Fig. 10b, are illustrated. Except for the
obvious difference of the solubility of Nbs;Ges at high temperature,
the optimized phase diagram agrees well with the experiments and
the evaluation.

5. Conclusions

The equilibrium relations and the thermodynamic descriptions
of the phases of the Nb-Ge system were critically evaluated accord-
ing to the experimental information available. The Nb3Ge; phase
was considered and optimized as a stable phase based on the newly
reported experimental data. Different sublattice models were suc-
cessfully used to describe the Gibbs free energies of the phases. The
experimental data of the phase equilibria, the formation enthalpy
and the formation entropy were used to optimize the parameters
of the Gibbs free energy expressions. Considering the influence of
the Ge volatilization on the measured liquidus temperature, the
present optimized thermodynamic data can be used to reproduce
the experimental data well.
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