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A B S T R A C T   

Currently available Cu–Nb–Sn phase diagrams lack the recently discovered nausite phase (Cu,Nb)Sn2, which is 
an important intermediate in the course of thermal processing of superconducting Nb3Sn wires. Processing 
decisively determines the resulting microstructure of Nb3Sn and, thus, its superconducting properties. Lack of 
suitable and complete phase diagrams, however, obstructs rational design of such thermal processing procedures. 
To close this gap and to obtain valid knowledge of homogeneity and stability range of nausite, various Cu–Nb–Sn 
samples, which are heat-treated between 300 ◦C and 500 ◦C, are investigated. By means of energy-dispersive X- 
ray spectroscopy (EDX), a temperature-dependent homogeneity range of nausite is observed, which covers 
average mole fractions of Cu between 0.09 and 0.15. This is correlated with a change in the mean atomic volume 
and can be seen in the lattice parameters determined by X-ray diffraction (XRD). Additionally performed first- 
principles calculations on different CuSn2 and NbSn2 model structures confirm this trend. Furthermore, the 
peritectic decomposition of nausite to NbSn2 and liquid at 586 ◦C is determined by means of in situ XRD and 
differential scanning calorimetry (DSC). By using the CALPHAD (CALculation of PHase Diagrams) approach, all 
these findings are used to extend a previous thermodynamic description of the Cu–Nb–Sn system by including the 
nausite as an additional phase. With this noteworthy integration, the updated modelling of the Cu–Nb–Sn system 
can be used for optimizing the multistage heat-treatment steps during processing superconducting Nb3Sn wires.   

1. Introduction 

The run for the next generation of particle colliders drives the search 
for materials that deliver superior superconducting properties to 
generate even higher magnetic fields [1]. Nb3Sn in conductor wires is a 
superconductor with a great potential in its critical current density [2]. 
Superconducting Nb3Sn wires are already scheduled for magnets for the 
Large Hadron Collider upgrade instead of the Nb–Ti wires previously 
used, and large-scale application is planned for the Future Circular 
Collider (FCC) of the European Organization for Nuclear Research (CERN) 
[3]. However, the superconducting properties like critical current den-
sity and critical magnetic field depend strongly on the microstructure of 
the Nb3Sn. This microstructure is significantly affected by different 
intermetallic phases formed as intermediates during the multi-stage heat 
treatments. In detail, starting from composite billets containing mainly 
Cu, Nb, and Sn, Nb3Sn is formed at the last stage of heat treatment.1 

Therefore, a comprehensive knowledge about the formation processes of 

intermetallic phases in the Cu–Nb–Sn system is crucial to optimize the 
microstructure of Nb3Sn and, hence, its superconducting properties, as 
required for use of Nb3Sn-based conductor cables e.g. in the FCC. 
Fundamental basis for planning of processing is knowledge of phase 
stability in the Cu–Nb–Sn system. This can be conveniently derived from 
a thermodynamic description within the framework of the CALculation 
of PHase Diagrams (CALPHAD) method [4]. However, the only available 
thermodynamic modelling of the Cu–Nb–Sn system by Li et al., in 2009 
[5] does not consider existence of the ternary “nausite” phase, which 
was first reported in 2001 [6]. 

During heat treatment of certain types of conductor wires to produce 
the superconducting Nb3Sn, nausite forms during the intermediate heat- 
treatment stages and decomposes at higher temperatures before Nb3Sn 
formation takes place [6–13]. This leads to disconnected and large-grain 
Nb3Sn, which degrades its superconducting properties [14–17]. Still, 
nausite already formed can also promote Cu diffusion to the Sn source, 
which decreases the amount of unwanted melt developing during 
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1 The presence of Cu and formation of Cu–Sn intermetallics, in particular, accelerate the interaction of Nb with Sn. 
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further heat-treatment steps [14,17,18]. Hence, availability of a ther-
modynamic description of the Cu–Nb–Sn system including the nausite 
phase is highly desirable for planning of heat-treatments of such 
superconducting Nb3Sn wires. 

Nausite has a NiMg2-type crystal structure with Nb and Cu simulta-
neously occupying the Ni sites, as described previously by the formula 
(Nb0.75Cu0.25)Sn2 [7]. Its crystal structure is closely related to the 
CuMg2-type structure of the binary NbSn2. In a recent work it was shown 
that NbSn2 and nausite crystallites can grow in similar morphologies, 
and that their distinction e.g. based on electron backscatter diffraction 
(EBSD) data requires special care [7,19]. However, homogeneity and 
stability range of nausite are known only to a limited extent [7,9,10]. 

In the present paper this gap is closed by compositional analyses of 
various nausite-containing samples. The experimental findings are 
complemented by first-principles calculations on binary model struc-
tures. After collection of these data, a previous Cu–Nb–Sn database [5] is 
updated including the nausite phase. Moreover, this 2nd generation2 

CALPHAD [4] database is slightly re-modelled in view of the present 
assessment of literature data. As a consequence, the extended ternary 
description of the Cu–Nb–Sn system can serve as a valuable basis for 
optimizing the heat treatment to process Nb3Sn wires with excellent 
superconducting properties. 

2. Methods 

2.1. Sample production and treatment 

In order to obtain a significant amount of the nausite phase, layered 
samples as well as powder mixtures are produced and heat-treated at 
temperatures between 300 ◦C and 500 ◦C. An overview of all produced 
samples is given in Table 1. The layered samples are prepared by means 
of physical vapour deposition (PVD). On top of polycrystalline Nb plates 
(Goodfellow, purity 99.9%), first Cu and then Sn are deposited (sputter 
targets from FHR Anlagenbau GmbH, purity 99.99%). Three sample se-
ries are produced, differing in the ratio of layer thicknesses, 

corresponding to Cu:Sn atomic ratios of 1.2, 0.6, and 0.4. The first ratio 
corresponds to the atomic ratio of the Cu6Sn5 intermetallic, the other 
two correspondingly contain Sn in excess. The samples are pre-heat- 
treated at 220 ◦C for 48 h to form Cu6Sn5 in contact with the Nb sub-
strate by consuming the complete Cu layer. The excess-Sn forms an 
additional layer on top, and the substrate remains largely inert. For-
mation of the Cu6Sn5 at the contact with the Nb substrate avoids major 
dewetting of the liquid phase (forming at higher temperatures) from the 
substrate. After the step at 220 ◦C, the samples are subjected to a main 
heat treatment at either 300, 400, or 500 ◦C for 7 days. For comparison a 
binary Nb–Sn sample is also produced and heat-treated at 500 ◦C. 

The first powder mixture sample consists of 8 at.% Cu, 25 at.% Nb, 
and 67 at.% Sn, which corresponds to the formula (Nb0.75Cu0.25)Sn2 
given for nausite in the literature [7]. It is prepared by mechanical 
mixing of Nb (E. Wagener GmbH, purity 99.95%, −450 mesh), Cu (ECKA 
Granules Germany GmbH, purity 99.9%, −450 mesh), and Sn (Sig-
ma-Aldrich, purity 99.8%, −325 mesh) powder under argon atmosphere 
in a mortar for 30 min, applying only low pressures with the pestle. 
Afterwards, the mixed powder is filled into a graphite crucible, which is 
then heat-treated for 2 weeks at 500 ◦C. The resulting material is used 
for in situ X-ray diffraction (XRD) and differential scanning calorimetry 
(DSC) because of its preserved porous and brittle character, which can 
be ground easily to powder. 

Powder mixtures corresponding to various overall compositions are 
further prepared primarily for scanning electron microscope (SEM) and 
XRD investigations. For this purpose, powders are mixed as mentioned 
before, and are pressed at 750 MPa into pellets, which are subsequently 
heat-treated for 2 weeks at 400 ◦C or 500 ◦C. The powder compositions 
are selected to be located in some of the three-phase regions involving 
nausite. However, due to the slow kinetics [20], none of the samples are 
in global equilibrium after finishing the heat treatment. Nevertheless, 
large amounts of nausite are formed, and the local equilibria at phase 
interface contain useful tie-line information for thermodynamic 
modelling, though they are often for metastable equilibria between two 
phases when the stable ones may not be formed. 

All these samples are first sealed in fused silica under argon atmo-
sphere, then heat-treated and subsequently quenched in ice water. In 
case of the PVD samples, the ampoule is broken during the quenching 
process. Afterwards, the samples are cut, and one part is embedded, 
ground and polished down to 0.04 μm. For SEM studies, samples are 
covered by vaporized carbon for ensuring electrical conductivity. In case 
of the PVD samples, the other part of the plate-shaped sample is used for 
XRD investigations in reflection geometry. For the powder mixture 
samples, the embedded part is also used for XRD investigations. It should 
be mentioned that some of these samples were already presented in a 
conference paper [21]. 

2.2. Sample analysis 

The SEM used is a JEOL JSM-7800F operated at 20 kV and 35 nA. 
Imaging is done using backscattered electrons on cross-sections. Energy- 
dispersive X-ray spectroscopy (EDX) is employed to study the homoge-
neity range of nausite. Corresponding point measurements are per-
formed using the Octane Elite Super EDS System of EDAX. Additionally, 
EBSD is employed for phase identification. This is essential for the 
distinction of nausite and NbSn2, showing strong similarities in growth 
morphology [19]. The applied EBSD camera is an EDAX Hikari Super 
Elite with a 480 × 480 pixel resolution. The software used for pattern 
and EDX spectrum acquisition is TEAM [22] and for pattern analysis TSL 
OIM Analysis [23]. 

On selected samples, electron-probe micro analysis with wavelength- 
dispersive X-ray spectroscopy (WDX) is also performed to study the local 
phase equilibria of nausite. For that purpose, a JEOL JXA-8230 SuperP-
robe operated at 20 kV and 40 nA is used. Calibration is performed on 
pure element standards from ASTIMEX. 

XRD analysis is carried out in reflection geometry to study the lattice 

Table 1 
Overview of the investigated samples. Four different layered setups are pro-
duced by physical vapour deposition (PVD). The Cu and Sn layer thicknesses of 
the ternary PVD samples correspond to Cu:Sn atomic ratios of 1.2, 0.6, and 0.4, 
respectively. Furthermore, one loose powder mixture and four pressed powder 
mixtures with different overall compositions are prepared.  

Technique Layer thicknesses/ 
composition 

Pre-heat 
treatment 

Main heat 
treatment 

Nb Cu Sn T 
(◦C) 

t 
(h) 

T (◦C) t 
(h) 

PVD substrate 2.0 
μm 

4.0 
μm 

220 48 300, 400 
or 500 

168  

substrate 1.5 
μm 

5.5 
μm 

220 48 300, 400 
or 500 

168  

substrate 1.0 
μm 

6.0 
μm 

220 48 300, 400 
or 500 

168  

substrate – 5.0 
μm 

– – 500 168 

loose powder 
mixture 

25 at.% 8 at. 
% 

67 
at.% 

– – 500 336 

pressed powder 
mixtures 

10 at.% 23 
at.% 

67 
at.% 

– – 400 or 
500 

336 

10 at.% 30 
at.% 

60 
at.% 

– – 400 or 
500 

336  

10 at.% 40 
at.% 

50 
at.% 

– – 400 or 
500 

336  

35 at.% 10 
at.% 

55 
at.% 

– – 400 or 
500 

336  

2 The term 2nd generation indicates that the thermodynamic functions are 
phenomenological and valid only down to room temperature (298 K). 
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parameters of the crystal structures. For that purpose, a D8 Advance 
diffractometer of Bruker with Co-Kα1 radiation operated at 40 kV and 30 
mA is used. In situ XRD is performed to study the decomposition of 
nausite. It is realized with another D8 Advance diffractometer with Cu- 
Kα radiation operated at 40 kV and 40 mA, for which the sample is 
placed into an alumina crucible. The measurement is in the 2θ-range 
from 29.5◦ to 35◦, which contains significant peaks of Cu6Sn5, Sn, 
NbSn2, and nausite. Thereby, a heating rate of 10 K/min, a step size of 
0.02◦ and 0.25 s dwell per step are applied. The lattice parameters of 
nausite and NbSn2 are determined using the TOPAS [24] software for 
Rietveld refinements or Pawley fits based on the measured XRD data. 
The crystallographic description of the observed phases for analysing 
EBSD patterns and values of lattice parameters serving as starting points 
for Rietveld refinement in XRD analysis can be found in Table 2. 

Transformation temperatures observed during DSC experiments are 
used to correct the temperatures recorded during the in situ XRD mea-
surements on the same material. For that, the samples are placed in 
alumina crucibles and heated with a rate of 10 K/min in inert argon 
atmosphere using the Netzsch Pegasus 404C apparatus. 

2.3. First-principles calculations 

All first-principles calculations based on density functional theory 
(DFT) are performed by the Vienna Ab initio Simulation Package (VASP) 

[31]. The ion-electron interaction is described by the projector 
augmented wave method [32] and the exchange-correlation functional 
is described by the generalized gradient approximation (GGA) devel-
oped by Perdew, Burke and Ernzerhof (PBE) [33]. The valence electron 
configurations considered are 4p64d45s1 for Nb (i.e., the Nb_pv potential 
with a default cutoff energy ENMAX = 209 eV), 3p64s23d9 for Cu (i.e., 
the Cu_pv potential with ENMAX = 369 eV), and 4d105s25p2 for Sn (i.e., 
the Sn_d potential with ENMAX = 241 eV). In the VASP calculations, the 
default plane wave cutoff energy defined by the setting of “PREC =

Accurate” is employed for structural relaxations in terms of the 
Methfessel-Paxton method [34]. Final calculations of total energies are 
performed by the tetrahedron method with a Blöchl correction [35] 
using a fixed wave cutoff energy of 520 eV. The employed k-points 
meshes as well as the number of atoms in the unit cell of each model 
structure for first-principles calculations are given in Table 3. The 
self-consistency of total energy is converged to at least 10−6 eV/atom. 

Lattice parameters and fractional coordinates are reported for the as- 
relaxed VASP calculations (made available as crystallographic infor-
mation files (CIF) in supplementary material). Taking the atomic volume 
V*

0 resulting from the as-relaxed lattice parameters, a series of further 
VASP calculations under the constraints of constant V1/3 = 0.97, 0.98, 

…, 1.03 (V*
0)

1/3 are performed. For a given considered structure the 
parameters of a four-parameter Birch-Murnaghan (4BM) equation of 
state (EOS) as formulated in Ref. [36] are fitted, which can be written as: 

Table 2 
Space group, structure prototype, Strukturbericht symbol, and lattice parameters of the analysed phases used for EBSD indexing and Rietveld/Pawley refinement, in 
the latter case as starting values.  

Phase Nb Sn NbSn2 nausite/(Nb0.75Cu0.25)Sn2 Cu6Sn5
a Cu3Snb 

Space group Im 3 m I41/amd Fddd P6222 P63/mmc P63/mmc 
Prototype W β-Sn CuMg2 NiMg2 Ni2In/NiAs Mg 
Strukturbericht symbol A2 A5 Cb Ca B81/2 A3 
a [Å] 3.294 5.831 9.874 5.647 4.192 2.756 
b [Å]   5.626    
c [Å]  3.181 19.116 14.130 5.037 4.335 
Reference [25] [26] [27] [7] [28] [29]  

a Corresponding to the disordered η form of the Cu6Sn5 intermetallic, which might transform to long-range ordered variants upon insufficiently rapid cooling. Due to 
the relatively weak effect of the order phenomena on the diffraction patterns, it is not tried to distinguish between differently ordered states of the Cu6Sn5 intermetallic, 
knowledge of which is summarised in Ref. [30]. 

b Often referred to as ε phase. For EBSD analysis a simplified hexagonal closed packed structure is used, which derives from the orthorhombic superstructure 
structure in Ref. [29]. This avoids the distinction of practically indistinguishable orientations due to only small orthorhombic distortions and weak superstructure 
bands. Note that at high temperatures, the bcc-based β and γ phases exist in the compositional region of the (ε-)Cu3Sn phase. 

Table 3 
Results from structure relaxation (lattice parameters and volume V*

0) and equation of state fitting (DFT energy E0, volume V0, bulk modulus B0 and its pressure 
derivative B′

0) for different CuSn2 and NbSn2 crystal structures, together with the employed k-points meshes and the number of atoms in the unit cell (shown in the 
parentheses) of each compound for first-principles calculations.  

Structure Number of k-points, number of atoms Lattice parameters V*
0 (Å

3/atom) E0 (eV/atom) V0 (Å3/atom) B0 (GPa) B′

0 

Fddd-CuSn2 5 × 3 × 2 (48) a = 5.395 Å 
b = 9.692 Å 
c = 19.475 Å 

21.215 −3.9872 21.585 63.6 3.65 

Fddd-NbSn2 6 × 4 × 2 (48) a = 5.709 Å 
b = 9.907 Å 
c = 19.287 Å 

22.724 −6.1734 22.942 96.6 4.33 

P6222–CuSn2 12 × 12 × 4 (18) a = 5.512 Å 
c = 14.543 Å 

21.256 −3.9861 21.542 63.4 5.66 

P6222–NbSn2 14 × 14 × 5 (18) a = 5.718 Å 
c = 14.441 Å 

22.719 −6.1509 22.907 96.1 5.19 

I4/mcm-CuSn2 9 × 9 × 12 (12) a = 6.829 Å 
c = 5.451 Å 

21.184 −3.9971 21.504 63.6 5.58 

I4/mcm-NbSn2 11 × 11 × 13 (12) a = 6.972 Å 
c = 5.591 Å 

22.650 −6.1356 22.862 95.2 4.99  
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Thereby, the fitted parameters are the ground state E0, the volume 
V0, the bulk modulus B0 as well as its pressure derivative B′

0 at a pressure 
of P = 0 GPa. 

The first-principles calculations are performed for CuSn2 and NbSn2 
in the structure types of CuMg2 (Fddd, like found for pure NbSn2; see 
Table 2), NiMg2 (P6222, like found for nausite; see Table 2), and CuAl2 
(I4/mcm, Strukturbericht symbol C16). These model structures have 
been selected for consideration because of an observed sequence of 
crystal structures CuMg2 (Fddd) → NiMg2 (P6222) → CuAl2 (I4/mcm) 
that are encountered for transition metal distannides with increasing 
(valence) electron number per atom [37]. As described in Ref. [7], the 
structure change starting from CuMg2-type NbSn2 into NiMg2-type 
nausite can be understood due to the partial substitution of Nb by Cu, 
which increases the electron number. Although a CuAl2-type phase 
(I4/mcm) appears to be absent in the Cu–Nb–Sn system, it is considered 
as model structure here for the sake of completeness. In the following, 

these model structures for first-principles calculations are referred to as 
Fddd-NbSn2, P6222–NbSn2, I4/mcm-NbSn2, Fddd-CuSn2, P6222–CuSn2, 
and I4/mcm-CuSn2. 

3. Literature review 

The thermodynamic description of the Cu–Nb–Sn system reported by 
Li et al. [5] is the only available one for this system and is used as the 
basis for the present work. In their work several calculated isothermal 
sections of the Cu–Nb–Sn system for 675 ◦C and above are compared 
with experimental ones from the literature [38–42]. Agreement and 
disagreement with the experimental literature data were analysed there 
[5], and disagreement is convincingly attributed to inconsistent exper-
imental data. As this temperature range is not in the focus of the present 
work and the associated data were accepted, an additional discussion is 
omitted here. Due to the fact that only ternary data at 660 ◦C and above 
were available [38–45] for consideration in Ref. [5], and because the 
nausite phase was apparently not known to the authors of that work, the 

Fig. 1. SEM cross-sections of selected heat-treated 
powder mixture (a–c) and PVD samples (d–f) after 
heat treatment at the indicated temperatures (see also 
Table 1) revealing phase interfaces suggesting local 
phase equilibria of nausite with NbSn2, Cu6Sn5, 
Cu3Sn and liquid at the treatment temperature. In 
some cases, the nausite particles show faceted in-
terfaces to the surrounding liquid, as was also 
mentioned in Ref. [19]. Although both phases appear 
with irregular interfaces, complementary analyses 
with EDX and EBSD clearly distinguish between 
NbSn2 in (a) and nausite in (b). Cu6Sn5 in (b) was 
formed during cooling out of the supersaturated 
liquid after finishing the heat treatment. The basic 
elemental fractions of the powder mixtures respective 
the sample series of the PVD sample as well as the 
heat-treatment temperature is listed in every image.   

E = E0 +
9
16

V0B0

{
(
6 − B′

0

)
−

(
16 − 3B′

0

)
(

V0

V

)2
3

+
(
14 − 3B′

0

)
(

V0

V

)4
3

−
(
4 − B′

0

)
(

V0

V

)2
}

. (1)   
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nausite phase was not modelled in that database. 
Hence, it was first believed that it would be adequate to accept the 

thermodynamic modelling performed by Li et al. [5] as basis for inte-
grating the new insights on nausite. However, a problem was encoun-
tered concerning the NbSn2 phase. Li et al. [5] had introduced a binary 
solubility range that was explained by a better coincidence with the 
ternary homogeneity range of NbSn2 found in the literature [41]. 
Admittedly, no specific measured data can be found there that would 
clearly indicate an off-stoichiometric Sn content. Other publications 
dealing with the ternary system neither deliver exact values that clearly 
suggest a Sn homogeneity range [38–40,43]. Hence, it was decided that 
a simplified stoichiometric description of the NbSn2 phase would be 
more adequate. Therefore, the thermodynamic parameters for a stoi-
chiometric NbSn2 phase obtained in a previous binary description by 
Toffolon et al. [46] are adopted. 

As it concerns the binary Cu–Sn system, some newer developments 
concerning A2/D03 high temperature phases [47] (bcc_A2/gamma in 
Ref. [5] and β/γ in footnote b of Table 2) and the Cu6Sn5 intermetallic 
[48] are not considered in the present work as it is believed that this 
insight is not relevant for processing of superconducting Nb3Sn wires. 

It is known from heat-treated superconducting Nb3Sn wires that 
nausite shows local phase equilibria with NbSn2, Cu6Sn5, Cu3Sn, and Sn 
[9,14–18]. As mentioned above, the CuMg2-type NbSn2 and NiMg2-type 
nausite both share a MSn2 formula (M = Cu, Nb) with nausite being 
present at a significant substitution of Nb by Cu [7]. However, no sys-
tematic information on the homogeneity range of the nausite is avail-
able, although the formula (Nb0.75Cu0.25)Sn2 has been given in Ref. [7] 
in view of composition values from Ref. [10]. A previous work [19] has 
analysed the structural relation of nausite and NbSn2 in detail, but did 
not discuss the homogeneity ranges. Additionally, it was observed that 
nausite disappears at ~560 ◦C [9] in reacting conductor wires. 

4. Evaluation of theoretical and experimental results 

4.1. First-principles calculations 

The results of the EOS fitting of the DFT-based first-principles cal-
culations on the six binary model structures are listed in Table 3. The 
energy E0 values indicate that for NbSn2 the Fddd model structure is the 
most stable form, in agreement with the experimentally observed crystal 
structure [27]. In case of the hypothetical CuSn2, the lowest E0 value 
occurs for the I4/mcm model structure. This finding agrees well with the 
predicted and observed stabilization of this structure as compared to the 
Fddd and P6222 structures with increasing electron number in transition 
metal distannides [37]. 

4.2. Experimental results 

4.2.1. Formation and phase equilibria of nausite 
Exemplary SEM cross-sectional images of powder mixture and PVD 

samples treated at 300–500 ◦C are shown in Fig. 1. Supplementary use of 
EDX and EBSD analyses reveals the phases formed. Large amounts of 
nausite are visible, which appears mainly with faceted interfaces (a-e), 
but also irregular interfaces (b) or as a layer on the Nb substrate (e). 
EBSD analysis shows that the parallel surface traces of the faceted in-
terfaces correspond to {001} planes, as already described in Ref. [19]. 
From observations of the corresponding phase interfaces, it can, 
furthermore, be concluded that nausite shows stable local two-phase 
equilibria with NbSn2, Cu6Sn5, Cu3Sn, and liquid3 at the respective 
treatment temperature. 

Additionally, the PVD samples reveal increasing amounts of nausite 
with increasing Sn content in the samples. E.g. at 300 ◦C, the formed 
nausite plates are larger at a Cu:Sn ratio of 0.4 (Fig. 1d) than at a Cu:Sn 
ratio of 1.2. This can be explained by the fact that at Cu:Sn atomic ratios 
below the value of 1.2 (which corresponds to Cu6Sn5), residual Sn-rich 
liquid exists in between the Cu6Sn5 particles and is, therefore, in con-
tact with the Nb substrate. Thus, Nb is carried through the liquid via 
diffusion or convection to the place of reaction where the Sn-rich nausite 
can be formed. At 500 ◦C nausite appears only at a Cu:Sn ratio of 0.4 
together with NbSn2, while at lower Sn amounts NbSn2 is present as the 
only Nb-containing intermetallic phase. 

In case of the powder mixtures, nausite can be found in all samples. 
In contrast, NbSn2 is only present at 500 ◦C and exhibits local phase 
equilibria with Cu3Sn (Fig. 1f) and nausite (Fig. 1a). 

It has to be mentioned that the phase interfaces of nausite or NbSn2 
to Nb unlikely result from a thermodynamic phase equilibrium, but from 
poor kinetics of the formation of Nb3Sn [49].4 Nb3Sn is not present in 
our investigated samples because its formation starts at around 600 ◦C, 
which is one typical heat treatment step during wire processing [14]. 

4.2.2. Homogeneity range of nausite 
From the variety of samples containing NbSn2 and/or nausite, XRD 

and EDX analyses yield lattice parameters and average mole fractions of 
Cu (xCu) of both phases. More precisely, average xCu values are calcu-
lated from a multitude of EDX data points of a given sample. As already 
mentioned, NbSn2 and nausite belong to different, but structurally 
related crystal structures (see Table 2). Their chemical compositions 
differ due to partial substitution of Nb by Cu on one sublattice [7,19], 
while according to the sublattice model xSn = 2/3 for both phases. To 

Fig. 2. Mean atomic volume versus molar fraction xCu measured in NbSn2 and 
nausite in various samples ordered by heat treatment temperature. Each data 
point represents the outcome of XRD (volume) and EDX point measurements 
(composition) on one sample. Error bars mark the standard deviation of the 
EDX measurements of each sample. A linear fit of the nausite data, which serves 
as a comparison for the DFT data, is also displayed. Parts of the data have been 
already shown in a conference paper [21]. 

3 The liquid at treatment temperature is solidified at ambient temperature 
and mainly consists of Sn with limited amounts of dissolved Cu (or finely 
precipitated as Cu6Sn5), simplified named “Sn” in the whole work.  

4 It cannot be excluded that local equilibrium develops in form of unresolved 
thin interlayers and/or in spike-like concentration profiles on a very narrow 
length scale [50,51]. In any case, the information from these interfaces with Nb 
cannot be exploited for the following evaluations. 
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compare the crystallographic data of NbSn2 and nausite, the mean 
atomic volumes of these phases are calculated by dividing the respective 
unit-cell volume by the number of atoms in the unit cell. The corre-
sponding values for each sample are plotted in Fig. 2 versus the xCu 
values determined for the respective phase. 

Firstly, the range in xCu observed for the respective phase shows that 
both NbSn2 and nausite exhibit a Cu homogeneity range. NbSn2 can 
have a value of xCu up to approximately 0.04, and nausite shows xCu 
approximately from 0.09 to 0.15. Therefore, the chemical formula of 
nausite (Nb0.75Cu0.25)Sn2 formerly proposed [7] can be better expressed 
by the more general one (Cu,Nb)Sn2. Secondly, the mean atomic volume 
and xCu in the respective phase are clearly correlated. The substitution of 
Nb by Cu leads to a reduction of the mean atomic volume. This is not 
surprising due to the smaller atomic radius of Cu in comparison with Nb 
and the fact that Cu substitutes Nb. Thirdly, as evident from Fig. 2, the 
mean Cu contents measured for nausite decrease with increasing tem-
perature. This implies a correspondingly temperature-dependent ho-
mogeneity range of nausite. 

Thereby, as mentioned above, it has been assumed that xSn = 2/3, 
implying no substitution of the Sn sites. In that case xCu + xNb = 1/3, and 
a higher Cu content is exactly coupled to a lower Nb content. However, 
EDX as well as WDX show some deviations in the measured xSn. It ranges 
from 0.64 to 0.69, but mostly xSn > 2/3 has been found. On the one side, 
this observation may originate from fluorescence excited in adjacent 
phases due to small size of the nausite and NbSn2 particles. On the other 
side, inaccurate spectrum evaluation and standard calibration may 
cause systematic variations in the Sn content. As the structural model of 
both phases does not consider an occupation of Sn on Cu/Nb sites and 
vice versa, these deviations are neglected. In any case, the variation in 
the Cu content of the nausite phase at xSn of 2/3 is more pronounced 
than the variation in the Sn content perpendicular to it. 

As already mentioned, it is assumed that the observed variation in 
the mean atomic volume of nausite is caused by substitution of Nb by Cu, 
which is described by Zen’s law [52]. To support this view, the evolution 
of the measured mean atomic volume with xCu of nausite can be 
compared with results of the first-principles calculations. P6222–NbSn2 
and P6222–CuSn2 can be regarded here as end-members of the nausite 
solid solution, (Cu,Nb)Sn2. The first-principles calculations predict the 
volume change expected upon substituting Nb by Cu in the respective 

solution, in a similar way as predicted in the previous works for Cu6Sn5 
intermetallic [48] and cementite [53].5 The values of the mean atomic 
volumes from the first-principles calculations can be found in Table 3. 
By considering the different Cu contents in the end-member structures, 
the volume change over the whole compositional range amounts to 

ΔVP6222
0

ΔxCu
=

VCuSn2
0 − VNbSn2

0

xCuSn2
Cu − xNbSn2

Cu
=

(21.542 − 22.907) Å
3

(
1
3 − 0

) = −4.093 Å
3
. (2) 

Linear fitting of the xCu-dependent experimental mean atomic vol-
umes of nausite from Fig. 2 yields a slope of −3.8 ± 0.4 Å3. This value 
agrees well with the value obtained from Equation (2) in view of the 
error margins. This agreement confirms adequacy of the substitutional 
model and confirms the reliability of the EDX data determined for the 
nausite. Moreover, the derived conclusions on the homogeneity range of 
the nausite are supported. 

4.2.3. Decomposition of nausite 
XRD and SEM analyses of the powder mixture consisting of 8 at.% 

Cu, 25 at.% Nb, and 67 at.% Sn, reveal a significant phase fraction of 
nausite. The sample, moreover, contains NbSn2, Cu6Sn5, solidified Sn, 
and residual Nb. Therefore, this sample is chosen for in situ XRD in 
combination with DSC analysis to investigate the decomposition of 
nausite at elevated temperatures. Both techniques are used comple-
mentarily because of the utilized in situ XRD setup. There, the thermo-
couple is in contact with the heating band and not with the sample itself. 
Therefore, the temperature at the sample position may differ. Hence, 
DSC measurements are performed to obtain reliable temperature infor-
mation. In situ XRD is executed to relate the heat effects occurring in the 
DSC upon heating with information regarding occurring phase trans-
formations. The results of these measurements are illustrated in Fig. 3. 

Fig. 3. In situ XRD (left) and DSC (right) measure-
ments of a heat-treated powder mixture, showing the 
melting of Sn, the decomposition of Cu6Sn5 and 
finally the decomposition of nausite at 586 ◦C. This is 
indicated also by naming the phases still present in 
the respective temperature range in the DSC diagram. 
Both diagrams are aligned in a way that the Sn 
melting and the decomposition of nausite are on the 
same level. Due to an incorrect temperature mea-
surement for the in situ XRD, the temperature values 
of the phase reactions can be correlated with the 
temperature axis of the DSC measurement only. These 
data have been already shown in a conference paper 
[21] and were adopted from there.   

5 Note that the absolute lattice parameters/mean atomic volumes predicted 
by first-principles calculations can easily differ in the order of 1% from the 
experimental values [54]. This is a significant deviation in view of the 
composition dependent variations. However, it is expected that the change of 
the lattice parameters upon changing composition is affected to a much lesser 
degree than the absolute values. 
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Three different reactions take place, starting with the melting of the 
residual Sn in the alloy, which corresponds to the strongest peak in the 
DSC curve. Further heating leads to the decomposition of Cu6Sn5 slightly 
above 400 ◦C. At 586 ◦C a further heat effect appears in the DSC mea-
surement, which corresponds to the nausite decomposition in in situ 
XRD. Furthermore, the intensity of the peaks of NbSn2 increases, which 
indicates the formation of NbSn2 from the decomposed nausite. In 
another work [9], in situ synchrotron diffraction on an Internal Tin strand 
revealed the disappearance of reflections attributed to a ternary phase at 
about 560 ◦C. These reflections were later shown [7] to be attributable 
to nausite. Hence, the disappearance of the nausite in Ref. [9] in a 
reacting wire occurs at a relatively similar temperature, which is 
observed now under close-to-equilibrium conditions. 

5. Thermodynamic modelling 

5.1. Modelling of nausite and NbSn2 

The Gibbs energy functions of the pure elements are adopted from 
Dinsdale [55]. As a starting point, thermodynamic descriptions of the 
phases from the Cu–Nb–Sn system from Li et al. [5] are used. In this 
database, NbSn2 is modelled using the compound energy formalism [56] 
with a sublattice model corresponding to (Cu,Nb,Sn)(Nb,Sn)2. This al-
lows the formation of a homogeneity range in the binary Nb–Sn and its 
extension in the ternary system. However, as described in Section 3, 
there is not sufficient data available in the literature supporting such a 
Sn solubility, which would provide information for the model used in 
Ref. [5]. 

Furthermore, the previous description of the ternary Cu–Nb–Sn 
system [5] does not contain the nausite phase due to lack of experi-
mental data. Because of its structural relation to NbSn2, the same model 
is applied now for nausite. Therefore, NbSn2 and nausite are described 
here with the two-sublattice model (Cu,Nb)1Sn2. Their molar Gibbs 
energies Gθ

m (θ = NbSn2, nausite) are described with  

with yCu and yNb being the site fractions on the first, non-Sn sublattice. 
Gθ,srf

m represents the surface of reference defined by the endmembers Cu: 
Sn (θ-CuSn2) and Nb:Sn (θ-NbSn2). Gθ,conf

m is the contribution to the 
Gibbs energy from the configurational entropy of mixing and Gθ,E

m the 
excess Gibbs energy. The latter one is described by a third-order of 
Redlich-Kister polynomials expression [57]. 

Gθ,E
m = yCuyNb

(
0Lθ

Cu,Nb:Sn + (yCu − yNb)
1Lθ

Cu,Nb:Sn + (yCu − yNb)
2 2Lθ

Cu,Nb:Sn

)

(4) 

with 0Lθ
Cu,Nb:Sn, 1Lθ

Cu,Nb:Sn, and 2Lθ
Cu,Nb:Sn being the 0th, 1st, and 2nd 

order interaction parameters, respectively. Note that all these Gibbs 
energies refer to one formula unit (f.u.) of (Cu,Nb)1Sn2. Even though 
nausite and NbSn2 are described as ternary line compounds, respec-
tively, the 0th, 1st, and also 2nd order interaction parameters are used in 
this modelling. This originates from a previous description of the ternary 
Cu–Nb–Sn system [5], in which NbSn2 is modelled with three interac-
tion parameters. Thus, the order of these parameters is kept for NbSn2 
and adopted for the structurally related nausite phase as well. 

For NbSn2, the binary Nb–Sn parameter GNbSn2
Nb:Sn is taken from Toffolon 

et al. [46], who treated NbSn2 as a line compound. For describing the 
ternary Cu solubility, the parameter GNbSn2

Cu:Sn of the binary end-member 

and the 0th, 1st, and 2nd order interaction parameters LNbSn2
Cu,Nb:Sn are 

taken from Li et al. [5]. 
For nausite, the Gibbs energies of the NbSn2 and CuSn2 end-members 

are adopted from NbSn2 including a distinct offset each, which is pre-
dicted from the first-principles calculations (see Table 3). For this, the 
Gibbs energy differences between Fddd-CuSn2 and P6222–CuSn2 as well 
as between Fddd-NbSn2 and P6222–NbSn2 are taken equal to the DFT 
energy differences. These values are converted into J/mol-f.u. As a 
result, the Gibbs energy of P6222–CuSn2 is by 331.2 J/mol-f.u. higher 
than the Gibbs energy of Fddd-CuSn2, while the Gibbs energy of 
P6222–NbSn2 is by 6504.2 J/mol-f.u. higher than the Gibbs energy of 

Table 4 
Phase equilibria with nausite and the corresponding phase compositions found 
in the powder samples and determined by WDX that are used in the present 
modelling.  

Temperature (◦C) Phase equilibrium Phase composition (at.%) 

Cu Nb Sn 

400 nausite 11.5 20.0 68.5  
Cu6Sn5 51.4 0.1 48.5 

500 nausite 6.9 25.0 68.1  
NbSn2 3.8 28.0 68.2  
nausite 7.9 23.8 68.3  
Cu3Sn 72.5 0.1 27.4  

Table 5 
Summary of the thermodynamic parameters of nausite, NbSn2 and Nb6Sn5 in the 
Cu–Nb–Sn system. Nausite is added all-new, whereas the parameters of NbSn2 
and Nb6Sn5 are taken from existing databases and, if necessary, slightly 
adjusted. The parameters of all other phases of the Cu–Nb–Sn system can be 
found in the already existing database [5]. The whole updated database is 
provided as supplementary material.  

Phase Parameter Function [J∙mol−1, 
J∙mol−1∙K−1] 

Reference 

nausite: (Cu,Nb)1Sn2 0Gnausite
Cu:Sn GHSERCu + 2⋅GHSERSn +

63422.3 + 77.3⋅T 
This work 

0Gnausite
Nb:Sn 

GHSERNb + 2⋅GHSERSn −

39982.8 + 11.3⋅T 
This work 

0Lnausite
Cu,Nb:Sn 

− 349959.0 + 102.5⋅T This work 
1Lnausite

Cu,Nb:Sn 
− 6.0 − 8.1⋅T This work 

2Lnausite
Cu,Nb:Sn 

31.6 + 30.6⋅T This work     

NbSn2: (Cu,Nb)1Sn2 0GNbSn2
Cu:Sn 

GHSERCu + 2⋅GHSERSn +

63091.1 + 77.3⋅T 
[5] 

0GNbSn2
Nb:Sn 

GHSERNb + 2⋅GHSERSn −

46487.0 + 11.3⋅T 
[46]  

0LNbSn2
Cu,Nb:Sn 

− 183164.8 + 76.2⋅T This work 
1LNbSn2

Cu,Nb:Sn 
247972.8 − 77.5⋅T This work 

2LNbSn2
Cu,Nb:Sn 

− 21035.9 + 71.8⋅T This work     

Nb6Sn5: (Cu, 
Nb)24Sn16(Nb,Sn)4 

0GNb6Sn5
Cu:Sn:Nb 

24⋅GHSERCu + 16⋅GHSERSn +

4⋅GHSERNb + 220000.0 
[5] 

0GNb6Sn5
Nb:Sn:Nb 

28⋅GHSERNb + 16⋅GHSERSn +

200086.5 
[46] 

0GNb6Sn5
Cu:Sn:Sn 

24⋅GHSERCu + 20⋅GHSERSn +

3034350.0 + 260.8⋅T 
[5] 

0GNb6Sn5
Nb:Sn:Sn 

24⋅GHSERNb + 20⋅GHSERSn −

651845.7 + 81.0⋅T 
[46] 

0LNb6Sn5
Cu,Nb:Sn:Sn 

− 3600869.8 + 53.8⋅T This work 
1LNb6Sn5

Cu,Nb:Sn:Sn 
594224.3 − 35.6⋅T This work 

2LNb6Sn5
Cu,Nb:Sn:Sn 

− 324256.2 + 70.1⋅T [5]  

Gθ
m = Gθ,srf

m + Gθ,conf
m + Gθ,E

m = yCuGθ
Cu:Sn + yNbGθ

Nb:Sn + RT(yCulnyCu + yNblnyNb) + Gθ,E
m , (3)   
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Fddd-NbSn2. 
These values are used as an offset to the binary parameters GNbSn2

Cu:Sn 

and GNbSn2
Nb:Sn to generate Gnausite

Cu:Sn and Gnausite
Nb:Sn , which act as the binary end- 

members. To model the Gibbs energy of the ternary nausite phase, the 
three interaction parameters 0Lnausite

Cu,Nb:Sn, 1Lnausite
Cu,Nb:Sn, and 2Lnausite

Cu,Nb:Sn are 
refined. 

As they are the adjacent phases, which affect the phase equilibria 

with nausite, the interaction parameters of NbSn2 and Nb6Sn5 are 
slightly refined. The calculated phase equilibria above the decomposi-
tion temperature of nausite (e.g. Nb6Sn5 ⇌ Cu3Sn + Nb3Sn + NbSn2, 
599 ◦C) and the three-sublattice modelling of Nb6Sn5 are accepted from 
a previous modelling [5]. 

Fig. 4. Selected isothermal sections between 300 ◦C and 588 ◦C of the modelled Cu–Nb–Sn phase diagram. Parts of the data of a preliminary database containing 
variable Sn content NbSn2 and nausite have been already shown in a conference paper [21]. Note that the liquid has such a small solubility for Nb that its region is 
practical confined to the Cu–Sn axis. 
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5.2. Selected phase equilibria 

For thermodynamic modelling, only the selected WDX data points of 
nausite and adjacent phases being in supposed local equilibrium are 
considered, using only data from powder samples (see Table 1). Equi-
libria with the liquid are not taken into account for the modelling pro-
cedure because of compositional changes in the liquid, which likely 
occur upon solidification. Due to that, high Cu contents in the liquid 
phase (as expected from the phase diagram) cannot be detected. The 
phase equilibria of nausite used in the present modelling are listed in 
Table 4. 

Here, the already mentioned higher Sn content in nausite and NbSn2 
detected by WDX becomes visible. As this is also observed for Cu6Sn5 

and Cu3Sn here, this seems to be rather a systematic error of the mea-
surement. Furthermore, as the structural model of (Cu,Nb)Sn2 does not 
permit a Sn off-stoichiometry, this is not of significance here. The 
determined Sn content, which deviates up to 2 at.%, has an influence on 
the determined Cu- and Nb contents, which will then differ in the 
calculated phase equilibria. Therefore, an uncertainty up to 2 at.% 
regarding the Cu- and Nb contents in the modelling has to be considered. 

Additionally, the results from in situ XRD and DSC measurements 
indicate that nausite decomposes at 586 ◦C to liquid and NbSn2. The 
thermodynamic parameters are optimized in a way that nausite de-
composes at ~586 ◦C in order to form the two-phase equilibrium of 
liquid + NbSn2 at higher temperatures. Furthermore, to retain the phase 
equilibria at higher temperatures, different three- and four-phase equi-
libria with NbSn2 and/or Nb6Sn5 as reported in the literature [38,40,41] 
are used in the optimization procedure. The optimization is carried out 
by using the PARROT module [4] of the Thermo-Calc Software [58]. 
Phase diagrams are calculated with the Thermo-Calc Software as well. 

6. Discussion of the optimized thermodynamic description 

An extract of the thermodynamic description of the Cu–Nb–Sn sys-
tem can be found in Table 5, in which the model parameters of nausite, 
NbSn2, and Nb6Sn5 are listed. The thermodynamic parameters for all 
other phases remain unchanged with respect to the previous database 
[5]. 

Calculated isothermal sections illustrating the phase equilibria with 
the nausite phase are shown in Fig. 4. Additionally, the experimental 
data from Table 4 are superimposed. A temperature-dependent variation 
of the homogeneity range of nausite is visible comparing the isothermal 
sections of 300 ◦C, 400 ◦C, and 500 ◦C. Moreover, this can be seen in the 

Fig. 5. Calculated isoplethal section (a) and Gibbs 
energy curves of NbSn2 (solid line) and nausite 
(dashed line) phases at 500 ◦C (b) at xSn = 2/3 using 
the present database. In (a) a temperature-dependent 
homogeneity range of nausite is clearly visible. The 
EDX datapoints of the single-phase regions from Fig. 2 
are shown as black circles. In (b) the results from the 
first-principles calculations are additionally shown as 
circles by using the calculated DFT energy differences 
for the different NbSn2 and CuSn2 crystal structures as 
an offset to the NbSn2 Gibbs energy values at xCu =

0 respective xCu = 1/3.   

Fig. 6. Calculated isothermal sections of the Cu–Nb–Sn system at almost the same temperature using the present database (a) and the previous database from Li et al. 
[5]. They are compared to a published isothermal section inferred from experimental data at 675 ◦C from Neijmeijer and Kolster [38] coloured in grey. 

Table 6 
Calculated invariant reactions in the Cu–Nb–Sn system with nausite 
participating.  

Reactiona Temperature (◦C) 

liquid + NbSn2⇌nausite 588 
liquid + NbSn2⇌Cu3Sn + nausite 586 
NbSn2 + Cu3Sn⇌nausite + Nb3Sn 410 
liquid + Cu3Sn⇌η − Cu6Sn5 + nausite 410 
liquid + NbSn2⇌bct(Sn) + nausiteb 232 
liquid + nausite⇌bct(Sn) + η − Cu6Sn5

b 226 
Cu3Sn + η − Cu6Sn5⇌η′

− Cu6Sn5 + nausite 189 
η − Cu6Sn5⇌bct(Sn) + η′

− Cu6Sn5 + nausiteb 186  

a Not considering newer developments concerning the Cu–Sn system [47,48] 
as mentioned in Section 3. 

b Note that β-Sn phase is named here and in Fig. 7 “bct(Sn)” as this is the same 
denotation in the previous ternary description of the Cu–Nb–Sn system [5]. 
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isoplethal section at xSn = 2/3 more clearly, which is illustrated in 
Fig. 5a. The EDX datapoints from Fig. 2 are also shown there. Admit-
tedly, the temperature-dependent variation of the homogeneity range is 
smaller in the calculated phase diagram than implied by the EDX data. 
This was also recognized during the optimization procedure. However, a 
stronger temperature shift of the homogeneity range would require 
higher temperature dependencies of the interaction parameters. This 
would lead to incorrect phase equilibria at higher and lower tempera-
tures. Hence, the values of the interaction parameters are kept prefer-
ably on a smaller level, which delivers sufficient results. Admittedly, 
only 0Lnausite

Cu,Nb:Sn shows high values, which, however, result from high 

values of 0LNbSn2
Cu,Nb:Sn (see Table 5). Again, the latter ones are taken from 

Ref. [5] and adjusted only slightly to keep the modelled phase equilibria 
at higher temperatures. 

Besides the temperature shift, also a continued widening of the ho-
mogeneity range of the nausite phase towards lower temperatures can 
be seen in Fig. 5a. At higher temperatures on the one side, this trend 
follows the course of the liquidus line. On the other side, the homoge-
neity range shows an unusual widening towards even lower tempera-
tures. Unusual homogeneity ranges, however, were also reported for 
phases with crystal-structure selection due to electronic origin, like it is 
the case for Hume-Rothery phases [59]. In fact, it has been argued that 

Fig. 7. Partial Scheil reaction scheme of the Cu–Nb–Sn system showing the phase equilibria and heterogeneous reactions of nausite. The reaction temperatures are 
given in degrees Celsius. 
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formation of the nausite structure is indeed determined by the electron 
per atom ratio (“valence electron concentration”) [7], as it had previ-
ously been worked out for a wide series of transition metal distannides 
(MSn2) [37]. 

Exemplarily calculated Gibbs energy curves of NbSn2 and nausite at 
xSn = 2/3 and 500 ◦C are shown in Fig. 5b. The energy differences 
extracted from the first-principles calculations for the different NbSn2 
and CuSn2 crystal structures (including the I4/mcm-CuSn2 and -NbSn2 
not considered in the course of CALPHAD modelling) are evident at xCu 
= 0 and 1/3. It can be seen that at low xCu values NbSn2 is the stable 
phase while nausite becomes stable at intermediate values of xCu. 

Besides the temperature-dependent shift in the solubility range of 
nausite making up a few at.%, a change in the surrounding phase 
equilibria can be seen (Fig. 4b and c). At low temperatures, a two-phase 
region nausite + Nb3Sn (which is not formed experimentally at these 
temperatures for kinetic reasons) is predicted adjoined to the two three- 
phase regions of NbSn2 + nausite + Nb3Sn and Cu3Sn + nausite +

Nb3Sn. At 410 ◦C a U-type reaction NbSn2 + Cu3Sn ⇌ nausite + Nb3Sn 
takes place. This generates, above its invariant temperature, a two-phase 
region NbSn2 + Cu3Sn with the adjoined three-phase regions NbSn2 +

Cu3Sn + nausite and NbSn2 + Cu3Sn + Nb3Sn. This U-type reaction may 
be a reason that in the Cu-containing samples treated at 300 ◦C and 
400 ◦C only nausite forms, whereby at 500 ◦C NbSn2 appears. Thinking 
of the PVD samples, the diffusion path from Nb to Cu–Sn, therefore, 
requires the formation of NbSn2 above the U-type reaction temperature. 
At lower temperatures, nausite can be formed without simultaneous 
formation of NbSn2. This was also already observed in heat-treated In-
ternal Tin wires, where after a 400 ◦C heat treatment step nausite was 
found, but NbSn2 when heat-treated at 450 ◦C [21]. The two-phase re-
gion NbSn2 + Cu3Sn, which exists above the U-type reaction tempera-
ture, agrees with the local phase equilibrium shown in Fig. 1f. 

The isothermal sections of 584 ◦C, 587 ◦C, and 588 ◦C (Fig. 4d–f) 
consider the temperature range around the decomposition of nausite. At 
586 ◦C the U-type reaction liquid + NbSn2 ⇌ Cu3Sn + nausite takes 
place. At slightly higher temperatures, two different three-phase regions 
liquid + NbSn2 + nausite are present with the two-phase regions NbSn2 
+ nausite as well as liquid + nausite between them. At 588 ◦C nausite 
decomposes by a pseudo-binary peritectic reaction liquid + NbSn2 ⇌ 
nausite, which is very close to 586 ◦C determined by DSC. 

Above the decomposition temperature of nausite, comparable phase 
equilibria are predicted by the previous modelling from Li et al. [5] and 
the present one. The only deviation worth mentioning is encountered for 
675 ◦C, where experimental data from Neijmeijer and Kolster [38] are 
available. The reason for this disagreement is the temperature of the 
U-type reaction liquid + Nb3Sn ⇌γ + Nb6Sn5. This reaction takes place 
at 670 ◦C according to the present database, which is slightly lower 
compared to the temperature calculated by Li et al. [5] (675 ◦C) and 
estimated by Neijmeijer and Kolster [38] (680 ± 4 ◦C). Thus, the phase 
equilibria in the isothermal section at 675 ◦C calculated by Li et al. [5] 
differ significantly to the phase equilibria calculated by the present 
database. However, these deviations become negligible when the 
calculated isothermal section at 675 ◦C using the database from Li et al. 
[5] is compared with the one using the present database at 670 ◦C. The 
latter temperature is chosen just below the temperature of the 
above-mentioned U-type reaction according to the present database; see 
Fig. 6 for the comparison. Similar deviations from the experimental 
isothermal section reported by Neijmeijer and Kolster [38] can be seen 
(with the only exception being the presence of the Cu3Sn phase resulting 
from the binary system). 

At higher temperatures, no significant differences appear in the 
determined phase equilibria using the present database compared to the 
previous one from Li et al. [5]. Therefore, only the predicted invariant 
reactions in the Cu–Nb–Sn system with nausite participating are listed in 
Table 6. 

The corresponding partial Scheil reaction scheme [60] resulting from 
the present database is shown in Fig. 7, which begins with the formation 

of nausite at 588 ◦C. This updates the reaction scheme reported by Li 
et al. [5] at lower temperatures, where no experimental data were 
available. The reactions at higher temperatures remain almost un-
changed. It has to be mentioned that close sequences of invariant re-
actions, e.g., as determined near the decomposition of nausite, cannot be 
ensured to occur exactly in this way. Small changes in the thermody-
namic functions may change these sequences significantly. Thus, the 
present database only offers one possible way to realize the decompo-
sition of nausite via a set of invariant reactions. 

7. Conclusions 

This work presents the first detailed investigation of phase equilibria 
in the ternary Cu–Nb–Sn system involving the nausite phase, which is 
based on the analysis of various heat-treated ternary samples as well as 
first-principles calculations. A temperature-dependent homogeneity 
range of nausite could be observed, which shifts to lower Cu contents at 
higher temperatures. A correlation between Cu content and mean 
atomic volume was revealed by means of EDX and XRD, which was also 
confirmed by first-principles calculations on binary CuSn2 and NbSn2 
model structures. Combined in situ XRD and DSC studies revealed a 
peritectic decomposition of nausite at 586 ◦C. 

Based on these findings, a previous thermodynamic description of 
the Cu–Nb–Sn system was extended by the nausite phase. Thereby, the 
nausite was described by the same type of two-sublattice model (Cu, 
Nb)1Sn2, which was also used for the structurally related NbSn2, 
implying a fixed molar fraction xSn = 2/3. Additionally, the interaction 
parameters of the adjacent NbSn2 and Nb6Sn5 phases were only slightly 
adjusted as compared to a previous 2nd generation CALPHAD database. 

The obtained thermodynamic description of the Cu–Nb–Sn system 
covers the experimentally determined homogeneity and stability range 
of nausite in a reasonable manner. Furthermore, the calculated phase 
equilibria at higher temperatures coincide almost completely with that 
ones calculated using a previous database. Therefore, this work yields 
the first complete description of the phase equilibria in the Cu–Nb–Sn 
system in the temperature range between 200 ◦C and 700 ◦C, which is 
relevant for adjusting the heat-treatment procedures in processing 
superconducting Nb3Sn wires. 

Data availability 

All data included in this study are available upon request by contact 
with the corresponding author. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

The authors thank Dr.-Ing. Alexander Walnsch for fruitful discus-
sions regarding the thermodynamic optimization as well as M.Sc. André 
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