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Abstract: The phase equilibria of the Cu—Nb—Si system were investigated via a combination of key equilibrated alloys,
thermodynamic modeling and first-principles calculations. Sixteen ternary alloys were prepared to determine the
isothermal sections at 600 and 700 °C, by means of X-ray diffraction (XRD) and scanning electron microscopy with
energy dispersive X-ray spectroscopy (SEM—EDS). The three- and two-phase regions were determined. The existence
of ternary compound 7; (CusNbsSis) was confirmed. The solubilities of Cu in the NbSi, and NbsSiz phases were
measured. Based on the experimental equilibria data from the literature and the present work, a thermodynamic
description of the Cu—Nb-Si system was carried out by using the calculation of phase diagrams (CALPHAD) method
supported by first-principles calculations. The substitutional model and sublattice model were employed to describe the
solution phases and intermediate phases, respectively. A set of self-consistent thermodynamic parameters of the
Cu—Nb-Si system were conclusively obtained. Most of the reliable experimental data were reproduced by the present
thermodynamic modeling.
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long time, which can be enhanced by adding

1 Introduction

Cu-based alloys exhibit the excellent
characteristics such as high electrical conductivity,
superior thermal conductivity, and good mechanical
properties [l—4], which are widely used in
electricity, microelectronics, ocean
transport and other fields. The high electrical
conductivity and high thermal conductivity are the
most important characteristics of copper. However,

acrospace,

pure Cu with low mechanical properties cannot
service in a high-temperature environment for a

alloying elements, such as Nb and Si [5]. Nb can
also improve the thermal stability of the Cu-based
alloy [6,7]. NbsSi; L and NbSi, are two promising
candidate materials for the next generation of
high-temperature parts such as the hot sections of
aircraft and spacecraft engines, due to their high
melting points, low densities and exceptional
mechanical performance at the temperatures above
1200 °C [8—10]. The development of the new
copper alloy requires information about the phase
equilibria and thermodynamic properties of the
Cu-based ternary systems.
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The accurate thermodynamic descriptions of
the Cu-based ternary systems were considerable
efforts of our group to establish a thermodynamic
database for the multicomponent Cu-based
alloys [11-16]. However, to the best of our
knowledge, there is no thermodynamic modeling
of the Cu—Nb-Si ternary system available in
the literature. There are no reports on the
thermodynamic modeling of the Cu—Nb—Si ternary
system, and the experimental phase equilibria data
are also scattered. Thus, the objectives of the
present work are: (1) to determine the phase
equilibria of the Cu—Nb-Si system at 600 and
700 °C by XRD and SEM—-EDS, (2) to perform
first-principles calculations to obtain the enthalpies
of formation at 0 K for the end-members of NbSi,
and NbsSi3 L and the ternary compounds 7, and 7,
and (3) to obtain a set of self-consistent
thermodynamic parameters for the Cu—Nb—Si
system by the CALPHAD approach [17,18]. In
summary, the present studies on the thermodynamic
assessment of the Cu—Nb—Si system are extremely
useful for providing a set of reliable thermodynamic
parameters for thermodynamic extrapolations to
related higher order systems. And the copper alloy
database established by our group can provide the
theoretical basis for material research and process
control, especially for the development of new
copper alloys.

Table 1 Phase in Cu—Nb-Si system

2 Literature review

Both the experimental data of the Cu—Nb—Si
system published in the literature [19—22] are
critically evaluated below. To facilitate reading, the
symbols used to denote the phases with their crystal
structures in the Cu—Nb—Si system are listed in
Table 1, and the investigations on phase equilibria
and crystal structures used in the optimization are
summarized in Table 2.

2.1 Cu-Si system

The Cu—Si phase diagram was very complex
with a number of intermediate phases in the Cu-rich
part at different temperatures. The Cu—Si system
has been thermodynamically described several
times [31-34]. All thermodynamic models could
reproduce the phase diagram well. New
experimental investigations with focus on the
Cu-rich part were performed by HALLSTEDT
et al [34] and SUFRYD et al [35]. Most recently,
thermodynamic evaluation of the system was
proposed by HALLSTEDT et al [34] which
considered more recent experimental data [35] and
their own calorimetric measurements data. However,
the thermodynamic parameters proposed by
HALLSTEDT et al [34] were incompatible with the
ones in our constructed Cu alloys thermodynamic

Phase Prototype Pearson symbol Space group Phase description Ref.
(Cuw) Cu cF4 Fm3m Solid solution based on fcc Cu [23]
(Nb) w cl2 Im3m Solid solution based on bcc Nb [23]

bee(CuSi) - cl2 Im3m Solid solution based on bce(CuSi) [24]
(Si) C cF8 Fd3m Solid solution based on diamond Si [23]
hcp(CuSi) Mg hP2 P63/mmc Solid solution based on hcp(CuSi) [24]
NbsSiz L CrsSi; t132 14/mcem Binary compound NbsSis at high-temperature [25]
NbsSiz H W;sSis3 t132 14/mem Binary compound NbsSi3 at low-temperature [25]
NbsSi PTi; tP32 Py/n Binary compound Nb3Si [26]
NbSi, CrSi, hP9 P6522 Binary compound NbSi, [27]
CuisSis CuisSis cl76 143d Binary compound Cu;sSis [28]
CuioSis - hR* R3m Binary compound CuoSis [29]
CuseSin f-Mn cP20 P4,32 Binary compound CuseSiii [24]
Cus3Siy - tP* - Binary compound Cus3Siy [30]
7 NbsCusSi4 126 14/m Ternary compound NbsCusSis [19]

() Nb4CoSi tP12 P4/mmc Ternary compound Nb4CuSi [22]
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Table 2 Phase diagram and thermodynamic data for
Cu—Nb-Si system available in literature

Technique? Type of data QM® Ref.

XRD Crystal structure of a [19]
ternary 7; phase

OM, XRD, Isothermal section at 800 °C o [20]

MD Confirming that 7| phase exists m  [20]

Isothermal section at 800 °C o [21]

OM, XRD, Isothermal section at 875 °C o [21]

EMPA Presenting liquidus surface o [21]
Reporting that 7; does not exist o [21]

[22]

Isothermal section at 1500 °C

o

OM, XRD Crystal structure of s [22]
ternary 7, phase

7, formed above 1500 °C o [22]

2 XRD: X-ray diffraction; OM: Optical metallography; MD:
microhardness; EMPA: Electron probe micro-analyzer;

®QM: Quoted Mode, indicating whether the data are used in the
parameter: m used; O not used; o not used but estimated to be

reliable data for checking the modeling

database. The CALPHAD description for the Cu—Si
system from YAN and CHANG [36] provided a
good description of the experimental data, and was
successfully used to establish the thermodynamic
database for Al-based alloys [37]. Thus, the thermo-
dynamic parameters from YAN and CHANG [36]
were adopted in the present work. The calculated
phase diagram of the Cu—Si system is shown in
Fig. 1(a).

2.2 Si—Nb system

The Si—Nb binary system contains four
compounds, i.e., NbSi», NbsSiz; L, NbsSi; H and
NbsSi. The Si—Nb binary system has been
thermodynamically evaluated [25,26,39—42]. In
general, the calculated phase diagrams are very
similar, except that a different thermodynamic
model was wused to describe the range of
homogeneity of compounds. Recently, the Si—Nb
system was thermodynamically assessed by GENG
et al [26] accounting for the homogeneity ranges of
compounds, and their calculated results can
reproduce experimental information satisfactorily.
The assessment performed by GENG et al [26]
was directly adopted in the present work, and the
calculated Si-Nb phase diagram is shown in

Fig. 1(b).
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Fig. 1 Calculated Cu—Si (a), Si—Nb (b), and Cu—Nb (c)
phase diagrams using thermodynamic parameters from
YAN and CHANG [36], GENG et al [26], and
HAMALAINEN et al [38], respectively

2.3 Cu—NDb system

The phase equilibria of the Cu—Nb system was
characterized by only one invariant reaction with
extremely limited solubility. Some authors [43—46]
suggested that the
monotectic type, whereas other authors [47—50]
believed this reaction to be the peritectic type.

Invariant reaction was a
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Investigators [48—50] claimed that the monotectic
invariant reaction observed by the authors [43—46]
was due to the effect of impurities. The
thermodynamic assessment of the Cu—Nb system
was only performed by HAMALAINEN et al [38].
And the reaction in phase equilibria was calculated
to the peritectic type. The thermodynamic
parameters obtained by HAMALAINEN et al [38]
were adopted in the present work. Figure 1(c)
presents the calculated phase diagram of the Cu—Nb
system using the thermodynamic description of
HAMALAINEN et al [38].

2.4 Cu—Nb-Si ternary system

By XRD analysis, GANGLBERGER [19] first
detected the new ternary phase 71 (CusNbsSis) in the
Cu—Nb—Si alloy and determined the crystal
structure (space group [4/m, lattice parameters
a=10.19 A, and ¢=3.60 A). Then, combining XRD,
optical metallography (OM) and micro hardness
measurements, SAVITSKII et al [20] determined
one three-phase region (Cu) + (Nb) + 7; in the
isothermal section at 800 °C and also determined
the crystal structure of the 7; ternary compound.
However, the stability of the ternary phase 7, was
discussed controversially in literature [19-21]. By
employing OM, XRD and electron probe micro-
analyzer (EMPA), ZANKL and MALTER [21]
constructed the isothermal sections at 800 and
875 °C. However, the 71 phase was not observed.
ZANKL and MALTER [21] claimed that the 7
phase was a metastable phase and explained the
appearance of 7; by non- equilibrium crystallization
conditions. Subsequently, PAN et al [22] measured
the partial phase equilibria at 1500 °C in the
Nb-rich region by using OM and XRD. The new
ternary phase 7 (NbsCuSi) was identified with
NbsCoSi type structure (space group P4/mmec,
lattice parameters a=3.60 A, and ¢=6.21 A) with a
limited homogeneity range of Cu. The solubility of
Cu in NbsSi; was also measured to be 12 at.% in
their work. Furthermore, REID et al [51] tentatively
calculated the phase equilibria of the Cu—Nb—Si
system at 700 °C, but they did not take into account
the ternary compounds. According to the evaluation
of experimental data of the Cu—Nb—Si system, the
experimental results of SAVITSKII et al [20] were
inconsistent with the ones from ZANKL and
MALTER [21], and the phase equilibria at 800 and
1500 °C measured in the literature [20,22] have not

been completely determined. Thus, there are still
some issues to be resolved. On the one hand, the
existence of ternary phase 7; needs to be clarified.
On the other hand, the composition ranges of the
CU19Si6, Cu158i4, CU5ssi11, NbSiz, NbsSi3 and T1
phases needs to be determined by the key
experiments. Then, the thermodynamic assessment
of the Cu—Nb-Si system could be performed by
taking into consideration of the experimental data
available in the literature and present work as well
as the enthalpies of formation values from the first-
principles calculations.

3 Experimental

The phase equilibria of the Cu—Nb—Si systems
at 600 and 700 °C, were experimentally determined.
Copper, niobium and silicon blocks with the purity
0f 99.99% (China New Metal Materials Technology
Co., Ltd.) were used as starting materials. Sixteen
ternary alloys, each with a total mass of usually
1.5 g, were prepared in a non-consumable electrode
vacuum arc-melting furnace (WK-I, Physcience
Opto-electronics Co., Ltd., Beijing, China) with
water-cooled copper crucible under an inert Ar
atmosphere. Each alloy was re-melted up to 6 times
to improve its homogeneities. During the melting
process, a piece of titanium in the center of the
crucible was used to capture traces of oxygen. The
alloys after arc melting were not subjected to
chemical analysis since the mass loss was less than
1 wt.% for all alloys. The button samples were
sealed into evacuated quartz tubes with vacuum
sealing machine (MRVS-1002, Wuhan Bailibo
Technology Co., Ltd., China), annealed at 600 °C
(40d) and 700 °C (30d) in the high temperature
diffusion furnace (KSL—1200X, Hefei Kejing
Material Technology Co., Ltd., China), and then
quenched into ice water. In order to ensure the rapid
cooling of alloy samples, the quartz capsules were
broken in the ice water.

After standard metallographic preparation, the
microstructure observation and phase identification
were carried out by SEM-EDS (acceleration
voltage 20 kV, working distance 10 mm) (JSM—
6360LV/GENESIS2000XM60, JEOL, Japan) and
XRD. The XRD (Smartlab SE, Rigaku corporation,
Japan) measurement of the quenched alloys was
performed using a Cu K, radiation at 40 kV and
300 mA. Diffraction patterns were generally
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acquired in a scan step of 0.01° over a 26 range of
20°-90°.

4 Thermodynamic model

The Gibbs energy functions of the pure
elements Cu, Nb and Si were taken from the SGTE
database compiled by DINSDALE [52]. The
thermodynamic parameters for the Cu—Nb, Cu—Si
and Si—Nb systems from HAMALAINEN et al [38],
YAN and CHANG [36] and GENG et al [26],
respectively, were adopted in the present work. The
symbols used to denote the crystallographic data of
the phases in the three binary systems are listed in
Table 1.

4.1 Solution phases

The solution phases, i.e. liquid, (Cu),
hep(CuSi), bee(CuSi) and (Nb), were described by
the substitutional solution model with the
Redlich-Kister-Muggianu polynomial [53,54]. The
molar Gibbs energy of the solution phase ¢ is
expressed as

G = x¢, °GY, +x, °G, + x5, °GE +
RT (x¢, °GY, +xx, °Gly + x5 °GE) +
xCubeL%u,Nb + XCuXSiL%u,Si +
bexSiL?iIb,Si + Xy XnpXsi (Yey OL(éu,Nb,Si +
XNb lL%u,Nb,Si X ZL%u,Nb,Si) (1)

where R represents the molar gas constant, T
represents the temperature in K; xcy, xno and xsi
represent the molar fractions of the elements Cu,
Nb and Si, respectively; OL(éu,Nb,Si’ IL"éu,besi and
2L“éu’ijsi represent the ternary interaction
parameters with linearly temperature-dependent to
be evaluated.

4.2 Binary phases extending into ternary system

According to the experimental data from the
present work, the following binary phases with
measured solubilities for the third elements were
described by sublattice models [55,56]. For Cui9Sis,
Cui;sSis and CuseSi;;, the sublattice models
(Cu,Nb)19Sis, (Cu,Nb)i5Sis and (Cu,Nb)ssSiin were
used in the present work. The bold and underline
type mean the normal atoms (i.e., major species).
Taking Cu1oSis as an example, its Gibbs energy can
be expressed as

CuySig _ ..t ©~CuySi 1 0O ~CuSi
G =y Owsi  + Vo Oculsi* +
19RT (yy In yyy, + ¥ Iy, ) +

2 2 0 yCu,Sig [ 1 7CuyoSig
YaoYeul Lancussi + (Pnb = Yew) Lanicussi +°7]

2)
where y(, and yJ, denote the site fractions of the

elements Cu and Nb in the first sublattice. The

0 yCuyoSig 1 7CuyoSig
LNb,Cu:Si ’ LNb,Cu:Si
chuwSic

and "Lt are linearly temperature-dependent,
which can be expressed as Ly i =A+ BT,
and the coefficients 4 and B will be evaluated in the

ternary interaction parameters

present work. Analogous expressions are used to
describe the Gibbs energies of CuisSis, CuseSiii,
NbSiz and NbsSi3_L.

4.3 Ternary compound

The 71 phase has the NbsCusSis-type crystal
structure with two different atomic sites: 2a and 84.
Species Nb occupies the sites 2a, and species Cu, Si
and Nb occupy the sites 84. In view of the
experimentally observed negligible homogeneity
range, the ternary phase 7; is described as
stoichiometric compound and its Gibbs energy
relative to the pure elements can be formulated by

(OPals _ O ~fee
Geunpsi =a+bT +47Ge, +
SQG;%C +4®G§1i1amond (3)

where the coefficients a and b are to be optimized
in the present work. The parameters °Grr, G
and °GZ"™™ are the Gibbs energies of fcc Al Cu,
bce A2 Nb and diamond_A4 Si, respectively.

5 First-principles calculations for enthalpy
of formation

The enthalpies of formation at 0 K for all the
end-members in the sublattice of the NbSiy,
NbsSi3 L and the ternary compound 7; as well as
phases in the Cu—Nb-Si system are computed by
means of first-principles calculations to supply
reasonable initial values for the thermodynamic
parameters for the modeling in the present work.
First-principles calculations based on the density
functional theory (DFT) [57,58] were performed
using the projector augmented wave (PAW) [59,60]
pseudo-potentials as implemented in Vienna Ab
initio simulation package (VASP) [61,62]. The
details of the first-principles calculations can be
found in our previous work [63]. The equilibrium
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enthalpy of formation, AH*(¢) (where @¢=NbSi,,
NbsSi; L, 7; and 72) can be expressed as

AH ($) = E($) - [x¢, - E<(Cu) +
0, - EI(Nb) + E “Uxf (Si)] 4)

where E(¢), E*(Cu), E9Nb) and E®4(Si) are
equilibrium energies of the compound ¢ and the
pure elements Cu, Nb and Si, the reference states
are fcc A1 for Cu, bcc_ A2 for Nb, and
diamond_A4 for Si, respectively. x? is the molar
fraction of the component in ¢ phase. The
enthalpies of formation at 0 K for 7; and 7, ternary
compounds as well as the end-members of NbSi,

and NbsSi; L are summarized in Table 3.

Table 3 Enthalpies of formation for NbSi,, NbsSis3, 7 and
7, phases in Cu—Nb—Si system obtained from first-
principles calculations and CALPHAD method

AHy/(J-mol ™)
Phase Fnd- First-principles =~ CALPHAD,
member
calculations, 0 K 298.15 K
NbCu, 22342 32477
CuNb> 19518 25080
NbSi, CuSi, —86171 -
SiCu, 422366 -
SiNb, —31998 -
NbsCus 26325 107801
CusNbs 45228 49228
NbsSi3; L CusSiz 22838 -
SisCu s 50008 -
SisNbs —8558 -
7 - —48592 —54909
(5 - —23468 -

6 Results and discussion

6.1 Experimental results and discussion

Sixteen alloys were prepared to determine the
phase equilibria of the Cu—Nb—Si system at 600
and 700 °C, respectively. The phases were
identified by XRD, and the composition and
microstructure were measured by SEM—-EDS.
Selected microstructures and XRD diffraction
patterns of the annealed samples are shown in
Figs. 2—5. All the phases in alloys can be easily
distinguished based on the contrast of
microstructure and chemical composition. The

detailed experimental results are summarized in
Table 4.

In order to investigate the phase equilibria of
the Cu—Nb—Si system at 600 °C, eight alloys of
A1-A8 were prepared. Figures 2 and 3 present the
BSE images and XRD patterns of the alloys
annealed at 600 °C for 40 d, respectively. Figure 2(a)
illustrates that Alloy Al (CuzoNbisSiss) consists of
CuioSie, (Si) and NbSi». Figures 2(b) and 3 indicate
that Alloy A2 (Cuz0Nb4oSi4) consists of 71, NbsSis
and NbSi,. As presented in Fig. 2(c), 71 + NbSi, +
CuisSi4 exists in Alloy A3. According to Fig. 2(d),
Alloy A5 is located in 71, CuseSi;; and CuysSis
three-phase region, which corresponds well with the
XRD results presented in Fig. 3. As illustrated in
Fig. 2(e), a three-phase equilibrium of (Cu), 71 and
NbsSis is detected in the Alloy A7 (CusoNbssSiss).
The crystal structures of three phases are identified
by XRD, as shown in Fig. 3. Similarly, the Alloy A8
(Cux0NbesSiis) consists of three phases (Cu), (Nb)
and NbsSis L, as shown in Fig. 2(f), which is
supposed by the XRD result in Fig.3. The
solubility of Cu in NbSi, was measured to be about
3.47 at.% Cu, and that in NbsSi; was found to be
about 8.35 at.% Cu. The determined composition
range of the 7; phase is 31.93—-35.94 at.% Nb,
30.16-33.08 at.% Si, and 30.98-37.91 at.% Cu.
Ternary compound 7 was not found in this
isothermal section at 600 °C.

Alloys A9—A16 were prepared for determining
the isothermal section of the Cu—Nb—Si system at
700 °C. Figures 4(a) and 5 show the backscattered
electron (BSE) images and XRD patterns for the
Alloy A9 (CuxNbisSiss). According to the SEM—
EDS and XRD results, it can be concluded that
Alloy A9 is located in the three-phase region, i.e.
CuioSis + (Si) + NbSi,. Figures 4(b) and 5 are the
BSE micrograph and XRD patterns for the Alloy
A10 (CuxNba4oSis), respectively. According to the
SEM—-EDS and XRD results, it can be concluded
that Alloy A10 is located in the three-phase region
of 71, NbsSi; L and NbSi». Likewise, three phases,
i.e. 71, NbSi; and CuisSis, coexist in Alloy All
(Cu4oNb2sSiss), as shown in Figs. 4(c). Figure 4(d)
shows the BSE micrograph for the Alloy Al3
(Cu7sNbesSiig). The SEM—EDS and XRD analyses
indicate that the Alloy A13 is located in a three-
phase region, i.e. 71, CuseSi;i and CuisSis. The
Alloy A14 (Cu73NbsgSii4) shows phase region of 7; +
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(d) Alloy A5; (¢) Alloy A7; () Alloy A8
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b &
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Fig. 3 XRD patterns of Alloys A2, AS and A7 and A8 in
Cu—Nb—Si system annealed at 600 °C for 40 d

hep(CuSi) + CuseSin (see Fig. 4(e)). The BSE
micrograph and XRD patterns of the Alloy Al6
(Cu4oNDbssSips) is shown in Figs. 4(f) and 5,
respectively. The SEM—EDS and XRD analysis
indicate that the Alloy Al6 is located in a
three-phase region, i.e. (Cu), (Nb) and NbsSi; L.
The determined maximum solubilities of Cu in the
NbSi, and NbsSiz_L phases at 700 °C are about 4.02
at.% and 8.66 at.%, respectively. The measured
composition of the 7; phase is 32.0—35.8 at.% Nb,
27.0—-33.2 at.% Si and 30.9-39.96 at.% Cu. Ternary
compound 7, was also not found in the isothermal
section at 700 °C.

Based on the analyses of the above experimental
results in the present work and the accepted binary
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Fig. 4 BSE micrographs of Cu—Nb—Si alloys annealed at 700 °C for 30 d: (a) Alloy A9; (b) Alloy A10; (c) Alloy All;

(d) Alloy A13; (e) Alloy A14; (f) Alloy A16
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I «Nb,Si; *Cu *Cu,Sic
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_Ivm T d yauvs A
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T ) Cu (703039
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NbS:i. -
il Cu,Si, (65-355
TS, (65-355

L 1l f | L 7 (65-355
20 30 40 50 60 70 80 90
200(°)
Fig. 5 XRD patterns of Alloys A9, A10, A1l and A16 in
Cu—Nb—Si system annealed at 700 °C for 30 d

phase diagrams, the isothermal sections of the Cu—
Nb—Si system at 600 and 700 °C were constructed,
as shown in Figs. 6(a) and (b), respectively. It can
be seen that the phase equilibria of the Cu—Nb—Si
system at 600 and 700 °C are similar. For the
isothermal section at 600 °C, seven three-phase
regions, (Si) + Cu9Sis+ NbSiz, NbSi» + NbsSiz L +
71, NbSiz + Cu5Sis + 71, CuysSia + Cu9Sis+ NbSiy,
Cu5Sig+CussSip + 11, (Cu) + NbsSi3_L + 1, and
(Cu) + NbsSi;_L + (Nb), and a two-phase regions
71 + hcep(CuSi), were measured. Two three-phase
regions hep(CuSi) + CuseSii + 71 and hep(CuSi) +
(Cu) + 71 were extrapolated based on the Gibbs
phase rule and the phase regions of Alloys A5—A7.
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Table 4 Phases and compositions determined by XRD and SEM—EDS of Cu—Nb—Si alloys annealed at 600 and 700 °C

Alloy No. Nominal Annealed Annealed Phase Phase composition/at.%
composition/at.% temperature/°C time/d identified Cu Nb Si
CuzoNbi5Sies 600 40 (Si) 0.03 2.99 96.98
Al CuzoNbi5Sies 600 40 NbSi, 0.96 35.98 63.06
CuzoNb;5Sies 600 40 Cu9Sis 75.36 0.54 24.1
Cuz0Nb4oSiso 600 40 NbSi, 1.07 37.36 61.57
A2 Cuz0Nb4oSiso 600 40 NbsSiz L 2 60.88 37.12
CuzoNb4oSisg 600 40 7y 30.98 35.94 33.08
Cu4oNb2sSiss 600 40 NbSi, 3.46 36.2 60.34
A3 Cu4oNb2sSiss 600 40 7y 33.96 34 32.04
Cu4oNb2sSiss 600 40 Cui5Sig 78.56 0.4 21.04
Cu72NbsSizs 600 40 NbSi, 3.47 35.45 61.08
A4 Cu72NbsSizs 600 40 Cuy9Sis 75.1 0.56 24.34
Cu72Nb;3Sizs 600 40 Cu;sSiy 78.55 0.25 21.2
CuzsNbsSipo 600 40 71 37.91 31.93 30.16
AS Cu7NbsSijg 600 40 CuisSis 78.49 0.47 21.04
Cu7sNb3Sijg 600 40 CuseSii 83.2 0.17 16.63
A6 CugsNbsSi3 600 40 7y 37.07 32.98 29.95
CugsNbsSij3 600 40 hep(CuSi) 87.86 0.11 12.03
Cu4oNb3sSias 600 40 7y 35.71 34.25 30.04
A7 Cu4oNb3sSizs 600 40 (Cu) 94.13 3.01 2.86
Cu4oNbssSias 600 40 NbsSi; L 5.84 61.12 33.04
CuzoNbessSiis 600 40 (Cu) 96.07 3.07 0.86
A8 CuzoNbssSiis 600 40 (Nb) 3.09 95.88 1.03
CuzoNbssSiis 600 40 NbsSi3 L 8.35 62.25 29.4
CuzoNbi5Sies 700 30 (Si) 1.8 2.25 95.95
A9 CuzoNbi5Sies 700 30 NbSiz 2.04 35.11 62.85
CuzoNb5Sies 700 30 Cuy9Sis 74.52 0.66 24.82
Cuz0Nb4oSiao 700 30 NbSi, 2.03 37.17 60.8
Al0 Cuz0Nb4oSiao 700 30 NbsSiz L 2.08 61 36.92
CuzoNb4oSiag 700 30 7y 30.93 35.83 33.24
Cu4oNb2sSiss 700 30 NbSi, 3.47 35.85 60.68
All Cu4oNb2sSiss 700 30 7 33.04 34.65 32.31
CusoNbasSiss 700 30 Cu;sSiy 78.14 0.83 21.03
Cus2Nbo3Sias 700 30 NbSiz 4.02 34.92 61.06
Al2 Cus2NbosSias 700 30 CuioSis 74.71 0.85 24.44
CusNbosSios 700 30 Cu;sSiy 78.18 0.28 21.54
Cu77Nby3Siz0 700 30 71 37.99 31.92 30.09
Al3 Cu77Nbg3Sizo 700 30 Cui5Sig 78.39 0.98 20.63
Cll77NbozSi2() 700 30 Cu568i11 82.41 0.55 17.04
Cu7NbsSis 700 30 7y 40.01 31.96 28.03
Al4 Cu7NbsSis 700 30 hep(CuSi) 86.65 0.36 12.99
Cu7NbsSis 700 30 CuseSin 82.79 0.74 16.47
CuyoNbssSias 700 30 7 34.66 36.22 29.12
AlS Cu4oNb3sSis 700 30 (Cu) 90.83 4.74 4.43
CuyoNb3sSizs 700 30 NbsSis_L 5.08 61.13 33.79
CuzoNbssSiis 700 30 (Cu) 94.84 4.02 1.14
Al6 CuzoNbssSiis 700 30 (Nb) 3.98 92.72 33

CuzoNbssSiis 700 30 NbsSiz L 8.66 62.07 29.27
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Fig. 6 Constructed isothermal sections of Cu—Nb—Si system at 600 °C (a) and 700 °C (b)

For the isothermal section at 700 °C, eight three-
phase regions, (Si) + CuoSi¢ + NbSiz, NbSi, +
NbsSiz L + 71, NbSi» + CuisSis + 71, CuisSis +
Cuy9Si¢ + NbSiy, CuysSis+ CuseSii + 71, hcp(CuSi)
+ CuseSin + 71, (Cu) + NbsSi; L + 71, and (Cu) +
NbsSi; L + (Nb), were determined. According to
the Gibbs phase rule and the phase regions of
Alloys Al4 and Al5, a three-phase region
hep(CuSi) + (Cu) + 7; was extrapolated.

EDS analyses indicated that the solubilities of
Cu in the (Nb) phase are about 3.09 and 3.98 at.%
at 600 and 700 °C, respectively. Besides, the
measured maximum solubilities of Cu in the NbSi,
phase are about 4.02 and 3.47 at.% at 600 and
700 °C, respectively, and those of the measured
maximum solubilities of Cu in the NbsSi3 L phase
are about 8.35 and 8.66 at.% at 600 and 700 °C,
respectively. According to the EDS results listed in
Table 4, the homogeneity range of 7 phase is
32.0-35.8 at.% Nb, 27.0-33.2 at.% Si and 30.9—
39.96 at.% Cu. The solubilities of Nb in the Cu;9Sis,
CuisSis, CuseSii, and hep(CuSi) phase are
measured to be less than 1 at.%.

6.2 Thermodynamic calculation results and

discussion

Based on the experimental data available in the
present work and literature, the Cu—Nb—Si system
was evaluated by the optimization module
PARROT [64] of the program Thermo-Calc
software, which works by minimizing the square
sum of the differences between measured and
calculated values. In the first step, the enthalpies of
formation at 0 K for the end-members of the NbSi,,

NbsSis, as well as 71 phases calculated by first-
principles were used as the reasonable initial values.
Then, the data of three-phase region of the
isothermal sections at 600 and 700 °C were
considered one by one in the optimization process.
Finally, all parameters were optimized simultaneously
to achieve a self-consistent thermodynamic
description. The obtained thermodynamic parameters
of the Cu—Nb—Si system are listed in Table 5.

The enthalpies of formation for the end-
members of the NbSi», NbsSi; L and the ternary
compound 7; as well as 7> phases computed by the
first-principles calculations compared with the
CALPHAD approach are summarized in Table 3.
As shown in Table 3, most of the enthalpies of
formation for the end-members by using the first-
principles calculations and CALPHAD approach
are in reasonable agreement except for the end-
members NbsCus. In order to reproduce the three-
phase regions (Cu) + NbsSiz_ L + (Nb) and (Cu) +
NbsSiz L + 71, as well as the solubility of NbsSiz L,
the enthalpy of formation for the end-members
NbsCus should be more positive than those
calculated by the first-principles calculations.

Figures 7(a) and (b) show the calculated
isothermal sections at 600 and 700 °C of the Cu—
Nb—Si system in comparison with the experimental
data from the present work, respectively. It is found
that the isothermal sections at 600 and 700 °C
contain nine three-phase regions, i.e., (Si) + Cu;oSie
+ NbSi,, NbSi>+ NbsSi; L + 71, NbSi, + CuisSis +
71, CuysSis + Cu9Sig+ NbSip, CuysSist+CuseSin + 71,
hcp(CuSi) + CuseSin + 11, (Cu) + NbsSi3_L + 1,
hcp(CuSi) + (Cu) + 71, and (Cu) + NbsSiz_L + (NDb).



834

Jia-qiang ZHOU, et al/Trans. Nonferrous Met. Soc. China 33(2023) 824—838

Table 5 Obtained thermodynamic parameters of Cu—Nb—Si system in present work

Phase Model Thermodynamic parameter?
~ , OGs™ =90000+(15/19) O Gis™ +(4/19) G "™,
CUISSM (Cu,Nb)15/19(81)4/19 o
GGCS,IIEIbe‘Si =-18897
i - OGRS = 5000 +(19/25) OGS +(6/25) OGS,
Cui9Sis (Cu,Nb)19/25(Sl)6/25 s
®Gc3,]131b]:6si =—18758
- . GG = 117620 +(56/67)°GESH +(11/67) 0SS,
CuseSii (Cu,Nb)se/67(Si)11/67 L
®GC1iSI\61b§lSIi =—8843
OGNS L 107801 +0.625°GNSH-L 1 0.3750GNSH-L
NbSSi37L (Cu,NbaSi)OAGZS(Cu,Nb,Si) 0.375 GGES:SCS:;S—L =49228 +0.625 @Gg$55i3_L +0.375 @Gglljssi}_L ,
OGNSk = ~385487.03-5.78T
OGorez =5000+ OGS,
Gt = 5000+ °GYS",
NbSi, (Cu,Nb,S1)0.333333(Cu,Nb,Si)0.66667 ®G§§SC1121 =32477 + (1/3) ®G§§Siz i (2/3) @Gé\ﬂgsiz ’
OGSt = 25080+ (1/3) °GAS™ +(2/3) OGRS,
QGEE:SCiLZl,Si =-74536
T1 (Cu)5/14(Nb)5/14(Si)5/14 ®Gélu:Nb:Si — —54909—4615T+(4/13) ®G(leu +(5/13) ®G§b +(4/13) @Gé_i

2 Temperature (7) in K, and Gibbs energy in J/mol

The Gibbs energies for the pure elements were derived from the compilation of DINSDALE [52]. The thermodynamic parameters for the
Cu—Nb, Cu-Si and Nb—Si systems from HAMALAINEN et al [38], YAN and CHANG [36], and GENG et al [26], respectively, were

adopted in the present work

Experimental data:
+ Cuy,SigH(Si+NbSI,

Experimental data:
+ Cu,,SigH(Si)+NbSi,

1 - 4 NbSi,+NbsSiy+7, 1 4 NbSi, +Nb,Si;+t
(a) 1 OSI/(S‘) 6 CuySicHNbSI+Cu, i, (b) 1 OS,I/(S” 0 CuySi+NbSI+Cu, i,
) . © 7NbSi,+Cu, ;S ) . o o +NbSi,+Cu S,
%\ o 1,+CusSi; +Cuy5Siy (0\ 0 7;+CusSi; +Cuy5Siy
% o (Cuy+NbsSiytz, % o (CuyNbSigtr,
S 0.8 ¥ (Cu)+Nb,Si;+(Nb) S 0.8 v (Cu)+NbsSiy+(Nb)
§ ¢ hep(CuSi)+r, § @ hep(CuSi)tr,
5 ] i — NS v 7,+CuseSi; Hhep)
‘_UET 0 NbSi Calculated data: S 0 NbSi, b
: Tie triangle & : Calculated data:
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Cu Mole fraction of Nb Nb

Cu Mole fraction of Nb Nb

Fig. 7 Calculated isothermal sections of Cu—Nb—Si system at 600 °C (a) and 700 °C (b) along with experimental data

from present work

As can be seen from these calculated isothermal
sections, most of the calculated data show a
reasonable agreement with the measured ones
except some data points in the Nb- and Cu-rich
corners. The calculated solubilities of Cu and Si in

the (Nb) phase, and Nb and Si in the (Cu) phase are
noticeably smaller than the measured one. In the
calculated Cu—Nb and Si—Nb phase diagrams (see
Fig. 1), the solubilities of Cu and Si in the (Nb)
phase are small below 600 °C. It makes the
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calculated solubility of the (Nb) phase lower than
the experimental one. Likewise, the same reason
can be elucidated for the discrepancy of solubilities
in the Cu-rich corner. The calculated solubilities of
Cu in the NbsSi3 L phase are about 8.51 and
8.57 at.%, at 600 and 700 °C, respectively, showing
a reasonable agreement with the measured values of
8.35 and 8.66 at.%. The calculated solubilities of
Cu in the NbSi, phase are about 3.66 and 3.97 at.%
at 600 and 700 °C, respectively, which are
consistent with the experimental results of 3.47 and
4.02 at.%. The calculated solubilities of Nb in
Cui16Sig, CuisSis, CuseSiii, and hep(CuSi) are all less
than 1 at.%, which are consistent with experimental
data. In Fig. 8, calculated isothermal section at
800 °C of the Cu—Nb—Si system is compared
with the observed ones by SAVITSKII et al [20]
and ZANKL and MALTER [21]. It can be seen
in Fig. 8(a) that nine three-phase regions, i.e.,
(Sl) + CuySi¢ + NbSiz, NbSi; + NbsSi3_L +T, 0+
CuoSis + NbSi;, CussSi; + CupeSis + NbSio,
Cus3Siz + bee(CuSi) + 71, hep(CuSi) + bee(CuSi) +
71, (Cu) + NbsSi3_L + 71, hep(CuSi) + (Cu) + 71, and
(Cu) + NbsSis_L + (Nb) were calculated. However,
the present calculated phase relations are not
consistent with the experimental data [20,21]. These
discrepancies can be interpreted by the following
two reasons. On the one hand, according to the
present experimental results, as the temperature
increases, the NbsSi3 L phase extends more into the
three-phase region, and the three-phase region
(Cu) + NbsSis_L + (Nb) will be more stable, which
may not be replaced by the three-phase region
(Cu) + 71 + (Nb). The samples may not diffuse
completely even after 200 h of annealing at 800 °C.

Cu33S1

bee(CuSi)—7

hep(CuSi)— 7

(Cu) | | L 1 \
0 02 04 06 08 1.0
Cu Mole fraction of Nb Nb

Thus, the reported three-phase region (Cu) + 71 +
(Nb) seemed to be questionable [20]. On the other
hand, ZANKL and MALTER [21] did not detect the
hcp(CuSi), bee(CuSi), CussSiz and 71 phases in their
experiments. The experimental results [21] are
inconsistent with the accepted Cu—Si binary phase
diagram in Fig. 1(b). We surmise that the samples
were annealed at 800 °C for only 20 h without
reaching phase equilibrium condition [21]. Based
on the above discussions, the data from SAVITSKII
et al [20] and ZANKL and MALTER [21] were not
used during the thermodynamic optimization.

7 Conclusions

(1) The phase equilibria of the Cu—Nb—Si
system at 600 and 700 °C were investigated
by XRD and SEM-EDS. According to the
experimental results, two isothermal sections were
constructed. Ternary compound 71 (CusNbsSis) was
confirmed to exist in the Cu—Nb—Si ternary system
at 600 and 700 °C.

(2) The first-principles calculations were
performed to compute the enthalpies of formation at
0 K for the end-members of the NbSi, NbsSi; L
and the ternary compound 7; as well as 7> phases to
provide reasonable initial values.

(3) The measured maximum solubilities of Cu
in NbsSi; L and NbSi, at 700 °C are about 8.66
and 4.02 at.%, respectively. At 600 °C, the
maximum solubilities of Cu in NbsSi3_L and NbSi,
are about 8.35 and 3.47at%, respectively.
The homogeneity range of 7; phase is 32.0—
35.8 at.% Nb, 27.0-33.2 at.% Si and 30.9-39.96 at.%
Cu. The measured solubilities of Nb in Cu;9Sis,

(b)

o—o Tie triangle [21]
== Tie triangle [20]

Cu56Si|]0/2'
(Cu) / — (Nb)
0 02 04 06 08 1.0
Cu Mole fraction of Nb Nb

Fig. 8 Calculated (a) and observed (b) isothermal sections of Cu—Nb—Si system at 800 °C
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CuisSis, CuseSii, and hep(CuSi) are all less than
1 at.%.

(4) The thermodynamic assessment of the
Cu—Nb—Si system was carried out by using the
CALPHAD method based on the experimental data
available in the present work and literature. A set of
self-consistent thermodynamic parameters of the
Cu—Nb—Si systems was obtained. The present
thermodynamic parameters can reproduce most of
the reliable experimental data.
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Cu—Nb-Si & R H &Y SLIS T FOR 4R

FlER 2, AR, BRE S, A B2 I R
1. ZHEE TR MRERSFE TR, MR 232001;
2. FEFRE MRAESEFRESLKE, KD 410083;
3. TR YUK RS SR8 (B [ PR B A B T Pty VERS 232001

W OE: BRI SR — M R SR S A T AR Cu-Nb-Si R RIVAHFHET X R #l4 16
F=JuE4%, KM X FERTHIUXRD) MR BT BB & X L GEIE{((SEM-EDS), Ml 5E = AHFIFAH X JiE
B, IES=I0 A 1(CuNbsSia)IFEAE, [FIRFIIGE Cu 7E NbSiz Fl NbsSis #HH IEAREE, H&HiE Cu—Nb—Si
1 R TE 600 F1 700 CHSFIRA . 2T SCHRAA TAEM SERR 504, 4565 — PR B CALPHAD J5i%, FIH
AR R AN 5 FAR T 20 S R VA AR AT A R AL &4, % Cu—Nb-Si & BTN 35, RAER—EHET
M SH MRS ST A AR, BTIRAR A1 2 S B ne T DL AT SE Y SR 40
KR Cu-Nb-SifhFR; Iy, F—MFEE T, CALPHAD 75
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