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Experimental Investigation and Thermodynamic
Calculation of the Phase Equilibria in the Cu-Nb-Zr
Ternary System
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The phase equilibria of the Cu-Nb-Zr ternary system at 900, 1000 and 1100 °C were experi-
mentally investigated by optical microscopy and electron probe microanalysis on the equili-
brated alloys. Combined with the obtained experimental results, the phase equilibria of Cu-Nb-
Zr ternary system were thermodynamically optimized using the CALPHAD (calculation of
phase diagrams) method. The Gibbs free energies of the phases in the present work were
described by appropriate models. A consistent set of the thermodynamic parameters leading to
reasonable agreement between the calculated data and experimental results was obtained in the

Cu-Nb-Zr ternary system.

Keywords isothermal section, miscibility gap, phase diagrams,
thermodynamic calculation

1. Introduction

Cu-Nb-based conductors exhibit extremely high strength
along good conductivity, which are considered to be used in
windings of high field pulsed magnets."! Popva et al.
reported that doping with Zr in the Cu-Nb alloys would
increase ultimate tensile strength and microhardness of the
materials."! However, there is still no comprehensive
understanding of microstructural evolution, which makes
it difficult to attain further improvement of these materials.
Specially, it is not clear about the appropriate Zr content that
influences the structure and properties. Thus, more infor-
mation concerning the phase equilibria in the Cu-Nb-Zr
ternary phase diagram is necessary. Up to now, Frolova et al.
studied the structure and superconducting properties of a
Nb-33% alloy containing Cu in 1967.5°) Kudryavisev et al.
investigated the Zr corner of Cu-Nb-Zr phase diagram in
1968.1°) However, no systematic information is reported in
the Cu-Nb-Zr ternary system in the relevant literature.
Therefore, in order to obtain accurate information concern-
ing the phase equilibria in the Cu-Nb-Zr ternary phase
diagram, the precise investigations of the phase equilibria by
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both experiment and thermodynamic assessment are neces-
sary.

The information of the binary subsystems in the Cu-Nb-
Zr ternary system is completely determined by experi-
mentst’ ") and thermodynamic assessment. The three
calculated binar%/ ?hase diagrams of the Cu-Nb,*” Nb-
7" and Cu-Zr®* are used in the present work, as shown
in Fig. 1. Only three phases, i.e. liquid, (Cu) and (Nb) are
involved in the Cu-Nb system. The Cu-Nb phase diagram is
of the peritectic type with limited solubility, whether the
matrix is Cu or Nb. In addition, the metastable L; + L,
phase is shown with dashed line in the diagram. For Nb-Zr
phase diagram, there are no intermediate phases in this
system. The bee B-Nb and B-Zr form a continuous solid
solution (BZr,Nb) at high temperature. Meanwhile, there is
a spinodal decomposition of BCC in the Nb-Zr system. The
binary Cu-Zr system was assessed by Gierlotka,?*! where
twelve phases are contained: oZr (low temperature Zr), fZr
(high temperature Zr), FCC_AI1(Cu), intermetallic com-
pOUndS CU9Zr2, CUS|ZT14, CU8ZT3, Cu2Zr, CuIOZr7, Cqu,
CusZr; CuZr, and liquid.

The objective of the present work is to experimentally
investigate the phase equilibria in the Cu-Nb-Zr ternary
systems at 900, 1000 and 1100 °C. Then based on the
experimental results, the thermodynamic calculation of the
phase equilibria in the Cu-Nb-Zr system is studied by means of
the CALPHAD method.>*! The results obtained in the
present work are expected to give a better understanding of the
microstructure in the Cu-Nb-Zr alloys for its practical appli-
cations.

2. Experimental Procedure

Copper (99.9 wt.%), niobium(99.9 wt.%) and zirconium
(99.9 wt.%) were used as starting materials. Bulk buttons
were prepared from pure elements by arc melting under an
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Fig. 1 Calculated binary phase diagrams constituting the Cu-Nb-Zr ternary system

argon atmosphere and in a water-cooled copper crucible. In
order to ensure compositional uniformity, the ingots about
15 g were arc-melted at least five times. Prior to heat
treatment, the specimens were sealed in quartz capsules in a
high purity argon atmosphere.

The specimens were annealed at 900, 1000 and 1100 °C,
respectively. The time of heat treatment varied from several
hours to several days depending on the annealing temper-
ature and the specimen composition. At the end of the heat
treatment, the specimens were taken out of the furnace and
quenched into ice water.

After annealing and standard metallographic preparation,
the micro-structural observations were carried out by optical
microscopy. Then the equilibrium compositions of the
phases were measured by EPMA (JXA-8100R, JEOL,
Japan). Pure elements were used as standards and the

measurements were carried out at 20.0 kV. EDS was used to
determine the composition of the liquid phase.

3. Experimental Results and Discussion

3.1 Microstructure and Phase Equilibria

In this work, each phase is identified by the equilibrium
composition measured by EPMA. BSE (back-scattered
electron) images of typical ternary Cu-Nb-Zr alloys are
illustrated in Fig. 2(a) to (f). Figure 2(a) shows the three-
phase microstructure (CuoZr, + (Cu) + BCC(Nb)) of the
CugoNbsZryo (Here-after, alloy compositions are indicated
in at.%) alloy annealed at 900 °C for 38 days. The three-
phase microstructure (CugZrs; + CuZr, + BCC(Nb)) was
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Fig. 2 BSE images of the typical ternary Cu-Nb-Zr alloys: (a) the CugoNbs¢Zro (at.%) alloy annealed at 900 °C for 38 days, (b) the
CusoNbspZryg (at.%) alloy annealed at 900 °C for 38 days, (¢) the CugoNbszgZrio (at.%) alloy annealed at 1000 °C for 12 h, (d) the
CussNbjoZrss (at.%) alloy annealed at 1000 °C for 8 h, (e) the CusoNbsoZryy (at.%) alloy annealed at 1100 °C for 8 h, and (f) the

Cu4Nb;oZr;¢ (at.%) alloy annealed at 1100 °C for 8 h

observed in the CusoNbz¢Zr, alloy quenched from 900 °C
for 38 days, as indicated in Fig. 2(b). Meanwhile, two three-
phase equilibria ~ of  (Cu¢Zr, + L + BCC)  and
(CuZr, + L + BCC) (L means liquid) were identified in
the CugoNbszgZryy and CussNbjgZrss alloys annealed at
1000 °C, respectively (Fig. 2¢, d). The CusoNbsoZry alloy
annealed at 1100 °C for 8 h was found to be located in the
three-phase region (Cus;Zr;4 + L + BCC), as illustrated in
Fig. 2(e). In the Cus4yNb;oZr;¢ alloy annealed at 1100 °C for
8 h, three-phase equilibrium of (Cus;Zri4 + L + BCC) was
exhibited in Fig. 2(f). In addition, the solidified microstruc-
tures of the as-cast CuygNbygZry, CuyugNbyeZrg and
CuyeNbygZrg alloys were found to appear as separated
macroscopic morphologies, which were caused by the liquid

phase separation under cooling in the arc furnace. The
typical microstructure of the as-cast CuygNbygZr, alloy is
shown in Fig. 3, where the macroscopic morphology shows
an obvious interface between the Cu-rich and Nb-rich
phases. Such microstructures are similar with the ones in the
Cu-Fe base alloys, as reported in our previous work.!2¢*")

3.2 Isothermal Section

The equilibrium compositions of the Cu-Nb-Zr ternary
system in the present study at 900, 1000 and 1100 °C
determined by EPMA are listed in the Table 1. Based on the
experimental data, three isothermal sections at 900, 1000
and 1100 °C were constructed in Fig. 4(a) to (c), respec-
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tively. Undetermined three-phase equilibria were shown in
dashed lines. No ternary compound was found in these
temperature regions.

From Fig. 4(a) to (c), it is seen that there are small
solubilities of Nb in the Cu-Zr binary compounds and (Cu)

Fig. 3 Separated microscopic as-cast

CU.48Nb4ng4 (at %) al lOy

morphology of the

phase. At 900 °C, as indicated in Fig. 4(a), the three-phase
region (CuZr, + BCC(Nb) + BCC(Zr)) was confirmed,
which was the result of the spinodal decomposition of
BCC in the Nb-Zr system. At the same time, a large three-
phase region (CugZr; + CuZr, + BCC(Nb)) was found at
900 °C, while the other three-phase regions near Cu-Zr side
were not determined because of the small range, which were
shown in dashed lines. A very large two-phase (L + BCC)
region in the Cu-Nb-Zr system existed in the interval 1000
to 1100 °C, as shown in Fig. 4(b) and (c). Liquid regions
were both observed at 1000 and 1100 °C, while no liquid
region existed at 900 °C.

4. Thermodynamic Calculations

4.1 Thermodynamic Models

In the present work, the thermodynamic models of the
phases in the Cu-Nb-Zr system are chosen based on the
experimental information of the phase equilibria and the crystal
structures. The details of the structures and the used models in
the Cu-Nb-Zr ternary system are listed in Table 2. The
calculated phase diagrams for binaries Cu-Nb, Cu-Zr and Nb-
Zr are shown in Fig. 1. They agree well with the experimental
phase equilibrium data as presented in these studies.

Table 1 Equilibrium compositions of the Cu-Nb-Zr ternary alloys determined in the present work

Phase equilibria

Composition, at.%

Phase 1 Phase 2 Phase 3
Temperature, °C Alloys, at.% Annealed time, days Phase 1/Phase 2/Phase 3 Nb Zr Nb Zr Nb Zr
900 Cu;oNbyoZrsg 38 CuZry/BCC(Zr) 0.7 67.0 243 72.8 . .
CusgNbyoZry; 38 CugZr3/Cus; Zr14/BCC(Nb) 0.1 27.2 0.1 21.8 94.9 1.3
CugoNb3oZr 38 (Cu)/CuyZr,/BCC(Nb) 0.01 0.2 0.1 18.0 94.6 0.3
CusoNbszoZryg 38 CuZr,/CugZr;/BCC(Nb) 2.1 64.9 0.1 27.5 95.9 2.0
Cup,NbszoZrgg 38 CuZr,/BCC(ND) 1.2 66.8 91.1 8.0
CuyoNb;oZrgo 38 CuZr,/BCC(Zr) 0.4 67.6 10.3 86.0
Cu;sNbsZrgg 38 CuZry/BCC(Zr) 0.1 66.4 9.2 87.2
Cuy7Nbs3oZrs; 38 BCC(Nb)/CuZr,/BCC(Zr) 71.4 26.6 0.7 66.0 429 54.1
1000 CuyoNbyoZr7g 38 CuZr,/BCC 1.5 68.5 24.8 71.3
Cu;3sNbyoZrys 8 h L/BCC 3.2 47.0 94.8 3.7
Cu;sNbyoZrss 8h CuZr,/L/BCC 5.0 62.2 42 50.4 91.1 7.3
CugoNb3zoZr 12 h CuyZr,/L/BCC 0.1 18.0 0.3 9.8 98.6 0.4
CuygNbygZry 12 h (Cu)/L/BCC 0.1 0.4 0.2 8.2 99.1 0.2
CusoNbyZry, 12 h Cus;Zr4/L/BCC 0.2 21.8 32 33.0 96.2 1.5
Cup,NbsoZrag 38 CuZr,/BCC 2.0 66.1 87.6 11.9
Cuy7NbzoZrs; 38 CuZr,/BCC 1.6 67.8 57.8 41.3
1100 CuyoNbyoZr7g 8h L/BCC 5.2 64.2 29.4 67.8
CusoNb3zoZryg 8 h CusZr4/L/BCC 0.1 22.6 0.6 28.7 96.7 1.8
CuyoNbzoZrgg 8 h L/BCC 5.2 59.3 83.8 14.9
Cu74NbyoZr6 8h CusZr14/L/BCC 0.3 20.9 0.4 14.7 96.5 0.4
Cu;3sNbyoZrys 8 h L/BCC 24 434 95.5 3.0
Cuy7NbzoZrs; 12 h L/BCC 5.4 60.5 62.9 36.0
CuygNbygZry 12 h L/BCC 0.1 5.1 97.2 0.3
CuygNbyeZrg 12h L/BCC 0.1 8.9 96.6 0.4
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Fig. 4 Experimentally determined isothermal sections of the Cu-Nb-Zr system at (a) 900 °C, (b) 1000 °C and (c) 1100 °C

4.1.1 Solution Phases. The Gibbs free energies of the
liquid, bece, fec and hep phases in Cu-Nb-Zr ternary system are
described by the sub-regular solution model,*™ as follows:

Gr([r)l = OG%)u)CCu + OG]d\)Ib)CNb + OGgerr + RT(xCu Inxcy
(Eq 1)

where G?b is the molar Gibbs free energy of pure element 7 in
the structure ¢ phase. R is the gas constant, and 7 is the
absolute temperature. x; is the fraction of component i, and
the term ®G? is the excess free ener%y, which is expressed
by the Redlich-Kister polynomials'®

+ xnp In XNy + X70 h’ler) + exG¢

ex
G = Cu NbXCuXNb + LCu 7eXCuXzr + LNb 2t NbXZr

+ LCu,Nb,erCubeer (Eq 2)

L, = °Lf L8 (5~ ) + L )P )
m

= L (xi —x)" (Eq 3)
n=0
¢ _ 0y 17¢ 27¢
Leynoze = Xcu Loy noze T80 Loy o ze T %20 Loy oz

(Eq 4)

The binary and the ternary interaction parameters ”Lf}

and "ij . take the following form:
"L =a+bT (Eq 5)

where @ and b are the coefficients to be optimized in the
present work.
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Table 2 Crystal structures and the used models of each phase in the the Cu-Nb-Zr ternary system

Phase Pearson symbol Prototype Strukturbericht Thermodynamic model Used model
Liquid .. .. (Cu,Nb,Zr) SSM
FCC(Cu) cF4 Cu Al (Cu,Nb,Zr) SSM
BCC(Nb) o2 4 A2 (Cu,Nb,Zr) SSM
BCC(BZr, BNb) o2 % A2 (Cu,Nb,Zr) SSM
CugZr, tP24 . Cuyg 318210182 SM
Cus Zriy hP65 Ags1Gdyy (Cu,Nb)o.785Zr0 215 SM
CugZrs oP44 CugHf; (Cu,Nb)g.73Zr0 27 SM
CuZZI' Amm2 AUZV CUO.667ZI'0‘333 SM
Cu 1021‘7 0C68 Zi 10Zr7 e CUO>5x)ZI‘0_41 SM
CuZr cP2 CsCl B2 Cug 5Zro 5 SM
CusZr, o . . Cug.416Z10.584 SM
CuZr, t6 MoSi, Cll, Cu.334(Nb,Zr) o666 SM
HCP(aZr) hP2 Mg A3 (Cu,Nb,Zr) SSM
BCC(BZr) c2 Y A2 (Cu,Nb,Zr) SSM
SSM: subregular solution model. SM: sublattice model
Table 3 Thermodynamic parameters of the Cu-Nb-Zr system optimized in the present work
Thermodynamic Parameters (J/mol) References
Liquid phase: (Cu, Nb, Zr)
OLed gy = +204361.19 — 89.931411T [20]
LA, = —105148.17+57.81653T [20]
oLt =10311 [21]
L, = 6709 [21]
OLéﬁZr = —140638.632+444.1606T [22]
L, = ~22066.212+84.9923T [22]
2L, = 56633.154 — 307.3817T [22]
3L, = —22368.721+119.5438T [22]
OLed o ze = —253110+70T This work
LLEY e = 85445435T This work
2L pge = —177285+40T This work
BCC phase: (Cu, Nb, Zr)
Opbec , = 49480.18 [20]
0L8e, = +15911 +3.35T [21]
LY, = 43919 — 1.091T [21]
0Lk, =356.954 — 5.5499T [22]
0Lk 70 = 58650—70T This work
VLY 7 = —178650+50T This work
2L Nz = — 1195704907 This work
FCC phase: (Cu, Nb, Zr)
OLES \p = +45699.84 — 5.22785T [20]
0L, = 8254.852 [22]
HCP phase: (Cu, Nb, Zr)
OL{P Ny = +20000 [20]
h
0L\ e = +24411 [21]
OLEP, = —52576.592+70.9696T [22]
CuoZr, phase: (Cu)og1s(Zr)o21s
0GEWEE — —9410.421 — 0.40907T + 0.818° G 4 0.182°GL7 [22]
Cus,Zry4 phase: (Cu, Nb)o 785(Zr)o.215
0GEIZNe — _10184.262 — 1.0260T + 0.785°Gs 4 0.215°GL? [22]
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Table 3 continued

Thermodynamic Parameters (J/mol) References
0GSUZns — 10000 + 0.7859GLEe + 0.2159GAT This work
0Lz — 37595 — 15T This work

CugZrs phase: (Cu, Nb)o.727(Zr)o273
0GEWZn — _11925.337 — 0.43889T + 0.727°G1 4 0.273°GL? [22]
0GSWZE — 73190 — 30T + 0.727°GE + 0.273°GLP This work
OLE:?NZEZr =0 This work

CupZr phase: (Cu)o.667(Z1)0.333 ‘
0GSRZr — _11425.463 — 1.4755T + 0.667°GC + 0.333°G? [22]

CuyoZry phase (Cu)o szs(Zr)o.a12 i
OGEMOZT — _20463.114 + 5.8825T + 0.588° G + 0.412°Gh? [22]

CuZr phase: (Cu)o5(Z1)o.s
0GEMZr — _14836.032 + 0.8587T + 0.5°G 4 0.5°GL? [22]

CusZr; phase: (Cu)o.a16(Z1)o.s54
0GEMAT = —15186.254 + 1.8103T + 0.416°GL. + 0.584°G7 [22]

CuZr, phase: (Cu)334(Nb,Zr)o 666
0GSHZ: — _17045.108 + 4.2935T + 0.334°G + 0.666°GL” [22]
0G4 — 86500 + S00T + 0.334°GEC + 0.666° GLe This work
Ong:ZI\:%.Zr = —10297.5+7.5T This work
18— 1139200 — 4007 This work

7r Present work

Present work
n Two-phase equilibria
® Three-phase equilibria

@ CuZr, + BCC(Zr) + BCC(Nb)
(@ CugZrs + CuZr + BCC(Nb) 80
() Cus)Zri4 + CugZrs + BCC(Nb)
@ CusiZrig + CugZry + BCC(Nb) CuZn,

® CugZr, + (Cu) + BCC(Nb) ~~

n Two-phase equilibria
® Three-phase equilibria

@ CuZr, + L + BCC(Nb)

@ CusiZrig+ L + BCC(Nb)

® Cus;Zrj4 + CugZry + BCC(Nb)
@ CugZr, + L+ BCC(Nb)

® (Cu) + L + BCC(Nb)

@ Cus)Zry4+ CugZry + L

Cu 20 40 60 80 Nb
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Zr Present work
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o Three-phase equilibria
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@® CugZr, +L +BCC
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Nb (at.%)
(¢) 1100 C

Fig. 5 Calculated isothermal sections of the Cu-Nb-Zr system at (a) 900 °C, (b) 1000 °C and (c) 1100 °C comparing with the experi-
mental data
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Fig. 6 Calculated isothermal sections of the Cu-Nb-Zr system at (a) 1300 °C, (b) 1600 °C, (c) 1800 °C and (d) 1900 °C

4.1.2 Stoichiometric Compounds. The compounds
CuoZr,, CurZr, Cuy¢Zr;, CuZr and CusZr; are treated as
stoichiometric phases in the Cu-Nb-Zr ternary system
because of the small composition extent, while the thermo-
dynamic models are described as (Cu),(Zr),. The Gibbs
energy of the Cu,,Zr, phases is expressed as follows:

G? = m°GE + n°Gy® + 4 + BT (Eq 6)

where °G%¢ and °GhP are the Gibbs energy of the pure
elements Cu and Zr, respectively; 4 and B are parameters to be
determined based on the experimental data in the present work.

4.1.3 Binary Phases with Ternary Solubilities. Some
phases in the Cu-Nb-Zr system are formed from the terminal
binary phases extending into the ternary system. The phase

CuZr, is extended from the binary phase CuZr, with partial
Zr substituted by Nb. The thermodynamic model of CuZr,
phase is described as (Cu)g334(Nb,Zr)g666. According to
this model, the Gibbs free energy of CuZr, phase in the Cu-
Nb-Zr ternary system is expressed as follows:

GCquz 11 GCquz CuZr,
m

_ 11
=Y2:Gcuvzr Yo Gcund

+0.666RT (321, Inylly + 1% Inyll)
(Eq 7)

I n 1l 11 \n
+ IN6Vzr Z Leunb,zr Ny — Vze)
n

The phases Cus;Zr4 and CugZrs are extended from the
binary phases Cus;Zr4 and CugZr; respectively with partial

520 Journal of Phase Equilibria and Diffusion Vol. 37 No. 5 2016



Cu substituted by Nb. The Gibbs free energy of the phase
¢ (¢ = Cus Zry4, CugZrz) with the sublattices (Cu,Nb),
(Zr). (b + ¢ = 1) is expressed as follows:

Temperature / °C

40 60 80
Nb / at.%

Fig. 7 Calculated miscibility gap of the Cu-Nb system with
different Zr additions

I ¢ I 9 I I I I
Gl = y0uGluze + Yo Gbizr T BRT (ye, Iy, + vy Ny
+ yéuy%\lb Z nLCu,Nb:Zr ()/Ic“ - y%\]b)n
n

(Eq 8)

where )! and y!! are the site fractions of a certain component
located on sublattice / and I/, respectively, and the
parameters "Gy, represents the Gibbs free energy of the
compound phase when the two sublattices are occupied by
element m or ny The Lcunpze and Loynb:ze are the sub-
lattice-type interaction energy between Nb and Zr as well as
Cu and Nb when the other sublattice is occupied by the

element Cu or Zr. °G s Lcunbze and Loy np:ze are evaluated
in the present work.

4.2 Calculated Results and Discussion

Figure 5(a) to (c) show the calculated isothermal sections
of the Cu-Nb-Zr ternary system at 900, 1000 and 1100 °C,
compared with the experimental results determined in this
work, respectively. On the whole, the calculated results
agree reasonably well with the experimental data. The
present thermodynamic parameters were carried out on the
basis of the experimental data on phase equilibria obtained
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Fig. 8 Calculated vertical sections at (a) 20 at.% Nb, (b) 30 at.% Nb and (c) Cu (at.%):Nb (at.%) = 1:1
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Fig. 9 Calculated liquid miscibility gap of the Cu-Nb-Zr tern-
ary system

in the present work. All the evaluated ternary interaction
parameters for each phase in the Cu-Nb-Zr ternary system
are listed in Table 3.

The calculated isothermal section at 900 °C is presented
in Fig. 5(a). There are five obvious three-phase regions and
two bce phases, which are consistent with the experimental
results. Meanwhile, no the liquid phase exists at 900 °C.
Figure 5(b) shows six three-phase regions at 1000 °C.
Three-phase regions are exhibited in the calculated isother-
mal section at 1100 °C, as shown in Fig. 5(c).

Figure 6(a) to (d) shows the calculated isothermal
sections of the Cu-Nb-Zr system at 1300, 1600, 1800 and
1900 °C. From Fig. 6(a) to (d), it is obviously seen that the
liquid region expands with the temperature increasing. As
indicated in Fig. 6(c) and (d), the as-cast CuygNbygZr, alloy
locates inside in the two-phase region (L; + L) at 1800 °C,
while it exists in the single liquid phase region at 1900 °C.
At the same time, the as-cast CuysNbygZrg and
CuysNbysZr alloys both exists in the two-phase region
(L; + L) at 1800 and 1900 °C. These results imply that the
increasing addition of Zr could expand the temperature
range of the liquid phase separation. To confirm the results,
the calculated liquid miscibility gap of the Cu-Nb system
with different additions of Zr is studied, as exhibited in
Fig. 7. It clearly indicates that Zr addition can significantly
increase the critical temperature of the metastable liquid
phase separation in the Cu-Nb system, which shows a good
consistency with results in Fig. 6(c) and (d) and experi-
mental data in the present work.

The vertical sections at 20 at.% Nb and 30 at.% Nb are
presented in Fig. 8(a) and (b), which are in agreement with
the experimental results. In Fig. 8(c), there is a miscibility

gap at high temperatures in the calculated vertical sections
diagrams at Cu (at.%):Nb (at.%) = 1:1 of the Cu-Nb-Zr
system, which indicates that Zr additions can significantly
stabilize the miscibility gap in the Cu-Nb-Zr system. The
vertical section at Cu (at.%):Nb (at.%) = 1:1 also shows that
the dashed lines representing the as-cast CuygNbygZry,
CuyNbygZrg and CuysNbysZryg alloys get through the two-
phase region (L; + L,). Figure 9 shows the calculated
miscibility gap of liquid phase in the Cu-Nb-Zr ternary
system. It can be seen that the tie-lines in the Cu-Nb-Zr
system lie from the Nb-rich corner to the Cu-Zr side. The
liquid miscibility gap disappears from the middle of the Cu-
Nb-Zr triangle.

5. Conclusions

(1) The phase equilibria of the Cu-Nb-Zr system at 900,
1000 and 1100 °C were experimentally determined.
No ternary compound was found. A consistent set of
thermodynamic parameters have been derived for
describing the Gibbs free energies of the solution
phases and intermetallic compounds in the Cu-Nb-Zr
ternary system, which leads to a good agreement be-
tween calculation and experimental data.

(2) The obtained results are beneficial for the designation
of Cu-Nb-Zr alloys. The experimental and calculated
results show that the solidified microstructures of the
as-cast CU43Nb4ng4, Cu46Nb46ng and Cu45Nb45Zr10
alloys appear as the separated microstructural mor-
phologies, illustrating that the additions of Zr can
stabilize the metastable liquid phase separation in the
Cu-Nb binary system.
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