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The isothermal sections of the Co-Nb-Ta ternary system at 900°C, 1000°C, 1100°C, 1200°C, 1300°C
have been experimentally determined by electron probe microanalysis (EPMA) and X-ray diffraction
(XRD) techniques on the equilibrated alloys. On the basis of the experimental data investigated in the
present work, the phase equilibria in the Co-Nb-Ta system has been thermodynamically assessed by

using CALPHAD (CALculation of PHAse Diagrams) method, and a consistent set of the thermodynamic
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obtained.

parameters leading to reasonable agreement between the calculated results and experimental data was
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1. Introduction

The Co-based alloys are important industrial materials in
applications of wear-resistant coatings, magnetic materials and
high-temperature alloys [1,2]. Recently, great attention has been
paid to the newly discovered v’ phase (L1, structure) strengthen-
ing Co-Al-W high-temperature alloy [3], which shows the same
strengthening mechanism as the commonly used Ni-based heat
resistant alloy strengthened by the ' phase (Ni3Al, L1, structure).
Thus, the Co-Al-W high-temperature alloys show potential appli-
cation in the field of aircraft turbines and combustor sections due
to their superior stress-rupture parameters, excellent hot corro-
sion, good oxidation resistance and thermal fatigue resistance etc.
[4,5]. In order to further improve the stability of the ' phase in
the Co-Al-W alloys, the " phase stabilizing elements, such as Nb,
Ta, Mo, Ti and V, were usually added [6]. Therefore, for the pur-
pose of improving the properties of the high-temperature alloys
and understanding the relationship between microstructure and
properties, accurate knowledge of the phase equilibria in the multi-
component Co-Al-W-Mo-Nb-Ta-Ti-V system is of great essence.

Recently, the present authors have focused on develop-
ing a thermodynamic database of the phase diagrams in the
Co-Al-W-Mo-Nb-Ta-Ti-V system [3,7-14], and the Co-Nb-Ta
system is one of the important subsystems. Thus, the informa-
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tion on phase equilibria in the Co-Nb-Ta system is required.
However, only an isothermal section at 1100°C in the Co-Nb-Ta
system experimentally investigated and thermodynamically pre-
dicted by Ishchenko [15] was reported. Therefore, it is important
and necessary to comprehensively determine the phase equilib-
ria in the Co-Nb-Ta ternary system. Obtaining such information
exclusively from experiments is burdensome and expensive. The
CALPHAD (CALculation of PHAse Diagrams) technique, which has
been recognized to be an important tool to significantly reduce
time and cost during the development of materials, can effec-
tively provide a clear guidance for the materials design [16-18].
As a part of the thermodynamic database of phase diagrams in
multi-component Co-Al-W-Mo-Nb-Ta-Ti-V system, the thermo-
dynamic description for the Co-Nb-Ta ternary system supported
by key experiments is of great essence.

The objective of the present work is to experimentally investi-
gate the phase equilibria in the Co-Nb-Ta ternary system, and to
carry out the thermodynamic assessment of the Co-Nb-Ta ternary
system on the basis of the experimental data and the assessed sub-
binary systems.

2. Experimental procedure

Bulk Co-Nb-Ta alloy buttons were prepared from high-purity Co (99.9 wt.%),
Nb (99.9wt.%), and Ta (99.9 wt.%) by arc melting under an argon atmosphere using
a non-consumable tungsten electrode. The ingots were melted at least six times in
order to achieve their homogeneity. The sample weight was around 15¢g and the
weight loss during melting was generally less than 0.20% of the sample weight.
Afterwards, the ingots were cut into small pieces for heat treatments and further
observations.
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Table 1
The structures and the used models of phases in the Co-Nb-Ta ternary system.

Phase Pearson’s symbol Prototype Structure type Thermodynamic model Used model

bce c2 w A2 (Co, Nb, Ta) SSM

CoM, tl12 Al,Cu C16 (Co)1(NDb, Ta), SM

I (Co7Ms) hR13 Fe;Ws D85 (Co,Nb,Ta);(Co,Nb,Ta),(Co)s(Nb,Ta)s SM

CO]GMQ hp 12 Manz C14 (CO)]s(Nb, Ta)g SM

A\ (CoyM) cF24 Cu,Mg C15 (Co, Nb, Ta),(Co, Nb, Ta); SM

CosM hP24 MgNi; C36 (Co)3(Nb, Ta), SM

Coz M, - - - (CO)7(Nb, Ta)z SM

Liquid - - - (Co, Nb, Ta) SSM

aCo cF4 Cu Al (Co, Nb, Ta) SSM

eCo hP2 Mg A3 (Co, Nb, Ta) SSM

Note: SSM: subregular solution model; SM: sublattice model.

Plate-shaped specimens were wrapped in Mo foil in order to prevent direct
contact with the quartz ampoule, and put in quartz capsule evacuated and backfilled
with argon gas. The specimens were annealed at 1300°C, 1200°C, 1100°C, 1000°C
and 900°C, respectively. The time of the heat treatment varied from several hours
and several weeks depending on the annealing temperature and the composition
of the specimen. After the heat treatment, the specimens were quenched into ice
water.

After standard metallographic preparation, the microstructural observations
were carried out by optical microscopy (OM). The equilibrium compositions of the
equilibrated alloys were examined by electron probe microanalysis (EPMA) (JXA-
8100R, JEOL, Japan). Pure elements were used as standards and the measurements
were carried out at 20.0kV. The X-ray diffraction (XRD) was used to identify the
crystal structure of the constituent phases. The XRD measurement was carried out
on a Phillips Panalytical X-pert diffractometer using CuKa radiation at 40kV and
30 mA. The data were collected in the ranges of 26 from 30° to 90°at a step width of
0.0167°.

3. Thermodynamic models

The thermodynamic assessment of the Co—-Nb-Ta ternary sys-
tem was carried out by the CALPHAD method, and the structures
and the used models of all phases in the Co-Nb-Ta ternary system
are listed in Table 1.

3.1. Solution phases

The Gibbs free energies of the liquid, fcc, bcc, and hcp phases
in the Co-Nb-Ta system are described by the subregular solution
model. According to this model, the Gibbs free energy of ¢ phase in
the Co-Nb-Ta system is expressed by:

Gh=>_ X0G? +RT > xn xP 4GP 1 MEGlip, (1)
i=Co,Nb,Ta i=Co,Nb,Ta

where G? is the molar Gibbs free energy of pure element i in the

structure ¢ phase, and the term €XG? is the excess free energy,
which is expressed by the Redlich-Kister polynomials [19] as:

xXGP = XCOXNbL?O'Nb + XCOXTaL?O‘Ta + XNbXTaLﬁb‘Ta

+XC0XNbXTaL?O_Nb‘Taa (2)
n
Ll = Zmij(xi —x)", 3)
m=0
[ _ 07¢ 116 219
Leonba = Xco Leo b a +XNb Lo Npa +XTa” Lo N 1as (4)

where Lf; is the interaction parameter in the i — j binary system, and

the ternary interaction coefficient L?O NbTa 1S @ssumed to be zero in
the present work.
In the Co-Nb-Ta ternary system, there is a ferromagnetic order-

ingcontribution to Gibbs free energy for the fcc, bcc and hcp phases

due to the presence of cobalt. The term ™8G is expressed as follows
[17]:
T
mgGP = RT In(B? + 1)f(r?) %= 5 (5)
Te
where ¢ is the quantity related to the total magnetic entropy,
which in most cases is set to Bohr magnetic moment per mole of
atoms; f{t?) is the polynomial function of 7, and Tf’ is the critical
temperature for magnetic ordering, TC¢ and B¢ are described by the
following expressions:

n
Tép = inTid’ +XiijmTi(§(xi —Xj )m’ (6)
i m=0

(i,j=Co,NborTa and i#j), (7)

where Tid’ is the Curie temperature of pure component, and ’”Tf; is
the interaction term between the elements i and j (i,j = Co, Nb or Ta
and i # j). ,3?’ is the Bohr magnetic moment for pure component,

"‘,ij is the interaction term between the elements i and j (i,j = Co,
NborTaandi # j), and f(z%) represents the polynomials obtained
by Hillert and Jarl [20] as follows:

='7p|T1a0p 297 \p 6 T 135 T 600
for t=1, (8)
1 .L.—S T—15 T—25
J@=-p <1o+315+1soo> for £>1, )

where D=(518/1125)+(11,692+15,975)((1/p) — 1) and p depends
on their structure, 0.4 for the bcc structure and 0.28 for others.

3.2. The intermetallic compound CoqM}

In the literature [15,21], the intermetallic compounds Co,M,
(Co7M,, Co3zM, CoigMg and CoM, (M =Nb or Ta) were treated as
line compound in Co-Ta and Co-Nb binary system. Considering
the ternary solubility in the above-mentioned Co,M}; compounds,
the CoyM,, CosM, CoigMg and CoM, phases (M=Nb, Ta) in the
Co-Nb-Ta ternary system, is described by the sublattice model
as (Co)7(Nb,Ta),, (Co)3(Nb,Ta);, (Co)16(Nb,Ta)g and (Co);(Nb,Ta),,
respectively. The molar Gibbs free energy for the (Co)q(Nb,Ta),
compound is expressed as follows:

Gh =y Geob + Y Georma + BRT(/N, In yll 4+ ylL In yil )

n
n
+ YoV E "LeoNbTa(Vhp — Vi) (10)
m=0
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Fig. 1. BSE image of the typical Co-Nb-Ta ternary alloys: (a) the CogoNbsTa;s alloy annealed at 1300 °C for 24 h, (b) the CoggNboTajo alloy annealed at 1300 °C for 30 days,
(c) the CogoNbsTays alloy annealed at 1200°C for 14 days, (d) the CogoNbygTayo alloy annealed at 900 °C for 80 days, (e) the Co4oNbsgTay alloy annealed at 1200°C for 14

days, (f) the Coz5NbygTags alloy annealed at 1200 °C for 21 days.

where Gco.np and Geo: 74 are the Gibbs free energy of the Co,Nby, and
CoqTay, phases. And the "Lco.np1a COrTEsponds to the interaction
parameters in the Co-Nb-Ta ternary system, and is expressed as
follows:

nLCo:Nb,Ta =a+bT (l])

where a and b were evaluated in the present work.

3.3. The A (CoaM) phase

The \ phase (CooM (M=Nb or Ta and Nb, Ta)) forms the con-
tinuous solid solutions from the Co-Ta side to the Co-Nb side in
the Co-Nb-Ta ternary system. The \ phase is formulated using the
sublattice model, (Co,Nb,Ta),(Co,Nb,Ta);. According to the model,
the molar Gibbs free energy of the A phase in the Co-Nb-Ta ternary

system is expressed as follows:

Zzy‘y"cX +RT | 2) iyl Y yliiny)
i J

(i= Co Nb, Ta j=Co,Nb,Ta) (i=Co,Nb,Ta; j=Co,Nb,Ta)

DB [y‘y}yii (3w, o=

(i,j=Co,Nb,Ta, and i + j; k=Co,Nb,Ta)

n
11110 n 11 11
+ E E {yyjyk(g L. (yj —yk)) } (12)
! (i=Co,Nb,Ta; j k= CoNbTa and j # k)

where G)‘J is the Gibbs free energy of the A phase, when the first
sublattice is occupied by the element i (i=Co, Nb or Ta) and the sec-
ond one is occupied by the element j (j=Co, Nb or Ta). The "L; .y is
the interaction energy between i and j in the first sublattice when
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the second one is occupied by the element k (k= Co, Nb or Ta). The
"Lk is the interaction energy between j and k in the second sub-
lattice when the first one is occupied by the element i (i=Co, Nb or
Ta). These parameters were evaluated based on the experimental
data in this work.

3.4. The i (CogM7) phase

The thermodynamic model of | (CogM>7) phase is described as
(Co,Nb,Ta);(Co,Nb,Ta),(Co)g(Nb,Ta)s. According to this model, the
molar Gibbs free energy of the p phase in the Co-Nb-Ta ternary
system is expressed as follows:

G* = Zzzy%y}ly:(vci‘fj:m:k
i

j k
(i=Co,Nb,Ta; j=Co,Nb,Ta; k=Nb,Ta)

+RT Zy{ In y!+ ZZyJ!' In ! +4Zy{(v In ylY
i ] K

(i=Co,Nb,Ta; j=Co,Nb,Ta; k=Nb,Ta)

" ZZZ :y{y}y{(lyiv (Z nLi.j:k:Co:l(yg 7yj!)n):|

ij ko1 (ij=Co,Nb,Ta, and j=Co,Nb,Ta; k=Nb,Ta)

* ZZZ _y{y}y}(lyiv (Z nLi.j:k:(:o:l(y{I 7y}1)n)}

iojko1 _(i:CO,Nb,Ta;j,k:Co,Nb,Ta, andj # k;1=Nb,Ta)

(11 v n IV VAR
S (2 0 )] 03

okl (i=Co,Nb,Ta; j=Co,Nb,Ta; k=Nb,Ta)

where Gip:Lj:Co:k is the Gibbs free energy of the w phase, when the
first sublattice is occupied by the element i (i=Co, Nb or Ta), the
second one is occupied by the element j (j = Co, Nb or Ta), the third
one is occupied by the element Co, and the fourth one is occupied
by the element k (k=Nb or Ta). "L;;.x.co:1 is the interaction energy
betweeniand j in the first sublattice when the second one occupied
by the element k (k= Co, Nb or Ta), the third one is occupied by the
element Co, and the fourth one is occupied by the element 1 (1=Nb
or Ta). The "L;;; .co:1 is the interaction energy between j and kin the
second sublattice when the first one is occupied by the element i
(i=Co, Nb or Ta), the third one is occupied by the element Co, and
the fourth one is occupied by the element I (1=Nb or Ta). "L.j.co:nb,Ta
is the interaction energy between Nb and Ta in the fourth sublattice
when the first one is occupied by i (i=Co, Nb or Ta), the second one
is occupied by the element j (j=Co, Nb or Ta), and the third one
is occupied by the element Co. These parameters were evaluated
based on the experiment data in this work.

4. Experimental results and discussion

BSE (back-scattered electron) images of the typical ternary
Co-Nb-Ta alloys are presented in Fig. 1. Phase identification was
based on the equilibrium composition as measured by EPMA and
XRD analysis. Two-phase equilibrium of the liquid+CosM was
identified in the CoggNbsTa 5 (at.%) alloy annealed at 1300 °C for
24h, and shown in Fig. 1(a), where the light grey CosM phase
irregularly distributes in the matrix of the liquid phase. In the
CogoNbqgTajq (at.%) alloy quenched from 1300 °C, especially attrac-
tive dendritic structure was observed in Fig. 1(b), which is the
typical microstructure of the liquid phase, and in good agree-
ment with the reported results [15,26]. In the CoggNbsTa5 (at.%)
alloy annealed at 1200 °C for 14 days, two phases namely aCo and
CoszM were identified by EPMA, as shown in Fig. 1(c), where the
dark grey aCo phase is completely wrapped by the CosM phase.

a |
1400 7

o A (CoaM)
o L (CosM>7)
1200 L]
L. 10007
G
8
E 800
o
600 'WMW.
400 1
30 40 50 60 70 80 90
20/ degree
4000 5
1b o CoM:
3500
| ® bce
3000
2500 7
- |
'z 2000 -
g |
S 1500 ° o ®
| .
1000 .
1 e ° ° ol ° o v ?
L) L] ® oo
200, ] < JL,JU JU 2 e [FRTYPLY
U L A TR P R T T
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Fig. 2. X-ray diffraction patterns obtained from: (a) the CoggNb3oTajo alloy annealed
at 1100°C for 4 weeks, and (b) the Co,5NbqoTags alloy annealed at 1300°C for 10
days.

The Cog9NbygTayg (at.%) and CoysNbigTags (at.%) alloy annealed
at 1200°C are located two two-phase equilibrium regions of the
.+ CoM, and bcc + CoM,, respectively, as characterized in Fig. 1(d)
and (e). Fig. 1(f) shows the two-phase microstructure (A + 1) of the
CogoNbygTayg (at.%) alloy annealed at 900 °C for 80 days.

Typical X-ray diffraction patterns of the two-phase microstruc-
tures of the A + wand bec + CoM;, are presented in Fig. 2 respectively,
where the characteristic peaks of different phases are well distin-
guished by different symbols. The equilibrium compositions of the
Co-Nb-Ta ternary system at 900°C, 1000°C, 1100°C, 1200°C and
1300°C determined by EPMA are listed in Table 2, and no ternary
compound was found in this system.

The typical DSC curve for heating at 20°C/min of the
Co4oNbsgTayg (at.%) alloy is shown in Fig. 3 to present phase trans-

EIEE /
e Cooling curve 14148 C
- 1391.7°C
Z| 61
g
=
2l
:_§ Heating curve
=1 27 14257 C
exo
i 14064 C
0 T + t T T
1300 1350 1400 1450

Temperature / 'C

Fig. 3. Heating and cooling curves of the Co4oNbsoTa;o (at.%) alloys.
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Table 2

The equilibrium compositions of the Co-Nb-Ta ternary system determined in the present work.

Temp. (°C) Alloy (at.%) Phase equilibrium Composition (at.%)
Phase 1 Phase 2
Phase 1/phase 2 Nb Ta Nb Ta
900 COgomeTa]o OLCO/C07 Mz 0.70 0.89 10.43 10.75
CogoNby5Tas aCo/Co7 M, 1.61 0.51 16.06 5.08
CogoNbygTazg A/ (Co7Ms) 16.48 17.65 23.65 22.74
CogoNbsoTaro M (Co;Ms) 26.02 9.08 37.81 11.12
CogoNbssTas N (Co7Msg) 30.57 4.38 41.58 5.49
Co4oNbygTasg W (Co7Ms)/CoM, 16.61 38.58 17.71 46.23
Co4oNbsgTaqg W (Co7Ms)/bcc 44.56 9.88 86.23 10.30
C025Nb55Ta10 [ (C07M6)/bCC 45.18 8.79 86.29 9.33
Coy5Nb7gTas W (Co7Ms)/bcc 49.94 4.86 92.08 4.50
Cop5NbssTayg CoM;/bcc 43.83 23.70 74.46 21.82
C025Nb20T355 COlebCC 13.66 51.52 25.87 69.05
Coz5NbsgTays CoM,/bcc 33.80 31.47 66.85 30.20
1000 CoggNb;sTas aCo/Co7 M, 1.21 0.48 16.38 5.21
COgomeTa]Q OLCO/C07M2 0.60 0.81 10.27 10.43
CogoNbysTays A/ (Co7Ms) 21.91 10.59 35.87 12.54
CogoNbssTas A/ (Co7Ms) 28.22 4.30 43.12 5.33
COeoszoTazo )\/M (C07M6) 15.13 16.82 25.60 21.94
Co4oNbygTasg W (Co7Ms)/CoM, 17.15 38.19 18.51 44.74
Co4oNbggTayg W (Co7Ms)/CoM, 34.87 19.48 42.23 21.80
CosoNbsoTaro W (Co7Mg)/bee 44.40 9.78 86.23 9.53
Coz5Nb7gTas W (Co7Ms)/bcc 36.75 18.64 76.11 20.88
Cop5NbssTayg CoM/bcc 41.50 23.66 76.46 21.40
Coy5NbsgTays CoM,/bcc 33.25 32.00 65.58 28.68
1100 CogoNbsTays aCo/CosM 0.83 2.76 5.70 18.01
CogoNbygTaio aCo/CosM 1.58 1.77 11.68 11.99
COGQmeTam )\/p, (C07Me) 9.08 23.48 12.89 35.08
COsoNb30T310 )\/p., (C07 Ms) 24.39 9.02 38.41 10.49
CogoNbygTazg N/ (Co7Ms) 15.42 17.73 26.01 22.20
CogoNbssTas M (Co;Ms) 2935 438 4441 5.30
Co4oNbygTasg W (Co7Ms)/CoM, 16.41 36.95 18.72 44.76
Coz5NbygTass CoM/bcc 6.12 58.76 17.03 80.75
Coz5NbygTass CoM,/bcc 14.23 50.82 29.77 64.48
C025Nb55T320 COMz/bCC 42.28 25.40 77.69 20.13
CO40Nb50T&10 [ih (CO7M5)/bCC 42.16 9.86 86.05 9.12
COzsNbgsT&]o [ih (CO7M5)/bCC 41.59 10.81 87.97 9.12
C025Nb70T35 1LY (C07M5)/bCC 47.03 5.23 92.21 4.58
1200 CogoNbygTaio aCo/CosM 2.28 2.50 11.73 11.83
CogoNbsTays aCo/CosM 1.17 3.87 5.59 18.11
CogoNby5Tas aCo/CosM 3.51 1.17 17.94 5.63
COsoNb30T810 )\/p., (C07M6) 24.44 9.19 35.52 11.45
CogoNbssTas N/ (Co7Ms) 29.32 4.38 41.96 5.65
COeoNb25T315 )\/M (C07M6) 22.81 11.36 32.12 14.16
CogoNbygTazg A/ (Co7Ms) 15.53 17.71 23.81 23.12
COeomeTa3o )\/'.L (C07MG) 9.21 2411 14.68 31.72
Co40NbgoTazo w (Co7M;g)/CoM, 34.76 19.17 39.74 22.65
Co4oNbygTasg W (Co7Ms)/CoM, 15.90 40.12 15.81 49.55
Coy5NbygTass CoM/bcc 12.84 52.59 25.70 71.49
Coys5NbygTags CoM,/bcc 6.25 58.77 16.14 80.77
C025Nb55Ta10 [ (C07M6)/bCC 43.50 9.19 87.60 8.90
CO40Nb50T&10 [ih (CO7M5)/bCC 43.25 10.15 86.44 9.23
1300 COGQNb3oTa1o )\/p, (C07Me) 26.14 9.50 38.73 10.94
CogoNbysTays A/ (Co7Ms) 23.92 11.64 34.72 14.26
CogoNbygTazg N/ (Co7Ms) 16.99 18.51 23.58 22.99
Co4oNbygTas W (Co7Ms)/CoM, 15.62 38.22 18.12 45.80
Co4oNbsgTaqg W (Co7Ms)/bcc 44.26 10.03 84.80 10.18
C025Nb65T310 [ih (CO7M5)/bCC 45.00 9.14 86.86 943
Co25Nb7oTas W (Co7Ms)/bee 50.06 4.84 91.66 471
C025Nb10T365 COMz/bCC 5.90 59.46 18.38 78.74
Coz5NbygTass CoM/bcc 13.33 51.62 35.50 61.20

formation behaviors of the analyzed alloy in this study. The small
peak at 1406.4°C means the liquid phase separates out with the
temperature increasing, where the w and bcc phases transform
to the liquid phase. The second obvious peak at 1425.7°C is due
to the liquefaction completely. The peak at 1414.8°C is due to
the solidification of the w phase with the temperature decreas-

ing. The peak at 1391.7°C corresponds to the eutectic reaction,
where the liquid phase transforms to the bcc and w phases. The
transformation temperatures of the Co—-Nb-Ta alloys measured by
DSC in this work are listed in Table 3, and will be used in the
following thermodynamic assessment of the Co-Nb-Ta ternary
system.
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Fig. 4. Calculated binary phase diagrams in the Co-Nb-Ta ternary system: (a) Co-Ta system [15], (b) Co-Nb system [26], and (c) Nb-Ta system [15].

5. Thermodynamic optimization and calculation

5.1. Binary system

The phase diagram of the Co-Ta binary system was thermo-
dynamically assessed by Hari Kumar et al. [15] and Liu [22],
respectively, while all the three Laves phases (C14, C15, and C36)
generally with an ideal stoichiometry A;B in Ref. [22] were obvi-
ously different from those in experimental phase diagram [23],

Table 3

The transformation temperatures of the Co-Nb-Ta alloys determined by DSC in the
present work.

Alloys (at.%) Transformation temperatures (°C)

Heating Cooling
CogoNbigTaig 1248.0,1278.3,1284.7,1370.0 1261.1,1332.0
CogoNbsTays 1013.7,1291.3, 1413.7, 966.0, 1239.6, 1366.5
CosoNbsgTagg 1406.4, 1425.7 1391.7,1414.8
CogoNbssTas 1404.4,1458.7,1472.4 1395.9, 1435.7, 1457.7

where the C36 and C14 Laves phases are away from the ideal sto-
ichiometry A;B, and are nearly stoichiometry CosTa and CoqgTag,
respectively. For this reason, in the present work, the thermody-
namic parameters of the Co-Ta binary system reported by Hari
Kumar et al. [15] were used. For the Co-Nb binary system, several
thermodynamic assessments have been carried out [21,24-26] and
the most comprehensive work was performed by Hari Kumar et al.
[21], which was employed in this work. The Nb-Ta binary system
thermodynamically assessed by Hari Kumar et al. [15] is directly
adopted in the present work. The calculated phase diagrams of
the Co-Ta, Co-Nb and Nb-Ta systems are shown in Fig. 4(a)-(c),
respectively.

5.2. Ternary system

Because there is no experimental data on the thermo-
dynamic properties of the Co-Nb-Ta system, the ternary
thermodynamic parameters were optimized based on the
experimental data of the phase equilibria and phase trans-
formation temperatures determined in this work. All the
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Fig. 5. Calculated isothermal sections of the Co-Nb-Ta ternary system at: (a) 900°C, (b) 1000°C, (c) 1100°C, (d) 1200°C, (e) 1300°C, and (f) 1400°C compared with the

experimental data determined in the present work.

thermodynamic parameters optimized in this work are listed in
Table 4.

The calculated isothermal sections of the Co-Nb-Ta ternary
system at 900°C, 1000°C, 1100°C, 1200°C, 1300°C and 1400°C,
compared with the experimental results determined in the present
work, are shown in Fig. 5(a)-(f), respectively, where the cal-
culated results are in good agreement with the experimental

data marked by different symbols. As can be seen in Fig. 5(a),
there is one three-phase region (w+CoTay +bcc) in the Co-Nb
rich side and three continuous single-phase regions (A, w and
bcc) existing from the Co-Nb side to Co-Ta side, which is the
same to the type of phase relationship shown in Fig. 5(b)-(e).
The Co;M,; phase, a continuous single-phase region from Co-Ta
side to Co-Nb side (Fig. 5(a), disappears in the Co-Ta rich side
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Fig. 6. Calculated vertical sections at: (a) 80at.% Co, (b) 10 at.% Ta, and (c) 5 at.% Ta in the Co-Nb-Ta system compared with the experimental data determined in the present

work.

of the isothermal section at 1000 °C (Fig. 5(b)). Fig. 5(c) presents
the calculated isothermal section at 1100°C, which shows the
same phase relationship as that in Fig. 5(d). The liquid phase is
in equilibrium with the aCo phase, CosTa phase and A phase
in the isothermal section at 1300°C (Fig. 5(e)), respectively, and
a three-phase region (Liquid +CosTa+\) also exists in Fig. 5(f).
In the isothermal section at 1400°C shown in Fig. 5(f), two
three-phase regions (Liquid +CoTay + . and Liquid +bcc+CoTay)
appear.

The calculated vertical sections of the Co-Nb-Ta system at
80at.% Co, 10at.% Ta and 5 at.% Ta compared with the experimental
data in the present work are shown in Fig. 6(a)-(c), respectively.
The alloys of CoggNbsTa;5 in Fig. 6(a), CoggNbigTayq in Fig. 6(b),
CogoNbq5Tas in Fig. 6(c) and so on transform with the tempera-
ture increasing, and the transformations are observed intuitively
in vertical sections. And the calculated results shown in the calcu-
lated vertical sections are good agreement with the experimental
data. Fig. 7 shows the calculated liquidus projection using the ther-
modynamic parameters optimized in the present work. As can be
obviously seen in Fig. 7, two invariant points exist in the liquidus
curve, and details about the calculated invariant reactions are listed
in Table 5.

Fig. 7. Calculated liquidus projection in the Co-Nb-Ta ternary system.

40C0|(.M9 60
Nb / at. %
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Table 4
Thermodynamic parameters of the Co-Nb-Ta ternary system optimized by the
present work.

Parameters in each phase (J/mol)
Liquid, format: (Co, Nb, Ta)

OLE;‘MTQ — ~70,000

'Ligho1a = 34. 000

ZL]Elotl.Nb,Ta = 30,000

Bcc A2, format: (Co, Nb, Ta)
OL‘C)Z‘CNh‘Ta =—-339,600+200 x T
1L‘C)g,ch‘Ta =—481,900 +300 x T
*L s = —3000

Fcc Al (aCo), format: (Co, Nb, Ta)
orfec . =155,714-220x T
L \p1a = —2000

2pfec - =-2000

Co,Nb,Ta
Hcp-A3 (eCo), format: (Co, Nb, Ta)
OLfcc -0

Co,Nb,Ta
Co7M; phase, format: (Co);(Nb, Ta),

1] f -
LCCOC‘Nh‘Ta = —2000

Co3M phase, format: (Co);(Nb, Ta);
GEo3M — 3 UGEER +°G§§R — 108,658 +16.532 x T

Co:Ta
0rCosM _— 2000

Co:Nb,Ta
Co16My phase, format: (Co);6(Nb, Ta)g

ngggMQ =16 x 0GER 1+ 9 x 0GR — 788, 956.74 + 107.826 x T
OLEg)TsaM9 =52,341.05-38.85x T

W (Co7Ms) phase, format: (Co, Nb, Ta);(Co, Nb, Ta),(Co)s(Nb, Ta)4
0LS(JATa:Nb:Co:Nb =—75,000

oyK —
LCo,Ta:Nb:Co:Nb =500, 000

CoM; phase, format: (Co);(Nb, Ta),
OLSoM2 — —45,734.509 + 28.333 x T
GEoMz = OGSER 1 3 x OGSER _ 65,519 4-3.495 x T

Table 5
The calculated invariant reactions of the Co-Nb-Ta ternary system.
Invariant reaction ~ Type T(°C) Liquid composition Reference
(at.% Nb) (at.% Ta)
1404.13 18.83 23.57 This work
L+A+p— CoisMo 154268 042 4027 [15]
L+CoM, — bec+t 1383.75 44.76 18.23 This work
2 > 1352.42 55.67 8.02 [15]

6. Conclusions

The isothermal sections of the Co-Nb-Ta ternary system at
900°C, 1000°C, 1100°C, 1200°C, and 1300°C were experimen-
tally determined, and no ternary compound was found in the
Co-Nb-Ta ternary system. A consistent set of optimized thermo-

dynamic parameters based on the experimental data have been
derived for describing the Gibbs free energies of the solution phases
and intermetallic compounds in the Co-Nb-Ta system, which leads
good agreement between calculation and most of the experimental
data.
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