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a b s t r a c t

Experimental investigation and thermodynamic evaluation of the CoeTa binary phase diagram was car-
ried out. Equilibrium compositions obtained in two-phase alloys and diffusion couples were measured by
electron probe microanalyzer (EPMA). A very narrow l3(C36) þ l2(C15) two-phase region is confirmed to
be present around 26.5 at.% Ta at temperatures between 950 �C and 1448 �C. Equilibrium relationships
above 1500 �C among the liquid, Laves (l1(C14), l2 and l3, whose stoichiometry is described by Co2Ta),
m(D8b) and CoTa2(C16) phases were investigated by microstructural examination in as-cast Co-(24
e60 at.%)Ta alloys. The solvus temperature of the g0 Co3Ta (L12) phase precipitated in the 5.8 at.%Ta g(Co)
and the peritectoid temperature of the Co7Ta2 phase in an 8.5 at.%Ta alloy were determined to be 1013 �C
and 1033 �C, respectively, by differential scanning calorimeter (DSC). Fine precipitates of the g0 phase
precipitated in the g (A1)matrixwere observed by transmission electronmicroscope (TEM). Analyzing the
present experimental results synthetically, the g0 Co3Ta phase was identified to be a metastable phase, of
which the g/g0 transition temperature of the stoichiometric Co3Ta alloy was estimated to be 2000 �C.
Thermodynamic assessment of the CoeTa binary system was carried out based on the present results as
well as on experimental data in the literature. Calculated results of not only stable but also metastable
equilibria were found to be in good agreement with the revised phase diagram. The evaluated stability of
the metastable g0 Co3Ta coincides with the enthalpy of formation (DH(g’Co3Ta) ¼ �23.44 kJ/mol) calcu-
lated by the ab initio method.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Conventional Co-base superalloys, which are widely applied in
chemical plants, power generation systems, and so on [1], are
basically strengthened by precipitation hardening by carbides and
by solid solution hardening with heat-resistant elements, such as
Cr, Mo, W, Ta, and others. Compared with these strengthening
methods, the coherent precipitation of the geometrically close-
packed (GCP) phases, such as the g0 phase with an L12 structure,
is expected to have superior effects on the mechanical properties
because it has been practically applied in Ni-base superalloys.
Therefore, if coherent g0 particles can be precipitated in the Co-base
matrix, the heat-resistant andmechanical properties of the Co-base
alloys are expected to surpass those of the Ni-base superalloys
because the melting temperature of Co (1492 �C) is 39 �C higher
: þ81 22 795 7323.
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than that of Ni (1453 �C). In the Co-base binary systems, the stable
g0 phase appears only in the CoeTi system, which has resulted in
extensive investigations of CoeTi-base alloys. However, the low
melting temperature of the g’Co3Ti phase below 1200 �C as well as
the inadequate lattice constant for coherent precipitation prevents
CoeTi-base alloys from being utilized for practical applications. In
other Co-base binary systems, CoeAl [2e4], CoeTa [5,6] and CoeW
[7,8], the existence of the metastable g0 phase was reported.
However, the phase stability of the g’Co3X phases in each system is
so low that they easily disappear through transformation into
stable phases at high temperatures. Therefore, Co-base superalloys
strengthened by g0 precipitates have not been successfully applied
as practical materials.

Recently, Sato et al. [9] found a microstructure similar to that of
Ni-base superalloys, that is, cuboidal g’Co3(Al, W) (L12) particles
coherently and densely precipitated in Co-rich g (A1) matrix in the
CoeAleW ternary system. Additionally, the strength of the
g’Co3(Al, W) phase shows a positive temperature dependence [10]
and its stability is enhanced with increasing Ni content [11]. The
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effects of other additional elements, such as Cr, Mo, Nb, Ta and so
on, on the stability of the g0 phase have been investigated both
experimentally and theoretically [12e15]. Especially, Ta tends to be
distributed in the g0 phase, which results in a considerable increase
of the g0 solvus temperature compared with other elements [14,15].
Furthermore, both polycrystalline and single-crystal CoeAleWeTa
alloys with a g þ g0 two-phase microstructure exhibit considerable
strength at elevated temperatures, which indicates that the Co-base
alloys have promising potential as next generation superalloys [16].
In order to control the microstructure as well as to optimize heat-
treatment conditions, precise information on phase equilibria in
the Co base systems and the effect of alloying elements should be
understood. However, the phase diagram of the CoeTa binary
system, which was determined by thermal analysis, X-ray diffrac-
tion and metallography many years ago, still has room for
improvement [17]. Taking into account the above-mentioned sit-
uations, the purpose of this study was to determine phase equi-
libria and to complete thermodynamic assessment of the CoeTa
binary system.
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2.1. Phase diagram and crystalline phases

The latest phase diagram of the CoeTa binary system was
assessed by Okamoto [17] as shown in Fig. 1 based on experi-
mental investigations [18e23]. This phase diagram consists of four
disordered solution phases, that is, liquid, ε(Co) (A3), g(Co) (A1)
and a(Ta) (A2), three Laves phases, namely, l1 (C14), l2 (C15) and
l3 (C36), and other intermetallic compounds, cCo7Ta2 (unidenti-
fied structure), m (D85) and CoTa2 (C16). Even though equilibrium
relationships among these phases are expected to be complicated,
most previous investigations were performed by thermal analysis,
X-ray diffraction and metallography [20e22], which might have
resulted in insufficient accuracy. For instance, the existence of the
l1 compound was confirmed in as-cast samples of arc-melted Coe
Ta alloys. However, the temperature and composition of the
eutectoid reaction l1 ¼ l2 þ m have not been determined experi-
mentally. Therefore, experimental investigations to improve the
reliability of phase equilibria in the CoeTa system are still
required.
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Fig. 1. Phase diagram of the CoeTa binary system assessed by Okamoto [17].
2.2. Thermodynamic modeling

The first attempt at thermodynamic assessment of the CoeTa
systemwas carried out by Kaufman [24], in which the enthalpy of
formation of intermetallic compound (IMC) phases proposed by
Niessen [25] and Colinet [26] was taken into account. In this
assessment, all IMC phases were assumed to be stoichiometric
line compounds; cCo7Ta2(Co0.78Ta0.22), l3(Co0.75Ta0.25),
l2(Co0.667Ta0.333), l1(Co0.62Ta0.38), m(Co0.5Ta0.5) and CoTa2(-
Co0.333Ta0.667). Subsequently, Liu [27] and Hari-Kumar [28]
revised the Gibbs energy descriptions of the l3, l2 and m phases
to reproduce off-stoichiometric solubility in these compounds. In
addition, Hari-Kumar proposed the stoichiometric ratio of the l1
and l3 Laves phases to be Co16Ta9 and Co3Ta, respectively.
However, even though the confirmed composition of these Laves
phases deviates from its stoichiometry of Co2Ta, the thermody-
namic description of (Co,Ta)2(Co,Ta) suggested by Liu is
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Fig. 2. Phase diagram of the CoeTa binary system determined by the present work.
The previous phase diagram shown in Fig. 1 [17] was superimposed by gray curves.
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acceptable. The thermodynamic descriptions of the m phase were
proposed as (Co)(Ta) by Kaufman, (Co, Ta)7(Ta)2(Co, Ta)4 by Liu
and (Co, Ta)1(Co,Ta)2(Co)6(Ta)4 by Hari-Kumar. The m phase also
appears in XeY binary systems (X ¼ Fe, Co, Ni or Zn, Y]Nb, Mo,
Ta or W) [29,30]. To extend to multi-component systems
involving these elements, a much simpler description with an
appropriate solubility range, (Co)6(Ta)4(Co,Ta)3 used in Ni-data
database, is preferable rather than pursuing crystallographic
exactness.

3. Experimental procedure

CoeTa alloys with various compositions were prepared from
high-purity Co (99.9%) and Ta (99.9%) by arc melting and in-
duction melting under an argon atmosphere. Small pieces of
samples were cut from the as-cast ingots. Some of them were
sealed in evacuated quartz capsules backfilled with argon gas,
homogenized at 1300 �C for 24 h, and equilibrated at tempera-
tures between 900 �C and 1400 �C for durations between 4 and
168 h to obtain multi-phase equilibrium microstructures. Diffu-
sion couples prepared by pressure welding between pure Co and
pure Ta were sealed in the same way and heat-treated at tem-
peratures between 900 �C and 1300 �C for 72e840 h. To prevent
Fig. 3. Back-scattered electron (BSE) images of as-cast microstructure of (a) Coe24Ta, (b)
represents eutectic microstructure.
sealed samples from reacting with the quartz capsule during heat
treatment above 1200 �C, samples were wrapped with tungsten
wire. After each heat treatment, samples were quenched in iced
water, mounted in epoxy resin, polished mechanically, and
etched with a solution of HCl (1N):HNO3 (1N) ¼ 1:1. Micro-
structures of as-cast samples, equilibrated samples, and diffusion
couples were examined by an optical microscope (OM) and by a
field emission scanning electron microscope (FE-SEM, JEOL JSM-
6500F). Thin foils of some alloys for transmission electron
microstructure (TEM) examination (JEOL JEM-2000EXII) were
prepared by a twin-jet method with an electrolyte consisting of
one part perchloric acid and four parts ethanol. Equilibrium
compositions of equilibrated samples and composition profiles
obtained in diffusion couples were measured by an electron
probe micro analyzer (EPMA, JEOL JXA-8100). Transition tem-
peratures were determined by a differential scanning calorimeter
(DSC, Netzsch DSC-404) with heating and cooling rates of 10 �C/
min under high purity argon gas flow. Liquidus and solidus
temperatures were determined with the scanning rate of �1 �C/
min when their difference was small. Flakes of Ti were placed
below the sample carrier of the DSC to remove oxygen in the
furnace and to prevent samples from being oxidized during
measurement.
Coe36Ta, (c) Coe40Ta, (d) Coe44Ta (e) Coe55Ta and (f) Coe60Ta (at.%) alloys. “E”



Table 1
Solidification path predicted from as-cast microstructures of CoeTa alloys.

Sample/at.% Path 1 Path 2 Path 3

Coe20Ta L 0 L þ l3(C36) L 0 g(Co) þ l3
Co-21, 22, 24, 26Ta L 0 L þ l2(C15) L þ l2 0 l3 L 0 g þ l3
Coe36Ta L 0 L þ l2 L þ l2 0 l1 L 0 l1 þ m

Co-40, 44Ta L 0 L þ l1(C14) L 0 l1 þ m

Coe55Ta L 0 L þ m L 0 m þ CoTa2
Coe60Ta L 0 L þ CoTa2 L 0 m þ CoTa2
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4. Thermodynamic modeling

The Gibbs energies of pure elements, so-called lattice stabilities,
in stable and metastable structures were taken from the SGTE
database compiled by Dinsdale [31]. In the CoeTa system, four
solution phases, that is, liquid, ε(Co) (A3), g(Co) (A1) and a(Ta) (A2)
and seven compound phases, namely, g’Co3Ta, cCo7Ta2, l1(C14),
l2(C15), l3(C36), m(D85), CoTa2 were taken into account for ther-
modynamic assessment.
(a) Co-21Ta : 1°C/min (Heating)
4.1. Solution phases

The Gibbs energy of the liquid, ε(Co) (A3), g(Co) (A1) and a(Ta)
(A2) phases was described by sub-regular solution approximation
for substitutional solutions using the following equation.

Gf
m ¼ +Gf

CoxCo þ +Gf
TaxTa þ RTðxCo ln xCo þ xTa ln xTaÞ

þ xCoxTaL
f
Co;Ta þ magGf

m; (1)

where +Gf
Co and +Gf

Ta are the Gibbs energies of pure Co and Ta,
respectively, in the corresponding structure of a disordered solu-
tion f. xCo and xTa are the mole fraction of Co and Ta, respectively.
LfCo;Ta represents the interaction parameter which has composition
dependence in the form of the Redlich-Kister (RK) polynominal
described by the following equation:

LfCo;Ta ¼
Xn

i¼0

ðxCo � xTaÞi$iLfCo;Ta (2)

Coefficients, iLfCo;Ta, were evaluated on the basis of the experi-
mental data on phase boundaries and thermochemical properties.
The model of the magnetic contribution to the Gibbs energy
formulated by Inden [32,33] e Hillert and Jarl [34] was applied to
calculate magGf

m of the ferro-magnetic ε, g and a solution phases.
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Fig. 4. DSC heating curves measured in (a) Coe21Ta and (b) Co-3.5 and 8.5Ta (at.%)
alloys. In the 8.5Ta alloy, phase transformations occurred in the g(Co) matrix phase
(5.8at.%Ta) were detected.
4.2. Intermetallic compounds

4.2.1. g0 Co3Ta phase
After the Gibbs energy parameters of a disordered fcc phase,

GgðA1Þ
m ðxsÞ, described in the sub-regular solution approximation,

were evaluated, the ordering contribution caused by the g0 Co3Ta
(L12) structure was implemented by the two-sublattice split com-
pound energy formalism (s-CEF) [35] of the (Co,Ta)0.75(Co,Ta)0.25
formula as follows:

Gfcc
m ¼ GgðA1Þ

m ðxsÞ þ Gg0ðL12Þ
m

�
yIs;y

II
s

�
� Gg0ðL12Þ

m

�
yIs ¼ xs;yIIs ¼ xs

�
;

(3)

where Gg0ðL12Þ
m ðyIs; yIIs Þ is the Gibbs energy described in the two-

sublattice compound energy model and Gg0ðL12Þ
m ðyIs ¼ xs; yIIs ¼ xsÞ

is a disordered component of Gg0ðL12Þ
m ðyIs; yIIs Þ. xs is the mole fraction

of an element s and yðnÞs is the site fraction of the element s on the n-
th sublattice. In this formula, only the ordering contribution is
extracted from the Gibbs energy of the two-sublattice description

of Gg0ðL12Þ
m ðyIs; yIIs Þ by subtracting that of the disordered state of

Gg0ðL12Þ
m ðyIs ¼ xs; yIIs ¼ xsÞ. In this paper, the ordering contribution

of the g0 Co3Ta (L12) structure DG
g0ðL12Þ
Co3Ta

is supplemented so as not to

have the disordered component, that is, under the condition of

Gg0ðL12Þ
m ðyIs ¼ xs; yIIs ¼ xsÞ ¼ 0, as follows:
Gg0ðL12Þ
Co:Co ¼ Gg0ðL12Þ

Ta:Ta ¼ 0 (4.1)

Gg0ðL12Þ
Co:Ta ¼ DGg0ðL12Þ

Co3Ta
; Gg0ðL12Þ

Ta:Co ¼ 0 (4.2)

0Lg
0ðL12Þ

Co:Co;Ta ¼ �DGg0ðL12Þ
Co3Ta

(4.3)

0Lg
0ðL12Þ

Co;Ta:Co ¼ 0:25DGg0ðL12Þ
Co3Ta

; 1Lg
0ðL12Þ

Co;Ta:Co ¼ 0;

2Lg
0ðL12Þ

Co;Ta:Co ¼ �0:25DGg0ðL12Þ
Co3Ta

(4.4)

0Lg
0ðL12Þ

Co;Ta:Ta ¼ �1:75DGg0ðL12Þ
Co3Ta

; 1Lg
0ðL12Þ

Co;Ta:Ta ¼ �DGg0ðL12Þ
Co3Ta

;

2Lg
0ðL12Þ

Co;Ta:Ta ¼ �0:25DGg0ðL12Þ
Co3Ta

(4.5)

0Lg
0ðL12Þ

Co;Ta:Co;Ta ¼ DGg0ðL12Þ
Co3Ta

(4.6)



Table 2
Phase transformation temperatures (Tt/�C) of CoeTa alloys.

Sample/at.% Liquidus Solidus L 0 g(Co) þ l3 L þ l2(C15) 0 l3(C36) g þ l3 0 c Co7Ta2 g þ g0 Co3Ta 0 g TgC

Coe2Ta 1481.1 1462.5 1037.7
Coe3.5Ta 1463.7 1428.5 944.7 977.8
Coe8.5Ta 1429.3 1305.6 1033.0 1013.0 (5.8Ta in g)
Coe12Ta 1364.6 1305.0
Coe14Ta 1311.8
Coe16Ta 1314.0
Coe18Ta 1314.0
Coe21Ta 1310.9 1448.9
Coe24Ta 1309.0 1447.2
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A unified formula can then be applied to describe the Gibbs
energies of both g (A1) and g0 (L12) in the s-CEF as follows:
Gfcc
m ¼ +GgðA1Þ

Co xCo þ +GgðA1Þ
Ta xTa þ xCoxTa

n
0LgðA1ÞCo;Ta þ 1LgðA1ÞCo;Ta ðxCo � xTaÞ

o
þ 1
2
RT

XII

ðnÞ¼ I

�
yðnÞCo ln yðnÞCo þ yðnÞTa ln yðnÞTa

�
þ yICoy

II
TaG

g0ðL12Þ
Co:Ta

þ yICoy
I
Tay

II
Co

n
0Lg

0ðL12Þ
Co;Ta:Co þ 2Lg

0ðL12Þ
Co;Ta:Co

�
yICo � yITa

�2oþ yICoy
I
Tay

II
Ta

n
0Lg

0ðL12Þ
Co;Ta:Ta þ 1Lg

0ðL12Þ
Co;Ta:Ta

�
yICo � yITa

�
þ 2Lg

0ðL12Þ
Co;Ta:Ta

�
yICo � yITa

�2o

þ yICoy
I
Tay

II
Coy

II
Ta$

0Lg
0ðL12Þ

Co;Ta:Co;Ta þ magGfcc
m

(5)
The evaluated value of the only one independent thermody-
namic parameter to describe the ordering contribution of the g0

Co3Ta (L12) structure, DG
g0ðL12Þ
Co3Ta

, is listed in Table 4.

4.2.2. Co7Ta2
The Gibbs energy of a stoichiometric compound, cCo7Ta2, is

described as

GcCo7Ta2
m ¼ 0:7778+Gε

Co þ 0:2222+Ga
Ta þ DGc

f (6)
Fig. 5. BSE images and composition profiles measured across inter-phase boundaries of Co/Ta
inwhichDGc
f is the Gibbs energy of the formationpermole of atoms

of the compound cCo7Ta2 expressed by the following equation:
DGc
f ¼ �33091:5þ 5:16 T (7)
4.2.3. Laves phase
Three kinds of Laves phases, l1 (C14), l2 (C15) and l3 (C36),

appear in the CoeTa system. The thermodynamic model of all
these Laves phases with a considerable solubility range was
described by a two-sublattice model of (Co,Ta)2(Co,Ta). Thus, the
Gibbs energy of the Laves phases can be expressed as follows:
diffusion couples heat-treated at (a), (b) 1000 �C for 840 h and (c), (d) 1300 �C for 96 h.



Table 3
Equilibrium compositions of CoeTa alloys determined by EPMA.

Sample (at.% Ta)a H.T. temp.b (�C) H.T. period (hours) Equilibrated phases Equilibrium composition (at.% Ta)

Phase 1 Phase 2 Phase 1 Phase 2

8.5 900 672 g (Co) c (Co7Ta2) 0.7 23.4
1000 624 g c 1.5 22.9
1100 336 g l3 (C36) 3.3 23.8
1200 278 g l3 4.6 23.5
1300 265 g l3 5.8 23.2

36 1350 168 l2 (C15) l1 (C14) 34.0 35.9
1400 168 l2 l1 33.6 35.6

42 1200 168 l2 m 33.6 46.0
1250 168 l2 m 33.2 46.0
1280 168 l2 m 33.6 46.1
1290 168 l2 m 33.6 46.2
1300 240 l1 m 36.3 45.9
1350 168 l1 m 36.7 42.0
1400 168 l1 m 36.8 46.2

55 1300 168 m CoTa2 53.4 64.4
D.C.c 900 672 g c 1.1 23.0

900 672 c l3 23.8 26.8
1000 840 g c 1.3 22.4
1000 840 c l3 23.4 25.1
1000 336 l2 m 33.4 48.3
1000 336 m CoTa2 52.9 64.7
1000 336 CoTa2 a (Ta) 66.9 96.9
1100 168 l2 m 33.5 46.1
1100 168 m CoTa2 53.0 63.6
1100 168 CoTa2 a 66.6 97.4
1200 168 l2 m 33.7 47.2
1200 168 m CoTa2 53.0 64.8
1200 168 CoTa2 a 66.6 97.4
1300 96 l2 m 33.2 45.6
1300 96 m CoTa2 53.1 64.1
1300 96 CoTa2 a 67.4 97.7

a Nominal composition.
b H.T. represents “heat treatment”.
c D.C. represents “diffusion couple”.

Fig. 6. (a) BSE image of a Co/Ta diffusion couple heat-treated at 1200 �C for 168 h and (b) composition profiles measured across inter-phase boundaries.
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II
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TaG
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Laves
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II
TaG
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� �
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II
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respectively.
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4.2.4. m phase
Several thermodynamic models of the m phase have been re-

ported [29] because the m phase has a wide solubility range in
various binary systems [30]. A three-sublattice model of
(Co)6(Ta)4(Co,Ta)3 used in the Ni-data database was adopted in this
evaluation because of its simplicity as well as extensibility to the
multi-component systems.

Gm
m ¼ yIIICoG

m
Co:Ta:Co þ yIIITaG

m
Co:Ta:Ta þ yIIICoy

III
TaL

m
Co:Ta:Co;Ta

þ 0:2308RT
�
yIIICo ln yIIICo þ yIIITa ln yIIITa

�
(9)

4.2.5. CoTa2 phase
The CoTa2 (C16) phase was described as a line compound with a

two-sublattice formula, (Co)(Ta)2, in previous studies [24,27,28].
However, it is apparent that the CoTa2 phase has a solubility range
according to present experimental results. Therefore, the revised
two-sublattice model (Co,Ta)(Co,Ta)2 is proposed in this study. The
Gibbs energy of the CoTa2 phase is described by the following
equation:

GCoTa2
m ¼ yICoy

II
CoG

CoTa2
Co:Co þ yICoy

II
TaG

CoTa2
Co:Ta þ yITay

II
CoG

CoTa2
Ta:Co

þ yITay
II
TaG

CoTa2
Ta:Ta þ 0:3333RT yICo ln yICo þ yITa ln yITa

� �

þ 0:6667RT yIICo ln yIICo þ yIITa ln yIITa
� �

þ yICoy
I
Tay

II
CoL

CoTa2
Co;Ta:Co þ yICoy

I
Tay

II
TaL

CoTa2
Co;Ta:Ta

þ yICoy
II
Coy

II
TaL

CoTa2
Co:Co;Ta þ yITay

II
Coy

II
TaL

CoTa2
Ta:Co;Ta

(10)

5. Results and discussions

All the results in this work are summarized in Fig. 2. Details of
experiments are described below.

5.1. As-cast microstructures

Fig. 3 shows as-cast microstructures of CoeTa alloys. In the Co-
24 at.%Ta alloy shown in Fig. 3(a), the l2 phase solidified as a pri-
mary crystal, the l3 phase formed due to the peritectic reaction
(liquid þ l2 ¼ l3) and then the solidification terminated with the
eutectic reaction (liquid ¼ g(Co) þ l3), which is consistent with the
phase diagram shown in Fig. 1 as well as in Fig. 2 (24 at.%Ta is
represented by a downward arrow (1) in Fig. 2(b)). As-cast micro-
structures of 55 at.% Ta (Fig. 3(e)) and 60 at.%Ta (Fig. 3(f)) alloys are
also consistent with both of Figs. 1 and 2. On the other hand, in the
case of 36, 40 and 44 at.% Ta alloys, shown in Fig. 3(bed), respec-
tively, results inconsistent with the phase diagram (Fig. 1) were
obtained. In the 36 at.%Ta alloy, the solidification started with l2
and the peritectic reaction (liquidþ l2 ¼ l1) followed instead of the
eutectic reaction (liquid ¼ l2 þ m) predicted from Fig. 1. Finally, a
divorced m-rich eutectic reaction (liquid ¼ l1 þ m) occurred. This
solidification sequencewas confirmed by as-castmicrostructures of
40 and 44 at.% Ta alloys, in which the primary crystal was l1.
Solidification paths observed in as-cast 36, 40 and 44 at.% Ta alloys
are consistent with the revised phase diagram shown in Fig. 2(b) in
which their chemical compositions are superimposed by down-
ward arrows (2), (3) and (4), respectively. Obtained results are
summarized in Table 1.



Fig. 8. BSE images of (a) Co-8.5Ta, solution-treated at 1300 �C for 120 h/cold rolled by 50%/equilibrated at 1000 �C for 672 h, (b) Co-8.5Ta equilibrated at 1300 �C for 120 h, (c) Coe
36Ta equilibrated at 1400 �C for 168 h, (d) Coe42Ta equilibrated at 1290 �C for 168 h, (e) Coe42Ta equilibrated at 1300 �C for 248 h, and (f) Coe55Ta equilibrated at 1300 �C for
168 h.
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5.2. DSC measurement

Fig. 4 shows typical examples of DSC measurement performed
on (a) 21 at.%Ta and (b) 3.5 and 8.5 at.%Ta alloys. Two endothermic
signals obtained in the 21 at.% Ta shown in Fig. 4(a) are caused by
the eutectic reaction, liquid ¼ g(Co) þ l3 at 1311 �C, and the peri-
tectic reaction, liquid þ l2 ¼ l3 at 1448 �C. The revised eutectic
temperature (1310 �C) is 30 �C higher than the previous value
(1280 �C) shown in Fig. 1. Before the DSC measurement, 3.5 at.%Ta
and 8.5 at.%Ta alloys were heat-treated at 1200 �C for 1h to obtain
g(Co) single phase and at 1300 �C for 1 h to obtain g(Co) matrix
phase (5.8 at.%Ta) with l3 precipitates, respectively. Then, phase
transformations occurred in the g(Co) matrix (5.8 at.%Ta) were
detected in the 8.5 at.%Ta alloy. In the DSC heating curve of 3.5 at.%
Ta alloy shown in Fig. 4(b), a tail of an endothermic reaction was
detected at 945 �C. An analogous DSC signal was detected at 1013 �C
in 8.5 at.%Ta alloy. These signals seem to have been caused by the
dissolution of the metastable g’ Co3Ta (L12) phase, which will be
described in the Section 5.6. In addition, a small endothermic knick-
point appeared at 978 �C in 3.5at.%Ta alloy, which caused by the
magnetic transition (Curie temperature, TgC ). A sharp endothermic
reaction was detected at 1033 �C in 8.5 at.%Ta alloy, which
corresponds to the peritectoid reaction, g(Co)þ l3¼ cCo7Ta2. Other
DSC results are summarized in Table 2 and plotted in Fig. 2.

5.3. Diffusion couples

Fig. 5 shows microstructures and composition profiles obtained
from Co/Ta diffusion couples heat-treated at 1000 �C for 840 h (a),
(b) and at 1300 �C for 96 h (c), (d). Composition steps in the profiles
corresponding to inter-phase boundaries of g(Co)/cCo7Ta2 and
cCo7Ta2/l3 in Fig. 5(a), and of l2/m, m/CoTa2 and CoTa2/a(Ta) in
Fig. 5(c) were obtained. Equilibrium compositions were deter-
mined by extrapolating the composition profiles from the single-
phase region to the inter-phase boundaries, as illustrated by open
and solid diamonds in Fig. 5(b and d). The existence of the l1 (C14)
phase could not be recognized in any diffusion couples. All the data
obtained from diffusion couple examinations are summarized in
Table 3 and plotted with open circles in Fig. 2.

According to the phase diagram of the CoeTa system shown in
Fig. 1, a narrow equilibrium between l3 (29 at.% Ta) and l2 (30 at.%
Ta) is proposed. However, this equilibrium could not be recognized
in any diffusion couples. Instead, an apparent change of poly-
crystalline microstructure across the composition of 26.5 at.% Ta
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was recognized, as shown in Fig. 6(a), in which coarse grains and
fine grains were observed at lower and higher Ta contents,
respectively. No composition steps could be recognized at the
microstructural boundary, as shown in Fig. 6(b). Thus, the crystal
structures of CoeTa alloys below and beyond this composition
(26.5 at.%Ta) heat treated at 1200 �C were investigated.
Fig. 9. FE-SEM images of Co-8.5Ta alloy heat-treated at (a), (b) 1000 �C for 1 h and (c)
1025 �C for 1 h.
5.4. X-ray diffraction (XRD)

Results of XRD shown in Figs.7(a) Co-26 at.%Ta and (b) Co-27 at.%
Ta heat-treated at 1200 �C for 168 h, were identified as diffractions
from the l3 (C36) and l2 (C15) compounds, respectively. Therefore,
even though an apparent composition step could not be confirmed
at the microstructural boundary in diffusion couples, it can
be suggested that a narrow l3 þ l2 two-phase region exists within
26e27 at.% Ta at 1200 �C asmarked bya double circle in Fig. 2. The l3
(C36) was also identified at 1000 �C and disappeared at 900 �C,
which suggests that the eutectoid reaction of l3
(C36)¼ cCo7Ta2þ l2 (C15) occurs between 900 �C and 1000 �C. The
eutectoid reaction, l1 ¼ m þ l2, is considered to occur at 1130 �C in
the phase diagram shown in Fig. 1. As shown in Fig. 7(c and d),
however, the l1 phase identified in Co-42 at.%Ta heat-treated at
1300 �C transformed into the l2 phase at 1290 �C, which suggests
that the eutectoid reaction occurs below1300 �C and above 1290 �C.
Fig. 10. (a) Electron diffraction pattern and (b) dark field image taken from (110) super
reflection of Coe8.5Ta alloy heat-treated at 1000 �C for 1 h.
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5.5. Equilibrated microstructures

Fig. 8 shows typical back-scattered electron (BSE) images of
equilibrated CoeTa alloys. The equilibrium composition and crystal
structure of each phase were examined by EPMA and XRD,
respectively. Results of EPMA measurement are summarized in
Table 3 and plotted with open diamonds in Fig. 2. The difference in
the equilibrium compositions of the l2 phase in Fig. 8(d) and of the
l1 phase in Fig. 8(e) also confirms the eutectoid reaction and its
temperature between those two conditions.
5.6. Metastable g0 phase

According to the resultofDSCmeasured in8.5 at.% Ta alloy shown
in Fig. 4(b), a small signalwhichmaycorrespond to thedissolutionof
a certain phasewas detected at 1013 �C. To identify the reaction, the
microstructure of 8.5 at.%Ta alloys heat-treated at 1000 �C and
1025 �C for 1 h after solution treated at 1300 �C for 120 h was
examined by FE-SEM (JEOL JSM-6500F) and TEM (JEOL JEM-
2000EXII). The microstructure solution treated at 1300 �C consists
of massive particles of l3 (23.2 at.%Ta) precipitated in the g(Co)
matrix (5.8 at.%Ta), as shown in Fig. 8(b). In the microstructure
quenched from1000 �C shown in Fig. 9(a), themassive particles of l3
remain as theywere at 1300 �C.On the otherhand, someof theg(Co)
matrix transformed into lamellar domains of g(Co) þ l3 by discon-
tinuous precipitation of g(Co)¼ g(Co)þ l3. In addition to these two
structures, there are domains with complex precipitates, as shown
in Fig. 9(b), which consist of needle-like precipitates of cCo7Ta2 and
fine chained precipitates dispersed in the g(Co) matrix of 5.8 at.%Ta.
In the same alloy heat-treated at 1025 �C, the fine chained pre-
cipitates disappeared as shown in Fig. 9(c), which indicates that the
small signal detected at 1013 �C by the DSC shown in Fig. 4(b) was
caused by dissolution of these chained precipitates in the 5.8 at.%Ta
g(Co) phase. Fig. 10(a) shows a diffraction pattern taken from these
Table 4
Thermodynamic parameters of the CoeTa binary system evaluated in th

Thermodynamic parameters, G and L [J/mol], and magnetic paramete
Liquid: (Co, Ta)

0LLCo;Ta ¼ �199948.7 þ 44.5468 T, 1LLCo;Ta ¼ �13651.5, 2LLCo;Ta ¼ þ
g(Co) (A1): (Co, Ta)1 (Va)1

0LgCo;Ta ¼ �116349.4, 1LgCo;Ta ¼ þ18595.2
TgC ¼ 1396,xCo, 0TC

g
Co;Ta ¼ �2200, 1TC

g
Co;Ta ¼ �804, bg ¼ 1.35,

a(Ta) (A2): (Co, Ta)1 (Va)3
0LaCo;Ta¼ �95196.5 þ 18.5567 T, 1LaCo;Ta ¼ �3489.72, 2LaCo;Ta ¼ þ3
TaC ¼ 1450,xCo, ba ¼ 1.35,xCo

ε(Co) (A3): (Co, Ta)1 (Va)0.5
0LεCo;Ta ¼ �102000 þ 15 T, TεC ¼ 1396,xCo, bε ¼ 1:35,xCo

g0 Co3Ta (L12): (Co, Ta)0.75 (Co, Ta)0.25 (metastable)
DGg0 ðL12Þ

Co3Ta
¼ �9977.3

l1 (C14): (Co, Ta)0.6667 (Co, Ta)0.3333
Gl1
Co:Co ¼ þ7136.18 þ +Gε

Co, G
l1
Co:Ta ¼ �47822.4 þ 8.25972 T þ 0.666

Gl1
Ta:Ta ¼ þ43644.4 þ +Ga

Ta, Gl1
Ta:Co ¼ þ0.3333+Gε

Co þ 0.6667+Ga
Ta,

0

l2 (C15): (Co, Ta)0.6667 (Co, Ta)0.3333
Gl2
Co:Co ¼ þ6000 þ +Gε

Co, G
l2
Co:Ta ¼ �48641.8 þ 8.4912 T þ 0.6667+Gε

C

Gl2
Ta:Ta ¼ þ3000 þ +Ga

Ta, Gl2
Ta:Co ¼ þ0.3333+Gε

Co þ 0.6667+Ga
Ta,

0Ll2Co:
l3 (C36): (Co, Ta)0.6667 (Co, Ta)0.3333
Gl3
Co:Co ¼ þ6000 þ +Gε

Co, G
l3
Co:Ta ¼ �48453.85 þ 8.445 T þ 0.6667+Gε

C

Gl3
Ta:Ta ¼ þ3000 þ +Ga

Ta, Gl3
Ta:Co ¼ þ0.3333+Gε

Co þ 0.6667+Ga
Ta,

0Ll3Co:
m (D8b): (Co) 0.4615 (Ta) 0.3077 (Co, Ta) 0.2308

Gm
Co:Ta:Co ¼ �28201.5 þ 0.6923+Gε

Coþ0.3077+Ga
Ta, G

m
Co:Ta:Ta ¼ �3292

0LmCo:Ta:Co;Ta ¼ �44515.8 þ 22.594 T

CoTa2 (C16): (Co, Ta)0.3333 (Co, Ta)0.6667
GCoTa2
Co:Co ¼ þ5000 þ +Gε

Co, GCoTa2
Co:Ta ¼ �25117.1 þ 0.3333 +Gε

Co þ 0.66

GCoTa2
Ta:Ta ¼ þ5000 þ +Ga

Ta, GCoTa2
Ta:Co ¼ þ0.6667+Gε

Co þ 0.3333+Ga
Ta

0LCoTa2Co:Co;Ta ¼ �44063.2, 0LCoTa2Co;Ta:Ta ¼ þ9378.2

c Co7Ta2: (Co)0.7778(Ta)0.2222 DGCo7Ta2
f ¼ �33091.5 þ 5.16 T
precipitates together with the g(Co) matrix phase, in which the
super-lattice reflections due to the L12 ordered structure (g’Co3Ta) in
addition to the basic reflections of the disordered fcc phase (g(Co))
were confirmed. A dark-field image taken from the (110) super-
lattice reflection shown in Fig. 10(b) clearly exhibits fine chained
particles of the ordered g’Co3Ta phase. Results of these TEM exam-
inations suggest that the fine chained precipitates are identified as
being the g’Co3Ta (L12) phase, which seems to be metastable taking
into account other experimental results.
5.7. Thermodynamic calculation

Based on the present and previous experimental data, the
thermodynamic parameters of stable and metastable phases in the
CoeTa binary system were evaluated using Thermo-Calc soft-
ware [36]. Optimized parameters are listed in Table 4. The calcu-
lated CoeTa phase diagram compared with experimental data is
shown in Fig. 11(a), which indicates that sufficient consistency
between calculated and experimental results was obtained. In or-
der to evaluate the stability of the g’Co3Ta (L12) phase, solvus
temperatures of the g’ phase of g þ g’ microstructure (3.5 and
5.8 at.%Ta) shown in Fig. 4(b) as well as the enthalpy of formation of
the g’ Co3Ta (L12) phase calculated by ab-initio method (�23.44 kJ/
mol) [15] were taken into account in this thermodynamic assess-
ment. Fig. 11(b) shows metastable phase equilibria between the
g(Co) (A1) phase and the g’Co3Ta (L12) phase calculated without
taking other phases into account, which suggests that the stoi-
chiometric Co3Ta phase is stable below 2000 �C. According to the
present thermodynamic assessment, the enthalpy of formationwas
calculated to be �23.87 kJ/mol, which is in good agreement with
the ab-initio value. This indicates that both the present CALPHAD
assessment based on experimental results and the ab-initio calcu-
lation are trustworthy for investigation of the stability of the
metastable g’ Co3Ta (L12) phase.
is study. Lattice stabilities of pure elements are taken from Ref. [31].

rs, TC [K] and b [mB]

38187.4

xCo

5362

7+Gε

Co þ 0.3333+Ga
Ta

Ll1Co;Ta:Ta ¼ �57521.2

o þ 0.3333+Ga
Ta

Co;Ta ¼ �4140.21

o þ 0.3333+Ga
Ta

Co;Ta ¼ �4743.62

6.8 þ 0.4615+Gε

Co þ 0.5385+Ga
Ta

67+Ga
Ta
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6. Conclusion

Experimental investigation and thermodynamic calculation of
the phase diagram of the CoeTa binary system was carried out.
Equilibrium compositions appeared in two-phase alloys and
diffusion couples were determined by EPMA at temperatures be-
tween 900 �C and 1450 �C. In the diffusion couples, neither
composition steps nor changes of the slope in the composition
profile which correspond to the l2(C15) þ l3(C36) two-phase re-
gion could be observed. Across a composition, Co-26.5 at.%Ta, in the
profile, however, the microstructure changes drastically, which
suggests that the equilibrium phases change in composition from
l3(C36) to l2(C15) with increasing Ta content. A very narrow
l3(C36) þ l2(C15) two-phase region is considered to exist around
26.5 at.% Ta at temperatures between 950 �C and 1448 �C according
to these results. Primary crystals and invariant reactions which
appeared during solidification were identified by microstructure
examinations of as-cast Co-(24e60 at.%)Ta alloys, yielding
information to construct equilibrium relationships among the
liquid, Laves (l1(C14), l2(C15), l3(C36)), m and CoTa2 phases above
1500 �C. The solvus temperature of the g0 (L12) phase in the 5.8 at.%
Ta g (A1) phase and that of the peritectoid reaction of the cCo7Ta2
phase in a Co-8.5 at.%Ta alloy were determined to be 1013 �C and
1033 �C by DSC, respectively. According to the results of TEM
observation, it is concluded that the g0 Co3Ta (L12) phase is meta-
stable in this binary system. The calculated phase diagram shows
good agreement with the experimental phase diagram revised in
the present study. The metastable g0 Co3Ta (L12) stoichiometric
compound phase was estimated to be disordered at 2000 �C. The
evaluated enthalpy of formation of the metastable g0 Co3Ta
(DH(g’Co3Ta) ¼ -23.86 kJ/mol) is consistent with the ab initio
calculation (�23.44 kJ/mol), which might provide essential infor-
mation on the effect of Ta on the CoeAleW-base superalloys.
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