Experimental Study and Thermodynamic Assessment of the

Ni-Mo-Ta Ternary System

YUWEN CUI, XIAOGANG LU, and ZHANPENG JIN

Phase equilibrium data of the Ni-Mo-Tasystem at 1473, 1373, and 1173 K were determined by means
of diffusion triple and electron probe microanalysis (EPMA) techniques in this article. From the
present experimental results and literature data, the Ni-Mo-Ta system was thermodynamically assessed
using the CALPHAD method. A set of consistent thermodynamic parameters of each phase was
obtained. A number of calculated isothermal sections are presented and compared with experimental
data. They are in reasonable agreement. The present calculation was successfully used to analyze the
solidification behavior of two alloys. Two subsystems, Ni-Mo and Mo-Ta, were assessed prior to the

assessment of the ternary system.

I. INTRODUCTION

THE Ni-Mo-Ta ternary system is of great interest in
relation to the development of some Ni-based superalloys.
This system has been studied by severa investigators. The
first investigation of the Ni-Mo-Ta system was carried out
by Virkar and Raman.l An isothermal section at 1173 K
was determined; nevertheless, because the single-phase
boundaries were not determined and the number of alloys
was too few to determine al three phase boundaries accu-
rately, their results were considered to be rather tentative.
By means of electron probe microanalysis (EPMA) and X-
ray diffraction, Chakravorty and West!? determined two par-
tial isothermal sections at 1523 and 1273 K. Some data for
1173 K were aso obtained. In addition, they suggested a
partia liquidus projection diagram based on the analysis of
as-cast aloys. The most notable discrepancy between those
two groups is that Virkar and Raman found that NisTa and
NisMo can form continuous series of solid solution at 1173
K, while Chakravorty and West stated that they cannot.
Gupta® critically evaluated the previous works of the Ni-
Mo-Ta system. Furthermore, he proposed ancther probable
liquidus projection.

Kaufman¥l published a tentative calculation of the Ni-
Mo-Ta ternary system based on the limited experimental
information, in which no ternary solution and compound
parameters were employed. Accordingly, it is the objective
of this work to determine the phase equilibrium data of the
Ni-Mo-Ta system in more detail and to develop a set of
consistent thermodynamic descriptions of this system using
the CALPHAD method.

[I. EXPERIMENT

Thediffusion coupletechnique, as an effective and power-
ful approach to determine phase diagrams, plays a dominant
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role in the study of complex metallic systems. This method
was thus adopted in our work.

Starting materials were electrolytic nickel (99.97 pct),
pure molybdenum bar (99.97 pct), and pure tantalum bar
(99.95 pct), provided by GE Company (Schenectady, NY).

At first, the Mo-Ta binary couple was prepared by diffu-
sion welding in a GLEEBLE-1500-type Thermal Simulator.
The welding was conducted in vacuum (better than 3 X
1073 Pa) at 1473 to 1573 K under a certain force for 20 to
30 minutes.

The binary couples and Ni pieces were then polished and
welded together, also in the GLEEBL E-1500-type Thermal
Simulator, to form well-contacted Ni-Mo-Ta diffusion tri-
ples. Figure 1 illustrates the construction of the Ni-Mo-Ta
diffusion triple. The triples were sealed in evacuated silica
capsules with avacuum (3 X 102 Pa) and heated in a GK -
2B-type diffusion furnace at 1473 K for 200 hours, at 1373
K for 500 hours, and at 1173 K for 1000 hours. The tempera-
ture was controlled within =5 K. After annealing, thetriples
were air quenched. The air-quenched triples were polished
parallel to the diffusion direction.

The microstructure was observed by optical microscopy,
andthelocal composition wasanalyzed by EPMA performed
on CAMEBAX SX-50.

Figures 2(a) and (b) show the backscattered e ectron
images of the Ni-Mo-Ta diffusion triples annealed at 1473
and 1373 K, and Figures 2(d) and (e) present their schematic
diagrams of phase distribution. From the EPMA anaysis,
six intermediate phases, NigTa, NisTa, Ni,Ta, NiTa, NiTay,
and NiMo, were formed at both temperatures. Figures 2(c)
and (f) show the backscattered el ectron image and the sche-
matic diagram of phase distribution of the Ni-Mo-Ta diffu-
sion triple annealed at 1173 K for 1000 hours. As can be
seen from these two figures, two intermediate phases, NizTa
and NiMo, were evidently detected as well as very thin
diffusion layers of Ni,Ta and NiTa. The absence of other
equilibrium phases is probably a result of their very slow
growth rates at this temperature or the definitive resolution
of CAMEBAX SX-50.

All the determined equilibrium data are listed in Tables
I through I11. Thelisted tie-lineswere obtained by extrapola-
tion of the concentration profile acrossthe boundary between
pairs of phases. The tie triangles were measured by locating
the three-phase equilibria, and the listed ones are the average
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Fig. 1—The schematic diagram of the construction of the Ni-Mo-Ta diffu-
sion triple.

values of several individual measurements. Nevertheless,
because some EPMA data appear to be somewhat scattering
and anomalous in their respective concentration profiles,
reasonable and appropriate extrapolations were impossible;

thus, only indicative equilibrium data can be estimated.
Those data were considered to be tentative and have great
uncertainty; thus, they werenot utilized in the present assess-
ment, as indicated in Tables | through Il in the column
entitled “Data Used.” In addition, the data involving the
NigTaphase at 1473 and 1373 K were not given. The reason
is that the compositions of fcc and NigTa are too close to
distinguish clearly in the backscattered images. Therefore,
it is not possible to get a reliable extrapolation from their
concentration profiles. The data for NigTa at 1173 K were
also unavailable because they were absent from the diffu-
sion triple.

Comparing the present data at 1173 K and those from
Chakravorty and West,[ the (fcc + NizTa) two-phaseregion
obtained in this work almost reaches the vicinity of the Ni-
Mo system. In fact, this two-phase region together with the
Ni;Ta single-phase region already wholly overlaps with the

Ni3(Mo,Ta)
Niz2Ta

NiTa '
NiTaz

BCC
()

NisTa

Ni3(Mo,Ta)

(d)

Ni3(Mo, Ta)
N Ni2Ta
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Fig. 2—(a) through (c) The backscattered electron images of the Ni-Mo-Ta diffusion triple. (d) through (f) The schematic diagrams of phase distribution.
Annealing times were (a) and (d) 1473 K for 200 h, (b) and (e) 1373 K for 500 h, and (c) and (f) 1173 K for 1000 h.
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Tablel. The Equilibrium Data Determined by EPMA in the Ni-Mo-Ta Diffusion Triple at 1473 K (Atomic Percent)

Niz(Mo, Ta) NiMo Data Niz(Mo, Ta) Bcc Data
Mo Ta Mo Ta Used Mo Ta Mo Ta Used
12.1 12.7 455 2.4 yes 15 24.6 74.7 205 no
11.0 13.3 46.6 2.0 yes — — 75.0 225 no
12.0 13.1 47.1 2.2 yes 2.2 22.7 87.8 10.2 yes
NiMo Fcc Niz(Mo, Ta) Fcc
Mo Ta Mo Ta Mo Ta Mo Ta
46.6 17 19.6 4.1 yes 0.1 234 0.8 12.2 no
485 16 20.1 4.2 yes 11.0 13.7 18.0 5.0 yes
48.3 0.7 18.0 8.0 no 115 135 19.0 4.6 no
NiMo Bcc 12.0 124 19.6 4.2 yes
Mo Ta Mo Ta 127 12.0 18.8 43 yes
47.7 25 93.9 4.0 yes 104 13.3 12.9 6.0 yes
NiTa Bcc 0.1 222 33 104 yes
Mo Ta Mo Ta 21 213 53 9.4 yes
18 54.0 37.8 60.2 no 5.0 18.3 8.0 8,.0 yes
35 49.9 49.8 49.1 yes 94 14.6 10.1 6.8 yes
Ni,Ta Niz(Mo, Ta) NiTa Ni,Ta
Mo Ta Mo Ta Mo Ta Mo Ta
0.1 34.2 0.1 25.7 yes 5.7 47.1 0.3 34.9 yes
NiMo Niz(Mo, Ta) Fcc Ni,Ta Niz(Mo, Ta) Bcc
Mo Ta Mo Ta Mo Ta Mo Ta Mo Ta Mo Ta
457 19 154 11.2 196 41 YS 01 334 30 261 558 414 no

Tablell. The Equilibrium Data Determined by EPMA in the Ni-Mo-Ta Diffusion Triple at 1373 K (Atomic Percent)

Niz(Mo, Ta) NiMo Niz(Mo, Ta) Bcc

v Data == Data
Mo Ta Mo Ta Used Mo Ta Mo Ta Used
16.2 8.4 485 0.6 yes 1.9 229 91.8 54 yes
16.0 9.1 49.4 0.4 yes 17.2 7.6 — — no
16.4 9.2 50.0 0.7 yes — — — — —
fcc NiMo Niz(Mo, Ta) Fcc
Mo Ta Mo Ta Mo Ta Mo Ta
20.8 0.2 48.4 0.4 yes 16.0 89 195 2.7 yes
21.0 25 48.8 0.5 yes 15.9 8.7 20.0 27 yes
205 2.7 49.0 0.6 yes 17.0 7.8 20.5 25 yes
21.8 2.3 48.8 0.5 yes 12.4 11.2 13.0 4.7 yes
45 19.0 5.0 8.1 yes
6.5 16.9 6.6 7.9 yes
13.0 9.7 14.0 4.1 yes
NiTa, Bce 8.8 14.0 10.9 5.2 yes
Mo Ta Mo Ta
0.2 66.2 0.4 98.5 yes
Ni,Ta Niz(Mo, Ta) NiTa Ni,Ta
Mo Ta Mo Ta Mo Ta Mo Ta
0.1 33.0 0.1 24.9 yes 0.1 50.4 0.1 326 yes
NiMo Niz(Mo, Ta) Bcc Ni,Ta Niz(Mo, Ta) Bcc
Mo Ta Mo Ta Mo Ta Mo Ta Mo Ta Mo Ta
124 12.8 no 03 334 0.7 25.8 617 247 yes
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Tablelll. The Equilibrium Data Determined by EPMA in
the Ni-Mo-Ta Diffusion Triple at 1173 K (Atomic Percent)

Nis(MO, Ta)  NiMo Nig(Mo, Ta)  Fcc

Data Data
Mo Ta Mo Ta Ussd Mo Ta Mo Ta Used
106 143 489 17 yes 00 246 03115 no

153 93 508 00 yes 132 99 108 41 yes

Nis(Mo, Ta) Ni,Ta 143 92 125 3.0 yes

Mo Ta Mo Ta 75 155 57 6.8 yes

10 259 07 322 yes 96 133 65 6.0 yes

Ni,Ta NiTa 165 75 142 20 yes

Mo Ta Mo Ta 193 45 157 14 vyes
00 337 06 522 no
0.40
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Fig. 3—Comparison between the present experimental dataat 1173 K and
those obtained by Chakravorty and West.[d

(NisgMo + fcc + NigTa) three-phase region reveded by
Chakravorty and West, as presented in Figure 3. In the study
of Chakravorty and West, neither tie-line nor tie-triangle,
which was used to verify that NizTa and NisMo cannot
form complete solid solution, passed through their respective
nominal aloy compositions. It is therefore reasonable to
consider that those data are not reliable enough. In addition,
NisMo (isotypic with Cu,Ti) and NisTa (isotypic with CusTi
or Pt;Ta) have similar crystal structure, very similar lattice
parameters, and asmall difference between the CN12 atomic
radii of Mo and Ta(rr.isonly 5 pct larger than ry,).l¥ From
these findings, along with the study of Virkar and Raman,™
Ni;Ta phase and NisMo should be treated as one phase in
theNi-Mo-Taternary system. In thiswork, it was designated
as Niz(Mo, Ta).

[11. THERMODYNAMIC ASSESSMENT

A Binary Boundary Systems

1. Ni-Ta system
The Ni-Ta system was previously assessed by Kaufman!®
and Ansaraand Selleby.[® Recently, Cui and Jinl” reassessed
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Fig. 4—The calculated Ni-Ta system by Cui and Jin.["

this system based upon new experimental data. The thermo-
dynamic assessment by Cui and Jin was adopted in this
work. The calculated Ni-Ta phase diagram is reproduced in
Figure 4.

2. Ni-Mo system

The Ni-Mo system was investigated by Frisk.[® In her
assessment, the NizMo phase was treated as stoichiometric
compound. However, NisTa, which has a similar crystal
structure to NisMo, was described by a two-sublattice model
(Ni, Ta)5(Ni, Ta), in the Ni-Tasystem.!”l Due to the fact that
NisTa and NisMo were treated as one phase Niz(Mo, Ta) in
the Ni-Mo-Ta ternary system, it is necessary to remodel the
NisMo phaseas (Ni, M0o); (Ni, M0o), sothat it hasaconsi stent
model with NisTa for the calculation of ternary or higher
order system. In addition, NizMo is assumed to decompose
into fcc(Ni) and NisMo at about 317 K in the assessment by
Frisk, whichisunreasonabl e without any direct experimental
information. Accordingly, the Ni-Mo system was modified
in the present article.

A detailed review of experimental data and descriptions
of the thermodynamic model were already given in the
assessment by Frisk.[® It is thus unnecessary to repeat them
in the present article. Similar to the model of NisTa, the
NisMo phase was modeled by a two-sublattice model (Ni,
Mo)s(Ni, M0),.

The assessed parameters of each phasein the present work
are summarized in Table 1V. The modified Ni-Mo phase
diagram is presented in Figure 5. Figure 6 shows the cal cu-
lated Ni-rich portion of the Ni-Mo system together with
experimental data!®'9 Besides the two improvements on
the aforementioned problems, the fcc(Ni)/fcc(Ni) + NiMo
phase boundary was moved to higher Mo contents to make
acompromise between the experimental points by Casselton
and Hume-Rothery!™ and those by Heijwegen and Rieck.[*

The calculated and measured values of the enthalpy of
formationl*1*2 of the NiMo phase are in good agreement,
as presented in Figure 7.
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TablelV. The Assessed Parameters of Ni-Mo, Mo-Ta, and
Ni-Mo-Ta Systems in the Present Work*

Liquid phase (description: Redlich—Kister)
L"?MO —40,224 + 1575 0T
i = 3347
Ta = — 13477
1I-I\I/qu.)Ta = —4091
L\ mora = 30,000
Bcc phase (description: Redlich—Kister)
LR,“,“MO = 42,679
LB‘C Mo = 4825
ota = — 69,360
lLMoTa = —4190
LNI Mo,Ta = 61 77
Fcc phase (description: Redlich—Kister)
e T e
iMo — ’
OLM(,Ta —6572
Liimota = —5800
Nig Ta phase (description: (Ni)s (Mo, Ta)1)
°GNi&2 = 8 0°Gi® + °GS + 8 0(—2300)
Niz(Mo, Ta) phase (description: (Ni, Mo, Ta)(Ni, Mo, Ta),)
°GNIMoTa = 180,000 + 4 I°GRSS
°GNisMeTa = 4 (—3363 — 002 OT) + °GRE + 3 O°GF
OGN|3(MoTa) — 80 000 + 3 Doncc + onoc
°GN'3W°T3> = 40(53,363 + 0.02 OT) + 3 O°GES + °Gi
°GNMoTa = 100,000 + °GIC + 3 O°GRE
OGN|3wooi\"rla) — OGN|3(MOTa) — OGN|3(MOTa) = —4080
OGNl_SIS]N’IoTa) — OGN|3(]{\I/IoTa) — OGN|3,$MoTa) = —3804
NiTa phase (description: (Ni, Ta);(Mo, Ta)4(Ni, Ta)z(Ni)e)
°GRifonini = 7 0°GF + 2 0°GR* + 4 0°Gpes

oc':‘Ta_l\all‘o Ni:Ni = OGII%C +4 DOGRAO(C) + 2 DOGmC + 6 DOGF\JOiC
OG‘Nl I\EII‘OTa.NI = —181,922 + 7 DOGfCC + 4 DOGng + 2 DOG%lC

"Glilioran = ~276,900 + °Gf + 4 0°GHig + 2 DG +
6 0°Ge

NiTa, phase (description: (Ni, Mo, Ta),(Mo, Ta),)

°Ghoiqo = 40,000 + °GffS

°GNIN2 = —1500 + 2 0°GRS + °GiF

“GlIE = 2 D°GRE + "G

OGNITaZ — oncc +2 DonCC

°GN:TM3% Mo = °GN:TM3% a = —30,000

OGNETI'aa%Mo = OGN| TaTa — 15,840

NiMo phase (description: (Ni).4(Ni, Mo, Ta),(Mo, Ta)1y)
°GNNemo = 56 [(—4687 + 26.336 OT —

3.408 OT OlIn (T)) + 24 0°Gl + 32 0°GR:

°GNMPmo = 56 0(—1402.8 — 7.908 OT +

1.165 OT Oln (T)) + 24 0°GI&* + 20 0°GEE + 12 0°GEE
°GNM3mo = —1,224,888 + 12 0°GfS + 24 0°G[§ + 20 0°Gi®
"Gl . — 679,392 + 20 °GYE + 24 D°GIF + 12 DG
°GNIMPta = —1,203,776 + 44 D°Gf°° + 12 0°Ge

°GNMSTa = 34,496 + 24 0°GF* + 32 0°Gh

*Values for Liquid, Fcc, and Bce are given in Jmol of atoms
and in Jmol formula units for the intermediate phases.

3. Mo-Ta system

The Mo-Ta system was studied by Buckle,™¥ Geach and
Smith,[*4 and Rudy.'™ They found that this binary system
was an isomorphous system in which Mo and Ta form a
continuous series of bcc solid solution. The currently
accepted Mo-Ta system came from the compilation of Mas-
salski et al.['¥ Singhal and Worrel[*7! determined the thermo-
dynamic properties of solid Mo-Ta aloys between 1000 K
and 1300 K using a galvanic cell. Their results show that
the activities of Ta and Mo exhibit large negative deviation
from ideality.
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Fig. 5—The modified Ni-Mo system in present assessment.
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Fig. 6—The modified Ni-rich portion of the Ni-Mo system together with
the experimental data. Dashed lines are the calculated results by Frisk.[®!

Theequilibrium data evaluated in the compilation of Mas-
salski et al.'% were adopted in the present assessment. The
data used in the assessment were read from the evaluated
diagram at an interval of 5 at. pct Ta. The data of Singhal
and Worrel[* were accepted to assess the bcc phase. Their
measured electromotive force values were transformed into
the chemical potentials of Tain bcc during the optimization.

In this work, both the liquid and bcc phases were treated
as regular solution. The assessed parameters are listed in
Table 1V. The calculated Mo-Ta system is shown in Figure
8. The calculation shows good agreement with the evaluated
data from Reference 16. Figure 9 presents the comparison
between the calculated and the derived chemical potentials
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Fig. 7—Comparison between the calculated and measured values of the
enthalpy of formation of the NiMo phase.
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Fig. 8—The assessed Mo-Ta system together with the evaluated data

of Ta in the bcc phase. It shows that, a Mo-rich portion,
the calculated values are lower than the experimental points.
However, the attempt to get a better fit was not made because
it would result in an unacceptabl e reproduction of the experi-
mental data involving the bce phase in the calculation of
the Ni-Mo-Ta ternary system.

B. The Ternary System

1. Sdlection of the experimental data

Because the isotherma section given by Virkar and
Raman' was considered to be tentative, all their data were
not adopted in the assessment. All the equilibrium data from
Chakravorty and West!? were employed in the assessment,
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Fig. 9—Comparison between the calculated and derived chemical poten-
tials of Tain the bcc phase.

apart from those which may have great uncertainty. Those
excluded dataincluded the tie-linesthat did not pass through
the nominal alloy compositions.

Most data obtained from the present experiment were
used in the assessment. However, as previously mentioned,
some indicative datawere not used. No thermochemical data
are available.

2. Thermodynamic model

The substitutional solution model was used to describe
bec, fee, and liquid. The model yields the following expres-
sion for the Gibbs energy:

Gm = Xni OGRH + Xmo OGrI\]/Io t X7a OGtIla
+ RT(Xni In Xni + Xuo 1IN Xyo + Xra In Xp)  [1]
+ Gy + GIP

where °G,, is the excess Gibbs energy and can be expressed
as follows:

“Gm = XniXmolnimo + XniXralniTa
+ XpoXralmoTa T XniXmoXTalniMo,Ta

The parameter °G! is the Gibbs energy of pure component
i in a hypothetical nonmagnetic state and is taken from the
database.l*® The term G represents the contribution due
to magnetic ordering. This term was assumed to be zero for
the liquid phase. The three binary L parameters are taken
from the corresponding binary systems.

For the description of the solubility of Mo in the binary
stoichiometric phase NigTa, a formula (Ni)g(Mo, Ta); was
yielded for NigTa, where Mo was assumed to substitute
for Ta.

The experimental data of Chakravorty and West,!?
together with the present data, show that only negligible
Mo can dissolve in the Ni,Ta phase. Thereby, no ternary
compound parameters were considered. For the NizsMo
phase, a similar treatment was taken into account.

(2]
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As already mentioned, NisTa and NisMo were treated as
one phase in the ternary system, which was denoted as
Nig(Mo, Ta). This treatment yields the model (Ni, Mo,
Ta);(Ni, Mo, Ta);. The Gibbs energy for one mole of formula
units can be expressed as follows:

Gin="Yni(*Yni“Gnirni +2Y1a"Gygiera T Yno Gnvimio)
+Yra(Yni°Grani + Yra’Gratat Yumo Gramo)
+ Yro(PYni *Guoni + 2Yra’Guotat 2Yuo Gwmomo)
+ 3RT(ynilnyni + MYral YYrat Yol N'Yio)
+ RTCyniln?Yni + 2Yral Y rat Yol N?Ynio) (3]
+1Yni Yra(Yilni ani + 2Yralni Tata t 2Ymolni Tamo)
+2yni?Yra("Ynilnioni rat *Yralrani tat Ymolmoni Ta)
+1Yni Ymo(PYnilni moni + 2Yralnimo:ta T Yol nimomo)
+2Yni 2Ymo("YniLnizni o+ Yralranimo+ Ymol moni mo)

where %y; refersto the site fraction of component i in sublat-
tice s. The °G parameter represents the Gibbs energy of a
compound in the virtual state of Nig(Mo, Ta) and is given
relative to the selected reference state for the elements. The
symbolsin Egs. [4] through [6] refer to the similar properties.
To reduce the number of probable adjustable parameters,
the contribution of theinteraction between Mo and Tawithin
the same sublattice was neglected. A same simplification
was also introduced into the other intermediate phases.

A four-sublattice model, (Ni, Ta)1(Ta)4(Ni, Ta),(Ni)s, was
used to describe the NiTa phase by Cui and Jin.! In the
ternary system, only Mo was allowed to substitute for Ta
in the second sublattice in order to reduce the number of
parameters. A sublattice model with the formula (Ni,
Ta),(Mo, Ta)4(Ni, Ta),(Ni)s wasthusobtained. Thesublattice
model yields the following expression for the Gibbs energy
for one mole of formula units:

Gin="Yni(*Yra*Yni°Giztaninni T *YraYra Gnictatani)
+Yra(*Yra Yni“Cratanini T Yra Yra Cratatani)
+1Yni(Ymo Yni *Gnismonizni + 2Ymo Ya”Grvi:morTani)
+1Y7a(*Ymo Vi Gramonini T 2Ymo Yra”Gramotani)
+RT(ynilntyni +yralntyra) + 4RT (Yol N?Yuo (4]
+2yraln?yra) + 2RT(CynilnPyni + 3yralnyr)

+ Y01 Y1y ra Ynilni Tatanioni  2Yra Yralni Tatatani)
+°Yni Y ra Y Yraloni rani i Yra Yrebraani Tani)
+1Yni Y ra(*Ymo Yni i Tamonniani Yo Yralni TaMorTani)
+3Yni Y ra"Yni YnmoLnismoni Tani + Yra YmoLramoni Tani)

Based on the model of NiTa, in the binary system,” this
phase was then described by (Ni, Mo, Ta);(Mo, Ta), in the
ternary system. The sublattice model yields the following
expression for the Gibbs energy for one mole of formula
units:

Gm = "Wni(®¥mo *Gnimo + 2Yra “Gni:Ta)

+ 1yMo(ZyMo OGMo:Mo + 2yTa OGMo:Ta)

METALLURGICAL AND MATERIALS TRANSACTIONS A

+ Yra(*Yumo “Gramo + *Yra *Grata)

+ RTCyNi 1N Yni + Yuo In Yo + yraIntyra) - [5]
+ 2RT(*Ywmo IN %Yo + ?Yra In ?yr)

+ Yai Ymo(PYmobnimomo + AYralnimota)

+ Yai Yrd®Ymobnitamo + Yrabni Tata)

In the Ni-Mo binary system,® the NiMo phase was mod-
eled using athree-sublattice model, (Ni),4(Ni, M0)20(M0)15.
A ternary model, (Ni)4(Ni, Mo, Ta),o(Mo, Ta)1,, was then
used, i.e, simply alowing Ta to substitute for Mo. The
sublattice model yields the following expression for the
Gibbs energy for one mole of formula units:

G = *ni(*Ymo “Gninivo + *Yra *Ginicta)
+ Yuo(*Ymo “Grimomo + *Yra’Gimorte)
+ 2Yra*Yumo “Gnitamo + *Yra “Gnictata)
+ 20RTCyni In 2y + 2o IN 2o + yra IN 2yr)[6]
+ 12RT(ymo I 3ymo + %yra In 3yr)
+ Ymo(Yni Ymolninimonmo T i 2Yralniini Tamo)
+ 3YraPYni?YmolinimoTa T i ZYralniini TaTe)

3. Parameter optimization

The optimization of parameters was carried out using the
Parrot module in the Thermo-Calc program developed by
Sundman et al.[**! The optimization was performed by sev-
era steps. The parameters of fcc, bee, and liquid phase were
first optimized. Then, the parameters of variousintermediate
phaseswere optimized one by one. Finally, all the parameters
were optimized together to give a better description.

IV. RESULTS AND DISCUSSION

The assessed parameters of each phase are listed in Table
IV. Figures 10 through 14 show the comparisons between

Chakravorty and West:

I tie line
© the nominal composition
of the Alloy#4

N NiMo A A
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
MOLE_FRACTION MO

Fig. 10—The calculated isothermal section of the Ni-Mo-Tasystem at 1523
K compared with the experimental data.
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Fig. 11—Thecalculated isothermal section of the Ni-Mo-Tasystem at 1473
K compared with the experimental data.
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0.9 + tie line
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MOLE_FRACTION MO

Fig. 12—The calculated isothermal section of the Ni-Mo-Tasystem at 1373
K compared with the experimental data.

the calculated isothermal sections and the experimental data
at 1523, 1473, 1373, 1273, and 1173 K, respectively. As
can be seen from these figures, in most cases, the calculation
can reproduce the experimental data within reasonable
deviation.

In Figure 10, it can be seen that the liquid phase is stable
in the calculated isothermal section at 1523 K. During the
assessment, it was found that liquid would be stable even
at about 1450 K if no ternary liquid parameters were
employed. In view of the experimental isothermal section
at 1523 K reported by Chakravorty and West,? it is noted
that the determined tie-line on alloy 4 (Ni-12.5M0-12.5Ta,
at. pct) did not pass through its nominal alloy composition,
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Chakravorty and West:
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MOLE FRACTION MO

Fig. 13—The calculated isothermal section of the Ni-Mo-Tasystem at 1273
K compared with the experimental data.

+ present work: tie line
Virkar and Raman:

O single phase

X two phase

A three phase

A9 Ni2Ta+BCC

A3 Ni2Ta+BCC

A16 Ni2la+Ni3(Mo,Ta)+BCC
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&
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Fig. 14—The calculated isothermal section of the Ni-Mo-Tasystem at 1173
K compared with the experimental data.

unlike any others. Chakravorty and West stated that they
could not interpret it. In our views, the reason probably was
liquid aready formed at this temperature. Considering that
the triple at 1473 K in the present experiment has no sign
of liquid, the ternary eutectic temperature must lie between
1473 and 1523 K. As a result, a positive value of 30,000
Jmol had to be assigned to the Ly; mo1a Parameter of liquid,
though no experimental information of liquid was reported.
The value of 30,000 Jmol was obtained by the trial-and-
error method.

In Figure 11, the agreement between the calculated and
the experimental data at 1473 K is good, with the exception
of the tie-triangle Niz(Mo, Ta)/Ni,Ta/lbcc. However, as indi-
cated in Table |, these data were considered to have grest
uncertainty and were not used in the assessment.
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Fig. 15—The calculated liquidus projection of the Ni-Mo-Ta system, along
with the experimental points. The dashed lineisthe metastable monovariant
of lig - Ni,Ta + bcc.

There is a satisfactory agreement between the calculated
phase diagram and the present experimental data at 1373 K,
as presented in Figure 12.

As can be seen from Figure 13, there are large discrepanc-
ies between the calculation and the experimental data
obtained by Chakravorty and West.[d It is noticed that, how-
ever, the alloys used at 1573 K in their study were homoge-
nized for 1 week. Those homogenized alloys were reheated
at 1273 K for the same long time to construct the isothermal
section at 1273 K. It is also observed that thereis no signifi-
cant difference between the sections at 1273 and 1523 K
according to Chakravorty and West.!? This probably indi-
cates that those alloys at 1273 K had a lack of attainment
of equilibrium. Therefore, the section at 1273 K from Chak-
ravorty and West may refer to a section at a higher
temperature.

In Figure 14, the calculation fits the present experimental
values well. The dashed line is the calculated metastable
fcc/Nig(Mo, Ta) equilibrium. The experimental data pre-
sented by Virkar and Raman!d are also compared with the
caculated phase diagram. In genera, the agreement is
acceptablewith the exception of four alloys containing Ni,Ta
phase, whose constitutions are far from falling within the
calculated regions. Those alloys (A9, A13, A16, and A19)
are marked in Figure 14.

The calculated liquidus projection of the Ni-Mo-Ta sys-
tem, along with the experimental points, is presented in
Figure 15. The calculation is consistent with the experimen-
tal data. The calculation also verifies that a maximum tem-
perature existsin the monovariant reaction of lig = Niz(Mo,
Ta) + bcc suggested by Chakravorty and West.[d

In the following discussions, the present calculation will
be applied to explain the solidification behavior of two alloys
arc melted by Chakravorty and West.[2 Usually, a simply
simulation of solidification behavior can be conducted using
the equilibrium model and the Scheil model. The equilibrium
model assumes that the equilibrium state is always achieved
in the entire solidification procedure, which corresponds to
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Fig. 16— The cal culated numbers of moles of various phase of Ni-12.5Mo-
12.5 Ta (at. pct) aloy during the equilibrium solidification.

the condition of extremely slow cooling rate; the Scheil
model, on the other side, assumes that no back diffusion
takes place in solid and perfect mixing occurs in liquid,
which appliesto an extremely high cooling rate. Such models
describe two limit cases.

Chakravorty and West!? found that the as-cast aloy 4
(75.0Ni-12.5M0-12.5Tg, at. pct) contained primary crystals
of Niz(Mo, Ta), fcc, and a small proportion of some regions
of the eutectic type. They did not make clear whether the
eutectic was a binary mixture of Niz(Mo, Ta) + fcc or a
ternary mixture containing NiMo also, but reported that its
composition was 65.3Ni-28.6M0-6.1Ta (at. pct). In view of
the composition ranges of fcc and Nis(Mo, Ta), if no NiMo
phases were contained in these eutectic regions, the Ni con-
tent of the eutectic could not decreaseto 65.3 at. pct, anyway.
It was therefore concluded that the eutectic regions observed
by Chakravorty and West should be amixture of the Niz(Mo,
Ta) + fcc eutectic and the Niy(Mo, Ta) + fcc + NiMo
ternary eutectic. From Figures 15 and 16, it can be learned
that, during the equilibrium solidification of aloy 4, the
primary crystals of Niz(Mo, Ta) were first formed with the
decrease of temperature, then the Nis(Mo, Ta) + fcc eutectic
was produced. The last drop liquid disappeared before the
ternary eutecti ¢ reaction temperature E wasreached. Because
this aloy is located so closely to the monovariant of liq =
Niz(Mo Ta) + fcc, it was inevitable that some primary fcc
form also, as shown in Figure 15. Obvioudly, this solidifica-
tion structure conflicts with the experiment by Chakravorty
and West. In practice, however, very often therate of cooling
istoo rapid to allow substantial diffusion in the solid phase,
especially for such a very unlikely equilibrium cooling sys-
tem. Using the Scheil model, liquid even remained at the
temperature of the ternary eutectic reaction E, as shown in
Figure 17. Theternary eutectic, fcc + Nis(Mo, Ta) + NiMo,
was subsequently produced from the remaining liquid.
Finally, the solidification structure of the alloy would be the
primary crystals of Nis(Mo, Ta) and fcc, in addition to the
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Fig. 17—The calculated number of moles of liquid phase of Ni-12.5Mo-
12.5Ta (at. pct) aloy during solidification using the Scheil model.
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Fig. 18—The calculated number of moles of liquid phase of Ni-4Mo-26Ta
(at. pct) alloy during solidification using the Scheil model.

Niz(Mo, Ta) + fcc eutectic and the Niz(Mo, Ta) + fcc +
NiMo ternary eutectic. This structure is in accord with the
observation of Chakravorty and West.[?

Chakravorty and West!? observed that the as-cast alloy 6
(Ni-4M0-26Ta, at. pct) contained primary crystals of
Niz(Mo, Ta), Nis(Mo, Ta) + bcc eutectic, and Ni,Ta + bce
eutectic. Using the Scheil model for aloy 6, the primary
crystals of Nis(Mo, Ta) were first formed with the decrease
of temperature, the Niz(Mo, Ta) + bcc eutectic was then
produced. Unlike the equilibrium solidification, liquid can
even exist at the temperature of theternary peritectic reaction
Mo, & shown by the calculation in Figure 18. In practice,
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however, such a ternary peritectic reaction rarely goes to
completion. As aresult, the remaining liquid would solidify
as Ni,Ta + bcc eutectic along the metastable monovariant
of lig = Ni,Ta + bcc (dashed line in Figure 15). Thus, the
final structure of the as-cast alloy would be the primary
crystals of Niz(Mo, Ta), aong with the Niy(Mo, Ta) + bcc
and Ni,Ta + bcc eutectics. This structure was confirmed by
the observation of Chakravorty and West.l?

V. CONCLUSIONS

1. The phase equilibrium data of the Ni-Mo-Ta system at
1473, 1373, and 1173 K were determined by means of
diffusion couple and EPMA technique.

2. The Ni-Mo binary system was successfully modified
based on the assessment of Frisk,!® and abetter thermody-
namic description of each phase was given.

3. The Mo-Ta binary system was assessed and a set of
thermodynamic descriptions was obtained.

4. TheNi-Mo-Taternary system was assessed, and aconsis-
tent thermodynamic description of the Ni-Mo-Ta system
was obtained. A number of calculated isothermal sections
were presented and compared with the experimental data.
The calculation, in most cases, can reproduce the experi-
mental data within reasonable deviation. The present cal-
culation has been successfully used to anayze the
solidification behavior of some alloys.
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