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ABSTRACT

The Al-Cr-Mo-Ni system is of technical interest because it is an essential system for the thermodynamic modeling of systems related to
the Ni- and NiAl-based superalloys. The knowledge of phase behaviors and thermodynamic properties of this system will be greatly help-
ful for the development of related alloys. Thermodynamic modeling of the Al-Cr-Mo-Ni system in the previous effort is not satisfactory.
In this study, the Cr-Mo-Ni system was re-optimized with more sophisticated binary databases, and a new thermodynamic database of
the AlI-Cr-Mo-Ni system was established. A satisfactory agreement between calculated results and experimental data was obtained. The
thermodynamic database developed in this study is suitable for assisting the design of both Ni- and NiAl-based superalloys.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0176225

. INTRODUCTION insights into their phase behaviors and thermodynamic properties

and ease the research and design of both superalloys.
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Both Ni-based and NiAl-based superalloys have attracted
intensive attention because of their exceptional physical and chem-
ical properties at high temperatures.' ~ The Al-Ni system serves as
an essential basis for both alloys since the coexistence of cuboidal
precipitates of the disordered fcc matrix (Ni-rich solid solution) and
the ordered L1, (NizAl) phase and is the primary reason for the
outstanding mechanical properties of Ni-based alloys and it covers
the intermetallic compound NiAl. Cr and Mo are common alloy-
ing elements used to tailor the mechanical properties of Ni- and
NiAl-based alloys.! As a result, creating a thermodynamic database
that applies to both the Ni- and NiAl-based superalloys will provide

In the previous efforts by Havrankova et al.,° the isother-
mal section (Ni = 70 at. %) at 1173 K was calculated. Although it
seems that the predicted phase compositions are in good agree-
ment with experiment data, several limitations exist. First, the
used Al-Cr-Mo-Ni quaternary database is just a direct combina-
tion of thermodynamic datasets from Lu et al. (Al-Mo-Ni),” Frisk®
(Cr-Mo-Ni), Dupin et al. (Al-Ni-Cr),” and Huang and Chang
(Al-Ni)'% without optimizing any new parameters, leading to the
issue that the disordered (Ni) fcc phase of the Al-Cr-Mo-Ni sys-
tem is falsely ordered. Second, although the combined database
can well reproduce experimental observation in the Ni-rich region,
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especially at 1173 K, but has an inferior representation of the remain-
ing regions, especially the NiAl-Cr-Mo system.””''"” Therefore,
thermodynamic modeling of the Al-Cr-Mo-Ni system and re-
optimization of necessary constituent ternary systems are demanded
to establish a thermodynamic database that applies to both Ni- and
NiAl-based superalloys.

In this work, CALPHAD modeling of the Al-Cr-Mo-Ni sys-
tem is performed to provide a satisfactory thermodynamic descrip-
tion of both the Ni-rich and NiAl-rich corners. The constituent
Cr-Mo-Ni system was re-optimized after critically evaluating avail-
able experimental data. The modeling of the ordered NizAl L1,
phase is updated to ensure its disordered (Ni) fcc parent phase
can be properly disordered in the whole Al-Cr-Mo-Ni system.
The calculated results were compared with available experimental
data.

Raghavan et al. [15]
v fec
—— o-fec
—O— P+fecto
—O— P+fec
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Popp et al. [16]
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Ni 0.’0 0.2 04 0.6 0.8 1.0 Cr
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FIG. 1. Calculated isothermal section at 1523 K using the present thermody-
namic description (solid lines) in comparison with that by Frisk® (dashed lines)
and experimental data of Raghavan et al.!> and Popp et al.!6

Mo Bloom and Grant [14]
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FIG. 2. Calculated isothermal section at 1523 K using the present thermodynamic

description (solid lines)*® in comparison with that by Frisk® (dashed lines) and the
experimental data of Bloom and Grant. 4
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Il. REVIEW OF THE Cr-Mo-Ni
AND AI-Cr-Mo-Ni SYSTEMS

A. Cr-Mo-Ni system

Bloom and Grant,'* Raghavan et al.,'”” and Popp et al.'° con-
structed isothermal sections of this system at 1523 K based on
experimental data. The isothermal section reported in Ref. 14 con-
sists of six phases, i.e., bcc, fcc, a ternary extension of the binary NiMo
phase, a ternary extension of the § phase from the Cr-Ni binary sys-
tem, and two ternary phases (o and P). However, the existence of the
B phase disaccords with the Cr-Ni phase diagram is accepted nowa-
days. The constructed isothermal sections at 1523 K in Refs. 14-16
are in reasonable agreement with each other. It is worth mention-
ing that a remarkably larger homogeneity range of the o phase is
reported in Ref. 16 than those by Bloom and Grant'* and Raghavan

Mo Rideout et al.[17]
0.0 > fec+P+o
< fec+NiMo+P
Class et al. [18]
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FIG. 3. Calculated isothermal section at 1473 K using the present thermodynamic
description (solid lines)*> in comparison with that by Frisk® (dashed lines) and the
experimental data of Rideout et al.'” and Class et al.'®

Kodentzov et al. [19]
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FIG. 4. Calculated isothermal section at 1425 K using the present thermodynamic

description (solid lines)*® in comparison with that by Frisk® (dashed lines) and the
experimental data of Kodentzov'® and Morizot and Vignes.?°
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et al.'” A partial isothermal section at 1473 K of this system is con-
structed by Rideout et al.,'” in which the homogeneity ranges of o
and P phases are in better agreement with those in Ref. 15 than those
in Ref. 14. Also, it is observed that as temperature decreases, the
homogeneity range of the ¢ phase shrinks.'*'”'” Partial isothermal
sections (>40 at. % Ni) at 1073, 1273, and 1473 K were experimen-
tally determined by Class et al.,'* and both o and P were considered.
The isothermal section at 1473 K in Refs. 17 and 18 agrees well with
each other.

The p phase was detected at 1123 K> but was not observed
at 1073 K,' meaning that this phase is stable above a tempera-
ture between 1073 and 1123 K. The isothermal section at 1425 K
was constructed based on the experimentally determined tie-lines
by diffusion couple technique,'” which is in good agreement with
tie-lines at 1423 K.*° Tie-lines at 1373 K from Frisk® and Selleby?!
are consistent. The isothermal section at 873 K is determined by
Goldschmidt.”” A ternary phase designated A was also detected in
addition to the ¢ and P phases. It claims the ¢ phase existed in a
relatively vast field, which contradicted the previous findings.'*'>"”
Thus, both ¢ and A phases are included in the present modeling.

Smiryagin et al.”’ constructed several partial vertical sections of
the Cr-Mo-Ni system. However, only regions above 1473 K are in
accord with those in Refs. 14, 15, and 17, and a significant discrep-
ancy in the rest regions can be observed. Siedschlag’ first created
a partial liquidus projection of this system using measured melting
temperatures of a serial of alloys containing less than 50 at. % Mo.
However, the reference binary systems were insufficiently accurate
and this projection differed significantly from later studies.'* Bloom
and Grant'* updated the liquidus surface based on newly measured
melting temperatures of ~100 Cr-Mo-Ni alloys and this liquidus
surface is divided into five primary phase regions, i.e., NiMo, o,
P, bee, and fec. Alloy compositions with a melting temperature of
1673 K are available from Smiryagin et al.,”* which accords well with
data reported in Ref. 14. Based on experimental data'* and liquidus
data of constituent binary systems, both Chakravorty et al.”> and
Gupta® reconstructed the liquidus projection of this system.

Mo Class et al. [18]
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FIG. 5. Calculated isothermal section at 1273 K using the present thermodynamic
description (solid lines)*® in comparison with that by Frisk® (dashed lines) and the
experimental data of Class et al.'8
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Ni 0.0 0.2 04 0.6 0.8
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FIG. 6. Calculated liquidus projection using the present thermodynamic description
(solid lines)*® in comparison with that by Frisk® (dashed lines).

TABLE I. Calculated invariant reaction temperatures of the Cr-Mo-Ni system in this
work.*3

Temperature (K)

Present
Reactions work  Reference 25 Reference 26
Liquid + bec + 0 <> P 1702 1733 1733
Liquid + bcc + P <> NiMo 1620 1593 1593
Liquid < fec + bec + 0 1604 1615 1578
Liquid < fecc + P + ¢ 1602 1548 1548
Liquid + P <—>fcc + NiMo 1589 1573 1573

Mo

0.0
1.0 e Bloom and Grant [14]

¢ Smiryagin et al. [23]: 1673 K

1.0 - -‘ oa & 2173
— 673 _ 7 Tor7 T eTs TieTs 2o7s 7ty 0.0
Ni 0.0 0.2 0.4 0.6 0.8 .0 Cr

Mass Fraction Cr

FIG. 7. Calculated isothermal lines (solid lines) of the Cr-Mo-Ni system using the
present thermodynamic description*® in comparison with the liquidus temperatures
(units, K) measured by Bloom and Grant'# and Smiryagin et al.?
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1173 K, 71.3 at.% Ni
L1, Havrankova et al. [6]
O fectL1+P

fec+MoNi

0.00
. 0.00 0.05 0.10 0.15 0.20 0.25
Niz13Mo2g.7

Mole Fraction Cr

FIG. 8. Calculated 71.3 at. % Ni section of the system Al-Cr—-Mo-Ni at 1173 K*° in
comparison with experimental data from Havrankova et al.®

No thermodynamic data are experimentally determined for
the Cr-Mo-Ni system. Kaufman and Nesor”” modeled this system
first using the CALPHAD approach. Later, Frisk® established a new
database based on the thermodynamic data from SGTE (Scientific
Group Thermodata Europe), and both ternary phases ¢ and P were
considered. This database was further modified by Turchi et al.”®
However, because the binary Mo-Ni databases used in Refs. 8 and
28 differ from the respective choice in this study for the Al-Mo-Ni
system,” the Cr-Mo-Ni system must be re-optimized to be com-
patible with other ternary systems of the Al-Cr-Mo-Ni quaternary
system.

B. AI-Cr-Mo-Ni system

The primary solidification surface of the NiAl-Cr-Mo sys-
tem can be constructed with the primary solidified phases and

pubs.aip.org/aip/adv

eutectic compositions of several NiAl-Cr-Mo alloys determined by
Shang et al.," Whittenberger et al.,” Wang et al.,'' Zhang et al.,'’” and
Peng et al.'® Phases and their compositions of Al-Cr-Mo-Ni alloys
with ~50,”"" 60,>°" and 75 at. % Ni’' and equimolar Cr and Mo
were studied by Chakravorty et al.”*’ and Chakravorty and West’!
after annealing at 1073, 1273, and 1523 K, respectively. More than
four phases appear in the majority of the annealed alloys with 50
and 60 at. % Ni, indicating that phase equilibria were not achieved
because it defies the Gibbs phase rule that only equilibria with four or
fewer phases are reasonable in a quaternary system. Thus, these data
are excluded from the current modeling. Havrankova et al.® reported
the phase compositions of five Al-Cr-Mo-Ni alloys (~70 at. % Ni)
after annealing at 1173 K for 300 h. Bur$ik and Svoboda’ observed
that the P and Ni,(Cr, Mo) phases existed in some Al-Cr-Mo-Ni
alloys with 70 at. % Ni even after annealing at 873 or 1073 K up
to 3000 h. No thermodynamic data on this quaternary system are
reported.

lll. THERMODYNAMIC MODELING

Thermodynamic data of Al, Cr, Mo, and Ni were taken from
the SGTE database.’”” The compound energy of vacancies (Va) was
accepted by Franke.”* A detailed explanation for this choice is given
in Ref. 29 and, therefore, is omitted here. The Al-Cr-Mo-Ni sys-
tem is comprised of four ternary systems, i.e., Al-Cr-Ni, Al-Cr-Mo,
Al-Mo-Ni, and Cr-Mo-Ni. Available thermodynamic descriptions
of these systems have been reviewed in Ref. 13. In this work, thermo-
dynamic databases of Al-Cr-Ni,” Al-Mo-Ni,* and NiAl-Cr-Mo'*
systems were adopted and a re-optimization of the Cr-Mo-Ni
system was performed. The ordered Ni3zAl L1, phase and its dis-
ordered Al (fcc) parent phase, both exhibiting fcc structure, were
described with a single Gibbs energy function in the Al-Cr-Ni’
and Al-Mo-Ni* systems and constraints between the parameters

TABLE II. Calculated phase compositions and their phase fraction (at. %) at 1173 K“3 in comparison with experimental data
from Havrankova et al.5 f: Mole fraction of the corresponding phase.

Calculated results

Experimental results

Alloys  Phases Al Ni Cr Mo f Al Ni Cr Mo f
M1 fec 22 716 128 134 955 1.7 710 124 150 99.0
p 0 42.7 17.3  40.0 4.5 08 433 115 444 1.0
M2 fec 4.3 72.3 11.4 120 96.8 36 724 11.4 125 99.0
p 0 42.4 16.8  40.8 3.2 09 443 11.7  43.1 1.0
fec 6.1 72.8 10.3 10.8 89.4 54 706 11.7 12.3 87.4
M3 L1, 18.0 748 3.7 3.5 49 16.7 739 2.9 6.6 114
p 0 42.3 16.2  41.5 5.7 1.5 422 11.6 447 1.2
fec 6.1 72.6 10.7 10.6  46.9 56 70.1 13.5 10.8 473
M4 L1, 18.0 74.8 3.8 34 453 17.7 733 33 58 490
P 0 42.1 169  41.0 7.8 1.3 414 133 440 3.7
fec 62 722 11.6 100 177 71 687 157 8.5 17.6
M5 L1, 18.0 74.6 4.2 3.2 75.0 172 740 3.9 50 784
p 0 41.8 18.2  40.0 7.3 1.3 36.8 205 414 4.0
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of the L1, phase were applied in these systems to guarantee that
the disordered fcc phase is always correctly disordered. Similarly,
such treatment is applied to the rest Cr-Mo, Al-Cr-Mo, Cr-Mo-Ni,
and Al-Cr-Mo-Ni systems. The models used in this work are the
same as those in the Cr-Mo-Ni,® Al-Cr-Ni,” Al-Mo-Nji,”® and
NiAl-Cr-Mo'”* system.

Substitutional solution phases, i.e., liquid, fcc, and bee phases,
were modeled with the formulations (Al, Cr, Mo, Ni), (Al, Cr,
Mo, Ni), and (Al, Cr, Mo, Ni, Va), respectively. Their molar Gibbs
energies are expressed as follows:

Gm =Y %°Gi + RTY x; Inxi+" G, 1

i=1 i=1

where x; and °G; are the mole fractions of the pure elements (Al, Cr,
Mo, and Ni) or Va and their corresponding molar Gibbs energies,
respectively; *G ., is the excess Gibbs energy and can be described
by the following expression:

n—-2 n-1 n

E bm tern
Gm = "Gy WIS xix L
i=1 j=i+l i=1 j=i+l k=j+1
E bi E @
where “Gy" and "Gi" represent the binary and ternary excess

Gibbs energies, respectively. L; and L are binary and ternary
interaction parameters, respectively. The binary interaction para-
meter L; with concentration dependence is expressed by the
Redlich-Kister-Muggianu polynomial,”

k
Ly=7, (xi-x)""L (3)
v=0

The o and P in the Cr-Mo-Ni system were modeled as
sublattice solution phases ie., (Ni)s(Cr,Mo)4(Cr,Mo,Ni);s and
(Cr,Ni),4(Cr,Mo,Ni)20(Mo)12, respectively. The molar Gibbs energy
can be expressed as

Gm =232 )] Z i Gyx+ RTY. Y @'yl In yi + "G, (4)
i j s i

where the site fractions y; and a' are the composition of the
respective sublattice (s) and the corresponding stoichiometric coef-
ficients, respectively; °G, ;; are the temperature-dependent com-
pound energies of the respective end-members.”® The G, is
expressed as

:Z:Yfzj: Z ”’[sz "Liga (i - 31)"

I>i
+ y > VLi:j,l:k(yj -y )V
I>j v
+Zyl Z Lt]kl(yin_ {H)V:I> (5)
I>k v

where ternary interaction parameters like 'L; .., denote the vth
interaction between the constituents i and [ in the respective
sublattice.
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1523 K, 76 at.% Ni
Chakravorty and West [31]
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FIG. 9. Calculated isopleths of the Al-Cr—Mo-Ni system with (a) 76 at. % Ni section
at 1523 K, (b) 75.5 at. % Ni section at 1273 K, and (c) 76 at. % Ni section at 1073 K
in comparison with the experimental data.**
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IV. OPTIMIZATION RESULTS AND DISCUSSION

Thermodynamic parameters were evaluated by the optimiza-
tion module PARROT?” and the diagrams were calculated by the
software package Thermo-Calc.”"

A. Cr-Mo-Ni system

As discussed in Sec. IT A, only the ternary ¢ and P phases are
considered with the p phase being ignored due to the discrepancy
at low temperatures. The initial dataset for the optimization was a
combination of the binary Cr-Ni,* Mo-Ni,*! and Cr-Mo™* datasets
and the original parameters of the ternary ¢ and P phases from
Frisk.® It was found that the P-NiMo equilibria determined by the
initial dataset were erroneous as the dataset indicates that there is
no solubility of Cr in the NiMo phase. Moreover, the homogene-
ity ranges of 0, P, and fcc phases are not satisfactory. Thus, ternary
interaction parameters of the P phases were optimized to ensure that
NiMo can extend into the ternary system with a proper homogene-
ity range.'*'>'" Next, the ternary interaction parameters of the o and
fec phases were adjusted to fit the fec—o equilibrium.''>'® It is worth
mentioning that, during parameters optimization, we observed if the
o phase is stabilized at low Cr region so that to reproduce its large
homogeneity range reported by Popp et al.,'® the calculated results
of the Al-Cr-Mo-Ni quaternary system will deviate considerably
from experimental results. Thus, in this work, the ternary interac-
tion parameters optimization of the P, 0, and fcc are mainly based
on the data from Refs. 14, 15, and 18. Next, ternary interaction
parameters of the liquid phase were optimized to fit the liquidus
temperatures determined in Refs. 14 and 23. To make sure the fcc
disordered state is always possible, the L1, phase was modeled as
a metastable phase in the Cr-Mo-Ni system. Since the calculated
results agree well with experimental data, all ternary parameters
were set to zero for the sake of simplicity. Finally, all parameters were

AIP Advances ARTICLE
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re-optimized simultaneously to reproduce all accepted experimental
data.

Figures 1-5 show the calculated isothermal sections of the
Cr-Mo-Ni system at 1523, 1473, 1425, and 1273 K using the present
thermodynamic description (solid lines) in comparison with those
of Frisk (dashed lines) and experimental data.” Calculated Cr sol-
ubility in the NiMo phase in this work is in better agreement with
experimental results'® than that in Ref. 8, as well as the homogene-
ity ranges of the bcc and fecc phases. Figure 4 indicates that the
homogeneity range of the o phase at 1425 K should be wider than
expected in this work. In Fig. 5, the phase boundary of the fcc phase
is not in good agreement with the experimental data. Since the con-
stituent binary systems in this work are well determined, it seems
the accuracy of the experimentally determined phase boundary is
questionable.

Figure 6 shows the calculated liquidus projection using the
current thermodynamic database (solid lines)** and that by Frisk®
(dashed lines) is superimposed for comparison. A larger primary
solidification region of the NiMo phase is achieved than that of
Frisk,® while that of the P phase shrinks. Table I gives the invari-
ant reaction temperatures of the Cr-Mo-Ni system determined in
this study, which we believe are satisfactory because invariant reac-
tion temperatures reported in Refs. 25 and 26 are estimates based
on alloys melting points determined in Ref. 14 and liquidus data
of constituent binary systems, which may be inaccurate. Figure 7
shows the calculated isothermal lines of the liquid phase in the
Cr-Mo-Ni system without introducing ternary interaction para-
meters.”> The melting temperatures from Bloom and Grant'* and
Smiryagin et al.”* were also superimposed for comparison. A sat-
isfactory agreement between the calculation and the experimental
data was obtained, indicating that it is not necessary to include any
ternary interaction parameters for the liquid phase in the present
optimization. Such treatment is also adopted by Frisk.®

TABLE Ill. Calculated phase compositions*® in comparison with experimental data from Chakravorty and West.>'

Calculated results

Experimental results

Alloys  Temperature (K) Phases Al Ni Cr Mo Al Ni Cr Mo
1523 fec 17.1  76.7 3.3 2.9 16.6 76.6 3.6 3.2

Alloy 3 L1, 215 747 19 1.9 20.8 748 2.2 2.2
1273 L1, 199 752 23 2.6 199 752 23 2.6

1073 L1, 189 759 26 2.6 189 759 2.6 2.6

1523 fec 142 763 4.7 4.8 142 763 4.7 4.8

1273 fec 96 764 6.9 7.1 114 76.1 6.5 6.0

Alloy 4 L1, 185 753 29 33 172 747 3.6 4.5
1073 fcc 51 781 79 8.9 10,6 773 6.3 5.8

L1, 169 758 3.3 4.0 16.3 76.0 3.5 4.2

1523 fec 95 760 7.2 7.3 95 760 7.2 7.3

1273 fec 92 755 7.4 7.9 82 762 7.6 8.0

Alloy 5 L1, 18.6 75.1 3.0 3.3 179 742 3.5 4.4
1073 fec 46 761 94 9.9 6.8 764 85 8.3

L1, 169 755 3.7 3.9 129 753 5.6 6.2
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B. Al-Cr-Mo-Ni system

Figure 8 shows the comparison of the calculated 71.3 at. % Ni
isopleth of the Al-Cr-Mo-Ni system at 1173 K with experimen-
tal data.”” The calculation and experimental results (as listed in
Table 11*%) are in excellent agreement. Not only does the compo-
sition of each phase coincide with the experimental results but so do
their molar fractions. Because Al is taken into account in the model-
ing of the P phase, the calculated content of Al in the P phase in all
alloys is zero. However, experimental observation indicates the Al
solubility in the P phase is extremely small; therefore, our calculated
results are acceptable.

Figure 9 shows the comparison of the calculated isopleths at
~76 at. % Ni of the AI-Cr-Mo-Ni system at 1523, 1273, and 1073 K
with the experimental data.*’ The calculated phase compositions
and experimental data are presented in Table ITI. Overall, the present
thermodynamic description of the Al-Cr-Mo-Ni system can accu-
rately predict the phase compositions. The fcc + L1, two-phase
region, i.e., the y—y’ region, in this system, which is critical for the
development of Ni-based superalloys, is thoroughly characterized.
The computed partial isopleths differ significantly from those in Ref.
31 because more sophisticated thermodynamic descriptions of the
constituent systems were used in this study.

Figure 10 shows the comparison of the calculated liquidus pro-
jection of the 62 at. % Ni section of the Al-Cr-Mo-Ni system using
the current thermodynamic description and experimental data.”’
Our calculated results agree quite well with experimental results. The
solidification process of the alloys was qualitatively modeled using
the Scheil module in Thermo-Calc software. The results show that
alloys #1 and #2 have ~76 and 50 at. % B2 phase, respectively, which
is in reasonable agreement with the report of Chakravorty et al.”®
that alloy #1 has more B2 phase than alloy #2.

Furthermore, the current database can accurately reproduce the
experimental data from the NiAl-Cr-Mo system. Figure 11 shows
the comparison of the predicted partial liquidus projection of the
NiAl-Cr-Mo system and published experimental data.*’ The calcu-
lated eutectic trough (solid black line) moves through the eutectic

NiszCr38

m  [25]: Primary B2
0.35 A [25]: Primary fcc
® [30]: Primary B2

0.00 , 5
NigALQ00 005 010 015 020 025 030 0.35 NigMogs

Mole Fraction Mo

FIG. 10. Calculated liquidus surface projection of the 62 at.% Ni section of
the Al-Cr—-Mo-Ni system using the present description** in comparison with
experimental data.”>*
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FIG. 11. Calculated partial liquidus projection of the NiAI-Cr-Mo system*® in
comparison with literature data.

compositions and separates alloys with primary solidified B2 and
bee phases, indicating that an excellent agreement between the
calculation and experimental data is attained.

V. CONCLUSION

Thermodynamic modeling of the Al-Cr-Mo-Ni and re-
optimization of the Cr-Mo-Ni system were performed based on
the CALPHAD approach. A more sophisticated thermodynamic
description of the binary Mo-Ni is adopted and ternary parameters
of the Cr-Mo-Ni system were re-optimized accordingly. The cal-
culated phase diagrams of the Cr-Mo-Ni system are in better
agreement with experimental data than the previous modeling. The
constraints on the parameters of the ordered NizAl L1, phase were
applied to the Al-Cr-Mo-Ni system and its sub-systems. Conse-
quently, the disordered (Ni) fcc phase can be properly disordered in
the whole system. Both calculated isothermal sections of the Ni-rich
corner and the liquidus projections of the NiAl-Cr-Mo system can
well reproduce available experimental data. Thus, a thermodynamic
database of the Al-Cr-Mo-Ni system that applies to the design of
both Ni- and NiAl-based superalloys was established.
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