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This manuscript investigated the possibility of CALPHAD (calculation of phase diagram) approach to predict the
local phase transformation (LPT) accompanied by compositional transition on the superlattice stacking fault in
the y' precipitates in multi-component superalloys. The method is basically parallel tangent construction using
the concept of the LPT phase in the system of y and y' phases to approximate the atomic structure of the stacking
fault. Because the important issue for the strengthening by the LPT is whether the LPT phase is ordered or
disordered, the ordering was judged by the size of the stacking fault energy to form the LPT phase from vy’
precipitates. In addition, since the solute partitioning ratio between LPT phase and y' precipitates is also sig-
nificant to consider the LPT, the predicted ratio was verified using the experimental results in the previous re-
ports. In the case of SISF (superlattice intrinsic stacking fault), Co-base superalloys tend to form ordered y LPT
phase, but formability of ordered y and disordered ¢ LPT phases in Ni-base superalloys is calculated to be
competitive. The predicted solute partitioning rate almost agrees with the experimental one except for Nb in
multi-component superalloys. This discrepancy could originate from the accuracy of the physical properties of Ti
and Nb in the database of y LPT phase. In the case of SESF (superlattice extrinsic stacking fault), all considered
alloys of Ni-base superalloys were predicted to have ordered 5 LPT phase, judged by stacking fault energy,
however, the predicted solute partitioning ratio was different from the experimental ones. This issue could
originate from inaccurate physical properties between Ti and Ta in the database of # LPT phase with the multi-
component system.

1. Introduction alloy design approach to impede the formation and propagation of such

dislocations has been sought for a long time. A key to solving this

Ni-base superalloys have been required to have superior creep
properties at higher temperatures to enhance the thermal efficiency of
land-based gas turbine and jet engines. The origin of creep properties of
Ni-base superalloys is an activity of dislocations in the microstructure
consisting of y (disordered solid solution face-centered cubic structure)
and y' (ordered L1, structure) two phases. Especially during creep at an
intermediate temperature and high applied stress in single-crystal al-
loys, the formation and propagation of dislocations with a stacking fault
such as dislocation ribbon [1] and microtwin [2] which can shear y'
precipitates dramatically degrade the creep properties. Therefore, a new

problem is control of atomic arrangement at the stacking fault of y'
precipitates. Especially in turbine disk superalloys, a guideline of alloy
design to form an ideal atomic arrangement at the stacking fault has
been established [2,3].

In the case of disordered solid solution alloys with FCC structure,
Hideji Suzuki proposed the strengthening mechanism of a solid solution
called “Suzuki effect” later [4]. Suzuki effect assumes that almost all the
dislocations in solid solution FCC alloys should have partial dislocations
separated by a small width of an intrinsic stacking fault [5,6] whose
atomic stacking is equivalent to that of a hexagonal close-packed (HCP)
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Fig. 1. Schematic summary for simple understanding of the process to form the LPT phase in SESF and SISF belonging to the leading part of dislocations. Number of
atomic layers of LPT phase is described as number of atomic layer necessary for LPT embryo at stacking fault [36]. (a) before shearing y' precipitates by dislocations,
(b) shearing y precipitates with stacking fault by dislocations via reordering atoms, (c) LPT formation at the stacking fault.

structure [4]. Immediately after the formation of the stacking fault with
the same composition as that of the FCC matrix, solute elements in FCC
matrix and the stacking fault with HCP structures have different
chemical potential since each region has the same composition [4]. In
the thermal equilibrium condition, the solute elements are
re-partitioned to reach the same chemical potential in each region [4].
Recently, the local change of composition at the stacking fault by Suzuki
effect has been referred to local phase transformation (LPT) [7].

In the case of ordered L1, structure which is equivalent to y’ phase,
atomic arrangement at the stacking fault by LPT has been reported to be
either ordered or disordered phases [2,3,8], which is different from the
case for the alloys which Suzuki effect originally assumes. Based on
knowledge proofed by recent research using energy-dispersive X-ray
spectroscopy (EDS) in scanning transmission electron microscope
(STEM) [2,3,7-25] and atom probe tomography (APT) [8,19,24,26-28],
the new alloy design approach for Ni-base superalloys has been

developed by forming ordered LPT phase such as y phase at superlattice
intrinsic stacking fault (SISF) [3] and 5 phase at superlattice extrinsic
stacking fault (SESF) [2] rather than disordered LPT phase by modifying
nominal composition. Therefore, prediction of LPT phase by modifying
nominal composition should be important for development of superal-
loys with superior mechanical strength.

For the prediction of LPT phase, the density function theory (DFT)
calculation has been generally conducted for simple compositional
models such as binary and ternary systems [29-31]. However, the DFT
calculation is difficult to predict the LPT phase in a multi-component
system to which almost all the Ni-base superalloys belong. To resolve
this difficulty, calculation of phase diagram (CALPHAD) approach is
used to predict LPT phase based on Suzuki effect. This approach has
been proposed in Mg-Zn-Y system [32] and Ni-base superalloys [33,34].
However, the accuracy and prediction results by this framework have
not been investigated, especially for superalloys. Therefore, this
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Fig. 2. SISF energy to form LPT phase in y' precipitates after the event of Suzuki effect.
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research aimed to confirm the accuracy and prediction results by CAL-
PHAD approach for LPT phase with solute partition in more vast su-
peralloy range such among Ni-base superalloys, Co-base superalloy, and
CoNi-base superalloys in comparison with previous experimental works,
with our own ideas.

2. Theory/calculation

Fig. 1 summarizes the assumed steps until the LPT phase is formed in
the early stage of nucleation and propagation of the dislocation ribbon
and the microtwin. We assume that super-partial dislocation with
superlattice stacking fault is formed at y/y’ interface from two perfect
dislocations in the y matrix belonging to neighboring slip planes, and the
super-partial dislocation with the stacking fault is propagated into Y’
precipitates, as schematically shown in Fig. 1. In the region of y' pre-
cipitates where leading Ja < 112 > super partial, called zonal a <

112 > dislocation in this manuscript, belonging to the dislocation ribbon
or the microtwin has sheared as shown in Fig. 1(b), reordering atoms via
vacancy motion has to occur to create superlattice intrinsic stacking
fault (SISF) or superlattice extrinsic stacking fault (SESF), to remove Al-
Al nearest neighbor bonding from two layered planar defects such as
APB/CISF or CISF/CISF parts [35], where CISF is short for complex
intrinsic stacking fault and APB is short for anti-phase boundary, and
CISF/CISF part is called complex extrinsic stacking fault (CESF). Then,
solute atoms at SISF or SESF are arranged by Suzuki effect to meet the
equilibrium condition with the diffusion of atoms around the planar
defects. The formation of LPT phase could change the kinetics of further
motion of dislocations to which the stacking fault belongs [2,3]. The
kinetics of dislocations with LPT phase is reported to be rate-controlled
by kinetic of Cottrell atmosphere formation around a core of the leading
dislocation [14] or diffusion of heavy elements such as W from sur-
rounded y' precipitates [16] because the formation of LPT phase requires
solute elements from such sources. Notably, this manuscript focuses only
on the first and final steps to form LPT phase described in Fig. 2, (a) and
(c) under the assumption that the solute partition is formed immediately
after the formation of stacking faults [31]. This manuscript only refers to
the formed LPT phase and its composition rather than kinetics of the
formation.

In this manuscript, a possible formed LPT phase was predicted in
CALPHAD approach using a database for Ni-base alloys by comparing
stacking fault energy. Since stacking fault exists in y’ precipitates which
is nucleated at y/y interface from two perfect dislocations in y matrix,
stacking fault energy in this manuscript is equivalent to formation en-
ergy of stacking fault in y' precipitates via activity of dislocations. In this
point of view, LPT phase with a lower stacking fault energy is preferred
to form because its formation energy is lower than the other. Notably,
stacking fault energy does not directly refer to mechanical strength in
this manuscript since the mechanical strength such as creep strength can
be also determined by the kinetics of LPT phase formation by diffusion of
atoms. Furthermore, the framework of this idea to predict preferred LPT
phase by the stacking fault energy is based on thermal equilibrium
condition rather than kinetic, which can be estimated by activation
energy. To calculate stacking fault energy, Eq. (1) was used [36], where

PEPT and pﬁy are the atomic density per area in LPT phase and the ' phase,

Gipr is Gibbs free energy of the LPT phase whose composition is after the
Suzuki effect, and G, is Gibbs free energy of original y' phase, and nis a
number of atomic layer thick plates with embryo of LPT phase beneath
staking fault [36] sandwiched by L1, phase. n is calculated by n =x e m,
where dislocation per x atomic layer reproduces the bulk LPT phase and
such m dislocations reproduces the embryo of the LPT phase, in the
original definition [36]. Assuming the situation shown in Fig. 1, The
motion of one zonal £a < 112 > dislocation in every two atomic layers
reproduces the bulk LPT phase (n=2, x=2, m=1 in the case of SISF), and
the motion of one zonal Ja < 112 > dislocation in every four atomic
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Table 1
Relationship between a lattice constant and a closed-pack distance in the phases.
Physical parameters 7 7 e x ¢ n
Number of atoms in the unit cell ¢ 4 6 12
. 1 101 101
Lattice constant a V3 22 3 22 3
6 12
1 1 1
Distance between the closed-pack plane dcpp %.a %2 i;.a

planes reproduces the bulk LPT phase (n=4, x=4, m=1 in the case of
SESF). Therefore, this manuscript treats that n of LPT phases at SISF is 2,
and that of LPT phases at SESF is 4, respectively, as depicted in Fig. 1.
The detailed procedure how to estimate n value is described in Appendix
part.

YseE(y —LpT) = T (P -Grer — piy-Gy) M

Notably, for simple discussion, Eq. (1) ignores the effect of elastic
energy and surface energy on stacking fault energy. This treatment is
reasonable because the previous work reported that a difference in Gibbs
free energy between the phases is significantly more dominant in the

stacking fault energy than any other terms [37]. For calculating p5’" and

pf;, Eq. (2) was used, where p, is molar volume and dcpp is a distance
between closed packed planes in the phase.

Pa = py-deep (2)

To estimate dcpp, the relationship between volume in a unit cell of a
phase and lattice constant was used. Eq. (3) can calculate a volume in
the unit cell v, where V is a molar volume that can be estimated using
CALPHAD calculation in a relation V = /)iv, ¢ is the number of atoms in

the unit cell, and N is the atomic number in 1 mol. For each phase in this
manuscript, physical parameters in Table 1 were used.

4

The predicted LPT phase and its composition were compared with
previously reported experimental results using STEM-EDS and APT
analysis about a series of Co-base, CoNi-base, and Ni-base superalloys.
Table 2 shows the nominal composition of each alloy used in CALPHAD
calculation in this manuscript. Notably, minor elements such as Zr, B,
and C were not considered in this research.

For CALPHAD calculation, ThermoCalc 2023a with a database of
TCNI11: Ni-Alloys v11.0 was used. To approximate a crystal structure
and ordering of solute atoms in the stacking fault using phase data, LPT
phases were assumed. A relationship between detailed information on
LPT phases and phase data in TCNI11 is listed in Table 3. This research
assumed ¢ and y phases to approximate the LPT phase formed at SISF,
furthermore, ¢ and 5 phases to approximate the LPT phase formed at
SESF. It should be noted that HCP_A3 was also used to approximate &
phase under an assumption that there is little difference in thermody-
namic properties between ¢ and ¢ phases. Among the LPT phases in the
calculation, sublattice was taken into consideration only in DO;g
adapting to y phase, D024 adapting to 7 phase to reproduce the ordering
of solute atoms.

To estimate the physical parameters of the LPT phases and solute
partition both before and after the event of Suzuki effect, calculation
using the system of y, ¥, and LPT phases was conducted. The nominal
composition shown in Table 2 was used in the calculation. Before the
calculation, phase data of y and y’ phases were set in “enter”, while that
of the LPT phases were set in “dormant”. This means that equilibrium
compositions of the phases with “enter” are calculated so as to minimize
total Gibbs free energy of the system using phase date with the state of
“enter”. Notably, the composition of a phase with a state of “dormant”
was calculated so as to minimize Gibbs free energy of the phase keeping
the same chemical potential and total Gibbs free energy obtained in the
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Table 2

Composition and conditions of alloys used in CALPHAD calculation except for minor elements (at%).
Alloys Ni Co Cr Mo w Al Ti Ta Nb Temperature /°C Class Reference
2Ta - 79.40 - - 9.80 8.80 - 2.00 - 900 Co-base [9]
CrTa - 78.40 4.50 - 7.80 7.80 - 1.50 - 900 Co-base [9]
6Ti - 79.00 - - 8.10 6.70 6.20 - - 900 Co-base [9]
ERBOCo—2Ta - 81.50 - - 7.50 9.00 - 2.00 - 975 Co-base [28]
CoNi-A 29.20 45.90 6.40 - 6.30 9.80 - 2.40 - 900 CoNi-base [12]
CoNi-C 38.00 38.00 6.40 - 6.90 9.30 - 1.40 - 900 CoNi-base [9]
ERBOCo—1 32.00 45.00 6.00 - 5.00 8.00 2.50 1.50 - 850 CoNi-base [26]
MD2 66.60 9.30 5.30 1.30 2.60 11.20 1.70 2.00 - 800 Ni-base [15]
RRHT3 51.10 18.10 14.00 1.50 0.80 8.00 - 1.00 5.50 750 Ni-base [24,38]
RRHT5 50.00 18.30 14.00 1.50 0.80 9.80 - 1.00 4.60 750 Ni-base [38]
ME3 49.66 20.13 14.39 2.28 0.66 7.47 4.09 0.76 0.56 760 Ni-base [2,3]
MES501 52.50 18.15 13.71 1.80 0.97 6.61 3.72 1.58 0.96 760 Ni-base [2,16]
LSHR 49.81 20.08 13.94 1.63 1.36 7.52 4.24 0.48 0.94 760 Ni-base [3]
TSNA-1 52.06 19.41 12.62 1.63 1.47 6.47 3.77 1.66 0.91 760 Ni-base [17,25]

Table 3

Information of LPT phase used in CALPHAD calculation.
Planar Pearson Space Space Strukturbericht Stacking sequence . Ordering of Used phase data

Symbol . . Prototype on close-packed Description .
defects symbol group number designation plane solute elements in TCNI11
- 4 cF4 Fm3m 225 Al Cu ABC FCC Disordered DIS_FCC_A1l
- 7 cP4 Pm3m 221 L1, CusAu ABC Ordered FCC Ordered FCC_L12
SISF € hP2 A3 Mg AB HCP HCP_A3
SESF ¢ hP4 A3 Nd ABAC Dm(lDbl;gP}jCP Disordered HCP_A3
SISF ¥ hp8 Pog/mme 194 DOyo CosW AB Ordered HCP TIAL3.D019
SESF 0 hP16 D04 NisTi ABAC Ordered Ordered NI3TID024
DHCP

Table 4

Summary for LPT phase at SISF.
Alloys SISE energy based (ir; & LPT phase SISE energy based (11;  LPT phase Preferentially formed LPT Reported LPT Judge. Ref.

/mJ-m /mJ-m phase phase
2Ta 309.7 165.6 7 7 e} 9]
CrTa 243.5 144.6 X X @) 9]
6Ti 625.4 503.5 7 7 o [9]
ERBOCo—2Ta 247.1 178.2 X X @) [28]
CoNi-A 903.2 976.4 e 7 x [12]
CoNi-C 963.8 1129.4 € X X 9]
ERBOCo—1 1237.3 1336.8 e X X [26]
MD2 2330.8 2384.4 e No-data - [15]
RRHT3 1864.9 1929.0 € X X [24]
RRHTS 1748.9 1767.5 € X X [24]
ME3 1977.1 2006.0 e y O [3]
MES501 1957.2 1928.6 7 7 ¢ [16]
LSHR 1973.7 1866.1 7 7 o 131
TSNA-1 1934.5 1838.3 P ¥ o) (17,
25]

calculation using phase data only with a state of “enter”. Therefore, the
LPT phases can be regarded as a metastable phase that needs additional
energy to form. Basically, the concept of this calculation approach cor-
responds to “parallel tangent construction” approach to estimate the
segregation isotherm around grain boundary [39]. The temperatures in
the calculation were the same as those in the previous experimental
research. Furthermore, 1 standard atmospheric pressure was assumed.

Notably, this approach predicts LPT phase and solute partition at
stacking fault under thermal equilibrium conditions.
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Solute partition between LPT phase at SISF and y' phase. “P” indicates “positive partition”, that the solute is more distributed to the LPT phase, while “N” indicates
“negative partition”, that the solute is less distributed to the LPT phase. “E” indicates “equal partition”, that the solute is almost equally distributed between the LPT
phase and y' phase. Back colors in orange, blue, and green indicate positive, negative, and equal partition, respectively. “n.d.” indicates that there is no information in
previous research. The number in the calculation column indicates the partitioning rate defined by Eq. (4).©’ in the column of “Judge.” indicates that the preferentially
partition phase of the element is coincident between experiment and calculation, “/\” indicates that calculated result cannot be judged due to equal experimental
partition, and “x” indicates that preferentially partition phase of the element is opposite between experiment and calculation.

Partition between LPT phase and y' phase k; = CL"PT/CIVV

Assumed

Allow Ni Co cr Mo W Al Ti Ta Nb PTphase K
Cal. - 0.96 - - 1.73 0.07 - 2.89 X

2Ta Exp. N - - P N - P X [9]
Judge. - O - - O O O @]
Cal. - 0.99 0.33 - 1.62 0.07 - 3.69 X

CrTa Exp. - E E - P N - P X [9]
Judge. - A A - O O - O
Cal. - 0.95 - - 2.81 0.34 0.0001 - X

6Ti Exp. . E B N P N E - x 9]
Judge. A - - O O A - O
Cal. - 0.96 - - 1.72 0.09 - 3.02 X

ERBOCo-2Ta  Exp. . N - - P N . P x [28]
Judge. - @] - - @] @] - @] O
Cal. 0.52 10.90 6.79 10.02 0.32 0.002 0.0004 0.07 &

MD2 Exp. N P P n.d. n.d. N n.d. n.d. n.d. n.d. [15]

Judge. (@] @] @] - O - -

Cal. 0.17 451 33.68 6.13 0.25 0.00001 0.0001 0.02 0.01 €

ME3 Exp. N P P P E N E E N ¥ B3]
Judge. (@] @] O O A O A A O @]
Cal. 0.20 8.24 25.29 115.28 121.50 0.00001 0.0002 0.01 0.01 X

ME501 Exp. N P P P P N nd. nd. nd. X [16]
Judge. (@] O O O O O - - @]
Cal. 0.31 4.03 13.10 21.12 89.26 0.00006 0.0005 0.02 0.02 X

LSHR Exp. N P P P P N N E P X 3]
Judge. O @] @] @] @] @] @] A x @]
Cal. 0.32 7.94 13.35 64.83 160.10 0.00006 0.0006 0.01 0.03 X

TSNA-1 Exp. N P nd. P nd. N nd. nd. nd X [17.25]

Judge. (@] @] - @] - - @]

3. Results and discussions
3.1. LPT phase at SISF

First, the prediction of LPT phase at SISF was conducted. Fig. 2 shows
calculated SISF energy after the event of Suzuki effect based on Eq. (1)
using the LPT phases of ¢ and y phases. Each class of superalloys shows a
clear difference in tendency in SISF energy. In the case of Co-base su-
peralloys, SISF energy to form y LPT phase in 2Ta, CrTa, 6Ti, and
ERBOCo0-2Ta is 165.6, 144.6, 503.5, and 178.2 mJ/m? that is lower than
those to form ¢ phase in each alloy. While in the case of CoNi-base su-
peralloys, SISF energy to form & LPT phase is 903.2, 963.8, and
1237.3 mJ/m? in CoNi-A, CoNi-C, and ERBOCo-1 that is lower than
those to form y LPT phase. Different from Co-base and CoNi-base su-
peralloys, the preferentially formed LPT phase is competitive in the case
of Ni-base superalloys. MD2, RRHT3, RRHT5, and ME3 show lower SISF
energy to form ¢ LPT phase 2330.8, 1864.9, 1748.9, and 1977.1 mJ/m?>
than those to form y LPT phase, however, ME501, LSHR, and TSNA-1
shows lower SISF energy to form y LPT phase than ¢ phase, 1928.6,
1866.1, and 1838.3 mJ/m?, respectively. Table 4 summarizes the pref-
erentially formed LPT phase based on the above calculations and
referenced LPT phase in previous research. Except for MD2 and ME3,
most of LPT phase has been reported to be y phase in previous research.
Notably, the observed y phase at SISF in ME3 can be recognized as ¢
phase with disorder atomic arrangement, therefore, this calculation also
reproduces the LPT phase at SISF in ME3. However, some alloys such as
CoNi-A, CoNi-C, ERBOCo-1, RRHT3, and RRHT5 show that the

preferentially formed LPT phase is ¢ phase which is different from the
previous report. Except for CoNi-base superalloys and some of Ni-base
superalloys mentioned above RRHT3 and RRHT5, CALPHAD approach
in this research shows good agreement with the preferentially formed
LPT phase as reported in previous research. This implies that LPT phase
at SISF in the above alloys might not have completely ordered or
disordered atomic arrangement in previous experimental research as a
scenario.

3.2. Solute partition between SISF and y' precipitates

Table 5 summarizes the solute partition between LPT phase at SISF
and y' phase calculated by CALPHAD approach based on the preferen-
tially formed LPT phase at SISF listed in Table 5 with a comparison of
previous research. Notably, “equal partition” observed in previous ex-
periments is not evaluated because CALPHAD approach does not predict
equal partition. The solute partition is calculated using Eq. (4), where
ckPT is the composition of the i-th element in LPT phase and c{/ is thatiny’
phase. In this comparison, the data of CoNi-A, CoNi-C, ERBOCo-1,
RRHT3, and RRHT5 were ruled out because CALPHAD approach in
the previous section did not reproduce the atomic ordering of LPT phase
reported in previous research.

ki = T /] @

According to Table 5, calculated partitions of main elements such as
Ni, Co, Cr, and Al reproduce experimental partition. In the case of y
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Table 6
Partition between bulk y phase and y’ phase. The phase surrounded by parentheses in a column of the system indicates that the phase is calculated to be metastable, zero
volume fraction [40-42].

Temperature Partition between bulk LPT phase and y’ phase k; = c/*"/c] '
Alloy Method System
°C Ni Co w Al Ti Nb Ta Ref.
Cal. Y+yv+x 0.96 2.30 0.24
900
Co-Al-W Exp. Y+y+x 0.96 1.76 0.27 [40]
Judge. O O O
Cal. Y4y +x 0.95 2.65 0.33 0.0001
900
Co-AL-W-Ti Exp. Yy 4x 0.97 152 037 121 [40]
Judge. @) O O x
Cal. yHy+x 0.20 0.98 226 0.24
900
Co-Al-W-Ni Exp. Y+yv+x 0.57 0.98 1.78 0.23 [40]
Judge. O O O O
Cal. y+y+O) 0.27 1.05 2.19 0.20
900
Co-AL-W-10Ni Exp. YHy+x 0.62 1.04 1.88 0.15 [41]
Judge. O @] O O
Cal. Y+y+ 00 035 114 233 0.12
900
Co-AI-W-20Ni Exp. yHy4x 0.64 1.09 1.86 031 [41]
Judge. O @] O O
Cal. Y+y+0 0.45 125 241 0.04
900
Co-Al-W-30Ni Exp. Y+y+x 0.55 1.27 2.06 0.17 [41]
Judge. O @) O O
Cal. Y+y+ @ 0.53 1.41 2.52 0.01
900
Co-AL-W-40Ni Exp. Yy +x 0.58 141 2.11 0.17 [41]
Judge. O @] O O
Cal. Y+yv+x 0.97 2.46 0.23 0.001
850
Co-Al-W-Nb Exp. yHy4x 0.97 1.59 0.30 1.93 [42]
Judge. @] O O x
Cal. yHy+x 0.95 291 0.14 1.99
900
Co-Al-W-Ta Exp. Y+y+x 0.96 1.68 0.31 1.81 [42]
Judge. @) O O @]
5000
Yy'sLpT(e")
4500
Yy'>LPT()
4000
2]
£ 3500
S
£ 3000
>
S 2500
2
o 2000
&%
w 1500
(%2]
1000
500
0

MD2 RRHT3  RRHT5 ME3 MES501 LSHR TSNA-1

Fig. 3. SESF energy to form LPT phase in y' precipitates after the event of Suzuki effect.
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Table 7
Summary for LPT phase at SESF.

Next Materials 7 (2025) 100363

SESF energy based on ¢ LPT phase

SESF energy based on 5 LPT phase

Preferentially formed LPT Reported LPT

Alloys /mJ-m~2 /mJ-m~2 phase phase Judge. Ref.
MD2 4661.7 1361.7 " No-data [15]
RRHT3 3729.8 1389.9 ) n o [24,

38]
RRHT5 3497.8 1226.6 n y x [24,

38]
ME3 3954.3 220.2 11 y x 3]
ME501 3914.3 223.9 " " [16]
LSHR 3947.4 184.6 " " 3]
TSNA-1 3869.0 228.2 n n o (17,

25]

former heavy elements such as Mo and W, the partition is also repro-
duced. In the case of y' former elements such as Ti, Ta, and Nb, it is
difficult to judge whether the calculated solute partition is correct or not
because equal partition is frequently reported in previous experimental
research. However, the solute partition of Ta in Co-base superalloys such
as 2Ta, CrTa, 6Ti, and ERBOCo-2Ta reproduces the positive partition by
calculation. On the other hand, the solute partition of Nb is always
calculated to be a negative partition even in the alloys with positive
partition reported in previous experimental research such as LSHR. This
discrepancy in Nb partition could originate from the accuracy of the
database used in this research.

3.3. Solute partition between bulk LPT phase and y' phase

To evaluate the accuracy of the database used in this manuscript, the
solute partition between bulk LPT phase based on SISF and y' phase is
calculated using CALPHAD approach in the alloy system with vy, ¥, and
bulk y phase which has been already reported experimentally. In this
calculation, y, ¥, and y phases are treated as “enter” phases. Table 6
summarizes the comparison of the calculated solute partition between
bulk y phase and y' phase with the experimental one. Notably, Table 6
shows only the alloy system with y, ¥, and bulk y phases because no

Table 8
Solute partition between SESF and y' precipitates.

previous works using the alloy system with vy, ¥, and bulk ¢ phases were
found. Furthermore, it should be noted that calculated composition of y
and vy phases is comparable with experimental ones. Table 6 indicates
that calculated solute partition of main elements such as Ni, Co, and Al
reproduces the experimental one as well as that of y former heavy
element such as W. In the case of y' former element, the calculated solute
partition of Ta reproduces the experimental one, however, that of Ti and
Nb is negative which is the opposite trend to the experimental one.
Therefore, the database of Ti and Nb in y phase is necessary to be
modified to more accurately predict LPT phase.

3.4. Case of SESF

In addition to the case of SISF, the solute partition at SESF was tried
to calculate using MD2, RRHT3, RRHT5, ME3, ME501, LSHR, and TSNA-
1 within the range of Ni-base superalloys because experimental works
focusing on the solute partition at SESF is less reported than those at
SISF. Figure 4 shows SESF energy in each alloy. Fig. 3 indicates that
SESE energy assuming # phase as an LPT phase is lower than that of ¢
phase in all the alloys.

Table 7 summarizes SESF energy. Since SESF energy assuming 7
phase as an LPT phase is lower than that of ¢ phase in all the cases,

Partition between LPT phase and y' phase k; = c,""/ciy,

Alloys Assumed LPT phase Ref.
Ni Co Cr Mo w Al Ti Ta Nb

Cal. 1.05 003 014 0.002 003 072 048 4.16 - n

MD2 Exp. N P P n.d. n.d. N n.d. n.d. n.d. [15]
Judge. x x x O -
Cal. 1.06  0.05 1.08  0.003 036 078 025 4.41 0.01 n

MES501 Exp. N P E P E N P P P n [16]
Judge. x x A x A @] x o] x O
Cal. 1.14 0.03 0.89 0.001 0.27 0.75 0.28 14.98 0.01 n

LSHR Exp. N B E ¥ ¥ N 2 2 2 n [3]
Judge. x x A x x O x O x O
Cal. 1.07 0.05 1.08 0.003 0.36 0.78 0.25 4.26 0.01 n

TSNA-1 Exp N P n.d. n.d. n.d. N P n.d. P n [17,25]

Judge. X X - x - x O
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Table 9

Composition of modified ME501 for the verification of database (at%) The calculation was conducted at 760 °C.
Alloys Ni Co Cr Mo w Al Ti Ta Nb vy,
MES01 52.50 18.15 13.71 1.80 0.97 6.61 3.72 1.58 0.96 0.48
-no Cr 60.84 21.03 - 2.09 1.12 7.66 4.31 1.83 1.11 0.51
-no Mo 53.46 18.48 13.96 - 0.99 6.73 3.79 1.61 0.98 0.50
-no W 53.01 18.33 13.84 1.82 - 6.67 3.76 1.60 0.97 0.48
-no MoW 54.00 18.67 14.10 - - 6.80 3.83 1.63 0.99 0.50
-no Ti 54.53 18.85 14.24 1.87 1.01 6.87 - 1.64 1.00 0.28
-no Ta 53.34 18.44 13.93 1.83 0.99 6.72 3.78 - 0.98 0.43
-noNb 53.01 18.33 13.84 1.82 0.98 6.67 3.76 1.60 0.00 0.45
-noTiTa 55.44 19.17 14.48 1.90 1.02 6.98 - - 1.01 0.29
-no TiNb 55.08 19.04 14.38 1.89 1.02 6.93 - 1.66 - 0.25
-no NbTa 53.87 18.62 14.07 1.85 1.00 6.78 3.82 - - 0.42
-no TiTaNb 56.01 19.36 14.63 1.92 1.03 7.05 - - - 0.28

Table 10

Solute partition between 5 LPT phase and y' precipitates using modified ME501 virtual superalloys (at%) The calculation was conducted at 760 °C.

Partition between LPT phase and y' phase k; = c{‘PT/ciV'

Alloys Assumed LPT phase
Ni Co Cr Mo w Al Ti Ta Nb
Exp.. N P E P E N P P P n
ME501
Cal. 1.06 0.05 1.08 0.0003 0.36 0.78 0.25 4.41 0.01 n
Judge. X X AN x A (@] x O x
Cal. 1.08 0.04 - 0.0002 0.05 0.77 0.25 5.00 0.01 n
-no Cr
Judge. x x x A O x (e] x
Cal. 1.06 0.05 0.94 - 0.29 0.78 0.25 4.50 0.01 n
-no Mo
Judge. X X A A (@] X O x
Cal. 1.06 0.05 0.98 0.0003 - 0.78 0.25 4.41 0.01 n
-no W
Judge. x x A x (e} x (@] x
Cal. 1.06 0.05 0.83 - - 0.78 0.25 4.50 0.01 n
-no MoW
Judge. x x A O x (@] x
Cal. 1.03 0.06 0.39 0.0001 0.08 0.70 - 2.51 0.01 n
-no Ti
Judge. x x AN x A O (o] x
Cal. 1.05 0.61 0.44 0.48 0.19 0.16 229 - 1.62 n
-no Ta
Judge. x x A x A O (@] o
Cal. 1.06 0.05 0.76 0.0004 0.24 0.74 0.32 3.83 - n
-noNb
Judge. x x A x A O x (@] -
Cal. 0.72 1.87 5.59 1.04 3.42 0.0002 - - 0.005 n
-noTiTa
Judge. (e] (e] A (o] A O - - x
Cal. 1.02 0.07 0.28 0.0001 0.06 0.68 - 2.14 - n
-no TiNb
Judge. x x A x A @) o
Cal. 1.10 0.38 0.22 0.12 0.06 0.25 244 - - n
-no NbTa
Judge. x x A x A O (o] - -
Cal. 0.82 1.68 3.83 0.72 2.57 0.00 - - - n
-no TiTaNb
Judge. (o] (e] A x A O - - -
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Partition between bulk » phase and y' phase. Number in orange indicates a positive partition, and that in blue indicates a negative partition. A name of a phase
surrounded by parentheses in a column of the system indicates that the phase is calculated to be metastable [43,44].

Temperature

Partition between bulk LPT phase and y’ phase k; = c{"’T/ciV’

Alloy Method System
°c Ni Al Ti Ta Ref.
Cal. y+y' +n 0.98 0.32 1.47 -
900
Ni-Al-Ti Exp. y+y' +1 0.98 0.50 1.30 - [43]
Judge. @] O ©) -
Cal. y+@)+n 0.97 0.85 - 1.48
1250
Ni-Al-Ta Exp. y+y' +n 0.99 0.76 - 138 [44]
Judge. O O - O

therefore, preferentially formed LPT phase at SESF among listed Ni-base
superalloys are expected to be 7 phase. In previous experimental
research, except for RRHT5 and ME3, LPT phase at SESF is reported to
be n phase, which is consistent with this estimation by CALPHAD
approach. Because this manuscript regards the observed y phase at SESF
as ¢ phase with disorder atomic arrangement, the prediction of LPT
phase at SESF in RRHT5 and ME3 by calculation also failed to reproduce
the experimental one. As in a similar manner of SISF, this result indicates
that the observed atomic ordering of LPT phases in RRHT 5 and ME3 in
the previous experiment might not have a completely disordered atomic
arrangement.

Based on the expected preferentially formed LPT phase at SESF based
on Table 7, the solute partition between LPT phase and y phase is
calculated using CALPHAD approach shown in Table 8. Notably, the
data of RRHT5 and ME3 are excluded from Table 8 because of the
incorrect prediction of LPT phase, and the data of RRHT3 is also
excluded because of no available experimental data. Different from the
case of SISF, the calculated solute partition is quite different from the
experimental one. Main elements such as Ni, Co, and Cr, furthermore, y
former heavy elements such as Mo, y' former elements such as Ti and Nb
show different preferentially partition phase in the calculation towards
experimental ones. The solute partition of only Al and Ta can always
reproduce experimental ones by calculation among all the alloys.

The discrepancy of the solute partition at SESF between calculation
and experiment might come from the accuracy of the database in 5
phase. Since the partition of almost all the elements failed to reproduce
the experimental ones even in main elements such as Ni, Co, and Cr,
some specified elements of 5 phase in the database could affect the
calculation results. Therefore, as a verification of the database, the so-
lute partition between  LPT phase and y' precipitates was re-evaluated
using virtual superalloys based on ME501 by modifying the nominal
composition so that one specified element is removed keeping a ratio of
remaining elements. The virtual superalloys used in this verification are
listed in Table 9.

The calculated solute partition using the virtual superalloys is shown
in Table 10 under the condition that y and y' phases are treated as “enter”
phase but 5 phase is treated as “dormant” phase in the calculation. Since
the solute partition of main elements especially for Ni, Co, and Al is
always observed in experimental research, the reproduction of the solute
partition of such elements is the most important issue. Table 10 shows
that among all the modified ME501 virtual superalloys, only ME501-
noTiTa and ME501-noTiTaNb reproduce the experimental solute parti-
tion of main elements such as Ni, Co, Cr, and Al in the calculation. This
result indicates that accuracy of database of Ti and Ta in # phase could
be low. Notably, the solute partition of heavy elements such as Nb in
ME501-noTiTa and Mo in ME501-noTiTaNb failed to reproduce the
experimental partition. However, experimental solute partition of Nb
was reproduced only in ME501-noTa, and that of Mo was reproduced

only in ME501-noTiTa, as shown Table 10. This result also indicates that
accuracy of database of Ti and Ta in 5 phase could be low.

To confirm the accuracy of the database of Ti and Ta in 5 phase, the
solute partition between bulk  phase and y’ precipitates was compared
between calculation and experiment in ternary system. The results are
shown in Table 11. In the ternary system, the solute partition by the
calculation reproduced the experimental one regardless of containing Ti
and Ta. Therefore, the problem of reproducing the solute partition can
be assumed in the database of physical properties between Ti and Ta in n
phase in a multi-component system.

4. Conclusion

1. In the case of SISF, stacking fault energy to form ¢ LPT phase and that
of y LPT phase is competed with each other in Ni-base superalloys.
Co-base superalloys and Ni-base superalloys such as ME501, LSHR,
and TSNA-1 are predicted to preferentially form y LPT phase at SISF.

2. Calculated solute partition between y LPT phase and y’ phase
reproduced experimental solute partition between SISF and y' phase
especially in main elements such as Ni, Co, Cr, and Al, moreover, y
former heavy elements such as Mo and W. However, the calculated
partition of y' former elements such as Ti and Nb showed opposite
preferentially distributed phases in the comparison with the experi-
mental one. Database of physical properties of Ti and Nb in y phase
could have lower accuracy.

3. In the case of SESF, all the alloys in the calculation are predicted to
form 5 LPT phase at SESF. However, the calculated solute partition
between 5 and y’ phases of almost all the elements except for Al and
Ta did not reproduce the experimental tendency of preferentially
distributed phases of elements. This discrepancy comes from the
inadequate accuracy of the database of physical properties in  phase
with a multi-component system between Ti and Ta in the calculation.
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Appendix A. Detailed picture of crystal structure and ordering in ¥y’ and LPT phases

Fig. A1 shows crystal structures of based on Ni3Al Fig. Al (a) shows the unit-cell of y' phase. Since the slip plane of superalloys at intermediate
temperature such around 800 °Cis {111}, Fig. A1 (b) shows the atomic stacking of y' phase on (111). Notably, Fig. A1 (b) is not an unit-cell of y' phase.
Via dislocation motion, planaer defects such as stacking fault form in y' phase. Fig. A1 (c) shows the superlattice intrinsic stacking fault (SISF) in '
phase, and Fig. A1 (d) shows the superlattice extrinsic stacking fault (SESF) in y' phase.

A
[001] [0001] .
J—) [010]
[100] B
A
A c 7
C LA "
2 T
B »w B %)
A A |
(a) (b) (c) (d)

Fig. Al. Crystal structure of y' phase based on NizAl. (a) Unit-cell of ¥’ phase, (b) atomic stacking of y’ phase on (111), (c) SISF in y' phase, (d) SESF in y' phase.

SISF and SESF in y' phase can be approximated as LPT phases. Fig. A2 shows the crystal structure of LPT phases, based on Table 3. Atomic stacking
in SISF shown in Fig. A1 (c) is identical to that of y and ¢ phases in Fig. A2 (a, b), and that in SESF shown in Fig. A1 (d) is identical to that of  and ¢
phases in Figs. A2 (c, d), except for the solute ordering.

SISF approximation SESF approximation
) \ ]
( \ [ |
[0001]
[2110] A A
[0110] c
A
i A
B
B B
A A A
¢ phase 1 phase &' phase
(b) (c) (d)

Fig. A2. Crystal structure of LPT phases. (a) Unit-cell of y phase based on CosW, (b) unit-cell of ¢ phase based on Co, (c) unit-cell of 5 phase, (d) unit-cell of ¢ phase
based on Nd.

To calculate the stacking fault energy defined by Eq. (1), atomic plane at stacking fault, n, has to be estimated. Fig. A3 shoes how to estimate n value
including x and m values by assuming a motion of zonal Ja < 112 > dislocation, more visualizely. Notably, zonal dislocation is usually termed as a

10
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group of dislocations among several atomic planes, as if it was one individual dislocation.

(8) (b) (©)

Original stacking SISF stacking with bulk LPT phase SESF stacking with bulk LPT phase
iny' phase , ! \ v g

C A B C B A C

B C A B A C B

A B C A C B A

C A B C B A C:n

B c A B A c A

A B C A C B B

C A B C B A ] A

B € AL e B, AL Camle  Cml,

A B 3 C B Al s C 3 Alilg Al il

c A2 B < Bi i & B & B | £ B L

B c = A gy S A S A 2 A 3 A =
nm A B 2 B | & B:i i3 Cuiy 8 Cu 8 Ci| g

C Ax) s Agrs Al S Al rs Al ll& Al ils

B BEE}E B: || & Bi i & B e B'"E B e

A A ‘—_' A : A ) ; A ;' A pre A | ;

(n,x,m)= (2,2, 1) Zonal ja[112] (&) (n, x, m) = (4, 4, 1)

dislocation

Fig. A3. Estimating atomic plane n to calculate stacking fault energy.

The formation mechanism and their detailed atomic arrangment in y' phase are shown in Fig. A4, based on previous articles [35,45]. If the perfect
dislocation 1a[101] consisting of two Shockley partials such as 1a[112] and L a[21T] move on the same slip plane (111), Al-Al nearest neighbor bond
emerges between Al atoms in neighboring slip planes in APB. And APB is characterized by Al-Al nearest neighbor bond, resulting in higher fault energy
than any other planer faults [46]. APB usually has small width between perfect dislocations because of its high falut energy. Regarding superlattice
stacking fault, zonal 1 a[112] forms Al-Al nearest neighbor bond in two-layers at first called complex intrinsic stacking fault (CISF) or complex extrinsic
stacking fault (CESF), and then, Al-Al nerest neighbor bond can be removed by re-ordering atoms between two-layers, finaly, SISF and SESF forms.

Complex Intrinsic Stacking fault Superlattice Intrinsic Stacking fault
(CISF) (SISF)
B B
A
C
B -
C N )
B LI
A L _q[112]
e 1
B L ga[zh]
Superlattice Extrinsic Stacking fault 1 _ -
(CESF) (SESF) L ga[lzl]
C C 27N
St Zonal
W/ zal112]
(b)
: Zonal
|___; 1 =
e 5a[112]
P!

Fig. A4. Atomic stacking and the formation mechanism of planar faults in y’ phase. (a) Perfect crystal of y' phase based on NizAl, (b) APB, (c) formation mechanism of
SISF, (d) formation mechanism of SESF. Letters of the atomic layers in bold show equivalent layeys in correspoding figures.
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