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To reduce the cost of solution heat treatment process Ni-base single crystal superalloy TMS-238 containing Re and Ru, quantitative
analysis of dendrite-interdendrite segregation of alloying elements under various solution heat treatment conditions were conducted, and
influence on high-temperature creep strength were investigated. In this study, we defined the solution rate Rsol (= (1 ¹ Vf,e) © 100%, where Vf,e

is volume fraction of eutectic γA that precipitates in the final solidification zone during casting) as a parameter to reveal the microstructure
homogeneity. The Rsol values were 71%, 97%, 99%, 100% for solutioning at 1250°C/20 h, 1320°C/5 h, 1320°C/20 h and 1335°C/20 h,
respectively. Furthermore, it was confirmed that Re and W segregated in the dendrite core area and γA formers whereas Ta and Al segregated in
the interdendrite. The magnitude of these segregations decreased as the solution temperature and time increased, and eventually the structure
became almost homogeneous for solutioning at 1335°C for 20 hours. Additionally, creep test results indicate that Larson-Miller parameter
(LMP) at 800°C–735MPa, 900°C–392MPa and 1000°C–245MPa creep conditions show the same values for Rsol ² 97%. On the other hand,
under 1100°C–137MPa creep condition, LMP decreased as the Rsol decreased. A factor analysis of creep rupture properties suggested that the
degradation of LMP under 1100°C–137MPa was caused by the decrease of Re content and γ/γA lattice misfit in the interdendritic region.
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(Received August 9, 2024; Accepted August 21, 2024; Published October 25, 2024)

Keywords: Ni-base superalloy, single crystal, solution heat treatment, segregation, high-temperature creep strength

1. Introduction

γA precipitation-strengthened Ni-base superalloys (hereafter
referred to as Ni-base superalloys) are alloys strengthened
by precipitating Ni3Al-type (L12 structure) intermetallic
compounds (γA phase) in the γ phase (FCC structure), a Ni
solid solution, and are used as high temperature components
in jet engines and gas turbine engines for power generation.
Increasing the combustion gas temperature is an effective
way to improve the efficiency of gas turbine engines. To
achieve this, Ni-base superalloys are required to have
excellent high-temperature creep strength, etc. Recently,
single-crystal superalloys have been used as turbine blades
for power generation gas turbine [1]. The use of computer-
aided alloy design methods [2–5] has led to rapid improve-
ments in alloy components, and many of the latest Ni-base
superalloys [6, 7] have been proposed that contain elements
with high melting points, such as Re and Ru. In the latest
aircraft engine turbines, 3rd-generation superalloys such as
CMSX-4 and CMSX-10K developed by Cannon-Muskegon
[8, 9] are being utilized for turbine blade. The TMS-238 alloy
[10], a 6th-generation superalloy developed and proposed
by National Institute for Materials Science (NIMS), is
attracting attention both domestically and internationally as
an alloy that offers superior service temperature and
oxidation resistance.

Solution heat treatment is an important process in the
manufacture of Ni-base single crystal superalloys. The
solidification microstructure of a multi-components Ni-base
superalloy usually exhibits a dendrite microstructure with
strong elemental segregation, and the alloying element

concentrations in the dendrite core (hereinafter referred to
as ‘d area’) and interdendrite region (hereinafter referred to
as ‘id area’) are significantly different. In addition, eutectic
γA phase and coarse γA phase precipitate in the id area
corresponding to the final solidification section. In general, it
is known that the high-temperature creep strength of Ni-
base superalloys is significantly affected by the precipitation
morphology of the γA phase [11, 12]. It is important to
eliminate elemental segregation and eutectic γA phase by
solution heat treatment in the γ single-phase temperature
region before aging heat treatment in order to precipitate fine
cuboidal γA phase uniformly in the γ matrix phase.

Since the γA solvus temperature, eutectic temperature, and
diffusion rate of the constituent elements differ depending on
the alloy composition, the solution heat treatment conditions
must be optimized for each alloy [13, 14]. The latest multi-
components alloys tend to have high the γA solvus tem-
peratures and low eutectic temperatures, so the process
window for solution heat treatment is narrow. Table 1 shows
the solution heat treatment conditions for CMSX-4, CMSX-
4Plus, CMSX-10K, and TMS-238 [15]. The 3rd-generation
superalloys such as CMSX-4Plus and CMSX-10K require
significantly complicated heat treatment processes, including
eight and ten steps with detailed temperature increase,
respectively, to avoid partial melting due to the narrow
process window, leading to the high heat treatment cost. In
contrast, TMS-238 is an alloy with a wide process window
and can be fully solution treated at the optimum solution heat
treatment conditions of 1345°C/20 h, making it a relatively
productive alloy. However, there is a high need for further
process cost reduction in industry. In the case of TMS-238,
there is a demand to find low-cost solution conditions at
lower temperatures and in shorter time while maintaining
creep properties. For example, if solution heat treatment were
possible at approximately 1320°C, which is the final solution
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temperature of CMSX-4, TMS-238 can be expected to be
applied to a wider range of parts.

Although there are limited studies on the effect of alloying
element segregation on dendrite microstructures (hereafter
referred to as dendritic segregation), for example, A. Epishin
et al. [16] reported residual stress due to segregation causes
heterogeneity in the lattice between γ–γA phases, which
affects primary creep strength for CMSX-4. Meanwhile, K.B.
Povarova et al. [17] reported the degree of dendritic
segregation of alloying elements including Re after solution
annealing at 1290°C for 2 h to 10 h using γA-Ni3Al-based Re-
doped alloys with γ + γA two-phase structure. Further, Y. Han
et al. [18] reported influence of dendrite and Cr homoge-
nization on carbide precipitation morphology in Cr-Mo-V
steel. However, the relationship between solution heat
treatment conditions and mechanical strength of the latest
Ni-base single-crystal superalloys is not clear in any of these
reports.

The purpose of this study was to investigate the effects of
solution heat treatment conditions on high-temperature creep
properties of a 6th-generation Ni-base single crystal super-
alloy TMS-238 containing Re and Ru. In particular, the
effects of solution heat treatment conditions on the degree of
homogenization of dendritic segregation and the disappear-
ance of eutectic γA and coarse γA phases were quantified, and
their effects on the creep deformation mechanism were
investigated. The solution heat treatment conditions at low
temperatures or short times are discussed.

2. Experimental Procedure

2.1 Materials and specimens
Using a TMS-238 alloy master ingot, a single-crystal

round bar 130mm long and 10.5mm in diameter was cast
by the pulling-down method in a directional solidification
furnace. The casting conditions were as follows: molten

metal temperature was at 1600°C, casting temperature was
at 1550°C, and the pulling-down speed was 200mm/h. The
nominal composition and analytical composition of the cast
round bar are shown in Table 2. Here, compositional analysis
was performed using an ICP optical emission spectrometer
(ICP-OES: Aligent ICP-OES 720-ES). Although the ana-
lyzed composition of the cast round bar was almost
equivalent to the nominal composition [10], the Cr and Co
contents were 0.1wt% lower and the Ta content was 0.1wt%
higher. Therefore, it should be noted that the single-crystal
samples used in this study have slightly lower microstructural
stability [19] than single-crystal samples of nominal
composition and are prone to precipitation of the topologi-
cally closed pack (TCP) phase [20] during creep. The crystal
orientation of the cast single-crystal round bars were
measured in the solidification direction by the back-reflection
Laue method. In this study, the bars with an orientation
difference of 4° or less between ©100ª growth orientation
were selected for solution heat treatment and creep tests.

2.2 Heat treatment and creep test conditions
The selected single-crystal round bars were solution heat

treated at 1250°C–20 h, 1300°C–20 h, 1320°C–5 h, 1320°C–
20 h, and 1335°C–20 h. The γA solvus temperature calculated
from compositions of round bar, which were shown in
Table 2, by the Alloy Design Program (ADP) [3–5] is
1307°C. This confirms that the heat treatment conditions
cover a wide range from the γ/γA two phase temperature to
just below the eutectic temperature. In solution heat treatment
above 1320°C, heat treatment with stepwise temperature
increase were performed as shown in Table 3 to avoid partial
melting at the id area. In addition, all solution heat treated
specimens were subjected to a two-step aging heat treatment
of 1150°C–2 h + 870°C–20 h. Creep specimens with a gauge
length of 22mm and a parallel diameter of 4mm were
prepared from the aged specimens in accordance with JIS-

Table 1 Solution heat treatment and aging conditions of CMSX-4, CMSX-4Plus, CMSX-10K and TMS-238.

Table 2 Nominal and analytical compositions of TMS-238.
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Z2271. Creep tests were conducted under four conditions:
800°C–735MPa, 900°C–392MPa, 1000°C–245MPa, and
1100°C–137MPa.

2.3 Evaluation of microsegregation and microstructure
Dendritic segregation and solution rate Rsol were evaluated

for six samples including as-cast material. In this study, the
degree of dendritic segregation was quantified by defining a
microsegregation coefficient, SR, as follows:

SR ¼ Cd
i

Cid
i

ð1Þ

where Ci
d is the concentration of i element in the d area

(wt%) and Ci
id is the concentration of i element in the id area

(wt%). Each element concentration was measured using an
Electron Probe Micro Analyzer (EPMA: Shimadzu EPMA-
1610). The average value of concentration at five points in
the d and id area, respectively, was used.

The degree of homogenization by solution heat treatment
is often evaluated by the amount of residual coarse γA phase
formed during the solidification process [21]. Therefore, the
solution rate Rsol is defined as follows:

Rsol ¼ ð1� Vf,eÞ � 100% ð2Þ
where Vf,e are the volume fractions of the eutectic γA and
coarse γA phases remaining in the id area after solution heat
treatment. Field Emission Scanning Electron Microscope
(FE-SEM: Zeiss Gemini 300) was used for evaluation. Since
the solidified structure of the alloy used in this study has a
primary dendrite arm spacing of approximately 200mm, the
volume fraction of the coarse γA phase was measured on a
2 © 2mm observation region at the center of the sample,
in order to evaluate a sufficient amount of γA phase, and
determined the values of Rsol. Further, the initial micro-
structure before creep and deformed microstructures after
creep were observed in the {100} plane corresponding to the
dendritic growth and in the {100} plane perpendicular to the
growth direction, respectively. The obtained SEM photo-
graphs were analyzed using ImageJ [22] to quantify the γA
volume fraction and γA size in the initial microstructure.

3. Results

3.1 Microstructure and microsegregation homogeniza-
tion by solution heat treatment

Figure 1 shows the backscattered electron image (BEI) of
the as-cast specimens and the distribution of Re, W, Al, Ta,
and Ni. The image was observed from the ©100ª direction.

The dendritic structure of the as-cast specimen can be clearly
seen in the image, elements with high melting point such as
Re and W were concentrated in the d area, while Al and
Ta are strongly segregated in the id area, indicating the strong
segregation of alloying elements. In addition, a large amount
of eutectic γA phase, which precipitates in the final
solidification zone, was observed in the id area of the as-
cast specimen. Figure 2(a)–(f ) shows the BEI images for as
cast specimen and solution heat treated specimens. Here, the
white areas correspond to the d areas and the dark areas to
the id areas. The growth of secondary dendrite arms from the
dendrite core in the ©100ª direction up, down, left, and right
were observed as white areas. The microsegregation from
the d areas to id areas observed in the as-cast specimen is
homogenized as the solution heat treatment temperature and
time increase, resulting in the contrast difference in the BEI
image decreases. The volume fraction of the eutectic γA phase
fv,e was 0.32 in the as-cast specimen, and decreased as the
solution temperature and time increased. Table 4 shows the
solution rate Rsol for each of these solution heat treated
specimens. The volume fraction of the eutectic γA phase in
the specimens solution heat treated at 1250°C–20 h, 1300°C–
20 h, 1320°C–5 h, 1320°C–20 h, and 1335°C–20 h deter-
mined by SEM observation were 0.29 (Rsol = 71%), 0.08
(Rsol = 92%), 0.03 (Rsol = 97%), and 0.01 (Rsol = 99%), and
0.00 (Rsol = 100%) respectively. Table 4 shows the EPMA
analytical results (wt%) and segregation coefficients SR of
alloying elements in the d area and id area for the various
solution heat treated specimens. Here, the EPMA analysis
values for the id area correspond to the composition values
for the vicinity of the eutectic γA phase, avoiding it. As
shown in Table 4, Co, Cr, Mo, W, Re, and Ru, which are
γ formers, are concentrated in d area and Al and Ta which are
γA formers are concentrated id area in the as-cast specimen,
indicating that SR > 1 for the γ formers and SR < 1 for the
γA formers. Meanwhile, it was confirmed that the segregation
coefficient approaches SR = 1, since all elements (Co, Cr,
Mo, W, Al, Ta, Re, Ru, and Hf ) diffuse between the d area
and id area as the solution temperature and solution time
increases.

Figure 3(a) and (b) show the effect of solution temperature
and time, respectively, on the segregation coefficient SR of
Re, W, Ta, and Al, which have strong segregation tendency in

Table 3 Solution heat treatment conditions of TMS-238 in this study. BEI Al Ta

W ReNi

300m

Eutectic ’

Dendrite core

Fig. 1 Elemental segregation of alloying elements in as cast TMS-238
alloy.
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the d and id areas. As shown in Fig. 3(a), the SR values of
Re and W in the as cast specimen were positive (SR = 6.73
and SR = 3.07, respectively), because these elements are
segregated in the d area, which is the initial solidification
zone, while the SR values of Ta and Al, which are the γA
formers, were negative (SR = 0.41 and SR = 0.65, respec-
tively) because these elements are segregated in the id area,
which is the final solidification zone. As a result of decrease
in the difference in elements concentration between the d
and id areas, the values of segregation coefficients for all
alloying elements approach to SR = 1 with increasing
solution temperature. The conditions at 1335°C for 20 h,
where homogenization was most advanced in this study,
showed SR = 1.33 and 0.92 for Re and Ta with low diffusion
coefficient, while SR = 1 for almost all other alloying
elements, confirming that the conditions under which
alloying elements are sufficiently homogenized. Figure 3(b)

shows that the segregation coefficients SR for Re, W, Ta, and
Al decrease rapidly up to 5 h of heat treatment at a solution
temperature of 1320°C, and then gradually approach 1.
However, Ta with a lowest diffusion coefficient among the γA
formers showed SR = 0.69 and Cid = 8.88wt% even after 5 h
of heat treatment, indicating that the concentration of Ta in
the id area was still high.

Figure 3(c) shows the relationship between the solution
rate Rsol of various solution-treated specimens and the solidus
temperature and γA solvus temperature of compositions in the
id area. Here the solidus and γA solvus temperature were
calculated by ADP from compositions of the id area with
γA formers segregated. The X mark in the figure indicates
the solution temperature. As shown in the figure, the γA solvus
temperatures of specimens heat-treated at 1250°C–20 h
(Rsol = 71%), 1300°C–20 h (Rsol = 92%) and 1320°C–5 h
(Rsol = 97%) were higher than solution heat treatment

(f) 1335℃ -20h

(a) As cast

100m

(b) 1250℃-20h (c) 1300℃ -20h

(d) 1320℃ -5h (e) 1320℃ -20h

Eutectic ’

Coarsened ’

Dendrite 
core

Eutectic ’

Coarsened ’

Coarsened ’

Coarsened ’

Eutectic ’

Coarsened ’

100m 100m 100m

100m 100m

Fig. 2 BEI images of TMS-238: (a) as cast specimen and specimens heat treated for (b) 1250°C–20 h, (c) 1300°C–20 h, (d) 1320°C–5 h,
(e) 1320°C–20 h and (f ) 1335°C–20 h.

Table 4 Analytical compositions of dendrite core (d) and interdendritic region (id) for each solution heat treatment condition.
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temperatures. This confirmed that these heat treatment
conditions corresponded to the γ/γA two phase temperature
region in the id area. However, the γA solvus temperature of
the specimen heat-treated at 1320°C–5 h was 1326°C,
implying that the solution temperature was only 6°C lower
than the γA solvus temperature. Meanwhile, the γA solvus
temperatures of specimens heat-treated at 1320°C–20 h
(Rsol = 99%) and 1335°C–20 h (Rsol = 100%) were 1316°C
and 1297°C, respectively, indicating that the id area reached
the γ single-phase temperature region after solution treatment.

The above-mentioned residual eutectic γA phase and
differences in the concentrations of various elements in the
d and id areas could have a significant effect on the creep
life of the aged specimens as described below.

3.2 Effect of solution heat treatment on microstructure
of aged specimens

Figures 4(a)–(d) show the microstructure of the aged
specimens before the creep test. The observed images
correspond to the microstructure of the {100} plane
perpendicular to the ©100ª growth direction. Further,
enlarged images showing microstructure of d and id area
were also shown in the figures. In the aged specimen solution
heat-treated at 1250°C for 20 h, there are many coarse γA
phases in addition to a significantly coarse eutectic γA phase
in the id area. The coarse γA are the precipitates that grew at
1250°C, since the conditions of 1250°C–20 h corresponds
to the γ/γA two phase temperature region for the composition
of the id area, as shown in Fig. 3(c). Meanwhile, the very
fine γA phase is considered to be the γA phase precipitated
by aging heat treatment at 870°C. Further, a large amount of
fine γA phase precipitated in d area, showing a γ/γA two phase
structure. On the other hand, the eutectic γA phase remained
in the id area of the specimen solution heat-treated at 1320°C
for 5 h, while the coarse γA phase was slight. This is because
the solution temperature corresponds to the γ/γA two phase
region, but very close to the γA solvus temperature (1326°C),
resulting in the limited area of coarse growth of the γA phase.
In addition, most of the area other than the eutectic γA phase
and the coarse γA phase formed a two-phase structure with
relatively uniform fine γA precipitates. On the other hand, in
the 1320°C–20 h and 1335°C–20 h solution heat-treated
specimens with Rsol = 99–100%, two phase structure, in
which the fine γA phase was uniformly precipitated in both
the d and id area, formed, since the solution heat treatment
condition is temperature region of γ single phase over the
entire specimen.

Figure 5(a) and (b) show the γA volume fraction and size
in the d and id area, respectively, analyzed from SEM images
of various aged specimens. It was found that the γA volume
fraction and size of the d area increased and the γA volume
fraction and size of the id area decreased with increasing
solution temperature and time (or solution rate Rsol). Further,
the volume fraction and size of the d area and the id area of
the specimen solution heat-treated at 1335°C–20 h (Rsol =
100%) were almost identical, and Vf = 73% and d = 325–
330 nm, respectively. The volume fraction is the almost
equals to that calculated by ADP using the compositions
shown in Table 2, indicating that the dendritic segregation
was eliminated and sufficiently homogenized at 1335°C–
20 h. At the same time, it also was confirmed that the volume
fraction of γA can be accurately predicted by ADP. On the
other hand, the volume fraction of the aged specimens under
the conditions of low solution rate is large in the id area
containing a large amount of γA formers, such as Al and Ta,
while the volume fraction is low in the d area containing less
amount of Al and Ta. Meanwhile, 1250°C–20 h (Rsol = 71%)
and 1320°C–5 h (Rsol = 97%) heat-treated specimens have a
much larger γA size in the id area than in the other conditions.
This is due to solution heat treatment conditions is within the
γ/γA two phase temperature region.

In addition to the residual eutectic γA phase and the
differences in the concentrations of alloying elements in the
d and id areas, as mentioned in section 3.1, the differences in
volume fraction and size of γA in the d and id area are also
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considered to have a significant effect on the creep life of
various aged specimens, as described below.

3.3 Effect of solution heat treatment conditions on high-
temperature creep life

Figure 6 shows the creep curves of various aged specimen
at (a) 800°C–735MPa, (b) 900°C–392MPa, (c) 1000°C–
245MPa and (d) 1100°C–137MPa. The relationship between
the applied stress and the Larson-Miller parameter (LMP =
T · (20 + log tr)) is summarized in Fig. 7. As shown in
Fig. 7, under all creep conditions, the LMP value of the aged
specimen solution heat-treated at 1250°C–20 h, in which
solution rate Rsol is the lowest and many eutectic γA phases
and coarse γA phases remain, was lower than that of aged
specimen solution heat-treated at 1335°C–20 h. Thus, it is
confirmed that the heterogeneous microstructure significantly
reduced the creep lifetime. The decrease in LMP value
became more pronounced with increasing creep temperature.
Especially at 1100°C–137MPa, which is a high temperature
low stress creep condition, the LMP value was ¹1.1 lower
than that of the aged specimen solution heat-treated at
1335°C–20 h. This value corresponds to a significant

decrease of ¹47°C for temperature capability (temperature
for 1000 h creep rapture life at 137MPa), implying that
optimization of solution heat treatment conditions is key
importance to ensure the performance of the latest 6th-
generation single-crystal superalloy TMS-238. On the other
hand, it was also confirmed that there is no significant
difference in LMP values under the 800°C–735MPa, 900°C–
392MPa, and 1000°C–245MPa creep conditions when Rsol

is 97% or higher (solution temperature ² 1320°C). However,
under 1100°C–137MPa conditions, which is a high-tem-
perature low-stress region, LMP was found to decrease
significantly as Rsol decreased. Note that TMS-238 showed
better creep life properties than the commercial alloy CMSX-
4 (3rd-generation alloy) under all creep conditions, even
under the 1250°C–20 h solution heat treatment condition.

Figures 8 and 9 show Secondary Electron Images (SEI) of
the microstructure after the creep test at each creep condition.
All the images were taken at position approximately 1mm
away from the extensometer limbs. As shown in Fig. 8(a),
the microstructure after the 800°C–735MPa creep test was
not significantly rafted, and the shape, size and volume
fraction of the γA phase were similar to the initial

(a) 1250°C-20h (b) 1320°C-5h 

(c) 1320°C-20h (d) 1335°C-20h
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Fig. 4 Initial microstructures of specimens heat treated for (a) 1250°C–20 h, (b) 1320°C–5 h, (c) 1320°C–20 h and (d) 1335°C–20 h before
creep test.
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microstructure for all aged specimens. This is due to the
creep temperature being lower than the aging temperature
(870°C), and the volume fraction of γA increasing slightly

during the creep test. Under the 900°C–392MPa creep
condition, rafting of the γA phase progressed over the entire
surface of all the aged specimens, except for the id area of the
1250°C–20 h heat-treated specimen, as shown in Fig. 8(b).
Meanwhile, fine rafts were formed in the specimens with Rsol

higher than 97%, and the raft spacing was also significantly
fine. On the other hand, precipitation of fine TCP phases
growing on the {111} plane was confirmed, especially in d
area. Although detailed analysis of TCP was not performed, it
was determined that the phase is a Re and Ru-rich P phase,
based on thermodynamic calculations of d area compositions
and the previous report in literature [20, 23]. As mentioned in
section 2.1, the precipitation of the TCP phase is due to the
Ta content of the TMS-238 master ingot used in this study
being slightly higher than the nominal composition and the
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enrichment of Re in d area. Figure 9(a) shows the
microstructures after the creep test at 1000°C–245MPa
conditions. The microstructures of the various solution heat-
treated specimens were almost the same as those under the
900°C–392MPa creep condition. It was confirmed that the
coarse γA phase remaining in the id area of aged specimen
solution heat-treated at 1250°C for 20 h was not rafted.
Meanwhile, the TCP phase precipitated in the d area. As
shown in Fig. 9(b), under the 1100°C–137MPa creep
condition, rafting of the γA phase was observed on the entire
surface of all solution heat-treated specimens, including the
id area of the 1250°C–20 h heat-treated specimen. Further,
significantly long TCP phases were observed in several
positions in the d area of the specimens with Rsol of 97% or
more.

4. Discussion

The decrease in solution rate Rsol was confirmed to be a
factor of residual eutectic γA phase and large segregation of
various element in the d and id areas, leading to micro-
structural heterogeneity. The creep rupture life of the
specimen solution heat-treated at 1250°C–20 h including
many remaining eutectic γA phases and coarse γA phases were
significantly lower than those of the specimens heat-treated at
1335°C–20 h under all creep conditions. On the other hand,
there was no significant difference in LMP values under the

800°C–735MPa, 900°C–392MPa, and 1000°C–245MPa
creep conditions when Rsol was 97% or higher (solution
temperature ² 1320°C). However, under the 1100°C–
137MPa condition, which is a high-temperature and low-
stress condition, LMP decreased significantly as Rsol decreas-
ed. Here, we summarize the relationship between solution
rate Rsol and creep rupture life at 1100°C–137MPa using
ADP. Although ADP is a prediction program developed to
predict creep rupture life from the alloy compositions of fully
solutioned single-crystal superalloys, the program could be
useful to qualitatively discuss creep properties of the d and id
area of the specimen with the inhomogeneous microstructure,
calculated from the elemental concentrations in the d and id
area obtained in this study.

The multiple regression model implemented in ADP [5] is
shown below:

log trðT ; ·Þ ¼ ao þ
X

aiXiðT Þ þ aj¤ðT Þ
þ akVfðT Þ þ alV

2
f ðT Þ ð3Þ

where tr is the creep rupture life; T is the creep temperature;
and · is the creep applied stress; Xi(T ) is the concentration
of i-alloying element in the γA phase at temperature T; ¤(T ) is
the γ/γA lattice misfit (¤ = (aγA ¹ aγ)/aγ, abbreviated as misfit)
at temperature T; and Vf (T ) is the γA volume fraction at
temperature T. In addition, ao, ai, aj, ak and al are multiple
regression coefficients determined from the Ni-base super-
alloy database accumulated in NIMS. Figure 10(a) shows the
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coefficients ai (i: W, Ta, Re, Ru) of i-element concentration Xi

and the coefficient of misfit aj obtained under various creep
conditions. As shown in the figure, the values of coefficient
of Re concentration aRe and the coefficient of misfit aj are
larger than the other contributing factors. This indicates that
contribution of Re concentration and misfit to the creep
rupture life is significantly large under all creep conditions.
Furthermore, the aRe decreases with decreasing creep applied
stress (and with increasing creep temperature), while aj
increases significantly in a negative direction with a decrease
in creep applied stress. This is due to the significant
contribution of the solution strengthening of Re in the low-
temperature/high-stress region, while in the high-temper-
ature/low-stress region, in addition to the solution
strengthening by Re, the contribution of γ/γA misfit, which
promotes rafting of the γA phase and strengthening due to the
interfacial dislocation network, is also significant [4, 5, 10].
Figure 10(b) shows the LMP values at 1100°C–137MPa
creep conditions predicted from compositions in the d and
id areas of various solution heat-treated specimens using the
multiple regression model described above. As shown in the
figure, the LMP values predicted from the composition of the
d area are larger than those of the id area under all solution
heat treatment conditions. This indicates that both solid-
solution strengthening and misfit contribute significantly to
the LMP values because of the Re enrichment in the d area.
Therefore, the creep rupture life of the d area tends to be

shorter because the Re content decreases with increasing
solution temperature. On the other hand, the LMP value of
the id area is predicted to be lower than that of the d area,
since lower Re content is lower than that of d area, although
the id area has a higher volume fraction of the γA phase, as
shown in Fig. 5, due to Ta and Al enrichment. Therefore,
the creep rupture life of the id area tends to be longer with
increasing Re content as the solution temperature increased.
Here, it was confirmed that the measured LMP values were
found to be between the LMP values of the d and id areas,
and the trend to be in good agreement with the trend of LMP
values lowering in the id area. Such a decrease in the creep
rupture life, i.e., an increase in creep deformation rate, of the
id area with decrease in solution temperature, is expected to
promote local deformation in the id area and become a factor
for creep void formation and rupture in the id areas. From the
above discussion, it can be concluded that the decrease in
creep rupture life of the alloy with decreasing solution
temperature is mainly due to the increase in the local creep
deformation rate in the id area caused by the lack of Re and
lower misfit in the id areas.

As described above, it can be concluded that the solution
heat treatment for TMS-238, a 6th-generation superalloy,
should be conducted at 1320°C or higher for 20 h or longer,
which is in the γ/γA two phase temperature region over the
entire the specimen. Note that the dendritic segregation
interval (secondary dendrite arm spacing) strongly depends
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T. Yokokawa et al.1428



on the single crystal casting conditions, especially on the
solidification rate [24]. The present results were obtained
for dendritic segregation formed under the casting conditions
described in section 2.1. When determining solution heat
treatment conditions for actual turbine blade-shaped prod-
ucts, it is necessary to set solution heat treatment conditions
on the safety side based on a thorough understanding of the
solidification conditions at each location on entire turbine
blade.

5. Conclusion

Using a 6th-generation Ni-base single-crystal superalloy
TMS-238 with Re and Ru additions, systematic comparisons
and investigations were conducted on the effects of solution
heat treatment conditions on the degree of dendritic
segregation and solution rate Rsol, and on creep strength at
high temperatures. As a result, the following were found:
(1) The eutectic γA phase and coarse γA phase existed for

solution heat-treatment at 1250°C–20 h, similar to the
as cast specimen. The eutectic γA phase almost
disappeared but coarse γA phase remained at 1300°C–
20 h. The heat treatment at 1320°C–20 h and 1335°C–

20 h satisfied the heat treatment conditions in the γ-
single phase temperature range over the entire the
specimen, resulting in a two-phase structure with
uniform and fine gA phase precipitation in both the d
and id areas.

(2) The dendritic segregation coefficient SR approaches 1
with increasing solution temperature. SR values after
solution heat treatment at 1335°C–20 h is 1.33 for Re,
0.92 for Ta, and SR ¼� 1 for the other alloying elements,
indicating that the condition is almost full solution heat
treatment conditions.

(3) The 1250°C–20 h solution heat treated specimen
showed lower LMP values under all creep conditions.
However, it showed superior creep life properties to
the commercial single-crystal superalloy CMSX-4 (3rd-
generation superalloy).

(4) Under 800°C–735MPa, 900°C–392MPa and 1000°C–
245MPa creep conditions, there was no significant
difference in LMP values as long as Rsol was larger than
or equal to 97% (solution temperature ² 1320°C).

(5) In the high temperature/low stress region, 1100°C–
137MPa creep condition, the LMP value decreased
significantly as Rsol decreased.

(6) As the creep prediction results from compositions in
the d and id areas of various solution heat-treated
specimens using ADP, it is confirmed that the decrease
in creep rapture time under 1100°C–137MPa creep
conditions with decreasing solution temperature is
associated with a decrease in Re content in the id area
and decrease in γ/γA misfit.

(7) Solution heat treatment for TMS-238 should be
conducted at 1320°C or higher for 20 h or longer,
which is in the γ/γA two phase temperature range over
the entire the specimens.
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