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Abstract

Tensile and fatigue life variabilities are investigated for
new-generation single crystal Ni-based superalloys: the
3rd generation CMSX-4 Plus, the 6th generation
TMS-238, and a newer Ni-based superalloy, TROPEA
containing Pt. Consistently from the results of previous
research, very high cycle fatigue (VHCF) properties at the
chosen condition of 7= 1000 °C/R, = —1/f = 20 kHz are
mainly influenced by the solidification/homogenization
pore size and position. TROPEA alloy has the best low
cycle fatigue (LCF) life among all tested alloys at 650 °C
and R, =0.05/f=0.5 Hz. To better understand the
influence of chemical composition on the LCF endurance,
tensile properties were investigated using nine different
single crystalline alloys at 650 °C with the strain rate of
5 x 10~* s™'. The yield stress is directly affected by the
chemical composition of the Ni-based superalloys, and
alloys with high contents of Ti and Ta have a higher yield
stress, due to an increased shearing resistance of )’
precipitates. Hence, the yield stress is the main control
parameter of LCF at the selected condition. No influence
of chemical composition on VHCF life durability has
been observed, in good agreement with previous studies.
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Introduction

With a global increase in air traffic, a growth of 7.4 pct. in
2018 and another 5 pct. projected growth in 2019 [1],
cleaner in terms of NO,, CO, and CO, emissions, and
cost-effective aero-engines, in terms of fuel consumption, are
required. Advanced single crystal (SX) Ni-based superalloys
are necessary to achieve higher operating temperatures,
especially in the first stage blades and vanes, in addition to
more efficient internal cooling systems and advanced ther-
mal barrier coatings [2—4]. Since fatigue is responsible for
most of the crack initiation events and failure for internally
cooled blades [5], the present study is especially focusing on
the fatigue life durability of three recently developed SX
Ni-based superalloys: the 3rd generation CMSX-4 Plus [6],
the 6th generation TMS-238 [7], and TROPEA [8, 9].
CMSX-4 Plus has been chosen in this study as a reference
alloy, given the fact that currently most advanced aero-engine
blades are manufactured with 3rd generation SXs or even-
tually with 4th generation having very good creep properties
[6, 10, 11]. TMS-238, a 6th generation that probably presents
the best compromise between (very) high-temperature creep
properties and oxidation resistance, has been chosen since
very few fatigue data exist for this alloy [7]. TROPEA is a
new-generation Pt-containing superalloy which has recently
been developed between ISAE-ENSMA/Institut Pprime and
SAFRAN in France. It is considered as a potential alloy for
future airfoils [8, 9]. The unique features of this alloy are a
very high Ta content to increase the resistance to )’ shearing,
a reduced Re content to preserve density and cost, and an
addition of 1.95 wt. pct. Pt. The main idea behind the
development of this alloy was to have a good environmental
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resistance, to have a low y/y’ lattice misfit by increasing the )’
lattice parameter, and to maximize the strength and the sta-
bility of the 7’ phase above 1200 °C by forming a (Ni, Pt);
(Al, Ti, Ta) L1, structure [5, 8, 12, 13].

Pt is a very effective solid solution strengthener as a
substrate element [14], and it is aimed to reduce the com-
plexity of Ni-based superalloy coating process eliminating a
bond coating step as the superalloy itself presents high
environmental resistance [15, 16]. It is known that the Pt is
not as much effective as Ta or Mo to strength the material at
temperatures under 650 °C [17, 18]. However, the influence
of the Pt element on the tensile and fatigue properties in SX
Ni-based superalloys is not well understood.

For the fatigue properties evaluations, very high cycle
fatigue (VHCF) at T = 1000 °C/R,= —1/f =20 kHz and
low cycle fatigue (LCF) at T = 650 °C/R, = 0.05/f = 0.5 Hz
were chosen to simulate service conditions of the profile and
the blade root, respectively. In addition to tensile tests at 650
°C for the three targeted alloys, other tests were performed
using MAR-M200 + Hf, AM1, AM3, René N4, MC2, René
N5, PWA 1484, René N6, and MCNG to analyze the
influence of chemical compositions on yield stress (YS). The
aim of these additional tests will be to better understand the
role of chemistry on the fatigue durability at low temperature
of the three alloys mainly studied in this article. Finally, it
has to be noted that HCF/VHCF durability is a certifying
criterion of airfoils according to airworthiness authorities
(e.g., EASA and FAA) [19-22].

Material and Experimental Techniques
SX Ni-Based Superalloys Chemical Composition

SX bars of CMSX-4 Plus and TROPEA were prepared at
SAFRAN Tech PFX in Gennevilliers, France, while
TMS-238 bars were prepared at National Institute for
Materials Science (NIMS), Japan. The bars were solidified
with a 14-mm diameter and the longitudinal direction close
to [001]. The misorientation from the perfect [001]
orientation is less than 13°. CMSX-4 Plus and TROPEA
were solutioned and aged at Institut Pprime, and TMS-238
was solutioned and aged at NIMS.

To better understand the influence of chemical compo-
sition on YS at 650 °C, the authors chose nine different SX
Ni-based superalloys. The bars have been solidified with
nearly the same solidification parameters. Misorientation of
the bars was less than 5° from [001]. These alloys are fully
heat-treated to optimize the microstructure.

The chemical compositions in wt. pct. of the investigated
alloys are presented in Table 1. The heat treatment
(HT) conditions of TROPEA, CMSX-4 Plus, and TMS-238
are described in Table 2.
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Mechanical Tests

Two different fatigue conditions were investigated, all per-
formed with a sinusoidal waveform. The fatigue testing
conditions were chosen to cover different temperature/stress
states encountered 1in high-pressure turbine blades.
Strain-controlled VHCF tests were performed at 1000 °C,
f=20=+05kHz, R,=—-1 with an ultrasonic fatigue
machine used in previous studies [11]. The specificities and
details of the machine and the specimen geometry are
detailed in the literature [19, 21]. Load-controlled LCF tests
were conducted using an electro-mechanic Instron 8562
machine at 650 °C, f = 0.5 Hz, R, = 0.05. Specimens used
for these tests have a 13 mm gauge length, a ~4.3 mm
gauge diameter, and a 56 mm total length.

All specimens tested in fatigue were low-stress polished
up to a mirror finish with 1 pm diamond paste to remove
residual stresses introduced by the machining process and
remaining scratches.

Tensile tests were performed using an electro-mechanical
Instron 8562 machine at 650 °C. Strain measurements were
ensured with an extensometer, equipped with ceramics arms,
positioned onto the gauge section of the specimens. The tensile
tests were performed using a strain rate of 5 x 107* s~ '
Cylindrical specimens having a 14 mm gauge length, a 4 mm
gauge diameter, and a total length of 42 mm were used.
Low-stress mechanical polishing up to a 4000 grade SiC paper
was performed on the cylindrical specimens to remove
remaining scratches and the plastically deformed layer before
tensile tests. The polishing procedure avoids recrystallization
during high-temperature monotonic tests.

Microstructural Characterizations

A combination of optical and scanning electron microscopy
(OM and SEM, respectively) observations was used to
characterize the microstructure of each alloy. The pore size
distribution and the area fraction were determined by OM
using unetched mirror-polished specimens, up to a 1-um
diamond paste polishing grade, sliced from heat-treated bars.
Metallographic observations were performed roughly on
(001) plane, i.e., perpendicular to the solidification direction.

The )" size was determined from scanning electron
microscope (SEM) observations using JEOL JSM-7000F
field emission gun microscope operating at 25 kV, at a
working distance of ~ 10 mm. For such SEM observations,
specimens were previously polished up to a mirror finish and
were etched for 8 to 10 s using aqua regia (1/3 HNO; + 2/3
HCI, vol. parts) at ~4 °C. Pore size, 7' size distribution, and
y/y" eutectics area fraction were determined by image anal-
yses using Imagel] software and specifically developed
algorithms [23, 24].
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Table 1 Nominal chemical composition of SX Ni-based superalloys examined (in wt. pct.)

Alloy Ni Cr Mo Co w Re Al
TROPEA Bal. 65 06 90 6.0 1.0 5.6
CMSX-4 Plus Bal. 35 06 10 6.0 4.8 57
TMS-238 Bal. 46 1.1 65 4.0 6.4 5.9
MAR-M200 +Hf Bal. 9.0 / 100 125 |/ 5.0
AM1 Bal. 78 20 65 5.7 / 52
AM3 Bal. 80 22 55 5.0 / 6.0
René N4 Bal. 9.8 |15 7.4 5.9 / 4.2
MC2 Bal. 80 20 50 8.0 / 5.0
René N5 Bal. 70 20 8.0 5.0 3.0 6.2
PWA 1484 Bal. 49 20 98 59 3.0 5.7
René N6 Bal. 40 1.0 117 6.0 523 57
MCNG Bal. 40 10 |/ 5.0 4.0 6.0
Table 2 Heat treatment Alloy TROPEA

conditions for TROPEA,

CMSX-4 Plus, and TMS-238 Solution heat

treatment (heating rate 2 °

C/min from 1200 °C)
AGING 1 1200 °C/1 h/AQ
AGING 2 870 °C/16 h/AQ
AGING 3 /

After the mechanical testing, fractographic observations
were performed using JEOL JSM-7000F SEM, using the
secondary (SEI) and backscattered (BSE) electron imaging
modes. Investigation of the y/y" microstructure evolution
after fatigue tests was also performed in longitudinal cross
section, with the same polishing procedures and equipment
described above.

Results
Metallurgical Defect Characterization

The microstructural characterization parameters are sum-
marized in Table 3. Given the narrow solution window of
TROPEA [9], specimens were left with a 10-13% remaining
eutectics fraction. All of the superalloys present a similar
pore area fraction of 1.3-1.6% and a maximum pore diam-
eter between 80 and 120 pum.

The 9/y" microstructures in primary dendrite arms after
full HTs are presented in Fig. 1. A regular y/y’ cuboidal
microstructure is obtained. The results for CMSX-4 Plus and
TROPEA show a comparable value of )'-precipitate average
edge length around 500 nm and a 7 channel width around
60-70 nm. TMS-238 presents a y’-precipitate average edge
length around 235 nm and a y channel width around 50 nm.

1300 °C/24 h/AQ
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Ti Ta | Pt Ru  Hf C B Nb | Zr
1.0 9.0 20 |/ 0.1 / / / /
085 80 |/ / 0.1 / / / /

/ 76 |/ 50 0.1 / / / /
2.0 / / / 1.6 0.15 0.015 1.0 0.05
1.1 79 / 005 |/ / / /
2.0 35 |/ / / 0.15 / / /
3.5 4.7 |/ / 0.1 0.06 0004 05 |/

1.5 6.0 |/ / / / / /

/ 70 |/ / 0.15 005 / 02 |/
002 86 |/ / 0.1 / / / /
004 69 |/ / 0.2 / / / /

0.5 50 |/ 40 0.1 / / / /

CMSX-4 PLUS TMS-238

1300 °C/1 h +1310 °C/1 h + 1335
°C/3 h + 1345 °C/20 h/AQ

1340 °C/15 h/AQ
(heating rate 2 °
C/min from 1200 °C)

1163 °C/3 h/AQ 1150 °C/2 h/AQ
1100 °C/4 h/AQ 870 °C/20 h/AQ
870 °C/20 h/AQ /

Very High Cycle Fatigue at 1000 °C

The S-N diagram gathering all VHCF results obtained at
1000 °C is presented in Fig. 2a. Results of CMSX-4 Plus
with the HT described in Table 2, CMSX-4 Plus with a
standard homogenization (STD), and CMSX-4 from a pre-
vious study [11] are inserted in the same figure. Their
maximum pore size is ~ 100 um [11].

At high stresses, TMS-238 presented a VHCF lifetime
one order of magnitude higher than the lifetime presented by
TROPEA and CMSX-4 Plus. As already documented by
Cervellon et al. [20], for R = —1 and a limit of 10° cycles,
the crack initiation always starts from casting pores. Similar
results have also been obtained in the present study for all
three main alloys, as illustrated in Fig. 2b, c. The rough
region present around the crack initiating casting pore is a
characteristic of VHCF crack initiation mechanism [20, 22].

Low Cycle Fatigue at 650 °C

The S-N diagram at 650 °C/R, = 0.05 and f= 0.5 Hz is
presented in Fig. 3a. Results obtained from a previous study
of Bortoluci et al. [11] have been added in this plot using
CMSX-4 Plus specimens in the same testing conditions and
machine. CMSX-4 Plus and TROPEA have a comparable
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Table 3 Stereological characterizations of SX Ni-based superalloys examined

y'-Precipitate average edge y Channel
length (nm) width (nm)
Primary Interdendritic
dendrite arm region
TROPEA 471 £ 91 482 + 71 71 £ 15
CMSX-4 - 525 £ 91 533 £ 157 60 £+ 12
Plus
TMS-238 234 £ 24 293 £+ 53 43 £ 8
MAR-M200 405 + 81 / 81 £ 25
+Hf
AM1 465 + 62 360 £+ 52 52+ 19
AM3 440 + 113 / 60 + 20
René N4 418 £ 91 440 + 88 98 + 42
MC2 415 £ 77 477 + 18 67 £ 17
René N5 288 + 31 369 + 26 13+7
PWA 1484 316 £ 46 404 + 64 46 + 16
René N6 380 +£ 75 384 £+ 46 54 +£ 16
MCNG 375 £ 70 349 + 69 64 £+ 20

Eutectic’s area
fraction (Pct.)

Pore’s maximum
diameter (um)

Pore’s area
fraction (Pct.)

1.5 120 10-13
1.3 100 0
1.6 80 0

Fig. 1 y/y’' microstructure along a (001) plane before mechanical testing. The images were taken inside the primary dendrite arm in CMSX-4 Plus
(a), TMS-238 (b), and TROPEA (c). Detail of the y-like particles within )’ precipitates in TROPEA specimens is shown as the insert in (c)

LCF durability within the ¢,,x range of 930-1000 MPa.
TMS-238 has lower lifetime variability.

Under these LCF fatigue conditions, crack initiation
occurred at casting pores, Fig. 3b, c. This observation is in
good agreement with previous LCF results from Steuer et al.
using AM1 under similar conditions [25]. Neither y'-pre-
cipitate rafting nor recrystallization layer was identified in
the internal microstructure of specimens after failure.

Tensile Tests
The main objective of tensile tests at 650 °C is to interpret

the LCF behaviors as the maximum applied stress is
approaching YS.

Tensile curves are presented in Fig. 4, and corresponding
YS defined at 0.2 and 0.05 pct. of plastic offsets, ultimate
tensile stress, strain at failure, and a partition coefficient is
presented in Table 4.

The targeted superalloys have a specific yielding behavior
at this condition. TROPEA shows a higher YS of 1027 MPa
and a higher ultimate tensile stress compared to CMSX-4
Plus. Nevertheless, both of them exhibit a good elongation
which is a typical tensile behavior in SX Ni-based superal-
loys at this temperature and strain rate [26, 27]. TMS-238
presents a particular tensile behavior with lower YS of
883 MPa. However, this superalloy shows a spectacular
hardening, leading to an ultimate tensile stress equivalent to
the ones observed for CMSX-4 Plus and TROPEA alloys.
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Fig. 2 S-N diagram at 1000 °C, R, = —1/f = 20 kHz. The alternating
stress g, is plotted as a function of the number of cycles to failure (a),
the corresponding maximum pore diameters (micrometer) are shown in
black. Typical crack initiation sites in TMS-238 (b), and TROPEA
(c) specimens after failure at g, = 180 MPa. Pores serving as main

crack initiation sites have been highlighted using white dotted curves
and white arrow, respectively. The black dotted curves highlight the
rough region. CMSX-4 Plus, CMSX-4 Plus STD, and CMSX-4 data are
extracted from the literature [11, 20]
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Fig. 3 S-N diagram at 650 °C, R, = 0.05/f = 0.5 Hz. The maximum
stress gmax is plotted as a function of the number of cycles to failure.
Typical crack initiation sites after LCF tests at 0y,,x = 950 MPa. Crack
initiation from an internal pore for TMS-238 (b) and from an internal

1.00E+06

pore connected to a y/y" eutectic for TROPEA (c). The white arrows
highlight the casting/homogenization pores. The black arrows in
(c) highlight the presence of eutectics. CMSX-4 Plus data are extracted
from the literature [11]
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Fig. 4 Tensile curves representing the true stress versus true strain at 650 °C/5.0 x 10™* s™! for CMSX-4 Plus [11], TMS-238, and TROPEA
(a) and a magnified plot around the YS (b). The nine additional SX Ni-based superalloys investigated (c¢) and a magnified plot around the YS (d)

Table 4 Tensile properties at
650 °C/5 x 10~* s7! of SX
Ni-based superalloys examined

Superalloy

TROPEA

CMSX-4
Plus [11]

TMS-238

MAR-M200
+Hf

AM1

AM3

René N4
MC2

René N5
PWA 1484
René N6
MCNG

Yield stress 0.2 pct.
of plastic offset
(MPa)

1058
979

883
991

1164
1058
1074
1000

882
1106
1006

876

X concentration in atomic percent

Yield stress 0.05 pct. Ultirpate St.rain at )‘T%MXW

of plastic offset tensile stress failure

(MPa) (MPa) (Pct.)

1047 1370 13.5 0.37
965 1160 8.5 0.30
736 1310 3.0 0.19
981 1400 12.0 0.25

1162 1460 7.5 0.35

1056 1320 10.0 0.29

1024 1385 2.5 0.67
975 1240 10.5 0.17
876 1220 10.0 0.17

1089 1200 35 0.23
947 1095 1.5 0.19
874 1230 15.0 0.36
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Fig. 5 True stress (MPa) versus true strain (%) diagram at 650 °C,
R, = 0.05/f = 0.5 Hz/opax = 950 MPa (a). True stress (MPa) versus
true strain diagram at 650 °C, R, = 0.05/f= 0.5 Hz Normalized

Note that these specific tensile behaviors have been
observed in several specimens machined out from different
bars with different orientations close to the [001] crystallo-
graphic orientation.

Discussion

A special attention will then be paid to the relation between
chemistry and the mechanical properties of the superalloys
in the following discussion.

Performance of TMS-238, CMSX-4 Plus,
and TROPEA in VHCF

As already documented by Bortoluci et al. [11], and more
specifically investigated by Cervellon et al. [20], the effect of
pore size is much stronger than the presence of other met-
allurgical defects in the VHCF domain under fully reversed
conditions. Hence, the durability of the investigated super-
alloys under VHCF conditions at R, = —1/1000 °C is mainly
dependent on the pore size and position with respect to the
surface, as described in Table 3.

From Fig. 2a, TMS-238 presents a superior lifetime,
mainly at very high stresses. Moreover, pores in TMS-238
are 20% smaller than CMSX-4 Plus and 40% smaller than
TROPEA. These differences in pore size probably result from
minor variations in withdrawal rates/thermal gradients during
the solidification process and/or casting mold thickness since
SX bars had the same diameter. From past investigations [11,
20], the solidification parameters are the most important
criteria controlling the VHCF lifetime variability. In fact,
comparing the results obtained in this project with all the
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b) 1200
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ooyee DCycle 8 x 10*

1,000
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400
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0
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Strain (%)

(ocMax/YS) = 1.05 (b). The cycles and the specimens lifetime are
labeled in the figure. CMSX-4 Plus data are extracted from the literature
(11]

database of Institut Pprime for the same VHCF conditions
[19], the TMS-238 performance is higher, almost reaching
the lifetime of AM1/MCNG HIPed specimens [11, 19].

The chemical composition of the superalloys seems to
have no impact on the VHCEF lifetime variability under fully
reversed conditions, in good agreement with our previous
results [20]. A contribution of the chemistry of the alloys to
the VHCF lifetime should, however, be expected at high
temperatures (>850°C) and positive stress ratio, where creep
damage coexists with fatigue damage, or even dominates
[19, 28].

Performance of TMS-238, CMSX-4 Plus,
and TROPEA at LCF Conditions

The difference in LCF life between CMSX-4 Plus,
TMS-238, and TROPEA results from a clear difference in
the first LCF loops, as shown in Fig. 5a. TMS-238 has a
pronounced plastic deformation during the first cycle, while
TROPEA and CMSX-4 Plus present almost no plasticity
under the same temperature and maximum applied stress of
950 MPa. Although an almost fully elastic loop is obtained
since cycle 2 for TMS-238 under this condition, the large
plastic deformation at cycle 1 leads to a very pronounced
slip localization, overall leading to an earlier crack initiation
from pore (see Fig. 3b), serving as notches. At oy = 950
MPa, TMS-238 has a LCF life nearly two times smaller than
the one obtained for TROPEA and CMSX-4 Plus.

To better understand the LCF durability, and more
specifically the contribution of YS to the LCF life, the cyclic
behavior of TMS-238, CMSX-4 Plus, and TROPEA was
compared at iso-maximum stress with respect to the YS
value, i.e., same oOp./YS ratio, see Fig. 5b. The LCF
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Fig. 6 Yield stress, measured at 0.05 pct. plastic offset, plotted as a function of the y'-precipitate size (nm) (a) and as a function of the (Xt; + X1,/
Xy ratio (X in at. pct.) (b). A black dotted main trendline is added in each plot

endurance is almost the same. Moreover, it is observed that
TMS-238 stabilizes since cycle 2 while TROPEA and
CMSX-4 Plus are reaching elastic loops after at least five
cycles. This faster elastic accommodation of TMS-238 is a
result of its very steep hardening, see Fig. 4b. The differ-
ences in the YS are hence the main criteria controlling the
LCF life in this condition.

Influence of Chemical Composition on Tensile
Properties at 650 °C

A difference in y'-precipitate size in primary dendrite arms,
and interdendritic region, as well as the channel width has
been noticed for TMS-238. The y'-precipitate average size is
around 55% smaller, and the channel width is around 30%
smaller than those reported for CMSX-4 Plus. This differ-
ence in size is known to impact the mechanical properties of
Ni-based superalloys [29]. Sengupta et al. have documented
that the YS increases with the increasing of )'-precipitate
size for CMSX-4 at different temperatures, with a peak in the
700-800 °C temperature range [30]. On the contrary, Shah
et al. [31] have showed for PWA 1480 that the YS is almost
insensitive to the y'-precipitate size in the same temperature
range. However, for temperatures around 650 °C, the YS
decreases with the increasing of y'-precipitates. In the pre-
sent study, a correlation between the YS (MPa) and the y'-
precipitate size (nm) for all superalloys tested is detailed in
Fig. 6a. The results induce the conclusion that the
microstructure is the main parameter to control the YS.
Conversely, Caron et al. have proved that the alloy
composition strongly influences the YS and the hardening
behavior of SX Ni-based superalloys [32]. In the same study,
a great care was taken to assess the effect of chemical

composition of various SX Ni-based alloys having the same
precipitate size and crystalline orientation. They concluded
that the YS variation is mainly related to the ratio in the
concentrations in atomic percent of Ti + Ta over the con-
centration of Al, results in Table 4. These elements are well
known to be 7y’ former. They increase the APB energy
consequently contributing to the resistance to precipitate
shearing. TMS-238 does not contain Ti, which should be
replaced in the )’ precipitate by other elements such as Ta
(~2.7 at. pct.). The absence/low concentration of Ti/Ta
compared to Al influenced the )’ resistance to shearing,
decreasing the YS at 650 °C [31-33].

Regarding the results presented in Table 4, the ratio for
TMS-238 is around 0.19, while it is of 0.30 for CMSX-4
Plus and 0.37 for TROPEA. It hence seems that the higher
the ratio, the higher the YS at 650 °C. A similar conclusion
was obtained by Caron et al. [32] at fixed precipitate size.
They suggested that the superalloys chemistry, especially the
7" one, is the key to this evolution. Figure 6b also shows that
the YS is highly influenced by the superalloys chemistry. It
is worth noting that both superalloys outside the main trend
in this figure (TMS-238 and René N4) present a strong
hardening (see Fig. 4) and low ductility. This may result
from a higher density of sub-grain/low angle boundaries at
the dendrite/interdendritic interfaces if a very fast cooling
rate (greater than 500 °C/min) at the end of the solution heat
treatment has been used, leading to pronounced dendritic
stresses [34]. If this is the case, a higher density of sub-grain
boundaries may trigger earlier yielding, more hardening, and
lower ductility due to a lower mean free path for
dislocation/slip bands. This assumption remains to be
checked objectively.

Among all alloys subjected to tensile test at 650 °C,
TMS-238 showed a particular behavior with a very low YS
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and a very spectacular work hardening. The specific chem-
istry and high misfit of the alloy can be the reasons for such
an atypical behavior. Compared to other alloys, TMS-238 is
estimated to have a ~5% lower fraction of )" due to its
slightly lower content of main )’ forming element (sum of
Ti + Ta + Al contents). Although it has a high Ta content,
overall Al-substitution element that partitions into )’ phase is
lower than other alloys that performed well in the tensile
test, such as CMSX-4 Plus, TROPEA, and PWA1484. Ta
and Ti are known to increase anti-phase boundary
(APB) energy that increases precipitate’s resistance to
shearing by > <110> pair dislocations. Lower strength of "
phase is the most probable reason of lower YS for TMS-238
[17, 35]. On the other hand, partition of alloying elements,
particularly very high Re content in y phase in TMS-238,
decreases stacking fault energy of y matrix [35]. Activation
and interaction of multiple slip systems by APB shearing
and interaction of stacking faults in the matrix both may be
contributed to this distinctive work hardening. Based on the
literature results [33], a possibility to improve fatigue per-
formances of TMS-238 at fixed chemistry would be an
increase in the 7y’ size keeping the regularity in " morphol-
ogy inherited from the very high misfit of the alloy. This can
only be achieved by using slower cooling rates and/or
longer/hotter aging HTs [36], without affecting the coher-
ency of the precipitates with the matrix.

TROPEA Chemistry and Its Mechanical
Performance

TROPEA has the precious metal element Pt in its compo-
sition. It is known to stabilize the 7y’ precipitate and to
increase its solvus temperature [13, 17]. This new scenario
with a " composition of (Ni, Pt);(Al, Ta, Ti) seems to be
beneficial to the tensile properties of TROPEA. Indeed,
according to Table 4, TROPEA holds the best compromise
in terms of YS/elongation at failure. This very high YS and
strain at failure have been obtained with all the room tem-
perature, i.e., 850 °C temperature range.

Even though TROPEA presents ~ 13% of eutectics due to
its high Ta content and the introduction of Pt, overall closing
the solution HT window, the presence of such metallurgical
defects has no detrimental impact on the LCF properties of
the material. This result is in fact in good agreement with a
previous comprehensive study on the role of metallurgical
defects such as pores, y/y’ eutectics pools, incipient melting,
and chemical homogeneity across the dendritic structure on
the fatigue life variability of CMSX-4 Plus [11]. Further
information about TROPEA’s chemical development and
creep properties is detailed in Rame et al. [9].
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While the cost of TROPEA and TMS-238 is comparable,
TROPEA has shown a good compromise between the YS,
elongation at failure, and more importantly, a very good
performance in LCF at low temperatures. However, the
exact role of Pt remains to be understood, especially in terms
of YS and how its partitioning coefficient evolves as a
function of temperature. TROPEA alloy, in itself, is a very
first trial to investigate how minor additions of Pt in the
chemical composition could impact mechanical properties.
Still, the present results are showing potential of Pt bearing
SX Ni-based superalloy that exhibits very good tensile
behavior for turbine blade material, with an acceptable
density [9].

Conclusions

Tensile and LCF at 650 °C, and VHCEF at 1000 °C have been
investigated for three main SX Ni-based superalloys:
CMSX-4 Plus (3rd generation alloy and chosen as a refer-
ence), TMS-238 (6th generation alloy), and TROPEA (a
newly developed Pt-containing alloy). The influence of
chemistry on tensile properties was investigated adding nine
other SX Ni-based superalloys to the analysis. The following
main conclusions have been obtained:

e The solidification parameters and consequently the cast-
ing pore size are still the main parameters controlling the
VHCEF life at 1000 °C/20 kHz/R, = -1.

e The yield stress is directly affected by the chemical
composition of the SX Ni-based superalloys. Ti and Ta
are very effective elements to increase the resistance of )’
precipitates to shearing.

e The yield stress is the main parameter controlling the low
cycle fatigue (at 650 °C, R, = 0.05/f = 0.5 Hz) life.

e Despite having a low yield stress, TMS-238 presents a
remarkable strain hardening, overall leading to a fast
cyclic stabilization in LCF at 650 °C.

e TROPEA alloy has superior fatigue endurance in LCF at
650 °C compared to CMSX-4 Plus and TMS-238 alloys
due to its higher yield stress, mainly resulting from its
high Ta content.

e LCF and VHCEF properties do not seem to be impacted
directly by the presence of Pt in the chemical
composition.
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