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Abstract

TEM characterization of the deformation micromecha-
nisms in the case of AD730™ disk superalloy has been
performed in order to identify the relevant parameters
controlling its creep behavior at 700 °C under 600 or
850 MPa. The creep behavior has been investigated for
different microstructures resulting from different heat
treatments: a coarse grain (CG) and a fine grain
microstructures (FG). The specific influence of the
primary 7' precipitates, which are only present in the fine
grain microstructure, is of main focus. TEM observations
indicate that, in the first stage of the creep deformation,
primary )’ precipitates may act as dislocation sources. The
stability of this phase was confirmed using samples aged
at 850 °C for several hundreds of hours. TEM spec-
troscopy has been used to characterize the local chemical
composition after aging. A clear evolution of these
primary 7y’ precipitates has been evidenced and a disso-
lution of the secondary )’ precipitates during aging. The
presence of these primary )’ precipitates induces a strong
localization of the deformation. Its detrimental effect on
the creep properties in the case of polycrystalline
Ni-based superalloy at high temperature may be
concluded.
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Introduction

The enhancement of efficiency in gas turbines requires the
design of new superalloys capable of withstanding higher
temperature with a reasonable cost. In this context, the
superalloy AD730™ has been developed by Aubert &
Duval to be a cost-effective superalloy for high temperature
(up to 700 °C) rotating components. Its development was
based on thermodynamical calculations made for similar
alloys (Udimet 720Li, René¢ 88DT), as the design of new
superalloys often relies on incremental changes in compo-
sitions of existing alloys [1-4]. As the y/y" Ni-based super-
alloys are designed for aeronautic applications, efforts have
been made to give a better understanding of their behavior
during actual service conditions. It is well known that, in the
case of polycrystalline Ni-based superalloys, the thermo-
mechanical treatments and service conditions may be at the
origin of microstructure evolutions which are essential
to be identified, as the mechanical properties are highly
dependent on microstructural parameters. The effect of the
microstructure on the creep behavior, and more generally, on
strengthening mechanisms, has been extensively studied in
the case of Udimet 720Li and René 88DT superalloys, as
well on other similar polycrystalline superalloys such as N18
and NR3 [3, 5-14]. These papers have pointed out that )’
precipitation is the main creep controlling parameter of this
type of superalloys in the temperature range 650-800 °C.
Due to its recent development, the creep deformation
micromechanisms in the range 600-850 MPa at 700 °C and
the microstructural stability after heat treatment at higher
temperature, in the case of the AD730™ nickel-based
superalloy, have not been widely studied. Recent work
carried out on this superalloy has pointed out the increase of
the ductility and the decrease of the time to failure during
creep at 600 MPa/700 °C or 850 MPa/700 °C in a fine grain
microstructure superalloy in comparison with a coarse grain
microstructure [14, 15]. The major difference between both
microstructures is the presence of primary )’ precipitates in
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the fine grain microstructure. These primary )’ precipitates
are usually considered as a stable phase and not considered
to be key in controlling the creep deformation mechanisms,
their usefulness being to keep a fine grain size during forging
operations and subsequent sub-solvus heat treatments. This
paper is aimed at analyzing the influence of these primary )’
precipitates on the creep deformation mechanisms at
700 °C and to check the stability of these primary 7’
precipitates using transmission electron microscopy
(TEM) characterization.

Experimental

The chemical composition of the material studied is given in
Table 1 and is compared to the reference disk superalloys
Udimet 720Li (U720Li) and INCONEL 718 plus (718Plus).

AD730™ classical microstructure consists of ’-particles
embedded in a y-matrix phase, which exist in this alloy as
primary 7' (size typically in the 1-10 um range) present
mainly at grain boundaries and secondary 7’ (size in the 50—
500 nm range) or occasionally very fine tertiary y’ (size <

50 nm) both present within the grains. The primary )’
particles are formed during the solidification of the ingot
(actually, during cooling from ingot homogenization) and
kept during forging operations. The presence of primary,
secondary, and tertiary )’ particles depends on the solution
heat treatment. When the samples are sub-solvus solution
heat-treated at 1080 °C for 4 h, cooled in air (cooling rate
of ~ 100 °C/min) and then heated at 730 °C for 8 h, a fine
grain microstructure (FG) is obtained. The grain size is
around 10 pm. When the samples are super-solvus solution
heat-treated (in accordance with the sequence developed by
D. Locq at ONERA [16]) at 1120 °C for 2 h, cooled in air,
then heat-treated at 1080 °C for 4 h, cooled in air and finally
heated at 760 °C for 16 h, the specimen exhibits a coarse
grain microstructure (CG). The primary 7y’ particles are
present only in the case of sub-solvus heat treatment, i.e., for
the fine grain microstructure (FG). For simplicity, the
investigated samples will be noted in the following as FG
and CG for fine grain and coarse grain references,
respectively.

The samples have been creep tested using cylindrical
specimens having a 4.5 mm gauge diameter and a 14 mm
gauge length. Before creep tests, specimens were mechani-
cally polished up to a 4000 grade SiC paper (final polishing

Table 1 Chemical composition

. ™ a Fe Co

in wt% of AD730" ", U720Li, ™

and 718Plus superalloys AD730 4.0 8.5
U720Li 0.0 14.5
718Plus 10.0 9.0
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parallel to the loading axis) to remove machining scratches
as well as the surface deformed layer due to machining.
Tensile creep tests were performed under constant load at
700 °C with a £1 °C temperature accuracy. After heating, a
3h soak time at maximum temperature was used to
homogenize the temperature within the specimens, grips,
and creep frame before applying the load. Strain measure-
ments were performed thanks to Linear Variable Displace-
ment Transducer (LVDT) following the relative
displacement of specimen heads. Different interrupted creep
tests have been performed in order to make the observation
of dislocations easier and to analyze the deformation
micromechanisms for different creep deformation strains.
The creep tests were interrupted by cooling down the
specimen to room temperature under load, in less than 2 h.
Two creep conditions were used: 700 °C/600 MPa and
700 °C/850 MPa.

In order to investigate the effect of aging on primary )’
particles in the FG microstructure, some specimens were
previously aged at 850 °C for 100 h prior to similar creep
tests and other ones have been aged for 350 h at 850 °C
under 50 MPa in order to investigate the effect of the aging
duration at 850 °C.

The TEM foils were extracted from foils cut normally to the
tensile axis and prepared using standard preparation tech-
niques (mechanical polishing and twin-jet electropolishing).

TEM conventional experiments were done using a
JEM2010 transmission electron microscope operating at
200 kV. These conventional TEM observations have been
used to identify the deformation micromechanisms. The
characterization of the dislocations has been undertaken
using TEM using two-beam conditions (and sometimes
using weak beam conditions). The Burgers vectors of the
dislocations have been determined using the familiar criteria
for dislocation invisibility. Energy Dispersive X-Ray Spec-
troscopy (EDXS) analyses have been performed on a
CM20FEG TEM equipped with a Briiker SDD detector.

Results and Discussion

TEM observations after interrupted creep tests have been
performed for all specimens. In the FG or the CG
microstructures, the observed intragranular deformation
micromechanisms are similar. The observed deformation
mechanisms are in agreement with the usual mechanisms

Cr Mo w Al Ti Nb
15.7 3.1 2.7 225 3.4 1.1
16.0 3.0 1.25 2.5 5.0 0.0
18.0 2.8 1.0 1.5 0.7 5.5
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a)

b)

Fig. 1 TEM observations in the CG specimen after interrupted test at 700 °C/600 MPa and 0.15% creep strain. a Coupled perfect dislocations are
observed, b faults and partial dislocations are observed in accordance with the Condat and Decamps mechanism [15]

observed in similar polycrystalline Ni-based superalloys
[4-13]. They consist of coupled perfect dislocations, with
numerous rather straight segments indicating the occurrence
of precipitate shearing by perfect a/2 <110> dislocations as
illustrated in Fig. 1a. Bright field imaging is used in this case
in order to obtain an overview of the dislocations. Using this
diffraction condition, the tertiary precipitates are not well
imaged. Some large secondary precipitates are observed with
a size ranging from 300 to 400 nm. Another typical mech-
anism observed in the CG specimen is illustrated in Fig. 1b.
The observed fault and Shockley a/6 <112> dislocations are
in agreement with the mechanism proposed by Condat and
Décamps [15].

Similar deformation mechanisms involving perfect a/2
<110> or partial a/6 <112> dislocations are observed in the
FG specimen as illustrated in Fig. 2a, b. These TEM
micrographs correspond to a whole fine grain. These
observations are carried out in a specimen after interrupted
creep test at 850 MPa and 0.6% strain. These experimental
conditions explain the higher density of dislocations in
comparison with the previous observations. Nevertheless,
the creep deformation mechanisms observed within the
grains are the same in terms of dislocation characteristics. It
is worth mentioning that a primary precipitate is observed in
the middle of the grain (cf. Fig. 2a) and is encircled by
dislocations.

Other examples of deformation mechanisms observed
after creep testing at 700 °C/600 MPa in the CG and FG
microstructure are presented in Fig. 3a, b. Here, perfect
dislocations are observed. The prevalent mechanism is pre-
cipitate by-passing revealed by the presence of numerous
curved dislocation segments. It is worth mentioning, that
similar characteristics have been observed after creep tests at
700 °C/850 MPa for both specimens. The density of dislo-
cations observed after creep testing at 850 MPa for similar
strain is higher than after test at 600 MPa.

To summarize all these experimental results, the creep
controlling deformation mechanisms involve perfect and
partial dislocations. Both ¢’ precipitate shearing and )’ pre-
cipitate by-passing are observed. The only difference
between the CG and the FG microstructures relies on the
presence of the primary precipitates. The comparison
between the CG and the FG microstructures suggests that the
increase of the ductility during creep at 600 MPa/700 °C or
850 MPa/700 °C for the FG microstructure is attributed to
these primary precipitates. This hypothesis may be con-
firmed by the observations illustrated in Figs. 4 and 5. Some
primary 7'-precipitates are observed after creep tests inter-
rupted at different deformation strain. In the case of inter-
rupted creep test at 0.2% strain, some dislocations are
present within the primary y'-precipitates (see Fig. 4a). In
some cases (see Fig. 4b) dislocations are located around the
primary y'-precipitates. These dislocations are clearly emit-
ted from this y'-precipitate. When the strain is increased, the
primary y’-precipitates are full of dislocations, indicating a
strong localization of the plasticity as illustrated in Fig. 5.

The comparison between the FG creep tested from 0.2%
to 9% strain specimens (from Figs. 4 and 5) leads to the
following scenario: When the strain increases, an increase in
the dislocation density has been observed within the primary
precipitates. When the primary precipitates begin to be sat-
urated with dislocations, the dislocations are emitted within
the grain, so that intragranular deformation may occur (see
Fig. 4b). This results in a strong localization of the plasticity
(see Fig. 5), which could be detrimental for the creep
resistance.

As these primary precipitates appear to strongly influence
the creep properties, the stability of these particles has been
particularly investigated. In order to enhance the
high-temperature effect, the temperature of 850 °C has been
chosen for (over-)aging. TEM observations of the primary 7y’
precipitates are presented in Fig. 6. In the aged specimen,



616

F. Pettinari-Sturmel et al.

Fig. 2 TEM observations in the
FG specimen after interrupted test
at 700 °C/850 MPa and 0.6%
creep strain

Fig. 3 TEM observations after
interrupted test at 700 °

C/600 MPa. a in the CG
specimen for 0.15% creep strain
and b in the FG specimen for
1.34% creep strain

Fig. 4 TEM observations after
interrupted test at 700 °

C/600 MPa and 0.2%
deformation strain in the FG
specimen. a General overview,
note the absence of dislocations
out of to the primary precipitate,
b observation of another primary
)" precipitate. Some dislocations
are observed around the
precipitate and appear to be
emitted from it

the nucleation of small particles (with a size around 20 nm
after 850 °C for 350 h) is visible inside these precipitates
(Fig. 6). Such precipitation has been already mentioned in
the literature in other similar polycrystalline superalloys [5,
17-19]. A chemical composition similar to the y-phase has
been revealed using TEM EDX spectroscopy (not shown in
this chapter). This local chemical composition deviates from

500 nm

the stoichiometric composition expected for an L1, ordered
structure. This structural evolution indicates a possible
increase in the capability for these primary phases to develop
plasticity. In addition, in the FG-350 h specimen, some areas
where no secondary )’ precipitates are observed in the
vicinity of primary precipitates. The absence of all the y'-
partitioning elements in such area has been pointed out using
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200 nm

Fig. 5 TEM observations after interrupted test at 700 °C/600 MPa and 9% deformation strain in the FG specimen

Fig. 6 TEM image of primary vy’
precipitate in the a FG-100 h
specimen and b FG-350 h. Note
the presence of small particles
inside the precipitates, with a size
increasing from a to b when the
aging time is increased from 100
to 350 h

500 nm

TEM EDX experiments, as an evidence of the j’-phase
dissolution. This dissolution may offer large y-channels for
the propagation of dislocations.

As the nucleation of the dislocations is observed to occur
very often within/from the primary 7’ precipitates, the
heterogeneous distribution of the dislocations illustrated in
Fig. 7 suggests the following conclusions: The dislocations
are emitted from the primary )’ precipitates within the grain.
Due to the dissolution of some secondary )'-precipitates the
propagation of the dislocations is easy. When these dislo-
cations enter again the areas where some 7' secondary pre-
cipitates are present, their propagation seems to be impeded.
This leads to a strong localization of the deformation. It is
important to note that straight dislocations are observed in
the primary precipitates (as illustrated in Fig. 4a). These
dislocations may result from the forging sequence prior to
the creep test. These dislocations may contribute to the
activation of mobile dislocations during creep.

500 nm

500 nm

Fig. 7 TEM image of the FG-350 h specimen. Secondary )’ precip-
itates free zones are indicated by arrows
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Conclusions

The TEM characterizations of specimens of AD730™
Ni-based superalloy have revealed the influence of the pri-
mary 7'-precipitates in the first stages of the creep deforma-
tion mechanisms at 700 °C/600 MPa or 700 °C/850 MPa.
These primary precipitates act as dislocation sources. Their
presence may be correlated to the increase in the creep strain
rate in the fine grain microstructure containing these primary
precipitates in comparison with the coarse grain microstruc-
ture in the dislocation creep domain. Then, a strong mi-
crostructural evolution after aging at 850 °C has been
observed with the precipitation of near-y-phase within the
primary precipitates. The dissolution of secondary y'-pre-
cipitates close to primary particles has been observed. All
these microstructural features induce a strong evolution in the
distribution of the dislocations. It results in a strong local-
ization of the deformation, which should influence the creep
properties of such polycrystalline Ni-based superalloys at
high temperature. As a summary, it is shown that primary
particles are key in controlling the creep strain rate since they
serve as dislocation sources and are not stable at high
temperature.
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