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Abstract

From the two aspects of microstructural stability and mechanical behavior of
advanced nickel-based single crystal superalloys, this article briefly reviews the
main research progress on «’ phase rafting, TCP phase precipitation, high-
temperature and ultra-high-temperature low-stress creep, as well as low-cycle
and thermomechanical fatigue. The addition of the alloying element Ru en-
hances the high-temperature low-stress creep life of the alloy, but also indi-
rectly promotes the occurrence of the topological inversion phenomenon. With
increasing aging time and aging temperature, the refractory element content in
the phase increases significantly; with increasing applied stress, the precipita-
tion amount of phase increases, whereas the opposite occurs under compres-
sive stress. During precipitation, the phase forms numerous planar defects,
which facilitate the nucleation of other TCP phases such as the P phase and
R phase. During high-temperature low-stress creep, another important type
of a<010> superdislocations emerges in nickel-based single crystal superalloys,
moving slowly within the ' phase via a combination of glide and climb. Under
ultra-high-temperature creep conditions, an incubation period for creep accel-
eration appears, which is associated with varying degrees of widening of the
matrix at ultra-high temperatures. The addition of Ru significantly reduces the
stacking fault energy of the alloy, which during low-cycle fatigue can induce
complex deformation mechanisms such as stacking faults penetrating v/’ in-
terfaces and a/6<112> Shockley trailing dislocations shearing into the " phase.
During thermomechanical fatigue, the location of crack initiation, microstruc-
tural evolution, and oxidation resistance all influence the life of nickel-based
single crystal superalloys.
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Research Progress on Microstructural Stability and Me-
chanical Behavior of Advanced Ni-Based Single Crystal Su-
peralloys*

JIN Tao, ZHOU Yizhou, WANG Xinguang, LIU Jinlai, SUN Xiaofeng, HU
Zhuangqi (Institute of Metal Research, Chinese Academy of Sciences, Shenyang
110016)

Abstract: Ni-based single crystal superalloys have been widely used to pro-
duce turbine blades for advanced aero-engines because of their excellent high
temperature microstructural stability and comprehensive mechanical properties.
However, due to effects of high temperature and complex stresses in service,
the microstructures of superalloys might gradually evolve and fail in different
modes. The present paper reviews progress on microstructural stability and
mechanical behavior including +" phase rafting, TCP phase precipitation, high
temperature creep, low cycle fatigue and thermomechanical fatigue of single
crystal superalloys. The addition of Ru improves the creep life of superalloys,
but also indirectly promotes the occurrence of “topological inversion” . On
the other hand, with increasing aging temperature and time, the contents of
refractory elements in the p phase rise significantly. With increasing applied
tensile stress, more y phase precipitates from the v matrix, whereas the inverse
tendency occurs under compressive stress. Numerous planar defects are formed
during precipitation of the p phase, and these defects promote nucleation of P
and R phases. During high temperature and low stress creep, an important dis-
location a(010) superdislocation is observed, which moves in the 4’ phase slowly
by a combination of glide and climb. Under very high temperature, incubation
with accelerating creep rate occurs before the primary stage, which relates to
the widening process of the v channels. Finally, the stacking fault energy is
significantly reduced after Ru additions, and thus a series of complex deforma-
tion mechanisms occur during low cycle fatigue, e.g. stacking faults penetrating
/7 interface, trailing §(112) Shockley dislocations shearing into the 4" phase.
During thermomechanical fatigue, the life of superalloys is influenced by the site
of crack initiation, microstructural evolution and oxidation resistance.

KEY WORDS Ni-based single crystal superalloy, microstructural stability,
mechanical behavior

Ni-based single crystal superalloys are widely used in aerospace and other fields
due to their high room-temperature and high-temperature strength, good duc-
tility and fracture toughness, excellent creep and fatigue resistance, good high-
temperature microstructural stability and service reliability, and good oxida-
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tion and corrosion resistance [1~3]. Extensive research has been conducted on
Ni-based single crystal superalloys both domestically and internationally, with
Chinese research institutions such as the Institute of Metal Research, Chinese
Academy of Sciences and Beijing Institute of Aeronautical Materials carrying
out fruitful work in recent years. To date, based on temperature capability, Ni-
based single crystal superalloys can be basically divided into five generations,
as shown in Figure 1 [Figure 1: see original paper][1]. The addition of large
amounts of alloying elements (such as Re, Cr, Mo, Ta, and W, etc.) is the main
reason why Ni-based single crystal superalloys have relatively high temperature
capability [2,3]. In particular, the addition of Re significantly improves the high-
temperature creep performance of alloys [1~3]. However, due to the addition of
large amounts of Re and other refractory elements, the alloy system becomes
unstable, and topologically close-packed (TCP) phases [4~7] are prone to precip-
itate during service, thereby limiting further improvement of high-temperature
properties of single crystal superalloys. To solve this problem, recent studies
[8,9] have made full use of the role of Re and other refractory elements in super-
alloys, improved microstructural stability by adding platinum group elements
such as Ru, and further enhanced comprehensive mechanical properties, devel-
oping fourth- and fifth-generation Ni-based single crystal superalloys with better
microstructural stability and longer creep life.

In the development of single crystal superalloys, good high-temperature mi-
crostructural stability and comprehensive mechanical properties have always
been the goals pursued by researchers, but the addition of large amounts of re-
fractory elements often makes it difficult to achieve both. This work focuses on
the high-temperature microstructural stability and mechanical behavior of Ni-
based single crystal superalloys, briefly introducing relevant research progress
on advanced Ni-based single crystal superalloys.

1.1 Microstructure of Single Crystal Superalloys

Although Ni-based single crystal superalloys contain numerous alloying elements
with very complex interactions, their microstructure is relatively simple, consist-
ing mainly of the v matrix phase and ' precipitate phase (NizAl), as shown in
Figure 2 [Figure 2: see original paper|[10,11]. The v phase is an fcc disordered
solid solution based on Ni; the 7" phase is an ordered fcc precipitate with an L12
superlattice structure and is the main strengthening phase of Ni-based single
crystal superalloys. The 7/ phase is embedded in the v matrix in a relatively
regular manner and maintains a coherent relationship with it ((100), (100).,,
[001]., [001],,).

The size, morphology, and volume fraction of constituent phases significantly
affect the mechanical properties of alloys. For most Ni-based single crystal su-
peralloys, the 4" phase is cubic with a size of 0.2-0.5 pm and a volume fraction
of about 65% [12]. The lattice constant of the 4" phase is slightly smaller than
that of the v phase, with a difference on the order of 1073 [13], resulting in
misfit stress (dislocations) at the /4" interface (Figure 2b). The width of ~
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phase channels is between 50-100 nm (depending on alloy composition and heat
treatment regime), and the wider the v phase channel, the easier for disloca-
tions to move. As mentioned above, Ni-based single crystal superalloys contain
numerous alloying elements and have misfit stress between /7’ phases, leading
to microstructural instability under high temperature and complex stress, with
phenomena such as v" phase rafting and TCP phase precipitation and growth,
which directly affect the mechanical behavior of alloys.

1.2 Rafting of 4" Phase

Generally, under long-term high-temperature aging or high-temperature low-
stress creep, the rafting process in single crystal superalloys is unavoidable, and
almost all Ni-based single crystal superalloys will undergo rafting. Studies [14]
have shown that the elastic stress field between /4" phases determines the
rafting direction of the alloy: when the misfit between /7" phases is negative,
~" phase undergoes N-type rafting (rafting direction perpendicular to the applied
stress direction) under tensile conditions and P-type rafting (rafting direction
parallel to the applied stress direction) under compressive conditions; when
the misfit between ~/+" phases is positive, the situation is reversed. In fact,
the misfit of the alloy changes with temperature, so the rafting type occurring
during high-temperature creep depends on the sign of misfit at that temperature
and the direction of applied stress.

Under high-temperature low-stress creep conditions, the 7/ phase rafted struc-
ture is basically formed at the beginning of steady-state creep [15]. During subse-
quent creep, the rafted structure continues to evolve, with the length of rafted
~" phase continuously increasing and the v matrix being continuously “cut”
by dislocations. Under certain creep temperatures and stresses, the so-called
topological inversion phenomenon [16,17] may occur. Topological inversion is
the result of long-term rafting in Ni-based single crystal superalloys and has
a significant effect on creep life. Ru addition improves the high-temperature
low-stress creep life of alloys but also indirectly promotes the occurrence of
topological inversion [17]. Creep experiments on high-temperature alloys with
different Ru contents under ultra-high temperature conditions also show that
Ru addition tends to cause topological inversion [16].

Theoretically, the closer the misfit is to zero, the more stable the two-phase
structure and the slower the rafting process. However, the misfit of the alloy
changes with temperature, so in actual alloy design, efforts should be made to
make the high-temperature misfit close to zero. In addition, the rafted two-
phase structure can hinder the movement of matrix dislocations, enabling the
alloy to maintain high strength at high temperatures. Therefore, the rafted
structure is beneficial for maintaining a longer steady-state creep stage [17].
Future research needs to further study the /4" interface at the atomic scale and
through computational simulation, clarify the evolution behavior of the interface,
and explore how to slow down the rafting process to improve microstructural
stability.
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1.3 Topologically Close-Packed Phases in Single Crystal Su-
peralloys

Due to the presence of large amounts of refractory elements, Ni-based single
crystal superalloys will precipitate some refractory element-rich intermetallic
phases with complex crystal structures during long-term thermal exposure or
service. These phases contain only tetrahedral interstices and are highly close-
packed. Because of this special close-packed structure, these phases are called
TCP phases [18,19]. TCP phases in Ni-based single crystal alloys include o,
u, P, and R phases, with their crystallographic information listed in Table 1
[18,19].

From a thermodynamic perspective, the nucleation driving force for TCP phases
is controlled by the supersaturation of TCP phase-forming elements in the
phase. Studies [20~23] suggest that the “reverse partitioning” of alloying ele-
ments caused by Ru addition, the increased solubility of elements such as Re
and W in the v matrix, and the change in lattice misfit between the v matrix
and TCP phases may be the main reasons for suppressing TCP phase nucleation.
TCP phase growth is controlled by element diffusion [20], and Ru addition can
inhibit TCP phase precipitation. However, so far, there is no direct evidence
that Ru or other element additions can significantly reduce the diffusion rate of
TCP phase-forming elements. What is certain is that Ru addition changes the
interactions between alloying elements, thereby affecting the growth process
of TCP phases. Recent TEM in-situ observation studies of TCP phase pre-
cipitation at high temperatures [24] show that Ru addition can simultaneously
reduce both nucleation and growth rates of TCP phases. Although high temper-
ature reduces TCP phase nucleation rate, it increases its growth rate, ultimately
leading to accelerated TCP phase precipitation. In summary, although many
researchers have attempted to explain the nucleation and growth processes of
TCP phases and the mechanism by which Ru suppresses TCP phase formation,
no unified view has been reached.

The morphology and amount of TCP phases significantly affect the mechanical
properties of alloys. Currently, more research has been conducted on the u phase.
In Re-containing alloys, the 1 phase usually appears as rod-like, plate-like, and
particle-like shapes. Large plate-like u phases destroy the continuity of v/ two-
phase structure, leading to non-uniform deformation during alloy creep. A small
amount of rod-like p phases has little effect on alloy performance but “softens”the
~ matrix. Although large particle-like p phases can cause stress concentration,
it is insufficient to initiate cracks. Long-term aging time, temperature, and
alloying elements all affect the composition and amount of p phase. In the later
stage of long-term aging compared to the early stage, and at high-temperature
aging compared to low-temperature aging, the refractory element content in
i phase increases significantly. Increased Re content reduces alloy stability,
and the amount of TCP phases precipitated during high-temperature aging
increases significantly, but does not change the type of TCP phases (all are u
phase). During high-temperature creep, the magnitude and direction of applied
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stress, misfit stress between /v’ phases, and evolution of 4" phase can all
affect p phase precipitation. As applied tensile stress increases, the amount of
1 phase precipitation increases, while the opposite is true under compressive
stress, mainly because applied stress changes the interface misfit relationship
between v and p phases [25].

The microstructure of TCP phases is relatively complex, with various defects.
Studies on TCP phase precipitation behavior in high Re single crystal super-
alloys with different Ru contents after isothermal aging at 1100 °C for 1000 h
and creep at 1100 °C, 150 MPa show that the precipitated TCP phases are all
phases containing large amounts of planar defects, including twins, micro-twins,
stacking faults, etc. (Figure 3 [Figure 3: see original paper][26]). Ru addition
can inhibit TCP phase precipitation but simultaneously promotes an increase
in the number of internal defects in p phase. In addition, the precipitation
process of p phase is very complex, often coexisting with other types of TCP
phases (P or R phases, etc.) (Figure 4 [Figure 4: see original paper|[26]). P or
R phases nucleate at stacking fault positions in p phase and continuously con-
sume u phase to grow, but the matrix remains p phase, with P and R phases
accounting for a small proportion. Further research on the effect of Ru on TCP
phase precipitation behavior in Re-free single crystal superalloys [27] shows that
during long-term aging at 980 °C, because Ru reduces the coherent interface en-
ergy AG | between TCP phase and v phase, decreases the resistance to TCP
phase nucleation, and promotes W segregation in dendrite arms, it leads to in-
creased TCP phase precipitation. However, during long-term aging at 1100 °C,
the amount of TCP phases first increases and then decreases. Moreover, Ru
addition shifts the alloy’ s TCP phase temperature-time-transformation curve
to the left.

In addition, the ¢ phase is relatively common under certain temperature condi-
tions, while literature on P and R phase precipitation is limited, especially R
phase which is rarely seen among TCP phases precipitated in Ni-based single
crystal alloys [23]. Some studies [28] have also found that Ru addition promotes
TCP phase precipitation. This introduces controversy about the essential role
of Ru in superalloys, requiring more detailed work to clarify.

It is generally believed that large amounts of plate-like TCP phases cause serious
damage to alloy creep properties. Therefore, avoiding TCP phase precipitation
is an important aspect of alloy design. TCP phase formation is mainly controlled
by electronic factors and is related to the alloy’ s electron vacancy concentration.
The precipitation of TCP phases can be predicted by calculating the electron
vacancy number Ny, in the alloy [2].

2.1 High-Temperature Low-Stress Creep Behavior

Although hollow turbine blades have been designed with relatively ideal com-
plex cooling channels, the surface temperature at the blade edge is still very high
during actual service, while also being subjected to centrifugal stress. Therefore,
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high-temperature creep damage caused by the combined action of temperature
and stress is an important failure mechanism for Ni-based single crystal superal-
loys. Based on changes in creep rate, the creep process can generally be divided
into three stages: primary creep stage, steady-state creep stage, and tertiary
creep stage.

In the primary creep stage, the most obvious characteristic is a relatively high
creep rate. Microscopically, a large number of §(101){111} dislocations on dif-
ferent slip systems are activated. Leading screw dislocation segments undergo
cross-slip on different {111} planes in horizontal matrix channels, leaving 60°
mixed dislocations at /7" interfaces [11,29]. Since there are few dislocations
in the v matrix at the beginning of creep deformation, a large number of dis-
locations can nucleate and multiply rapidly in the matrix, which manifests as
a high creep rate on the macroscopic creep curve, with rapid accumulation of
plastic strain. As creep proceeds, dislocations begin to pile up at /4" inter-
faces, and dislocation movement gradually becomes difficult, which manifests
as a rapid decrease in strain rate on the creep curve. Interface dislocations of
different slip systems in the matrix begin to react under the combined effects
of temperature, applied stress, misfit stress, and mutual stress fields between
dislocations, gradually evolving into interface dislocation networks [30].

A significant decrease in creep rate marks the entry into the steady-state creep
stage. As creep continues, the interface dislocation network further evolves,
gradually forming more regular hexagonal or quadrilateral structures [30]. Most
researchers believe that the density of interface dislocation networks is related
to the misfit at the v/ interface. The larger the misfit, the denser the dis-
location network, because dense interface dislocation networks can effectively
release misfit stress. Zhang et al. [31] first proposed that dense dislocation net-
works can effectively hinder matrix dislocations from shearing into the 4’ phase,
extending the steady-state creep stage. However, forming dense dislocation
networks requires the alloy to have a more negative (positive) misfit, and the
larger the absolute value of misfit, the faster the alloy rafting process. Recently,
studies on the coupling relationship between Re segregation and interface dis-
location networks during high-temperature low-stress creep of Ni-based single
crystal superalloys [32] found that there are three different types of protrusions
at the v/~ interface, and these protrusions are related to the segregation of Re,
Cr, and Co. This research helps understand the relationship between interface
dislocations and elements.

In the steady-state creep stage, as creep proceeds, a small number of differ-
ent types of superdislocations begin to shear into rafted 7' phase. There are
mainly two types of superdislocations: a(101) superdislocation and a({010) su-
perdislocation. Among them, the a(101) superdislocation is the most common
and important dislocation type in Ni-based single crystal superalloys under var-
ious deformation conditions (tensile, medium-temperature high-stress and high-
temperature low-stress creep, low-cycle fatigue, and thermomechanical fatigue,
etc.). Tt is generally believed that this dislocation is formed by the combination
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of two £(101) dislocations with the same Burgers vector on the same {111}
plane at the /4" interface [33]. When shearing into the 4’ phase, the spac-
ing between the two §(101) partial dislocations is determined by the antiphase
boundary (APB) energy in the 4" phase. Generally, because the APB energy
of the 7" phase is very high, the spacing between the two £(101) partial dis-
locations is very small. During steady-state creep, due to the hindering effect
of interface dislocation networks and high APB energy, the number of a(101)
superdislocations shearing into the 7’ phase is very small compared with matrix
dislocations. Therefore, plastic strain accumulation in the steady-state creep
stage is not significant.

During high-temperature low-stress creep, another important dislocation in Ni-
based single crystal superalloys is the a(010) superdislocation. Studies on high-
temperature low-stress creep behavior of two Ni-based single crystal superalloys
with different Ru contents [17,34] found that a(010) superdislocations could be
observed under all creep conditions involved in the study, and they were divided
into two categories: long straight superdislocations and zigzag-shaped superdis-
locations. It was also found that under high-stress conditions at 1000 °C, the
steady-state creep rate was lower than under low-stress conditions at 1100 and
1140 °C, which may be related to the movement mode of a(010) superdisloca-
tions. Some studies [35,36] believe that a(010) superdislocations are formed by
the reaction of two §(011) matrix dislocations with different Burgers vectors
meeting at the v/ interface. After shearing into the 4’ phase, they lie on
{001} planes. Their dislocation cores are not compact, consisting of two partial
dislocations with different Burgers vectors. They move slowly in the 4’ phase
through a combination of glide and climb, with climb controlling the movement
rate of superdislocations. Therefore, the movement rate of superdislocations is
higher at high temperatures.

Unlike a(101) superdislocations, a(010) superdislocations have their own mor-
phological characteristics. By comparing the morphologies of the two types of
superdislocations [34], it was found that dislocation lines of a(101) superdislo-
cations are mainly along [100] and [010] directions, while dislocation lines of
a(010) superdislocations are mainly along [110] and [110] directions (both pro-
jected onto the (001) plane), which may be related to the energy states of the
two types of dislocations. In addition, it was found that at the same tempera-
ture, the stress required for a(101) superdislocations to shear into the 4" phase
is somewhat higher than that for a(010) superdislocations. Overall, research on
the role of a(101) superdislocations in high-temperature creep processes is still
insufficient, particularly regarding their formation conditions, movement modes,
and role in creep.

The tertiary creep stage is characterized by a sharp increase in creep strain,
which is a strain-softening stage, also known as the creep acceleration stage.
In Ni-based single crystal superalloys, the two most important causes for the
significant increase in creep rate during the tertiary stage are the increase in
mobile dislocation density and the occurrence of topological inversion [26]. In
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this stage, creep deformation is mainly achieved by dislocations cutting the +
phase, including a(101) superdislocations, 60° or screw-type superdislocations,
(010) superdislocations, and even stacking faults [37]. In the tertiary creep stage,
the interface dislocation network becomes unstable, with dislocations obviously
bowing out and moving. In addition, casting shrinkage pores at interdendritic
regions have a significant effect on the final fracture of alloys, because microc-
racks causing fatal damage to the alloy mostly initiate at pores and propagate
rapidly during the tertiary creep stage [38]. Furthermore, phenomena such
as corrosion, oxidation, micropore aggregation, and crack extension occurring
in the final creep stage are also important factors in alloy damage. In addi-
tion to the above creep mechanisms, the relationship between the disappearing
~v matrix and dislocations during rafting in high-temperature low-stress creep
and its effect on creep rate have been studied, and complex dislocations and
dislocation arrays have been observed in 4" precipitates [15], indicating that
high-temperature low-stress creep still requires further investigation.

2.2 Ultra-High Temperature Creep Behavior

Currently, advanced Ni-based single crystal superalloys can be used for long-
term service at temperatures up to 1100 °C with certain strength and microstruc-
tural stability. For such alloys, temperatures exceeding 1150 °C can be called
ultra-high temperatures. Under some emergency conditions (such as when one
engine fails in a twin-engine helicopter), the short-term service temperature of
the alloy can be as high as 1200 °C [39]. Therefore, research on the creep be-
havior of alloys under extreme conditions such as ultra-high temperatures is
particularly important. So far, there have not been many studies on ultra-high
temperature creep of Ni-based single crystal superalloys.

Studies on ultra-high temperature creep behavior of three advanced Ni-based
single crystal superalloys with different Ru contents under different tempera-
tures and stresses [26] found that under conditions of 1150 °C, 100 MPa and
1180 °C, 70 MPa, the ultra-high temperature creep curves of the three alloys
all exhibited four different creep stages: incubation period, primary creep stage,
secondary creep stage, and tertiary creep stage. The creep rate showed a trend
of first increasing, then decreasing, and then increasing again. It is believed that
the varying degrees of widening of v matrix channels at ultra-high temperatures
are the reason for the very short incubation period appearing before the primary
creep stage, and the length of the incubation period depends on the coarsening
of " phase.

Under the above two conditions, when creep strains reach (1.0$40.2)4+%$0.05)%
respectively, creep enters the acceleration stage, the creep rate increases sharply,
and fracture occurs within the subsequent tens of hours [26]. This research result
is consistent with the viewpoint in literature [38]. Because Ru addition signifi-
cantly reduces the minimum creep rate and extends the steady-state creep stage,
the ultra-high temperature low-stress creep life of alloys significantly improves
with Ru addition. Overall, Ru addition can reduce interface dislocation network
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spacing, improve the stability of interface dislocation networks, make interface
dislocation network distribution more uniform, and simultaneously improve the
high-temperature stability of 7/ phase and its volume fraction at ultra-high tem-
peratures. These factors are the reasons for reducing the steady-state creep rate,
extending the duration of the second creep stage, and ultimately improving alloy
creep life. Studies on ultra-high temperature creep behavior of MC-NG series
alloys [40] also believe that the high 4’ phase solvus temperature of the alloy
is the reason for its long ultra-high temperature creep life, meaning the alloy
microstructure still contains a high volume fraction of 4’ phase under ultra-high
temperature conditions.

The above three alloys with different Ru contents did not exhibit topological
inversion during ultra-high temperature creep deformation under the two condi-
tions. The origin of the tertiary creep stage is due to unstable crack propagation
at the edges of pores (including casting shrinkage pores and pores induced by
topologically close-packed phases) in the necking region [26]. This conclusion is
also consistent with the research results in literature [38]. In summary, under
the effect of temperature, various thermally activated processes accelerate dur-
ing ultra-high temperature creep. Therefore, under most ultra-high temperature
conditions, the creep life of alloys decreases to varying degrees.

2.3 Low-Cycle Fatigue Behavior

Low-cycle fatigue (LCF) is an important damage mechanism for single crystal
blades in gas turbine engines during service.

2.3.1 Low Temperature Range

Planar slip is the main characteristic of dislocation slip in Ni-based single crys-
tal superalloys during room-temperature low-cycle fatigue deformation [41]. Slip
bands can continuously shear v and v’ phases, and their appearance is related
to initial work hardening, which subsequently leads to cyclic softening [42]. Dur-
ing deformation at room temperature, the density of slip bands increases sig-
nificantly with increasing total strain amplitude. Studies on low-cycle fatigue
behavior of Ni-based single crystal superalloys with different Re contents in the
low-temperature stage [41] show that from room temperature to 250 °C, a large
number of slip bands appear on the alloy surface. Slip bands can directly cut
~" phase, which has almost no strengthening effect, and cracks propagate along
slip bands. This research result is consistent with the conclusion in literature
[43]. However, studies on room-temperature low-cycle fatigue of Ru-containing
Ni-based single crystal superalloys [44] found that after cycling for a certain
number of cycles, the alloy did not show cyclic softening but showed obvious
cyclic hardening behavior, and the number of slip bands in the sample was small.
It was also found that a small number of dislocations had three-dimensional dis-
tribution characteristics, and this three-dimensionally distributed dislocation is
an important component of slip bands after low-cycle fatigue at 900 °C, indicat-
ing that dislocation movement is very complex during actual fatigue processes.

chinarxiv.org/items/chinaxiv-202303.00562 Machine Translation


https://chinarxiv.org/items/chinaxiv-202303.00562

ChinaRxiv [$X]

In addition to generating slip bands, the following deformation mechanisms can
be observed during low-cycle fatigue in the low-temperature range [42~44]: (1)
a(101) superdislocations shearing 7’ phase; (2) a(101) superdislocations decom-
posing during the process of shearing +" phase, generating stacking fault loops;
(3) a small number of §(101) matrix dislocations decomposing at the /v inter-
face, with %(112) partial dislocations shearing into precipitates and generating
stacking faults; (4) in Ru-containing alloys, §(101) dislocations decomposing in
the matrix and generating stacking faults.

2.3.2 Medium and High Temperature Range

As deformation temperature increases, the cyclic stress response curves of Ni-
based single crystal superalloys begin to show differences. Studies on medium-
and high-temperature low-cycle fatigue behavior of DD98 Ni-based single crystal
alloy [45] show that at 750 °C, the alloy exhibits stable cyclic stress response
behavior, with only short-term softening at the end of cycling, while at 950 °C,
the alloy shows obvious cyclic softening behavior. The fatigue life of the alloy
decreases with increasing temperature, but the effect of temperature decreases at
high strain amplitudes. With increasing total strain amplitude, the proportion
of fatigue crack initiation and early propagation on the fracture surface decreases
accordingly, and fatigue failure shows multi-source cracking. Research results
in literature [46,47] are consistent with the above conclusions, and also found
that the alloy shows obvious tension-compression asymmetry during medium-
temperature fatigue. However, recent research [44] points out that the fourth-
generation single crystal superalloy containing Ru shows slight work hardening
during deformation at 760 °C, obvious work hardening during deformation at 900
°C, but basically no change in cyclic stress during high-temperature deformation
at 980 °C, with no obvious softening behavior, which may be related to the alloy
system studied.

During medium- and high-temperature fatigue, the stacking fault energy of the
alloy increases with temperature, leading to significant changes in microscopic
deformation mechanisms. Studies on low-cycle fatigue behavior of Ni-based sin-
gle crystal superalloys [41] found that slip bands are difficult to observe above the
peak temperature 7)), and the dislocation slip mode gradually changes from pla-
nar slip to wavy slip. In the medium- and high-temperature range, dislocation
movement modes mainly include slip, climb, dislocation interactions, formation
of irregular dislocation networks at the v/4” interface, and a few stacking faults
shearing 4 phase [42,44,47~49]. With increasing temperature, the number of
slip bands decreases, but cracks still propagate along slip bands. At 900 °C, alloy
deformation is relatively uniform, but creep and oxidation intensify alloy fatigue
damage [41]. Recent research results [44] show that after low-cycle fatigue from
room temperature to 980 °C in Ru-containing alloys, stacking faults appear in
both matrix and precipitates, indicating that Ru addition significantly reduces
alloy stacking fault energy and changes alloy fatigue deformation mechanisms
to some extent. After low-cycle fatigue at 900 °C, evolving slip bands were ob-
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served, with cross-slip dislocations, entangled dislocations, and stacking faults
in both matrix and precipitates being the main components (Figure 5 [Figure
5: see original paper][44]).

In addition to the several deformation mechanisms mentioned above, when
studying low-cycle fatigue of two Ni-based single crystal superalloys with dif-
ferent Ru contents, it was found that stacking faults can penetrate the /v’
interface, §(112) Shockley trailing dislocations can shear into the 4" phase, and
Lomer-Cottrell dislocations can be observed in the 4" superlattice structure [15].
These are non-negligible deformation mechanisms when analyzing the low-cycle
fatigue process of Ni-based single crystal superalloys.

2.4 Thermomechanical Fatigue Behavior

Thermomechanical fatigue (TMF) refers to the low-cycle fatigue behavior of
materials when they simultaneously experience temperature and load changes.
Compared with isothermal low-cycle fatigue, thermomechanical fatigue can
more realistically simulate the stress and deformation of materials during
service, thus enabling more accurate life assessment of materials.

Studies on thermomechanical fatigue of SRR99 single crystal superalloy [50]
show that during the high-temperature half-cycle of IP- (in-phase, i.e., maxi-
mum strain corresponds to highest temperature) and OP- (out-of-phase, i.e.,
maximum strain corresponds to lowest temperature) TMF, the alloy shows ini-
tial cyclic softening at all strain amplitudes, while showing initial cyclic hard-
ening characteristics during the low-temperature half-cycle. Under small strain
amplitudes of IP-TMF, TMF specimens fail by micropore aggregation, with
cracks initiating on the specimen surface and propagating under the combined
action of oxidation and creep. With increasing mechanical strain amplitude, fa-
tigue caused by cyclic plastic deformation becomes the main reason for IP-TMF
fracture. Under OP conditions, fatigue cracks mainly initiate on the specimen
surface and propagate rapidly under tensile stress, with oxidation and creep
effects being not obvious, thus it should be a stress-controlled fatigue process.
Due to differences in crack initiation and propagation mechanisms, the IP-TMF
life of the alloy is higher than OP-TMF. This research result is consistent with
the thermomechanical fatigue behavior study results of CMSX-6 Ni-based single
crystal superalloy [51]. However, studies on DD8 single crystal alloy IP-TMF
and OP-TMF [52] found that IP-TMF life is lower than OP-TMF, and believed
that differences in crack initiation locations cause the reversal of alloy life. Un-
der IP-TMF conditions, cracks initiate at internal pores in the alloy, while under
OP-TMF conditions, cracks initiate on the alloy surface. Although literature
[50] believes that crack initiation locations in IP-TMF and OP-TMF are basi-
cally the same, the results are completely opposite, indicating that alloy fatigue
fracture is not only related to crack initiation location but also to changes in
internal microstructure and oxidation resistance of the alloy.

In recent years, new progress has been made in the fatigue fracture mechanism
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of single crystal superalloys, with fatigue cracking caused by twins becoming a
research hotspot. Studies [53,54] found that during thermomechanical fatigue
of TMS-82 and CMSX-4 Ni-based single crystal superalloys, twins play a very
important role in alloy deformation localization and fracture processes. How-
ever, twins were not observed after thermomechanical fatigue failure of AM3
[55], SRR99 [50], and DD98 [56] Ni-based single crystal superalloys, with al-
loy deformation mainly based on dislocation slip and stacking fault shearing of
~" phase. The above studies show that phase, temperature, strain amplitude,
and waveform changes all significantly affect thermomechanical fatigue defor-
mation mechanisms. Although some researchers have conducted preliminary
explorations of thermomechanical fatigue behavior of Ni-based single crystal su-
peralloys, the plastic deformation mechanisms during fatigue and the processes
of crack initiation and propagation are far from being fully understood.

After decades of development, Ni-based single crystal superalloys have made
important progress in microstructural stability and mechanical behavior. Al-
though researchers have tried to add some precious metal elements (such as Ru,
etc.) to improve microstructural stability and have achieved certain research
progress, they still cannot significantly delay the 7 phase rafting process or
completely suppress TCP phase precipitation, and the mechanical properties
of alloys have not been fully exploited. From the perspective of alloy applica-
tion, future research on microstructural stability and mechanical properties of
Ni-based single crystal superalloys should focus on the following aspects:

(1) Improve alloy microstructural stability. Optimize and adjust existing al-
loy compositions or explore the addition of new elements (including non-
metallic elements) to further improve alloy high-temperature microstruc-
tural stability.

(2) Continue to pursue higher creep strength. By studying microstruc-
tural changes of existing alloys under high-temperature or ultra-high-
temperature creep conditions, explore deformation mechanisms that
can maintain high-temperature strength, laying a good foundation for
designing alloys with superior creep resistance.

(3) Conduct in-depth research on fatigue failure mechanisms of Ni-based sin-
gle crystal superalloys. The fatigue process of superalloys is very complex,
with cracks initiating in different ways and locations under different con-
ditions, making it difficult to establish a unified fracture failure model
to describe this process. Therefore, more work is needed to explore the
relationship between microstructural evolution and fatigue fracture.
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