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Abstract: The fatigue crack propagation behavior of DD6 nickel-based single-crystal superalloy was investigated at temperatures

ranging from 530 °C to 850 °C. The fatigue properties were assessed along the [001] direction, parallel to the loading axis in tension.

After the fatigue crack propagation test, the fracture morphology was examined by scanning electron microscope and classified into

four zones, including source zone, prefabricated crack zone, stable extension zone, and rapid extension zone. Electron backscatter

diffraction was utilized to observe the profiles of plastic deformation perpendicular to the fracture. Additionally, the dislocation

motion mechanism near the fracture was studied by transmission electron microscope. Results show that oxidation occurs at 650 °C

under combined influences of the temperature field, stress field, and exposure time. Furthermore, due to weakened y’ phase, a

significant number of consecutive dislocations form in the y and y’ phases between 650 and 760 °C, resulting in increased oxidation of
g y 7P g

alloy. Besides, a notable decrease in fatigue propagation life can be observed at 760 °C.
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It has been demonstrated that aero-engine turbine blade
failure primarily results from fatigue'. Nickel-based single-
crystal superalloy is usually used as the core materials for
manufacturing advanced aero-engines due to its excellent
fatigue properties” ”. However, with the advancement of large
thrust-to-weight ratio of aero-engines, the requirements for the
high peripheral fatigue performance of turbine blades become
increasingly stringent, such as the need for nickel-based
single-crystal exhibit
properties. During the development process, the anisotropy of

alloys that exceptional  fatigue
single-crystal materials leads to significant variations in
fatigue performance and fracture processes along different
crystallographic directions. Current research®™'” has shown
that the [001] orientation of nickel-based single-crystal
superalloy displays fatigue performance superior to [011] and
[111] orientations. Ren et al'’ investigated the relationship
between fatigue behavior and the microstructural evolution in
[001] orientation of second-generation nickel-based single-
crystal superalloy at room temperature, and found that the
fatigue life of this superalloy is highly orientation-dependent
and related to the modulus of elasticity and crack propagation
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paths. Moreover, their results show that the cyclic softening
occurring in fatigue is caused by dislocation motion.

In recent years, extensive research has been conducted on
fatigue crack propagation of nickel-based single-crystal
superalloy through high-precision equipment*". These
studies have categorized the plastic deformation modes in
these alloys into planar slip and wave slip. Planar slip tends to
be the dominant mode when the crack is in the first stage of
fatigue, and it is characterized by a slip surface oriented at a
certain angle to the load direction”. As fatigue progresses to
the second stage, wave slip becomes dominant, in which the
crack extends inward, with an extension direction gradually
rotated to a plane perpendicular to the load direction. This
rotation occurs as a result of the rise in the positive stress
component in the direction of the applied load and a decrease
in the tangential stress component, signifying the onset of the
second stage of fatigue extension!'”. In addition, the fatigue
performance of nickel-based single-crystal alloys is affected
by temperature, this effect becomes evident in the medium
temperature range, so fatigue performance increases as the
temperature rises. Under high circumferential fatigue loading
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scenarios, 70%—80% failures occur during the fatigue crack
initiation and stable expansion stages™, and an increase in
temperature further accelerates both the crack initiation and

1 conducted the behavior of small

extension processes. Ma
fatigue cracks in the nickel-based single-crystal superalloy
DZ4 at 25, 300, and 700 °C. It was found that at 700 °C, the
crack propagation behavior of this type of alloy is no longer
dependent on the microstructure. Zhang et al"” analyzed the
fatigue crack propagation behavior of nickel-based single-
crystal superalloy at room temperature, 300, and 600 °C. They
observed that at 600 °C, planar slip becomes the dominant
mode of crack propagation. Additionally, Zhou et al™
explored the initiation and extension processes of fatigue
microcrack in nickel-based single-crystal superalloy at 950
and 1050 °C. Their analyses show that at 950 °C, the alloy
deformation is controlled by slip and crack-shear y/y’ -phase
cracks, whereas at 1050 °C, the alloy exhibits crack tearing in
the y-phase parallel to the loading direction and in the y/y
interface perpendicular to the loading direction.

'

However, there are few studies on the crack propagation
life of DD6 nickel-based single-crystal superalloy, necessita-
ting an investigation on the extension life in relation to
temperature. This study focused on the effects of temperature
on the stable extension behavior of nickel-based single-crystal
superalloy and examined the relationship among temperature,
product lifespan, and fracture morphology.

1 Experiment

In this study, DD6 nickel-based single-crystal superalloy
was prepared in a super directional solidification furnace
through the helical crystal selection method with various
composition (as shown in Table 1), and crystallographic
orientation was set as [001]. The as-cast single-crystal alloys

were treated with a solution at 1300 °C for 6 h and underwent
two-stage aging treatment at 1120 °C for 4 h and 870 °C for
32 h for eliminating eutectic phase and reducing segregation
and precipitation in the y’-strengthened phases.

The crack propagation samples were fabricated from blanks
by wire EDM and automated lathes. The samples were
machined along the [001] crystallographic orientation parallel
to the test loading. Their shapes and dimensions are shown in
Fig. 1°". All rough areas were checked by X-ray Lowe’s back
diffraction in [001] crystallographic orientation and deflection
angles were ensured within 10°.

Fatigue crack propagation tests were conducted along the
[001] crystallographic MTS 370
microcomputer-controlled electronic fatigue tester at test
temperatures of 530, 650, 760, and 850 °C. The tests were
carried out with a stress ratio of 0.6 and a test frequency of 10

orientation on an

Hz in sinusoidal waveforms, and the data were recorded every
0.25 mm. Prior to testing, the samples were preheated to the
designated test temperature and held for 30 min. Temperature
fluctuations were controlled within £3 °C using a temperature
controller. The data recorded from the microcomputer were
processed by Origin software.

The fracture occurs following fatigue loading, and the
fracture morphology of the specimens was observed at
different temperatures by GeminiSEM300 scanning electron
microscope (SEM). A field emission SEM with Aztec data
collection software was employed for electron backscatter
(EBSD) profiles
perpendicular to the fracture. The EBSD samples were
mechanically polished and subjected to vibration polishing
with silica suspension for 6 h. Microstructural observations

diffraction characterization for the

perpendicular to the fracture profile were performed by Talos
F200X transmission electron microscope (TEM). The TEM

Table 1 Chemical composition of DD6 nickel-based single-crystal superalloy (wt%)

Cr Co w Ta Re Mo Ru Nb Al Hf C Ni
3.0 8.5 7.0 8.0 4.0 1.2 3.0 0.6 5.5 0.2 0.008 Bal.
samples were then used to prepare 5 pmx5 pm foil samples by LEY S
0.3 "
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da/dN=CAK" (1)
where a refers to crack length; N refers to cycle; K is stress-
intensity factor range; C and n are crack propagation
coefficients.

The fatigue crack extension rate (da/dN) curves of the
single-crystal superalloy at different test
temperatures are shown in Fig.2a, where it can be seen that
they follow a linear distribution. Notably, the crack length
stable decreases as test
temperatures rise. Meanwhile, the crack propagation rate
increases as test temperatures rise under the same stress
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Fig.1 Shape and dimensions of fatigue crack propagation
samples”®"
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Fig.2 Fatigue-stabilized crack propagation curves of nickel-based single-crystal superalloy at different temperatures: (a) lg(da/dN) vs 1gAK,

(b) change of crack propagation coefficients with temperature, and (c) fatigue crack propagation life

intensity conditions, which suggests that higher temperatures
reduce the force required for stable crack propagation.
Moreover, the parameters C and # in the formula above have
additional changes as temperatures vary. Specifically, with
increasing the temperature, C increases while n decreases,
indicating that both parameters are affected by test
temperature. Further analysis of the values of these parameters
obtained from tests at different temperatures reveals that their
changes with test temperature also follow a linear trend
(Fig.2b).

Fig. 2¢ illustrates the fatigue-stabilized crack propagation
life at different test temperatures, which is similar at 530 and
650 ° C, both exceeding 150 000 cycles. However, stable
propagation life decreases to approximately 30 000 cycles at
760 °C and further reduces to a mere 18 906 cycles at 850 °C.
Combining these results with Fig. 2a, it becomes evident
that under the same stress intensity factor conditions,
higher temperatures correspond to accelerated crack propa-
gation rates. At temperatures of 560 and 650 °C, the initial
crack propagation rates are 10" and 10** mm/cycle,
respectively, while at 760 and 850 °C, the rates increase to

S

Source zone

900 um

20 pm

10°* and 10™* mm/cycle, respectively. These results indicate
that the crack propagation rate rises by one order of magnitude
as the temperature increases from 650 °C to 760 °C, resulting
in a significant decline in fatigue stability. To follow up these
findings, a series of structural characterizations were carried
out to analyze the reasons behind the decrease in stability after
the fatigue cracks.
2.2 Fracture morphology analysis

Fracture analysis was conducted via secondary electron
imaging at low and high magnifications by SEM. The
fatigue crack and its expanding fracture was divided into four
zones: the source zone, the prefabricated crack zone (Fig.3),
the stable expansion zone (Fig. 4), and the rapid expansion
zone (Fig.5). In Fig.3, it can be seen that the macroscopic
fracture morphology remains similar at different temperatures,
without significant differences. Due to the linear shape of
the source region, multi-point stress concentration occurs
along this line source, which is the result of small structural
differences, leading to the formation of multiple extended
prisms (indicated by the red arrows in Fig. 3). Moreover,
the number of extension prisms increases with the rise in

Source zone .
Source zone
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Fig.3 SEM morphologies of the source zone and prefabricated crack zone at different temperatures: (a—b) 530 °C, (c—d) 650 °C, (e—f) 760 °C,

and (g—h) 860 °C
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temperature, while the differences in prisms’ height and width
decrease. This indicates that the increase in test temperature
reduces the fatigue crack propagation threshold (AK,) and
weakens the influence of the source region’s shape on crack
initiation. Within 2.5 mm to the source zone, a clear arc
appears in the prefabricated crack zone (indicated by the
yellow arrows in Fig.3). This arc represents the morphology
left by the load change during the test process when the crack
propagation rate is controlled through the applied load.
Furthermore, this arc marks the end of the prefabricated
crack zone and signifies the beginning of the stabilized
expansion zone.

In the stable expansion zone (Fig.4), the fracture surface is
flat, and at test temperatures of 650 °C or above, the fracture
exhibits an X-shape deconstructive morphology (indicated in
Fig.4). Under high magnification (Fig.4d), fine oxide particles
are visible on the fracture surface at 650 ° C, and as the
temperature increases to 760 °C, the oxide content increases
as well, resulting in the formation of a porous oxide layer
(Fig. 4f). At 850 °C, the oxide layer becomes denser, large

7
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pores essentially disappear (Fig.4h), and this phenomenon is
inconsistent with existing studies on the static oxidation
properties of nickel-based single-crystal superalloy. Previous
study™? shows that the static oxidation of nickel-based
single-crystal superalloy occurs above 900 ° C; however, in
our fatigue crack propagation test, oxidation begins to occur at
650 °C, suggesting that the stress field plays a role in pro-
moting oxide formation and reducing the energy required for
oxide generation. Furthermore, the induced oxidation effect
indicates that the significant decrease in fatigue crack stable
propagation life at 760 °C instead of 650 °C is a consequence
of the severe oxidation occurring at the front of the crack
propagation.

Fig. 5 shows the rapid expansion zone, where solvation
steps appear. At test temperatures of 560 and 650 °C, the steps
are similar in size, and their overall angularity is clear.
Additionally, secondary cracks can be observed between the
steps, indicating that during the rapid expansion stage, the
cracks undergo simultaneous cracking in multiple directions.
At 760 °C, the steps become larger, and under the influence of
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Fig.5 SEM morphologies of rapid expansion zone at different temperatures: (a—b) 530 °C, (c—d) 650 °C, (e—f) 760 °C, and (g—h) 860 °C
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intensified oxidation behavior, the step surfaces become
covered by porous oxidized layer. At the same time, oxidative
expansion results in the disappearing of some secondary
cracks, and as the temperature rises to 850 ° C, the steps
become even larger. These observations suggest that at higher
temperatures, cracks primarily expand in a forward direction,
leading to the formation of larger step surfaces. During the
rapid expansion stage from 530 °C to 850 °C, the size of these
steps changes significantly and the oxide morphology
gradually emerges (Fig. 5b, 5d, 5f, and 5g). These results
indicate that the temperature field begins to significantly
affect the crack extension at 760 °C.

2.3 Fracture mechanisms

To further explore the influence of the oxide layer and
plastic deformation on stability, EBSD and TEM analyses
were conducted on the fatigue crack-expanded samples at test
temperatures of 650 and 760 °C. The structural changes of the
fracture cross-section and dislocation motion processes were
observed.

Fig. 6 shows the boundary curvaturetkernel average
misorientation (BC+KAM) maps obtained after characte-
rization of the fracture cross-section via EBSD. It can be
observed that an oxide layer forms on the fracture surface at
both 650 and 760 °C, while an additional unidentified region
becomes visible between the substrate and the oxide layer at
760 ° C, at which most of the fracture surface exhibits a
polycrystalline structure due to the oxidation behavior. At the
same crack length, the plastic deformation zone is signifi-
cantly larger at 760 °C than that at 650 °C, and a secondary
crack at approximately 45° to the fracture surface appears at
760 °C (indicated by the arrows in Fig.6b). This phenomenon
is distinctly different from the condition at 650 °C, and sug-
gests that at 760 ° C, under the influence of the ambient
temperature, cracks start to expand in multiple directions.
However, since the primary crack still dominates, the
secondary cracks only extend a certain distance into the
matrix and then terminate.

To enhance visual assessments of the oxide structure
and dislocation movement processes, FIB technique was used
to cut thin slices perpendicular to the fracture for TEM
analysis. Fig. 7 shows the high-angle annular dark-field
(HADDF) images and EDS elemental distribution of the

Secondary cracks

Fig.6 BC+KAM plots of nickel-based single-crystal superalloys
with the same crack length at 650 °C (a) and 760 °C (b)

fracture section at different temperatures. At the test
temperatures of 650 and 760 °C, the fracture cross-section can
be divided into three layers: nickel oxide layer, aluminum
oxide layer, and matrix layer. This is consistent with the
delamination observed in Fig. 6. As the test temperature
increases from 650 °C to 760 °C, the oxide layer thickness
grows from about 1 pm to about 3.5 um, following the trend
observed in Fig.4.

In the middle layer (alumina layer), Ni atoms in the original
square ' phase are detached, and remaining Al and O
elements form long strips of alumina. At the same time, the
outermost layer exhibits single nickel oxide layer, which lacks
the lattice structure of the y+y’ phase of substrate. This aligns
with EBSD analysis (Fig.6) and the HADDF images (Fig.7),
revealing the polycrystalline structure of the outermost layer.
It also indicates that the Ni atoms in the y' phase diffuse
outward, replacing atmospheric O atoms and oxidizing on the
fracture surfaces.

In Fig.8a, an adjacent y’ phase can be seen, from which Ni
atoms have been stripped, as well as another y’ phase that also
strips Ni atoms (indicated by the red box in Fig.8a). A channel
connects these two y' phases in the middle, and in conjunction
with the EDS results, it is evident that O atoms pass through
this channel into the second y’ phase that strips Ni atoms. In
the magnified diffusion channel (Fig.8b), it becomes apparent
that the channel passes vertically through the lattice-like
y-phase (indicated by the red arrow in Fig. 8b). Meanwhile,
dislocation intersecting the y-phase diagonally (indicated by
the yellow arrow in Fig.8b) does not form a diffusion channel,
suggesting that dislocations entering the y’-phase perpendi-
cular to the y -phase lattice are more conducive to the
formation of diffusion channels, thereby lowering the diffu-
sion energy of the oxidation reactions.

Interestingly, in the unoxidized matrix region with plastic
deformation, TEM analysis reveals that at the same crack
length, the number of dislocations in the y’ phase at the test
temperature of 760 ° C is much higher (Fig. 8d). These
dislocations are propagated vertically from the y phase into the
y' phase (indicated by the arrows in Fig.8d) to form several
long, parallel, straight dislocations that traverse multiple p’
and y phases. In contrast, at 650 ° C, dislocations in the
unoxidized matrix region with plastic deformation are mainly
concentrated in the y lattice, where they are severely
interlaced and entangled (Fig.8c). In the y’ phase, only a small
number of dislocations are encroached upon, most of which
cut in the y phase. This result suggests that the y' phase is
weakened when the test temperature increases from 650 °C to
760 °C, allowing dislocations to move more easily from the
lattice-like y phase into the cubic y’ phase. Consequently,
dislocation motion intensifies, leading to a faster crack
propagation rate, and in turn, a significant reduction in the
fatigue crack stability. Moreover, the increase in number of
dislocations of the y’ phase also accelerates the transferring of
Ni atoms to the fracture surface and facilitates the internal
diffusion oxidation process in the mid-temperature section.
This suggests that when the test temperature reaches 760 °C,
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Fig.7 HADDF micrographs and EDS mappings of nickel-based single-crystal superalloy with the same crack length at 650 °C (a) and
760 °C (b-c)

Channel

Fig.8 HADDEF image and corresponding EDS mappings of oxide layer, transition zone, and matrix (a); bright field images of region in Fig.8a (b)
and plastic zones at a crack length of 13.5 mm at 650 °C (c) and 760 °C (d)

oxidation occurs at the main crack front prior to crack propagation rate at about 10™** mm/cycle. It is only when the
propagation, making it difficult to achieve a stable crack crack propagation rate reaches about 10”*mm/cycle that the
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crack surface will be oxidized after crack propagation, leading
to the initiation of a stable crack propagation stage that also
shortens the duration of fatigue crack stability.

In summary, the fatigue crack propagation experiment
conducted at different test temperatures (from 650 ° C to
760 ° C) reveals important findings about the behavior of
nickel-based single-crystal superalloy. At 760 °C, the y' phase
in the alloy is weakened, resulting in dislocations entering the
y' phase more easily from the y phase. These dislocations not
only cut obliquely into the y' phase from the y’ phase, but also
significantly increase in number, entering perpendicularly to
the grid-like structure of the y’ phase. This perpendicular entry
by the dislocations provides diffusion channels for the
exchange of element O and Ni. At 760 °C, these diffusion
channels facilitate and accelerate the oxidation reaction,
leading to oxidation occurring before crack propagation,
resulting in a lower crack propagation rate (about 10**
mm/cycle). Consequently, it is more difficult to enter the
stable extension phase, and the duration of fatigue crack
stability is shortened as a result. Additionally, the increased
number of dislocations entering the y’ phase results in a
decrease in dislocation resistance and an acceleration of
dislocation motion; that is, this accelerated motion allows the
dislocations to move more easily toward the crack front,
which promotes the forward motion of the crack.
Consequently, the crack propagation rate is accelerated,
further reducing the fatigue crack durability.

3 Conclusions

1) The fatigue crack propagation behavior of nickel-based
single-crystal superalloy decreases

temperature rises. Under the same stress intensity factor, the

significantly as the

crack propagation rate increases with increasing the
temperature. When the test temperature reaches 760 °C, the
stable fatigue propagation life decreases precipitously, and at
the same time, the initial crack propagation rate in the stable
extension stage increases by one order of magnitude
compared with that at test temperature of 650 °C.

2) The combined influence of stress field and temperature
field results in the exchange of oxygen and nickel elements
through diffusion channels perpendicular to the y-phase lattice.
This exchange reduces the diffusion energy of the oxidation
reaction, causing oxidation to occur between 650 ° C and
760 ° C in DD6 nickel-based single-crystal superalloy. At
lower crack propagation rates (about 10** mm/cycle), oxi-
dation occurs prior to crack propagation, leading to a faster
transition into the stable extension phase and a reduction in
the fatigue crack durability.

3) Increasing the test temperature of nickel-based single-
crystal superalloy from 650 °C to 760 °C weakens the square
lattice-like y’ phase, facilitating the movement of dislocations
from the y phase into the y’ phase. As a result, dislocation

motion intensifies, leading to a faster crack propagation rate
and a significant reduction in fatigue crack durability.
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