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The high-cycle fatigue failure behavior of nickel-based single crystal alloys with different deviation angles
(deviated [001] orientations of 0°, 10°, and 20°) was assessed in this work. At 980 °C/600 MPa, the fatigue life
decreases with increasing deviation angle from the [001] orientation.The dislocation motion is mainly Orowan
deformation mechanism, and the fatigue mode is crystallographic fracture. At 980 °C/640 MPa, the fatigue life is

the longest when the deviation angle is 0°, and it is the shortest when the deviation angle is 10°. The fatigue
failure mode is the crystallographic fracture when the deviation angle is 0° and 20°, and it is the non-
crystallographic fracture when the deviation angle is 10°. The dislocation motion is mainly a single dislocation or
paired dislocation shearing y* phase deformation mechanism.

1. Introduction

Aeroengine turbine blades are the key components that directly use
high-temperature and high-speed gas as power. During the service
period, the blade not only has to bear the load caused by the start and
stop of the engine [1-4] but also bears the high-temperature creep
damage caused by centrifugal force and the fatigue damage caused by
stress and temperature changes. Its strength and reliability are directly
related to the performance and service life of the engine [5]. Since the
1970s, with the development of directional solidification technology,
nickel-based single-crystal alloys have been widely used in the manu-
facture of aero-engines and gas turbine blades due to their excellent
comprehensive resistance to creep, fatigue, oxidation, and corrosion
[6-9], which greatly increases the air inlet temperature at the front end
of the turbine [10-14]. During the working process, the blade material is
subjected to extreme service conditions, such as high temperature, high
pressure, and high-speed rotation, for extended periods of time. Damage
under high-temperature fatigue has become one of the main failure
modes of such components, which usually break suddenly without
obvious plastic deformation and often causes a major accident. In
addition, because the nickel-based single crystal alloy has a preferred
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orientation of (001), the [001] orientation is selected as the main stress
direction in the actual manufacturing process of turbine blades. How-
ever, the existence of orientation deviation in the process of directional
solidification is difficult to avoid. On the other hand, one of the key
technical measures to avoid resonance with the engine is to use nonaxial
blades, that is, the blades are axially deviated from the [001] orientation
by a certain angle. When the deviation angle exceeds a certain range, the
mechanical properties of the alloy will change significantly.

At present, the influence of orientation deviation on the properties of
nickel-based single-crystal alloys mainly focuses on the three crystal
orientations [001], [011], and [111] [15-17]. The literature results
indicated that the crystal orientation significantly affects the strain fa-
tigue life of single-crystal alloys, among which the [001] orientation has
the longest strain fatigue life and the [111] orientation has the shortest
strain fatigue life [18,19]. Meanwhile, many scholars have only con-
ducted research on deviations from the [001] orientation. Gu et al. [20]
conducted a study on the creep properties of nickel-based high-tem-
perature alloy specimens in the [001] direction. The results demon-
strated a correlation between the size and position of the y’ phase, and
indicated that the differences in microstructure and morphology had an
impact on creep life. Furthermore, the creep life decreased with
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increasing stress. The work of Rac et al. [21] showed that at relatively
low temperatures (e.g., 750 °C), within 20° of the [001] orientation, the
degree of creep in the first stage was related to the small deviation angle
close to the [001]-[011] symmetry boundary, while at high tempera-
tures (e.g., 950 °C), the degree of creep deformation had little rela-
tionship with the deviation angle. Leverant et al. [22] researched the
relationship between creep life and orientation deviation angle, and the
results showed that with the increase in deviation angle from the [001]
orientation, creep life decreased significantly. Zhang et al. [23] inves-
tigated the failure mechanisms and deformation behavior of nickelbased
single crystal alloy DD6 with [001] orientation under fully reversed
stress-controlled low cycle fatigue (LCF) loading at 980 °C. Through the
scanning electron microscope (SEM) observations, it was shown that the
failure characteristics under stress-controlled LCF loading were similar
with those under strain-controlled loading. The LCF lifetimes under
stress control were significantly shorter than the LCF lifetimes under
strain control, and the culprit might be the detrimental effect of ratch-
eting strain on LCF lifetime. Fan et al. [24] researched the influence of
the orientation deviation from [001] of a DD10 nickel-based single
crystal alloy on the LCF life. The results showed that the low-cycle fa-
tigue life decreased significantly with increasing orientation deviation.
At the same time, the fatigue life was also related to the second orien-
tation of the alloy; that was, under the same degree of deviation, the low-
cycle fatigue life of alloys with orientations closed to [001]-[011] was
higher than that of [001]-[111]. In summary, the influence of orienta-
tion deviation on the fatigue and creep properties of nickel-based single-
crystal alloys cannot be ignored. At present, the influence of a small
deviation angle on the mechanical properties of nickel-based single-
crystal alloys mainly focuses on the tensile properties, creep life, and
other aspects. However, little research has been done on the effect of
small deviation angles on the high cycle fatigue properties of nickel-
based single-crystal alloys. Therefore, it is necessary to research the ef-
fect of a small deviation angle on the high cycle fatigue life of nickel-
based single-crystal alloys.

Accordingly, we conducted high-cycle fatigue experiments of nickel-
based single-crystal alloys with small deviation angles, and the fatigue
life at different deviation angles was obtained. The fracture morphol-
ogies of nickel-based single-crystal alloys with different stress ampli-
tudes and different deviation angles before and after fatigue were
compared, and their crack propagation behaviors were analyzed. At the
same time, by comparing the microstructure changes of the two phases
before and after the fatigue test, the microscopic failure mechanism was
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analyzed.
2. Materials and methods

Fig. 1 (a) shows the plate-like as-cast material of the nickel-based
single crystal alloy. When cutting samples with different deviation an-
gles, the angle only changes in the y-z plane, and the angle in the x di-
rection remains unchanged. Fig. 1 (b) shows the typical dendritic
structure morphology of the as-cast microstructure. The direction of the
white arrow in Fig. 1 (b) is the direction of primary dendrite growth,
which is the <001> orientation of the nickel-based single crystal alloy.
Fig. 1 (d) is a schematic diagram of cutting blocks with deviation <001>
orientations of 0°, 10°, and 20° according to the primary dendrite
growth direction. The as-cast bulk samples are heat treated as follows:
1300 °C + 2 h air cooling; 1080 °C + 4 h air cooling; 1120 °C + 4 h air
cooling; 900 °C + 4 h air cooling. The typical microstructure after heat
treatment is shown in Fig. 1 (c). Fig. 1 (c) shows that the nickel-based
single crystal is mainly composed of two phases, namely, the matrix y
phase and the y' phase. Among them, the y* phase is embedded in the
matrix y phase and is the main strengthening phase. The size of the y’
phase is between 300 and 500 nm, and the volume fraction accounts for
approximately 70%.

Fig. 2 (a) is a schematic diagram of the specimen. The overall length
of the specimen is 55 mm, the length of the working section is 12 mm,
the width is 4 mm, and the thickness is 1.5 mm. Fig. 2 (b) shows the real
sample and three main crystal orientations, and Fig. 2(c) is a schematic
diagram of possible slip planes.

The high-cycle fatigue experiments were completed on a hydraulic
servo testing machine, as shown in Fig. 3. The deviation angles of the
specimens were 0°, 10°, and 20°. The experimental conditions were as
follows: the temperature was T = 980 °C, stress ratio was R = 0.1, stress
amplitudes were 600 MPa and 640 MPa, the tension-tension cyclic
loading method was adopted, the loading waveform was a sine wave,
and the loading frequency was f = 40 Hz.

To ensure that the surface conditions of the specimens were consis-
tent, the surfaces of the specimens were mechanically polished before
the experiment. Surface roughness has a significant effect on the fatigue
properties of nickel-based single crystal alloys. In general, the greater
the surface roughness, the shorter the fatigue life, but when the surface
roughness is small to a certain extent, it has no effect on the fatigue life
[25-27]. Therefore, it is necessary to perform surface mechanical pol-
ishing on the specimen. This work involved polishing the specimens

20°

Fig. 1. (a) Nickel-based single-crystal alloy plate material, (b) as-cast microstructure, (c) microstructure after heat treatment, (d) schematic diagram of cutting block

specimens with different deviation angles.
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Fig. 2. (a) Schematic diagram of tensile specimen, (b) real specimen, (c) schematic diagram of slip surface.
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Fig. 3. Equipment for high-cycle fatigue experiment.

using different grades of sandpaper, ranging from 400 to 7000 grit, until
the specimen surface became smooth and free from scratches. The
specimens were then immersed in alcohol for 5 min and subjected to
ultrasonic cleaning to remove impurities and particles adsorbed on the
specimen surface during the grinding process. Subsequently, a diamond
polishing agent with a particle size of 1 pm was used for deep-level
polishing to remove minor scratches on the specimen surface. During
this process, the specimen surface was repeatedly observed under an
optical microscope until it became smooth. Afterwards, the samples
were immersed in alcohol and cleaned in an ultrasonic cleaning machine
for 5 min to remove any small particles adhering to the specimen
surface.

\View direction

Cutting position -

After the experiment was completed, the fracture morphologies of
the specimens with different deviation angles were analyzed by SEM
(The SEM model is quanta 450 fegon). Transmission electron micro-
scopy (TEM, The TEM model is FEI Tecnai G2 F20) was used to analyze
the microstructure before and after fatigue. The transmission samples
are fabricated by the focused ion beam (FIB), and the TEM image of
sample sampling is shown in Fig. 4. Fig. 4 (a) shows the sample cutting
position, and Fig. 4 (a) shows the cutting sample. The fatigue source is
the location where crack initiation occurs, and it contains valuable in-
formation about crack initiation and propagation. In the analysis of fa-
tigue fracture in nickel-based single crystal alloys, it plays a crucial role.
Meanwhile, to ensure that all samples are in the same state and avoid the
influence of necking near the fracture, samples are taken 1 mm below
the fatigue source.

3. Experimental results and discussion

Fig. 5 shows the fatigue life of the specimens under different stress
amplitudes and different deviation angles, and the fatigue life decreases
with increasing stress amplitude. At 600 MPa/980 °C, the fatigue life
decreases gradually with increasing deviation angle. When the deviation
angle is 0°, the fatigue life is the longest, which is 1.678 x 10 cycles.
When the deviation angle is 10°, the fatigue life is 3.83 x 10° cycles.
When the deviation angle is 20°, the fatigue life is the shortest, which is
2.81 x 10° cycles. At 640 MPa/980 °C, the fatigue life is 7.82 x 10°
cycles when the deviation angle is 0°, the fatigue life is 2.16 x 10° cycles
when the deviation angle is 10°, and the fatigue life is the fatigue life is
2.53 x 10° cycles when the deviation angle is 20°.

Two experiments are conducted under the same conditions, and the
fatigue life of each experiment is shown in Table 1. The green dots in
Fig. 5 correspond to the fatigue life of each experiment. According to
their distribution, at 0 °C, when the deviation angle is 0°, the dispersion
degree of fatigue life is relatively large, and when the deviation angles
are 10° and 20°, the dispersion degree of fatigue life is small, both
scattered near the average value. Under the same temperature and

View direction

Fig. 4. TEM image of sample sampling, (a) sample cutting position, (b) cutting sample.
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Fig. 5. Fatigue life under different stress amplitudes and different devia-
tion angles.

Table 1
Fatigue life of each experiment.

Deviation angles / stress / temperature  Fatigue life (x104) /  Average / cycles
cycles

0°/600 MPa/980 °C 189.4  146.2 167.8

10°/600 MPa/980 °C 41.2 35.4 38.3

20°/600 MPa/980 °C 30.2 26 28.1

0°/640 MPa/980 °C 64.5 91.9 78.2

10°/640 MPa/980 °C 22.4 20.8 21.6

20°/640 MPa/980 °C 26.3 24.3 25.3

stress, the fatigue life of samples with different deviation angles varies
significantly. The fatigue life with the 0° deviation angle is 3.2-5.9 times
that with the 10° and 20° deviation angle, indicating a certain degree of
dispersion in the overall fatigue life.

3.1. Fatigue fracture behavior at 980 °C/600 MPa

The macroscopic morphology of the fatigue fracture of the nickel-
based single-crystal alloy is shown in Fig. 6. Under a stress amplitude
of 600 MPa, the high-cycle fatigue fractures of the samples with different
deviation angles have typical fatigue fracture characteristics, which are
composed of three parts: the fatigue source area, the crack growth area
and the fast fracture area. The initiation sources of fatigue cracks are the
large shrinkage cavities near the subsurface of the sample. During the
fatigue process, the position of the shrinkage cavity is subjected to stress
concentration, where microcracks nucleate, initiate and develop, and
then evolve and expand to the interior and surface of the sample.
Simultaneously, significant deformation has occurred in the shrinkage
cavity of the fatigue source area, with radiation lines present at specific
angles. This not only indicates that during the fatigue process, cracks
initiate at the internal shrinkage cavities of the sample and propagate
along specific slip planes {111}, but also suggests that the crack initia-
tion mechanism follows a crystallographic crack initiation mode.

The green area in Fig. 6 is the fatigue source area. The fatigue source
area is delicate and smooth, and the brightness is high. During the fa-
tigue loading process, the microcracks are repeatedly squeezed along the
loading direction throughout the entire life cycle to form flat, smooth,
and even shiny sections. When the deviation angle is 0°, the existence of
two fatigue source areas is observed, as shown in the green area in Fig. 6
(a). Shrinkage cavities close to the subsurface of the plate samples are
subject to greater stress concentrations. During the fatigue process, fa-
tigue source 1 is the main crack source, which is elliptical. In the fatigue
process, it first entered the crack propagation zone, supplemented by
internal fatigue source 2, and finally, the sample fractured under the
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combined action of the two fatigue cracks. When the deviation angle is
10°, the fatigue source area is circular with a diameter of 540 pm, and
inclusions such as carbides are found, as shown in Fig. 6 (b). A stress
concentration area is easily formed near the inclusions, leading to the
initiation of microcracks. When deviated from 20°, the fatigue source
area is arc-shaped with a diameter of approximately 600 pm. From the
crack propagation in the fatigue source region, it is found that crystal-
lographic cracks are initiated in samples with different deviation angles.

A relatively smooth and clean fan-shaped area that could be seen at
the same time on the fatigue fracture is the crack extension area (as
shown in the yellow fan-shaped area in Fig. 6), which indicates the
presence of cleavage fracture features.

When the crack propagates until the remaining area of the material
itself is not sufficient to withstand the applied load, it will form a fast
fracture area as shown in the blue box in Fig. 6. There are no obvious
dimples in this area, and there are continuous steps of different heights,
which are caused by the simultaneous initiation of cracks along with
different {111} plane slip systems during the fatigue process. The fatigue
cracks zigzag and expand along different slip surfaces and continuously
merge to form fatigue steps, and each step represents a certain cycle. The
width of the fatigue step increases as the number of fatigue cycles in-
creases, so the direction of crack propagation can be judged along the
width direction of the step.

When deviated from 10°, the area size of the fatigue step is not
uniform, which indicates that the plastic deformation is not uniform
during the fatigue process, as shown in the blue area of Fig. 6 (b). When
the deviation angle is 20°, the second orientation of the sample gradu-
ally approaches the [111] direction, resulting in the fracture area being
divided into two parts. One part is a relatively smooth plane, and its
fracture process proceeds along the (—111) slip plane, while the other
part is formed by the simultaneous operation of different {111} plane
slip systems to form fatigue steps, as shown in the blue area in Fig. 6 (c).
At 980 °C/600 MPa, as shown in Fig. 6, numerous fatigue steps are
observed in the fracture area of samples with different deviation angles,
which is caused by the simultaneous initiation of cracks along different
{111} plane slip systems during the fatigue process. This indicates that
the fatigue mode of the nickel-based single crystal alloy at 980 °C/600
MPa is crystallographic fracture.

The fatigue life of alloys during high cycle fatigue is determined by
the fatigue source area and the crack growth area. The larger the area
occupied by the fatigue source area and the crack growth area is, the
longer the crack propagation time, and therefore the longer the fatigue
life. When deviating from 0°, the fatigue source area and the crack
growth area are the largest, with a radius of approximately 1210 pm;
when the deviation is 10°, the radius is approximately 1120 pm; and
when the deviation is 20°, the radius is approximately 1050 pm. The
fatigue life gradually decreases with increasing deflection angle during
the fatigue process.

3.2. Fatigue fracture behavior at 980 °C/640 MPa

As the stress amplitude increases from 600 MPa to 640 MPa, the area
occupied by the fatigue source area and the expansion area in the
fracture decreases, while the area occupied by the fracture area in-
creases. Under the combined action of stress concentration and local
plastic deformation, the initiation area of fatigue cracks changes. Cracks
are mainly initiated on the surface or subsurface, or in the shrinkage
porosity inside the sample, the fracture has a larger flat slip plane, and
the fatigue step in the fracture area is wider. Similar to the case at
980 °C/600 MPa, significant deformation has occurred in the shrinkage
cavity of the fatigue source area, with radiation lines present at specific
angles. This indicates that the crack initiation mechanism follows a
crystallographic crack initiation mode.

When the deviation angle is 0°, larger fatigue striations are observed,
as shown in Fig. 7 (a). The fatigue striations are arc-shaped and grad-
ually increase, and the spacing between adjacent fatigue striations



Z. Mao et al.

Materials Characterization 203 (2023) 113118

Fatigue source area

J —

(b) Fatigue sourcearea

Fast fracture area.

M=
-
=

Eatigue sourcearea 2

«—— Fatigue steps

Crack growth arez

500um

Crack g

Fig. 6. Fatigue fracture morphologies of nickel-based single-crystal alloy samples with different deviation angles at 980 °C /600 MPa: (a) 0°, (b) 10°, (c) 20°.

increases. The growth rate of fatigue cracks is small at the initial stage of
fatigue, so the spacing of fatigue fringes during fatigue is small. As the
number of fatigue cycles increases, the opening displacement of the
crack increases gradually, and the growth rate also increases gradually,
which leads to an increase in the spacing of fatigue striations. The
propagation direction of the crack is perpendicular to the fatigue stria-
tion, and there are multiple propagation directions to the crack, as
shown by the black arrow in Fig. 7 (a). At the same time, during the
crack propagation process, the precipitated carbides will change the
direction of crack propagation, as shown by the yellow arrows in Fig. 7
(a). When the deviation angle is 0°, the initial fatigue crack mainly
initiates and propagates along the (111) plane. The fracture area is a
smooth inclined plane, which is identified as a (1—11) slip plane.
Therefore, when the deviation angle is 0°, the fracture mode of the
nickel-based single crystal alloy is crystallographic fracture.

Fig. 7 (b) shows that the fatigue crack originated at the shrinkage
cavity inside the sample, there is an obvious fatigue source area, and the
crack source area is relatively smooth. At this stage, the opening
displacement of the microcrack is small, and the crack propagation is
relatively slow. Due to the repeated opening and closing of the crack, the
two sides of the fracture are squeezed and rubbed against each other,
and the most delicate and smooth area is formed at the fracture. When
the deviation angle is 10°, the crack propagation area of the sample
becomes significantly smaller, which greatly affects the fatigue life of
the sample. It can be seen from the fracture area that when the deviation
angle is 10°, the nickel-based single crystal alloy is an amorphous
fracture, as shown in the blue box in Fig. 7.

When the deviation angle is 20°, the fatigue source area starts from

the subsurface shrinkage cavity of the sample. The fatigue cracks
propagate along two crystallographic planes, namely, the slip planes
(1-11) and (—111) intersect along the (110) direction to form a conju-
gate fracture plane, which indicates that the two slip planes start
simultaneously during the fatigue failure process, as shown in Fig. 7 (c).
This is due to the influence of the second orientation of the sample
(closer to the [111] crystallographic orientation) on the propagation of
fatigue cracks when the deviation angle is 20°. The crack growth rate
increases with increasing cycle number, and the distance between
adjacent fatigue striations on the (1-11) slip surface also increases. A
fast fracture area is a smooth plane, indicating that the crack propagates
along the (1-11) slip plane until it breaks. The crack propagates along
different slip planes and forms a fatigue step composed of two approx-
imately vertical cleavage planes. Each fatigue step corresponds to a
certain number of cycles. In the initial stage of step formation, the crack
propagation rate is slow, and the step width is small. As the cyclic
loading progresses, the expansion rate increases, and the fatigue step
width increases. When the deviation angle is 20°, it is a typical crystal
fatigue failure mode.

3.3. Behavior of carbide precipitation at longitudinal fracture surface

Fig. 8 (a) shows the longitudinal section of the sample after the fa-
tigue fracture under the SEM, and many bright silver precipitates are
observed near the longitudinal fracture surface. To determine the
composition of the precipitates, the energy dispersive X-ray spectrom-
eter (EDS) point scanning is used to analyze the elemental composition
in the precipitates, as shown in Fig. 8 (b). After point scanning, it is
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Fig. 8. (a) Longitudinal section of sample under SEM after fatigue fracture, (b) elemental composition in precipitates.

determined that the main elements in the bright silver precipitates are C
and O, and the precipitates near the fracture after fatigue are mainly
carbides.

During the high-cycle fatigue, single crystal alloys experience diffu-
sion behavior of elements influenced by external loads and temperature.
Due to the long fatigue cycles and elevated temperatures, carbon

elements have sufficient time to diffuse, significantly increasing the
probability of carbon elements bonding with each other, leading to
element clustering. Moreover, high concentrations of carbon elements
precipitate in the form of carbides. The longer the fatigue life, the higher
the content of precipitated carbides. Samples with a deviation angle of
0° exhibit the longest fatigue life and the highest content of precipitated
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carbides, as shown in Fig. 9 (a) and Fig. 9 (d). Through observation, it
has been found that the precipitated carbides during the fatigue process
is mainly concentrated at the fracture locations, specifically at the crack
propagation paths. This is because the fracture locations experience
higher stress concentration compared to other regions of the sample
during the fatigue process, creating certain stress gradients that provide
driving forces for element precipitation in high-temperature fatigue. In
the early stages of fatigue, the precipitation of fine carbides within the
crystal can have a strengthening effect and improve the mechanical
properties of the alloy. However, as the carbides continue to aggregate
and grow during the later stages of fatigue, larger carbide particles
become detrimental inclusions. Under the influence of external loading
during the fatigue process, these inclusions experience stress concen-
tration, promoting crack initiation at these locations, as indicated by the
yellow arrows in Fig. 9 (b) and Fig. 9 (e). This crack initiation behavior is
caused by the accumulation and growth of carbides. Additionally, dur-
ing the crack propagation process, encountering inclusions such as
carbides can alter the crack propagation path, as shown by the green
arrows in Fig. 9.

3.4. Evolution behavior of dislocation population at 980 °C/600 MPa

Fig. 10 shows the scanning transmission electron microscopy (STEM)
images near the fatigue source of Ni-based single-crystal alloys with
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different deviation angles after fatigue fracture under a load of 980 °C/
600 MPa. There are dislocation network structures with different
deflection angles in the fatigue samples of the nickel base single crystal
alloy because dislocations first appear in the y phase with low yield
strength. Then, as fatigue progresses, the dislocations move in the matrix
y phase under the action of the applied stress. When the dislocation
encounters the relatively high intensity y’ phase, it will stop moving at
the interface. The dislocations with a Burger vector of a/2 < 110> in the
y phase are captured by the y/y interface, and dislocations at multiple
locations meet to form a network structure at the interface. The exis-
tence of the interfacial dislocation network prevents new dislocations in
the y phase from cutting into the y* phase. When the deviation angle is
0°, a large number of dislocations are entangled in the y phase, which
hinders the movement of new dislocations and increases the resistance
of other dislocations moving into the y’ phase. The dislocations climb
into the y’ phase at the later stage of fatigue, as shown in Fig. 10 (c).
There are dislocation loops in the y phase at off-angles of 10° and 20°
because the high strength of the y’ phase makes it difficult for the
dislocation to cut the y’ phase and eventually bend and move around the
v’ phase. Fig. 10 (d), Fig. 10 (h) and Fig. 10 (i) show that the morphology
of the y’ phase after fatigue fracture changes from cubic to irregular
shape. That is, the “dissolution” of the y’ phase occurs, and the direct
result of the dissolution is the broadening of the y-phase channel in the
matrix. Even within the same sample, the dissolution process is not

Fig. 9. Precipitated carbides near fracture surface under different stresses and deviation angles: (a) 600 MPa, 0°, (b) 600 MPa, 10°, (c) 600 MPa, 20°, (d) 640 MPa,

0°, (e) 640 MPa, 10°, (f) 600 MPa, 20°.
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Fig. 10. Evolution of dislocations near fatigue source with different deviation angles: (a)-(d) 0°, (e)-(h) 10°, (i)-(1) 20°.

uniform, and some y’ phases can still maintain a cubic structure. When
the nickel-based single crystal alloy is heat-treated, the y’ phase is
completely embedded in the matrix y phase to form a coherent interface
with the y phase, while the coherent strain and interfacial energy of the
two phases are both at a lower stage. Plastic deformation occurs during
the fatigue process due to the combined action of cyclic stress and high
temperature. The yield strength of the y phase is lower than that of the y'
phase, and dislocations are first generated in the y phase. As the fatigue
progresses, the reciprocating motion of dislocations in the y phase
channel causes the dissolution of the y' phase, which will make the
coherent interface gradually become a noncoherent interface, and the
strengthening effect of the coherent interface will continue to weaken.
With the accumulation of cyclic plastic deformation, the interface en-
ergy increases, so the activation energy required for element diffusion
decreases [28]. To maintain a lower surface energy, some elements
begin to dissolve into the matrix y phase, and the cubic morphology also
changes significantly.

Stripe-like structures are found in the y' phase of the single crystal
samples with different deviation angles after fatigue fracture, and the
stripe directions are parallel to each other and arranged periodically, as
shown in Fig. 10 (d), Fig. 10 (h), and Fig. 10 (i). The analysis shows that
the streak-like structure after fatigue is a transmission moiré fringe,
which is formed by the relative dislocation and superposition of the
upper and lower crystal structures in the y’ phase. The moiré fringes are
in the most severe region of y' phase dissolution, which is due to the
combined action of cyclic stress and high temperature in the later stage
of fatigue, resulting in the dissolution of the y’ phase not only at the
edges but also at the cubic phase. As fatigue progresses, the magnitude of

the force exerted varies from place to place. Under the action of stress,
atomic layers with different thicknesses will have local micro-
dislocation, and the dislocated atomic layers will be superimposed on
each other to form moiré fringes. Fig. 10 (a), 10 (e), and 10 (i) show that
moiré fringes are formed close to the surface area of the sample, which
further indicates that the local plastic deformation of the surface area of
the sample is not uniform during the fatigue process. At deviation angles
of 0°, 10°, and 20°, the dislocation densities are 4.32 x 10° cm’z, 5.74 x
10° em™?, and 6.71 x 10° em™2, respectively. With the increase in
dislocation density in the y’ phase, the ordered structure of y’ is dis-
rupted, resulting in a decrease in the strength of the y’ phase. Since the y’
phase is the primary strengthening phase in nickel-based single crystal
alloys, accounting for approximately 70% of the alloy composition, an
increase in dislocation density leads to a reduction in fatigue life.

3.5. Evolution behavior of dislocation population at 980 °C/640 MPa

Under the stress amplitude of 640 MPa, the microstructure is shown
in Fig. 11 when the deviation angle is 0°. There are only a few dislo-
cations in the y' phase, as shown in the position of the white arrow in
Fig. 11 (c). However, a large number of dislocations exist in the matrix y
phase, as shown in the position of the blue arrow in Fig. 11 (c). The
dislocation activity is confined to the matrix y phase, indicating that
dislocations first nucleate, initiate and evolve within the matrix y phase
during fatigue. With the progression of fatigue, dislocations continu-
ously multiply in the y phase, and the dislocation density increases
accordingly, resulting in the slip motion of dislocations in the matrix y
phase. Due to the higher strength of the y’ phase compared to that of the
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——— 500 nm

v phase, it is difficult for dislocations to cut into the y’ phase, and the
dislocation motion is hindered at the two-phase interface. With the in-
crease in dislocations at the interface, the interaction between disloca-
tions is enhanced, which in turn causes a large number of entanglements
between dislocations. The dislocations are pinned at the interface, which
increases the motion resistance of other dislocations and improves the
ability to resist plastic deformation in the fatigue process. The existence
of dislocation loops is found in the y phase, as shown by the green arrow
in Fig. 11 (d). The strength of the y’ phase is high in the early fatigue
stage, and it is difficult for the moving dislocation to cut the y’ phase,
causing the dislocation to bend and bypass the y’ phase and leaving a
dislocation loop structure in the y phase. In this case, the deformation
mechanism is the Orowan mechanism in which dislocations bypass the
second phase. In the later fatigue stage, the y* phase is dissolved, and the
strength decreases due to the local microregion stress concentration,
leading to dislocation cutting into the y’ phase. The dislocation lines are
cut from the y phase through the phase interface to the y’ phase on both
sides, as shown by the red arrows in Fig. 11 (a). When the deviation
angle is 0°, the dislocations mainly move in the Orowan mechanism in
the initial stage of fatigue, the dislocations in the later stage of fatigue
phase move in the cutting y’ phase mechanism, and moiré fringes are not
formed. Therefore, the y’ phase can maintain a high strength during the
fatigue process, and the fatigue life is the longest when the deviation
angle is 0°.

There are light and dark contrast precipitates inside the nickel-based

Fig. 11. Microstructural images at a
high stress of 640 MPa when deviation
angle is 0°: (a) magnified area image
of red box in panel (b), (b) evolution
of dislocations near fatigue source, (c)
magnified area image of blue square in
panel (b), (d) magnified area image of
green square in panel (b), (e) magni-
fied area image of yellow square in
panel (b), (f) precipitate EDS surface
scan image. (For interpretation of the
references to colour in this figure
legend, the reader is referred to the
web version of this article.)

single crystal alloy after fatigue fracture, as shown in Fig. 11 (e). At the
same time, dislocation aggregation is observed near the precipitates, as
shown by the blue arrows in Fig. 11 (e). During the fatigue process, the
stress change near the precipitates causes the formation of dislocations
here first, and the existence of the precipitates causes the movement of
dislocations in the y phase to be hindered and gather nearby. It can be
seen from the EDS image in Fig. 11 (f) that the dark precipitate is to-
pologically close-packedphases (TCP) phase and the bright precipitate is
Al element.

Fig. 12 shows the microstructure near the fatigue source after fatigue
fracture when the deviation angle is 10°. As shown in Fig. 12 (b), the
dislocation distribution is not uniform, and the dislocation density de-
creases from top to bottom (the upper part of the image is close to the
surface of the sample). During the fatigue process, the plastic deforma-
tion of the surface of the sample is larger than that of the interior,
resulting in uneven dislocation density on the surface and interior.

There is a four-deformed dislocation network structure in the area
close to the surface of the sample, as shown in the yellow box in Fig. 12
(c). The (—11-1) and (11—1) slip planes are activated during the fatigue
process, and the interactive motion of dislocations produces a disloca-
tion network structure. In the later stage of fatigue, the structure of the
dislocation network is destroyed with the increase in dislocation density
at the interface, which leads to the loss of coherence effect at the two-
phase interface. A large number of dislocations are cut into the y’
phase due to the local microdomain stress concentration caused by the
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Fig. 12. Microstructure images at a high stress of 640 MPa when deviation angle is 10°: (a) magnified area image of blue box in panel (b), (b) evolution of dis-
locations near fatigue source, (c) magnified area image of red box in panel (b), (d) magnified area image of yellow box in panel (a), (e) magnified area image of green
box in panel (b). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

accumulation of dislocations. This reduces the degree of ordering within
the y’ phase, which further reduces the strength of the y’ phase, resulting
in a reduction in fatigue life, as shown by the green, white and red ar-
rows in Fig. 12 (a). At the same time, the deflection of dislocation lines in
the y’ phase is observed, which indicates that the dislocations slip on
different slip planes, as shown by the white arrows in Fig. 12 (a). The
cross-slip motion along the (11-1) slip plane is shown by the blue arrows
in Fig. 12 (a). When the deviation angle is 10°, there are also dislocation
lines along the (01—1) slip plane, as shown by the red arrow in Fig. 12
(o).

Therefore, when the deviation angle is 10°, the main mechanism of
dislocation motion is that a single dislocation cuts the y’ phase, which
destroys the ordered structure of the y’ phase, resulting in a decrease in
its strength and fatigue life. At the same time, the streak structure is
found in the fatigue process. The analysis found that this is due to the
plastic deformation of the y’ phase in the microdomain caused by the
combined action of cyclic stress and high temperature in the later stage
of fatigue, and the atoms are superimposed on each other to form
transmission moiré fringes. When the deviation angle is 20°, as with the
deviation angle of 10°, the uneven plastic deformation during the fa-
tigue process leads to the uneven distribution of dislocations, and the
closer to the surface of the sample, the greater the dislocation density is.
Meanwhile, there is the dislocation network structure shown in Fig. 13
(a), which is different from the quadrilateral dislocation network
structure when the deviation is 10°. The dislocation network structure is
formed by the movement of movable dislocations in the matrix channel
to the y/y' interface, where screw dislocations on different slip planes
meet and react with each other. When a dislocation network is formed,
the lattice mismatch stress of the two-phase interface will be relaxed,
which can reduce the stress concentration and the interface energy of
the two phases, and stabilize the interface structure. The streak structure
is found in the fatigue process. The analysis found that this is due to the
plastic deformation of the y’ phase in the microdomain caused by the
combined action of cyclic stress and high temperature in the later stage
of fatigue, and the atoms are superimposed on each other to form
transmission moiré fringes, as shown in the purple square area in Fig. 13
(a). As the fatigue progresses, the interfacial dislocation plugging pro-
duces stress concentration, which provides kinetic energy for the
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movement of dislocations and destroys the interfacial dislocation mesh
structure. When the dislocation network is destroyed, the y’ phase is cut
in the form of dislocation pairs to form the superdislocation structure
shown by the blue arrow in Fig. 13 (c). Meanwhile, the single dislocation
cuts the y’ phase, as shown by the white arrows in Fig. 13 (d), the or-
dered structure of the y’ phase is destroyed, and the intensity of the y’
phase is reduced. At the same time, some dislocation lines in the matrix y
phase are characterized by nearly right-angle kinks, as shown by the red
arrows in Fig. 13 (c), as well as the cross-slip motion of the dislocation
along the (—11-1) slip plane, as shown by the green arrow in Fig. 13 (d).

After fatigue fracture, black precipitates are observed inside the
nickel-based single crystal alloy in scanning transmission electron
microscope-bright field (STEM-BF) mode, and the size of the precipitates
is approximately 100 x 150 nm, as shown in Fig. 13 (e). Clustering of
dislocations near the precipitates is observed, as indicated by the yellow
arrows in Fig. 13 (e). The changes of stress near the precipitates during
the fatigue process lead to the formation of dislocations here first, and
then the dislocations are enriched around them. It can be seen from the
EDS surface scanning results that the black precipitates are enriched in
elements such as Cr, Re, and Mo and are mainly ¢ phase-type TCP
phases. When the deviation angle is 20°, the paired dislocation shear y’
phase is the main failure mode. When a lattice vector in the y phase is a/
2 (110) and the total dislocation slips into the y’ phase, the ordered
structure of the y’ phase itself will be destroyed, and an antiphase
boundary (APB) will be formed. When another a/2 < 110> full dislo-
cation also enters the y’ phase, the y* phase will be restored to the cor-
responding ordered structure. Therefore, the paired dislocations in the y’
phase in nickel-based single crystal alloys form superdislocations.

Fig. 14 (a) is a TEM image of dislocations in the y’ phase, and Fig. 14
(b) is a high-resolution atomic image of a pair of superdislocations in
Fig. 14 (a). The two dislocation lines (white dashed lines) are parallel to
each other, and the distance between them is approximately 26 nm,
which is the width of the antiphase domain boundary. It is found that
two partial dislocations have the same core structure, and both appear to
be inserted into one layer of (1-11) half-atom planes as shown in Fig. 14
(d) and 14 (e). Stacking faults can be generated when a layer of closely
packed {111} semiautomatic planes is inserted or extracted from the
face-centered cubic crystal structure. The junction between the perfect
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(2) Fog

Fig. 13. Microstructure images at a high stress of
640 MPa with a deviation angle of 20°, (a) magni-
fied area image of red box in panel (b), (b) evolu-
tion of dislocations near fatigue source, (c)
magnified area image of blue box in panel (b), (d)
magnified area image of green box in panel (b), (e)
magnified image of precipitated phase region, (f)
EDS surface scan image of precipitate in (e). (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)

lattice and the stacking fault is a frank dislocation, and the burger vector
b = a/3 (1-11) of the incomplete Frank dislocationis an edge
dislocation.

Fig. 14 (f) is obtained by enlarging the intersection of the right side of
a frank incomplete dislocation and the perfect lattice in Fig. 14 (b).
Fig. 14 (f) shows that the distribution of atoms on both sides of the white
dislocation line is not on the same line, and there is an obvious deflection
phenomenon, which is caused by the slip motion of the lattice on both
sides of the dislocation line on the (1-11) plane. This type is the lattice
slip induced by the Shockley dislocation. From the atomic structure of
the core region of the incomplete dislocation Shockley, it can be seen
that there is no semiatomic plane, and the projection line of the (1-11)
plane is formed by an inclined straight line. It becomes a broken line,
which is caused by the incomplete slip of the (1-11) atomic layer and its
Burger vector b = a/6 [1-21]. The super dislocation in the y’ phase is
decomposed into two super component dislocations, and the corre-
sponding super component dislocations are decomposed into frank and
shockley incomplete dislocations. Then, a dislocation lock configuration
will be formed. According to the Thompson notation [29], the disloca-
tion decomposition process is:

11
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The slip plane of the shockley incomplete dislocation is (11-1), the
dislocation line direction is [2-11], and it is a mixed dislocation. The
Burger vector of Frank incomplete dislocation is perpendicular to plane
(1-11), the half atomic plane is the (1—1—1) plane located at (011), and
the dislocation line is perpendicular to the Burger vector, which is an
edge type dislocation. In Frank's incomplete dislocation, the Burger
vector ison any {111} plane, and it is a dislocation that will not slide and
move under the action of an external force. In shockley incomplete
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dislocations, they can only perform slip motion and cannot perform
climbing motion [30,31]. When the distance between the two incom-
plete dislocations increases, their stacking fault energy also increases.
This will hinder the sliding of the shockley incomplete dislocation so
that the full dislocation in the y’ phase will be locked. The type of
dislocation configuration is called “dislocation locking.” The diffusion
can only take place when the higher energy is supplied, thus resulting in
a higher fatigue life at the 20° deviation than at the 10° deviation.

4. Conclusions

The fatigue life of nickel-based single-crystal alloys decreases with
increasing stress amplitude, and the dislocation motion mechanisms
under different stress amplitudes are different. At 980 °C/600 MPa, the
fatigue life decreases with increasing deviation from the [001] orien-
tation angle, from 1.678 x 10° cycles to 2.81 x 10° cycles. The fatigue
source starts from the subsurface shrinkage cavity of the sample, which
initiates crystallographic cracks. When the deviation angle is 0°, the
dislocations are mainly climbing motion. When the deviation angle is
10° and 20°, the Orowan motion mechanism bypasses the second phase.
At deviation angles of 0°, 10°, and 20°, the dislocation densities are 4.32
x 10% em™2, 5.74 x 10° cm ™2, and 6.71 x 10° cm ™2, respectively. The
increase in dislocation density leads to a reduction in fatigue life, and the
fatigue mode is crystallographic fracture. At 640 MPa/980 °C, the fa-
tigue life is 7.82 x 10° cycles when the deviation angle is 0°, 2.16 x 10°
cycles when the deviation angle is 10°, and 2.53 x 10° cycles when the
deviation angle is 20°. When the deviation angle is 0° and 20°, it is the
crystal fracture mode. When the deviation angle is 10°, it is an amor-
phous fracture mode. When the deviation angle is 0°, the Orowan
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Fig. 14. (a) TEM image of superminute dislocations
with an off-angle of 20°, (b) high-resolution atomic
image of superfractionated dislocations, (c) electron
selected area diffraction pattern with incident direc-
tion of electron beam as [011], (d) magnified frank
incomplete dislocation core structure of red area in
(b), (e) core structure of frank's incomplete disloca-
tion after magnification of green area in (b), (f)
shockley incomplete dislocation core structure after
magnification of yellow area in (b). (For interpreta-
tion of the references to colour in this figure legend,
the reader is referred to the web version of this
article.)

deformation mechanism is mainly in the early stage of fatigue, while in
the later stage of fatigue, a small number of dislocations cut the y’ phase.
When the deviation angle is 10°, the single dislocation mainly shears the
vy’ phase. When the deviation angle is 20°, the paired dislocation
shearing y’ phase is the dominant failure mechanism.
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