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Abstract: The high-cycle fatigue fracture characteristics and damage mechanism of nickel-based single crystal superalloys at 850 °C
was investigated. The results indicate that high-cycle fatigue cracks in single crystal superalloys generally originate from defect
locations on the subsurface or interior of the specimen at 850 °C. Under the condition of stress ratio R=0.05, as the fatigue load
decreases, the high-cycle fatigue life gradually increases. The high-cycle fatigue fracture is mainly characterized by octahedral slip
mechanism. At high stress and low lifespan, the fracture exhibits single or multiple slip surface features. Some fractures originate
along a vertical small plane and then propagate along the {111} slip surface. At low stress and high lifespan, the fracture surface tend
to alternate and expand along multiple slip planes after originating from subsurface or internal sources, exhibiting characteristics of
multiple slip planes. Through electron backscatter diffraction and transmission electron microscope analysis, there is obvious
oxidation behavior on the surface of the high-cycle fatigue fracture, and the fracture section is composed of oxidation layer, distortion
layer, and matrix layer from the outside to the inside. Among them, the main components of the oxidation layer are oxides of Ni and
Co. The distortion layer is mainly distributed in the form of elongated or short rod-shaped oxides of Al, Ta, and W. The matrix layer is
a single crystal layer. Crack initiation and propagation mechanism were obtained by systematical analysis of a large number of high-
cycle fatigue fractures. In addition, the stress ratio of 0.05 is closer to the vibration mode of turbine blades during actual service,

providing effective guidance for the study of failure and fracture mechanisms of turbine blades.
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1 Introduction

Nickel-based single crystal superalloys have been widely
used as turbine blade materials in aircraft engines due to their
exceptional creep resistance and thermal fatigue performance
at elevated temperatures’ *. In practical applications, turbine
blades must endure a variety of complex loads, including
centrifugal forces, thermal stresses, and vibrational stresses.
Consequently, the blade structure is susceptible to high-cycle
fatigue failure under the combined influence of these multiple
loading conditions. Over the past few decades, high-cycle
fatigue failure has emerged as one of the primary causes of
turbine blade failures.

Researchers have conducted comprehensive studies on the
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high-cycle fatigue failure mechanisms in single crystal
superalloys”'?. Their findings indicated that surface defects
significantly diminish the high-cycle fatigue life of these
materials, and all specimens with surface defects are found to
contain multi-source fatigue cracks. Furthermore, it was
observed that the fatigue life of single crystal superalloys

8 with fracture

decreases with an increasing stress ratio
modes transitioning from cleavage-like fractures at low stress
ratios to dimple-like fractures at higher stress ratios. At low
strain amplitudes, dislocations slip within the channels of the y
matrix. Conversely, at elevated strain amplitudes, dislocations
shear through the y’ phase.

When further investigating the changes in dislocation
structure during high-cycle fatigue, it was observed that in the
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early and middle stages of high-cycle fatigue testing, the
primary deformation mechanism of single crystal superalloys
is the movement of dislocations within the matrix. Two
dislocations with distinct vectors converge on the same slip
plane, resulting in a three-dimensional network structure™*. In
the final stage of high-cycle fatigue testing, this dislocation
structure evolves to form persistent slip bands, which facilitate
the reprecipitation of both y and y' phases. The interplay
between cyclic plastic deformation and elevated temperatures
leads to the formation of spherical and small secondary p’
phases within the matrix. This phenomenon impedes disloca-
tion movement in the matrix and enhances fatigue strength.

When investigating the high circumferential bending
fatigue performance of the third-generation single crystal
superalloy DD9 at 800 ° C, it was observed that under
rotational bending loads, the surface of specimen experiences
maximum cyclic stress. As the alloy undergoes slip and forms
a slip band, phenomena such as intrusion and extrusion occur
on the surface of specimen, making it susceptible to fatigue
crack initiation in its weaker regions!”. The deformation
mechanism of single crystal superalloys is characterized by
octahedral slip. Consequently, during fatigue crack propaga-
tion, the propagation plane aligns with the {111} plane. This
behavior is consistent with typical high rotation bending
fracture mechanisms, both exhibiting cleavage-like fracture
characteristics.

According to a large number of failure cases, the blade is
prone to cracking at the body part of a turbine blade, which is
the first order bending vibration position. Simulation of the
bend revealed that the actual service temperature at that
position is 850 °C. At present, far fewer research reports on
high-cycle fatigue of single crystal superalloys at 850 °C. In
order to study the failure and fracture behavior of turbine
blade during service, the fatigue test of the alloy was
conducted at 850 °C. This study investigates the high-cycle
fatigue fracture mechanism of single crystal superalloys at this
temperature by conducting high-cycle fatigue tests on
standard specimens, combined with the macroscopic and
microscopic morphology of the fracture surface and the
characteristics of microstructure evolution, providing support
for the high-cycle fatigue failure behavior of single crystal
turbine blades in practical engineering.
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2 Experiment

The material used in the experiment was the second-
generation nickel-based single crystal superalloy independ-
ently developed by China. The main components of these
Single crystal superalloy
specimens with [001] orientation were prepared using the

alloys are listed in Table 1.

spiral crystal selection method in a high-temperature gradient
vacuum directional solidification furnace. The deviation
between the crystal orientation measured using the X-ray
backscattering method and the direction of the principal stress
axis was within 15°. The test rod was processed into a high-
cycle fatigue specimen after heat treatment. The micro-
structure after heat treatment and schematic diagram of
standard specimen is shown in Fig.1.

The high-cycle fatigue test was conducted on a high-
frequency fatigue testing machine using stress control. The
experimental temperature was 850 °C, and the specimen was
heated in a resistance furnace with a stress ratio of 0.05. The
fatigue fracture surface was observed macroscopically and
microscopically using Leca stereoscope and TESAN field
emission scanning electron microscope (SEM). In order to
study the microstructure evolution of the fracture section,
Focused ion beam (FIB) was used to sample the fracture
section on the fracture surface. Electron backscatter
diffractometer (EBSD, Zeiss Gemini SEM300) was used to
analyze the evolution of crystal orientation near the fracture,
and transmission electron microscope (TEM, FEI Talos 200S)
was used to analyze the microstructure evolution and element
near the fracture.

3 Results and Discussion

3.1 High-cycle fatigue performance analysis

The relationship between the maximum loading stress o,
and the fatigue life V; under the condition of 850 °C and stress
ratio of R=0.05 is shown in Fig.2. When o, is between

max

Table 1 Chemical composition of nickel-based single crystal
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Fig.1 Schematic diagram of standard high-cycle fatigue specimen (a) and microstructure of nickel-based single crystal superalloy after heat

treatment (b)
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Fig.2 High-cycle fatigue performance of single crystal superalloy at
850 °C

800—-1000 MPa, the high-cycle fatigue life of the single crystal
alloy is approximately 10° cycles. As the applied load
decreases, the high-cycle fatigue life gradually increases.
When ¢, is 575 MPa, the high-cycle fatigue life of the alloy

reaches around 10’ cycles.
3.2 Analysis of macroscopic fracture

Generally, fatigue fractures can be divided into three stages:
fatigue source zone, crack propagation zone, and transient
fracture zone. For single crystal superalloys with [001]
orientation, due to their face centered cubic structure, the slip
system is prone to move along the {I11} slip plane. The
theoretical angle between the {111} slip plane and the axial
direction is about 35.3°. In fact, during the alloy casting
process, there is a slight deviation between the crystal growth
direction and the [001] crystal direction, generally not
exceeding 15°. Therefore, during the fatigue test, the angle
between the inclined plane formed by the fatigue fracture and
the axial direction is between 35—45°, and this inclined plane
is the main slip plane of {111}.

Under the conditions of 850 °C and stress ratio R=0.05, the
high-cycle fatigue fracture characteristics under different
fatigue loads are shown in Fig.3, in which, the arrows indicate
the direction of crack propagation. At this temperature, the
fracture surface appears dark brown or dark blue. Owing to
the octahedral slip mechanism, the fracture surface is mainly
characterized by inclined surfaces, and there are differences in
the fracture characteristics under different stress levels. At o,
=850 MPa, the crack originates away from the surface of the
specimen, and then propagates along three different directions
of (111) slip planes. In the early stage of propagation, fatigue
arc features are observed, and the extended edge features
appear throughout the entire propagation process. Except for
the rough slip step area at the junction of the two slip planes,
the entire fracture surface is relatively flat, and no signs of
compression wear are observed on the fracture surface. When
0,.,.=750 MPa, the fracture surface exhibits a single inclined
surface feature, and the crack originates along the subsurface.
The fatigue arc feature can be observed during the stable
propagation stage. When o, =580/620 MPa, the number of
slip planes on the fracture surface increases. After originating
along the subsurface or interior, the crack propagates along a

I mm

2 mm

Fig.3 High-cycle fatigue fracture characteristics at 850 °C and R=
0.05 under different loads: (a) o, =850 MPa, (b) o, =750
MPa, (¢) g, =620 MPa, and (d) ¢, =580 MPa

single or multiple slip planes. During the propagation process,
the crack alternates along different slip systems, resulting in
the fracture surface exhibiting multiple inclined features.

3.3 Analysis of crack initiation and propagation

By observing the high-cycle fatigue fracture, the character-
istics of fracture can be divided into three types: single slip
surface features, small plane multiple slip surface features on
a vertical axis, and multiple slip surface features. Between 750
—900 MPa, the fatigue life of the specimen is less than 10° cy-
cles, and the fatigue fracture surface contains the three typical
fracture characteristics mentioned above. When o, <680 MPa
and the fatigue life is higher than 10° cycles, the fracture cha-
racteristics are mainly characterized by multiple slip surfaces.

Under high stress conditions, the three typical fracture
characteristics of high-cycle fatigue fractures are mainly
characterized by a single vertical axial small plane and
multiple slip surfaces. As shown in Fig. 4, the high-cycle
fatigue life at 900 MPa is 10’ cycles, which belongs to the low
lifespan fracture in the high-cycle fatigue category. From
Fig. 4b, it can be seen that the crack originates along the
casting defect inside the specimen, and there is a small cubic
plane perpendicular to the axial force near the casting defect.
When the crack propagates on the cubic small plane, it leaves
a fan-shaped fatigue zone expansion mark.

Analysis of the crack propagation path reveals that the
crack begins to propagate along the (001) slip plane and two
different (111) slip planes after initiation along the defect.
When the propagation path on the (111) slip plane is
obstructed, the crack continues to propagate along the {111}
slip plane through the cross-slip mechanism. Fig.4c shows the
fatigue band characteristics of crack propagation on the (111)
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Fig.4 Fracture characteristics at different stages of crack propagation under condition of 900 MPa: (a) macroscopic fracture morphology, (b) small

planes in crack source area, (c) stable propagation zone, (d—e) rapid propagation zone, and (f) boundary between two slip surfaces (Fig.4b,

4c, 4d, and 4f correspond to regions b, ¢, d, and f marked in Fig.4a, respectively)

slip plane, with the fatigue bands showing a trend from dense
to sparse along the direction of crack propagation. Fig. 4d
shows the surface slip band morphology during the rapid
crack propagation stage. Generally, when the single slip plane
rapidly expands, the fracture surface of single crystal
superalloys exhibits an extended edge morphology. When the
crack propagates to the later stage or is about to undergo a
change in the slip plane, the fracture surface exhibits the
parallel slip band characteristics shown in Fig. 4d — 4e.
Zooming into the local area reveals that the slip bands are
parallel to each other and perpendicular to the direction of the
extended edge lines. Fig.4f shows the slip step characteristics
formed at the junction of two {111} slip planes in the later
stage of crack propagation. This morphology is a character-
istic of the rapid tearing between two sections under high
stress during the final stage of crack propagation. The sliding
step exhibits a clear morphology, and no signs of wear or
compression are observed.

Fig. 5 shows the typical characteristics of single sliding
surface of high-cycle fatigue fracture under high stress
conditions. The load of the specimen is 750 MPa, and the
fatigue life is 7.42x10° cycles. As shown in Fig.5b, the crack
originates of the
specimen. Under microscopic conditions, it can be observed
that the crack after origination propagates along two different
(111) slip planes, and the secondary slip planes can be ignored
owing to their small proportion. The fracture surface during
the stable expansion stage exhibits characteristics of fatigue
arc at the macroscopic level. The observation of partially
peeled fracture surfaces reveals the presence of a distinct

from the subsurface casting defects

oxidation layer on the fracture surface at 850 °C. The surface
of the oxidation layer is distributed in a spinel shape and has
good density. The specimen matrix is composed of y channels
and y’ phase structure, and the matrix structure is similar to a
triangular y’ phase composition. It can be determined that the
crystal plane, where the fracture is located, is the {111} slip
plane.

Fig. 5d shows the fracture morphology near the extended
edge line of the rapid expansion zone. It can be seen that there
are a large number of parallel strip-shaped slip bands near the
extended edge line. Unlike Fig.Se, this slip band is consistent
with the direction of the extended edge line. Fig.5¢ shows the
evolution of crack propagation edge lines into cross-slip pro-
pagation surface in the later stage of crack propagation. The
slip bands within the propagation edge lines are consistent
with those in Fig.5d. When the crack propagates to the final
stage on the single slip plane and rapid fracture is about to
occur along other crystal planes, the fracture morphology is
shown in Fig.5f. There is a rough slip step zone at the junction
of the two slip surfaces, and the morphology of the layered
slip step is almost perpendicular to the direction of crack
propagation.

From the above analysis, it can be inferred that when the
fracture exhibits the single sliding surface feature, the {111}
sliding surface has a low propagation resistance, and the crack
propagates alternately along countless parallel slip bands
under shear stress, which are aligned with the direction of the
extended edge lines. When cracks propagate alternately along
multiple slip planes, crack propagation is hindered in the later
stage of single slip plane propagation, resulting in parallel slip
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Fig.5 Typical characteristics of high-cycle fatigue fracture under condition of 750 MPa: (a) macroscopic fracture morphology, (b) crack source

area, (c—e) crack propagation stage, and (f) slip step (Fig.6c—6e correspond to regions c—d marked in Fig.5a, respectively)

bands perpendicular to the propagation direction. The
boundary position of the slip planes tends to produce slip
steps perpendicular to the crack propagation direction.

When the load is reduced to 580 MPa, the fatigue life of the
alloy approaches the fatigue limit. As shown in Fig. 6,
compared with the fracture of low lifespan, there are multiple
slip surfaces on the fracture surface under this condition. In
Fig. 6a, the crack originates along the subsurface, and no
casting defects are found at the origin location. The crack
source area exhibits a fan-shaped pit characteristic. After the
crack initiates, it propagates along the {111} slip plane, and
fatigue band characteristics appear on the cross-section
approximately 2 mm away from the crack source area. After
the current slip plane propagation is blocked, the crack
continues to propagate along the other three {111} slip planes
in different directions. As shown in Fig. 6c, the crack
originates along the irregular casting defect and
simultaneously propagates along multiple {111} slip planes,
exhibiting fatigue band characteristics at a distance of more
than 1 mm from the crack source area. By observing the
characteristics near the casting defects in the crack source
area, it is found that there are multiple convex deformation
features along the periphery of the defects, and the cracks
propagate in different directions along these features.

In summary, under the condition of 850 °C and R=0.05, the
fracture mode of high-cycle fatigue is mainly characterized by
octahedral slip mechanism. At high stress and low lifespan of
the specimen, the fracture surface exhibits single or multiple
slip surfaces features, and some fractures originate along a
vertical small plane and then propagate along the {111} slip
surface. At low stress and high fatigue lifespan, the fracture
surface is prone to alternate and expand along multiple slip
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Fig.6 Typical characteristics of high-cycle fatigue fracture under
condition of 580 MPa: (a—b) subsurface source; (c—d) internal

source

planes after originating from subsurface or internal sources,
exhibiting characteristics of multiple slip planes.

In order to study the changes in the longitudinal section
structure near the fracture surface, the longitudinal section of
the high-cycle fatigue fracture was sampled from the crack
source area according to the main crack propagation direction.
The macroscopic characteristics are shown in Fig.7a, and the
crystal plane of the longitudinal section is (011). The left side
in Fig. 7a is the crack source area, and the crack propagates
from the bottom left to the top right direction.
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Fig.7 Structural characteristics of longitudinal section of high-cycle fatigue fracture along the crack growth direction under condition of 750 MPa:

(a) macromorphology; (b) fatigue source area; (c—d) stable extension zone; (e—f) wear and deformation in rapid expansion zone

As shown in Fig. 7b, there is slight deformation of the
matrix structure along the crack propagation direction near the
outer surface of the specimen. After corrosion, a thin
oxidation layer is present on the outer surface of the specimen.
The stable expansion zone on the fracture surface has a dense
oxidation layer with a thickness of about 3.3 pum, and no
abnormalities are observed in the underlying matrix structure.
From the analysis of morphological features, it can be seen
that the oxidation layer on the fracture surface is a layered
structure, including an outer oxidation layer and an inner
oxidation layer. In addition, as shown in Fig.7d, carbide exists
between dendrites near the section along the crack growth
direction, and oxidation penetrates deep into the matrix along
the carbide location.

During the rapid crack propagation stage, wear and extru-
sion characteristics can be seen in the local area, as shown in
Fig.7e. The extrusion depth is 30—50 um, which is obviously
different from the morphology of the matrix.
observation at high magnification shows that the microstruc-

Local

ture in the extrusion zone has obvious plastic deformation,
and the matrix structure is a cubic frame structure. After
extrusion deformation, the microstructure in the extrusion
zone is a triangular structure, which is similar to the crystal
plane structure of (111). Moreover, there are a large number of
parallel slip lines in the matrix below the deformation layer, as
shown by the white line segment in Fig.7f.

According to the above analysis, in the early stage of crack
growth and the stable growth stage of high-cycle fatigue, the
structural characteristics of the fracture section are single, and
the microstructure near the fracture has no obvious
deformation characteristics except for the oxidation layer.
During the rapid propagation stage, the fracture surface has
wear and extrusion characteristics, the direction of the

microstructure changes after deformation in the deformation
layer, and there are a lot of tilt and slip characteristics in the
matrix.

3.4 Plastic deformation analysis of fracture surface

EBSD can help analyze the crystal structure, crystal
orientation, and other related information of materials.
Although single crystal superalloys do not have grain
boundaries, their matrix structure is composed of y channels
and cubic y' phases. During fatigue testing, the matrix near the
crack tip is prone to plastic deformation under alternating
loads. EBSD can more intuitively express the plastic
deformation of the fracture surface through the orientation
changes of the microstructure.

Through analysis of the high-cycle fatigue fracture at
850 °C, it is found that there is a significant oxidation layer on
the surface of the fracture, and the oxidation layer exhibits
delamination. Due to the thin oxidation layer thickness, SEM
can only make preliminary judgments of the oxidation layer,
and more microscopic and detailed morphology cannot be
obtained. In order to further investigate the surface oxidation
behavior of high-cycle fatigue fracture under the condition of
850 °C/R=0.05, FIB specimens were taken from the fatigue
fracture under microscopic conditions. After sampling, the
oxidation mechanism of the fracture surface was obtained by
EBSD and TEM analysis.

For high-cycle fatigue fracture, there are three stages of
fatigue crack propagation: initiation, stable propagation, and
fast propagation. Due to the ongoing application of alternating
fatigue loads, there is a sizable plastic zone in the stress
concentration zone during the crack initiation stage, even
before the fracture occurs. The majority of high-cycle fatigue
fractures are caused by casting defects. Consequently, the
plastic zone and oxidation situation during the initiation stage
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can be characterized by sampling vertical section of the
fracture surface close to the defect.

The crack firstly appears at the casting defect within the
specimen, which is situated on the {111} slip plane, as seen in
Fig. 8a. As indicated in Fig. 8b, FIB specimens were taken
along the vertical fracture path close to the casting defect,
whose cross-sectional dimension is 5 pmx5 pum.

The fracture section near the fatigue source area was
subjected to EBSD analysis, and the resulting inverse pole
figure (IPF) along Z-axis is shown in Fig.8c. On the fracture
surface, a layer of grain with clear boundaries is formed, and
the distinction in crystal orientation between neighboring
grains can be identified by comparing the colors of the grains.
Beneath the oxidation layer is a transition layer, most of the
areas within which are unable to recognize crystallographic in-
formation based on element Ni. This region is also referred to
as a distortion layer. Below the transition layer is the Ni matrix,
and the crystallographic information recognition of element
Ni in the matrix layer is relatively high. The Ni matrix
approaches the (001) crystal plane in the Z-axis direction of
IPF. According to the orientation difference analysis of the Ni
matrix layer, as displayed in Fig. 8f, the matrix still exhibits
single crystal properties because the overall orientation diffe-

rence is less than 10°. Fig.8g displays the misorientation angle
distribution of the oxidized grains on the fracture surface. The
outermost oxidation layer of the fracture has a polycrystalline
structure because the orientation difference is dispersed over
the range of 0°-60° and can reach up to 60° between random
grains. Fig.8d shows the kernel average misorientation (KAM)
map of the fracture section. It can be seen that only some of
the grains in the surface oxidation layer have deformation
characteristics, and plastic deformation is mainly concentrated
in the transition layer. The plastic deformation parameters
along the fracture surface towards the interior of the matrix
were measured, as shown in Fig. 8e, and there is significant
plastic deformation at a distance of 1.4 pm from the surface.
3.5 TEM analysis of fatigue fracture

During the TEM analysis process, energy dispersive X-ray
spectroscope (EDS) was used on the fracture section of the
fatigue source area, and the results are shown in Fig.9. The
outermost oxidation layer is mainly composed of elements Ni,
Co, and O, while the short rod-shaped structure in the distor-
tion layer is mainly composed of elements Al and O. Elements
Ni and Al are mainly distributed in the cubic y’ phase of the
matrix, while Co, Cr, Re and other elements are distributed in
the y channels as strengthening elements for the matrix.
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Fig.8 EBSD analysis results of crack source area of high-cycle fatigue fracture with o, =640 MPa and N=2.195x10° cycles: (a) FIB sampling
location, (b) morphology of FIB, (c) IPF along Z-axis, (d) KAM map, (e¢) distribution of KAM along the line marked in Fig. 8d,

(f) misorientation angle distribution of Ni matrix layer, and (g) misorientation angle distribution of oxidized grains
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Fig.9 TEM image and corresponding EDS element mappings of fracture section near the fatigue source area

Local element content analysis was conducted on six
different points within the oxidation layer and distortion
layer on the fracture surface. The analysis points are shown
in Fig. 10, with large grains, medium grains, small grains,
and distortion layer at different depths from the surface
inward. The large grains in the outer layer of the oxidation
layer and the grains in the inner layer are mainly composed
of elements O, Co, Ni, as well as a small amount of elements
Ta and W. The outermost layer has a slightly higher Co

Element Content/%

—_
S
T

200 nm

20f

content. For small grains at the boundary between the
oxidation layer and the distortion layer, the content of
elements Co and Ni decreases significantly compared to the
outer grains, while the content of elements Ta and W
increases, and the content of element Al slightly increases.
The content of elements Al, Cr, Ta, and W in the distortion
layer is significantly increased, while the content of elements
Ni and Co is decreased. The specific element content of

[ —A— Small grain (point 3)

=0O=Large grain (point 1)
=O=Medium grain (point 2)

== Distortion layer 1 (point 4)
Distortion layer 2 (point 5)
== Distortion layer 3 (point 6

O Al Cr Co Ni

Element

Mo Ta W

Fig.10 TEM image of oxidation layer and distortion layer on fracture surface (a) and variation curves of element content at different points marked in

Fig.10a (b)

each part is shown in Table 2.

According to analysis, during the fatigue fracture oxidation
process at 850 °C, elements Ni and Co migrate to the surface
and are preferentially oxidized into grain morphology attached
to the outermost surface of the fracture. The migration speed
of elements Al, Cr, Ta, and W to the surface is slow, so the
outer grains only contain trace amounts of elements Al, Cr, Ta,
and W, which are mainly distributed in the distortion layer.
Due to the precipitation of elements Ni and Co in the
distortion layer, the Ni,Al structure is destroyed, and the
morphology of the original y channel and cubic y’ phase
disappears. Due to the temperature field, elements Al, Ta, and

Table 2 Element content at different points marked in Fig. 10a

(Wt%)
Point O Al Cr Co Ni Mo Ta w
1 2532 1.50 0 12.47 4243 043 1196 5.90
2 2319 114 017 6.53 5187 0 1226 4.85
3 2475 435 0.78 3.14 2726 020 2594 13.59
4 2621 791 123 296 1240 0.11 31.70 17.48
5 2723 974 1.84 2.82 842 0 31.62 1833
6 27.00 888 134 412 21.13 0.09 24.00 13.44
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