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Abstract: The fatigue limit of nickel-base single crystal (NBSX) is experimentally studied at an
elevated temperature of 980°C. The crack initiation position is revealed as the casting pores in the
single crystal under scanning electron microscope (SEM), and distinct “fish-eye” region is observed
on the long cycle fatigue fracture surface. The failure mechanism is explored around the “fish-eye”
by adopting the focused ion beam (FIB) and electron backscatter diffraction (EBSD) technique. The
crystalline motion and the fatigue crack initiation mechanism around the initiation pore are revealed
by conducting microscopic analyses.
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1. Introduction

Nickel-base single crystals (NBSX) have long been used for the fabrication of hot-end
components such as the turbine blades due to their excellent fatigue and creep resistance at elevated-

temperature [1]. Owing to the elimination of grain boundary where cracks are prone to initiate, the



high-temperature anti-fatigue capacity of NBSXs has been enhanced. However, this specific single

crystal structure requires a complicated casting process. Nowadays the directional solidification

technique is commonly used for the casting of NBSXs, and currently it is inevitable to avoid the

introduction of casting pores in the solidification process. As an unavoidable internal defect, pores

become the stress concentration locations under external loading, and replace the grain boundary as

the place where fatigue cracks are prone to initiate [2, 3].

The working environment of NBSX components is often under high temperature and high

pressure, and fatigue failure is one of the most common engineering problems [4, 5]. At present, the

research on the fatigue problems of NBSX involves orientation-related anisotropic fatigue

properties [6-8], the influence and mechanism of different working environment or load conditions

on its fatigue failure mode [9-12], creep-coupled or thermomechanical fatigue problems [5, 13-15],

the influence of casting process parameters and alloy composition on fatigue properties [16], the

development of fatigue life prediction models[17-20], etc. The effect of non-zero mean stress on the

fatigue life of NBSX has also attracted attention. The effect of non-zero mean stress on the fatigue

life of NBSX has also attracted attention. Wan et al. studied the low-cycle fatigue (LCF) behavior

of smooth and notched specimens of a NBSX and proposed a crystallographic LCF life model that

considers mean stress effect [21]. Li et al. developed a mean stress modified strain range partitioning

method to predict the fatigue-creep life of NBSX SRR99 and put forward the idea that the mean

stress effect plays a role in the influences of strain dwells on the life of SRR99 [22]. Brien et al.

experimentally studied the deformation microstructures of a NBSX in LCF, and the microstructures

of the crystal under both zero and non-zero mean stress conditions are studied in detail [23]. The

fatigue endurance limit is a critical parameter regarding the engineering anti-fatigue design, and



currently few studies can be found on this aspect. Ryan and Patrick [24] studied the fatigue behavior
of a NBSX superalloy in the gigacycle regime of 10° to 10° cycles at an immediate temperature of
593°C. By comparing their tested endurance limit under a high frequency of 20kHz with similar
data generated near 60Hz, they come to the conclusion that there is little or no frequency effect on
the fatigue limit or failure mechanisms of the tested NBSX. Existing studies [12, 25, 26] have shown
that temperature has a significant effect on the fatigue failure mode of NBSXs, even though the
coupling effect of temperature and loading frequency is not clear yet. Therefore, the failure
morphology and mechanism obtained by Ryan and Patrick at medium temperature cannot directly
be applied to the near-fatigue-limit study of NBSXs at high temperature. Belyaev et al. [27, 28]
experimentally studied the high cycle fatigue limit of NBSXs, and they found that the anisotropy of
the high cycle fatigue limit of tested NBSXs is insignificant. Jiang et al. [29] obtained some
specially-casted NBSXs with different pore sizes by controlling the casting process, and used them
to study the conditional fatigue limit. Combining the life prediction model with Murakami’s model,
a fatigue limit evaluation approach was proposed. The above research carries out the defect-
tolerance analysis by combing with the Kitagawa-Takahashi diagram, which can be very practical
for engineering purpose. Based on previous studies, this research concentrates on the high-
temperature fatigue limit of NBSXs obtained under normal casting process and focuses on the
damage mechanism of high cycle fatigue near the fatigue limit by using different research methods.

The study on conditional fatigue limit is often included in the study of ultra-high cycle fatigue.
At present, some research has been conducted on the ultra-high cycle fatigue damage mechanism
of NBSXs. Cervellon [30] et al. investigated the crack initiation mechanism in the ultra-high cycle

fatigue regime of NBSXs at high temperature and under fully reversed loading conditions. They



identified for the first time a discernible area called rough zone around the crack initiation site, and

conducted detailed research on the relevant failure mechanism. Crack initiation generally occupies

a large endurance part in the entire fatigue failure process, and it is significant to further investigate

the very initial failure mechanism by analyzing the observed discernible area around the crack

initiation site [31]. In fact, similar observations have long been noticed and studied in the very high

cycle fatigue of other materials undergoing different names among which the best known ones are

fine granular area (FGA) and fish-eye region [32]. Grad et al. [33] identified the FGA on the fracture

surfaces of high-strength steels after very high cycle fatigue loading, and proposed a mechanism for

the formation of this area by means of multiple microscopic investigations. Heinz and Eifler [34]

conducted high frequency fatigue tests to study the very high cycle fatigue behavior of a titanium

alloy, and the fracture surfaces under light and scanning electron microscopy are characterized by

fish eye structure. Though multiple formation mechanism of the FGA has been proposed [35-39],

at present a widely accepted mechanism does not exist. Besides, considering the difference in

material composition and crystallographic structure, as well as the diversity of external factors that

can affect the FGA formation and morphology [40-42], it is of essential significance to conduct

specific research on the formation of this distinct region in NBSXs, and at present, there is still a

lack of research from this aspect.

In recent years, the misorientation analysis based on EBSD technology has gradually become

an effective failure analysis method [43-45]. The theoretical basis or working principle of EBSD is

to conduct orientation based post-processing analysis by obtaining the orientation information of

every micro-area on the sample. In the field of applied mechanics, this technology has been applied

to failure analysis of tension [46-50], creep [51, 52] and fatigue [53-55]. Compared with the



traditional fracture analysis methods, EBSD can effectively obtain the internal deformation features

of the crystal, and avoid the influence of environmental factors such as the effect of oxidation on

the fracture surface. Especially for single crystal materials, the undeformed material has an orderly

crystal structure. EBSD has the advantage of effectively obtaining the crystal orientation changes

caused by internal deformation such as lattice torsion after loading, providing a new perspective for

the analysis of fatigue damage mechanism. In order to characterize the above-mentioned

deformation information which is represented by orientation changes, orientation-related

parameters such as Kernel Averaged Misorientation (KAM) and Grain Reference Orientation

Deviation (GROD), which will be introduced in detail in Section 3, can be adopted and the

achievability of their visualization through mapping methods can give a direct quantifiable

presentation of the deformation degree in material failure process. Above all, the adoption of EBSD

in the study of single crystal fatigue failure is rational and effective. At present, there are few studies

on the application of EBSD to the fatigue damage analysis of NBSXs. Ruttert et al. [56] adopted

the EBSD to investigate the influence of eutectics and porosity on the high-temperature LCF life of

a NBSX, and come to the conclusion that both pores and eutectics have a negative impact on the

LCF performance. Han et al. [57] used the EBSD to study the effect of crystal orientation on fretting

fatigue induced crack initiation and dislocation distribution, and their EBSD analysis results could

show obvious misorientation and orientation deviation in the fretting contact area. Moverare et al.

[14] studied the deformation and damage mechanisms arising during thermal-mechanical fatigue

of a NBSX, and the EBSD map was adopted and proven a useful tool to show the recrystallization

and misorientation. In fact, EBSD technique can do much more than being used as an orientation

expression method. The deformation information can be extracted and processed from the original



orientation data, and then used for the damage characterization. Up till now, there is still a lack of
research on the deformation characterization and fatigue failure mechanism of NBSXs by applying
the EBSD techniques.

In this paper, the up-down test of a NBSX superalloy is carried out at an elevated temperature
to obtain the fatigue limit, and the deformation mechanism is investigated by conducting in-depth
failure analysis around the crack initiation site where “fish-eye” is observed. The EBSD technique

is adopted to analyze the dislocation motion and lattice distortion during the damage process.

2. Up-Down Experiment

2.1 Test method

Up-down experiment is a testing method used to obtain the conditional fatigue limit of
materials. The real fatigue limit does not exist [58], and the so-called conditional fatigue limit refers
to the fatigue strength corresponding to a certain cycle of fatigue. Generally the fatigue limit
corresponding to 107 fatigue cycles is commonly used in engineering, and thus in this paper, the so-
called fatigue limit refers to the loading magnitude that causes a fatigue failure at 107 cycles.

In the current up-down test, the failure cycles 107 is set as the termination condition of a single
test: if a test piece fails before 107 cycles, the test is terminated, and this test point is defined as a
failure point (x). Otherwise if a test piece does not fail before 107 cycles, the test is terminated at
107 cycles, and this test point is defined as a pass point (). If the previous test piece makes a pass
point, the subsequent test piece is loaded under a lower stress level. If the previous test piece makes
a failure point, the subsequent test piece is loaded under a higher stress level. The determination of

the stress increment/decrement will be introduced in next section. The test rule stands until all the



tests are completed. The first effective data point is the point where the opposite test results (failure
and pass) appear for the first time. After all the tests, all the opposite data points are matched and
the mean value and standard deviation of the fatigue limit are calculated according to the following

equation

5,=L%s,
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where S; denotes a couple of opposite test points, Sr and Sp separately denotes the stress magnitude

of the failure point and the pass point in a couple. #, is the number of couples. Sm and Ss respectively

represents the mean value and standard deviation of the fatigue limit.

2.2 Material and test piece

The test material is second generation NBSX superalloy DD5 developed in China. Since 3%

Re has been added on the basis of the first generation, its ability to withstand high temperature

loading is further improved. The nominal composition of the alloy is shown in Table 1. The tensile

strength in [001] direction at 980 ° C and the engineering elastic constants in [001] direction at 1000 °

C are shown in Table 2.

Table 1

Nominal composition of DD5 (in wt.%).

Cr Co Mo w Ta Re Hf Al C Ni

7 8 2 5 7 3 0.2 6.2 0.05 Balance




Table 2

Mechanical properties of DD5 (in [001] direction)

Elastic modulus ~ Poisson's ratio Shear modulus Yield strength Ultimate strength
E/GPa H G/GPa o,,/MPa o, /MPa
95.34 0.416 89.7 792 850

The test bars are produced by using the spiral grain selection in a high gradient vacuum
induction furnace. The heat treatment process of as-cast test bars is 1310°C/2h + 1313°C/2h (air
cooling) + 1130°C/4h + 870°C/16h (air cooling). The original test bars have a main orientation of
[001] with different misorientation degrees. Due to the inevitability of misorientation in the current
casting process [59, 60], and the well-accepted theory that fatigue performance can be weakened by
increasing misorientation degree [0, 61, 62], the axial crystal orientation of the test bars is selected
to be less than 5° after the orientation measurement under EBSD.

The geometry of the test specimen is shown in Fig.1. The hourglass shaped test piece has a
total length of 70mm, and the clamping section at the two ends is 14mm in length and 14mm in
diameter. The diameter of the gauge section gradually decreases from both ends to the middle, and

the diameter at the middle minimum section is Smm.
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Fig.1. Configuration of test piece ( Unit:mm)



2.3 Test process

The fatigue tests were carried out on the GBQ50-B high frequency fatigue testing machine, as

shown in Figure 2. The maximum loading capacity of the testing machine is +50KN . The loading

frequency was set equal to 110Hz and the test temperature to 980 °C. Before the test, the specimens

were clamped in the testing machine through the fixtures, and a thermocouple was attached at the

center of the specimen for temperature measurement. The test pieces were placed in a high-

temperature furnace to be preheated to 980 °C before the test. The test pieces were not loaded until

the temperature was stable with a fluctuation less than +3°C. The loading waveform was a sine

wave, and the stress ratio was set equal to 0.1. The test conditions are summarized in Table 3.

'

Furnace

Fig.2. Fatigue test implementation

Table 3

Up-down test conditions.

Test temperature ~ Loading frequency ~ Load wave Stress ratio




980 °C 110Hz Sine 0.1

In order to use the up-down test method, it is necessary to determine the stress
increment/decrement to define pass and failure points. This value is kept constant throughout the
whole test process, and it is referred to as stress variation hereinafter. Generally, the stress variation
should be determined as less than 5% of the fatigue limit [63]. According to the mechanical
properties listed in Table 2, the fatigue limit of the NBSX DDS5 was estimated to be equal to 50% of
the tensile strength, namely 425 MPa. Accordingly, the stress variation had to be less than 21.25
MPa. Therefore, in order to obtain a more precise value of the fatigue limit from the test, the stress

variation was taken equal to 10MPa.

2.4 Test results and fracture analysis

The up-down test results are shown in Fig.3. The first effective point starts from the stress level
of 440MPa. The calculated fatigue limit according to Eq. (1) is 432.5MPa. There are in total 4

fractured specimens and three failed at 440MPa and one failed at 430MPa.

| —X— Failed
440 X x X O Pass
N \ / \ / \
<
[a W)
=
Z 4301 (o] (o] X o
=
ﬁ — O,
425 T=980°C
f=110Hz
R=0.1
420 4

Fig.3. Up-down test result

The fracture surfaces of the four specimens are shown in Fig.4. It can be seen clearly from the



fracture surface that the crack initiates from the casting pore, and there exists a visually
distinguishable round-like area around the pore. Since it is very similar to the fish-eye region on the
fracture surface of the VHCF specimen, hereinafter this region is referred to as fish-eye region.

(@) 440MPa Fish#eye feature 440MPa % &

Initiation-por

5,149,000 Cycles 5,163,000 Cycles

430MPa

I

7,934,000 Cycles 7,265,000 Cycles

Fig.4. Fracture surface



Our previous study has shown that pore size has a significant effect on the fatigue life of NBSX
[29]. Murakami’s diameter [64] and Feret’s diameter [65] are both adopted here to quantify the pore
size. Murakami’s diameter is the root-mean-square of the projected area of the pore, whereas Feret’s

diameter is the diameter of the smallest circle that contains the pore, as shown in Fig.5.

1)) fish-eye

e SN

500.00um | | 'A 5 Dfnu : '\/

Fig. 5. Crack initiation region characterization: (a) Fish-eye size (b) Feret diameter (3) Murakami

diameter

The measured pore size as well as the fish-eye region size are listed in Table 4. It can be seen

that the cycles are correlated with the pore size and stress level. When the pore size is bigger, and

the stress is higher, the cycles are lower. The fish-eye size shows a stronger dependence on the stress.

Table 4

Test and measurement data. (Note: Test No. 2,4,7,8 are unfractured specimens)

Test No. 1 2 3 4 5 6 7 8
Stress/MPa 440 430 440 430 440 430 420 430
Cycles 5,149,000 - 5,163,000 - 7,934,000 7,265,000 --- ---

Sareal UM? 24357 - 26572 - 14786 33013 ---




Dl S irea

156 --- 163 --- 122 182 --- -

)/ um
Dferer / um 241 --- 235 --- 195 302 --- -
Diish-eye / um 1518 --- 1143 --- 1639 2558 --- -

3. EBSD implementation

3.1 Misorientation characterization parameter (KAM and GROD)

The EBSD technique provides a practical method to detect the orientation alteration in the
single crystal. The original data obtained from the EBSD are in the form of Euler angle
(4, & ¢, which can be further transformed into the form of orientation matrix g,

cosg, sing, 0|1 0 0 cosg, sing, O
g=|-sing, cosg, 0|0 cosg sing | —sing cosg O 2)
0 0 1{|0 —sing cos¢ 0 0 1

Therefore, the orientation deviation between any two points A and B can be obtained through

the following equation,

-1 _
0. = arccos{tmce(gB2 8a) 1} (3)

For single crystal materials, few orientation deviation can be found in the undeformed state.
However, after the material undergoes a damage process which can cause severe local deformation,
the lattice can no longer maintain its original regular form and leads to varied orientation distribution
in the single crystal. In order to characterize the degree of transgranular orientation variation, two
parameters were introduced: the Kernel Averaged Misorientation (KAM) and the Grain Reference

Orientation Deviation (GROD).



KAM is defined as the average misorientation degree between the kernel point with respect to
its surrounding points. Generally the surrounding points can be the four (in some cases six or eight)
neareast points around the kernel point. According to its definition, the KAM is a parameter used to
characterize the local orientation gradient, and it is a reflection of the local deformation degree.

KAM(, j) L)i( @(i{;l),_m " 9((1_:;1),./) n 9(<iz;,/()—1> n 9((14[,}].;1)) 4)

GROD is defined as the orientation deviation between a target point and a reference point.
Generally the reference point is taken as the point representing the average orientation state of the
crystalline grain [66] or the point with the lowest KAM value. It can be seen from the definition that
GROD is a parameter used to characterize the intracrystalline inhomogeneity degree of orientation.

GROD (m,n)—%— ™" (%)

The schematic of KAM and GROD is shown in Fig.6.

(a) (b) -
(-1, 71 (1',2*'1) 7+1, 71 :“> \
w 4 | we
(1, )] 94 1: »0o (i1, ) {67 o
%Y \
li-1, 71 G 1) i+, 1) /
KAM GROD
| | [ |
Single crystal Single crystal

Fig.6. The schematic of (a) KAM and (b) GROD

3.2 Dislocation characterization parameter (GND)

Geometrically Necessary Dislocation (GND) was first introduced by Nye [67], and it refers to

the dislocations appeared in strain gradient fields due to geometrical constraints of the crystal lattice

in crystals. The GNDs are stored in the crystal microstructure to accommodate the geometrically



deformation gradients, so as to allow compatible deformation of the crystal [68].

Due to the close correlation with lattice curvature, the density of GNDs can be calculated

through EBSD. The relation between the local dislocation density tensor @ and the curvature

tensor K is as follows:

a, =Ky
Q3 =Ky
Q) =Ky
(6)
Uy =Ky

Oy = —Ky —Kp

Oy =0y =Ky —Kp
The curvature tensor K can be obtained through EBSD. The relation between the local

dislocation density tensor @ and different dislocation types are [67]:

N

%- — Zbi([)l;t)/)([) (l, ,] =1, 2,3) (7)
=1
where p"" is the tth type dislocation density, b® and 1) are separately the Burgers and line vectors

of #th type dislocation.

Thus the curvature tensor K can be expressed as follows:

< 1
Ky = 2(17;‘1)1;0 _Eé‘fy‘bﬁf)l,ﬁ:) ]Pm )

t=1

where ¢, is the Kronecker delta symbol.

The total GND density is the sum of different dislocation density types:

N
Ponp = ZP(Z) ©)
i=1
3.3 Sample preparation and observation process

In order further to investigate the crack initiation mechanism around the pore, one fractured
specimen with typical fish-eye feature was post-processed as an EBSD sample after fatigue testing.

Firstly, a small section containing the fractured surface was cut off using wire-electrode cutting,



then this small section was further cut through the center of the pore with very careful attention not

to destroy the fracture morphology, as shown in Fig.7(a). It should be noted that the cutting direction

was chosen to be along the direction of the dendrite arm, since it is important to locate the lattice

coordinate by taking the dendrite arm as a reference, as shown in Fig.4(b). Three observation regions

were determined. The first and the second observation sites were located in the optically

distinguishable fish-eye region and were at the same cutting edge as the initiation pore. The first

observation site was near the edge of the specimen, and the second was in between the first site and

the pore. The third observation site was located at the longitudinal section of the specimen, as shown

in Fig.7(b).

Cut 1
Obtain a small section
containing the fracture -
surface

Fish-eye
region
Cut 2
Through the centre of the
pore
(a)

~
Observation
\ site 1

Observation
site 2

(b)
Fig.7. The processing of EBSD observation surface: (a) cutting of the specimen (b) EBSD
observation sites

Since the fracture surface can easily be destroyed by using traditional metal polishing methods,



the first two observation sites near the pore were polished by adopting the focused ion beam (FIB)

processing through the Strata FIB 201 equipment produced by the America FEI company, as shown

in Fig.8. The scan area of the first site was a rectangle with a length of 11.2um and a width of Sum,

the scan area of the second site was a rectangle with a length of 11.4um and a width of Sum.

L

Fig.8. The FIB processed observation sites: (a) observation site 1 (b) observation site 2

The longitudinal section on which the third observation site was located was carefully polished

by using 600#, 800#, 1000#, 1200#, 1500#, 2000#, 3000#, and 5000# sandpaper for preliminary

grinding, followed by 5, 3.5, and 0.5 um diamond polishing paste to remove the surface small

scratches. Lastly, 0.05 and 0.02 micron silica fine polishing liquid was used for final finish.

After the surface processing, the samples were observed under the Gemini SEM-500 ultra-high

resolution scanning electron microscope produced by German Carl Zeiss, the adopted camera was

the EBSD camera produced by Oxford Instruments.

4. Results and discussion

4.1 KAM and GROD

The KAM distributions at the first and the second observation sites are separately shown in

Fig.9(a) and Fig 9(b). It can be seen that the KAM degree fraction at both sites conformed to normal

distribution. The highest degree fraction at the first site corresponded to about 0.3 degree, and that



of the second site corresponded to 0.4 degree. The second observation site, which was closer to the

initiation pore, had a relatively higher KAM value. Since KAM is closely related to local

deformation, it can be seen that the local lattice deformation at the fish-eye region is enhanced when

getting closer to the initiation site.

04
03
=
&
2
E 02
A
E
g
-4
01
Min  Max
= = ool [
l:l 0 5 0.1 0.2 0.3 0.4 05 06 0.7 0B 09 1.0 LI 1.2 13 14 15
Kernel Average Misorentation [degrees]
(a)
0227
0.20
018
0167
5 0.4t
g
E 012y
¥ ool
£ 010
Z oos:
0.067
0.04%
Min  Max 0021

Edo0 s

01 02 03 04 05 06 07 08 05 10 11 L2 13 14 15
Kerned Average Msoientation [degrees]

(b)

0.25

020

=
Ln

Mumbe Fracton
=
s
o

[1%¢51

0.00
1 2 3 4

Kerne Average Misonentation [degrees]

(©

Fig.9. The KAM distribution of (a) observation site 1, (b) observation site 2 and (c) observation



site 3.

The KAM distribution at the third observation site, which was right below the initiation pore,

is shown in Fig.9 (c). It can be seen clearly that the highest degree fraction at this site corresponded

to near 1 degree, which is higher than the first and the second sites. It suggests that the local

deformation in the vertical direction was stronger than that in the parallel section.

The GROD distribution of the first and the second sites is shown in Fig.10. In both sites, the

maximum GROD value was located near the central line (the cutting side) of the initiation pore. The

GROD distribution of both sites did not show obvious difference. Since the GROD is a parameter

used to show the local orientation inhomogeneity by quantifying the reference misorientation degree

(in this paper, the lowest KAM value is taken as the reference point), it can be concluded that the

relative misorientation in the fish-eye region was comparatively homogeneous, which was different

from the local deformation represented by KAM.

- b 1 -

Min  Max |

i ran— oo T

@ (b)

Fig.10. The GROD of (a) the first observation site and (b) the second observation site

The GROD distribution of the third observation site is shown in Fig.11. It can be seen from the

diagram that the GROD value had a distinct inhomogeneous distribution. The scanning area was

much bigger than the FIB processed area, and this explains why the misorientation gradient was

more obvious in this region. The GROD value reached the highest near the origin site, and gradually

decreased in the direction deviating from the origin side. To have a more intuitive description of the



changing of GROD, a deviating path is marked in the diagram, and three distinct points on the path

are highlighted to show the local lattice orientation. The relative orientation change in respect to the

origin point as well as the point-to-point orientation change on the deviating path are shown in

Fig.11(b). The point-to-point orientation change fluctuates near the one-degree level line, but

maintains comparatively stable. The point-to-origin orientation change keeps growing on this path,

indicating that the intense plastic behavior at the initiation site leads to severe “long-range” lattice

deformation. By combing with the KAM distribution shown in Fig.9, it can be concluded that total

deformation at the initiation site can be the sum of two parts: the local deformation which is related

to the local lattice motion, and the reference deformation with respect to the original crystal

coordinate system, as shown in Fig.12. It indicates that the plastic motion at the initiation site is

complex, and the lattice deforms not only locally but also globally.
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Fig.11. The GROD of the third observation site
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Fig.12. The schematic of the total deformation at the initiation pore

4.2 GND

In order to analyze the GND density distribution, the original orientation data taken from the

observation site 1 (Fig.7) are post-processed according to the method introduced in Section 3.2.

Firstly, the orientation data of every scanning point can be obtained through the EBSD observation,

then the dislocation theory presented in Section 3.2 is introduced into a self-developed Matlab

program. The GND dislocation of different dislocation types can be calculated for every point, and

the final GND dislocation map is obtained by using a self-defined dislocation parameter output in

this program.

It should be mentioned that the crystal coordinate system is supposed to be defined in this

analysis. Since the original test bars were casted with an axial crystal orientation of [001], the

orientation which is perpendicular to the fracture plane is defined as the natural crystal [001]

orientation. The distinct dendrite arm (Fig.4 (b)) shown on the fracture plane is used as a reference

to define the [100]-[010] orientation. Since the nickel-base single crystal has a face-centered cubic

structure, and the [100] orientation is totally symmetric to the [010] orientation, therefore, these two

orientations can be interchangeable. Without loss of generality, the dendrite arm direction which is



parallel with the cutting direction is defined as the [010] orientation, and another direction which is

perpendicular to the cutting direction is defined as the [100] orientation, as shown in Fig.14(a).
Fig.13 shows the calculated dislocation density distribution on different slip systems. The slip

plane (111) with two slip directions[011] and [110] have shown to be the slip plane with the

maximum edge dislocation density, and the screw dislocation peaks at the [110] direction.
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Fig.13. The dislocation density on different slip systems

GND refers to the dislocations appeared in strain gradient fields due to geometrical constraints

of the crystal lattice in crystals. NBSX is constructed by one single crystal and its lattice structure

is continuous. The curvature degree of lattice at different parts can be effectively reflected by the

magnitude of GND density. In a sense, the GND density is positively correlated with the plastic

deformation and therefore can be used as a reflection of internal plastic deformation.

NBSX is typical face-centered cubic(FCC) crystal, and the slip along natural slip systems of

FCC structure has been widely reported as a dominant failure mode in the fatigue deformation of

NBSX [7,17,69]. Therefore, it is significant to analyze the GND density on each slip system, which



can be an effective way to track the dislocation motion as well as to estimate the deformation degree
in the fatigue process.

According to the calculated results shown in Fig.13, the GND density on the slip plane (111)
is obviously higher than that on other planes, which suggests that the lattice deformation
accumulation based on this plane is faster and easier, and the dislocation motion is more intense. In
the fatigue failure process of NBSX, multiple slip systems are potential to be activated and generally
there exists a dominant slip system which encounters the severest damage and determines the crack
initiation direction. The relation between the GND density and the slip motion is further analyzed

in Section 4.3.

4.3 Discussion

(1) The analysis of KAM/GROD results

The KAM and GROD are crystal orientation characterization parameters which can be useful
to reestablish the fatigue failure process. For single crystal materials, the fatigue process is
accompanied by intense lattice deformation, which is a result of internal dislocation accumulation.
The lattice deformation degree can be reflected by the magnitude of orientation change, and a larger
orientation change suggests a severer deformation state.

As introduced in Section 3.1, KAM is used to characterize the local orientation gradient, and
it is a reflection of the local deformation degree. GROD is defined as the orientation deviation
between a target point and a reference point, and it is used to characterize the intracrystalline
inhomogeneity degree of orientation. By combining the different characterization function of these

two parameters, the deformation status represented by lattice curvature can be well presented.



In the fish-eye region of the tested NBSX, the observation site which is closer to the initiation
pore shows a higher KAM value, it can be seen that the local lattice deformation at the fish-eye
region is enhanced when getting closer to the initiation site. Different from the KAM, the local
orientation inhomogeneity represented by the value of GROD does not show obvious dependence
on the distance from the initiation pore in the fish-eye region. However, when observed from a larger
scale, the GROD shows an obvious gradient from the initiation pore to far-field region, which
indicates that the fish-eye deformation center encounters severe lattice distortion with respect to the
far-field lattice structure in the damage process. By combining the results of KAM and GROD, it
can be concluded that total deformation at the fish-eye center can be separated into the local
deformation and the reference deformation, and the reference deformation is severer.

(2) The relation between the crack initiation direction and the dislocation density

In order to analyze the relation between the crack initiation direction and the dislocation density,
the fracture feature is further analyzed in Fig.14(a). Under the scanning electron microscope, the
main crack initiation direction could be clearly identified, which is about 45 degrees inclined to the

[100] direction in the crystal coordinate system, as shown in Fig.14(a).
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Fig.14. The crack initiation direction analysis

The slip trace of the slip plane (111) on which the dislocation density peaks is analyzed in
Fig.14(b) and Fig.14(c). It can be seen that on the (001) plane, which is exactly the fracture plane,
the slip trace caused by the motion of the slip plane (111) is a line with 45 degrees inclined to the
[100] direction. This is in agreement with the crack initiation direction in Fig.14(a). The slip
direction of the screw dislocation is in the [110] direction, which is also in agreement with the
crack initiation direction. Therefore, it can be concluded that the slip direction on which the
dislocation density reaches the maximum determines the crack initiation direction of NBSX under

the investigated background.

5. Conclusions

In this paper, the fatigue limit of nickel-base single crystal is experimentally studied. The
fatigue failure is revealed as pore-induced crack initiation, and the observed fish-eye region around
the initiation pore is studied by adopting the EBSD method. The main conclusions can be drawn as
follows:

(1) Under the test condition of an elevated temperature of 980°C, the fatigue limit of the second
generation nickel-base single crystal DD5 with the specific heat treatment and casting method is
revealed as 432.5MPa.

(2) The fracture analysis results show that casting pores are the crack initiation sites under the
investigated background. Distinct fish-eye feature is observed around the crack initiation pore. By
conducting microscopic exploration in the fish-eye region under the adoption of EBSD, it is revealed
that severe plastic behavior occurs around the initiation pore accompanied by crystalline orientation

deviation. The total deformation around the pore can be dissolved into local deformation represented



by local misorientation motion and reference deformation represented by global misorientation

motion.

(3) The natural slip systems of face-centered cubic crystals are the slip deformation foundation

of the nickel-base single crystal material. The slip trace caused by the motion of slip plane can be

used as a reference to determine the dominant slip direction. The analysis result of geometrically

necessary dislocation density on different slip system shows that the slip direction in which the

dislocation density reaches the maximum agrees with the observed fatigue crack initiation direction.
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