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ARTICLE INFO ABSTRACT

Keywords: In-situ observation of crack growth and electron backscatter diffraction observation of micro-
TC1.7‘ t_itanium alloy structure around artificial surface defect and at mated crack surfaces are conducted for very high
Artificial surface defect cycle fatigue (VHCF) of TC17 alloy. The artificial surface defect induced VHCF failure presents no

Very high cycle fatigue
Crack initiation mechanism
Deformation twins

slow process of crack initiation and early growth accompanied with nanograin formation
commonly observed for internal cracking induced VHCF. It is attributed to the synergistic effect of
cyclic stress with time dependent process (e.g. the influence of moisture, action of hydrogen, etc.).
The nanograins and deformation twins are also observed in some « grains at or near crack
surfaces.

1. Introduction

In recent decades, numerous studies have shown that the metallic materials could still fail at the fatigue cycles exceeding 107 (i.e.
very high cycle fatigue, VHCF) [1-7]. Scanning electron microscope (SEM) observation indicates that the crack initiation and early
growth region often exhibits fine granular area (FGA) or rough area (RA) characteristic for high strength steels and titanium alloys
failed in VHCF regime [8-14]. Transmission electron microscope (TEM) and electron backscatter diffraction (EBSD) observations
further indicate that the microstructure in FGA or RA changes in some cases, which could be local regions of nanograins or a layer of
nanograins [11,13-18]. Some models have also been proposed for the formation of FGA or RA [15,19-23]. For example, one view is
that FGA or RA formation is due to the dislocation interaction caused by the locally high strain [10,14,17,24-26].

Recently, the intermediate process of internal crack initiation and early growth in VHCF regime was successfully captured for high
strength steels and titanium alloys by using the two-step variable amplitude loadings [14,25,27]. Based on the “tree ring” like marks
left on the fatigue fracture surface, the equivalent crack growth rate in crack initiation and early growth stage is lower than 102 m/cyc
and the equivalent crack growth rate increases with increasing the loading cycle. The captured secondary crack initiation and early
growth region with FGA feature further validates this evolutionary process of the internal crack initiation and early growth [27,28].

Defect is an important factor affecting the fatigue behavior, which could significantly reduce the fatigue strength or fatigue life of
metallic materials [29-31]. Usually, defects are inevitable in the process of component manufacturing and service. Therefore, it is of
great significance to investigate the effect of defect on VHCF behavior of metallic materials. Existing studies have shown that the crack
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initiation and early growth region often presents FGA or RA characteristic for the internal defect induced VHCF failure, and the S—N
data exhibit continuous descending feature in high cycle and VHCF regimes [8,9,27,28,32]. The nanograin formation is also commonly
observed in FGA for the internal defect induced VHCF failure [10,12,14,15,17,33]. However, for the artificial surface defect induced
failure, the S—N data tend to have plateau region feature in VHCF regime or in high cycle fatigue regime with longer fatigue life and
VHCEF regime for titanium alloys [18,28,34] and high strength steels [30,33,35,36]. Moreover, unlike the internal defect induced VHCF
failure, no FGA feature and nanograin formation for the microstructure were observed on the fracture surface around the defect for the
TC17 titanium alloy [18] and the structural steel in VHCF regime [33]. This indicates that the process of artificial surface defect
induced VHCEF failure should be different from that of the commonly observed VHCF failure from internal crack initiation. However,
the previous studies mainly focus on the mechanism of internal cracking induced VHCF failure and the artificial surface defect induced
VHCF mechanism still remains unclear. What is the mechanism of the artificial surface defect induced VHCF failure? How is the crack
initiation and evolution? These need to be further investigated and elucidated.

In this paper, we aim to explore the mechanism of artificial surface defect induced cracking for VHCF of titanium alloys. At first,
fatigue tests are conducted on a TC17 titanium alloy used for compressor blades in aero-engines by an ultrasonic frequency fatigue
testing system. The in-situ observation is used to capture the crack growth of specimens during VHCF test. The microstructures around
artificial surface defects and at mated crack surfaces after VHCF loading are observed by SEM and EBSD. Finally, the mechanism of
artificial surface defect induced cracking in VHCF regime is analyzed and discussed based on the experimental results. The paper
indicates that the artificial surface defect induced cracking in VHCF regime is not a purely cyclic loading dominated process, which is
due to the synergistic effect of cyclic stress with time dependent process (e.g. the influence of moisture, action of hydrogen, etc.) during
the long terms of cyclic loadings.

2. Materials and methods
2.1. Materials and microstructures

The material used in this paper is a TC17 titanium alloy. The chemical composition is 4.97 Al, 4.19 Cr, 4.12 Mo, 2.09 Sn, 1.90 Zr,
0.110, <0.10 Fe and balanced Ti in weight percent. The material was firstly under beta forging, then solid solution for 4 h at 800 °C
and cooled by water, and finally under aging treatment for 8 h at 620 °C. All the specimens were cut from the solid bar after heat
treatment. The yield strength is 1061 MPa and the tensile strength is 1145 MPa. The microstructure is basketweave with lamellar o
phase. The microstructure parallel to the loading direction is shown in Fig. 1.

2.2. Testing methods

The plate specimen with artificial surface defect is used in this study. The defect is fabricated by a small drill, which is located in the
middle of the gauge section with 8 mm width face of the smooth specimen shown in Fig. 2a. The gauge section of the smooth specimen
is ground and polished before the defect is drilled. The shape of the defect is shown in Fig. 2b, which refers to the SEM images of the
fatigue fracture surface of some failed specimens. The average width w of the defect is 332 pm, and the average depth h is 157 pm. The
fatigue test was conducted on an ultrasonic fatigue testing machine USF-2000A (f = 20 kHz). The cyclic stress is controlled by the
output displacement of the device, and the applied stress at the gauge section is at first transformed to the displacement by the
theoretical formula [37,38]. The stress ratio R was -1, and the fatigue loading without intermittence was used. During the fatigue test,
the compressive cold air was used to reduce the temperature of the specimen.

The fatigue fracture surfaces were observed by SEM. Moreover, one sample was cut from a failed specimen in VHCF regime and
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Fig. 1. EBSD observation of microstructure. a: Inverse pole figure (IPF); b: Phase map.
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Fig. 2. Shape and geometry of the fatigue specimen (in mm). a: Smooth specimen; b: Sketch map of drilled defect.

another one was cut from an unbroken specimen experiencing VHCF loading. They were both polished parallel to the loading di-
rection, and then observed by SEM and EBSD to further reveal the microstructure characteristic around the artificial surface defect,
along the crack surfaces and at crack tips. The in-situ observation by a microscope was also used to monitor the crack initiation and
growth induced by the artificial surface defect in VHCF regime.

3. Experimental results and analyses
3.1. Fatigue performances

Fig. 3 shows the S—N data of the plate specimen with artificial surface defect, in which the stress amplitude is taken as that of the
associated smooth specimen at the gauge section. It is seen that the plate specimen with artificial surface defect fails in high cycle
fatigue regime for the relative higher stress amplitude and it could fail in VHCF regime at the relative lower stress amplitude. The S—N
data in VHCF regime presents a plateau region feature, i.e. the stress amplitude does not show the downward trend with increasing the
fatigue life in VHCF regime. This phenomenon is also observed in specimens with artificial surface defect of the same TC17 alloy under
rotating bending and axial loading fatigue tests [18,34], steels [30,33,35,36] and the additively manufactured Ti-6Al-4 V alloy [28] in
VHCF regime or in high cycle fatigue regime with longer fatigue life and VHCF regime. It is different from the internal defect induced
fatigue failure that the fatigue strength decreases with increasing the fatigue life in high cycle and VHCF regimes [8,9,27,28,32]. This
implies that there is a “critical stress” below which the specimen with artificial surface defect does not fail in VHCF regime.

It is noted that the quality of the drilled defect (e.g. the difference of width w and depth h of the defect) might have some influence
on the fatigue performance. According to the results in literature [18,28,29], the defect size could be an effective parameter for
evaluating the influence of defect on the fatigue performance. Here, the defect size is measured for the failed specimens except for the
specimens prepared for EBSD observation, and it is between 197 pm and 217 pm. The defect size is taken as the square root of the
projection area of the defect on the fatigue fracture surface. Considering that the defect is of small difference in size and it is drilled by
the same process, the difference of the drilled defect is negligible in the present paper.

3.2. Fatigue fracture surface morphologies

The fatigue cracks all initiate from the artificial surface defect for the failed specimens. At relative higher stress amplitude, the
specimen fails in high cycle fatigue regime. While at relative lower stress amplitude, it fails in VHCF regime. Fig. 4a and b show the
fracture surface morphology of the failed specimen in high cycle fatigue regime, and Fig. 4c and d show the fracture surface
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Fig. 3. S—N data of tested specimens with artificial surface defect.
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morphology of the failed specimen in VHCF regime. SEM observation indicates that no FGA or RA feature presents around the defect
for all the failed specimens. For the same TC17 alloy, the RA feature is observed for the internal crack initiation of the smooth specimen
in high cycle fatigue and VHCF regimes [18,34]. This implies that the failure mechanism of the specimens with artificial surface defect
in VHCF regime is different from that of the smooth specimen with RA feature in the crack initiation and early growth region.

3.3. Microstructure observation of mated crack surfaces

In order to understand the process of crack initiation and growth induced by the artificial surface defect in VHCF regime, the
microstructures around the defect and at mated crack surfaces of a failed specimen at the stress amplitude ¢, = 368 MPa and Ny = 9.61
x 107 cycles were characterized by SEM and EBSD on the sample parallel to the loading direction. The sample was at first cut from the
failed specimen and then a little polished. Fig. 5(al) shows the picture of a part of the failed specimen, and Fig. 5(a2-a4) shows the SEM
images of the mated cracks. It is seen from Fig. 5(a2 and a4) that the crack bifurcates with the crack growth. Fig. 5(b1-b4) shows the
SEM image, IPF, phase map and KAM map of the mated cracks (i.e. region B) near the defect in Fig. 5(a3), respectively. Fig. 5(c1-c4)
shows the results of the mated cracks (i.e. region C) a little far from the defect in Fig. 5(a3). Fig. 5(d1-d4, el-e4 and f1-f4) shows the
results at a big crack tip (i.e. region D), a bifurcated small crack tip (i.e. region E) and an individual small crack tip (i.e. region F) in
Fig. 5(a4), respectively. It is seen from Fig. 5(b2) that there are a few small grains formed in the « grains near the defect at the fracture
surface. The small grains are also observed in some « grains a little far (about 60 pm) and far from the defect at or close to the crack
surface, as shown in Fig. 5(c2-f2). Moreover, the small grains are found in a grains at the bifurcated small crack tip in Fig. 5(e2) and the
individual small crack tip in Fig. 5(f2). This implies that the formation of small grains (some of which are in nano size) in a grains at or
close to the crack surface is related to the local high stress at the crack tip during crack growth. The KAM values in Fig. 5(b4-f4)
indicates that the grains at crack tips or crack surfaces generally experience larger plastic deformation for the artificial surface defect
induced VHCF failure.

4. Discussion
4.1. Twinning and nanograins at or near crack surfaces

Here, the o grains at or near the crack surfaces are carefully examined and twinning is found in some o grains (Fig. 6a—e). The
deformation twins are all extension ones, namely that the twinning plane is {1012}. The twins are determined by the grain boundaries

that satisfy the twin mode [39]. These special boundaries are examined by the EBSD data and HKL Channel 5 software in the Oxford
Instruments system with a tolerance of + 5° deviation [40,41]. Twinning is not observed in the a grains for the original material

a P W

Fig. 4. Fatigue fracture surface morphologies of specimens with artificial surface defect. a and b: 6, = 420 MPa, Ny = 2.86 x 10° cycles; ¢ and d: o,
= 368 MPa, Ny = 1.95 x 107 cycles.
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Fig. 5. Observation of mated cracks initiated from artificial surface defect at 6, = 368 MPa and Ny = 9.61 x 107 cycles. al: Picture of a part of the
failed specimen; a2: SEM image of the mated cracks; a3 and a4: Close-ups of the regions 1 and 2 in a2, respectively; b1-b4 and c1-c4: SEM image,
IPF, phase map and KAM mabp of the rectangular regions B and C in a3, respectively; d1-d4, el-e4, f1-f4: SEM image, IPF, phase map and KAM map
of the rectangular regions D, E and F in a4, respectively.

without experiencing fatigue loading (Fig. 6f), indicating that the deformation twins appear during the fatigue loading. The defor-
mation twins are also observed for the fully lamellar Ti-6Al-4V composed of coarse prior §§ grains and a lamellas [42] and the Ti-6Al-4V
alloy with Widmanstatten microstructure [43]. It was shown that the deformation twins were about 150 pm from the crack surface,
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a

Fig. 6. Deformation twins in « grains. a-e: Deformation twins near the crack surface or at crack tip in Fig. 5(b2-f2), respectively, in which some twin
variants are numbered by 1, 2, ..., 15; f: Results for the original material in Fig. 1a. Green lines within a grains denote extension twins.

and the thickness, length and density of the deformation twins increased along the crack propagation direction [42]. However, the
dependence of deformation twins with crack size is not observed for the present TC17 alloy under VHCF loading. Additionally, Fig. 6
indicates that the deformation twins not only occur from a grain boundaries (e.g. twin variants 10 and 11 in Fig. 6¢) but also occur
within o grains (e.g. twin variant 12 in Fig. 6c¢).

Fig. 7 shows the Schmid factors for basal slip and prismatic slip of the parent « grains and the numbered twin variants in Fig. 6a—-e.
The associated values of the Schmid factors are listed in Table 1. It is seen that some of the {1012} twins occur in the parent grain with a
bigger Schmid factor for basal slip and the others occur in the parent grain with a smaller Schmid factor for basal slip. When the Schmid
factor for prismatic slip is considered, the {1012} twins occur in the parent grain with the Schmid factor no less than 0.36 for basal slip
or prismatic slip. This indicates that twinning tends to occur in the « grain with bigger Schmid factor for basal slip or prismatic slip. The
twin variants have bigger Schmid factor for basal slip or prismatic slip. For the fifteen variants in Fig. 7, the maximum values of the
Schmid factors for basal slip and prismatic slip are all no less than 0.38 except one variant with a maximum value of 0.28 for the
Schmid factors of basal slip and prismatic slip. Further, Fig. 5(b4-f4) indicates that the KAM values are commonly bigger in the local
region where the twins form. This implies that twinning is triggered in the locally high strain region in order to meet the strain
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Fig. 7. Schmid factors for basal slip and prismatic slip of parent a grains and numbered twin variants in Fig. 6a-6e.
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Table 1

Schmid factors for basal slip and prismatic slip of parent a grains and numbered twin variants in Fig. 6a—e.
No. Parent grain Twin variant

Basal slip Prismatic slip Basal slip Prismatic slip

1 0.20 0.48 0.42 0.28
2 0.18 0.46 0.28 0.05
3 0.42 0.14 0.24 0.43
4 0.43 0.13 0.18 0.43
5 0.18 0.46 0.38 0.09
6 0.47 0.29 0.19 0.48
7 0.46 0.28 0.37 0.40
8 0.12 0.48 0.49 0.18
9 0.47 0.29 0.25 0.46
10 0.36 0.09 0.23 0.45
11 0.37 0.10 0.15 0.46
12 0.36 0.09 0.09 0.47
13 0.16 0.48 0.48 0.26
14 0.04 0.50 0.50 0.24
15 0.07 0.45 0.42 0.10
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Fig. 8. Picture of in-situ observation of the specimen failed at 6, = 368 MPa and Ny = 1.95 x 107 cycles. Loading direction is up and down along
the paper.
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compatibility requirement. It is noted that the Schmid factor for basal slip or prismatic slip could have some difference at different
positions for a given a grain due to the deformation inhomogeneity. In this case, the maximum value of the Schmid factors for basal slip
at different positions and the maximum value of the Schmid factor for prismatic slip at different positions are used in Fig. 7.

Twinning often occurs in hexagonal close-packed metals and alloys due to the lack of slip systems for dislocation glide. It could
contribute to the plastic deformation and release the stress intensification at crack tip [42,43]. The results in Figs. 5 and 6 indicate that
the deformation twins play an important role in the nanograin formation in a grains. In fact, some of twin variants (e.g. twin variants 8
and 9 in Fig. 6b) are nanoscale grains. The local high stress concentration at crack tip induces twinning or slip in preferentially oriented
o grains [42,44]. Then, the interaction between twin systems or dislocations causes the formation of dislocation cells or walls, the
nucleation of microbands, and finally the nanograins [45-47].

4.2. Artificial surface defect induced cracking mechanism

4.2.1. In-situ observation of crack growth

In order to further understanding the artificial surface defect induced crack initiation and evolution process in VHCF regime, the in-
situ observation was carried out for the specimen under the stress amplitude 6, = 368 MPa by a microscope shown in Fig. 8a. The
maximum resolution of the microscope is up to 3 um. It is found that the time is very short (within 1 s) from the crack occurrence to a
very large crack on the specimen surface, as shown in Fig. 8b-f. Considering that the loading frequency is 20 kHz for the fatigue test, it
is less than 20, 000 cycles from the crack occurrence to a very large crack on the specimen surface, namely that the crack growth
process consumes a very small part of the total fatigue life for the artificial surface defect induced VHCF failure of the present TC17
alloy.

Fig. 9. SEM and EBSD observations of microstructure around artificial surface defect after 5 x 107 cycles under the stress amplitude o, = 368 MPa.
a: Observed surface about 10 pm depth from the specimen surface; b: Observed surface about 50 pm from the specimen surface; ¢ and d: Parts of the
observed surface about 100 pm from the specimen surface; e and f: Close-ups of the local regions where the arrows point in ¢ and d, respectively; g
and h: IPF and phase map of the rectangular region in f, respectively, the blue and yellow colors in h denote o phase and p phase, respectively.
Loading direction is up and down along the paper.
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4.2.2. Microstructures around defect after VHCF loading

SEM observation in Fig. 4c and d indicates that the fracture surface around the artificial surface defect exhibits no FGA or RA
feature as that commonly observed for the internal crack initiation induced VHCF failure. In Fig. 5, just a few small grains are found in
some « grains near and a little far from the defect at the fracture surface for the artificial surface defect induced VHCF failure. It is
consistent with the results that no grain refinement phenomenon is observed in a very small region (about 5 pm) at and near the crack
surface for the same TC17 alloy [18] and a structural steel [33] failed from the artificial surface defect in VHCF regime.

For a further examination of the microstructure characteristic and damage evolution around the artificial surface defect during
VHCF loading, postmortem observations were conducted on the sample cut from the gauge section of a specimen experiencing 5 x 107
cycles under the stress amplitude 6, = 368 MPa. Three polished surfaces of the sample are observed, and they are all parallel to the
loading direction. One observed surface is just a little polished, which is about 10 pm depth from the specimen surface. The other two
are about 50 pm and 100 pm depths from the specimen surface, respectively. The depth is determined by the measurement of the
sample’s thickness. The SEM and EBSD results of the observed surfaces are shown in Fig. 9. No micro cracks appear at or in the vicinity
of the artificial surface defect from the SEM observation in Fig. 9a—f. The grain refinement phenomenon is also not observed for the
microstructure near the artificial surface defect, as shown in Fig. 9g and h. The results in Figs. 5 and 9 indicate that the majority of the
fatigue life consumed in VHCF is irrespective of the microstructure change (e.g. grain refinement) or small crack formation. This differs
from that of the internal cracking induced VHCF failure, in which the nanograin formation are commonly observed in the crack
initiation and early growth region [10,12,14,15,17,33] and the crack grows very slowly in the crack initiation and early growth stage
[14,25,27].

The results in Figs. 4, 5, 8 and 9 indicate that this kind of VHCF behavior, such as the VHCF of the present TC17 alloy with artificial
surface defect and the VHCF of a structural steel with artificial surface defect [33], is not a purely cyclic loading dominated process. In
this case, the crack initiation is due to the synergistic effect of cyclic stress and time dependent process (e.g. the influence of moisture,
action of hydrogen, etc.) during the long terms of cyclic loadings. For example, a weak corrosive atmosphere could cause the surface
pitting during the cyclic loading and a combined action of the surrounding medium and the cyclic stress promotes the formation of a
micro or small fatigue crack that the cyclic stress alone can cause the fatigue crack to continue to grow [48,49]. In other words, the
specimen does not fail under the stress (e.g. in the plateau region) alone if there is no other factors. The factors such as corrosion and
action of hydrogen or the synergistic effect with cyclic stress degenerate the fatigue resistance of the material at artificial surface defect
during the cyclic loading and promote the crack initiation. Once the crack initiates, the crack grows fast due to the local high stress
caused by the artificial surface defect, and results in the eventual failure. This can explain the reason why some specimens fail at very
long fatigue life in the plateau region of the S—N data. This can also explain the observation that it consumes a small number of cycles
from the crack occurrence to a very large crack on the specimen surface. The mechanism of artificial surface defect induced cracking
differs from that caused by the internal cracking in VHCF regime. For the latter, the crack initiation and early growth consumes almost
the total fatigue life in VHCF regime and it is often accompanied with nanograin formation [7,14,25,27]. The crack nucleation or
fatigue damage is dominated by the cyclic loading, and the factors (e.g. environmental medium) have no or negligible influence on the
fatigue behavior.

It is noted that, for the specimen tested in air, the influence of surrounding environment (e.g. moisture) or the synergistic effect of
cyclic stress and environment is generally very small. Therefore, the S—N data of specimens with artificial surface defect could present
the plateau region feature in VHCF regime. While for the specimen tested in corrosive medium such as water vapor and salt water, the
influence of medium on the fatigue property becomes heavier especially with the increase of the testing time. In this case, besides the
influence of environment itself, the synergistic effect of cyclic stress and environment might also become significant, and the S—N data
of specimens (with artificial surface defect or notch) could be a downward trend, as shown in literature [50,51]. It is also noted that,
due to the difference of the material and defect type, the specimen could initiate non-propagating micro or small cracks at artificial
surface defect after a number of cyclic loadings in some cases [29,34,49]. In this case, the S—N data could also present the plateau
region feature in VHCF regime.

5. Conclusions

In this paper, the artificial surface defect induced VHCF behavior is investigated for the TC17 alloy used for compressor blades in
aero-engines. The main results are as follows.

(1) EBSD observation of the mated crack surfaces indicates that there are nanograin formation and twinning phenomenon in o
grains at crack tip and at or near the crack surface. The nanograins and deformation twins are attributed to the local high stress
at crack tip during the crack growth.

(2) Differing from that commonly observed for internal cracking induced VHCEF, the artificial surface defect induced VHCF failure
does not present the slow process of crack initiation and early growth accompanied with nanograin formation. It is essentially
due to the synergistic effect of cyclic stress and time dependent process (e.g. the influence of moisture in surrounding envi-
ronment, the action of hydrogen, etc.) during the long terms of cyclic loadings. Once the crack initiates, it grows fast and leads to
the eventual failure in a small number of loading cycles.

(3) The findings provide a further understanding of the process of fatigue failure induced by artificial surface defect in VHCF
regime. It explains the reason why some specimens fail at very long fatigue life in the plateau region of the S—N data and why
the SEM images present the crack propagation feature near artificial surface defect in VHCF regime. The paper also indicates
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that it is hard to evaluate the fatigue life of materials or structures through the crack growth behavior for this kind of VHCF
failure.
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