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Abstract

In this work, supersonic fine particle bombardment (SFPB) was applied to modify
surface of TCI1l alloy and its impacts on microstructure and fatigue properties were
systematically studied. The modified surface owned a nanoscale grain structure and a
compressive residual stress with an amplitude of —196 MPa. The depth of hardened layer was
about 300 um. Afterwards, high-cycle fatigue behavior of SFPB modified alloy at —30 °C,
25 °C and 150 °C was studied, and the fracture surface, microstructure evolution, residual
stress relaxation and microhardness of Ti alloy were characterized. The results show that the
fatigue strength of the alloy is significantly improved by SFPB, and the fatigue strength
decreases with the testing temperature. The deformation induced martensite appears in the
subsurface structure of Ti alloy tested at 25 °C and 150 °C, and the amount of
deformation-induced martensite increases with the fatigue loading temperature. The
compressive residual stress field induced by SFPB is relaxed in different degrees during
fatigue loading. The degree of residual stress relaxation is the lowest under fatigue loading at
150 °C due to low cycle life. Mechanisms leading to the microstructural evolution and
mechanical property variations were also proposed.
Keywords: Supersonic fine particle bombardment; Ti alloy; High-cycle fatigue;

Deformation-induced martensite; Stress relaxation.
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1. Introduction

T Ti alloys are widely used in the manufacturing of important components, such as blisks
in aircraft engines, due to their high strength-to-weight ratio and fatigue strength, excellent
corrosion resistance, and wide range of service temperatures [1,2]. In different phases of a
flight, these components have to go through a coupling action of temperature changes and
high-frequency vibration loading [3]. Under such circumstances, cracks are very easy to turn
out on the surface, which then leads to fatigue failures.

Various surface modification technologies have been used to improve the fatigue
performances of Ti alloys during the fabrication of engine components. For example, shot
peening (SP) has received considerable attentions due to its capability to induced residue
stresses by bombarding parts of a surface with small particles. Chen et al. [4] found that the
fatigue life of Ti2AINDb alloy was prolonged by more than 25 times after SP. The extended
fatigue life was mainly attributed to the residual stress that hindered the propagation of cracks.
Laser or ultrasonic shot peening (LSP or USSP) employs high power intensity laser beams or
small particles at ultrasonic frequency. Nie et al. [5] found that multiple LSPs improved the
high-cycle fatigue properties of TC11 alloy. When the residual stress was relaxed during
multiple LSPs, the surface nanocrystalline structure was the principal factor to improve the
high-cycle fatigue properties. Luo et al. [6] reported that after a compound processing of LSP
and vibration finishing, the compressive residual stress of Ti-3.5Mo-6.5A1-1.5Zr-0.25Si was
larger and the surface nanocrystalline structure was more uniform than that of single LSP.
This enhanced surface integrity led to 106 MPa increase of fatigue strength. The fatigue life
of Ti-6Al-4V gained 4 times after USSP as reported by Kumar et al. [7]. The increase of

fatigue life was correlated to residual stress, work hardening and grain refinement in the
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surface area.

In addition to aforementioned techniques, supersonic fine particle bombardment of
(SFPB) has recently emerged as a novel surface modification technology. During SFPB, the
metal surface is repeatedly bombarded by numerous fine solid particles with a diameter of
0.05-200 um carried by supersonically compressed air at rates between 300 and 1200 m/s.
This process is proposed to be a promising alternative to conventional SPs because of higher
depth of residue stresses into the surface, better surface finishing, higher efficiency of surface
nanocrystallization, and meanwhile simple and convenient operations [8]. Additionally, SFPB
is a more versatile process and capable of handling components with large sizes and complex
shapes [9,10]. Therefore, it is more suitable for industrial productions compared to the SP. Up
to now, SFPB has been successfully applied to alloys such as steel [11], Cu alloys [12], Al
alloys [13], and Ti alloy [14]. However, investigations on Ti alloys processed by SFPB are
mainly focused on the mechanisms of surface nanocrystallization and the surface's thermal
stability, tribological performance and corrosion resistance [14—18]. Knowledge remains
unclear for the microstructural evolution of the deformed surface, especially the subsurface
layer where is generally believed to be the fatigue initiatives after surface modifications. Thus,
it is important to study the microstructure in the subsurface layer before/after fatigue loading
to reveal the influence of SFPB on the fatigue performance of Ti alloys.

In this work, we presented a systematic study of microstructural evolution and fatigue
properties of a TCI11 alloy treated by SFPB. This Ti alloy is selected due to its high strength,
excellent creep resistance and thermal stability but meanwhile sensitiveness to surface defects
[19]. The high cycle fatigue tests were carried out at three typical temperatures of —30 °C, 25

°C, and 150 °C, corresponding to these during aircraft services. The microstructure evolution
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of subsurface layer after fatigue was explored to reveal the fatigue failure mechanisms. This
work is aimed to serve an experimental basis and technical support for advanced anti-fatigue
manufacturing of Ti alloy-based aviation components, and to achieve the goal of “lightweight,
long life, high stability and reliability” of Ti alloy components.

2. Experimental

The material used in the experiment was a commercial TCI11 alloy in the form of
cold-rolled sheets from Chengjin Titanium Industry Co., Ltd (Baoji, China). The nominal
chemical composition of this alloy was shown in Table 1.

Table 1 Nominal chemical composition of TC11 alloy (wt%)

Al Mo Zr Si Ti

6.50 3.50 1.50 0.30 Bal.

Before SFPB, the TCI11 alloy sheet with a size of 300 mm x 200 mm X 37 mm was
duplexily annealed in a vacuum furnace protected by Ar gas to obtain a lamellar structure.
The duplex annealing was carried out as follows: isothermal holding at 970 °C for 1.5 h firstly,
air cooling to 530 °C and holding for 6 h, and finally air cooling to room temperature. The
obtained lamellar structure had a microhardness of 336 Hv, ultimate tensile strength of 1083
MPa, yield strength of 982 MPa, and elongation of 12.86%, respectively. The annealed TC11
alloy then was machined into the high-cycle fatigue samples whose geometry is shown in Fgi.
1. Then SFPB surface modification was performed on both sides of the gauge (red shaded)
section.

The SFPB surface modifications were carried out using an equipment made by Shenyang

Institute of Metals, Chinese Academy of Sciences. More details about the instrumentation of
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SFPB can be found in [20]. During SFPB, the applied pressure of compressed gas was 1.2
MPa and the spray angle was 85°, as optimized in our previous work [21]. The distance
between the nozzle and the sample was 40 mm. The impact particles were spherical Al2O3
with Mohs hardness of 8 and average size of ~50 um (Fig. 22). The particle velocity was
450~550 m/s, the gas flow rate was 10~30 g/s, and the impact time was 90 s. After SFPB, the
surface roughness was measured by a SuperViewW 1 optical 3D surface profiler.

High-cycle fatigue tests of the modified TC11 alloys were carried out at -30 °C, 25 °C,
and 150 °C on a QBG-50 fatigue tester with a stress ratio » = 0.1 and a loading frequency of
25 Hz. An environment box was used to maintain the testing temperatures of -30 °C and
150 °C. The samples used for detailed microstructure evolution, residual stress, microhardness,
fatigue fractures were fatigued under an applied stress amplitude ca of 500 MPa and
sectioned via a wire-electrode cutting method. A JSM-7900F field emission scanning electron
microscope was used for the fatigue fractures and cross-sectional morphology
characterization. Thin foils for transmission electron microscope (TEM) were prepared using
the Gatan 691 ion milling and characterized by using a JEM-2010 TEM operated at 200 kV.
XRD patterns of the TC11 alloys were acquired using a D8 ADVANCE X-ray diffractometer
with monochromated CuKa radiation. The scan angle ranged from 30° to 90° with a step of
0.02° and a scan speed of 2°/min. The voltage was 40 kV and the current was 40 mA. The
surface residual stress of the SFPB treated specimen was measured by an X-350A X-ray stress
analyzer with CuKa radiation. The diffraction crystal plane was the {213} planes of a phase.
The voltage and the current were 27 kV and 7 mA, respectively. The tube diameter was 4 mm
and the heeling angle was selected as 0°, 15°, 30°, 45°. The surface obtained residual stress

was an average of three measurements at different positions located at 9 mm from the fracture



130 surface (edge of the modified area). Microhardness measurements were performed using a
131 MH-3 microhardness tester on cross section of the specimens. The load force is 200 gf with a
132 dwelling time of 10 s. The hardness value was the average of at least five measured points at

133 the same depth.

e
S
25 o
oy

20 Residual stress test position

M
1

Thickness:3mm

85.88

134

135 Fig. 1 Schematic drawing of the sample employed in the fatigue tests. The red shaded area
136 represents the SFPB modified area on double sides of the fatigue samples. All dimensions are

137 given in mm.
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139 Fig. 2 AL Os particles used for SFPB: (a) SEM image and (b) particle size distribution
140 histogram.

141 3. Results and discussions

142 3.1 Surface and subsurface properties and microstructures before fatigue loading

143 The surface finishing, represented by surface roughness of the TCI11 alloy before and
144 after SFPB, is shown in Fig. 3. The alloy surface without SFPB was relatively flat. Scratches
145 with regular intervals due to mechanical grinding were observed (Fig. 3(a)). The surface

146 roughness (Sa) and peak-to-valley value (PV) is estimated to be 0.564 pm and 4.596 pum,
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respectively. After SFPB, Sa and PV increased significantly to 5.531 pm and 17.791 pm,
respectively (Fig. 3(b)). This is due to the large number of microdents induced directly by
impacting the alloy surface with high-energy and high-speed AlO; projectiles (Fig. 4(a)).
Nevertheless, this surface finishing by SFPB is much better compared to conventional SP [10].
The surface finishing, represented by surface roughness of the TCI11 alloy before and after
SFPB, is shown in Fig. 3. The alloy surface without SFPB was relatively flat. Scratches with
regular intervals due to mechanical grinding were observed (Fig. 3a). The surface roughness
(Sa) and peak-to-valley value (PV) is estimated to be 0.564 um and 4.596 um, respectively.
After SFPB, Sa and PV increased significantly to 5.531 um and 17.791 um, respectively (Fig.
3b). This is due to the large number of microdents induced directly by impacting the alloy
surface with high-energy and high-speed Al2Os projectiles (Fig. 4a). Nevertheless, this surface

finishing by SFPB is much better compared to conventional SP [10].
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Fig. 3 Three-dimensional morphology and surface roughness of TC11 alloy (a) before and (b)

after SFPB.

Fig. 4(a) depicts a cross-sectional SEM image of the SFPB modified TC11 alloy before
fatigue loading. The a (darker) laths were separated by P laths (brighter) in the bulk that were
not affected by SFPB. Microdents on the surface and the severe plastic deformation (SPD)
layer with a “rheological layered structure” were seen. This is due to the repetitive high-speed
impact of AlLOs particles with high kinetic energy on the alloy surface, generating an
equivalent mechanical force. Thus, the surface underwent severe deformation to
accommodate the force. The depth of SPD layer was about 30 um. The inter-lath spacing
became smaller and the boundaries were almost indistinguishable in the SPD layer.

Meanwhile, the B laths were kinked and bent due to severer local deformation [22]. With

9
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increasing distance from the surface, the inter-lath spacing increased gradually until becoming
the same as that of the initial structure. This is related to the degree of plastic deformation,
where the farther distance from the surface leads to weaker plastic deformation and wider
inter-lath spacing.

TEM observations were conducted to get a better understanding of the microstructure
evolution after SFPB. Fig. 4(b-c) shows the TEM images of the uppermost surface, in which a
large number of dislocations were observed to accumulate and develop into dense dislocation
walls and cells. The initial coarse lamellae disappeared and were severely refined, which is
ascribed to formation of (sub)grains through the development of various dislocation structures
during SFPB [23]. In the selected area electron diffraction (SAED) pattern (inset of Fig. 4(b)),
a continuous ring confirms that the grain structure has been refined to nanoscale and the
grains have a relatively random orientation distribution [24]. The average grain size was about
10.3 nm as estimated through the Nano Measurer software [25] from the TEM images (inset
of Fig. 4(c)).

Fig. 4(d) shows a TEM image taken from the subsurface layer, about 100 um from the
surface. Deformation twins and a large amount of dislocation tangles presented in a laths.
This is mainly due to that the development of deformation twins is necessary for the
hexagonal close packed (hcp) a phase with low stacking fault energy (SFE) to maintain the
plastic deformation compatibility. On the other hand, body-centered cubic (bcc) B phase has
higher SFE and more active slip systems, in which dislocation migration is easier during
plastic deformation. Nevertheless, due to the different crystallographic structures and
orientations between a and 3 phases, dislocation slip directions in o are different from that in

neighbouring PB. Thus, the phase boundaries can have a strong pinning effect on mobile
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dislocations. It leads to the pile-up and accumulation of high-density dislocations to form the
dislocation walls at the phase boundaries which are sensitive to stress concentration and the

crack initiation during fatigue cycling [26].
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Fig. 4 Microstructure of the SFPB modified TC11 alloy before fatigue loading: (a) SEM
image of the cross section; (b) TEM bright-field (BF), and (c) dark-field (DF) image of the
uppermost surface; (d) TEM BF image of the subsurface layer (100 pum from the uppermost

surface). Inset of (b) shows the SAED pattern, and inset of (c) presents the grain size

distribution histogram calculated by Nano Measurer software.

3.2 Fatigue behaviors and fracture surfaces

The stress-life (S—N) curves of TC11 alloys at different temperatures with and without
SFPB are presented in Fig. 5. There was an increase by 13%, 11.1%, 6.6% at 107 cycles at
=30 °C, 25 °C, and 150 °C, i.e. an increase in the endurance strength by 60 MPa, 50 MPa, 25
MPa with SFPB, respectively. Thus, it can be concluded that the fatigue life of TC11 alloy can
be enhanced by SFPB surface modification despite of the increased roughness (Fig. 3). The

rougher surfaces might result in easier stress concentration as crack sources. Nevertheless,
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this possible detrimental effect on fatigue strength can still be compensated by gradient
nanostructures (Fig. 4) and related residual stresses (Fig. 9), work hardening induced by SFPB.
The nanostructures formed at the SFPB modified surface can help to disperse the stress
concentration and effectively inhibit nucleation of cracks [27]. The residual compressive
stress field with an amplitude of —196 MPa at the surface balances the tensile stresses
generated under cyclic to prevent crack propagation and even close the cracks [28]. The
significant increase in surface micro- hardness of SFPB modified TCI11 alloy (Fig. 10) also
indicates the in- crease in resistance to fatigue as well as in surface strength. The fatigue life
of the alloy, thus, is prolonged after SFPB surface modification.

However, the fatigue strength of TC11 alloys decreases with increasing fatigue testing
temperature, an increase by 5%, 31% for 107 cycles at =30 ‘C comparing with that at 25 °C
and 150 °C. This result associates with the different mobility of dislocations at different
temperatures [29] which led to different evolution behavior of residual stress, microhardness

and microstructure during fatigue loading.
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Fig. 5 Stress-life (S-N) curves of TC11 alloys fatigued at different temperatures.
Fig. 6 shows the fracture surfaces of TC11 alloys after fatigue failure under a stress
amplitude c. of 500 MPa. At these three temperatures, macroscopic views of the fracture

surfaces represent mechanical fatigue fracture features in Fig. 6(a-c). These fracture surfaces
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were generally characterized by three different regions, fatigue source zone (I), crack
propagation zone (II) and transient fracture zone (III). It is noticed that the radial edges
extended from the zone I to the zone II, resulting in relatively flat fracture surfaces. From the
magnified views of zone I (Fig. 6(al-cl)), the crack initiation site, as indicated by the dashed
ellipses of the SFPB modified TC11 alloy, was observed to locate in the subsurface layers.
The depth of these fatigue sources is measured to be 117 um, 98 um and 39 um at =30 °C, 25
°‘C, and 150 °C, respectively. These results have demonstrated that the fatigue source moves
to the subsurface layer after SFPB. However, the crack initiation site still gradually moved to
the surface with increasing temperature, indicating that the retarding effect of SFPB on crack
initiation has been weakened at high temperatures. Fatigue life is essentially related to the
sites for crack initiation [7]. The much smaller depth explains why the fatigue life of TC11
alloy was the shortest at 150 °C.

With the increase of fatigue cycling numbers, the crack began to propagate radially
around the fatigue source after reaching the critical stress for crack propagation, forming zone
IT (Fig. 6(all-cIl)). A river-like pattern and fatigue striations were seen on SEM images of
samples treated at all three temperatures. These fatigue striations, representing the
propagation trace of stress cycle, were parallel to each other but perpendicular to the crack
propagation direction. The width of fatigue striation d is defined as:

d=D/(n-1) Eq. 1
where D is the summed widths of the first to the na fatigue striation [30]. The d is calculated
to 0.6 pm, 0.67 pm and 0.8 um at -30 °C, 25 °C and 150 °C, respectively. The magnitude of d
is believed to be related to the interaction between the crack tip and dislocations [31]. At

150 °C, more slip systems can be activated and weakened the interaction between crack tip
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and dislocation, resulting in a reduction of energy consumption. Consequently, the d and
crack growth rate increased with increasing temperatures. Therefore, zone II is larger at
-30 °C than that at 25 °C and 150 °C. Nevertheless, the number of secondary cracks was
observed to increase, and the propagation path of the main crack became more tortuous with
increasing temperatures. This phenomenon may be related to the temperature-dependent
deformation-induced martensitic transformation (Fig. 12(e-f)).
When the crack propagated to a critical size, the specimen fractured, thus forming zone I11
(Fig. 6(alll-cIIl)). There were a large number of dimples in this zone. At -30 °C (Fig. 6(alll)),
the dimple size was small and uniform. When the temperature rose (Fig. 6(b, cIIl)), the dimple

size clearly increased and the number decreased, indicating improved ductility.
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267

268 Fig. 6 SEM micrographs of the fracture surfaces of SFPB modified TC11 alloys under a
269 maximum applied stress o of 500 MPa: macroscopic view of the fracture surfaces at (a) -30
270 °C, N =2 538 700, (b) 25 °C, N =2 025 600 and (c) 150 °C, N = 163 200, respectively.
271 (al-II1, bI-III), and (cI-IIT) are the higher magnification images of corresponding zones
272 marked in a, b and c, respectively.

273 3.4 Surface properties after fatigue

274 Fig. 7 shows the XRD patterns of the uppermost surface of TCI11 alloys. No new
275 diffraction peak emerged in the XRD patterns after SFPB treatment. However, all peaks
276  shifted slightly (Fig. 7(a)), suggesting lattice distortion after SFPB. The full width at half
277  maximum (FWHM) of the diffraction peak increased obviously (Fig. 7(b)). This is mainly due
278  to the grain refinement (Fig. 4) and the increase of surface microstrain after SFPB.

279  Furthermore, there was no new diffraction peak after fatigue failure.

(@) |+ o-Ti ——150°C fatigue | (b) | —150°C fatigue
*B-Ti 25°C fatigue —25°C fatigue
——-30°C fatigue ——-30°C fatigue
——SFPB ——SFPB
Untreated Untreated

Intensity (a.u.)
Intensity (a.u.)

30 40 50 60 70 80 90
280 20 (degree) 20 (degree)

281 Fig. 7 XRD patterns acquired at the uppermost surface of TC11 alloys: (a) an overview with

282 2 theta range of 30-90°, and (b) magnified view with 2 theta range of 34-42°. The intensity
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The Williamson-Hall (W—H) method [32] was used to estimate the microstrain of o and
B phase of TC11 alloys after fatigue loading. As shown in Fig. 8, the microstrains of o and 3
phase increased by 3.33 times and 1.33 times after SFPB, respectively. Nevertheless, the
microstrain of o and § phase decreased by 34.9%/51.8%, 33.6%/47.3% and 26.2%/7.1% after
fatigue failure at —30 °C, 25 °C and 150 °C, respectively. Residual stress relaxation thus
occurred during the fatigue cyclic loading. At a ca. of 500 MPa, the fatigue cycles were
2,538,700, 2,025,600 and 163,200 cycles for cases of =30 °C, 25 °C and 150 °C, respectively.
This low fatigue cycles at 150 °C, i.e., much less fatigue times, might lead to the observed
high microstrain. Additionally, this relatively high microstrain might also relate with the
deformation induced bce B to o” martensite transformation, which will be further discussed

in Section 3.5.
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Fig. 8 Microstrain of a and 3 phase in TC11 alloys after fatigue loading at different
temperatures.
Fig. 9 shows the surface residual stress of the SFPB treated TC11 alloys after fatigue
loading. During SFPB, lattice distortion occurred, and part of the deformation energy was

stored in the form of dislocations. Meanwhile, the formation of subgrains reduced the energy
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of the system and increased the bonding force between grains, which produced a compressive
residual stress of —196 MPa. After fatigue failure at —30 °C, 25 °C, and 150 °C, the
compressive residual stresses of the surfaces relaxed to —99 MPa, —125 MPa, and —175 MPa,
respectively. During cyclic loading, the stored dislocations rearranged, leading to dynamic
recovery and stress relaxation. Because residual stress relaxes at each cycle, the degree of
residual stress relaxation is closely related to the fatigue cycle numbers [33]. As shown in Fig.
5, the fatigue cycle lives at —30 ‘C and 25 °C are significantly higher than that at 150 °C.
Hence, the residual stress relaxation level is the largest, about 50% at —30 ‘C. At 150 °C, the
degree of residual stress relaxation, about 10%, is the smallest following its fatigue life. This
result is in good agreement with the XRD microstrain analysis. Additionally, the relatively
high micro- strain and weak residual stress relaxation might also be related with the
deformation induced bcc B to martensite o transformation. This will be further discussed in a
later section of 3.5.

The dependence of microhardness on depth distribution of TCI1 alloy after fatigue
loading is visualized in Fig. 10. The microhardness achieves its maximal, 445 HYV, at the
surface after SFPB, then decreases to the bulk hardness, about 320 HV, towards interior. The
depth of hardened layer by SFPB is about 300 um. This behavior is consistent with those after
SP [34] and USRP [28], and is attributed to the gradient microstructures and work hardening
by the surface modifications. The hardness distribution along depth after fatigue loading at
different temperatures followed a similar trend as that without fatigue, but the corresponding
hardness values at the same depth were lower and decreased with the operation temperature.
The maximum hardness values are 437 HV, 392 HV and 381 HV at the alloy surface after

fatigue failure at —30 °C, 25 °C and 150 °C, respectively. Meanwhile, at the subsurface layer,
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the hardness values after fatigue failure at 150 "C were comparable with those at 25 °C at the
range of more than 60 um from the surface. It suggests that the residual tress relaxation

probably take places mainly at the surface during fatigue at 150 “C.
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Fig. 9 Surface residual stress of the SFPB modified TC11 alloys after fatigue failure at

different temperatures.
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Fig. 10 Microhardness vs depth distribution in SFPB modified TC11 alloy after fatigue
loading at different temperatures.
3.5 Surface after fatigue failure
TEM observations at the surface of SFPB modified TC11 alloy after fatigue faliure at

different temperatures are shown in Fig. 11. Continuous rings were found in the SAED
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patterns in Fig. 11(a, c, e), indicating that the grains remained at nanoscale and randomly
oriented after failure. The average grain size at -30 °C (Fig. 11(b) is estimated to ~10.5 nm,
almost the same as that before fatigue loading (Fig. 4(c)). With increasing fatigue
temperatures to 25 and 150 °C, the average grain size increases to 11.3 and 12.4 nm,
respectively. This is mainly due to accelerated recovery in the SPD surface layer at elevated
temperatures.
The strength of a material can be calculated by [35]:
oy =co+k(dp) > +aGbp!? Eq.2

where oris the strength, oo the friction stress, k& the Hall-Petch constant, ds the dislocation
mean free path, G the shear modulus, b the Burgers vector and p the dislocation density. From
the equation, it can be seen that an increase of p and a decrease of dj, can increase the strength
and hardness of the material.-The TEM-BF images (Fig. 11) show that the dislocation density
decreased as the temperature increased. The alloy surface grains were the finest, meaning that
the d; was the lowest during fatigue at -30 °C. Generally, there is a positive correlation
between the strength and fatigue strength [36]. Thus, the TC11 alloy exhibited best fatigue

performance, longest fatigue life and highest hardness at -30 °C.
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Fig. 11 TEM images of the surfaces of SFPB modified TC11 alloy after fatigue failure. (a, c,
e) BF image at -30 °C, 25 °C, 150 °C; (b, d, f) DF image at -30 °C, 25 °C, 150 °C,
respectively. Inset of (a, ¢, €) shows the SAED pattern, and inset of (b, d, f) presents the grain

size distribution calculated by Nano Measurer software.

3.6 Subsurface after fatigue loading

To reveal the influence of subsurface microstructure on fatigue behavior, the
microstructure evolution of the alloy subsurface layer after fatigue failure was studied via
TEM observations. Comparing with the microstructure before fatigue loading (Fig. 4), more
deformation twins (Fig. 12(a)) and higher density stacking faults (Fig. 12(b)) were seen in o
lamellar matrix after fatigue failure at -30 °C. In addition, there are high-density dislocations
in o and B lamellae, and most of them accumulate at the interface between a and . At 25 °C,
there are a large number of dislocation tangles in § and the dislocation wall formed by orderly
arrangement of dislocations at the interface of o and B (Fig. 12 (c)). Some stacking faults were

also produced in o lamellae. Dendritic phases distributed discontinuously between 3 lamellae
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were observed in Fig. 12(d), which are determined as the deformation-induced martensite o."
according to the indexing of SAED pattern (Fig. 12 (e)). This a" was not detected in the XRD
pattern (Fig. 7), which might be due to that the a" content was relatively low and difficult to
distinguish, or that the X-ray penetration depth is too small to characterize the a" at the
subsurface layer. Large amounts of dislocation tangles were found in § of the 150 °C treated
samples (Fig. 12(f)). More a" were formed and surrounded by dislocation tangles (Fig. 12 (g)).
These o martensite have a twin structure with twin planes of {111} (Fig. 12 (h)).

The above results revealed that TC11 alloy coordinated deformation by producing a large
number of deformation twins, stacking faults, dislocation tangles in o phase and dislocation
tangles in B phase at -30 °C. While at 25 °C, the alloy coordinated deformation mainly by
producing a small amount of stacking faults in o phase and a large amount of dislocation
tangles in B phase and a small amount of deformation-induced martensite. When the
temperature increases to 150 °C, the main deformation mechanism changes to
deformation-induced martensitic transformation in  phase. The emergence of deformation
twins and stacking faults was related to the significantly reduced SFE with alloying element
Al at lower temperatures [37,38]. The lowered SFE leads to low activation energy for twin
formation and low mobility of dislocations. Thus, many twins and stacking faults were
observed at -30 °C. Twin boundaries are similar to the grain boundaries, which not only
hinder dislocation slip, but also provide nucleation sites for dislocations [39]. The generation
and interactions between such a large number of defects such as dislocation tangles, twins and
stacking faults significantly improve the fatigue performance of TC11 alloy at -30 °C.

The appearance of deformation-induced martensite at 25 °C is related to the stability of 3

phase that is closely associated with the chemical composition of the alloy [40]. According to
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[41], the deformation-induced martensite transformation temperature varies with the stability
coefficient, Kg, of  phase. In the TC11 alloy, the Kg value was calculated to be 0.35, meaning
that the deformation-induced martensitic transformation temperature should be above room
temperature. After SFPB, many defects were introduced into the TC11 alloy, which led to a
sharp increase in energy and the alloy was metastable. The stress concentration at the
interfaces between o and [ caused by the high-density dislocations (such as Fig. 4(d)),
provided the driving force for the nucleation and growth of martensite. As a result, the
deformation-induced a” nucleate preferentially at the phase interfaces. Then the martensite
grows gradually through the boundary into the a atrix during continuous cyclic loading. As
highlighted by the red box in Fig. 13(e), the two a” martensite nucleated at adjacent o and P
interfaces grew into the same o lamellar and finally met. When the residual 3 are transformed
to o”, the B will be mechanically stabilized. This process hardens B phase and makes the
martensitic transformation more difficult [42]. As a result, there was only a small amount of
a” at 25 °C. The appearance of o increased the local strength thus prolonged the fatigue life.
Meanwhile, the residual compressive stress field is formed at the crack tip, due to volume
expansion of the transformation from [ to o” [43]. This weakens the relaxation of
compressive residual stress and increases the stress intensity factor threshold. At 150 °C, the
phase softened, facilitating the deformation-induced martensitic trans- formation. Hence,
there was larger amount of o after being tested at 150 °C compared with the one at 25 °C. It
might suppress the progress of stress relaxation and contribute to the lowest degree of residual

stress relaxation to a certain extent at 150 °C.
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419 Fig. 12 TEM images of the subsurface (100 um from the surface) of the SFPB treated TC11
420 alloy after fatigue loading at different temperatures: (a,b) at -30 °C; (c, d) at 25 °C; (e) DF

421 image and corresponding SAED pattern of (d); (f) at 150 °C; (g) the magnification of the red

422 elliptical region of f; (h) DF image and corresponding SAED pattern of (g).

423

424 4. Conclusion

425 In this study, the influence of SFPB on the fatigue performance of TCI1 alloy was

426  investigated. The fatigue tests were performed at different temperatures. By using residual
427  stress measurement, post-mortem SEM and TEM characterizations, the following conclusion
428  can be drawn:

429 1. The fatigue performance of TCI11 alloy after SFPB modification was significant

430 enhanced as compared to that without SFPB. It is due to the nanocrystallization,
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residual stresses at the surface introduced by SFPB.

2. The enhancement of fatigue performance of Ti alloy decreased with increasing fatigue
test temperature.

3. At -30 °C, the fatigue deformation of the TCI1 alloy was coordinated by a large
amount of deformation twins, stacking faults, dislocation tangles in o phase and a
large number of dislocations in § phase. As the temperature increases to 25 °C, the
fatigue deformation was coordinated by a small amount of stacking faults in a phase,
and numerous dislocation tangles, as well as a small amount of deformation-induced
martensite in B phase. Further increasing the temperature to 150 °C, the main
mechanism changed to deformation-induced martensitic transformation in 3 phase.
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