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Abstract: A gradient structure was successfully fabricated on the surface of Ti—6Al-4V alloy by high-energy shot
peening (HESP), and its effect on fatigue crack propagation was investigated. Optical microscope, scanning electron
microscope, transmission electron microscope and X-ray diffractometer were used to characterize the microstructure
and residual stress evolution during HESP. The results show that a gradient nanostructure with residual compressive
stress layer of 220 um in depth is formed. The generation of gradient nanostructures improves the strength—ductility
combination of the alloy. Maximum residual compressive stress is generated on the subsurface, which gradually
increases with the increase of shot peening time. HESP treatment effectively reduces the crack propagation rate and
increases the fatigue crack propagation life. The residual compressive stress reduces the effective stress intensity factor
range (AK éff ) at crack tip, thereby generating the crack closure effect and delaying the crack propagation. At the
same time, the synergy effects of increase in grain boundaries, decrease in effective slip length and the plastic zone at

the crack tip caused by the refinement of the surface grains can increase the crack propagation resistance as well.
Key words: Ti—6A1-4V alloy; high-energy shot peening; surface gradient structure; crack propagation rate

1 Introduction

Titanium alloys are widely used in aerospace,
marine engineering and petrochemical fields due to
high specific strength, excellent fatigue properties
and outstanding corrosion resistance [1-3].
However, due to the intrinsic limited slip system in
hep structure, titanium alloy is prone to deform
mainly along the base/prismatic plane which could
not provide deformation along [0001] direction.
During cyclic deformation process, cleavage facet
along (0001) plane promotes the crack initiation,
which finally results in early fracture and decreases
the fatigue life [4]. These problems make
challenges to the service safety of titanium alloy
components.

In recent years, residual compressive stress
and gradient nanostructures were generated at the

surface, which significantly improved mechanical
properties, especially fatigue strength of alloy [5].
Many typical modification methods such as
high-energy shot peening (HESP) [6], laser shot
peening (LSP) [7], ultrasonic surface rolling
process (USRP) [8] and surface mechanical attrition
treatment (SMAT) [9] were used to obtain surface
gradient structure. Compared with other methods,
HESP is commercially used in various industrial
fields because of its convenient processing and
higher efficiency. YANG et al [10] found that both
residual compressive stress, fine-grained structure,
high-density dislocations and work hardening effect
introduced by shot peening were attributed to the
improved strength—ductility combination in TC17.
CHEN et al [11] studied the effect of shot peening
on the fatigue properties of Ti»AINDb alloys which
found that increase in fatigue life is mainly due to
the residual compressive stress and the reduction of

Corresponding author: Cong-hui ZHANG, Tel: +86-29-82202547, E-mail: zhangconghui@xauat.edu.cn

DOI: 10.1016/S1003-6326(23)66313-7

1003-6326/© 2023 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press



3004 Wen-guang ZHU, et al/Trans. Nonferrous Met. Soc. China 33(2023) 3003—3016

the notch stress concentration factor. However, to
the author’s knowledge, such researches mentioned
above are mainly focused on the influence of shot
peening on fatigue strength and its mechanism.

For fatigue crack propagation in titanium
alloys, existing researches are mostly focused on
bulk material. ZENG et al [12] pointed out that
titanium alloy with lamellar structure has a lower
crack growth rate, mainly due to tortuous crack
propagation path and lower a/f phase interface
stress. BIROSCA et al [13] believed that the crack
propagation path of Ti-6246 alloy is strongly related
to the crystal orientation of o grains. The crack
tends to grow across lamellae favorably orientated
for basal slip, while the crack path follows grains
favorably orientated for prismatic slip in duplex
microstructure. CHEN et al [14] studied the effect
of a-phase morphology on fatigue crack propagation
behavior of Ti-5SAI-5Mo—-5V—-1Cr-1Fe alloy and
found that samples with coarse secondary a-phase
had better crack propagation resistance, which was
mainly attributed to the obstruction of secondary
o-phase to crack propagation. MA et al [15]
considered that the orientation and temperature of
the material are also important factors affecting the
fatigue crack propagation behavior. Indeed, there
are relatively few studies on the effect of surface
gradient structure on the fatigue crack propagation
behavior of alloys. WANG et al [16] studied the
effect of shot peening on the fatigue short cracks
of notched samples, and found that shot peening
reduced the short crack propagation rate of
Ti—6Al-4V titanium alloy, but increased the long
crack propagation rate. PANT et al [17] found that
after shot peening, the fatigue crack propagation
rate of the sample decreased. But at the initial stage,
the crack propagation rate of the sample after shot
peening was higher. In general, the above research
shows that the surface gradient structure could
improve the fatigue crack propagation resistance in
many conditions. However, the intrinsic mechanism
of residual stress and microstructure on fatigue
crack propagation behavior after shot peening needs
to be further studied. There is still a lack of
systematic research on the relationship and
interaction mechanism between shot peening
parameters—microstructure/residual  stress—fatigue
crack propagation behavior.

In this study, high-energy shot peening was
used to prepare gradient structure on the surface of

Ti—6Al-4V alloy. The microstructure and fatigue
crack propagation properties of Ti—-6Al-4V alloy
were studied, and the effects of residual
compressive stress and nano-gradient structure on
the fatigue crack propagation were analyzed. This
research could provide theoretical guidance for
fatigue resistance manufacturing based on the
surface modification in titanium alloys.

2 Experimental

The material employed in this study was a
commercial rolled and annealed Ti—6Al-4V plate
with a thickness of 3 mm. A schematic diagram of
high-energy shot peening process is shown in Fig. 1,
and the processing parameters are given in Table 1.
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Fig. 1 Schematic diagram of shot peening: (a) Machining
device of high-energy shot peening; (b) Deformation of
material surface after shot peening impact

Table 1 HESP process parameters

Process parameter Description or value

Shot peening material Cast steel shot (ZG30)
Shot peening diameter/mm 0.3
Work pressure/MPa 0.4
Work time/min 15, 30, 45
Shot peening coverage/% 200

Shot peening method Double-sided shot peening

The compact tension (CT) samples were
designed according to GB/T 6398—2000, as shown
in Fig. 2. The crack propagation experiment was
carried out on the Instron 8801 fatigue machine. A
2 mm crack was prefabricated by the K-decreasing
method. After prefabrication, a crack propagation
experiment was carried out at room temperature. All
fatigue tests were subjected to sinusoidal tension—
tension loads with the maximum tensile stress of
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1.7 kN, stress ratio of 0.1, and the frequency of
15 Hz. The COD gauge was used to monitor the
crack length change during the crack propagation
process.

Olympus GX51 metallurgical microscope was
employed to observe the microstructure and the
crack propagation path before and after shot
peening. Electron backscatter diffraction technique
(EBSD) was used to analyze the grain orientation
and strain distribution. The EBSD sample was
prepared by the electrolytic polishing method in an
electrolyte of 10% perchloric acid and 90%
methanol. The morphology of the Ti—6Al-4V alloy
surface layer was characterized by JEM-2100
transmission electron microscope and Gemini SEM
300 scanning electron microscope. The TEM foils
were mechanically ground to about 50 um thick on

metallographic sandpaper before discs of 3 mm in
diameter were extracted. Finally, these foils were
electrochemical polished at —20 to —30 °C in an
electrolyte of 5% perchloric acid, 35% n-butyl
alcohol and 60% methanol by MTP—-1A twin jet
electro-polisher at voltage of 30 V approximately.
The D8 ADVANCE A25 X-ray diffractometer was
used to measure the residual stress distribution. The
scanning angle between 137° and 142° with the
diffraction crystal plane (213) and the scanning
speed of 0.2 (°)/min were selected.

3 Results

3.1 Surface gradient structure characterization
of HESP alloy
Figure 3 shows the metallographic structure of
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Fig. 2 Compact tension (CT) sample for fatigue crack growth rate test: (a) Schematic size of compact tension sample

(mm); (b) Location of shot peening area on CT sample; (c) Sample after high-energy shot peening

Fig. 3 Cross-section metallographic structures of Ti—6Al-4V alloy with different shot peening time: (a) BM (base

metal); (b) HESP-15min; (¢c) HESP-30min; (d) HESP-45min
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Ti—6Al-4V alloy with different shot peening
durations. It is clearly seen that the original
structure is a typical rolling and annealing structure
with relatively uniform grain size, and the grains
have not been fully recrystallized, showing an
elongated equiaxed structure. Figures 3(b—d) show
the microstructures after high-energy shot peening.
Obviously, the surface layer displays a severe
plastic deformation zone (SPD) with refined grains.
With incremental shot peening time, the depth of
the SPD zone gradually increases. It can be seen
from Fig. 3 that the depth of the SPD zone increases
from 102 to 132 pum as peening time increases from
15 to 30 min. However, when the shot peening time
is increased from 30 to 45 min, the depth of the
SPD zone only increases by 8.3%.

Figures 4(a, b) show the EBSD results of
Ti—6Al1-4V alloy before and after HESP treatment.
The IPF image of as-received sample is shown in
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Fig. 4(a). It can be seen that the grains are relatively
coarse and have random orientation. Figure 4(b)
shows the microstructure of the HESP-30min
sample. As shown in Fig. 4(b), due to the severe
plastic deformation on the surface of the HESP
treatment, the surface grains are not successfully
calibrated by EBSD. Moreover, it can be observed
that the grain size after the HESP treatment is
significantly decreased, forming equiaxed grains.
Figure 4(c, d) show kernel average misorientation
(KAM) map of Ti—6Al—4V alloy before and after
HESP treatment, which illustrates the degree of
local deformation of the material. Figure 4(c) shows
the KAM map of the original sample, and it can be
observed that there is lower strain on the surface of
the original sample. On the contrary, it is clearly
seen from KAM map in Fig. 4(d) that the surface
area undergoes severe plastic deformation after
HESP treatment, and the strain intensity gradually
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Fig. 4 IPF maps (a, b), KAM maps (c, d) and local misorientation distribution maps (e, f) of original sample (a, c, €) and

HESP-30min sample (b, d, f)
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decreases as the depth increases. The strain presents
a gradient distribution. Figures 4(e, f) show the local
misorientation distribution maps of Ti—6Al-4V
alloy samples before and after HESP treatment.
Compared with the original sample, the proportion
of low-angle boundaries increases, and the
proportion of high-angle boundaries decreases.

TEM characterization was used to analyze the
degree of grain refinement at different depths from
the surface of the samples after HESP treatment.
Figure 5 shows the TEM images of the alloy after
HESP treatment for 30 min.

During the shot peening process of Ti—6Al—4YV,
the strain gradually increases with the decrease of
the depth from the shot peened surface [18]. At
about 130 um from the HESP-treated surface,
neither the strain nor the strain rate is very large. It
can be seen from Fig. 5(a) that the dislocation
density inside the grain is high, and a large number
of dislocation entanglements appear, which is

2 1/nm

3007

caused by the simultaneous activation of multiple
slip systems in the early stage of deformation [19].
In addition, the corresponding selected area electron
diffraction (SAED) pattern shows periodic
diffraction spots indexed as {1123} zone axis,
indicating that nanocrystals are not formed. The
plastic deformation of a phase with hep structure
at room temperature occurs by the glide of
dislocations along the prismatic and basal slip
planes in the {1120} slip directions [20]. Both the
prismatic and basal slip systems have the same slip
directions, which should promote cross slip
between the prismatic and basal planes [21] and
lead to a large number of dislocation entanglement
(Fig. 5(a)), which is the characteristic of the
materials with hep structure such as CP-Ti [22] and
pure Zr [23].

At about 80 um from the HESP-treated surface,
the strain and strain rate increase compared to those
at about 130 pm from the surface. It can be seen
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Fig. S TEM images of surface gradient structure of HESP-30min sample: (a—c) Bright field images at 130, 80 and 0 um

from topmost surface; (d) Dark field image of (c) (DTs and DCs represent dislocation tangles and dislocation cells,

respectively)
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from Fig. 5(b) that the dislocation density here is
much higher than that in Fig. 5(a), and a number of
dislocation cell and subgrain are produced. This is
mainly because when the strain and strain rate
increase, in order to reduce the energy of system, a
large number of dislocation entanglements and
dislocation band boundaries continuously absorb
and annihilate dislocations, so that the orientation
among the grains gradually increases, and the
original coarse grains are gradually refined [24,25].
In addition, the corresponding SAED pattern is
approximately circular, which indicates that in the
subsurface layer about 80 pum from the surface, the
original coarse grains are refined, resulting in
nanoscale subgrains with random orientations.

Figures 5(c, d) show the TEM bright-field
images and dark-field images of the topmost layer
after HESP treatment, respectively, where the
maximum strain and strain rate are present, and
the degree of plastic deformation is very severe. It
can be seen from Fig. 5(c) that the nanoscale sub-
grains are further refined into uniform equiaxed
nanocrystals. The corresponding SAED patterns are
annularly distributed, which further proves that the
coarse grains in the topmost layer of the material
are refined into nanocrystals with random
orientations. LIU and LI [26] found that when
studying the surface nanocrystallization mechanism
of a phase in Ti—6Al-4V treated by high-energy
shot peening, under large strain and high strain rate,
the transformation of o equiaxed ultrafine grains
into equiaxed nanocrystals does not undergo a
series of nucleation and growth, but undergoes
dynamic  recrystallization  through  subgrain
rotation. In other words, the subgrains absorb slip
dislocations continuously, which makes the
orientation difference between adjacent subgrains
increase continuously. Subgrain rotation is a
common phenomenon in close-packed hexagonal a
phase during shot peening of TC4 alloy, which is
the main mechanism for the transformation of
close-packed hexagonal a equiaxed ultrafine grains
into equiaxed nanocrystals.

By considering the results of EBSD analysis
and TEM characterization, it is clearly displayed
that gradient nano-structure is formed on the
surface of Ti—6Al—4V alloy after HESP treatment.
This result has been confirmed by the previous
study of high-energy shot peening of Ti—6Al-4V
alloy with bi-modal and lamellar structure [6].

3.2 Residual stress distribution in surface

gradient layer

It is well known that the HESP treatment
results in grain refinement, high density
dislocations and work hardening, as well as deep
residual compressive stresses on the material
surface [27]. Figure 6 shows the distribution of
residual stress along the depth direction at different
shot peening time. The results manifest that the
depth of residual compressive stress layer is about
220 ym and the maximum residual compressive
stress increases with the increase of shot peening
In HESP-45min sample, the
compressive stress at the topmost surface is
797 MPa, and the maximum residual compressive

stress is 884 MPa on the subsurface.
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Fig. 6 Residual stress along depth direction of Ti—6Al—
4V alloy with different shot peening time: (a) HESP-
15min; (b) HESP-30min; (c) HESP-45min

As shown in Fig. 6, the residual compressive
stress shows the tendency of increasing to
maximum first and then decreasing with
incremental depth. The reason for this trend may be
due to the energy transfer in the process of HESP.
During shot peening, the surface of the material
undergoes severe plastic deformation, and the
kinetic energy of the shot peening is converted into
plastic distortion energy and stored in the material.
However, due to the weak surface constraint, part of
the energy is released on the free surface, which
slightly reduces the residual compressive stress on
the surface. Subsequently, when the energy is
transferred to the subsurface, more energy can be
stored in the grain internal due to the strong
constraints of interior materials, thus introducing
higher residual compressive stress. In the deeper
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region, because only part of the energy can be
reached, the shot peening energy gradually decays
with the increase of depth, which leads to the
residual compressive stress gradually decreasing
with the increase of depth [28].

3.3 Fatigue crack propagation behavior of HESP
alloy

3.3.1 Crack propagation rate analysis

The crack propagation is closely related to the
cycle of loading. Figure 7(a) shows the relationship
between crack length a and cycle number N of
sample with different shot peening time. As can be
seen from Fig. 7 that, for Ti—6Al—4V alloy treated
with different shot peening time, the crack length
gradually increases with the increase of the cycle
number. Meanwhile, the slope of the curve
gradually increases, indicating that the growth rate
of crack length is accelerated. Figure 7(b) shows the
fatigue crack life of Ti—6Al1—4V alloy with different
shot peening time. It can be seen that the fatigue life
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Fig. 7 Crack length—cycle number curves (a) and fatigue
crack lives (b) of Ti—6Al-4V alloy with different shot
peening time (BM—Base metal)

of untreated sample is 69701, while the fatigue life
after shot peening for 15, 30 and 45 min is 115573,
124965 and 105187, respectively. Compared with
untreated sample, the cycle number is increased by
62.2%, 78.9% and 52.6%, respectively. The fatigue
life of HESP-45min sample is lower than that of
other treated samples, which is mainly attributed to
the increase of material surface roughness and
defects caused by excessive shot peening.

In order to study the effect of shot peening
duration on crack propagation rate, the relationship
between crack propagation rate (da/dN) and stress
intensity factor range (AK) was employed to
analyze the stable crack propagation stage. Stress
intensity factor can be written as

AP

AK =
BW

Y ey

where AP is external constant load (AP=Pmax—Pnmin),
B is the thickness of the sample, W is the width of
the sample, and Y is the shape factor.

Yo 2+alw ‘
(1+a/w)(1+a/w)*?
[0.886+4.64(a/w)—13.32(a/w)* +
14.42(a/w)® =5.60(a/w)* ] ()

According to Paris formula [29], the
relationship between da/dN and AK during cyclic
loading can be given by Eq. (3):

da m
ﬁ:C(AK) 3)

where C and m are constants that are depended on
the material, environment and stress ratio. In Eq. (3),
C is the intercept of da/dN—AK curve, and m is the
slope of da/dN—-AK curve, implying the growth
speed of crack propagation rate, which can reflect
the anti-crack propagation ability through its
change.

Figure 8 shows the relationship between crack
propagation rate (da/dN) and stress intensity factor
range (AK) with different shot peening time fitted
by Paris formula. As shown in Fig. 8, under the
double logarithmic coordinates, linear correlation
between da/dN and AK is displayed. Compared
with the untreated sample, the da/dN—AK curve of
the shot-peened sample shows a downward trend,
which indicates that shot peening reduces the
crack propagation rate at the same AK. When
AK >35 MPa-m'?, the samples treated by shot
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peening fracture at almost the same crack
propagation rate. The fitting values of C and m
are summarized in Table 2. Obviously, C value
increases from 1.58x107° to 7.94x1078, 9.77x107®
and 1.05x10°%, while m decreases from 3.32 to
2.74, 2.72 and 2.65 in the untreated sample, HESP-
15min, HESP-30min and HESP-45min samples,
respectively. These changes indicate that the crack
propagation rate under the same AK would decrease
after HESP. SUN et al [30] found similar results in

laser peening Ti-17 alloy.
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Fig. 8 Relationship between crack propagation rate of
Ti—6Al—4V alloy and stress intensity factor range with
different shot peening time: (a) Whole stage of crack
propagation; (b) Stable stage of crack propagation

Table 2 Material constants, C and m, of untreated and
shot-peened samples

Sample C m R?

Untreated 1.58x107° 332 0976
HESP-15min 7.94x1078 2.74  0.997
HESP-30min 9.77x1078 2,72 0.997
HESP-45min 1.05x10°8 2.65 0.997

At lower AK, the residual compressive stress
introduced by shot peening decreases the effective
load, thus reducing the driving force of fatigue
crack propagation and hindering crack propagation.
Generally speaking, the longer the shot peening
time is, the greater the residual compressive stress
is introduced on the surface of the material, thereby
reducing the driving force for fatigue crack
propagation to a greater extent. However, with the
extension of shot peening time, the surface quality
of the material deteriorates, which can accelerate
the fatigue crack propagation of the material [31].
The degradation of surface quality caused by long
shot peening time is also one of the reasons why the
fatigue crack propagation rate of HESP-45min
sample is higher than that of HESP-30min and
HESP-15min samples.

3.3.2 Tortuosity of crack propagation path

Fatigue crack propagation path is mainly
along a certain direction with the lowest energy.
Meanwhile, some phenomena such as deflection,
bifurcation and blunting may occur in the process
of propagation. Figures 9(ai, bi) and 9(a,, b,) show
the propagation paths of the original sample and
the HESP-30min sample at the initial stage of
crack propagation (Zone A: AK<18 MPa-mm'?),
respectively. Compared with the original sample,
the crack propagation path after HESP treatment is
more tortuous. Meanwhile, deflection, secondary
cracks and microcracks can be clearly observed in
the crack propagation path of HESP treated
samples.

Figures 9(ci, di) and 9(c», d2) show the crack
propagation behavior at Zone B (18 MPa-mm'? <
AK < 34 MPa-mm'?) of the original sample and the
HESP-30min sample, respectively. Similar to that
observed in Zone A, it is clearly seen that the crack
propagation path of the original sample is still
relatively flat. However, a more tortuous crack with
few secondary cracks can be observed on the
propagation path of the HESP-30min sample.
Generally speaking, there is a positive correlation
between the tortuosity of the crack propagation path
and the crack resistance of the material. The more
torturous the propagation path is, the more effective
the crack resistance is. In general, high-energy shot
peening can obviously reduce the crack growth rate
at the initial stage of crack growth, and with the
increase of crack length, the retarding effect
weakens gradually.
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3.3.3 Fractograph of CT samples after crack
propagation test

The fracture morphologies in the different

stages of Ti—6Al—4V alloy before and after HESP

treatment are illustrated in Fig. 10. Tearing ridges,

river patterns and cleavage facets are clearly

observed, which indicates that cleavage fracture is

the main fracture mode of Ti—6Al—4V alloy under
fatigue load. Figures 10(az, by) show the fracture
morphologies of HESP-30min sample at the initial
stage of crack propagation (Zone A). Compared
with the original sample as shown in Figs. 10(ai, b1),
the fracture is rougher with more cleavage steps,
which indicates that crack propagation path after

Fig. 10 Fracture morphologies: (a;—d;) Original sample; (a,—d») HESP-30min sample
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shot peening is tortuous and more energy is
consumed in the process of crack propagation. By
studying the effect of grain size on fatigue crack
propagation of titanium alloy, YODER et al [32]
found that the average effective grain size has an
crucial effect on fatigue crack propagation. The
larger the grain size is, the fewer the grain
boundaries are, and the weaker the hindrance to
crack propagation is. High-energy shot peening
refines the surface grain effectively and increases
the number of grain boundary dramatically. Thus,
more energy is needed for crack propagation
through the grain boundary.

A large number of fatigue striations as shown
in Figs. 10(c2, d2) can be observed when the crack
propagates to Zone B. Fatigue striations are
produced by microscopic plastic deformation
during cyclic loading. The crack propagation rate
can be expressed by fatigue striations spacing. As
shown in Figs. 10(di, d»), compared with the
original sample, the average spacing of fatigue
striations on the fracture surface of HESP sample
decreases from 0.45 to 0.22 um, which illustrates
that the crack propagation rate of Ti—6Al—4V alloy
is obviously reduced after high-energy shot
peening.

4 Discussion

After high-energy shot peening treatment, the
crack propagation rate of Ti—6Al-4V alloy
decreases obviously compared with the original
sample, which is mainly depended on two factors.
Firstly, the crack closure effect is caused by the
residual compressive stress [33]; Secondly, the
gradient structure introduced by high-energy shot
peening on the surface improves the strength of the
material. The higher strength reduces plastic zone
size and delays fatigue crack propagation [34]. In
addition, the gradient structure is regarded as one of
the heterostructures, and its unique back stress
strain hardening improves the ductility of the
material [35]. Generally speaking, materials with
good ductility can delay the
propagation of cracks.

initiation and

4.1 Effect of residual compressive stress on crack
propagation

The residual compressive stress introduced on

the material surface by high-energy shot peening

has long been considered to be one of the important
reasons for the improvement of material fatigue
properties. SUN et al [36] studied the effect of the
residual stress on the fatigue life of the laser shock
peened Ti-17 alloy, and pointed out that the crack
closure effect caused by residual stress played an
important role in delaying the fatigue crack
propagation of Ti-17 alloy. AGUADO-MONTERO
et al [37] analyzed the fatigue behavior of plain
fatigue specimens and notch fatigue specimens and
found that the fatigue improvement due to shot
peening is depended to a great extent upon the
in-depth compressive residual stress profile
produced in the specimen. In this section, the
process of crack closure effect caused by residual
compressive stress and the mechanism of crack
closure effect delaying fatigue crack propagation
are described in detail.

ELBER [38] believes that the crack can only
propagate where the crack surface is completely
separated. Herein, the effective stress range (APerr)
and the corresponding effective stress intensity
factor range (AK.x) are introduced to illustrate the
effect of residual compressive stress on crack
closure. Combined with Eq. (1), the AK.x can be
expressed as follows:

AK _Apeff Y_Pmax_POP
N7 BIW

where Pmax is the maximum stress of applied load,
and P, is the crack opening load. It can be clearly
seen from Fig. 11(a) that during the fatigue loading
process, the far-field load is (Pmax—Pmin), While the
actual load at the crack tip iS (Pmax—Pop). In the
process of fatigue loading, the crack surfaces are
gradually separated until the crack is fully opened
when the external load reaches Pop. In other words,
when Puin < P < Pqp, the crack is closed.

After high-energy shot peening, the residual
compressive stress (Pes) is introduced at the crack
tip which changes the actual stress state of the
crack tip, as shown in Fig. 11(b). The effective
stress intensity factor range (AK|; ) under the
combined action of external load and residual
compressive stress can be expressed by Eq. (5):

AP'ff Pmax _Pop _Pcrs
off y_
BIW BIW

where APJ, is the effective external load after
high-energy shot peening. It can be seen from

Y (4)

AK!y = Y (5)
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Eq. (5) that the introduced compressive residual
stress reduces the effective applied load and the
overall stress intensity factor, which reduces the
effective stress intensity factor range AK/[; ,
leading to crack closure effect and delaying the
crack propagation rate.

Crack closure

PY )
P, max [T TTTTTTTTTTTTO AT T T TRATT TN TR
AP g |AP
Pl N/ N4 | AP
S U D U
p Crack closurex ________

min

Fig. 11 Schematic diagram of crack closure effect under
constant amplitude loading: (a) Original sample; (b) Shot-
peened sample

4.2 Influence of surface gradient structure on

crack propagation

In the process of fatigue crack propagation,
plastic deformation occurs at the crack tip [39],
which results in a butterfly-shaped plastic
deformation zone, as shown in Figs. 12(a, b). The
size of the plastic zone directly affects the speed
of fatigue crack propagation. In Mode I (tensile

opening fracture), the plastic zone size (r,) can be
given by Eq. (6):

2
. :1(£} ©

n| o,
where J'y is the yield strength at the 0.2% strain
of the cyclic stress—strain curve, which is called
cyclic yield strength. Generally speaking, a'y
increases with the increase of monotonic yield
strength (oy). Therefore, for ¢, in the absence of
this parameter, oy is usually used instead [40].

According to Eq.(6), the variation of the
plastic zone size of the original sample and
HESP-30min sample with the increase of the crack
length is estimated, as shown in Fig. 12(c). It can be
seen that high-energy shot peening reduces the
plastic zone size at fatigue crack tip, which is
mainly due to the decrease of AK (caused by the
residual compressive stress on the surface of the
material) and the increase of a'y (caused by grain
refinement). OULD et al [41] pointed out that the
fatigue crack propagation rate is a function of the
plastic zone size is. In this function, the larger the
plastic zone size is, the larger the fatigue crack
propagation rate is. A functional relationship
between fatigue crack propagation rate and plastic
zone size is given in Eq. (7):

da )
- A-r, (7)
where A is correction factor of the plastic zone.
In addition, a large number of grain boundaries
produced by grain refinement on the surface of
Ti—6Al-4V alloy directly hinder the fatigue crack
propagation. Meanwhile, grain refinement increases
o, of the material. Under the combined influence
of a'y and AK, the size of the plastic zone at the

A A
(a) : (b) : 08_(C) " u
: : g | "BM ’
| i g - HESP-30min
PI K P+PC,5] o~ g 06 - L
) - °
2 04 R
————— - —mmmmm> === mmmmmemm> o Lt e
> > Zoaf L.
: ~ Lt
pl ' P+Pml ' 910 15 20 25 30 35 40

Crack length, a/mm

Fig. 12 Plastic zone size: (a, b) Schematic; (c) Calculated result
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tip of the fatigue crack of the HESP specimen
decreases, and the fatigue crack propagation rate
also decreases accordingly.

Furthermore, the gradient structure is regarded
as one of the heterostructures. When heterostructure
metal materials are deformed, the strain is
inhomogeneous but continuous, which can lead to
strain gradients in the material, resulting in
geometrically necessary dislocations (GNDs) to
accommodate this strain gradients [35]. On the
one hand, the generation of GNDs increases the
dislocation density, which is favorable for
dislocation forest hardening. On the other hand, in
order to accommodate the plastic incompatibility
between adjacent layers of the gradient structure,
GNDs accumulate at the boundary of each adjacent
layer, resulting in a large back stress [42]. Back
stress can not only increase the yield strength, but
also significantly enhance the strain hardening
effect, thereby achieving the purpose of improving
ductility [43]. In common homogeneous structural
metals, the dislocation forest hardening is the
dominant hardening mechanism due to the small
back stress. However, for heterostructure metal
materials, the back stress hardening must be
considered, and sometimes even exceeds the effect
of dislocation forest hardening [44].

In this study, a gradient structure layer is
formed under the surface after high-energy shot
peening of Ti—6Al-4V alloy. Since the surface
of Ti—6Al-4V alloy undergoes severe plastic
deformation during high-energy shot peening, many
dislocations are generated in the gradient structure
layer (as shown in Fig. 5(a)), resulting in
dislocation hardening effect, so that the strength of
the material is improved. In addition, the back
stress generated in the gradient structure can not
only increase the yield strength but also
significantly enhance the strain hardening to
increase the ductility [35]. In Ref. [44], the strength
and ductility of Ti—6Al-4V alloy were improved
after high-energy shot peening as well, which was
attributed to the synergistic effect of dislocation
forest hardening and back stress strain hardening.
The gradient structure formed on the surface of
Ti—6Al-4V alloy after high-energy shot peening
enables the material to have better strength—
elongation combination, thereby significantly
improving fatigue properties and delaying fatigue
crack propagation [45].

5 Conclusions

(1) After HESP treatment, a surface gradient
nanostructure with residual compressive stress layer
is successfully fabricated. The residual compressive
stress gradually increases with the increase of shot
peening time.

(2) The HESP significantly increases the
fatigue crack propagation life compared with the
untreated sample.

(3) Both crack closure effect caused by
residual compressive stress and plastic zone size
decrease, and back stress strain hardening caused by
the surface gradient microstructure is the origin of
the improved fatigue crack propagation resistance.
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