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Abstract: Double-side ultrasonic shot peening (USSP) was performed on a commercial-purity Zr plate with 2 mm in thickness. The
effects of USSP on microstructure evolution and fatigue crack growth (FCG) behavior were investigated. Microstructure evolution
was characterized by optical microscopy, laser confocal microscope, electron back-scatter diffraction, transmission electron
microscope, and X-ray diffractometer. FCG tests were carried out using compact tension samples, the fracture morphology and crack
growth path were analyzed accordingly. The results show that a refined surface gradient structure with compressive residual stress of
about 250 pm in depth is formed after USSP treatment. The USSPed samples exhibit higher strength and surface roughness than the
as-received samples. Notably, the fatigue crack growth life of USSP-8 min and USSP-12 min samples is increased by 28.1% and
50.9% compared to that of the as-received samples. The USSP treatment helps to improve the resistance to fatigue crack propagation,
which in turn reduces the fatigue crack growth rate to a certain extent. The enhancement of the FCG performance can be ascribed to
the combined effects of the compressive residual stress and the conspicuous grain refinement. Compressive residual stress enhances
the crack closure effect and decreases the effective stress ratio. Meanwhile, grain refinement increases the fraction of grain boundary
and decreases the cyclic plastic zone size, which is beneficial for crack growth resistance.
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Commercial-purity Zr which displays prominent high high-speed projectile lead to the

1[7—8

improved fatigue

corrosion resistance, favorable mechanical properties and performance of the material” ", In contrast to conventional SP,

machinability has been widely applied to chemical industry

11 Fatigue

such as reactors, pressure vessels, and pipelines
failure is one of the most critical failure forms of such
engineering components, which is extremely dangerous
because there is no obvious sign until transient fracture® ™.
Hence, the improvement of fatigue resistance for commercial-
purity Zr is very significant to ensure reliable operation of
such components. Many studies have shown that surface
strengthening treatment can enhance the properties of metallic
materials. Shot peening (SP) is one of the most effective
methods to improve the fatigue strength® . Both compressive

residual stress (CRS) and surface gradient structure formed by
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ultrasonic shot peening (USSP) generates a deeper CRS layer
with lower energy consumption and pollution, shorter
processing time and more flexible of process parameters” ",
which is acknowledged to be a promising surface treatment
method for metallic materials.

Studies have shown that surface strengthening treatment
can significantly improve the fatigue performance of
zirconium alloys®. Xin et al"" reported that Zircaloy-4 alloy
via surface mechanical rolling treatment possesses a longer
fatigue life than the as-received sample. The enhancement of
fatigue life can be attributed to the combined effects of the

gradient ultra-fine structure and the gradient CRS. Wang et
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al" found that the fatigue strength of pure Zr via surface
treatment is increased by 23%. Zhang et al'” studied the
initiation and propagation of fatigue cracks in USSP-treated
pure Zr through microscopy and found that the crack initiation
and propagation life of the USSP-treated pure Zr samples are
3.1 and 1.48 times higher than those of the as-received
samples, respectively. Zhang"! and Pavan et al"™ indicated
that the CRS induced by laser shock peening reduces the FCG
rate. Wang et al"” reported that SP has a positive effect on
decreasing the short crack growth rate of Ti6-Al4-V, but
exhibits negative effects on the long crack growth rate.
Similar negative effects have been reported in other studies,
which were mainly linked to the residual tensile stress during
SP. Tensile stress reduces the crack closure effect, reducing
fatigue performance accordingly™”'*.

In general, surface strengthening treatment can improve the
fatigue strength of metallic materials, whereas the effect of SP
on the fatigue long crack growth rate is still controversial.
Moreover, only a few studies have been made to reveal the
effect of USSP on fatigue crack growth. The physical
mechanism of USSP on fatigue crack growth behavior of
commercial-purity Zr has seldom been thoroughly studied. In
this work, the surface integrity of commercial-purity Zr
subjected to USSP different times was observed. The tensile
and FCG properties of USSP-treated samples were
investigated and the mechanism of USSP treatment on FCG
resistance was discussed as well.

1 Experiment

Hot-rolled and annealed commercial-purity Zr with an
average grain size of about 20 um was used, which contained
impurities of 0.08C, 0.25(Fe+Cr), 0.012H, 0.05N, and 0.130
(Wt% ). Fig. 1 shows a schematic illustration of the USSP
instrument. During USSP processing, the target surface
received a severe plastic deformation due to the high power
ultrasonic impact. The sample was treated by USSP at a
vibration frequency of 20 kHz by stainless steel balls with a
diameter of 3 mm. The distance between the horn and the
treated sample was 7.5 mm with the duration of 8 and 12 min,
respectively.

The microstructures of cross-sections and the surface
topographies of the samples were characterized by optical
microscopy (OM) and electron back-scatter diffraction
(EBSD). For OM and EBSD analysis, the samples were
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Fig.1 Schematic diagram of USSP process

mechanically polished with SiC abrasives to 3000#, then
chemically etched in a reagent consisting of 2 mL HF, 9 mL
HNO,, and 9 mL CHO, A JEM-3010 high-resolution
transmission electron microscope (TEM) was used to observe
the surface microstructures of the USSP-treated samples.
Sample preparation for TEM analysis includes pre-grinding to
thicknesses of about 50 um using SiC abrasives, followed by
thinning with an electrolytic double-jet thinning instrument in
the reagent of CH,0OH: HCIO,=1: 19. Residual stresses were
measured using X-ray diffraction (XRD) with Cu-Ka
radiation. Detailed experimental parameters for measuring the
residual stress distribution of SP-treated samples can be found
in our previous work!”. The fracture morphology and FCG
path were observed by SEM which were cut from the compact
tension samples. The local microstructural orientations of the
crack tip were analyzed by EBSD.

FCG tests were performed on a 50 kN electro-hydraulic
servo testing machine (Instron8801, USA) according to the
GB/T 6398-2017 standard, China. Dimensions of the compact
tensile (CT) sample employed were presented in Fig. 2a.
Before the FCG rate test, 1.5 mm cracks were prefabricated
according to the G-B/T 6398-2017 standard. The peening area
is shown in Fig.2b on both sides of the sample. The loading
direction is vertical to the rolling direction. The FCG tests
were performed under constant load amplitude control for R=
0.1 with a sinusoidal frequency of 10 Hz at room temperature.
At least three samples were tested for each condition. The
COD gauge was used to monitor the crack length. According
to the measurement principle of the COD gauge given by the
GB/T 6398-2017 standard, the flexibility U_ of a measurement

Fig.2 Schematic of the CT sample: (a) sample geometry and (b) USSP region on the CT sample
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position was used as a function of the normalized crack length
a/W, as shown in Eq.(1) and Eq.(2).
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where E is the elastic modulus, U, is the displacement of the
measuring point. COD gauge is clamped at V,, position, C, =
1.0010, C, =-4.6695, C, = 18.460, C, =-236.82, C,= 1214.9,
C,=-2143.6.

The following equation was used to determine the stress
intensity factor (SIF, AK)"'7:
AP (2+a)
BJw (1-a)®

14.720 - 5.60*) 3)
where AP is the applied load range, B is the sample thickness,

AK =

(0.886 + 4.640 — 13.32a° +

and a is the aspect ratio (crack length/sample width, a=a/W).
The crack length and the corresponding cycle number were
recorded. The incremental polynomial method was used to fit
the a-N curve and to derive da/dN. In most cases, FCG rates
are assumed to follow the Paris formula®™:

da/dN=C(AK)" O]
where da/dN is the fatigue crack growth rate, AK is the SIF
range, C and m are the material parameters.

Deformation layer
1175 pm

2 Results

2.1 Microstructure evolution during USSP

Fig. 3 shows the optical cross-section microstructure and
surface morphologies of commercial-purity Zr before and
after USSP treatment. As seen in Fig. 3a, the as-received
sample exhibits an equiaxed microstructure with an average
grain size of 20 um. Noticeable grain refinement takes place
owing to the high strain rate and gradient strain on the surface
of the samples induced by USSP. With increasing processing
time, the grain refinement effect and the thickness of the
deformed layer increase significantly. After USSP for 8 and 12
min, the thickness of plastically deformed layer is 175 and
219 pm, respectively, as seen in Fig.3c and 3e. Fig.3b, 3d, and
3f exhibit the surface morphology and roughness value which
increases from 1.07 pm to 4.55 pum after USSP treatment. The
impact of the high-speed shots increases the roughness of the
samples during USSP treatment. The slight decrease in surface
roughness to 3.78 pum of USSP-12 min sample may be
attributed to the work-hardening effect induced by previous
multiple impacts®",

To further analyze the microstructure evolution before and
after USSP, the cross-section of the samples was characterized
by EBSD. Fig.4a—4c present the EBSD images of as-received
sample. As seen from Fig.4a, the as-received sample consists
of uniform equiaxed structure, and no twins can be observed.
Fig. 4b shows the grain boundary and misorientation angle

Fig.3 Cross-sectional and surface morphologies of different samples: (a-b) as-received, (c—d) USSP-8 min, and (e—f) USSP-12 min
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Fig.4 EBSD characterization of the microstructures of as-received sample (a—c) and USSP-12 min sample (d—f): (a, d) IPF map, (b, €) grain

boundary and misorientation angle distributions, and (c, f) KAM distribution

distributions. The green lines and black lines represent low
angle grain boundaries (LAGBs) and high angle grain
boundaries (HAGBs), respectively. In the as-received sample,
grain boundaries are mainly HAGBs, and the ratio of HAGB:
LAGB is 7%: 93%. Kernel average misorientation (KAM)
maps are used to evaluate the degree of the local
misorientations. Fig. 4c shows the KAM maps and the
corresponding fraction of the as-received sample. The results
show that the as-received sample has a low KAM value.
Likewise, the EBSD images of the USSP-12 min sample are
shown in Fig.4d—4f. Fig.4d shows a gradient microstructure
with notably refined grain on the surface layer. The top
refined region is barely resolved by EBSD due to extremely
refined grain and the high residual strain. From the depth of
25 wm to the matrix, there is a large amount of deformation
twinning. Commercial-purity Zr (a-Zr) possesses a hexagonal
close-packed structure with limited number of slip systems.
Thus, twinning becomes an important mode to accommodate
deformation. Due to severe plastic deformation during USSP,
a large number of dislocations and subgrain boundaries are
generated, resulting in an increase in LAGBs in the surface
layer (Fig.4e). As shown in Fig.4f, the KAM value of surface
layer is significantly higher than that of the matrix region.
However, the region near the top surface, which undergoes the
highest plastic deformation, shows a lower KAM value than
the subsurface layer region. Similar results are explained by
the dynamic recrystallization in the near-surface region™.
Fig.5 shows the TEM image and the corresponding selected
area electron diffraction (SAED) pattern at surface area of the
USSP-12 min sample. The bright-field image displays that the
grains on the top surface of the USSP-12 min sample
have been refined to nanograins with a grain size less than 100

200 nm

Fig.5 TEM image and SAED pattern of USSP-12 min sample

nm. This result is verified by SAED pattern as well, which
consists of a series of continuous rings, indicating that
these nano-sized grains possess random crystallographic
orientations.

2.2 Effect of USSP on residual stress and tensile properties

Fig.6 shows the residual stress distribution along the depth
after USSP treatment. During USSP process, different local
nonreversible plastic deformation between the surface layer
and the interior is introduced, which causes strain gradient and
s®. As seen in Fig. 6, the
compressive residual stress (CRS) increases gradually to a
maximum value and then decreases. This trend is owing to
energy transformation during USSP treatment. The impact of

leads to the residual stres

the shot results in higher plastic constraint in the near-surface
layer than in the deep surface layer. Thus, the maximum CRS
is generated at the sub-surface. With the increase in USSP
durations, both the maximum CRS and its depth are increased.
The maximum CRS of USSP-8 min and USSP-12 min
samples is about =354 and -394 MPa, and the corresponding
depths are about 80 and 96 um, respectively.
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Fig.6 Residual stress distribution along different depths

Fig. 7 presents the tensile properties of the USSPed
commercial-purity Zr. As seen from Fig.7a, both the ultimate
tensile strength (UTS) and yield strength (YS) increase
apparently after USSP treatment, while the ductility decreases.
The yield strength, tensile strength, and total elongation of the
as-received samples are 275 MPa, 460 MPa, and 33.2%,
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Fig.7 Engineering stress-strain curves (a) and tensile properties (b)

of the as-received and USSPed samples

respectively. The YS increases to 298 and 316 MPa, and the
UTS increases to 480 and 495 MPa, after USSP for 8 and 12
min, respectively; on the contrary, the total elongation
decreases to 31.3% and 29.25%, respectively. This strength
improvement is attributed to a combination of the following
two factors: (1) formation of the gradient nanostructures layer
on the sample surface, (2) CRS induced by USSP. However,
the fall in ductility may be attributed to the increase in surface
roughness and the work-hardening effect.

2.3 Effect of USSP on fatigue crack growth behavior

Fig.8 shows the crack length as a function of the number of
fatigue cycles for as-received and USSP samples. The
prefabricated crack length a, is about § mm. As seen from
Fig. 8, the FCG rate increases with the increase in cyclic
number N, suggesting an approximately exponential growth.
The crack in the as-received sample grow to 22.7 mm in
length, and after 59 709 cycles, the sample is broken. For
USSP-8 min and USSP-12 min samples, the corresponding
crack length and fatigue life are 23.0 mm (76 492 cycles), and
23.2 mm (90 099 cycles), respectively. The FCG rate of the
USSPed samples is significantly slower than that of the as-
received samples. Compared with the as-received sample, the
fatigue crack growth life is increased by 28.1% and 50.9%
after USSP treatment for 8 and 12 min, respectively.

Fig. 9 shows the FCG rate (da/dN) for as-received and
USSP samples. It can be seen that the FCG rate increases with
the increment in AK. The FCG rate of the as-received sample
is the fastest under the same AK. Generally, the whole fatigue
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Fig.9 FCQG rate of the as-received and USSPed samples: (a) da/dN-AK curve and (b) close-up of region II
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crack growth process can be roughly divided into three re-
gions according to the growth rate'*: the initial region with an
unstable-growth rate (I), the stable-growth region (II), and the
rapid-growth region (III). The relationship between AK and
da/dN in region II can be regarded as a linear relationship in
double logarithmic coordinates. The Paris formula was adopted
to fit the relationship of the curves, and the calculated C and m
constant values of Eq.(2) can be found in Table 1. After USSP
treatment, the C value increases while the m value decreases.
These changes indicate that the FCG rate of USSP samples
decreases, especially when the peening duration is increased.
As seen in Fig.9, a close-up view of the stable-growing stage
is displayed and a slight difference in FCG rate is observed.
Grain refinement and complex CRS induced by shot peening
result in an improvement in FCG resistance!**", so the FCG
rate of USSP-8 min and USSP-12 min samples is lower than
that of the as-received samples, especially for USSP-12 min
samples. In the rapid expansion stage, the crack rapidly propa-
gates at almost the same rate until fracture. As the residual
area of the specimen decreases, the crack growth rate is
gradually controlled by the fracture toughness of the material.
To further investigate the FCG behavior of commercial-
purity Zr before and after USSP treatment, fatigue crack
trajectory and fractured surface morphology in different
regions of the as-received and USSP-12 min samples are
observed. Fig. 10 shows micrographs of different locations
along crack growth paths. At the crack length ¢=10.5 mm, the
distance between the fatigue crack flanks in the as-received

Table 1 Material constants C and m for as-received and USSPed

samples
Sample c m R’
As-received 4.79E-8 293 0.995
USSP-8 min 6.03E-8 2.83 0.993
USSP-12 min 9.33E-8 2.66 0.994

l 127.1 pm

20 pm

As-received

I 105.5 pm

2 E -

USSP-12 min

20 pm

sample is approximately 127.1 pm (Fig. 10a) and decreases
with increasing the crack length, which is 65.3 pm when the
crack length is 16.0 mm (Fig. 10b). In contrast, the USSP-12
min sample shows a significantly smaller distance between
the fatigue crack flanks which is approximately 105.5 pm at
the crack length a¢=10.5 mm (Fig. 10d), and decreases to
approximately 53.9 um when =16 mm (Fig. 10e). According
to the distance between the fatigue crack flanks, it is clear that
the crack opening area of the USSP samples is smaller than
that of the as-received sample, indicating that USSP is
beneficial to retarding crack growth. In the as-received
sample, the crack propagates in an approximately straight and
smooth manner (Fig. 10c). However, the cracks in the USSP-
12 min sample exhibit a tortuous pattern (Fig.10f), which can
also be observed in Fig.10d and 10e. The tortuous crack path
can reduce the effective driving force for crack growth, thus
improving the fatigue crack growth resistance **>.

To further analyze the effect of USSP on FCG, the crack tip
on the subsurface layer was characterized by EBSD. Fig. 11
shows the crystallographic orientation maps and corresponding
KAM maps near the crack tip with the corresponding AK of
27 MPa-m'. Compared with the as-received sample, more
crack bifurcations and deflections appear on the USSP-12 min
sample, as shown in Fig.11a and 11b. Crack bifurcation and
deflection reduce the crack-driving force at the crack tip,
resulting in fatigue crack growth deceleration®. In addition,
twinning activity occur around the crack, which is parallel to
each other. Particularly, in the USSP-12 min sample, there are
more deformation twins as seen in Fig. 11b. As shown in
Fig. 11c and 11d, the degree of local misorientation near the
crack tip is characterized by the KAM map. Under cyclic
loading, obvious evidence of plastic deformation is seen along
the cracks. Such deformation degree is relatively low in the as-
received sample. Compared with the as-received sample, the
sub-surface layer of USSP samples produces greater plastic
deformation in the front of the cracks. The relatively high

I 65.3 pm

20 um

I 53.9 pt

20 pum|

Fig.10 SEM micrographs of crack growth at different positions for as-received (a—c) and USSP-12 min (d—f) samples
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local deformation can reduce the stress concentration at the
crack tip®™. Thus, the FCG driving force decreases, thereby
enhancing the FCG resistance.

Fig.12 shows the fracture morphologies at different regions
of commercial-purity Zr plate before and after USSP
treatment. Typical features in region I of the as-received
sample are tearing ridges, fatigue striations, and cleavage
steps, as shown in Fig.12a and 12b. The fracture morphology
of the near-surface layer of the USSP sample (Fig. 12f) is
different from that of other regions, showing a serrated
fracture surface with small and intermittent tearing edges and
many secondary cracks. The fracture features in the mid-
thickness region of the USSP sample (Fig. 12k) display large
secondary cracks, tearing ridges, and fatigue striations. Such

As-received

Fatigue striation

Surface region

Suconda/r; crack
A

Fatigue striation

Secondary crack

Tearing ridge

Core region

Fatigue striation,

Cleavage step

50 um
S— 5°

0 E—

Crystallographic orientation maps and corresponding KAM maps at the crack tip for as-received (a, ¢) and USSP-12 min (b, d) samples

differences are associated with the distinct residual stress state
and microstructure feature at the surface. The FCG path of the
USSP sample is more circuitous, and the fracture morphology

s which can decelerate the

shows more secondary crack:
crack growth. The FCG rate of materials can be determined
indirectly by fatigue striations spacing””. Fig. 12b, 12g, and
121 show the enlarged view of region I. The fatigue striation
spacing of the USSP sample is smaller than that of the as-
received sample.

Fig.12c, 12h, and 12m illustrate the morphologies of region
II. Clear fatigue striation and secondary cracks can be seen in
the as-received sample, as well as in the mid-thickness region
of the USSP sample. However, the near-surface of the USSP

sample (Fig. 12h) has no obvious fatigue striation and the

Secondary crack

Dimple
/¢

Fati

067 pm

Tearing ridge

/

IOim

Fig.12 SEM morphologies of the fractured surface of different regions for as-received (a—e), near-surface area of USSP-12 min (f—j), and mid-

thickness area of USSP-12 min (k—o)
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fractured surface becomes relatively smooth. The smooth
crack surface may be due to grain refinement and the friction
between the crack surfaces caused by CRS during cyclic
loading. Interestingly, a large number of secondary cracks are
identified in the USSP sample, which plays a significant role
in decelerating the FCG. Compared with region I, the fatigue
striations spacing in region II is significantly increased. It can
be seen from the enlarged view of region II (Fig.12d, 12i, and
12n) that the crack growth rate of the USSP sample is still
lower than that of the as-received sample.

The fracture morphologies in region III of as-received and
USSP samples are shown in Fig. 12e, 12j, and 120. There are
dimples with different sizes and a large number of tearing
edges on the fracture surface of samples. Due to the increase
in local stress, the crack growth mode gradually changes from
fatigue fracture to ductile fracture. It can be seen that the size
of the dimples in the as-received sample is the largest,
indicating that the elongation and the plastic deformation in
the fractured region of the sample are the largest. Compared
with untreated samples, the size of the dimple in the near-
surface layer of USSP sample is the smallest due to grain
refinement and CRS.

3 Discussion

3.1 Effects of grain refinement on the FCG

From the analysis of Fig. 4, it can be seen that USSP
treatment generates significant grain refinement on the surface
layer of commercial-purity Zr. This refinement provides more
grain boundaries for impeding dislocation movement, hence
improving the yield strength. Grain boundaries act as barriers
for the crack growth. Massive grain boundaries produced by
USSP lead to more energy consumption. Thus, the crack
growth rate decreases.

Generally, the local stress and strain near the crack tip
control the FCG process”". The FCG rate is controlled by the
maximum SIF K and the SIF range AK. The maximum SIF
K., controls the uniaxial plastic zone size, and the SIF range
AK controls the cyclic plastic zone size. Under cyclic loading,
the cyclic plastic deformation at the crack tip accumulates
continuously, leading to crack growth. The size of the cyclic

plastic zone at the crack tip can be written as™”:

2
1 [AK
r, = 371_(2%) (plane stress) ®)

where AK is the SIF range (MPa'm'?), and o, is the yield
strength of the materials (MPa).

Because the thickness of the CT specimen used in this FCG
experiment is 2 mm, it belongs to a thin specimen and is under
plane stress conditions. According to Eq.(5), we calculated the
size of the cyclic plastic zone of as-received and USSP-12
min samples, as shown in Fig.13. The USSP-12 min sample
has a smaller size of the cyclic plastic zone than the as-recei-
ved sample at the same AK. The size of the cyclic plastic zone
is the main driving force for FCG under cyclic loading™ .
From Eq.(5), it can be easily understood that the increase in g,
will lead to the decrease in cyclic plastic zone 7. This result

means that USSP treatment can reduce 7,. Thus, the driving
force of crack growth and the rate of crack growth is reduced.

According to Irwin’s research®™, the AK describes the stress
state at a crack tip, which can also be expressed as Eq.(6):

AK = YAo /na (6)
where Y is the coefficient of the fatigue crack shape, o is the
stress of the load, and a is the crack length.

In polar coordinates (#, 8), the plastic deformation zone at
the crack tip r, can be expressed as Eq.(7) and the AK can be
expressed as Eq.(8) "%

2
Mp— ( AK) ©)
42\ 9y
AK =YAo [n(a+r,) (8)

Substituting Eq.(7) into Eq.(8), AK can be expressed as:

Ak Yhoima ©

-

4«/3 oy

From Eq.(9), o, will affect the modified SIF range AK. It
can be seen that the increase in o, will lead to the decrease in

the modified SIF range AK, and the decrease in AK will lead
to the decrease in fatigue crack growth rate. According to

Fig. 7, USSP treatment increases the yield strength of
commercial-purity Zr. This is because of the effect of grain
refinement after shot peening, which provides more grain
boundaries to prevent dislocation movement and increases the
difficulty of dislocations passing through grain boundaries,

1 Thus, constrained

thereby increasing the yield strength'
dislocation motion and higher yield strength contribute to the
decrease in AK and smaller plastic zone, delaying fatigue
crack propagation”. Hence, according to the value of the SIF
range, the crack growth driving force for the USSP-12 min
sample is the lowest, resulting in the lowest crack growth rate.
Therefore, USSP treatment improves FCG resistance of
commercial-purity Zr.

3.2 Effects of compressive residual stress on FCG

USSP treatment induces a CRS field about 200—-300 pm to
the surface of commercial-purity Zr, which has an important
impact on the FCG performance. According to the
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Fig.13  Cyclic plastic zone size at the crack tip for as-received and

USSP-12 min samples
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Fig.14 Schematic of crack closure without (a) and with (b) USSP
AKe’ff = Kmax,app - Kop + Kcrs (15)

superposition principle®™, the CRS introduced by USSP can
be linearly superimposed on the stresses generated by the
applied mechanical loads. The total stress intensity factor at
the crack tip is the sum of the SIF (K_ ) associated with the

CRS and the SIF (K,,,) caused by the applied load during the
cyclic loading™:

Ko™K aapy s (10)

Kmin,mt:Knlil1,app+Kcrs (11)
where K, .. and K, are the SIFs at the maximum and
minimum applied loads during the cyclic loading,
respectively. The total stress ratio is calculated as follows:

A=K ey Koo (12)

K. K, . +K,.
A SR SN -

From Eq.(12) and Eq.(13), it can be seen that the SIF range
is not affected by the CRS, while the total stress ratio depends
on the CRS. With the increase in stress ratio, the fatigue crack
growth rate gradually increases™”. The CRS induced by USSP
reduces the total stress ratio and the crack growth rate.

Crack closure is an inherent phenomenon in crack growth.
The introduced surface residual compressive stress is the
internal stress distributed in all directions, so there is a direc-
tion parallel to the applied load. For mode I crack, the applied
load is perpendicular to the crack surface, which is in the same
direction as the residual compressive stress generated by shot
peening. Due to the linear superposition of applied load and
residual compressive stress, the effective stress decreases™.
As seen in Fig.14a, Elber*" argued that there is a critical crack
opening loads P,, and the fatigue crack can expand when the
applied loads are higher than this value. Considering the crack
closure effect, Elber proposed the concept of the effective
driving force and considered that K reduces the SIF range
from AK to 4K ; according to Eq. (14):

Achf:Kmax‘app_Kop (14)
where K is the SIF caused by the crack opening loads, and
AK ; is the effective SIF range.

As seen in Fig.14b, the CRS induced by USSP increases the
value of crack opening loads from P, to P,
early contact of two crack surfaces and the increase in crack
closure interval. After USSP treatment, the effective SIF range
at the crack tip can be given by Eq. (15):

resulting in the

According to Eq.(14) and Eq. (15), it can be known that
crack closure includes the inherent closure of the material and
the additional closure caused by CRS. The CRS introduced by
USSP reduces the effective SIF range, resulting in a decrease
in the effective crack growth driving force. Thus, the FCG rate
of USSPed samples decreases, especially the USSP-12 min
sample.

4 Conclusions

1) A surface gradient structure with high compressive resid-
ual stress forms. The depth of gradient structure layer and
compressive residual stress field increases with increasing
USSP time.

2) The yield strength of the USSP-12 min sample is 15%
higher than that of the as-received sample, which is attributed
to the synergy effects of grain refinement, dislocation
strengthening, and compressive residual stress.

3) USSP treatment can reduce the fatigue crack growth rate
to a certain extent. After USSP treatment for 8 and 12 min, the
fatigue crack growth life is increased by about 28.1% and
50.9%, respectively. The enhancement of fatigue crack growth
resistance is originated from both the enhanced crack closure
effect and stress ratio reduction caused by compressive
residual stress and the decrease in cyclic plastic zone size
caused by surface grain refinement.
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G FEARAR SRR A R E M AT A SRR S G5 22 4 [E K R SE =, BETE PEEE 710077)

. X5y 2.0 mm B DAV S SO #EAT SR R A AL (USSP) ACFE, HIFSY VB (USSP) S £H 45 A% 0 5% 2L 89y
J& (FCG) 17N, M e% Rk, BobLRAERME . HUN BEFATSA B4 i S AUBE AN X ZRAT 5643 73 1 X BRlOue 465 44 s
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