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Abstract

The synergetic effect of shot peening (SP) and laser shot peening (LSP) on the fatigue behavior of

a medium carbon steel was investigated. A fatigue life transition was observed in the S-N curve, where

the fatigue performance of the SP + LSP specimen was improved only at lower stress levels. This result

is consistent with the short crack propagation behavior observed in the near-threshold region. The

heterogeneous structures comprised by ultra-fine grains, dislocation tangles, and more high-angle grain

boundaries were responsible for this behavior which effectively retard the short crack propagation.
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Nomenclature

T The stress-based scatter index
K Negative inverse slope of the Wohler
curve
Ra She arithmetic average height
o? The variance of roughness
a Material constant
d Grain size
Ag, Macroscopic plastic strain range
Niarion The crack incubation life
T The efficient resolved shear stress
(&
r The resolved shear stress
7, The kinematic back stress
4 The plastic slip rate
m Material constant
o The slip resistance
kth Hall-petch slope
Abbreviations
CRS Compressive residual stress
FCG Fatigue crack growth
FWHM  Full width at half maxima
PS Possible of survival
LCF Low cycle fatigue
HAGB  High angle grain boundary
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EBSD
TEM
XRD
HCF

IPF

SEM

the reference shearing rate

Taylor factor

Material constant

the total number of the piling-up
dislocations

The shear modulus of matrix
Poisson’s ratio

Burger vector

The angle of misorientation between
HAGBs

The distance of dislocation tangle and
cells

The kinematic back stress caused by
cementite particles

Material constant

The distance of the strong
microstructural barrier
The crack length

The time interval

Loading frequency

Electron backscatter diffraction
Transmission electron microscope
X-ray diffraction

High cycle fatigue

Inverse pole figure

Scanning electron microscope




1. Introduction

Fatigue failure is one of the most detrimental forms of failure displayed by in-service materials and

structures. Generally, fatigue breakage is characterized by three distinct phases: crack initiation, crack

propagation, and sudden final failure. Fatigue damage is governed by irreversible plastic flow under

cyclic loads [1]. In most polycrystalline alloys damaged by fatigue, cyclic slip is the primary mechanism

and is the result of dislocation motion [1-3]. As fatigue microstrain accumulates on the surface or

subsurface of materials, plastic deformation localizes to develop short cracks, which grow into long

cracks and eventually lead to fatigue failure [4]. Many studies [1, 5, 6] have shown that irreversible slip

is the result of dislocation motion, including annihilation, cross-slipping, penetrating precipitates,

transmission through grain boundaries, and piling-up. The microstructure plays a significant role in

determining the mean free path of dislocations and the associated efficient resolved shear stress on each

slip system [7, 8]. Therefore, proper mechanical surface treatments that alter the surface morphologies

and introduce gradient structures on the surface and subsurface can inhibit short crack initiation and

propagation in the microstructure [9-13]. Short cracks can be arrested to retard fatigue crack propagation

and increase the fatigue life. Conventionally, these mechanical surface treatments include shot peening

(SP) [10, 14], laser shot peening (LSP) [15, 16], deep rolling [17], and cold expansion [18].

SP is an effective surface strengthening treatment that has been widely employed to improve the

mechanical properties and fatigue behavior of metallic materials. It introduces compressive residual

stress (CRS) and modifies microstructures through plastic deformation to delay the microstructural short

crack initiation [19, 20]. The strengthening effects of SP treatment depend on grain refinement and a

higher dislocation density due to the impact indentation of the shots. However, SP treatment increases

the surface roughness and generates microcracks, which limits the enhancement of the fatigue



performance [10, 21]. In contrast to SP, LSP uses high-magnitude and transient shock waves that generate

a deeper CRS layer but with decreased surface roughness, which provides better fatigue performance

[22]. The deformation mechanism and the associated strengthening mechanism of LSP with a high strain

rate (usually 10° s!) are different from those of SP. For instance, for Ti-6Al-4V [9, 23], LSP with high-

density dislocations produced more directional planar dislocations, dislocation network cells, subgrains,

and more high-angle grain boundaries (HAGBs). In contrast, SP generated long wavy tangled dislocation

structures and significant shear deformation. However, residual stress holes have been observed in some

metallic materials surface-treated with LSP [24, 25], which destroy the uniformity of the CRS distribution

on the surface and provide inhomogeneous work hardening that restricts improvements in the fatigue life.

It is unclear whether SP and LSP can be applied together to synergistically incorporate their

individual advantages. Recently, Luo et al. [9] investigated the fatigue performance of Ti-6Al-4V by

sequential LSP and SP surface treatment, and they found that the fatigue life of specimens subjected to

LSP+SP treatment was 3.54 and 1.98 times higher than those with SP and LSP treatments alone,

respectively. They attributed this enhancement to the deeper CRS layer, as well as a plastically-hardened

surface layer. Still, a higher roughness was observed for the specimens with the LSP+SP treatment, which

may cause undesirable notches that act as potential crack initiation sites. Therefore, to inhibit this, the

treatments can be applied in the reverse order.

It seems that combining SP and LSP is an effective approach to increase the fatigue life, but

microstructural evolution and its relation to the macro-mechanical properties have not yet been fully

investigated [26, 27]. The aim of this paper is to investigate the microstructural evolution and fatigue

macro-mechanical property enhancement after surface treatment combining SP and LSP. To this end, a

typical medium carbon steel (quenched and tempered 30CrMnSiA) subjected to SP+LSP treatment was



studied and compared to a baseline specimen with SP treatment alone. The fatigue performance of

30CrMnSiA after two surface treatments, SP+LSP and SP alone, was assessed through S-N curves

generated by fatigue tests, as well as the surface roughness examinations as the notch effect. The

microstructure evolution was investigated by electron backscatter diffraction (EBSD) and transmission

electron microscopy (TEM) and then related to macro-mechanical fatigue performance improvements.

2. Experimental

2.1 Specimen preparation

To study the synergetic effects of the combination of SP and LSP treatments, a typical medium

carbon steel (quenched and tempered 30CrMnSiA) subjected to SP+LSP surface treatments were

prepared with SP specimens as a baseline comparison. The grain size of such medium carbon steel is

about 20 pum, in which the microstructures are considered as the white cementite particles with dozens

of nanometers distributed in the black ferrite matrix as shown in Fig. A.1. The chemical composition in

weight percent is provided in Table 1. The yield strength, ultimate strength and fracture strain during

tensile test are 960 MPa, 1053 MPa and 16.5% as shown in Fig. 1, respectively.

For the SP treatment (Fig. 2(a)), the front and back surfaces of S-N fatigue and FCG specimens

were both treated. The detailed SP parameters are as follow: the S70 cast steel shot media with a diameter

of 0.17 mm; the Almen intensity is 0.202 A; the peening duration is about 20 s; the pressure in air

compressor is about 0.38 MPa; and the peening impact angle is 90°. In order to prevent the corner from

being severely deformed [28], the un-peened sides of the S-N fatigue specimens are glued with rubber

protective tooling during SP treatment and then slightly polished. Moreover, this method has been widely

used for investigating the relationship between the reshaped subsurface microstructures after surface



treatment and their fatigue behavior [16, 29-32]. These specimens are denoted as SP specimens.

For the SP+LSP treatments (Fig. 2(b)), the SP specimens were further treated by the LSP process.

The LSP treatment was carried out by a Q-switched Nd: YAG pulse laser with 1064 nm wavelength

(pulse duration: 30 ns, maximum pulse energy: 1.6 J). The aluminum foil (~30 um) was chosen as the

ablative coating layer, and purified water was chosen as the confining medium. During the LSP, the size

of the spot is about 2 mm, the scanning pitch is about 1 mm (an overlap rate of 50%). In addition, the un-

peened sisde of these specimens are treated as the same with that in the SP specimens, that is, protected

by rubber tooling. These specimens are denoted as SP+LSP specimens.
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Fig. 1. The tensile stress-strain curve of 30CrMnSiA steel.

Table 1. The chemical composition of 30CrMnSiA (wt%)

C Si Mn P S Cr Mo Ti A% w Cu Ni

0.305 1.08 1.00 0.017 0.003 099 0.001 0.004 0.007 0.002 0.013 0.012
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Fig. 2. Schematic of the (a) SP process and (b) LSP process.

2.2 Fatigue tests

To investigate the fatigue life enhancement by the combined surface treatment of SP+LSP, both

fatigue tests and fatigue crack growth (FCGQ) tests were conducted, and the results were compared to the

specimens with only SP treatment. For the fatigue test, the normal specimens (Fig. 3(a)), whose

geometries are shown in Fig. 3(b), were tested under stress-control using a 50 kN MTS machine with a

stress ratio of R =-1 and a frequency of 10 Hz at room temperature (Fig. 3(c)).

For the FCG test, the FCG tests are conducted by the K-decreasing method with a stress ratio of

R=0.1 and a frequency of 10 Hz under loading control according to ASTM E647-15el [33] to investigate

the difference in fatigue crack propagation behaviors near the threshold region between SP and SP+LSP

specimens. The M(T) specimens (Fig. 3(d) and Fig. 3(e)) were tested using a 100 kN MTS machine at

room temperature. Specimens were first fatigue pre-cracked for a minimum of 1 mm from the notch tip.

Then the load shedding was performed to reduce load from the maximum load of 18kN toward the

threshold region. This method have been widely used to characterize fatigue crack propagation near the

threshold [34-36]. In the FCG test, the crack length was monitored by digital image correlation at 1 frame

per second with a resolution of 2448x2408 pixels.
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Fig. 3. (a) Normal specimen; (b) normal specimen geometries; (c) fatigue test setup; (d) M(T)

specimen; (¢) M(T) specimen geometries; (f) FCG test setup.

2.3 Surface and microstructure characterizations

To understand the mechanisms associated with fatigue performance enhancement, surface

roughness, residual stress profile, microstructural evolution, and SP+LSP specimens were studied and

compared with the baseline SP specimen. A Bruker 3D probe profilometer was employed to acquire the

3D surface topographies of these specimens by contact scanning over a sampling surface area of

0.5%0.5 mm? with an accuracy of 1 um. In addition, a TR 2000 surface roughness tester was used to

evaluate the arithmetic average height Ra for the sampling surface area to quantify the surface roughness.

For residual stress and full width at half maxima (FWHM), X-ray diffraction (XRD) measurement with

Cr-Ka radiation (Rigaka AutoMATE II) was conducted on specimens after their surface layers were

electrolytically removed. The XRD measurement was operated with a 40 kV voltage and 40 mA current

using with a diameter of | mm and an exposure time of 30 s. And the direct refinement solution (DRS)

method was applied on Fe (211) diffracting plane for stress evaluation with ¢, = 35° and the diffraction

angle 260 = 156°. To characterize the microstructure with the respective applied surface treatments,

electron backscatter diffraction (EBSD) analysis was conducted using an Oxford Instruments (Symmetry



EBSD) with a step size of 0.03 um to study the near-surface microstructure along the impact direction.

The analysis depth was approximately 15 pm from the surface. Furthermore, transmission electron

microscopy (TEM; FEI-Tecnai G2 F20 S-Twin) was employed to study the microstructural evolution.

3. Results and discussion

3.1 Fatigue test results

To investigate the effect of SP+LSP treatment on the properties of 30CrMnSiA steel, S-N curves at

room temperature of SP+LSP specimens (Fig. 4(b)) were derived from the fatigue tests and compared to

those of the SP specimen (Fig. 4(a)). The scatter bands were calculated by taking the confidence level

equal to 95% and assuming a log-normal distribution of the number of cycles to failure for each stress

level. Table 2 shows the scatter index that referred to a probability of survival in the range of 5-95% with

the stress amplitude. The stress-based scatter index (7) of the endurance limit range for the possibility of

survival (PS) = 95% and PS = 5% is a parameter used to evaluate the level of scattering associated with

a population of fatigue data. It is noted that the value of T in the specimens with SP treatment alone was

about 1.23, while the value of the specimens with the SP+LSP treatment was 1.11. The scatter band of

the fatigue life of specimens with SP+LSP treatment was narrower than that of SP, as demonstrated in

Figs. 4(a) and (b). This indicates that the SP+LSP treatment produced a lower fatigue life dispersibility

than the SP treatment only.
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Fig. 4. Comparison of S-N curves for SP and SP+LSP specimens: (a) the scatter band of SP specimen;
(b) the scatter band of SP+LSP specimen; (c) comparison of experimental failure lives of SP and
SP+LSP specimens for 50% survival probability.

A comparison of the fatigue life of specimens with the SP and SP+LSP treatments for a 50% survival
probability is presented in Fig. 4(c). A fatigue life transition behavior was observed when the maximum
stress amplitude level was close to 478 MPa, which indicates that the combination of SP and LSP

treatments did not always improve the fatigue performance. This means that the SP+LSP treatment only
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improved the fatigue performance under low applied stress values or in the regime of high cycle fatigue

(HCF). Under larger stress values or in the regime of low cycle fatigue (LCF), SP treatment gave better

fatigue enhancement. This phenomenon was also observed in 2024-T351 aluminum alloy [26], but the

mechanism responsible for this was not investigated.

Table 2. Detailed data of S-N curves of SP and SP+LSP specimens.

OA (MPa)
T K
Specimen type OA,50% GA95% GA,5%
SP specimen 391.44 352.77 434.36 1.23 6.27
SP+LSP specimen 413.24 392.65 43491 1.11 8.58

To further investigate the different fatigue behaviors of the SP and SP+LSP specimens, the curves

of the FCG rate versus a range of applied stress intensity factors were obtained under the small scale-

yielding condition in the near-threshold region (Fig. 5) according to ASTM E647-15el [33]. The SP+LSP

specimen shows a lower FCG rate than the SP specimen which indicates that the physically short cracks

were retraded after LSP treatment according to the Santus model [37]. The elastic-plastic fracture

mechanics characterized the propagation behavior, showing that both the microstructure and applied

stress level are important for fatigue crack propagation [38]. Therefore, the modified microstructure plays

an important role in retarding the initiation and growth of physically short cracks for the SP+LSP

specimens compared with the SP specimens under the same loading conditions. This indicated that the

higher fatigue fracture resistance for SP+LSP specimens in the short crack growth region which can

explain this fatigue life transition behavior.
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Fig. 5. Comparison of the fatigue crack growth rate (FCGR) curves in the near-threshold region

for the SP and SP+LSP specimens.

3.2 Surface topographies and residual stress

The three-dimensional morphology of the surfaces of the SP and SP+LSP specimens was obtained
by a 3D probe profilometer (Fig. 6). The roughness parameters measured from the experiments are listed
in Table 3. It can be seen that the surface roughness of the SP+LSP specimens was smaller than that of
SP specimens, as predicted. As shown in Figs. 6(b) and (c), the pit size decreased after LSP treatment.
The variance, 62, decreased from 0.0331 to 0.0038 for the SP+LSP specimen, which means that a higher-
quality surface morphology was obtained after LSP treatment. This shows that reversing the treatment
order, i.e., SP followed by LSP, can significantly improve the surface roughness compared with the
LSP+SP treatment [9]. According to previous work [10, 12, 21], pits on the surface aggravate surface
stress concentration, which might accelerate the nucleating trend of fatigue cracks. Therefore, it is
assumed that the fatigue crack initiation may be restricted with the improved the surface quality when

applying LSP after SP.
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Fig. 6. (a) The S-N fatigue specimen; the characterization of the three-dimensional surface

morphologies of (b) SP specimen and (c) SP+LSP specimen.

Table 3. Roughness characterization parameters.

Strengthening procedure Ra (um) o?
SP 2.7067 0.0331
SP+LSP 2.6590 0.0038

The distribution of the induced CRS from the treated surface into the depth of the bulk material is

shown in Fig. 7(a). The peak CRS was reached on the surface of both specimen types with a similar

value. The distribution of CRS decreased gradually from the surface into the bulk material for both

specimen types. In the Fig. 7(a), the CRS shift to the tensile residual stress in the depth of about 275 pm

in SP specimen, but for the SP+LSP specimen, the residual stress is still in a compression state in the

depth of 400 um, which indicates that a deeper compressive residual stress layer is introduced after

combination with the LSP treatment. In addition, the residual stress of un-peened specimen is shown in

Fig. 7(a), a tensile residual stress gradually reduced to zero as the depth increases which can be attributed

to the excessive polishing process before the surface treatments. Moreover, the CRS fluctuation can be
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observed in the SP+LSP specimen which can be contributied to reflection and refraction of the shock

wave when it propagates across an interface (boundaries or defects) [39]. In conclusion, the surface

roughness and CRS values indicate a higher surface integrity for the SP+LSP specimens.

The FWHM results of both SP and SP+LSP specimens in Fig. 7(b) decrease monotonically with

increasing depth into the bulk material. However, the FWHM values of the surface of the SP+LSP

specimens were slightly smaller than those of the specimens with only SP treatment with the

measurement error is about +0.03°. In addition, the FWHM of un-peened specimen is shown in Fig.

7(b). It can be observed that the initial value of FWHM before peening treatment is about 1.3°~1.4°. The

FWHM is mainly affected by crystallite size and dislocation density which can assess the plastic

deformation zone to a certain extent [40-43]. It indicated that a increase grain size on the surface and a

deeper plastic deformation layer after combination with LSP treatment. In addition, in order to more

accurately measure the depth of plastic deformation after surface treatment, the inverse pole figures (IPF)

are added (Fig. A.2). It can be observed that the depth of plastic deformation for SP and SP+LSP

specimens are about 100 um and 120 pm, respectively, indicating that the depth of plastic deformation

zone has been significantly increased after combination with LSP treatment.

Under cyclic loading, the CRS induced by SP and LSP might be server relax when the applied load

exceeds the maximum value of compressive residual stress [44-46], while the near-surface microstructure

remains almost stable. This suggests that the near-surface microstructure plays a more significant role in

determining the fatigue behavior than CRS [47]. Therefore, the microstructural evolution of the SP and

SP+LSP specimens was compared in the following section.
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Fig. 7. The in-depth profile of (a) residual stress and (b) FWHM in SP and SP+LSP specimens.

3.3 Microstructures

The surface topographies and residual stress are only slightly improved after combination with LSP

treatment. Therefore, the modified microstructures of SP and SP+LSP need to be systematically studied

to explain the fatigue life transition behavior.

EBSD and TEM analyses were conducted on the SP and SP+LSP specimens to investigate the

microstructural evolution before and after treatment. The grain size, shape, grain boundary, IPF maps,

and Schmid factor were derived and adopted to investigate the effects of SP+LSP and SP treatments.

In the EBSD results, no Kikuchi diagrams [12, 14] were found on the impacted surface with no

index points for either SP and SP+LSP specimens (Figs. 8 and 9) (white and black areas). The SP

specimen had a larger area without the Kikuchi diagram, indicating more grain refinement on the surface

compared with the SP+LSP specimen. This is also in accordance with the FWHM results in Fig. 7(b). In

addition, a large gradient structure was observed in both SP and SP+LSP specimens.

According to the grain morphology, two regions were specified in Fig. 8(a): I-surface and II-

subsurface. For the SP specimens, ultra-fine grains were found in the I-surface region, and elongated and

flattened grains were observed in the II-subsurface region. Similar situations were observed in aluminum



alloys AA7075-T7351 and AA2024-T351 [12, 48]. In contrast, ultra-fine grains were found in the II-

subsurface region in the SP+LSP specimen (Fig. 8(d)), showing a heterogeneous microstructure.

To quantify the difference in grain morphologies between the SP and SP+LSP specimens, the

Gaussian distributions of grain morphology were derived and shown in Figs. 8(c) and (f) for the I-surface

region of the SP specimen, II-subsurface region of SP specimen, I-surface region of the SP+LSP

specimen, and II-subsurface region of the SP+LSP specimen, respectively. The major difference was in

the II-surface region, where the average grain rectangularity of the II-subsurface zone was 0.5908 in the

SP specimen, whereas it was 0.6680 in the SP+LSP specimen.

The maps of the grain boundaries are shown in Figs. 8(b) and (e) for SP and SP+LSP specimens,

respectively. There were many HAGBs on the I-surface region of the SP specimen, which was not true

for the SP+LSP specimen because the high strain rate caused grain torsion and formed HAGBs [11, 49].

The percentage of grain boundaries of >2°, >5°, and >15° are listed in Table 4. After SP +LSP processing,

the percentage of HAGBs increased from 74.2% to 80.6% in the I-surface zone, and there was also a

slight increase in the subgrain boundaries in the II-subsurface.
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Fig. 8. Cross-sectional EBSD images of (a) the grain shape for the SP specimen; (b) grain boundaries

for the SP specimen; (c) the Gaussian distribution of grain shape for the SP specimen and (d) the grain



shape for the SP+LSP specimen; (e) grain boundaries for the SP+LSP specimen; (f) the Gaussian

distribution of grain shape for the SP+LSP specimen.

Table 4. The percentage of grain boundary orientations.

Grain boundary SP specimen SP+LSP specimen
I-surface II-subsurface I-surface II-subsurface
>2° 15.4% 11.0% 12.1% 10.9%
>5° 10.4% 6.54% 7.21% 7.04%
>15° 74.2% 82.5% 80.6% 82.0%

Furthermore, the lattice orientation and Schmid factor played a significant role in determining

crystal-scale stress distributions under cyclic loads in which fatigue cracks usually nucleate in the well-

oriented grains near surfaces with a high Schmid factor, especially in the HCF [6]. The IPF and Schmid

factor maps for SP and SP+LSP specimens are shown in Fig. 9. Fig. 9(a) shows the micro-texture

alteration in the thickness direction of the SP specimens with a <001> dominant texture at the surface

which then evolved into <111>, and, finally, to <101> in the subsurface. However, the micro-texture of

the SP+LSP specimen did not show this change and instead showed randomly-orientated grains which

was attributed to the laser-induced shock wave. This random orientation of grains is associated with a

higher hysteresis effect and complex stress state [50]. Furthermore, in the SP+LSP specimen, a

decreasing Schmid factor was observed from the surface to the subsurface; however, the Schmid factor

of the SP specimen remained relatively constant. The Gaussian distributions of the Schmid factor of the

SP and SP+LSP specimens are shown in Figs. 9 (b) and (d), with respective peak values of 0.4777 and

0.4516.



Fig. 9. (a) IPF of the SP specimen, (b) Schmid factor maps and Gaussian distribution of Schmid

factor of the SP specimen, (c) IPF of the SP+LSP specimen, and (d) Schmid factor maps and Gaussian

distribution of Schmid factor of the SP+LSP specimen.

TEM was employed to investigate the grain and dislocation structures in detail to study the

microstructural evolution after LSP treatment. The TEM maps of the subsurface and regions were

obtained for SP (Figs. 10(a) and (b)) and SP+LSP (Figs. 10(c) and (d)) specimens. For the SP+LSP

specimen (Fig. 10(c)), ultra-fine grains were observed with clear recrystallization characteristics, in

contrast to the elongated and flattened grains in the SP specimen (Fig. 10(a)). These findings are

consistent with the EBSD results in Figs. 8(a) and (d). In addition, as shown in Figs. 10(b) and (d),

statistically stored dislocations introduced by SP treatment were found in a deeper location after LSP.

They transformed into high-density dislocations, dislocation tangles, and sub-boundaries, resulting in

finer grains.
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Fig. 10. Bright-field TEM micrographs of (a) the subsurface of the SP specimen , (b) the region

below, (¢) the subsurface of the SP+LSP specimen , and (d) the region below.

3.4 Fatigue fracture surface

The fracture surfaces after fatigue tests with a stress amplitude of 500 MPa were studied via

scanning electron microscope (SEM) to investigate differences in the fatigue behavior between the SP

and SP+LSP specimens. As shown in Fig. 11(a) and Fig. 12(a), the fracture surfaces can be divided into

three regions for both specimens, i.e., fatigue crack initiation (FCI) region, fatigue crack propagation

region, and final fracture region. However, in the fatigue crack propagation region of the SP+LSP

specimen, two different crack propagation behaviors were observed in Fig. 12(a). This indicates a

transition of the fatigue crack propagation rate compared to the SP specimen due to the heterogeneous

microstructure produced by the SP+LSP processing (also see Section 3.3 ESBD results).

The crack initiation sites were located on the free surface for both specimens, as shown in Fig. 11(b)

and Fig. 12(b). However, there were no obvious nucleation sites in the SP specimen (Fig. 11(b)) due to

the intergranular fracture being the dominant failure mode with the nanograins at the surface. In the

SP+LSP specimen, obvious crack nucleation sites as well as significant transgranular propagation



characterization with roughness morphology can be observed due to the random grain orientation near

the surface.

For SP specimen, when a crack extended to the (c) zones (Fig. 11(c)), fatigue steps were observed

in the SP specimen, indicating brittle fatigue fracture by the nanograins on the surface introduced by the

SP treatment. However, contrary to the findings in the SP specimen, only fatigue striation was found in

the SP+LSP specimen (Fig. 12(c)), showing ductile fracture and indicating slower fatigue crack

propagation.

atigue siép >

Fig. 11. The fracture surface of the SP specimen: (a) complete morphology of the fracture surface;

(b) details of fatigue crack initiation; (c) details of the SP-treated surface region.

Fig. 12. The fracture surface of the SP+LSP specimen: (a) complete morphology of the fracture

surface; (b) details of fatigue crack initiation; (c) details of the SP+LSP-treated surface region.



3.5 Microstructural fatigue mechanisms

The fatigue tests of the specimen with SP and SP+LSP treatments demonstrate a transition point to
a stress level, above which SP treatment resulted in a better fatigue life than the SP+LSP treatment and
below which the SP+LSP treatment was better. To understand this transition, the microstructural
evolution was investigated in detail in Section 3.4. These microstructural evolutions operated differently
in the fatigue process, namely, crack incubation, microstructurally short crack growth, physically short
crack growth, and long crack growth.

For crack incubation, the experimental results indicated that a finer-grained material generally has
a longer fatigue life, since persistent slip bands are difficult to form [51-53]. Furthermore, the crack

incubation life can be modeled by the Tanaka and Mura theory [54]:

o

incubation T oA 20
dxAg;

(M

where a is a constant, d is the grain size, and Aé‘p is the macroscopic plastic strain range. A smaller
grain size results in a longer crack initiation time; therefore, the SP specimen with a finer grain size on
the surface had a longer fatigue incubation life and should have a longer fatigue life than the SP+LSP
specimen. In the S-N curve (Fig. 4), however, under a stress level of 478 MPa (HCF), the total fatigue
life of the SP specimen was shorter than the SP+LSP specimen because of additional short crack behavior
in the latter.

Under a low-stress level, the cyclic plastic strain was localized in regions with a heterogeneous
microstructure in which cyclic microplastic deformation accumulated, but regions outside these localized
plastic zones were mainly elastic [2, 7]. In this manner, the microstructurally short cracks played an

important role in determining the fatigue life of the HCF [7, 55].



In addition, short cracks propagated by plastic slip, which is sensitive to the efficient resolved shear
stress [6, 56]. The efficient resolved shear stress is the driving force for the plastic slip on the slip system
7.4 and can be calculated by:

Tetr =T ~Tp» )
where T is the resloved shear stress as the total driving force for dislocation slip; 7, is the kinematic
back-stress which acts to suppress dislocation slip and is caused by dislocation pile-up in the
heterogeneous microstructure and at grain boundaries for gradient structures. The resolved shear stress
T is proportional to the Schmid factor following Schmid’s law. Therefore, the lower Schmid factor in
the SP+LSP specimen (Fig. 9(d)) effectively reduced the total driving force for dislocation slip.

For the 30CrMnSiA steel with a polycrystalline structure, the plastic slip rate 7/ can be described

according to the J>-flow theory [57, 58]:

m
m+1 ‘T -7 ‘

7':(5)770 sen(z —7,). 3)

T
where m is a material constant, 70 is the reference shear rate, and 0, is the slip resistance given as [13]:
o,=0, + Mnub\/p +rb+k—‘h, (4)
d
where M is the Taylor factor, 77 is a material constant, N is the total number of pile-up dislocations,
4 is the shear modulus of the matrix, b is the Burger vector, d is the grain size, and kth is the Hall-
Petch slope. It is seen that the kinematic back-stress can affect 0, and }/ . Eq. (3) shows that
increasing the back-stress can significantly reduce the plastic slip rate.
For the investigated 30CrMnSiA, the sources of kinematic back-stress Z are (i) dislocation
tangles, (ii) grain boundaries, and (iii) cementite particles [5]; therefore, the kinematic back-stress of

30CrMnSiA steel can be expressed as:
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where @ isthe misorientation angle between HAGBs, dt is the distance of dislocation tangles and cells,
V is Poisson’s ratio, IV, is the number of dislocations in the pile-up, and 7 , 1s the kinematic back-stress
caused by cementite particles.

For microstructurally short crack propagation, microstructural fracture mechanics are used to
characterize the fatigue crack propagation behavior of fracture modes II and III. The FCGR can be
described as [38]:

da

EZ(PAYP(D—CI) , (6)

where @ and p are material constants; D is the distance of strong microstructural barriers, such as grain
boundaries, dislocation tangles, and cementite particles; @ is the crack length. Under a single cycle,
changes in the crack length @ can be neglected, so the kinematic back-stress 7, and slip resistance 0,
remain the same. If considering one-dimensional fatigue propagation, the plastic slip range can be
described for a loading cycle, and the time interval is Af = 1/ f, where fis the loading frequency, and
the accumulative shear strain is:
At
Ay = IO ydt. (7

By combining Eq. (3), the accumulative shear strain in Eq. (7) simplifies to:

m+1

3 ==
Ay=(=)2 y —
V4 (2) 700_

1m I:t[‘r —z'b‘m_l (r —rb)}dt. (8)

The FCGR for microstructurally short crack can be obtained by combining Egs. (6) and (8):

da 3 m+l 1 At
L D-a)p(D) 2y, — [
- P hs

T —z'b‘m_l (t —rb)}dt, )

As shown in Eq. (9), the microstructurally short crack can be retarded by increasing the kinematic back-



stress 7, and slip resistance 0, and decreasing the distance of the strong microstructural barrier D.

In this study, to reexamine Figs. 8(¢) and 10(d) for the SP+LSP specimen, more HAGBs and
dislocation tangles were observed than in Figs. 8(b) and Fig. 10(b) for the SP specimen. These
significantly improved the kinematic back-stress and a lower FCGR can be obtained. Another factor that
decreased FCG rate in the SP+LSP specimen was the ultra-fine grains (Figs. 8(d) and 10(c)). Furthermore,
the lower Schmid factor in the SP+LSP specimen (Fig. 9(d)) can effectively reduce the total driving force
and then reduced the FCGR. Therefore, it can be concluded that by considering Eq. (9), the
microstructural short cracks were effectively retarded in the SP+LSP specimen by decreasing the driving
force and increasing the slip resistance.

The above discussion explains the transition behavior for the fatigue performance of SP and SP+LSP
specimens. The microstructure of the SP and SP+LSP specimens were different under high and low stress
levels, which can be explained by the nature of the distribution of crack incubation and microstructurally
small crack growth. Under a high stress level, plasticity was induced in each cycle [1, 4], and bulk plastic
deformation occurred, which involved several grains. Then, the crack growth rate for cracks at each
incubation site was proportional to the length of each crack [4]. This process indicates the fatigue life of
crack incubation is dominant at high-stress level. However, under a low-stress level, both crack
incubation and microstructurally short crack propagation life dominate the fatigue life. The EBSD and
TEM results showed that the increased number of HAGBs, lower Schmid factor, higher dislocation
density, and ultra-fine grains in the SP+LSP specimen effectively retarded the microstructurally short
crack propagation. The SP+LSP specimen displayed a lower FCG rate in Fig. 5 than the SP specimen,
which also indicated that physically short cracks were retraded after combination with LSP treatmet. This

can be contributed to the large number of defects (high-density dislocations, dislocation tangles, and sub-



boundaries) occured after LSP which may act as a strong barrier to pile-up the dislocations emitted from

the crack tips [59, 60].

4. Conclusions

In this work, the fatigue life enhancement after SP+LSP treatment was studied and compared with

a baseline SP treatment for a typical medium carbon steel (quenched and tempered 30CrMnSiA steel).

The fatigue properties were investigated experimentally and analyzed by a series of parameters such as

surface morphology, surface roughness, residual stress, and microstructural evolution. The different

fatigue failure mechanisms were identified and studied. The main conclusions are as follows.

1. A fatigue life transition stress level of 478 MPa was observed, which indicates different fatigue

mechanisms and the enhancement of SP specimens and SP+LSP specimens in HCF and LCF.

2. Asignificant gradient structure was observed in both SP and SP+LSP specimens. Nano-grains

were observed on the surface of the SP specimen, but ultra-fine grains were introduced at a

deeper level in the SP+LSP specimen and formed a heterogeneous structure. In addition, after

LSP, the number of HAGBs increased, and the Schmid factor decreased. The TEM results

indicated that after LSP treatment, the statistically-stored dislocations introduced by SP

treatment transformed to other state with high-density dislocations, dislocation tangles, and

sub-boundaries.

3. The SP specimen had a longer fatigue incubation life than the SP+LSP specimen due to

nanograins on the surface. However, the microstructurally short crack propagation life became

significant after LSP treatment due to the modified microstructure in the SP+LSP specimen.

These microstructural evolutions functioned differently during fatigue crack incubation, and

microstructurally short crack propagation can explain the fatigue life transition behavior.
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