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Abstract

In the present study, effect of ultrasonic impact treatment (UIT) on the microstructural char-
acterization and mechanical properties of 316L stainless steel (hereinafter referred to as
316L) was investigated experimentally. The fatigue fracture mechanism of 316L before and
after UIT was revealed. The experimental results indicated that the martensitic grain size
induced at the impact edge was about 2.00 A. The surface modified 316L formed a gradient
nanostructure and induced a martensitic phase transformation. The hardness of the surface
layer of the modified 316L was twice the hardness of its matrix. The tensile strengths of
316L before and after UIT were 576 MPa and 703 MPa, respectively. The stretching stripes
of 316L were more disordered after UIT. The fatigue strengths of 316L before and after UIT
were 267 MPa and 327 MPa, respectively. The fatigue cracking of 316L started from the
austenite grain boundaries. The fatigue fracture surface was relatively rough. The fatigue
crack sources of the modified 316L came from internal inclusions. The inclusions were
oxides dominated by SiO.. As the stress range increased, the crack initiation site migrated
to the interior and the fatigue fracture surface became flatter.

1 Introduction

316L austenitic stainless steel has been widely used in engineering because of its high strength,
good toughness and corrosion resistance [1]. However, engineering accidents caused by
fatigue fracture of metal components have been frequently reported in recent years. Since aca-
demician Lu Ke from Institute of Metals, Chinese Academy of Sciences proposed surface
nanosizing [2], surface nanosizing has become one of the hot spots in materials science
research in the last two decades [2]. Ultrasonic surface impact technology can effectively
improve the metal wear resistance [3], fatigue strength [4], corrosion resistance [5] and other
properties of materials. Combining the advantages of stainless steel and the frontier of the dis-
cipline, it is of great theoretical and engineering significance to explore the mechanical proper-
ties and fatigue fracture mechanism of modified 316L austenitic stainless steel.
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The surface of the specimen after ultrasonic impact treatment (UIT) will form a gradient
deformation layer of certain depth, including surface amorphous and ultrafine crystals [6].
Gradient nanostructured metallic materials have surface grain sizes in the nanometer range,
with internal grain sizes gradually increasing to the micrometer range. They have been exten-
sively studied in recent years due to their superior properties over uniform coarse or nano-
structured metallic materials [7-19]. Martensitic stainless steels [20] and bearing steels [21]
with gradient nanostructures both have high fatigue strength and fatigue life under different
loading modes. The fatigue strength of 316L austenitic stainless steel with gradient nanostruc-
tures was improved in both high-cycle and low-cycle fatigue states compared to coarse crystal-
line [22, 23]. Dang et al. [24] found that the tensile strength of the treated 300M steel increased
by 3.8%, the low cycle fatigue life was extended by 0.5 times, and the high cycle fatigue life was
extended by more than 21 times. Liu et al. [25] investigated the effect of different fatigue cycle
intervals on the S690QL of different fatigue cycle intervals in a room temperature. Mordyuk
et al. [26] used a combination of UIT and EDM surface alloying of mild steel 20GL and found
that the fatigue strength was increased by 15~ 30%. Andrade et al. [27] utilized L-DED additive
manufacturing of 316L stainless steel, which showed a 35% increase in fatigue strength. Yan
et al. [28] found that ultrasonically rolled can increase the endurance limit of the material by
more than 50%. Zhou et al. [29] found that the fatigue life of the treated specimens with con-
ventional shot peening was higher at low stress amplitude (+0.5%) and lower at high stress
amplitude (£1.25%). Pramod et al. [30] investigated the low peripheral fatigue of Ti-13Nb-
13Zr under ultrasonic shot peening and de-stressing conditions, and found that the ultrasonic
rolling can increase the material endurance limit by more than 50%. Pramod Kumar et al. [30]
investigated the low cycle fatigue behavior of Ti-13Nb-13Zr under ultrasonic shot peening and
de-stressing conditions and found that the fatigue life of the material increased. Hitoshi [31]
found that the fatigue strength was the highest when the fatigue strength was peened by cavita-
tion. Zheng et al. [32] found that the fatigue life of the treated specimens using ultrasonic
impact and cavitation jet peening can be increased by up to 163.3%. Chen et al. [33] investi-
gated the tensile properties of nanocrystalline 316L austenitic stainless steel experimentally.
The results showed that the nanocrystalline samples had a very high yield strength of 1450
MPa. In previous study, Cao et al. [4] found that the nanocrystalline surface layer had the effect
of retarding fatigue crack sprouting. After UIT, Kudryavtsev et al. [34] observed that the grains
in this depth range were refined by repeated impacts, the strength and surface hardness of the
material were improved. Meng et al. [35] observed obvious plastic deforming layer and nano-
crystalline grains after UIT. Wang et al. [36] investigated the surface properties of CrCoNi
medium-entropy alloy coatings after UIT. The experimental results indicated that the metal
surface grains will be refined after UIT, resulting in more twins and dislocations. The twins
can effectively inhibit the generation of slip bands and cracks, which can comprehensively
improve the hardness, strength and fatigue resistance of metal materials. In summary, UIT can
make the hardness, roughness, corrosion resistance, yield strength, tensile strength of metal
materials have a significant increase, will make the surface of the metal material grain refine-
ment, and promote the austenite to martensite phase transition. After treatment of the speci-
men, fatigue strength and fatigue life will also be effectively improved.

UIT involves many parameters. Stress ratio, average stress, stress amplitude, frequency, etc.
are factors that affect fatigue life. However, previous studies rarely have hardness, fatigue, scan-
ning electron microscopy, transmission electron microscopy and other tests to systematically
analyze, and the analysis of the fatigue section only focuses on the cross-section. To address
the above issues, UIT technology was used to surface modify 316L austenitic stainless steel.
The effect of UIT on the mechanical properties of 316L austenitic stainless steel was investi-
gated by combining XRD test, tensile and fatigue tests, SEM and transmission electron
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microscopy investigations,. The fatigue fracture mechanism of 316L austenitic stainless steel
before and after UIT was also revealed.

2 Materials and experimental procedure
2.1 Materials and specimens

The specimens were designed according to ASTM E466 [15] (see Fig 1). The specimen mate-
rial was Guangyuan 316L austenitic stainless steel (AISI 316L), produced by Taizhou Hualu
Stainless Steel Products Factory, China. According to the chemical composition test report of
the 316L austenitic stainless steel, its chemical composition is obtained in Table 1. In order to
obtain a stable and homogeneous single-phase austenite organization, it was necessary to elim-
inate the stresses during processing of the material and to dissolve the carbides that may be
present, so the material was solid solution treated using all-in-one intelligent muffle furnace.
The treated parameters are shown in Fig 2. The material was heat treated at 1050°C for 0.5 h,
followed by water quenching. The diameters of the specimens in the loading zone and the test
zone were 20 mm and 10 mm, respectively.

2.2 Ultrasonic nanocrystal surface modification

The UIT equipment is shown in Fig 3, which is from Fig 1 in the reference [4]. The UIT tech-
nology generated longitudinal vibrations by means of a piezoelectric ceramic transducer,
which applied tens of thousands of sinusoidal impact dynamic loads per unit square millimeter
to the metal surface. In addition, a static load was applied by means of an air compressor, so
that the total load applied to the surface of the specimen was the sum of the dynamic and static
loads. The spherical impact head was made of tungsten carbide (hardness close to diamond).
and the heat generated during impact was cooled by high-pressure air and lubricated by kero-
sene. The number of impacts of the ball head was 50, 000 cycles/mm?. The UIT caused severe
plastic deformation (several microns to tens of microns) of the stainless steel surface layer and
induced nanocrystalline structural surfaces [4]. According to the reference [16], to achieve
desirable results, the following parameters can be applied. The number of ultrasonic impact
cycles per unit surface area of the specimen is 10,000, the relevant frequency is 30, 000, pin
diameter is 2.38 mm. The amount of static load from the air compressor is 0 N. In this paper,
modified 316L denotes 316L austenitic stainless steel after UIT; 316L denotes 316L austenitic
stainless steel.
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Fig 1. Dimensions of the tensile and fatigue specimens (Unit: mm).

https://doi.org/10.1371/journal.pone.0307400.g001

Table 1. Chemical composition content of 316L austenitic stainless steel.

Chemical composition
Content (%)

https://doi.org/10.1371/journal.pone.0307400.t001

Si Mn P S Ni Cr Mo Fe
0.38 1.03 0.039 0.001 10.05 16.30 2.01 70.168
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Fig 2. Solid solution treatment parameters of 316L.

https://doi.org/10.1371/journal.pone.0307400.9002

2.3 Metallographic and hardness tests

Metallographic observations were made on 316L and modified 316L samples. The metallo-
graphic specimens were first mounted with a Struers CitoPress mounting machine. The metal-
lographic samples were then polished with a Struers Tegramin-25 grinding and polishing
machine. 30 ml of hydrochloric acid, 10 ml of nitric acid 10 ml and 10 ml of water were pre-
pared to form aqua regia. Then, tissue etching was carried out with aqua regia solution and a
few drops of ferric chloride solution was added to the aqua regia solution. Because the austen-
itic sample contains Cr element, Cr would be in the form of oxide film attached to the surface
of stainless steel to play the role of corrosion resistance. The role of chloride ions is to destroy
the oxide film formed by the Cr element, thus making the austenite visible. The corrosion time
was 10 s. Finally, the corrosion was observed and photographed with Zeiss Axio Imager 2
microscope, if the metallographic organization was not obvious, the above steps were repeated
and if the metallographic organization was better, it was photographed again under a Gemini
SEM 300 scanning electron microscope.

Generator Several micron to dozens

-

R=2.38 mm Tip
Cylindrical work-piece

Air compressor

Fig 3. Equipment of ultrasonic impact treatment from Fig 1 in the reference [4].

https://doi.org/10.1371/journal.pone.0307400.9003
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The hardness of the samples was tested on a TMVS-1 digital micro Vickers hardness tester
with a force load F = 1.962 N and a holding time of 15 s. The hardness symbol for this condi-
tion was noted as HV; ,. Hardness test were performed on 316L and modified 316L. Three
points were made in the middle of the sample. The size of the indentation was measured, and
the average of the three points was taken as the matrix hardness of the material using Eq (1)
[37].

F 2Fsin 2
HV,, = 0.10265 = 0.10267 (1)
where F is the load (Newton force), S is the surface area of the indentation (square mm), a is
the angle of the indenter relative to the surface and @ = 136°, and d is the average diagonal
length of the indentation (mm).

2.4 XRD test

The modified 316L surface EPS was carried out using an X-ray diffractometer model EMPY-
REAN from Panacor, Netherlands to characterize the surface organization and structure of
modified 316L. The surface of modified 316L was characterized using a Thermo Scientific
transmission electron microscope to obtain the atomic ordering, diffraction rings and lattice
constants of the impact layer of modified 316L.

2.5 Tensile and fatigue test

Tensile tests were performed on the specimens (see Fig 1) using a MTS-200kN universal test-
ing machine at a rate of 1 mm/minute. The tensile properties such as tensile strength, yield
strength, shrinkage and elongation of 316L austenitic stainless steel before and after UIT were
tested. The numbers of 316L austenitic stainless steel specimens before and after UIT are
three. The average values of the three specimens are taken as the test results. The test methods
were in accordance with GB/T228.1-2010 2010 [38].

Fatigue tests were performed on the specimens (see Fig 1) using a GPS-100 electromagnetic
resonance high-frequency fatigue teste. The tests were performed with sinusoidal loading and
the stress ratio r was taken as 0.2. The load frequency was 100 Hz. The loaded stress levels are
listed in Tables 2 and 3.

Table 2. Loading stress levels of 316L.

No. Omax (MPa) Omin (MPa) S/2 (MPa)
1 333.33 66.67 133.33
2 341.67 68.33 136.67
3 350.00 70.00 140.00
4 358.33 71.67 143.33
5 366.67 73.33 146.67
6 366.67 73.33 146.67
7 375.00 75.00 150.00
8 375.00 75.00 150.00
9 383.33 76.67 153.33
10 391.67 78.33 156.67
11 466.67 93.33 186.67

Note: § is the stress range of the test specimen, and S = 005 — Opmin-

https://doi.org/10.1371/journal.pone.0307400.t002
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Table 3. Loading stress levels of modified 316L.

No. Omax (MPa) Opmin (MPa) S /2 (MPa)
1 408.33 81.67 163.33
2 416.67 83.33 166.67
3 425.00 85.00 170.00
4 433.33 86.67 173.33
5 441.67 88.33 176.67
6 450.00 90.00 180.00
7 458.33 91.67 183.33
8 466.67 93.33 186.67
9 475.00 95.00 190.00
10 483.33 96.67 193.33
11 491.67 98.33 196.67

https://doi.org/10.1371/journal.pone.0307400.t003

2.6 SEM investigation

The specimens after tensile and fatigue fracture were cut and sampled for fracture observation
using a Gemini SEM 300, and scanned for EPS using the SEM’s own OXFORD-50 energy
spectrometer, to analyze the cause of the fracture, the fracture mode, the expansion rate, and
the expansion characteristics of the material.

3 Results and discussion

3.1 Metallographic structure and ultrasonic impact surface
characterization

The middle and edge of the metallographic specimen cross-section were observed using an
optical microscope (OM), as shown in Fig 4. A stable homogeneous single phase austenite
organization with austenite twin generation in 316L stainless steel can be observed in Fig 4(a).
The specimens also contained only a single austenite phase and twinned phases, but the grain
size of the austenite was significantly reduced (see Fig 4(b)). The average values of the grain
sizes of 316L and modified 316L were 27.5 um and 9 pm, respectively. The grain size of 316L
was three times larger than that of modified 316L due to grain refinement caused by the UIT.
There were austenitic grain boundary cracks at the metallographic edges and the surface of
modified 316L was not flat (see Fig 4(c)). A strong plastic deformation layer exists at the edge
of modified 316L, no obvious grain boundary existed, and the side of modified 316L was rela-
tively smooth (see Fig 4(d)). The depth of the plastic deformation layer was approximately
equal to the results from reference [10]. Compared with the results from reference [11], the
thickness of the hardening layer of the treated 316L was deeper and the grain refinement was
more obvious.

Fig 5 depicts the evolution of plastic deformation of modified 316L. In the ultrasonic impact
process of 316L, the diffusion of ultrasonic impact energy to the interior of the crystals was not
uniform, the formation of twin crystals was sequential and in different directions, and twin
crystals with different orientations would undergo twin crossover during the ultrasonic impact
process. The possible causes of grain growth were grain boundary slip or grain boundary tor-
sional deformation.

To characterize the fine crystal organization of the surface layer of modified 316L, the surface
texture of modified 316L was analyzed by transmission electron microscopy as shown in Fig 6.
The bright and dark phases of modified 316L can be clearly seen in Fig 6(a). Modified 316L had
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Fig 4. Metallographic structures of 316L and modified 316L specimens at different positions: (a) Matrix of the 316L specimen;
(b) Matrix of the modified 316L specimen; (c) Edge of the 316L specimen; (d) Edge of the modified 316Lspecimen.
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Fig 5. Schematic diagram of the evolution of plastic deformation of modified 316L specimens.

https://doi.org/10.1371/journal.pone.0307400.9005
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(b)

Fig 6. Surface texture and fine crystal organization of modified 316L specimens: (a) Surface texture; (b) Surface
amorphous region; (c) Nanocrystalline region; (d) Twin delivery.

https://doi.org/10.1371/journal.pone.0307400.9006

a multi-phase organization, and its surface grains of modified 316L had been broken into nano-
crystals. Nanocrystalline and amorphous regions had been formed on the surface of modified
316L, which had different grain orientations, and some of the grains with favorable orientations
firstly started to slip deform, while the grains with unfavorable orientations might still be in the
elastic deformation state. Therefore, the amount of plastic deformation under external force
was different. These nanocrystalline and amorphous regions exhibited a nested structure,
which significantly increased the local surface hardness of modified 316L. It was noteworthy
that the surface layer of the crystalline zone in the modified 316L specimen contained a large
number of nanoscale particles. As the depth increased, many lamellar sub-grains with uneven
morphology and fuzzy boundaries with lamellar nanobelts appeared. Some tiny dislocation
walls were also observed between the lamellae. Fig 6(b) shows the amorphous region, which
was diffracted on the nanoscale of the beam spot. The diffraction spots appeared as meat
splotches, observed using a high-resolution transmission electron microscopy, with the dif-
fracted spot appearing as a fleshy mass (as shown in the upper right corner). The broadened
Debye ring was characteristic of the amorphous scattering [39]. Therefore, amorphous bodies
were present. The average grain size of the ultrasonically impacted surface layer was about 34.8
nm as can be seen in Fig 6(c). The average size of the refined nanoparticles was in the same
order of magnitude as the results from reference [17]. With the increase of the depth, the shear
strain and shear strain rate of the specimen by the ultrasonic impact device tended to decrease,
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Fig 7. SAED pattern of crystal region of modified 316L specimens.
https://doi.org/10.1371/journal.pone.0307400.9007

and the dislocation density in the deeper layer was lower than that in the surface layer, so it was
difficult to form new fine grains in the deeper region. The substrate boundary can be observed
in Fig 6(c). As can be seen from Fig 6(d), the internal twinning was full of dislocations, and the
orientation difference was the angle formed by the intersection of the two twin systems, which
was 60°. Twin 1 and twin 2 were intersecting and interspersed states, but twin 2 did not cross
the spacing of twin 1. In summary, the twins arose at grain boundary and extended into the
interior of the grains, but never penetrated the entire grain. The dislocation density of the speci-
mens increased after UIT, which was agreement with the findings in reference [16].

Fig 7 shows the selected area electron diffraction (SAED) pattern of a crystal region of modi-
fied 316L. If the sample contained multiple grains and the grains were oriented completely ran-
domly, then each grain face and each grain orientation had the same chance of diffraction,
resulting in the concentric rings shown in Fig 7. The ratio of the radius of the concentric ring
wasR} : R} :R}:R}---=3:4:8:11--- According to the radius relationship between dif-
fraction rings can be obtained that modified 316L was a face-centered cubic (FCC) structure.
Transmission electron micrographs of diffraction analysis of modified 316L using the ring GUI
module in CrysTBox software showed that the diffraction indices were (11 1), ¥(200), y(3 1
1), 2(211),y(222) - --. It was noteworthy that the plastic deformation brought about by the
ultrasonic impact induced a martensitic phase transformation of the material, i.e. @-Fe induced
transformation into y-Fe, which was agreement with the findings in references [13, 15].

3.2 Microhardness

The measured matrix hardnesses of 316L and modified 316L were 208.87 HV and 220.16 HV,
respectively. The variation curves of the cross-sectional hardness with the depth (distance
from the cross-section to the surface) are described as shown in Fig 8. The hardness of 316L

PLOS ONE | https://doi.org/10.1371/journal.pone.0307400 July 25, 2024 9/23


https://doi.org/10.1371/journal.pone.0307400.g007
https://doi.org/10.1371/journal.pone.0307400

PLOS ONE

Effect of ultrasonic surface impact on the mechanical properties of 316L austenitic stainless steel

450

— 316L
Modified 316L

400

[ w
(=) ‘n
(=] (=]
| 1

Vickers hardness (HV)
b~
‘n
o
|

[

=

o
T

i

L

0 200 400
Depth (qun)

Fig 8. The cross-sectional hardness variation curves of with the depth.

https://doi.org/10.1371/journal.pone.0307400.9008

2

2

—

‘n

(=]
-
5
=

'} A
600 800

was stable between 200 HV and 220 HV. The hardness of modified 316L surface was up to
428.7 HV, which was twice the hardness of the modified 316L matrix. This was in agreement
with the findings in references [14, 16]. When the depth was 0~40 pm, the hardness of modi-
fied 316L decreased dramatically. When the depth was 40~400 pm, the decreasing trend of the
hardness of modified 316L was slowed down. When the depth was greater than 500 um, the
hardness did not change significantly and stabilized at about 226 HV, which was roughly
equivalent to the hardness of 316L matrix. Overall, the hardness of modified 316L was higher
than that of 316L. Ultrasonic impact on the metal surface can effectively improve the hardness
of 316L. This effect was most pronounced in the range of a few tens of micrometers, up to
about 600 um, which was agreement with the results concluded by Herbster et al. [12]. In
accordance with the law reflected in the Hall-patch equation, this explained why the cross-sec-
tional hardness of modified 316L decreased abruptly after a few tens of microns.

3.3 XRD diffraction analysis

XRD diffraction analysis was performed on 316L and modified 316L, as shown in Fig 9. It can
be seen that the martensitic grain size induced at the impact edge was about 2.00 A. There
were four diffraction crystal surfaces for both 316L and modified 316L, which were y (11 1), ¥
(200),y(220),y(311). The diffraction index of the transmission electron microscope was
consistent with the crystallographic index of XRD, ensuring the accuracy of the XRD diffrac-
tion analysis result. Modified 316L sample showed a bifurcation peak on the strongest diffrac-
tion peak o (1 1 0) and the presence of a very weak characteristic peak ¢ (2 1 1), which were
found to be martensitic when comparing PDF cards [40, 41], indicating that the surface of the
316L (UI) sample induced martensitic phase transformation during high frequency ultrasonic
impact, i.e., a-Fe induced transformation to y-Fe [42]. Overall, the characteristic peak of modi-
fied 316L sample was shifted to the left.
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3.4 Tensile properties

The force-displacement curves of the three 316L (modified 316L) specimens are in better
agreement, so the force-displacement curve of only one specimen is selected, as described in
Fig 10(a). The tensile properties of 316L and modified 316L specimens are described in Fig 10
(b) and Table 4. In Table 4, the tensile results are the average values of the three specimens.
After the UIT, the tensile strength of the specimen increased by 19.52%, yield strength
increased by 74.61%, and elongation at fracture and reduction of area were decreased by
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Fig 10. Tensile test results of 316 L and modified 316L specimens: (a) Force displacement curves; (b) Tensile properties.

https://doi.org/10.1371/journal.pone.0307400.9010
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Table 4. Tensile properties of 316L and modified

316L specimens.

Index 316L (1050°C) Standard deviation of 316L Modified 316L (1050°C) Standard deviation of modified 316L
Tensile strength (MPa) 589 3.95 704 7.46
Yield strength (MPa) 260 6.92 454 7.66
Elongation at fracture (%) 72.83 4.43 57.45 6.45
Reduction of area (%) 77.72 10.23 65.98 11.94

https://doi.org/10.1371/journal.pone.0307400.t004

21.11% and 15.11%, respectively. Compared with the results from reference [16], the increase
in yield strength and tensile strength of the modified 316L was slightly increased, but elonga-
tion at fracture and reduction of area were decreased. The fracture morphology of 316L speci-
mens under uniaxial tensile loading is shown in Fig 11. The fracture morphology showed a
bowl shape (see Fig 11(a)). The fracture pattern was typical of ductile fracture, including three
parts: fracture source, extension zone and shear lip. This was a shear fracture that slides opened
about 45° in an axial direction at, and was accompanied by a more pronounced necking. As
can be seen from Fig 11(b), the stretching stripe distribution of 316L specimen was uniform,
and the grain slip distance was stable between 12 and 24 pm, which was a shear dimple for
reverse elongation. The crack initiation site of 316L specimen was located at the surface, which
has the other material inclusions or grain boundaries. As can be seen from Fig 11(c), 316L
specimen also had a more uniform distribution of dimples, which were isometric dimples
formed by stretching. The good plasticity of the 316L specimens was demonstrated and con-
firmed by the high elongation at break of 72.83%. Fig 12 shows the fracture morphology of
modified 316L specimens under uniaxial tensile loading. The fracture morphology showed an
irregular bowl shape (see Fig 12(b). There was no obvious central rounded bottom, but there
was also a shear fracture that slides opened about 45°in an axial direction. Obvious macro-
scopic cracks appeared at the bottom around the bowl of the specimen. As can be seen from
Fig 12(b), the stretching stripe distribution of modified 316L specimen was more disordered,
the slip line was torn, and the slip distance was basically stable within 10 pm, which can
explained that the elongation and area reduction of modified 316L specimens were small. The
material edge of the specimen had no obvious stretching stripes and no other material inclu-
sions. Typical deconvoluted fracture can be observed in the modified 316L specimen near the

(b)

Fig 11. Morphology of tensile fracture morphology of 316L specimens: (a) Full view; (b) Crack initiation site.

https://doi.org/10.1371/journal.pone.0307400.9011
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Fig 12. Morphology of tensile fracture morphology of modified 316L specimens: (a) Full view; (b) Crack initiation site; (c)
Middle region of fracture surface.

https://doi.org/10.1371/journal.pone.0307400.9012

crack source, indicating that the fracture mode in this region was dominated by brittle frac-
ture. Combined with the full view of modified 316L specimen, it can be determined that the
tensile fracture of modified 316L specimen originated from the subsurface layer, i.e., between
the nanolayer and the matrix layer. After the matrix basically lost its strength, the cracks propa-
gated outward until modified 316L specimen completely fractured. The reason for this wa the
result of the reduction of the elastic-plastic limit of the surface-modified layer. During the
UIT, a reinforced layer with high hardness and fine microstructure was produced on the sur-
face of the specimen, which resulted in higher density and lower surface plasticity of the mate-
rial and the need to counterbalance the compressive stresses in the surface layer with higher
tensile stresses. As a result, the material was more prone to fracture at the subsurface and the
elongation of the specimen decreased under external tensile loading [24]. As can be seen from
Figs 11(c) and 14(c), the dimples in modified 316L specimen were more uniformly distributed
than those in 316L specimen, but the dimples were of the same size.

3.5 Fatigue properties

The number of cycles (N) recorded after cyclic failure of the test specimen was the fatigue life
of the specimen under the corresponding condition, or the number of cycles reached 10 mil-
lion cycles and then the test was stopped, and the current state was recorded as a permanent
fatigue state. The S-N curves of 316L and modified 316L specimens are shown in Fig 13. The
fatigue strengths of 316L and modified 316L specimens were 267 MPa and 327 MPa,
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respectively. After UIT, the fatigue strength of the 316L increased by 22.47%, indicating that
austenite grain refinement had a significant effect on the fatigue strength of 316L. However,
when S was greater than 350 MPa, the fatigue life of modified 316L was not well strengthened,
and even had a decreasing trend. The reason for this can be attributed to two aspects: at high
stress range, the material was prone to plastic deformation, and the residual compressive stress
caused by ultrasonic impact was released rapidly, leading to rapid crack sprouting in the modi-
fied 316L specimens; at low stress range, the residual compressive stress and high finish of the
modified 316L surface can greatly inhibit crack initiation and extension, thus significantly
improving the fatigue life [24].The fatigue strength to tensile strength ratios for 316L and mod-
ified 316L specimens were 0.45 and 0.46, respectively. Andrade et al. [27] and Hitoshi et al.
[31] found that UIT can increase the fatigue strength of metallic materials by between 20% and
30%, and in a few cases, the fatigue limit can be increased by 50%, which was agreement with
the results in this study. Fig 14 shows the relationship between the stress range and the differ-
ence in diameter after fracture (A®) of the specimens. A® increased with the increase of S. The
diameter differences of 316L and modified 316L specimens at low stress range were 1.18 mm
and 1.06 mm, respectively, which were both smaller than those of the permanent fatigue speci-
mens. R%.

Fig 15 shows the fracture morphology of 316L specimens. From the crack sources in Fig 15
(a) and 15(c), it can be seen that the crack initiation site was located on the surface of the speci-
men, and the crack sources were radial in shape at different stress ranges. The fatigue striation
spacing is measured using Photoshop software, as shown in Fig 15(b) and 15(d). From Fig 15
(b) and 15(d), it can be observed that the fatigue striation spacing is 3.54 um at S = 286.66 MPa
and itis 1.30 pm S = 313.34 MPa. When S increases by 9.31%, the fatigue striation spacing
decreases by 63.28%, indicating that S has a greater effect on the fatigue striation spacing of
316L. The reason for this was that 316L specimens were more susceptible to the formation of
slip bands of plastic deformation under cyclic loading, and the generation of slip bands pro-
vided favorable conditions for fatigue crack initiation [43]. The internal grains in austenitic
steels were constrained by the surrounding neighboring grains and were therefore under
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triaxial stress. Grains near the surface were constrained only by grains deeper in the material
and therefore experienced stress gradients and biaxial states of stress at the very surface. The
number of slip systems activated in the "surface” grains was less than that activated in the
"body" grains, so the former were more prone to plastic deformation. As a result, fatigue cracks
in untreated specimens always started at the surface and then propagated internally until
failure.

Fig 16 shows the SEM fracture morphology of modified 316L specimens. At the low stress
range, cracks sources of modified 316L specimens were far away from the surface of the speci-
men (Fig 16(a)), and they showed a radial pattern with small fatigue striation spacing. At the
high stress range, cracks sources of modified 316L specimens were close to the surface of the
specimens (Fig 16(c)). From Fig 16(b) and 16(d), it can be observed that the fatigue striation
spacing was 0.84 um at S = 353.34 MPa and it is 0.73 pm S = 393.34 MPa. When S increased by
11.13%, the fatigue striation spacing decreased by 13.10%, indicating that S had less effect on
the fatigue striation spacing of modified 316L. Compared with the results of 316L, it can be
found that the fatigue property of the modified 316L was better than that of 316L. The reason
for this was that the specimen surface layer had fine grains, more dislocations, and high distor-
tion energy, which prevented the expansion of brittle outer cracks, which led to delayed crack
initiation, thus greatly increasing the fatigue life. Fatigue cracks nucleated at locations where
internal stresses were concentrated, such as brittle inclusions. Under cyclic loading, debonding
occurred at the interface between the inclusions and the matrix and the inclusions fracture,
providing a site for fatigue crack initiation [44].

In conclusion, regardless of the stress level, the crack initiation site of modified 316L was
located inside the specimen. The cracks started from the inside of modified 316L specimens.
As the stress range decreased, the crack initiation site gradually moved toward the interior of
the specimen. The crack source shown in Fig 16(a) was analyzed by x-ray spectrometer and
the test results are shown in Fig 17. The material at the crack source was oxides dominated by
Si0,. The cracks existed inside the inclusions and at the interface between the inclusions and
the matrix.
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(d)

Fig 15. SEM fracture morphology of fracture surface of 316L specimens: (a) Crack source at S = 286.66 MPa; (b) Fatigue striation at S = 286.66 MPa; (c)
Crack source at S = 313.34 MPa; (d) Fatigue striation at S = 313.34 MPa.

https://doi.org/10.1371/journal.pone.0307400.9015

As shown in Fig 18, the fatigue fracture surfaces of 316L and 316 (UI) specimens had a
large number of crack sources on one side of the fracture surface. The crack sources in 316L
specimens were at the austenitic grain boundaries. There were obvious austenitic features in
the vicinity of the crack sources. The crack sources in modified 316L specimen were inside the
specimen and were not evident on the surface of the specimen.

The fatigue fracture morphology of the specimens on the side of the fatigue fracture surface
is shown in Fig 19. 316L and modified 316L specimens showed no significant change on the
side away from the fatigue fracture surface (Fig 19(a) and 19(b)). On the fatigue fracture sur-
face, the 316L specimen had significant roughness on the surface and the fracture surface was
jagged (Fig 19(c)), which was attributed to the slippage of the surface grains during sinusoidal
loading of the specimens, resulting in very distinct austenite grain boundaries on the surface of
316L specimens. Modified 316L specimens had concentric rings on the fatigue fracture surface
(Fig 19(d)), and the spacing of the concentric rings near the fracture surface was larger. This
was due to the higher lattice energy and more dislocations on the surface of modified 316L
specimens, which greatly improved the anti-slip ability of the grains, and the specimen surface
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(a) (b)

(d) &

Fig 16. SEM fracture morphology of fracture surface of 316(UI) specimens: (a) Crack source at S = 353.34 MPa; (b) Fatigue striation at § = 353.34 MPa;
(c) Crack source at S = 393.34 MPa; (d) Fatigue striation at S = 393.34 MPa.

https://doi.org/10.1371/journal.pone.0307400.9016

exhibited concentric rings under cyclic loading conditions. It was worth noting that the above-
mentioned features were absent in Fig 18.

3.6 Fatigue fracture mechanism

The fatigue fracture mechanisms of 316L and modified 316L are shown in Fig 20. 316L and
modified 316L differed in the location of the crack sources. The crack source in 316L came
from the austenitic grain boundaries due to oxygen atoms and other atoms in the air crowding
in and forming oxides on the surface of 316L. Modified 316L had a layer of fine crystals on the
surface that effectively prevented oxygen atoms and other atoms in the air from crowding into
the austenitic matrix. Its crack source was in the subsurface layer of modified 316L. As the
number of fatigue cycles increased, fatigue cracks propagated steadily. When the crack propa-
gated near the heterogeneous phase, the crack propagation rate fluctuated slightly. When the
crack propagated into the transition zone, modified 316L specimens became extremely unsta-
ble, and crack propagation rate accelerated until the material instantaneously failed. The
fatigue striation spacing of 316L was about 1.30~3.54, but that of modified 316L was less than
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Fig 17. EDS analysis of crack source at S = 353.34MPa: (a) Chemical element content; (b) Chemical element
distribution.

https://doi.org/10.1371/journal.pone.0307400.g017

1 pm. Compared with modified 316L, the fracture was more zigzag, and the side surface after
fracture was rougher.

Based on the above analysis, a method for detecting the degree of fatigue damage in 316L
and modified 316L was proposed. For 316L, when the diameter of the 316L specimen in ser-
vice was greater than the diameter of the specimen in the case of permanent fatigue, the speci-
men was safe for use. Conversely, the surface of the specimen can be observed using a portable
OM. If the side surface of the specimen had significant roughness, the specimen should be
included within the focus of testing. If micro cracks were observed on the side of the specimen,
the specimen should be replaced immediately. For modified 316L, when the diameter of the
modified 316L specimen in use was greater than the diameter of the specimen in the case of
permanent fatigue, the specimen was safe to use. Conversely, the test should focus on the side
surfaces of the specimen. When the concentric ring feature appeared on the side of modified
316L specimen, it should be included in the key inspection range and the maximum spacing
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(b)

Fig 18. Fatigue cracks on the side of the fatigue fracture surface: (a) 316L at S = 286.66 MPa; (b) Modified 316L at S = 353.34
MPa.

https://doi.org/10.1371/journal.pone.0307400.9018

(b)

(d)

Fig 19. Fatigue fracture morphology of the side of the fatigue fracture surface: (a) Away from the fracture surface of 316L; (b) Away from the fracture
surface of modified 316L; (c) Near the fatigue fracture surface of 316L; (d) Near the fatigue fracture surface of modified 316L.

https://doi.org/10.1371/journal.pone.0307400.9019
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between the concentric rings should be found, and then frequent observations should be made
in the region of the maximum spacing. When macro cracks appeared in the region, the mem-
ber should be replaced immediately.

4 Conclusions

Combining XRD test, tensile and fatigue tests, SEM and transmission electron microscopy
investigations, the effect of UIT on the microstructural characterization and mechanical prop-
erties of 316L was investigated experimentally. The fatigue fracture mechanism of 316L before
and after UIT was revealed. The main conclusions can be drawn as follows.
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(1) The grain sizes of 316L and modified 316L were 27.5 um and 9 pm, respectively. The
surface grains of modified 316L showed a rheological trend. After UIT, 316L induced martens-
itic phase transformation.

(2) The tensile strengths of 316L and modified 316L specimens were 576 MPa and 703
MPa, respectively. After UIT, the tensile strength of the specimen increased by 22.04%, yield
strength increased by 57.99%, and elongation at fracture and reduction of area were decreased
by 18.72 and 13.04, respectively. The crack initiation site of 316L specimen was located at the
surface, with inclusions of other materials or grain boundaries on the surface. The tensile frac-
ture of modified 316L specimens originated from the subsurface layer. (3) Austenite grain
refinement had a significant effect on the fatigue strength of 316L specimen. The fatigue
strengths of 316L and modified 316L specimens were 267 MPa and 327 MPa, respectively. The
fatigue strength to tensile strength ratios for 316L and modified 316L specimens were 0.47 and
0.46, respectively.

(4) The fatigue cracking of 316L started at the austenite grain boundaries, and the fatigue
fracture surface was relatively rough. The fatigue crack sources in modified 316L originated
from internal inclusions. The inclusions were oxides dominated by SiO,. As the stress range
increased, the crack initiation site migrated to the interior and the fatigue fracture surface
became flatter.
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