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Abstract: Effect of microstructure on the crack initiation and early propagation mechanism in the
very high cycle fatigue (VHCF) regime was studied in 316L stainless steel (316L SS) by atomic force
microscope (AFM) and electron back scattered diffraction (EBSD). The results show that small fatigue
cracks initiate from the slip band near the grain boundaries (GBs) or the twin boundaries (TBs).
Early crack propagation along or cross the slip band is strongly influenced by the local microstructure
such as grain size, orientation, and boundary. Besides, the gathered slip bands (SBs) are presented
side by side with the damage grains of the run-out specimen. Finally, it is found that dislocations can
either pass through the TBs, or be arrested at the TBs.
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1. Introduction

316L SS is widely used as the nuclear engineering structural material, such as the support plate,
primary coolant pipe, and main coolant pump in a pressurized reactor, owing to its better welding
performance [1], low radiation sensitivity [2], excellent corrosion and oxidation resistance [3], et cetera.
These components are often subjected to high frequency and low-stress amplitude, especially because
of flow-induced vibration, so fatigue failure usually occurs.

The failure mechanism of bending fatigue of long pipe in the reactor due to flow-induced
vibration is studied in the present work, which belongs to the very high cycle fatigue (VHCF) regime.
Due to the diversity of fatigue test loading, the existing research is still focused on the material’s
fatigue performance, and the mechanism of fatigue crack initiation and early propagation is not fully
understood [4–6]. Moreover, the research on the symmetrical bending of metal materials by ultrasonic
fatigue technology is rare. There is only one research on the bending vibration fatigue performance of
TC17 titanium alloy [7].

Due to the complexity of the microstructure (such as grain size, grain orientation, twins, etc.) of
metal materials, the study of fatigue crack initiation mechanism is challenging. Even when the fatigue
loading is macro elastic, the inhomogeneity of adjacent grains in the material will lead to permanent
(inelastic) microstructure deformation in the local region, and the stress concentration caused by the
accumulation of such deformation plays a leading role in the early initiation of fatigue cracks [8–14].
For polycrystalline materials such as 316L SS that do not contain obvious internal defects, the internal
atoms will undergo dislocation slip motion under the action of shear stress, and then many slip bands
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will be formed on the free surface of the specimen, so intrusion and extrusion are often accompanied
between the matrix and the slip band. The vacuum mode annihilation of dislocations moving forward
and backward in the slip band can be regarded as infinitesimal crack propagation [15,16]. The research
on the formation and development of slip bands can provide more details for the mechanism study of
fatigue crack initiation. The slip band with the associated extrusion and intrusion has unique geometry
and its formation process will cause the change of surface roughness. An atomic force microscope
(AFM) can supplement the optical measurement of the deformation of the specimen from macro-level
to the micro-level, and can also quantitatively detect the fatigue damage changes of the specimen
surface. For example, AFM was used to slow crack propagation mechanisms in a glassy polymer [17],
obtain the quantitative data of the change process of 3D morphology [18], and study the deformation
mechanics of intrusions and extrusions of the slip bands [19]. Its accuracy depends on the geometric
dimensions of marks and the AFM probes.

Under low-stress amplitude, the accumulation of irreversible plastic deformation not only leads
to fatigue failure at the persistent slip band. Because the slip band can be blocked by barriers such
as grain boundaries, dislocations pile up at this place, causing local deformation and incompatibility
at the grain boundary, resulting in the grain boundary becoming an important position for fatigue
crack initiation [20–23]. For the single-phase material Alloy 690, the strain localization due to the
accumulation of dislocations at the grain boundary or near the grain boundary will eventually
become the source of fatigue cracks in the VHCF regime [24]. Besides, when the barrier caused by
microstructures such as grain boundaries is strong enough, the growth of small fatigue cracks will
be suppressed, so that the material does not experience fatigue failure. For example, in the cyclic
deformation structure of 316L austenitic stainless steel, it is observed that the growth of ultra-high
cycle fatigue cracks is hindered by coherent twins [25]. For another example, the phase boundary of
austenite-ferrite dual-phase steel is an effective barrier to prevent slip transfer [26,27].

However, whether the barrier can achieve infinite life depends largely on the interaction of the
local plastic deformation process, small fatigue crack nucleation, and their subsequent interaction with
the microstructure of surrounding materials [28]. Therefore, the mechanism of fatigue crack initiation
and propagation of 316L SS at low-stress amplitude (VHCF) needs to be studied in detail.

2. Experiment Procedures

2.1. Materials and Specimens

An austenitic stainless steel was used in this study. Its chemical composition is C: 0.03; Si: 0.566;
Mn: 1.138; P: 0.023; S: 0.0016; Ni: 16.878; Cr: 10.21; Cu: 0.014; N: 0.0371; Mo:2.045; and Fe: balance.
As-received materials were heat-treated by solution-annealing at 1050 °C for 30 min and followed
by water quenching (referred to ST after this). Three standard tensile specimens were prepared after
the heat-treatment, and tensile testing was carried out on a 100kN tensile test machine (SHIMADZU,
Kyoto, Japan) with a constant strain rate of 5× 10−4 s−1. The hardness testing was performed with
a load of 0.5 kg. The mechanical properties of ST 316L SS (TISCO, Taiyuan, China) are indicated in
Table 1.

Table 1. Mechanical properties of ST 316L SS.

Yield Stress
(0.02%; MPa)

Tensile Strength
(MPa)

Young’s Modulus
(GPa)

Density
(kg/m3)

Hardness
(Hv)

220 580 195 7990 141.1

Metallographic samples were prepared following the standard grinding and polishing procedure.
The ratio of metallographic corrosion solution for 316L SS is FeCl3:HCl:H2O = 1:1:3. The etching
was conducted by immersing the sample in the above solution for 5 to 10 s, and then taking it out
immediately and washing it with clean water. Figure 1a shows the microstructure of ST 316L SS in the
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optical microscope (OM), in which the average grain size is about 50 µm according standard process
suggested by ASTM E112-10. The AFM image (Figure 1b) shows many annealed twins distributed on
the austenite grains; the average roughness of this area is 0.3 µm.

Figure 1. Microstructure of ST 316L: (a) OM image and (b) AFM image.

The type of specimen selected for the ultrasonic symmetrical bending fatigue test is a plate
specimen with a thickness of 1.5 mm. Figure 2 shows the detailed dimensions of it. Each specimen’s
surface was polished with #800, #1200, and #1500 grit sandpaper in turn, and then was electrolytically
polished by 5% perchloric acid alcohol solution for reducing the effects of the resistant stress.

Figure 2. Sketch of ultrasonic symmetrical bending fatigue specimen (dimensions in mm).

2.2. Ultrasonic Fatigue Test

Similar to conventional tension-compression fatigue tests, symmetrical bending fatigue tests
were conducted using an ultrasonic fatigue testing system (Shimadzu, USF-2000, Kyoto, Japan).
The excitation signal generated by the ultrasonic generator was loaded on the specimen by transducer
and amplifier. The symmetrical bending fatigue specimen was attached to the ultrasonic horn with an
attachment system, special spacers with bolts, to constitute the resonance system working at 20 kHz,
thereby causing symmetrical bending fatigue (ratio of stress R = −1).

When the resonance frequency was lower than 19.5 kHz, fatigue failure occurred because the
resonance system’s frequency gradually decreased as the fatigue damage of the specimen accumulated.
In addition, when the number of loading cycles exceeded 109 cycles, the fatigue test was stopped,
and the specimen was regarded as a no failure one.

Cooled compressed air and intermittent loading were used during the ultrasonic fatigue
test to reduce the thermal effect. The loading and arresting time were selected as 110 ms and
800 ms, respectively.
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3. Results

3.1. Test Results and Fractography

The test results of ST 316L SS in the very high cycle fatigue regime are shown in Figure 3.
The hollow circle represents the fatigue failure specimens, and the hollow circle with an arrow indicates
specimens passing the fatigue test at 109 cycles without failure. It is shown that the fatigue life gradually
increases with decreasing stress amplitude before 106 cycles. Another important feature is that the
stress amplitude, which hardly broke between 106 and 109 cycles, termed as fatigue stress limit here,
has been determined as 320 MPa. According to the literature, it has been reported that low-strength
steels like 316L SS usually have similar fatigue limits in the VHCF regime [29,30].

Figure 3. Fatigue results of ST 316L SS.

SEM examines the fracture surfaces of all failed specimens. As shown in Figure 4, there are
three typical ultra-high cycle bending fatigue fracture morphologies, corresponding to high-cycle
(i.e., Figure 4a–f) and ultra-high-cycle (i.e., Figure 4g–i) fatigue fractures, respectively. Figure 4b,e,h are
respectively magnitude views of the area within the red dashed box in Figure 4a,d,g. Figure 4c,f,i are
respectively magnitude views of the area within the purple dashed box in Figure 4a,d,h. The yellow
dashed line indicates the early initiation and expansion area of fatigue cracks, and the red arrow
indicates the specific location of the crack initiation.
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Figure 4. Typical fracture morphologies of surface initiations: (a–c) σ0 = 355 MPa, Nf = 2.09× 105 cycles,
(d–f) σ0 = 316 MPa, Nf = 4.2× 105 cycles, (g–i) σ0 = 332 MPa, Nf = 6.09× 107 cycles.

In the high cycles, bending fatigue fracture of 316L SS is in line with the common high-cycle
fatigue crack initiation characteristics: multiple crack source initiation characteristics, as shown in
Figure 4a and d. Another feature of the high-cycle bending fatigue fracture in this test is that cracks
originate from the specimen’s upper and lower surfaces simultaneously, as shown in Figure 4d. In the
middle of the specimen’s cross-section, two cracks finally intersect and cause fatigue failure, forming
this typical fracture feature. It is caused by the gradient distribution of stress along the thickness
direction under bending fatigue. As a result, the near-surface stress is the largest, and the surface
fatigue crack occurs first.

Figure 4g–i show the fatigue fracture of the ultra-high cycles. It can be seen that, even with the
above gradient distribution of stress, the ultra-high cycle bending fatigue crack still initiates as a
single crack source, and its contrast is different from the rapid growth zone of the crack in Figure 4g.
The fatigue crack propagates from the initiation source area to the other surface of the specimen until
failure, also in line with ultra-high cycle fatigue crack initiation characteristics. In Figure 4i, the white
dotted line indicates the grain boundary near the crack initiation position. The red dotted line inside the
grain shows that the crack expands for a while and pauses for a while because the test is intermittently
loading. The white arrow at the edge of the grain boundary refers to secondary cracks caused by the
main crack’s expansion. It is a transgranular crack expansion in this grain, and the inside of the grain
is relatively smooth.

From the fracture analysis, the fatigue cracks of 316L in the high cycles or very high cycles are
all initiated from the surface. The different fractures topography in Figure 4 is due to their different
fatigue life, in other words, Figure 4a–f are in the high cycles and Figure 4g–i are in very high cycles.
Unlike many structural materials (such as aluminum alloys [31], high-strength steel [8–32] and titanium
alloys [33,34]), from the high cycles to the very high cycles, the fatigue crack initiation site shift from



Materials 2020, 13, 4820 6 of 15

the surface to the inner. The existence of the stress gradient changes the initiation position of the
fatigue crack source but does not change the initiation mechanism of the very high cycle fatigue crack.

3.2. AFM Observations on the Surface after Fatigue

Although the stress amplitude of ultra-high cycle fatigue is lower than the material’s yield
strength, strong plastic deformation still occurs in the very small part of the material, and slip bands
are important features of the crystal plastic deformation. The specimen surface is the place of greatest
deformation in the above mentioned in very high cycle symmetric bending fatigue tests. Therefore,
it is necessary to study the evolution of slip bands on the surface of 316L SS with cycles to understand
the nucleation process of bending fatigue cracks. To study the specimen surface used by OM and AFM,
it is necessary to repeatedly interrupt the bending fatigue test.

Figure 5 shows the evolution of slip bands in austenite grains on the surface of ultra-high cycle
bending fatigue specimens with constant stress amplitude (i.e., σ = 322 MPa). Figure 5a shows the
surface of the specimen after electropolishing and corrosion treatment. The scale of all images is the
same as shown in Figure 5a. The white arrow refers to the annealed twins, and the yellow dotted line
is the grain boundary among G1, G2, T1, and T2. The white arrow in Figure 5b refers to the slip bands
in austenite grains after 105 fatigue cycles.

Figure 5. Evolution of slip bands on specimen surface observed by OM. (a–f) The number of bending
cycles is 0, 105, 106, 107, 108 and 109, respectively. (σ = 322 MPa).

It can be seen from Figure 5a–f that although the specimen surface is subjected to stress, only in
certain orientation grains (such as G1 and G2 in Figure 5c) are slip bands formed. Although slip bands
are formed in both G1 and G2, the corresponding slip is more intensive in G1. As the cycles increase,
the slip band of these grains is denser, especially for G1 in Figure 5b–f. It is consistent with existing
research results, that is, the orientation of each grain is divided into soft and hard in materials, and the
deformation sequence and amount of deformation of each grain are different, but the deformation
of each grain is restricted by its adjacent grains [35]. Secondly, the grains with the highest Schmid
factor are more likely to slip under shear stress, which leads to the more prominent slip marks in these
grains [18]. Interestingly, even when the fatigue cycles reach 109, there are no slip bands in some grains
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with individual orientations, indicating that no plastic deformation occurs in these grains, as shown in
T2 in Figure 5f.

Figure 6 shows the 3D morphology characteristics of slip bands under different fatigue cycles
obtained by AFM at 322 MPa. The scanning region of AFM is the red solid line area in Figure 6a,
the size of which is 10 µm × 10 µm, and the white arrow shows annealing twins.

Figure 6. 3D morphology of slip bands at different fatigue cycles. (a) OM image. (b–f) AFM images.
(σ = 322 MPa).

It can be seen from Figure 6b that there are three slip bands in the lower part of annealing twins
after 105 cycles, named 1, 2, and 3, respectively. Only the region between slip band 1 and 3 is considered.
After 106 cycles, three new slip bands are added, marked as 4, 5, and 6. When the cycle reaches 107,
the number of slip bands is 9, marked as 7, 8, and 9. The number of slip bands did not increase until
109 cycles. It is well known that the generation of slip bands is often accompanied by the formation of
intrusions and extrusions, as shown in Figure 6b. It should be noted that adjacent slip bands are not
completely independent growths, that is, slip band 1, 4, and 5 are combined after 106 cycles, named C1
in Figure 6c. After 107 cycles, slip band 7 also combines with the above three slip bands, as shown in
Figure 6c,d. In addition, slip band 6 and 9 also tend to grow together, named C2 in Figure 6d–f. It is
observed that intrusions often appear when slip bands are just formed, as shown by slip band 3 and 8
in Figure 6. As the number of cycles increases, some intrusions disappear. The possible reason is that
the combined growth of adjacent slip bands causes intrusions between the slip band and the matrix to
be squeezed, causing it to disappear gradually.

It is easy to measure the contour shape of slip band 2 because it does not grow with other slip
bands in the whole fatigue test. Take the 3 µm long section of it near the twin, as shown in the solid
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white wireframe in Figure 6b, and analyze the variation of the roughness value with the increase of
cycles using AFM post-processing software. The result is shown in Figure 7. Among them, Rz is the
average maximum height of the roughness, Rv is the maximum roughness valley depth, and Rp is the
maximum roughness peak height. Rv and Rp are used to represent the growth of the largest intrusions
and extrusions. It can be seen that the overall average maximum roughness has no significant change.
The valley depth of the maximum roughness decreases, and the peak height of the maximum roughness
increases, with the increase of cycles. However, in the ultra-high cycle fatigue regime, the reduction
rate of the maximum roughness valley depth, and the increase rate of the maximum roughness peak
height gradually decreases with the increase of fatigue cycles. Already reported in the literature [36],
the initial extrusion and intrusion growth rate of slip band are high, and then decreases in the low
cycle fatigue regime.

Figure 7. Variation of the roughness of slip band 2. (σ = 322 MPa).

From the above results, it can be concluded that the fatigue limit of 316L SS exists in ultra-high
cycles for the following two reasons. At the low-stress amplitude, the extrusion growth rate of the
slip band is low, which reduces the accumulation rate of plastic strain in the partial area, delays the
initiation time of fatigue cracks, and obtains higher fatigue cycles. Besides, when the sliding motion is
not enough to break through the grain boundary, more slip bands are formed in grains, and adjacent
slip bands tend to grow together to balance the plastic deformation between grains. The gradual
decrease of the maximum roughness valley depth indicates that the merging growth process of slip
bands will lead to the disappearance of some intrusions, reduce the stress concentration between the
slip band and the matrix to a certain extent, and delay the initiation time of fatigue cracks.

3.3. Observation of Surface Fatigue Crack Initiation

Figure 8 shows the free surface morphology of the fatigue failure specimen after 6.09× 107 cycles
under SEM. There are two incompletely expanded small fatigue cracks and many significant slip bands
in this area. Two small fatigue cracks shown by the white arrow are marked as M1 and M2 in Figure 8a,
and slip bands in Figure 8c. The magnitude images circled by the red dashed frame in Figure 8a
are shown in Figure 8b and c, respectively. The yellow dashed line refers to the grain boundary in
Figure 8b and c. It can be seen that during the fatigue test, the slip band strikes the grain boundary at
the grain boundary, making most of the slip motion stop at the grain boundary, showing that the grain
boundary hinders the dislocation movement.
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Figure 8. Morphology of small fatigue cracks and slip bands on the specimen surface after fatigue.
(a) SEM image. (b,c) The enlarged image of red dashed box in (a). (σ = 332 MPa).

It can be seen from Figure 8b and c that both M1 and M2 initiate from the slip band of G2 and
G1, respectively. It is consistent with the existing research results, that is, in the field of high cycle
fatigue, cracks are preferentially generated from the slip band [11]. It is different from the low cycle
fatigue crack initiation mode of this material, which has similar probabilities within the grain and the
grain boundary [37]. However, their growth paths are a bit different. It is worth mentioning that the
nucleation of M2 is strongly affected by T1.

For M1, it nucleates in the slip band of G2 near the grain boundary, as shown in Figure 8b.
When the plastic deformation accumulates enough, it passes through the grain boundary and enters
into G3 and propagates along the slip band generated by G3. Next, it expands to the grain boundaries
between G3 and G4 and is inhibited and stops growing. The other end of the crack stays in the slip band
of G2 and tends to grow across the adjacent slip band under the maximum shear stress. Furthermore,
the small fatigue crack deflects from G2 to G3. It is because the plastic deformation is controlled by the
shear stress along the active slip plane. As long as the fatigue crack is smaller than some grain sizes,
its propagation depends on the active slip system’s direction and usually presents a zigzag pattern on
the specimen surface [38].

It can be seen from Figure 8c that M2 is initiated in the slip band of G1 near the twin boundary,
which is a common fatigue crack initiation model and is closely related to the orientation of twins and
the direction of normal stress. After nucleation, it propagates in a straight line along with the slip band
to the twin boundary. However, this straight-line propagation does not continue along with one slip
band but forms a step-shaped growth path between the adjacent in the G1. The main growth direction
is still along the slip band’s straight-line direction, roughly related to the stress direction is 45◦, and the
propagation stops at the twin boundary of T1. Besides, the other end of the crack stops at the grain
boundary between G1 and G2.

4. Discussions

The microstructure has a significant effect on the nucleation and early propagation of fatigue
cracks, making the growth of small fatigue cracks in polycrystalline materials very different from that
of long cracks [39,40]. It is important to study the relationship between microstructure, deformation
mechanism, and the small fatigue crack initiation and its propagation.

In the present study, small fatigue cracks of 316L SS were initiated from the slip band and stopped
growing at the grain boundary, as shown in Figure 8b and c. Besides, the nucleation site of M1 and
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M2 are near the grain boundary and twin boundary, respectively, because these locations have higher
stress concentrations, showing a strong correlation with grain orientations and boundaries.

4.1. The Role of Slip Bands in the Nucleation and Propagation of Small Cracks

The trace planes of all {111} slip planes in G1 to G5 in Figure 9a are marked with red solid line,
and the white line is the linear direction of slip bands, and the yellow dotted line is the grain boundary.
The corresponding inverse pole figure of the Z-axis and the 3D crystal model with crystal orientation
of these grains is shown in Figure 9b. There are 12 slip systems in FCC (face centered cubic) crystals, all
the slip planes which are {111} planes, are also called favorable slip planes. Dislocation is the easiest to
slip on these planes, so the slip bands in G1–G5 are approximately parallel to the {111} plane, as shown
in Figure 9a.

Figure 9. Crystal orientation maps with two small fatigue cracks at 332 MPa: (a) SEM image, (b) IPF
(inverse pole figure) image, (c) grain boundaries image (HAGBs (high angle grain boundaries) in blue
line, LAGBs (low angle grain boundaries) in purple line, Σ3 twin boundaries in yellow line), and (d)
LM (local misorientation) image.

There is literature that the vacuum mode annihilation of dislocations moving forward and
backward in the slip band can be regarded as infinitesimal crack propagation [15,16]. With the
accumulation of such voids, rows of small holes (as shown in Figure 10a) are gradually formed in
the slip band, and these small holes finally merge to form identifiable small cracks in slip bands, as
the literature reported for iron [12] and high-Mn TWIP steels (twinning induced plasticity steel) [39],
respectively. Moreover, the existing holes in the slip band provide a shortcut for the growth of small
fatigue cracks, and it is easy to observe that fatigue cracks tend to grow along the direction of the slip
band, as shown in Figures 8b and 10b. After the small fatigue cracks are formed and start to expand,
the local area’s stress concentration is reduced, making their expansion discontinuous.



Materials 2020, 13, 4820 11 of 15

Figure 10. Small cracks in slip bands of the specimen surface at 332 MPa. (a,b) Small cracks in grains.
(c,d) Small cracks in twin boundaries.

Besides, the path of M1 deviates during its propagation, which is caused by the orientation
difference between the favorable slip planes of corresponding grains (i.e., between G2 and G3 as shown
in Figure 8b), and the deflection angle is just equal to the angle between the two favorable slip planes
and the intersection line of the specimen surface [41].

4.2. The Effect of Grain Boundaries in the Nucleation and Propagation of Small Cracks

The LM (local misorientation or named kernel average misorientation, KAM) image in channel 5
of the area where the two small fatigue cracks are located in Figure 9a is shown in Figure 9d, and its
value represents the change of local orientation error caused by geometrically necessary dislocation
(GND). It is a cloud image drawn by using the average value of orientation deviation between each
pixel and its nearest neighbor, showing the general region of defect density increasing, which can be
used to study the grain substructure and reflect the strain history of materials [42,43].

It can be seen that there is a maximum LM value in the two small fatigue cracks’ initiation site, and
the local plastic strain accumulation is far greater than that in other regions. In addition, the increasing
LM value is often observed at the grain boundary, which proves that the grain boundary plays an
important role in the initiation of small fatigue cracks. Grain boundaries, especially high angle grain
boundaries (HAGBs, see Figure 9c), hinder dislocation movement. Some studies have shown that the
impact of slip bands on grain boundaries results in strain incompatibility between grains, causing
stress concentration at grain boundaries, making the grain boundaries often act as preferential cracking
sites during cyclic deformation [44,45]. According to the experimental results in the literature [37]
and this article, the grain boundary as one of the leading factors of small crack initiation has become
an important influencing factor, and the probability of fatigue crack initiation caused by twins has
changed from small to large from LCF (low cycle fatigue) regime to VHCF regime.

In Figure 9a,d, the LM values in twin boundaries of T2 and T3 are second only to small fatigue
crack initiation regions, indicating that considerable plastic strain accumulation is also formed at
these locations. It is consistent with many studies, that is, twin boundary is a key factor affecting
the mechanical properties of crystal materials [23]. The twin boundary affects the initiation and
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propagation of the small fatigue crack by changing the plastic deformation accumulation in the local
area of the material.

In the present study, twins also play a unique role in the nucleation and propagation of small
cracks in 316L SS. One is to make the slip band continue to move through the upper and lower
interfaces of twins, thus reducing the stress concentration caused by local strain incompatibility, as
shown in Figure 5; it is because the twin boundary can transfer or regulate slip dislocations [46,47].
Secondly, the slip movement inside the grains is blocked, resulting in different slip bands at the upper
and lower interfaces of twins, which hinders the slip movement, as shown in Figure 6. Because the
twin boundary has the same effect as HAGBs, in other words, inhibiting dislocation motion [48,49],
the twin boundary becomes an important position for crack initiation in the VHCF regime, as shown
in Figures 8c and 10c,d.

It should be noted that not all twin boundaries are harmful during fatigue cycles. It is shown
in Figure 9d that although there is obvious strain accumulation around the twin boundary, which is
approximately 45◦ to the normal stress, only the twin boundary between T1 and G1 eventually forms a
small fatigue crack because the twin boundary not only shows the cracking behavior is closely related
to its direction [23] but also necessary to consider the grain orientation around it and the size of the
twin itself.

5. Conclusions

In the present study, the fatigue behavior of 316L SS is investigated using symmetrical bending
loading by the very high cycle bending fatigue system developed in the laboratory and examining the
slip band features on fatigued surfaces of specimens. The main conclusions can be drawn as follows:

1. Due to the stress gradient of the bending test, fatigue cracks all originate from the surface. At high
cycles, fatigue cracks are initiated from multiple crack sources, while at very high cycles, fatigue
crack is initiated from a single crack source.

2. Small fatigue cracks tend to initiate at the slip band in the very high cycle bending fatigue regime.
Due to the hindrance of the HAGBs to the dislocation movement, the accumulated plastic strain
causes the crack initiation site to be near to the grain boundaries (or twin boundaries).

3. The small crack propagation along or across the slip band, approximately 45◦ to the loading stress
direction, is directly influenced by the grain orientations and boundaries.

4. Under low-stress amplitude, failure does not occur because of the growth process of the slip bands.
As the cycles increase, the growth rate of the extrusions decreases, and part of the intrusions are
squeezed out by the gathering of the slip bands, leading to non-propagating small cracks.
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