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The effects of warm Surface Severe Plastic Deformation (SSPD) performed via Surface Mechanical Attrition
Treatment (SMAT) on the microstructure, hardness, and residual stress gradients, as well as the resulting fatigue
properties of a 316L austenitic stainless steel were investigated. Machined samples were ultrasonically shot
peened for 10 min at Room Temperature (RT), 523 K, and 773 K before undergoing rotating-bending fatigue tests
to determine the endurance limit. The RT-SMATed sample, for which machining grooves are removed by the shot
impacts, showed a superior fatigue limit endurance than machined samples (+25 %), with subsurface nucleation
sites. The 523 K peened samples revealed a similar fatigue limit endurance accompanied by the same type of
subsurface crack nucleation. Due to the increased roughness and expansion of surface stress raisers by pile-ups
and surface oxidation, the nucleation of the fatigue cracks occurred at the extreme surface when SMAT was done
at 773 K. Despite the surface nucleation, SMAT carried out at 773 K provided a superior endurance limit (+15 %
compared to RT-SMAT). This improvement was attributed to the restored microstructure formed under 773 K
peening, which stabilizes the introduced compressive residual stress, and to the deeper and lower tensile peak
induced by warm SMAT. To support the interpretation of fatigue behaviour under varying mean stress condi-
tions, a Goodman analysis was conducted, confirming the beneficial role of compressive residual stress intro-
duced by warm peening on endurance limit improvement.

1. Introduction

Industry requires increasingly high-performance parts with
enhanced mechanical properties. The surface of mechanical components
generally plays an important role in mechanical performance, especially
in fatigue failures. Indeed, surface imperfections often create stress
concentrations which represent privileged location for the nucleation of
fatigue cracks. Consequently, surface roughness is a factor that in-
fluences the fatigue behaviour of metals [1,2]. On the other hand, the
presence of residual stress can significantly affect the crack nucleation
and propagation behaviour [3]. Compressive Residual Stress (CRS) is
advantageous for enhancing the resistance to fatigue because it delays
the nucleation of cracks and reduces their rate of propagation through
crack closure [4,5]. The microstructural state of the material is also

important as nanograins and ultrafine grains are known to improve the
high cycle fatigue resistance thanks to the higher strength of the mate-
rial. On the other hand, a decrease in the low cycle resistance can be
observed due to the associated loss in ductility [6,7].

Processes such as Shot Peening (SP) are widely used to introduce CRS
at the material surface, and improve thereby fatigue properties [8-10].
Severe Shot Peening (SSP) which consist in the projection of shots at
high velocity for a fairly long time has also been used because it enables
to significantly refine the microstructure [11]. One of the possible
drawbacks of SSP is over-shot peening which can generate surface de-
fects, or short cracks acting as stress raisers [11], thereby considerably
reducing the fatigue performance of the treated part.

Derived versions of severe shot peening have been developed, such
as Surface Mechanical Attrition Treatment (SMAT) also referred as
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Ultrasonic Shot Peening (USP), in which the shots are given a wide range
of rather random trajectories within a confined chamber to enhance the
microstructural refinement [12,13]. This process generates Surface Se-
vere Plastic Deformation (SSPD) with less risk of generating stress
raisers by over-peening [14,15]. SMAT is a multiparametric process
where treatment parameters such as the peening duration and the shot
velocity affect the gradients introduced into the material [16,17], as
well as the surface integrity [18], and consequently, the fatigue resis-
tance [19,20]. Another factor influencing the microstructural gradients
and potentially affecting fatigue properties is the temperature at which
the severe plastic deformation is imparted. While the effect of decreasing
the SMAT temperature down to a cryogenic level, has been investigated
in terms of martensitic transformation [21] and improvement of the
fatigue limit of metastable alloys [22]. The effect of warm SMAT was
only documented for the microstructure evolution of a 316L steel [23]
and the effect of warm SMAT on fatigue was only tested on a NiTi alloy
[24]. For this alloy an increase in fatigue resistance after warm SMAT
was obtained compared to the untreated condition, although no com-
parison was made with SMAT carried out at Room Temperature (RT).

Austenitic stainless steels (ASSs) are widely used in the industry due
to their good corrosion resistance and they are particularly well suited
for SMAT due to their excellent work hardening ability. Applying SMAT
to ASS has improved the fatigue resistance by nearly 30 % by delaying
crack nucleation [25,26]. The 316L is a particularly relevant ASS as it
can be strengthened by SSPD and several studies have reported the
benefit of RT-SMAT in terms of microstructure gradients residual stress
gradients [16,27], and fatigue properties [25,28]. In a recent study,
warm SMAT was investigated on a recrystallized 316L, it was shown that
controlling the peening temperature allowed to drastically modify the
mechanisms accommodating the deformation and the nature of the
gradient microstructures [23].

This study aims to investigate the effect of thermomechanical de-
formations induced by SMAT on the microstructural modifications on an
as-drawn 316L. This study will document the surface and microstruc-
tural modifications brought by SMAT at room temperature, 523 K and
773 K. The fatigue performance of the SMATed sample will be tested
through 4-points rotating bending fatigue. The evolution of the residual
stress with the number of cycles will be documented and the potential
benefit of controlling the process temperature will be clarified to
establish the relationship between process temperature, microstructure,
and mechanical performance.

2. Materials and methods
2.1. Material and peening treatment

The investigated material is a 316L austenitic stainless steel in a
work-hardening state, drawn to a ¢12.7 mm cylindrical bars. Cylindrical
specimens were machined from these rods in 6 mm gauge diameter
samples with a gauge length of 25 mm as shown in Fig. 1. The material
had an initial hardness of 345 + 5 HK (corresponding to 320 HV o),
reflecting its work-hardened state. This condition, as opposed to the
recrystallized one used to investigate the effect of warm SMAT on
microstructure evolution mechanisms [23], was selected as it is more
representative of the metallurgical state used in industrially manufac-
tured components. The initial microstructure is characteristic of cold
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Fig. 1. Fatigue specimen geometry (in mm).
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drawn material deformation with elongated grains containing me-
chanical twins and internal grain disorientation. An Electron Back
Scatter Diffraction (EBSD) map of the initial microstructure is provided
in Fig. 2 in the transverse direction of the cylindrical specimen (XZ
plane, as indicated in Fig. 1). No martensite phase was documented.

SMAT processing was carried out for 10 min on cylindrical speci-
mens with a sonotrode amplitude of 60 ym, a frequency of 20 kHz, and
?2 mm 100C6 shots. Only the temperature was set as a treatment var-
iable with SMAT performed at RT, 523 K and 773 K. The samples were
heated from the top by a focused heating lamp while the peening took
place at the bottom. During the treatment, the cylindrical sample (Fig. 1)
was rotated at 10 rpm. More details about the process are given in a
previous study [23].

2.2. Evaluation of the fatigue properties

The fatigue tests were done on a R.R. Moore 4-points rotating
bending fatigue machine (R = —1) with a rotating frequency of 20 Hz.
The fatigue endurance was estimated following the STEP method [29],
fixing the endurance limit to 10° cycles for each SMAT condition. Some
fatigue tests carried out under a stress amplitude (c,) of 500 MPa and
600 MPa were interrupted to measure the surface residual stress after
different cycling numbers: 1,101,102, 103,104,105,106.

2.3. Surface and subsurface characterizations

Roughness was measured with a Mitutoyo SJ-400 profilometer with
a cutoff A, of 2.5 mm and an evaluation length set at 12.5 mm, following
ISO 4287. Table 1 gives mean values and standard deviations based on
10 measurements of the surface roughness parameters R, Rg, Ry, and
Rsm- Ra is the arithmetic average roughness, Rq the root mean square
roughness, R; is the vertical distance between the highest peak and
deepest valley over the entire evaluation length, and Ry, is the mean
spacing between successive peaks within the sampling length. The cor-
responding stress concentration factor K;, which estimates the increase
in local stress induced by the surface roughness of each condition, was
calculated using an equation from finite element simulations of Li et al.
[30] for rough surfaces, as:

1.3
K.=1+40 (}5‘ ) for (ﬁ) <0.15 @

S Rsm

Surface characterizations were performed using a Hirox optical micro-
scope and a Zeiss SUPRA 40 Scanning Electron Microscope (SEM).
Hardness gradients were measured using Knoop microhardness in-
dentations with a Clemex JS2000 microhardness tester. A constant load
of 100 gf and a dwell time of 10 s were applied for all measurements.

[111]

[001] [101]

Fig. 2. EBSD map of the initial microstructure (XZ plane in Fig. 1) represented
in Inverse Pole Figure (IPF) colour on the Z-axis.
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Table 1

Mean roughness values and corresponding stress concentration factors for the
different treatment conditions. Error values represent + 1 standard deviation
from the mean value (n = 10).

Surface treatment As machined RT-SMAT 523 K-SMAT 773 K-SMAT
R, [um] 1.4+ 0.1 2.5+ 0.2 3.6 + 0.3 4.1+ 0.4
Rq [um] 1.7 £ 0.2 3.1+0.2 4.4+ 0.4 5.0 + 0.5

Rt [um] 9.1+1.2 17.3 £ 2.6 259 +£5.1 28.3+ 3.6
Rsm [um] 70 £7 810 + 136 699 + 67 706 + 88

K¢ 3.1 2.1 2.4 2.4

Indentations were initiated at a depth of 25 ym from the treated surface
and continued towards the core in increments of 25 um. Surface hard-
ness was determined through direct indentation on the sample surface.
At each depth, the mean hardness values and standard deviations were
calculated based on five measurements.

Residual stress was measured based on the cos (o) method [31] using
a Pulstec u360 X-ray diffraction instrument with a tension of 30 kV, a
current of 1.5 mA and a chromium source with an incidence f} angle of
30°. The acquisitions were carried out on the specimen axial direction
(along the X-axis in Fig. 1) and the calculations were made on the {311},
austenite (Cr-K; = 2.085 R). Residual stress gradients were acquired by
successive electropolishing matter removals using an A3 solution (5 %
perchloric acid, 60 % methanol and 35 % butoxyethanol), then the
removed depths were measured using a contact profilometer. From the
surface down to approximately 150 um depth, measurements were
performed roughly every 20 pm, depending on the amount of material
removed by electropolishing. Beyond 150 pm depth, measurements
were taken approximately every 50 um, depending on the electro-
polishing material removal. A correction was applied to account for the
stress relaxation induced by matter removal using the method proposed
by Moore and Evans [32] for cylindrical bars. Values and related error
bars given in the article are the mean values and the standard deviations
calculated on 5 measurements made at different locations on the spec-
imen gauge section circumference.
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For the microstructural observations, samples were mirror-polished
using 320 SiC paper down to OPS before electronic imaging. The mi-
crostructures were investigated on cross-sections by SEM imaging under
Back Scattered Electron (BSE) contrast as well as EBSD using respec-
tively a Zeiss SUPRA 40 and a Jeol F100 SEMs. EBSD maps were ac-
quired with a 50 nm step size using a 15 kV acceleration tension. The
EBSD maps were then post-treated with the ATEX software [33].

3. Results
3.1. Surface characteristics

The evolution of the surface morphology is illustrated in Fig. 3
through roughness measurements and surface observations. SMAT
generates a higher roughness compared to the as-machined sample with
the increase of both R, and Rq. The initial low Rq value of 1.7 & 0.2 pm
rises by 88 % to 3.1 + 0.2 um after RT-SMAT treatment. As SMAT
temperature increases, the roughness also increases with Rq reaching 4.4
+ 0.3 um at 523 K and 5.0 £+ 0.5 um at 773 K (Fig. 3a).

The as-machined specimens present V-shape machining grooves
(Fig. 3b) with a width of about 70 uym (Rgy) and 9.1 uym depth (Ry)
(Table 1) resulting in an associated K; of 3.1. Optical images of the top
surface as a function of the SMAT temperature show that the machining
marks are progressively replaced by a cratering pattern typical of the
topology of shot peened surfaces (Fig. 3c) decreasing the K; down to 2.1.
The surface of the 773 K-treated sample (Fig. 3d) exhibits a pronounced
oxidation state, appearing with a rather bluish shade. Additionally, SEM
image (Fig. 3e) highlights material pile-up (red arrows) and surface
cracks (red circles), indicating an alteration of the surface integrity by
warm SMAT, although the calculated K; only increases to 2.4. The
presence of surface cracks at the surface of the 773 K sample can appear
to be in contradiction with the idea that the elevated temperature in-
creases the material ductility. In fact, these surface cracks originate from
the fragmentation of some brittle oxide layers that formed at the sample
surface.

Fig. 3. a) R, and R, roughness evolution as a function of the SMAT temperature, optical images of b) as-machined, ¢) RT-SMATed, d) 773 K-SMATed sample surfaces,
and e) SEM image of the 773 K sample showing material pile up (red arrows) and surface cracks (red circles). Error bars represent + 1 standard deviation from the

mean value (n = 10).
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3.2. Subsurface gradient structure

The microstructural gradients generated by the SMAT at different
temperatures are shown in Fig. 4 through SEM and EBSD images, The
SEM images in Fig. 4a-c reveal that, compared to the microstructure of
the drawn material (Fig. 2), smaller microstructures are formed near the
surface as the initially deformed grains become increasingly fragmented
into ultrafine grains (UFG) within the surface region. As a result, the
thickness of the SMAT-affected microstructural region increases with
increasing temperature.

The EBSD maps in Fig. 4d-f highlight the dependence of the UFG
layer thickness on the SMAT temperature. The surface of the RT-
SMATed sample in Fig. 4d shows an extremely refine structure extend-
ing only on the first two microns and, below this depth, planar defects
are found in the initial grains, without the formation of o’ martensite
(<1%). For the 523 K-SMATed sample (Fig. 4e), the UFG thickness is
about 10 um and, below this depth, a duplex structure with both refined
and deformed grains is formed. Dynamic recrystallization process [23] is
expected to control the grain refinement at 773 K, resulting in the for-
mation of an UFG layer as thick as approximately 30 um (Fig. 4f). Thus,
globally, warm SMAT leads to an increase in the thicknesses of (i) the
ultrafine grain layer and (ii) the overall affected depth.

The evolution of the hardness gradients for the different SMAT
temperatures is shown in Fig. 5. The highest hardness values are
observed at the surfaces, followed by a gradual decrease until reaching
the initial hardness of the core of the specimens (345 + 5 HK). In the
case of RT-SMAT, the surface hardness reaches 427 HK, indicating a +
24 % increase compared to the core hardness. When SMAT is performed
at 523 K even higher surface value with the hardness of 450 HK (+30 %)
is obtained. Comparatively, only an increase up to 390 HK (413 %) is
reached for the 773 K sample. Fig. 5 also indicates that the SMAT tem-
perature has an impact on the depth of the modified hardness. The initial
core hardness is reached at a depth of 200 pm for the sample SMATed at
RT, and about 250 pm for both the 523 K and 773 K conditions.

The in-depth residual stress profiles generated by SMAT at the three
different temperatures are shown in Fig. 6. For all the samples, a high
CRS state (between —660 and —480 MPa) is introduced within the
surface area compared to as-machined samples where residual stress of

a) b)
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Fig. 5. Hardness evolution along sample depth for SMAT performed at RT
(green) 523 K (orange) and 773 K (red). The horizontal dashed line at 345 HK
represents the initial hardness of the material. Error bars represent + 1 stan-
dard deviation from the mean value (n = 5).

—60 MPa + 35 MPa was measured. SMAT done at RT generated a
maximum CRS of —780 MPa, located approximately 50 um beneath the
surface. The CRS then decreases sharply with depth, stabilizing around
—500 MPa between 120 pm and 200 pm. Beyond this plateau, the CRS
gradually transitions into the tensile domain. For the warm peened
conditions, a lower magnitude of CRS is observed near the surface, with
values of about —620 MPa and —560 MPa at a 50 um depth for the 523 K
and 773 K samples, respectively. For these conditions, CRS forms a
plateau with a variation of + 100 MPa, extending down to a 200 ym
depth. Consequently, at a depth of 200 um and further down within the
depth of the material, the CRS values have higher magnitudes than the
ones introduced by the cold peening. Thus, the main effect of elevating
the temperature of peening is to deepen the plateau of CRS in the sub-
surface area. For example, CRS of —530 MPa are still present at 250 ym
depth under the surface for the 773 K-SMAT while for a RT treatment
they are present only over a depth of 150 um.

- C) Pt

[111]

[001] [101]

20pm

Fig. 4. Cross-section BSE images associated with higher magnification IPF maps along the Z-axis for the specimens SMATed at a, d) RT, b, e) 523 K, and c, f) 773 K.
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Fig. 6. Residual stress gradients as a function of the sample depth for the

sample SMATed at: RT (green), 523 K (orange), and 773 K (red). Error bars
represent + 1 standard deviation from the mean value (n = 5).

3.3. Fatigue behaviour and crack nucleation

The fatigue test results are shown in Fig. 7, illustrating the rela-
tionship between stress amplitude and number of cycles to failure for the
various peening treatment conditions. The run-out samples are repre-
sented by arrow markers, the filled markers indicate the samples in
which subsurface crack nucleation sites were observed, while the hollow
markers indicate surface crack nucleation sites. The black stars markers
correspond to the samples for which fracture surfaces were selected to
be displayed in Fig. 8.

The beneficial effect of SMAT temperature on the fatigue life of the
316L varies depending on fatigue life range; being more pronounced in
the high cycle fatigue regime than in the low cycle one. In all cases the
SMAT conditions result in an increase of the fatigue limit compared to
the as-machined material. The fatigue behaviour of the RT and 523 K-
SMATed samples is rather close, with a fatigue endurance limit around
500 MPa, i.e. + 25 % compared to the as-machined condition (400
MPa). For the samples peened at 773 K, the endurance limit is improved
by an additional 15 % (575 MPa) compared to those SMATed at RT and
523 K, even though a wide variation in fatigue life is observed under the
same loading conditions at this temperature.

700
* X * * *
600 - A * * —-—
A AD A o
A >
© « A »
a 500 1 m] -
=
= oo %
[ m}
T 400 A
£
g
5 3004
w
w
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5 200 A
0
773 K-SMAT
100 523 K-SMAT
A RT-SMAT
0 As machined
0 T T
104 10° 106
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Fig. 7. S-N curves of samples SMATed under the different conditions: as-
machined samples (gray squares), RT-SMAT treated samples (green triangles),
523 K-SMAT treated samples (orange diamonds), and 773 K-SMAT treated
samples (red stars). Arrows symbolize the run-out samples, hollow markers
represent surface crack nucleation sites, and filled markers represent subsurface
crack nucleation sites. Black stars indicate the samples used for fractography
shown in Fig. 8.
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Images from the fractography analysis are gathered in Fig. 8. As was
indicated in Fig. 7 by different hollow or filled markers, some clear
trends in the fracture crack nucleation can be observed: surface crack
nucleation and subsurface crack nucleation. In the case of the as-
machined samples, fatigue cracks were always initiated at the surface,
on a machined groove. For the SMATed conditions at RT and 523 K,
crack nucleation generally occurred in the subsurface area for high cycle
numbers (close to 10° cycles, filled markers in Fig. 7) while multiple
surface cracks nucleation sites are observed for low cycle numbers
(hollow markers). When SMAT was carried out at 773 K the nucleation
sites were systematically found at the surface of defects formed by SMAT
(valley of a crater or pile up).

Fig. 8 I gives the example of a sample with multiple fatigue nucle-
ation sites on a machined sample (Fig. 8 I b,c,d). The fatigue nucleation
sites are located at a machining groove where tool marks are present. In
the examples given in Fig. 8 II a,b and Fig. 8 III a,b the nucleation sites
were located at depths around 400 um and 450 pm for the RT and 523 K
peened samples, respectively. These depths correspond to the depth at
which no more compressive residual stress is present. Higher magnifi-
cation images, show metallurgical crack nucleation sites, without any
detected inclusion (Fig. 8 II ¢,d and III c).

Interestingly, when the SMAT was carried out at 773 K (Fig. 8 IV a-d)
the nucleation sites shifted back to the surface area. Fig. 8 IVa, illustrates
that multiple surface cracks nucleation sites were generally revealed for
the low cycle fatigue sample. Comparatively, only a single crack nu-
cleates in the high cycle regime (Figure IV b). At this temperature, as
shown by the higher magnification image (Fig. 8 IV f), the nucleation
site is located in a pile-up (crater) formed under the SMAT. The cross-
section of the 773 K-SMATed sample prior to fatigue (Fig. 8 IV e)
shows the presence of oxide contaminants, heterogeneously distributed
across the surface and penetrating to a depth of approximately 5 pm.
The oxide layer formed during SMAT can also be observed at the sample
surface (Fig. 8 IV f). The fracture surface near the crack initiation site in
the samples processed at 773 K do not display microstructural features
that could suggest a sort-crack behavior regime. It appears mostly
perpendicular (~90°) to the loading direction. This could be due to the
relatively small size of the microstructure around these sites. The pro-
nounced surface oxidation and roughness hindered detailed observation
of possible secondary cracks, limiting the ability to track short crack
propagation.

Fig. 8T all a Ill a IV a-b are optical view of the fracture surfaces,
Fig. 8 I b-d IIb-d III b-c and IV c-d,f show higher magnification SEM
images of the crack nucleation sites. Fig. 8e illustrates the presence of
oxide contamination on the sample surface, extending to a depth of up to
5 pm after the 773 K treatment.

3.4. Stress relaxation during fatigue

To evaluate the possible relaxation of residual stress occurring dur-
ing fatigue, interrupted fatigue tests were performed at 500 MPa and
600 MPa with measurements taken before cycling and at various in-
tervalsl,lOl,lOZ, 103,104,105,106 cycles, as well as after sample failure.
Residual stress relaxation was evaluated only at the sample surface
where the applied stress is maximal and where stress redistribution is
expected to occur more readily. Fig. 9a and b compare the evolution of
relative residual stress relaxation with the initial residual stress values
before cycling for loadings of 500 MPa and 600 MPa, respectively.

For the loading of 500 MPa (Fig. 9a) small drops in residual stress are
observed just after the very first fatigue cycle for the lower peening
temperature conditions of RT and 523 K. Comparatively, no such
decrease in residual stress is observed for the SMAT-treated sample at
773 K. After the first cycle, the residual stress remains rather stable until
108 cycles for all peening processed conditions. The residual stress
relaxation is more pronounced at 600 MPa (Fig. 9b). Similarly to the
stress level at 500 MPa, the RT and the 523 K-SMATed samples exhibit a
drop of CRS after the first fatigue cycle with a relaxation of about 70 MPa
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and 25 MPa, respectively. Subsequently, a rather limited relaxation is
observed in the RT sample until 100 cycles reaching about 80 MPa for an
achieved value of CRS about —480 MPa. After 100 cycles, the residual
stress relaxes significantly more until the failure of the sample at 39,434
cycles. The residual stress on the postmortem sample is around —170
MPa corresponding to a relaxation of 370 MPa compared to the CRS
value before cycling. For the 523 K-SMATed sample, the CRS gradually
decrease up to 10* cycles reaching 100 MPa of relaxation. Then a major
residual stress relaxation happens between 10* and 5.10* cycles to about
200 MPa. The sample failure occurs quickly after 66,791 cycles and the
residual stress values measured on the postmortem sample are around
—340 MPa — corresponding approximately to 260 MPa of relaxation.
For the 773 K-SMATed sample, no major stress relaxation is measured
until 10° cycles (except a slight relaxation of 40 MPa between 100 and
1000 cycles). The sample failed at 227,519 cycles with a residual stress
level of around —370 MPa, representing a residual stress relaxation of
only 125 MPa from the uncycled sample. These results clearly indicate
that warm SMAT enables the stabilization of the CRS introduced during
peening.

4. Discussion

The effect of SMAT temperature on the fatigue performance of 316L
austenitic stainless steel is closely linked to its influence on residual
stress gradients and microstructural evolution. At elevated tempera-
tures, the reduction in flow stress facilitates deeper plastic deformation,
leading to the formation of deeper gradients. The raise in temperature
also increases surface roughness, as the softer material becomes more
prone to plastic deformation. However, despite this increased rough-
ness, shot impacts only increase the K; slightly because the craters
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formed at higher temperatures are both wider and deeper. These SMAT-
induced modifications influence the crack nucleation mechanisms, with
both surface and subsurface nucleation observed depending on the
treatment temperature.

The following discussion first examines the influence of SMAT tem-
perature on crack nucleation mechanisms, followed by an analysis of the
stability of CRS under cyclic loading, and finally addresses the relevance
of a Goodman-type diagram to interpret the fatigue performance after
SMAT at different temperatures.

4.1. Effect of SMAT temperature on fatigue performance: modification of
crack nucleation sites

In the as-machined condition, cracks nucleated at surface machining
grooves (Fig. 8 I) that acted as stress concentrators. These grooves,
characterized by V-shapes with depths of 9.1 ym and widths of 70 pm
(Fig. 3, Table 1), created significant stress raisers estimated with a K; of
3.1 (Table 1). The presence of stress raisers with limited CRS at the
surface (—60 MPa) facilitated surface cracks nucleation at these notches,
as documented by the fractography results (Fig. 8 I c,d).

By carrying out SMAT at RT and 523 K, the mechanism of crack
nucleation shifted from the surface to the subsurface in the high cycle
regime (at low stress levels). Fatigue endurance is improved by
approximately 25 % compared to the as-machined sample (Fig. 7) after
SMAT at RT and 523 K. The mechanical grooves are replaced by shot-
induced craters with depths of 17.3 um and 25.9 uym, and widths of
810 ym and 699 um, for the RT and 523 K-SMAT conditions, respec-
tively. As a result, K; decreases to 2.1 and 2.4 (Table 1), while CRS
exceeded —500 MPa in both cases (Fig. 6). The introduction of these
large CRS prevents surface crack nucleation and shifts the crack

As-machined 425 MPa
363 000 Cycles

)

) 523 K-sMAT 550 MPa
356 686 Cycles

RT-SMAT 526 MPa
471 356 Cycles

=73
400 fima.
TSRS

e X2k
150 ym

Fig. 8. Fractography of samples: I) as-machined; II) RT-SMAT; III) 523 K-SMAT; and IV) 773-K SMAT.
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IV) 773 K-SMAT 600 MPa
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773 K-SMAT 625 MPa
876 289 Cycles

Oxide_lQ r

25um

Fig. 8. (continued).

nucleation process to subsurface regions at depths of 400-450 pm, i.e.,
near the tensile peak induced by SMAT (Fig. 6). The linear decrease in
stress along the sample radius under rotating bending loading results in
a reduction of stress at 400 ym and 450 pm below the surface depth by
approximately 13 % and 15 %, respectively, compared to the maximum
applied surface stress. Despite the lower intensity of stress fluctuations,
cracks nucleated at this location — without the presence of inclusions —
most likely due to the high tensile peak in the corresponding regions, on
microstructural features similar to those illustrated in Fig. 8 II and III.
The microstructural features favouring subsurface crack nucleation in
Face Centered Cubic (FCC) materials are usually described as strain
localization at crossing micro-shear bands, often near twin boundaries
[341, or specific configurations involving significant slip activity [35]
such as dislocation substructures or persistent slip bands as reported for
SSPD of a 316L [36].

When sample failure occurred at higher stress levels, crack nucle-
ation sites were located on the surface. The fact that the sample survived
108 cycles at lower stress intensity proves that no sensitive microstruc-
tural features were present around 400 pm below the surface, i.e., within
the RS tensile region. Crack nucleation sites were then restricted to the
surface defects introduced by SMAT. The fatigue performance of the
samples becomes a statistical issue related to the chance to have a
microstructural sensitive feature at the location of the tensile residual
stress. Based on the present results, the chance to have subsurface crack
nucleation sites activated is about 50 % for samples processed at RT and
at 523 K (Fig. 7).

The samples processed at 773 K-SMAT present only surface crack
nucleation, and high stress levels are necessary to activate them. Based
on the residual stress profiles (Fig. 6), the 773 K-SMAT induced a lower
surface CRS and a lower tensile peak, located deeper than in the colder
conditions (50-100 um deeper). The lower surface CRS and tensile peak
can be attributed to the restoration processes occurring under the 773 K-

SMAT. As the tensile peak is present deeper in the sample, the maximal
rotating bending stress reached a lower intensity (about 17 % lower than
the surface one). These two conditions i) a lower tensile peak value and
ii) a lower maximum applied stress, must be sufficient to prevent crack
nucleation on sensitive microstructural features, and crack nucleation
will rather take place on the surface defects generated by the SMAT
process. Although the estimated K; (2.4) for SMAT at 773 K is similar to
the calculated K; for lower temperatures, this K; may underestimate the
actual surface stress raisers as it does not account for the presence of
oxides, pile-ups, or microcracks (Fig. 3e, Fig. 8 IV e-f). These surface
features act as notches and negatively affect fatigue performance. Their
heterogeneous distribution across the SMAT-treated surface, along with
significant variations in size, shape, and severity, introduces local vari-
ability in crack nucleation conditions. The morphological diversity of
these surface defects alters local stress concentrations and crack nucle-
ation thresholds, thereby contributing to the observed scatter in fatigue
life under the 773 K condition (Fig. 7). The surface CRS, even if they are
significantly lower than the other conditions (Fig. 6), will delay the
propagation. Stress concentrations at these pile-ups and microcracks
promote early surface crack nucleation. This suggests that a less intense
SMAT condition, achieved through a shorter treatment duration or/and
a lower temperature, could optimize fatigue performance by reducing
the occurrence and size of surface discontinuities, allowing eventually
subsurface crack nucleation to occur in the region where tensile RS are
found.

4.2. Effect of CRS stability on fatigue performance

Another characteristic of the 773 K-SMAT-treated samples that can
explain their higher fatigue performances is the superior stability of the
induced CRS. It takes at least 100,000 cycles to start documenting some
relaxation process, as shown in Fig. 9; while for the other conditions,
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Fig. 9. Relative residual stress relaxations evaluated at a) 500 MPa and b) 600 MPa (hollow markers represent measurements made after fatigue failure). Error bars

represent + 1 standard deviation from the mean value (n = 5).

stress relaxation happens as early as 100 and 10,000 cycles for RT and
523 K conditions, respectively. This stability could be the key factor in
enhancing fatigue performance, as it allows the CRS to continuously
fulfill their role in delaying crack propagation. Stable surface CRS over
numerous cycles is an indication that the microstructure is not sensitive
to dynamic softening in the range of applied strains. It is then relevant to
question why the microstructure generated at 773 K is more stable than
the ones generated at lower temperatures. The enhanced stability of CRS
in warm peened (conventional peening or laser shock peening) condi-
tions was already documented and attributed to Dynamic Strain Aging
(DSA) and Dynamic Precipitation (DP) mechanisms, as reported in warm
peened AISI 4140 steel [37,38], AISI 420 martensitic stainless steel [39],
as well as a 304 ASS [40]. However, as 316L presents low interstitial
atoms (C, N), DP and DSA mechanisms are expected to be limited.
Although DSA has been reported in some studies for the 316L ASS

[41-44] where chromium diffusion to dislocation cores was reported at
high temperatures (673-923 K) [41,44]. As the 773 K-SMAT took place
within this temperature range, chromium diffusion may contribute to
the stability of the dislocation structure, preventing any dynamic soft-
ening, and be one of the reasons for the good CRS stability for this
condition. Under the 773 K-SMAT conditions, DRX occurs too, as evi-
denced in our previous work [23]. DRX leads the formation of a 30 um-
thick, ductile layer, made of highly recovered ultra-fine-grained (UFG)
(Fig. 4). This region has well-organized and recovered dislocation sub-
structures. This has the negative effect of reducing the intensity of the
CRS at the surface compared to colder SMAT conditions, but the restored
dislocation structures remain more stable as the new dislocations
introduced by fatigue solicitations are being generated and moving
through the material, preventing dynamic softening and the relaxation
of the residual stress. The work-hardening potential of the DRXed
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microstructure generated at 773 K can also be documented though the
lower surface hardness reported in the 773 K-treated samples (Fig. 5).
The UFG microstructures formed by warm SMAT may prevent dynamic
softening and impede the propagation of notch and defects present at the
sample surface after treatment. The work of Roland et al. [25] demon-
strated that annealing treatment performed on RT-SMAT do improve
fatigue resistance by 5-6 %, highlighting that recovery which increase
ductility and dislocation reorganisation have an effect on fatigue per-
formance. While residual stress stability under fatigue loading was not
directly addressed in their study, the present work shows that in the case
of 773 K-SMATed samples, the recovery processes generate stable CRS,
ultimately enhancing fatigue performance. Although performing SMAT
at higher temperatures than RT increases the intensity of associated
stress raisers, the DRX and DSA/DP mechanisms active at elevated
temperature stabilize the introduced CRS and improve ductility, while
reducing the intensity of the tensile peak of the residual stress profile.
This combination produced the highest endurance limit in the present
work; however, the presence of surface defects generated by the process
(microcracks, pile-ups, oxidation) which are acting as a potential site for
crack nucleation suggests that the optimal SMAT temperature may lie
between 523 K and 773 K or for a shorter process time at 773 K.

4.3. Analysis of fatigue behaviour using a Goodman-type diagram

To better interpret the fatigue performance of 316L stainless steel
subjected to SMAT at different temperatures, a Goodman-type diagram
[45] was constructed in Fig. 10, considering the local stress at the crack
nucleation site for each SMATed condition at 10° cycles. These plots
consider for each condition the relationship between the applied mean
stress and the fatigue stress amplitude normalized by the local hardness
at the nucleation site. This hardness normalization allows for a clearer
comparison between conditions that induce different hardness levels
after SMAT. The applied mean stress corresponds here to the residual
stress and two intensities were considered: the one measured after
processing the surface (Fig. 10a) and the one after stabilization under
fatigue relaxation (Fig. 10b). The fatigue stress amplitude at 10° cycles
was calculated by considering the local stress at the nucleation site and a
concentration factor corresponding to the one associated with the
roughness, was considered when crack nucleation took place at the
sample surface (K; value shown in Table 1 for surface crack nucleation
and a K, of 1 for subsurface crack nucleation).

Using the residual stress level after SMAT in the Goodman graph
provides some insight into the influence of SMAT conditions on fatigue
behaviour (Fig. 10a). For RT and 523 K-SMAT, the points corresponding
to surface and subsurface crack nucleation are found in two regions of
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4.0

Noww
w o wm
*

0,(T) *K¢/Hardness [MPa/HK]
N
o

1.5 A
A

1.0

¥¢ 773 KSMAT
0.5 1 523 K-SMAT

A RT-SMAT
0.0 T T T T

-600 -400 -200 0 200

om [MPa]

International Journal of Fatigue 201 (2025) 109189

the graph. Their positions highlight the role of residual stress: at the
surface, the presence of high CRS allows for high fatigue stress ampli-
tude, while in depth, the presence of the tensile peak reduce significantly
the allowable stress amplitude. Even if the local microstructures differ
significantly, the data points from the respective regions lie on a straight
line. However, the points corresponding to warm SMAT treatments
(shown in red) clearly deviate and appear at a higher position in the
diagram. Despite the lower residual stress intensity at the surface and
the higher K value, the fatigue resistance for the condition processed at
773 K is significantly higher, suggesting that the microstructural mod-
ifications generated at the sample surface exhibit better fatigue resis-
tance compared to the colder SMAT conditions.

This approach can be further developed considering the intensity of
the stabilized residual stress into the calculation, as plotted in Fig. 10b
with the residual stress after fatigue tests at 600 MPa (Fig. 9b). It is
important to note that the relaxation behaviour at 600 MPa may not be
fully representative of lower applied stresses, such as those leading to
fatigue crack initiation at RT and 523 K. However, assuming a similar
stabilization mechanism, this approach still provides insight into the
influence of residual stress relaxation on fatigue endurance. Further
refinement could involve considering relaxation trends at lower loading
conditions to improve the accuracy of this analysis. When the stabilized
stresses documented Fig. 9b are considered (Fig. 10b), the points cor-
responding to the surface nucleation at RT and 573 K shift to the right of
the Goodman graph as the intensity of CRS decreases. With this shift, a
linear trend could emerge between all conditions, suggesting that the
endurance limit of SMAT-treated samples at different temperatures
could be described using a Goodman-type approach. However, one
needs to keep in mind that the local microstructures are quite different,
and that further data should be gathered before drawing such a
conclusion. The higher position of the point corresponding to the sam-
ples SMATed at 773 K in the Goodman graph shows that the stability of
its residual stress under fatigue loading for this condition may not be the
only reason for it fatigue strength. Despite the lower initial compressive
residual stress and the presence of many surface discontinuities that can
act as short cracks, this condition resists very well to fatigue solicita-
tions. Based on the linear relationship proposed earlier, one could esti-
mate the applied stress required to initiate a subsurface crack in the 773
K samples. This would correspond to a subsurface crack nucleation at a
depth of 450 pm with a tensile residual stress of 50 MPa (resulting in a
local stress-to-hardness ratio of about 1.6 MPa.HK 1), giving an esti-
mated fatigue limit of approximately 650 MPa. This represents a 13 %
improvement over the current performance driven by surface crack
nucleation, underscoring the negative impact of surface discontinuities
under the present condition.

Taking into consideration CRS relaxation
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Fig. 10. Goodman diagram of fatigue strength at 10° cycles, incorporating the stress intensity factor and local material hardness: a) Considering residual stress before
fatigue testing, b) Accounting for residual stress relaxation. hollow markers represent surface crack nucleation sites, and filled markers represent subsurface crack

nucleation sites.
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To further improve the mechanical properties after SMAT, a pro-
cessing temperature between 523 K and 773 K could provide the best
compromise between introducing high initial CRS, ensuring their sta-
bility, and minimizing detrimental surface defects. If such a treatment
does not generate detrimental surface discontinuities and leads to a
subsurface crack nucleation site located at approximately 400 um depth
with a tensile residual stress of about + 50 MPa, the corresponding local
stress-to-hardness ratio would be about 1.5 MPa-HK !. This would
result in a local stress of 540 MPa, implying an applied stress of
approximately 620 MPa — representing an 8 % improvement over the
current performance.

5. Conclusions

Surface modifications and microstructural gradients induced by
warm SMAT on a 316L ASS were able to significantly improve the fa-
tigue endurance limit at 10° cycles. The results highlight the critical role
of SMAT temperature on the intensity and stability of the compressive
residual stress under cyclic loading and thereby the fatigue performance.
The major results can be summarized as follows:

At RT, SMAT effectively eliminates machining grooves and in-
troduces high CRS values, leading to an increase in the fatigue endur-
ance limit compared to the machined condition (+ 25 %). Two types of
crack nucleation sites are reported: one related to surface stress raiser
and the other related to microstructural features located 400 um below
the surface, corresponding to the tensile peak of residual stress gradient.
The competition between surface and subsurface crack initiation de-
pends on the statistical likelihood of a microstructural defect being
present within the tensile residual stress region. When such a defect is
present, failure occurs at relatively low stress, whereas in its absence,
crack nucleation shifts to the surface, where higher stress levels are
required for initiation.

At 523 K, the temperature is high enough to activate dynamic
recrystallization during SMAT, leading to the formation of a duplex
microstructure composed of both recrystallized and deformed fine
grains. Although the surface residual stress is slightly higher, and despite
the deeper microstructural refinement, no further improvement in fa-
tigue resistance is observed: the endurance limit remains comparable to
that of the RT-SMAT condition, with a similar shift from surface to
subsurface crack nucleation sites as rupture occurs at lower stress levels.

At 773 K, SMAT generates a highly recovered UFG layer extending
over 30 um beneath the surface. Even if lower compressive residual
stress values, higher surface roughness, and the formation of micro-
cracks, pile-ups and an oxidized surface layer are reported, the fatigue
performance is further improved by 15 % compared to RT and 523 K.
This improvement is attributed to deeper CRS and a lower tensile peak in
the RS profile, and a reduced sensibility of the generated microstructure
to dynamic softening, i.e., CRS relaxation. The restoration process taking
place at 773 K likely led to the formation of a well-organized dislocation
network, eventually stabilized by some chromium diffusion to disloca-
tions core due to dynamic strain aging in this temperature range, which
has the potential to remain relatively stable under fatigue loading. In
other words, the superior work-hardening ability of the UFG layer may
prevent dynamic strain softening and significantly delay short crack
propagation from the surface discontinuities generated by the SMAT
process.

Despite some trade-offs in surface integrity, these results reveal the
strong potential of warm SMAT to enhance fatigue performance by
generating a microstructure capable of stabilizing the induced
compressive residual stress state during fatigue loading. Choosing a
SMAT temperature between 523 K and 773 K could lead to further
improvement of fatigue performance. A process temperature on the
proposed temperature range will offer the advantage to still generate a
UFG microstructure with limit oxidation and pile-up formation, pre-
venting the surface to be the weakest point of the material.
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