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Abstract. In this work, the effect of surface mechanical attrition treatment (SMAT) on the cyclic behaviour of a 316L stainless steel 
under low cycle fatigue (LCF) is investigated. The LCF results are presented in the form of cyclic stress amplitude evolution for both 
untreated and SMATed samples. In order to better understand the microstructure change due to cyclic loading, electron backscatter 
diffraction (EBSD) is used to characterize the microstructure of the SMATed samples before and after fatigue tests. A microstructure 
gradient is highlighted for samples after SMAT from the top surface layer in nanocrystalline grains to the interior region non-affected 
by impacts. Under LCF loading, new slip systems are activated in the work hardened region, whereas no plastic slip is activated in the 
nanostructured layer. The residual stresses generated by SMAT are measured using X-ray diffraction (XRD), and their relaxations 
under cyclic loading are studied by taking into account the microstructure change. The cyclic behaviour of the samples in different 
material states is interpreted based on these investigations. 

1 Introduction  
Fatigue properties of metallic materials are important for 
design and life prediction of mechanical components
subjected to cyclic loading in service. It is well known 
that the fatigue properties of materials are sensitive to 
grain size as well as residual stresses. Small grains can
effectively increase the yield strength of a material and 
consequently enhance its fatigue crack initiation 
resistance [1, 2], whereas coarse grains exhibit better 
crack propagation resistance due to the good ductility 
and toughness of materials. Since most fatigue cracks 
initiate from the surface and propagate to the interior of a 
structure, a component with a nanostructured surface 
layer and an inner coarse grained matrix can have 
improved fatigue resistance [3]. Furthermore, the 
presence of compressive residual stress is beneficial for 
fatigue life improvement through increasing the 
resistance to both crack initiation and propagation.

Surface mechanical attrition treatment (SMAT) is a 
surface treatment technique which can transform the 
coarse grained surface layer of a material into nanosized 
grains by means of severe plastic deformation (SPD) [4-
6]. SMAT is based on mechanical impacts on the surface 
of a structure by metallic balls with high kinetic energy.
This technique is able to generate a large quantity of 
crystallographic defects such as dislocations, 
deformation twins, which can lead to the formation of 
refined grains down to the nanometer scale at the 
surface. The obtained nanostructured layer coupled with 
compressive residual stresses generated by SMAT can 
effectively improve the fatigue strength of materials [7].
To promote SMAT for example in engineering 
applications, it is important to have a good 
understanding of all the properties of materials processed 

by this technique including fatigue properties. It has 
been experimentally demonstrated that SMAT can 
significantly improve the fatigue resistance of metallic 
materials [5, 8-10]. On the one hand, the near surface 
compressive residual stresses can improve fatigue life by 
increasing the resistance to crack initiation and 
propagation. On the other hand, a work hardened layer 
generated by mechanical impacts can enhance the 
material strength by increasing for example the elastic 
limit [11, 12]. In addition, in the case of SMAT, the 
presence of a superficial nanostructured layer can 
effectively increase the yield strength and consequently 
enhance the materials’ fatigue crack initiation resistance 
[8]. However, most of the studies performed in the 
literature concerning the effect of SMAT on fatigue 
properties were performed in high cycle fatigue (HCF) 
regime [5, 13-16]. It is well documented that the residual 
stress relaxation is strongly dependent on load 
amplitude. When shot peened samples are subjected to
high strain/stress amplitudes, the generated compressive 
residual stresses can be quickly relaxed, i.e. during the
first several cycles [16-18]. 

In this work, low cycle fatigue (LCF) behaviour of 
a SMATed 316L stainless steel is investigated compared 
to its untreated state. Electron backscatter diffraction 
(EBSD) observation and microhardness test are 
conducted to characterize the SMAT affected region
before and after fatigue test. The effect of SMAT on the 
mechanical behaviour of this material under cyclic 
loading is analysed. A comparison between SMATed 
and untreated samples is given based on the results 
including cyclic stress amplitude evolution, cyclic 
hardening/softening behaviour, and hysteresis loop. The 
results are discussed through analysing the eventual 
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microstructure change and residual stress relaxation due 
to cyclic loading.

2 Material and experimental procedures  
The material used in this work is a biomedical grade 
316L ASTM F138 austenitic stainless steel. Its chemical 
composition is given as follows (wt.%): 17.37Cr, 
14.52Ni, 1.7Mn, 2.8Mo, 0.26Si, 0.013C, 0.017P, 
0.08Cu, 0.003S, 0.07V, 0.088N, <0.005Ti, and balance 
with Fe. The as-received material has an initial average 
grain size of about 15 µm. For fatigue tests, dumbbell 
shape samples with an overall length of 110 mm were 
used. The parallel length of the reduced section is 12 mm 
with a diameter of 6 mm. SMAT was carried out so as to
cover the entire parallel length of the reduced section. 
SMAT is based on the projection of spherical shots (3 
mm diameter) boosted by a high frequency (20 kHz) 
ultrasonic generator. More detailed description of SMAT 
can be found in the literature [4]. In this work, the 
SMAT conditions used corresponds to a treatment of 15 
minutes with a generator power of 30%, followed by a 
treatment of 5 minutes with a generator power of 50%.  

LCF tests were conducted with untreated (UNT) 
and SMATed samples at room temperature using a 
servo-hydraulic machine. Uniaxial tension-compression 
fatigue tests were performed under total strain control 
with a load ratio of Rε = −1. An extensometer with a 
gauge length of 10 mm was used to control the total 
strain, and a strain rate of 4 × 10−3s−1 was applied for 
all the fatigue tests. When the stress amplitude drop 
reached 30%, the samples were considered failed and the 
fatigue tests were stopped.

Residual stress was measured on the SMATed 
samples before and after fatigue tests by X-ray 
diffraction (XRD) with a Cr-Kα radiation using classical 
sin2ψ method. To determine the in-depth residual stress 
variation, iterative electrolytic polishing was used to 
remove material from the surface of samples.
Subsequent XRD measurements were performed in order 
to plot in-depth residual stress variation curve for the 
SMATed samples before and after fatigue tests in order 
to study the residual stress relaxation. 

3 Microstructure and hardness  

3.1 Microstructure observation
EBSD observation on transverse cross-section reveals a
microstructure gradient in the SMAT affected region, as 
illustrated in Fig. 1. It can be seen that the severe plastic 
deformation induced by the impingement of shots flying 
at high speed generated a refinement of coarse grains 
down to nanometer scale in the top surface layer (Fig. 
1b). The depth of the nanostructured layer is about 5 µm, 
followed by a transition region in which the grains are 
plastically deformed by impacts during SMAT. In this 
work hardened region, the impact intensity is actually 
lower than in the top surface nanostructured layer, and 
thus only many plastic slips have been activated without 
the formation of small grains. This is because the grain 
refinement requires not only a high accumulated plastic 

strain but also a high strain rate. In the region far from 
the top surface, both the accumulated plastic strain and 
the strain rate are significantly reduced. In the work 
hardened region, the grains are subdivided by 
transgranular traces which correspond to plastic slips 
activated by multi-directional impacts of shots during 
SMAT. Notice that there are few deformation-induced 
twins in the SMAT affected region including the 
nanostructured layer and the work hardened region [19].

Figure 1. Typical transverse cross-sectional EBSD micrographs 
showing typical regions of different microstructures for a sample 
treated by SMAT: (a) non-affected interior region, and (b) SMAT 
affected region including the nanostructured layer and a part of the 

work hardened region. 

3.2 Hardness measurement

Microhardness was measured to assess the change of 
mechanical strength in the SMAT affected region, as 
frequently done in the literature [4, 20, 21]. Fig. 2 
presents the in-depth hardness variation from the treated 
surface for a SMATed sample. The microhardness was 
also measured for an untreated sample and its variation 
was plotted in Fig. 2 for comparison. The hardness was
determined by using a Vickers microhardness tester, 
with a load of 0.025 kg. From the hardness variation 
curves shown in Fig. 2, it can be seen that there is a 
significant hardness increase in the SMAT affected 
region with respect to the untreated sample. Close to the 
treated surface, the hardness reaches a value as high as 
400 HV0.025 which is about twice that in the central 
non-affected region of the sample. The hardness remains 
almost constant between 0.5 mm and 2 mm below the 
treated surface. This signifies that the depth within 
which the material is affected by SMAT is at least 500
µm. Fig. 2 also shows that in the interior region, the 
microhardness is obviously higher for the untreated 
sample than for the SMATed sample. It means that there 
is a decrease of hardness in the interior region caused by 
SMAT. However, as observed by EBSD, beyond the 
depth of about 500 µm, there is almost no plastic slip.
Therefore, this decrease of hardness could be due to the 
presence of tensile residual stress in the interior region. 
Notice that the existence of tensile residual stress in the 
interior region is needed to compensate for the 
compressive residual stress present in the near surface 
region. The residual stress in-depth variation will be 
presented after in this paper.    

4 Cyclic behaviour
4.1 Cyclic stress amplitude
Cyclic stress amplitude evolution during cyclic loading 
gives a good description of the cyclic behaviour of 
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materials in terms of hardening/softening as function of 
the number of cycles. The hardening/softening behaviour 
of a material can be altered by mechanical surface 
treatment techniques such as SMAT.

Figure 2. In-depth hardness variations from the top surface for 
untreated (UNT) and SMATed samples.

Fig. 3 shows the cyclic stress amplitude evolution 
with the increase of the number of cycles for untreated 
and SMATed samples obtained under different total 
strain amplitudes from ±0.3% to ±1.25%. Different 
strain amplitude levels were used in order to discern the 
eventual load amplitude dependent behaviour of the 
material. Globally it can be observed, by comparing Fig. 
3a and Fig. 3b, that SMAT significantly enhanced the 
mechanical strength and changed the cyclic 
hardening/softening behaviour of the samples. From Fig. 
3, it can also be seen that higher imposed strain
amplitude gives higher cyclic stress amplitude. 
Furthermore, for a given strain amplitude, the cyclic 
stress amplitudes of the SMATed samples are obviously
higher than that of the untreated ones.

The hardening/softening behaviour (characterized 
by the stress increase/decrease with respect to the initial 
state) of the material throughout fatigue tests can also be 
observed from the curves shown in Fig. 3. At the 
beginning of cyclic loading, there is an increase of stress 
amplitude during the first several cycles, which 
corresponds to the initial hardening of the material. It 
can be distinguished that under lower strain amplitude 
(±0.3% for example), the maximum stress amplitude is 
reached earlier, and there is an evident longer softening 
phase which follows the short period of initial hardening. 
Under strain amplitude of ±1.25%, untreated samples
undergo more obvious initial hardening than the
SMATed samples. In addition, the phenomenon of 
secondary hardening which follows the cyclic softening 
period can be observed for untreated samples under high 
strain amplitude (±1.25% and ±0.8%). In the case of low 
strain amplitude (±0.5% and ±0.3%), the secondary 
hardening is not present, and the samples undergo long 
term period softening. For the SMATed samples, the 
stress amplitude is nearly stabilized by the end of the 
fatigue tests under high stress amplitudes (±0.8% and 
±1.25%), while under low strain amplitudes (±0.3% and 
±0.5%), only the long term softening period is present 
(Fig. 3b).

The change of cyclic behaviour of the SMATed
samples with respect to the untreated ones is due to the 

SMAT affected region which generally enhances the 
global mechanical strength of the SMATed samples 
under monotonic loading [4, 20, 21]. In this paper, the 
strengthening effect of shot impacts is manifested by the 
increase of the global stress level induced by SMAT, as 
shown in Fig. 3. On the one hand, strain hardening 
induced by shot impacts can improve the mechanical 
strength due to dislocation entanglement which can 
impede permanent deformation of the material during 
subsequent cyclic loading. On the other hand, the 
generated nanostructured layer has much higher yield 
strength than its initial non-treated state according to 
Hall-Petch relationship. However, the nanostructured
layer might have a small contribution to the global 
mechanical behaviour of the samples because of its very 
thin thickness (5 µm) compared to the depth of the work 
hardened region (more than 500 µm according to the 
microhardness curves) and the diameter of the sample (6 
mm).

Figure 3. Cyclic stress amplitude evolution curves obtained under 
different strain amplitudes for: (a) untreated samples, and (b) SMATed 

samples.

In addition, as presented above, the interior region 
of the SMATed samples has no plastic deformation. The 
interior region should also undergo the cyclic secondary 
hardening as undergone by untreated samples (Fig. 3a). 
This implies that the disappearance of secondary 
hardening for SMATed samples under high strain 
amplitude is related to the SMAT affected region.
Therefore, this SMAT affected region should exhibit 
cyclic softening behaviour, which allows to reduce the 
secondary hardening effect of the interior region on the 
whole SMATed sample.

4.2. Hysteresis loops  
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LCF hysteresis loop describes the relationship between 
strain and stress during one cycle, and characterizes 
more specifically the plastic cyclic deformation 
behaviour of materials. Fig. 4 illustrates the comparison 
of hysteresis loops for the untreated and SMATed
samples under different strain amplitudes at different 
number of cycles. It can be seen that at the 2nd cycle the 
hysteresis loops of SMATed samples have larger height 
and smaller width (which represents plastic strain range) 
than untreated samples, under both high (Fig. 4a) and 
low (Fig. 4b) strain amplitudes. This means that the 
SMATed samples exhibit higher stress amplitude and 
lower plastic strain at the beginning of cyclic loading. As 
cyclic loading continues, the difference between these 
hysteresis loops obtained with different material states 
gradually decreases, and they tend to become superposed 
by the end of fatigue tests, especially under high strain 
amplitude (see the two dotted curved presented in Fig. 4a 
obtained at 260th cycle). This result implies that SMAT 
mainly affects the cyclic behaviour during the early stage 
of cyclic loading, and its effect is gradually reduced with 
the increase of the number of cycles.  

Figure 4. Hysteresis loops obtained with the untreated and SMATed 
samples at the beginning of fatigue tests (2nd cycle) and by the end of 

fatigue tests (260th cycle) under strain amplitude of (a) ±1.25% and (b) 
±0.5%. 

Other information which can be obtained from Fig. 
4 concerns the hardening/softening. Under high strain 
amplitude (±1.25%), comparing the hysteresis curves 
obtained at 2nd and 260th cycles, it can be seen that the 
untreated sample undergoes cyclic hardening, whereas 
the SMATed sample undergoes a slight cyclic softening
(Fig. 4a). In contrast, under low strain amplitude 

(±0.5%), both the untreated and the SMATed samples 
undergo softening, through comparing the hysteresis 
curves obtained at 2nd and 5100th cycles (Fig. 4b). These 
observed hardening/softening phenomena are consistent 
with the analysis given in Section 4.1 regarding the 
stress amplitude evolution.

5 Analysis and discussion
The in-depth hardness variation of SMATed samples 
after fatigue tests was measured in order to reveal the 
change in material properties. Fig. 5 shows an example 
of results obtained with strain amplitude of ±1.25%. It 
can be seen that after fatigue loading, compared to the 
state without fatigue, the hardness in the work hardened
region of the SMATed sample decreases about 50 
HV0.025, whereas the hardness in the interior region
increases from 200 HV0.025 to about 230 HV0.025. 
This means that the work hardened region of the 
SMATed sample is softened, and the interior region 
(which also represents the untreated state of material) is 
hardened due to fatigue loading, with respect to their 
initial states. This investigation is consistent with the 
result presented in Fig. 3 in which it is shown that  
untreated samples underwent cyclic hardening under 
high strain amplitudes (Fig. 3a). By contrast, the cyclic 
hardening under high strain amplitude illustrated in Fig. 
3b is less pronounced for the SMATed samples. This 
must be due to the cyclic softening of the work hardened 
region, as revealed by the hardness measurement shown 
in Fig. 5.

Figure 5. In-depth hardness variation from the treated surface for a
SMATed sample after fatigue. The curve for a sample after SMAT 

(without fatigue) is also given for comparison.

It is worth mentioning that the residual stress could 
also have a contribution to the hardness change, as 
indicated above. If the tensile residual stress in the 
interior region has been (partially) relaxed during cyclic 
loading due to plastic deformation, it could also lead to
an increase of hardness. According to the measurement 
of residual stress with DRX, it seems that this 
assumption could be confirmed. Fig. 6 illustrates the in-
depth longitudinal residual stress variation for SMATed 
samples before and after fatigue tests with different 
strain amplitudes (±0.5% and ±1.25%). It can be seen 
that under stain amplitude of ±1.25%, nearly most 
residual stress is relaxed by the end of fatigue test, 
whereas under ±0.5%, the residual stress is partially 
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relaxed and remains equal to about 30% of the initial 
residual stress generated by SMAT. 

Figure 6. In-depth longitudinal residual stress variation for SMATed
samples showing residual stress relaxation due to cyclic loading with 

different strain amplitudes. The curve obtained with the SMATed 
sample without fatigue is also given for comparison.

For fatigue tests, particular attention was paid to the 
eventual microstructure evolution of the SMAT affected 
region including the nanostructured layer and the work 
hardened (or plastically deformed) region. The results 
show that no obvious difference in grain size distribution 
can be noticed in the interior region for the samples 
before and after fatigue tests. This means that no grain 
size modification occurred in this region due to fatigue 
loading. However, according to Fig. 7, in all the regions 
except the nanostructured layer (Fig. 7a), grain 
orientation spread (GOS) has been increased under the 
effect of cyclic fatigue loading (Figs. 7b and 7c), with 
respect to the material state just obtained by SMAT.
Notice that GOS characterizes the mean intragranular 
misorientation, i.e. the misorientation within a grain. 
Thus the GOS changes shown in Figs. 7b and 7c must be 
due to the plastic deformation activated by fatigue
loading. This point of view is consistent with the 
literature. As indicated in [22], the plastic deformation in 
polycrystalline materials is able to generate intragranular 
disorientation, and accordingly an increase of GOS. 

Fig. 8 shows the plastic slip traces present in the 
work hardened region of the SMATed samples before 
and after fatigue tests observed by EBSD. As already 
described above, SMAT induced plastic slips due to shot 
impacts (Fig. 1b and Fig. 8a). During the subsequent 
fatigue loading, the slip plane trace density is increased 
(Fig. 8b). Note that the hardening/softening behaviour as 
well as the residual stress relaxation is strongly related to 
the plastic slip activities due to fatigue loading. The red 
crosses shown in Fig. 8 indicate the planes {111} of the 
activated systems which are confirmed to be {111} 
<110> in this study. As a matter of fact, plastic slips 
newly activated by fatigue loading can further split the 
grains and consequently increase the intragranular 
disorientation inside each grain. This investigation is in 
good agreement with the GOS distribution presented in 
Fig. 7.

However, in the nanostructured layer, no change of 
GOS was caused by fatigue loading (Fig. 7a), which 

means that there is almost no plastic slip activated by 
cyclic loading in this area. This could be due to the fact 
that the yield stress of the nanostructured layer (with 
nanoscale grain size) is much higher than that of the 
work hardened layer or the interior non-affected region 
of the sample where the grains have an ordinary size. It 
is well known that the grain interior slip resistance 
increases with the decrease of grain size. The activation 
of plastic slips is thus more difficult in the 
nanostructured layer, which is consistent with the 
previous results on the mechanical behaviour of 
nanocrystalline or ultra-fine grained materials reported in 
the literature [23-25].

Figure 7 – GOS distribution calculated in different areas: (a) 
nanostructured layer, (b) work hardened region, and (c) interior region,

for SMATed state (S) as well as SMATed and fatigued state (SF).

Furthermore, under cyclic loading with high strain 
amplitude, as indicated above, new plastic slips can be 
activated, which could lead to the restructuring of the 
dislocations introduced by SMAT in the work hardened 
region. As cyclic loading continues, the dislocation 
structure in the work hardened region induced by SMAT 
could tend to become similar to that in non-affected 
region of the sample. This constitutes the reason that the
two curves corresponding to the untreated and SMATed 
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samples tend to be superposed by the end of fatigue tests
(Fig. 4a). In addition, accompanied by these dislocation 
activities, most of the compressive residual stresses 
introduced by SMAT are relaxed, especially during the 
first several cycles under high strain amplitude [16], and 
the remained compressive residual stresses may not be 
high enough to significantly influence the fatigue 
properties at later stage of fatigue tests. This 
investigation concerning residual stress relaxation has 
been confirmed by the residual stress measurement using 
XRD, as shown in Fig. 6.

Figure 8 – Image quality (IQ) maps illustrating (a) the presence of 
plastic slip traces in the work hardened area without fatigue, and (b) the 

state of plastic slips in the work hardened area of a SMATed sample 
after fatigue. {111} plane traces are indicated by red crosses [19]. 

6 Conclusions
In this work, the effect of SMAT on low cycle fatigue 
behaviour of a 316L austenitic stainless steel was 
investigated, and the following conclusions can be 
drawn:

(1) After SMAT, a microstructure gradient is 
generated in the SMAT affected region, from the 
nanostructured layer to the non-affected bulk of 
the sample, through the transition region where 
many plastic slips are present. 

(2) Cyclic stress amplitude of SMATed samples is 
enhanced due to higher strength of the SMAT 
affected region. During cyclic loading, the 
SMAT affected region undergoes cyclic 
softening, whereas the non-affected interior
region is hardened under high strain amplitude 
(±1.25%), and softened under low strain 
amplitude (±0.5%).

(3) Comparison of hysteresis loops between different 
cycle numbers (at the beginning and by the end 
of fatigue tests) indicates that SMAT mainly 
affects the cyclic behaviour of the studied 
material in the early stage of fatigue test, and this 
effect is gradually attenuated as cyclic loading 
goes on.

(4) Under the effect of fatigue loading, new plastic 
slips are activated in the work hardened region, 
which accordingly leads to an increase of GOS.
However, in the nanostructured layer, no obvious 

change of GOS can be observed. This could be 
due to the fact that the slip resistance is higher in 
the nanocrystalline or ultra-fine materials.
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