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A B S T R A C T

Surface mechanical attrition treatment (SMAT) is a powerful and practical method to surface-harden metals and
alloys through the generation of a gradient nanostructured surface. In this study 304 stainless steel was SMAT
processed and the mechanical response upon repeated frictional sliding is studied as well as compared to the
mechanical response of untreated as-received 304 stainless steel. The repeated frictional sliding experimental
work is complemented by finite-element analysis in order to quantify the stress and strain distribution and to
qualitatively determine the elastic-plastic deformation behavior. It is shown that repeated frictional sliding on
the SMAT processed 304 stainless steel surface results in smaller residual depth, pile-up height and friction
coefficient but higher maximum stresses compared to the as-received 304 stainless steel. After approximately
30 cycles the residual depth increases only minimally with each additional cycle because of strain hardening and
increased contact area. At low cycle numbers the frictional sliding track of the as-received 304 stainless steel
meanders and forms slip bands adjacent to the sliding track. Due to instability of the gradient structure of 304
SMAT processed stainless steel, asperities are formed in the inner zone of sliding tracks at increasing cycle
numbers.

1. Introduction

The ongoing technological progress of devices, machines and
structures requires an increasing demand of materials with superior
mechanical properties. The surface properties of these materials are
particularly important as this outermost zone protects the core mate-
rial, increases the lifetime and improves the usability. In applications
where high or cyclic loads are involved, novel high-performance coat-
ings or surfaces are needed, which require a low wear rate, a high
hardness, and a high yield strength. Among other techniques such as
shot peening [1], shock loading [2], multiple laser shock processing [3]
or ballistic impacting [4], surface mechanical attrition treatment
(SMAT) [5] is a powerful method to achieve superior mechanical
properties with high hardness and high yield strength. During the SMAT
process the surface layer of the sample is subjected to high strain rates.
This is achieved by accelerating spherical balls with a vibration gen-
erator which results in a large number of impacts on the sample surface
over a short period of time. The repeated impacts of these balls create
then large plastic strains. A more detailed description of the SMAT
process can be found in [6,7]. Depending on the strain-rate which is
generated by the SMAT process, dislocation motion, twinning and

phase transformation may occur in the material [8,9]. Under suffi-
ciently high impact velocities on 304 stainless steel, it is possible to
generate nanotwins and nanograins near the surface and consequently a
gradient nanostructured surface [6]. Through these effects the hardness
and yield strength can be significantly increased compared to an un-
processed material, while preserving relatively high ductility [6].

The sliding wear behavior of SMAT processed 304 stainless steel
shows that the wear behavior depends on the lubrication condition.
Under dry sliding the SMAT processed layer is not beneficial in im-
proving the wear resistance whereas under oil immersion SMAT pro-
cessed surfaces are very effective and enhance the wear resistance by up
to 3 times [10]. While the sliding track on the as-received surface
hardens during sliding, under the lubricated sliding process plastic
deformation plays a more important role because material gets pushed
to the edges of the sliding track. Since the SMAT processed surface is
harder compared to the as-received surface it provides more resistance
to plastic deformation and thus shows better wear resistance [10].

SMAT processed 304 stainless steel surfaces have been reported to
have a deleterious influence on the corrosion resistance in 0.6M NaCl
solution. Although the nanocrystalline surface is beneficial in pro-
moting passivation, the increase in surface roughness, stain induced
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martensitic formation and dislocations formation cancel out the bene-
ficial effect of the nanocrystalline surface [11]. However, in a tribo-
corrosion study with 0.9% NaCl solution, SMAT processed 304 stainless
steel surfaces are shown to be effective in reducing material removal
compared to as-received surfaces. In addition, during tribocorrosion the
treated surfaces have shown to be effective in reducing mechanical and
chemical wear [12].

In this study the deformation and failure mechanisms upon repeated
frictional sliding on SMAT processed 304 stainless steel is analyzed and
compared to as-received 304 stainless steel as well as complemented by
computational stress and strain distribution studies. This analysis is on
the one hand important from a scientific point as it describes a sys-
tematic evolution of the sliding behavior under dry and steady state
conditions, and on the other hand 304 stainless steel is used in energy
applications, e.g. in nuclear power plants and aerospace engines, where
surface treatments are searched to improve usability and to extend the
lifetime of structural components.

2. Experimental and modeling setup

For the experimental study AISI 304 stainless steel samples with
composition (all in mass %) of 0.04 C, 0.49 Si, 1.65 Mn, 7.8 Ni, 16.8 Cr,
0.37 Mo and 72.85 Fe were used. The microstructure is primarily
composed of austenite (fcc) and a small amount of α′‑martensite (bcc)
[6]. The SMAT process in this study has been performed with 3mm
diameter spherical bearing steel balls, a vibrating frequency of 20 kHz
and an exposition time of 60min. The applied frequency and ball dia-
meter result in an impact velocity of around 10m/s and an approximate
strain rate of 102− 103 s−1 near the top treated surface [13]. This
plastic strain rate value induced by the SMAT process is known based
on a simulation model, which was applied to Type 304 stainless steel
[14,15]. With this impact velocity and strain rate a gradient nanos-
tructured surface is generated with nanotwins and nanograins near the
surface. Since the strain rate decreases with distance from the surface
the grain size increases and the twin density decreases from the surface
to the center of the sample where the 304 stainless steel is unaffected by
the SMAT process [6,8].

In order to perform nanoindentation and repeated frictional sliding
experiments, the as-received and SMAT processed samples were first
ground and then polished with 0.04 μm silica suspension which results
in a shiny, mirror-like surface. Nanoindentation and repeated frictional
sliding was performed with a NanoTest NTX machine (Micro Materials,
Wrexham, UK). For the nanoindetation experiments a Berkovich dia-
mond indenter was used and penetration depths from 1 μm to 6 μm
were applied. The load-displacement curves were evaluated with the
Oliver-Pharr method [16]. For the repeated frictional sliding experi-
ments a conical indenter with an apex angle of 120 degree and a dia-
mond tip radius of 4 μm was used. Repeated frictional sliding was ac-
complished by multiple scratching in the same sliding track. The
indenter was programmed to make 1, 15, 30, and 50 sliding cycles at
loads of 250mN and 450mN over a track length of 500 μm and at a
sliding speed of 5 μm/s. For the first 50 μm the NanoTest NTX ramps up
to the load and then slides with the applied load for the remaining
450 μm. From the frictional sliding experiments, the friction coefficient
μ was determined as μ=Lateral force/Normal force, which was read
out form the NanoTest NTX log file. The residual depth and pile-up
height of the frictional sliding tracks were measured with a Dektak
profilometer from Bruker. Microstructural analysis was analyzed using
a FEI Helios 600 dual beam (FIB/SEM) instrument. In the secondary
electron microscopy mode an accelerating voltage of 5 kV and a beam
current of 0.34 nA was used.

In order to analyze the stress and strain distribution during a single
frictional sliding cycle, finite element analysis (FEA) was conducted
with the commercial modeling software Abaqus (version 6.14, Dassault
Systèmes, Waltham, MA). The plane strain FEA sliding simulations were
performed under displacement controlled conditions, matching the

experimental depth when loaded by the 250mN vertical load on the as-
received sample. The same average vertical load was also applied for
the SMAT processed 304 stainless steel sample during displacement
controlled sliding. To model the gradient structure of the SMAT pro-
cessed 304 stainless steel a layered structure was built. The input data
for the yield strength and the elastic-plastic deformation for each were
taken from the nanoindentation and frictional sliding experiments as
well as from a previous study on SMAT processed 304 stainless steel
[6]. The input parameters for the Young's moduli were 196 GPa for the
as-received and 202 GPa for the SMAT processed steel. For both cases a
Poisson's ratio of 0.3 was used. When the deformation exceeds the yield
strength, plastic deformation occurs with a linear stress-strain de-
pendency and a strain-hardening coefficient of 1.3 GPa per 100% strain
which is estimated from the data set reported in [6] and 130MPa per
100% for the SMAT processed case. In the cited study the same SMAT
process and the same SMAT machine was used as in our study. The
input parameter for the friction coefficient in the FEA model was taken
from the experimental data of the single cycle measurement and is
equivalent to 0.56 for the as-received and 0.53 for the SMAT processed
steel. We note that the FEA model doesn't intent to be used for ex-
plaining the progressively reduced increase in sliding depth. However,
the FEA modeling does help with the understanding on how SMAT
processing changes the stress and strain distribution under the sliding
indenter, during the 1st sliding pass when the largest per-scratch depth
increment happens.

3. Results

Nanoindentation measurement revealed a hardness of the as-re-
ceived 304 stainless steel of 2.47 ± 0.10 GPa (data presented as
average value ± standard deviation wherever applicable in this study).
This value is within hardness values published for 304 stainless in the
literature [6,17,18]. Due to the gradient structure, the hardness of the
SMAT processed samples decreases with increasing distance from the
treated surface as it is shown in Table 1.

The Young's moduli E was measured from 25 nanoindentation
curves to be 195.7 ± 22 GPa for the as-received and 202.1 ± 10 GPa
for the SMAT processed 304 stainless steel respectively. Those values
are in accordance with the literature for as-received 199.6 GPa [19] and
207.8 GPa for nanocrystalline 304 stainless steel [20] as it is the case on
the SMAT processed surface. This small (3%) and statistically insignif-
icant variation (with p-value=0.18 > 0.05) in measured Young's
modulus is expected since SMAT is essentially a strain hardening pro-
cess and thus the elastic modulus of the different layers can be regarded
as uniform and nearly constant [21]. The indentation impression size
under the indenter tip is in the order of the grain size of the as-received
304 stainless steel, but much bigger compared to the grain size of the
SMAT processed samples. As a result, the measured Young's modulus
values on the as-received surface are slightly dependent on the grain
orientation and whether the measurement was taken close to the grain
boundary. On the SMAT processed surface, however, the measured
value is an average over many grains. Thus, the surface appears to be
more uniform in the SMAT processed case, which is reflected in a

Table 1
Hardness of SMAT processed 304 stainless steel as function of distance from
the surface.

Distance from surface [μm] Hardness [GPa]

1 6.2 ± 0.1
50 5.8 ± 0.2
100 5.1 ± 0.1
150 4.7 ± 0.1
200 4.3 ± 0.2
300 3.3 ± 0.1
400 2.3 ± 0.2
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smaller standard deviation of the reported value.
The residual depth measurements as a function of the number of

cycles are presented in Fig. 1a) and show that the residual depth in-
creases with an increased load and cycle number. At cycle num-
bers> 30, however, the residual depth does not increase significantly
for higher cycle numbers. In addition, for the same load and cycle
number the SMAT processed 304 stainless steel has a significantly lower
residual depth than the as-received 304 stainless steel.

The pile-up height as function of the number of cycles (see Fig. 1b))
shows that the pile-up height increases with load and cycle number.
Furthermore, at any given load and cycle number the pile-up height is
slightly smaller for the SMAT processed sample compared to the as-
received 304 stainless steel. In Fig. 2, the cross sectional material re-
moval as function of the cycle number is presented and indicates that
the material removal is bigger for as-received than SMAT processed 304
stainless steel. Similar to the depth and pile-up analysis, the material
removal also shows a decreasing incremental change with increasing
cycle number.

The friction coefficient analysis (Fig. 3) shows a cycle number as
well as a processing condition dependency. The friction coefficient is
decreasing with increasing cycle number and is higher for the as-re-
ceived compared to the SMAT processed 304 stainless steel. At high
cycle numbers (> 40), the friction coefficient levels off with values of
0.28 ± 0.03 for the SMAT processed and 0.32 ± 0.03 for the as-re-
ceived 304 stainless steel.

Fig. 4 presents the detailed surface morphology of the frictional
sliding tracks after 1 cycle at 250mN of as-received (Fig. 4a)) and
SMAT processed (Fig. 4b)) 304 stainless steel and reveals that the tracks
are wider on the as-received 304 stainless steel surface compared to the
SMAT processed surface. Unlike to the treated surface, the as-received
304 stainless steel (Fig. 4a)) has the tendency to meander and forms slip
bands adjacent to the sliding tracks (arrows in Fig. 4a)). With increasing
cycle number (Fig. 5a)–c)) more and bigger asperities are formed in the
inner zone of the sliding track of the SMAT processed 304 stainless
steel.

The maximum stress buildup and distribution during the frictional
sliding process was determined by FEA and is presented in Fig. 6 for a
single sliding event at equivalent normal force for the as-received and
SMAT processed surface. The FEA results show that the maximum von
Mises stress is significantly higher for the SMAT processed compared to
as-received 304 stainless steel, due to much higher yield strength near
the SMAT processed surface. However, the interaction volume where
the stress is generated is much bigger for the as-received compared to
the SMAT processed 304 stainless steel.

For the same force as in Fig. 6, the equivalent plastic strain is pre-
sented in Fig. 7 and confirms that magnitude and interaction volume is
increased for the as-received case.

Fig. 1. Residual depth (a)) and pile-up height (b)) as function of number of cycles for SMAT processed and as-received 304 stainless steel measured after repeated frictional sliding at
loads of 250mN and 450mN respectively.
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Fig. 2. Cross sectional material removal as function of the number of cycles for as-re-
ceived and SMAT processed 304 stainless steel.

Fig. 3. Friction coefficient as function of the number of cycles for as-received and SMAT
processed 304 stainless steel.
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4. Discussion

The SMAT process has two major consequences, which both affect
the mechanical response upon repeated frictional sliding: First, SMAT
produces nanocrystalline grains and a higher nanotwin density near the
surface area and secondly it forms a gradient structure with gradually
decreasing hardness and yield strength from the treated nanocrystalline
surface to the microcrystalline center of the sample. In addition, the
deformation twins induced by the SMAT process play a similar role as
grain boundaries in dislocation motion [22,23] and enhance the effect
of yield strength increase.

Due to the higher yield strength of nanocrystalline grains compared
to their microcrystalline counterparts [24–26], the maximum stress
upon repeated frictional sliding at equivalent normal force is higher in
the SMAT processed compared to the as-received case as it was con-
firmed by FEA simulations in Fig. 6. In addition, since the yield strength
in the SMAT processed surface is higher, the material is not as prone to
undergo plastic deformation, and therefore the volume of stress and
strain generation is also smaller compared to the as-received 304
stainless steel. This observation is also confirmed by FEA simulations in
Figs. 6 and 7. Furthermore, the increased hardness of the SMAT pro-
cessed 304 stainless steel results in reduced residual depth upon re-
peated frictional sliding as it was presented in Fig. 1a).

Upon the frictional sliding process, the interaction volume of the
indenter is in the order of the grain size of the as-received 304 stainless
steel. Hence, intrinsic effects, such as preferred shearing direction,
occur in the microcrystalline grains and form slip band adjacent to the
sliding track. This local plastic deformation also increases the varia-
bility in the frictional sliding process and creates the meandering at low
cycle numbers. Similar phenomena upon repeated frictional sliding
were observed in recrystallized Cu and to a larger extend in re-
crystallized Cu-Zn [27]. Since in the SMAT case the interaction volume
of the indenter is much bigger than the size of the nanocrystalline
grains no pronounced intrinsic effects occur, and therefore no mean-
dering and slip band formation was observed on the SMAT processed
304 stainless steel surface. However, in both cases at low cycle numbers
each repeated frictional sliding event generates plastic deformation,
which subsequently results in a strain hardening effect. This is in

Fig. 4. Secondary electron microscopy images of 1 cycle
250mN frictional sliding tracks on as-received (a)) and
SMAT processed (b)) 304 stainless steel. Compared to the
treated steel, the as-received stainless steel meanders and
forms slip bands (indicated by arrows) adjacent to the
sliding track.

Fig. 5. Secondary electron microscopy images of frictional sliding tracks at 15 (a)), 30 (b)) and 50 (c)) cycles at a load of 250mN on a SMAT processed 304 stainless steel surface (the
1 cycle sliding track is shown in Fig. 4(b)). With increasing sliding cycles bigger and more asperities are formed in the inner zone of the sliding track. Some asperities are indicated by
arrows.
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Fig. 6. Stress distribution of as-received (top) and SMAT processed (bottom) 304 stainless
steel at equivalent normal force. While the maximum stress is higher in the SMAT pro-
cessed sample, the stress interaction volume is bigger for the as-received case.
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accordance with Ref. [10] where it is shown that the wear track of as-
received 304 stainless is markedly hardened during multiple sliding.
With increasing cycle number the progressively larger contact area of
indenter tip and sample surface becomes an integral part of the process
as it is seen in Fig. 1. Because of the increasing contact area and the
constant applied load, the maximum stress below the sliding indenter is
reduced with each additional cycle. Thus, when all the stresses drop
below the yield strength, the change in increased residual depth would
be small with each additional sliding. Since a decrease in incremental
change of residual depth at cycle numbers> 30 was observed in both
as-received and SMAT processed case, it is suggested that the increased
contact area is more dominant than the strain-hardening behavior at
high cycle numbers. Because the material removal correlates with the
residual depth and pile-up height, the curves in Fig. 2 follow the same
trend as the curves in Fig. 1.

The increase in surface asperities with increased cycle number in the
inner zone of the sliding tracks of SMAT processed 304 stainless steel
may be associated with strain localization which results in surface
roughening as it was reported in nanocrystalline metals [28,29]. An-
other possible explanation for the increasing roughness upon repeated
frictional sliding of the SMAT processed 304 stainless steel is the gra-
dient structure which can be illustrated by many thin layers stacked on
each other with changing yield strengths and shear moduli [28]. As it
was shown on repeated frictional sliding on Cu/Au multilayers, a wa-
viness and vortices were observed at higher sliding numbers [30]. The
authors in [30] made the analogy to flow patterns under a Helmholtz-
Kelvin instability which occurs due to velocity (or in this case shearing)

gradient in the layers resulting in mixing. In our case of a gradient
structure the grain size increases gradually from the top to the bulk, and
so the shear strength changes from the surface to the bulk. We assume
that this shear strength gradient results in an instability similar to that
found in [30] upon repeated frictional sliding, which creates an inter-
mixing of layers and subsequent asperity creation at higher cycle
numbers.

Since nanotwinned Cu [31] exhibits similar values of friction coef-
ficient compared to coarse-grained Cu in spite of different initial mi-
crostructure, the decrease in friction coefficient of the SMAT processed
compared to the as-received 304 stainless is likely attributed to the
nanocrystalline grains near the surface. The relatively small change in
friction coefficient from the coarse grained as-received to the nano-
crystalline SMAT processed 304 stainless steel is also in agreement with
other nanocrystalline metal surfaces as it was shown for Ni [32], Ti
[33], and Al [34], even though nanocrystalline metal surfaces have a
superior wear resistance compared to their microcrystalline counter-
parts [24,35]. Furthermore, at our quasi-static sliding speed the friction
coefficient of 304 stainless steel is in agreement with previous studies
such as Ref. [36].

The pile-up height also scales with the friction coefficient because it
is associated with an increase in the interaction forces that pushes the
material to the front and sides of the indenter [27]. However, since the
difference in friction coefficient of the SMAT processed and as-received
304 stainless steel is small, it is assumed that the effect on the pile-up
height is small too. The more important factor on the pile-up height is
the refined microstructure [27] as it is the case at the surface of the
SMAT processed 304 stainless steel. A nanocrystalline surface reduces
the variability in the frictional sliding process and thus the SMAT
process has at any given load and cycle number a smaller pile-up height
compared to the as-received 304 stainless steel.

5. Conclusion

In this study the mechanical response upon repeated frictional
sliding of SMAT processed and as-received 304 stainless is system-
atically studied. The study shows that the subsequent frictional sliding
on a SMAT processed 304 stainless steel surface results in a reduced
residual depth, pile-up height, and friction coefficient but higher
maximum stresses compared to untreated 304 stainless steel. The re-
duced friction coefficient can be attributed to the nanocrystalline grains
with high hardness near the surface. With this work we anticipate that
SMAT processed 304 stainless steel surfaces have the potential to ex-
tend the lifetime of components which undergo repeated cyclic loading
on the surface as it is the case for e.g. fuel rods in nuclear power plant
applications.
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