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Abstract

In surface mechanical attrition treatment (SMAT), the processing parameters like the diameter of hardened steel balls/shots
(D) and their impact velocity (V) are crucial in affecting the mechanical properties of the materials. This study is focused on
understanding the effect of D and V on microstructural and hardness variation during the SMAT process. The SMAT has been
performed on AISI 304L steel using 3-mm and 8-mm diameter balls with a combination of 1 m/s and 10 m/s impact velocity.
Microstructure of the SMATed material shows twin distribution near the top surface changeover from coarser to finer when
V increases from a low to significantly high value, whereas it changes marginally with an increase in D. Nanoindentation
experiments performed along the depth of SMATed material reveal that the near-surface hardness is mainly governed by V
and weakly influenced by D. However, the hardened layer thickness is enhanced by increasing either of these parameters. The
complementary finite element (FE) simulations of the single impact SMAT process are performed using the rate-dependent
Johnson—Cook plasticity model to provide the mechanistic reasons for the behavior observed from the experiments. A strat-
egy to determine the hardness-depth profile of SMATed steel through FE simulations is developed. The hardness behavior
of the SMATed steel is linked to the effects of D and V on the residual equivalent stress and equivalent plastic strain at the
surface. The hardness away from the surface is influenced by the shot size and shot velocity. The empirical relations that
show the dependence of hardness on the SMAT parameters are determined.

Keywords SMAT - AISI 304L stainless steel - Nanoindentation - Hardness - Finite element analysis

1 Introduction

Stainless steels have wide applications in various indus-
tries owing to their excellent mechanical properties such as
high-yield strength, ductility, and corrosion resistance [1-4].
Notwithstanding these attractive properties, in many appli-
cations, the engineering components made of stainless steel
fail due to crack initiation caused by the inferior surface
properties (e.g., lower surface hardness) [5—7]. Such behav-
ior has encouraged researchers to develop various techniques
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to improve surface properties. Among these, severe plastic
deformation (SPD) techniques including cold rolling [1],
shot peening (SP) [8], surface mechanical attrition treatment
(SMAT) [9-11], and laser shock peening [12] are the most
promising approaches. These techniques improve the surface
properties such as hardness, strength, wear resistance, and
fatigue resistance through nano-crystallization, resulting in
gradient in microstructure near the surface [10-13].

In the conventional shot peening process, spherical- or
irregular-shaped particles with an average diameter rang-
ing from 0.25 to 1 mm are impacted on the specimen sur-
face with a velocity of around 20-150 m/s [11]. The SMAT
process, introduced first time by Ke and Jian in 1999 [9],
improves the surface mechanical properties via severe defor-
mation caused by the impact of randomly moving balls/shots
of hardened steel or ceramics (Fig. 1). The SMAT process
looks similar to the shot peening, but it is significantly dif-
ferent from the latter in various aspects. For instance, the
diameter of the balls used in the SMAT process ranges from
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Shot
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Fig.1 Schematic diagram showing the impact of a shot on the target
with a certain velocity and a specified angle

1 to 10 mm, which is much larger than the conventional
shot peening [10, 11]. Impact velocities in SMAT are sig-
nificantly lower (varies from 1 to 20 m/s [14]) than the tra-
ditional shot peening. SMAT usually generates a gradient
structure to a considerably higher depth in the treated mate-
rial than shot peening [15, 16]. Consequently, SMAT can
enhance the ballistic performance of steels significantly due
to reduced deformation in the direction of impact [17]. The
SMAT is found to be suitable for various applications such
as aerospace (e.g., high/low-pressure blades and impellers),
automotive (e.g., camshaft and compressor wheel), infra-
structure (e.g., welded structures), and medical (e.g., surgi-
cal instruments and implants) [18-20].

The diameter of the shots/balls, D, and the impact veloc-
ity, V, are the key parameters influencing the plastic defor-
mation; and hence, mechanical properties of the treated
surface through SMAT process. Indeed, Chan et al. [21]
reported that the strain rate developed in the material dur-
ing the SMAT process is proportional to V. It must be noted
that higher strain rate can generate the nanostructures more
efficiently, leading to more desirable properties in materi-
als. SMAT results in strain rate of the order of 10°~10% 5!
and accumulation of considerable plastic strain on the
treated surfaces [22, 23]. Consequently, a pronounced dis-
locations’ activity, formation of deformation-induced twins,
and deformation-induced phase-transformation take place in
the treated layer [24]. Arifvianto et al. [25] investigated the
effect of ball size, treatment duration, number of balls, and
motor rpm on the microhardness of treated surface of AISI
316L steel and showed that surface hardness increases with
increase in D. However, they have not studied the effects of
these parameters on microstructural changes of AISI 316L.
Gatey et al. [10] have analyzed the effect of D on the varia-
tion of microhardness and microstructure along the treated
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layer in AISI 304L steel, but the effect of shot velocity was
not studied in detail in this work. Samih et al. [26] analyzed
the effect of the amplitude of vibration of the sonotrode
and treatment duration on the distribution of the geometri-
cal necessary dislocations (GND) density and grain size in
the treated layer of AISI 316L steel. In addition to these
parameters, the effect of the cryogenic temperature (during
SMAT operation) on the hardness and volume fraction of
martensite (o’) in AISI 304L steel was also investigated by
Novelli et al. [27]. It must be noted that the effect of specific
velocity of impacting balls on the mechanical properties and
microstructure of treated material requires more study. The
effect of V was analyzed by varying the sonatrode amplitude
or motor rpm in the literature [25-27]. However, conversion
of such parameters into velocity (expressed in m/s) is not
easily available in most of the literature. As the velocity of
balls affects the percentage coverage, the direct correlation/
effect of specific velocity on microstructure and properties
(keeping a constant peening intensity) would be useful to
widen the scope of SMAT technology.

Edberg et al. [28] performed FE simulations of a sin-
gle impact on elastoplastic and visco-plastic materials and
reported a similar trend in residual stress in both materi-
als. Guagliano [29] found that the layer’s thickness (with
compressive stress) increases marginally with increase in
V, while it enhances considerably with D. They also noticed
that the maximum value of compressive residual stress
increases marginally with enhancement in either V or D.
Astaraee et al. [14] estimated the surface coverage during the
SMAT processing of pure aluminum through experiments
and complementary FE simulations. Their FE predictions
on surface coverage, residual stresses, and thickness of the
treated layer were in line with the experimental data. Chen
et al. [30] investigated the effect of impact velocity on the
twin volume fraction, dislocation density, and martensitic
transformation near the top surface through numerical simu-
lations of a single impact SMAT by employing a dislocation-
density—based model. It must be noted that the primary focus
of these studies was to understand the development of the
plasticity and residual stresses in the SMATed materials.

Thus, which parameter (among D and V) would affect hard-
ness more predominantly is not clear from above studies. In
other words, it is not clear what would be the optimum values
of D and V to achieve desired hardness in the treated mate-
rial. The following issues need to be addressed to choose a
suitable combination of process parameters to achieve desired
mechanical properties through SMAT: (i) Does the twin den-
sity near the treated surface depend on both or either of the
parameters, D and V'? (ii) How do the parameters D and V
influence equivalent plastic strain and stresses in a teated mate-
rial? (iii) Do the parameters D and V influence hardness near
the surface and inside the treated layer in a similar manner?
(iv) What is the functional relationship between the hardness
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and the parameters D and V? (v) What is the effect of the
parameters D and V on the thickness of the hardened layer?

As mentioned above, the simulation approach is slowly
being evolved in the SMAT domain. Current work also focuses
on this direction. Such study will help predicting (directly or
indirectly) the trend in some properties (in particular hard-
ness), which can be used in industry. Stainless steel is an
important class of material concerning its engineering and
biomedical applications. In this work, experimental and com-
plementary FE simulations of SMAT processing of AISI 304L
steel are performed using the rate-dependent Johnson—Cook
Material Model. A new strategy to compute the hardness in
SMATed layer using different processing parameters through
FE simulations is presented in this study. It must be mentioned
that no such FE simulations have been performed to predict the
hardness variation along the treated layer in a SMATed mate-
rial, to the best of the authors’ knowledge. The approach pro-
posed in this work can also be applied to predict the mechani-
cal response (such as hardness, tensile, fatigue) of pre-stressed/
strained (such as SMAT, rolling, high-pressure torsion (HPT),
and equal-channel angular pressing (ECAP) processed) mate-
rials through FE simulations. Such simulations would help in
minimizing the number of experiments and associated costs
to optimize the processing parameters to achieve the desired
hardness and its gradient along the treated layer. Experimental
results suggest that SMAT behavior of AISI 304L steel is a
complex function of SMAT parameters like size and velocity
of shots. The FE results shed light on the effect of D and V on
the size and shape of the indent. Furthermore, empirical rela-
tions are presented using given parameters D and V to predict
the size of indent produced during SMAT. Furthermore, the
functional dependence of hardness (H) versus depth (Z) pro-
files on the parameters D and V is presented. The present study
provides guidelines in choosing an appropriate combination of
process parameters D and V to achieve the desired hardness
inside the treated layer of SMATed material.

2 Experimental
2.1 Methodology

Commercial AISI 304L stainless steel (the chemical com-
position is shown in Table 1) was used for the experiments.
Cylindrical specimens of 50-mm diameter and 5-mm thick-
ness were prepared from the as-received AISI 304L steel rod.
Specimens were surface treated at room temperature using
in-house fabricated mechanical-vibration-type SMAT setups.
SMAT was carried out using hardened bearing-steel balls (65

HRC), which were jiggled using a vibrating plate. The velocity
of balls in SMAT cabin was measured using a high-speed cam-
era. Frequency and amplitude of vibrating plate for 10 (+1.2)
m/s velocity balls were 300 Hz and 15 mm, respectively. How-
ever, for velocity of 1 (+0.2) m/s, vibrating plate had 100 Hz
frequency and 3 mm amplitude. The distance between the
vibrating plate and the specimen was ~40 mm. About 25% area
of the vibrating plate was covered by balls. These parameters
were kept constant for all experiments. Size of the balls was
3 mm (136 balls) and 8 mm (19 balls). The SMAT processing
of specimens was performed for 120 min and 10 min for 1 m/s
and 10 m/s velocity, respectively, to maintain the same per-
centage coverage (which is linked to the number of times the
projected surface is peened entirely by the attrition balls during
the SMAT duration [10]) on the treated surface. Thus, in all
SMAT experiments, the 1200% coverage was maintained. All
the specimens were polished using SiC papers (up to 1500 grit-
size) and then cleaned with acetone before performing SMAT.
A cross-section of the SMATed specimens was prepared using
the conventional metallography steps, i.e., grinding, polish-
ing, and etching (using 25 mL HCI1+25 mL H,0+4 g CuSO,
for 30-40 s). X-ray diffraction (XRD) was carried out on
non-SMATed and SMATed samples, where CuK, radiation
(A=1.5406 1&) and 20 angle in the range of 30°-90° were used
to record the XRD patterns. For EBSD experiments, specimen
was electro-polished. Electropolishing was performed using
Struers Lectropol-5 equipment. An electrolyte of methanol and
perchloric in the ratio of 80:20 was used at 273 K and 18 V
DC. The EBSD maps were obtained using 20 kV accelerating
voltage with 200 nm step-size for non-SMATed specimen and
50 nm step-size of SMATed specimen. The scanning electron
microscope (SEM) was used for the microstructural analy-
sis. Nano-hardness across the cross-section of the SMATed
specimens was measured using Berkovich indenter (tip radius
of ~300 nm) at 8000 puN maximum load with 5 s dwell time,
and hardness was calculated using Oliver—Pharr method.

2.2 SMAT processed AlISI 304L steel: experimental
observations

Figure 2a, b shows the IPF and phase maps of non-treated
304L steel characterized by electron backscatter diffraction
(EBSD). IPF map shows randomly oriented equiaxial auste-
nitic grains with the average grain size of ~27 (z 10) pm and
the phase map shows the presence of delta-ferrite (5-Fe) in
the microstructure, which generally forms during the solidi-
fication of steel. Figures 3 and 4 show the SEM micrographs
of the cross-section of AISI 304L stainless steel specimens

Table 1 Chemical composition

X . Element C Cr
of the AISI 304L stainless steel

Mn Mo Si P M N Fe

used in the current study

Wt.% 0.037 18.01

7.98 1.84 0.38 0.29 0.03

0.001 0.13 Balance
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Fig.2 Electron backscatter
diffraction (EBSD) results. a
IPF and b phase map of non-
treated 304L steel. ¢ IPF and d
phase map of SMATed 304L
steel. e X-ray diffraction (XRD)
patterns of non-SMATed and
SMATed 304L steel
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SMATed using 3-mm and 8-mm diameter balls, respectively.
The magnified view of the surface regions (Fig. 3a, b) are
displayed in Fig. 3c, d. In Figs. 3 and 4, formation of defor-
mation twins can be observed throughout the grains near the
surface region of the SMATed specimens, irrespective of
ball diameter and impact velocity. This observation is linked
to the stacking fault energy (SFE). SFE of AISI 304L steel is
about 13 mJ/m?, which is considerably lower than the typi-
cal threshold level of SFE for twining (18 mJ/m?) to take
place [31-34]. Since the influence of colliding balls’ impact
weakens across the thickness of the specimen, the inten-
sity of deformation twins reduces with an increase in depth.
Eventually, it disappears after reaching a certain depth along
the cross-section. It is important to note that the thickness
of twin-dominated region increases substantially with an
increase in the D or V (see Figs. 3 and 4). For instance, in
the case of material treated using V = 1 m/s, the thickness
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of twin-dominated region is increased from~ 100 pm for
D =3 mm to~ 150 pm for D=8 mm (see Figs. 3a and 4a).
However, the enhancement in the thickness with the rise in
D is more pronounced for higher impact velocity, as shown
in Figs. 3 and 4. The enhancement in impact velocity (while
keeping ball diameter fixed) has a similar effect on the thick-
ness of the twin-dominated region, which can be seen by
comparing Fig. 3a, b and Fig. 4a, b. It is also important
to note that twin spacing is relatively more in Figs. 3c and
4c than that in Figs. 3d and 4d. Thus, the present experi-
ments reveal that twin distribution near the top surface of
SMATed material changeover from coarser to finer when
impact velocity increases from a low to significantly high
value, irrespective of ball size.

Furthermore, the presence of coarser twins in both the
Figs. 3c and 4c suggests a marginal influence of ball diam-
eter on the intensity of twins near the surface of SMATed
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Fig.3 The SEM micrographs
of the cross-section of AISI
304L steel SMATed using

3 mm balls and impact veloc-
ity,aV=1+0.2m/sand b

3 mm
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material. In other words, twin intensity near the surface of
SMATed material is mainly governed by impact velocity and
marginally influenced by ball diameter. The finer twins in
Figs. 3d and 4d indicate that the material surface treated by
higher impact velocity would have experienced more plastic
deformation, which would be further confirmed through FE
simulations in Sect. 4.

The observed delta-ferrite (8-Fe) in Figs. 3 and 4 is the
part of the as-received microstructure, which can also be
seen in Fig. 2b. It must be mentioned that the SMATed

Fig.4 The SEM micrographs
of the cross-section of AISI
304L steel SMATed using
8-mm balls and impact veloc-
ity aV=1+02m/sand b
V=10+1.2 m/s. c and d are the
magnified SEM micrographs of
the regions shown in a and b,
respectively
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AISI 304L steel has been found to exhibit the formation of
deformation-induced martensite (a’) owing to low stack-
ing fault energy of the material when subjected to multiple
impacts of the vibrating balls [10, 30]. The EBSD results of
the near-surface region (Fig. 2c, d) of the SMATed speci-
men show severe deformation, leading to the unindexed
back regions, along with the indexing of some regions as
the martensite phase. For the conformation, X-ray diffrac-
tion on the non-SMATed and SMATed AISI 304L steel
specimens has been performed. The XRD patterns are
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compared in Fig. 2e. The XRD pattern for SMATed sample
shows an increase in the intensity of martensite peak (o) in
comparison to the non-SMATed steel which confirms the
formation of martensite during the SMAT process.
Figure 5a shows a comparison of the indentation
load—displacement curves obtained from nanoindentation
experiments along the depth of the SMATed specimen and
on the surface of the non-SMATed (bare) specimen. This
figure shows that the indentation depth in the non-SMATed
surface is higher than that in the SMATed surface under the
same value of applied load (the maximum load of 8000 pN).
Also, the indentation depth after unloading is significantly
higher in the former than that in the latter, which confirms
higher hardness for SMATed material. Hardness values at
different points across the thickness of treated specimens
are shown in Figs. 5b, c for fixed values of D and V, respec-
tively, to understand the effect of impact velocity and size

of balls on the hardness profile across the treated layer. It
can be seen from Fig. 5b that the hardness of the surface-
treated layer using higher impact velocity is more, irrespec-
tive of the distance from the surface. The hardened layer’s
thickness seems to be higher in the material treated using
higher impact velocity. In contrast, hardness values near the
surface of material treated by two different sizes of balls
are almost identical (Fig. 5¢), suggesting that hardness near
the SMATed surface is mainly governed by impact velocity;
however, it is weakly influenced by the ball diameter.
Though the present experimental results provide insights
on the complex dependence of the mechanical properties
of the SMATed austenitic steel on the process parameters
(like ball size, and their impact velocity), the following fun-
damental questions arise at this juncture. Firstly, why are
the hardness and twin intensity near the top surface mainly
governed by colliding balls’ impact velocity? Secondly, what
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Fig.5 a Comparison of indentation load—displacement curves for SMATed and non-SMATed AISI 304L steel. Hardness values at different
points across the cross-section of treated specimens for the fixed values of bD=3 mmandcV =10+ 1.2 m/s
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is the best combination of the process parameters to achieve
maximum hardness for a given material? Finally, how does
the process parameter affect the indent size/shape and treated
material’s roughness? FE simulations of the single impact of
a ball on AISI 304L steel and the computations of indenta-
tion along the treated layer are performed in the following
sections to address these questions.

3 Finite element simulations of single impact
SMAT

3.1 Finite element model

Figure 6a shows a cylindrical target’s finite element discretiza-
tion with an initial size of 20 (L,) X 20 (H,) mm using four-
node quadrilateral axisymmetric elements with reduced integra-
tion (CAX4R) in the r — z plane along with the rigid spherical
ball (with diameter D) employed in the simulations of single
impact SMAT process. To capture high strain and stress gradient
below the indent, a highly refined mesh with the element size
of 2.5 X 10_3L0 is used in the target’s central region, where the
ball is expected to impact; however, a relatively coarser mesh
is employed in the outer regions (refer to Fig. 6b). The target’s
bottom surface is constrained to move along all three directions,
while the rigid ball is allowed to move with a prescribed velocity
along the z direction. The coefficient of friction between the ball
and target material is taken to be 0.2 [35]. To capture the strain
rate effects, the plastic flow of the target material is assumed to
follow the Johnson—Cook rate-dependent plasticity model [36],
which is given as follows:

— n £ _ km * T_TO
6-[A+B£][l+Cln<é0>][l T*"|, where T =77
(D

Fig.6 a Finite element of the (a)
model employed in the simula-
tions of a single impact SMAT
process. b Zoomed-in view of

the mesh below the shot

Axisymmetric axis

Here, o and e represent equivalent stress and equivalent
plastic strain, respectively. The material constants A, B, and
C are initial yield strength (at a reference temperature, 7, and
reference strain rate, £,), strain hardening coefficient, and
strain rate hardening coefficient, respectively. Furthermore,
€ and €, are applied and reference strain rates, respectively.
The parameters n, m, T, and T, are strain hardening exponent,
thermal-softening exponent, current temperature, and melting
temperature of the material, respectively. A significant vari-
ation in the values of the parameters (appearing in Eq. 1) for
AISI 304L stainless steel has been noticed in the literature.
For example, the values of the parameters A, B, n, and, C
corresponding to reference strain rate, £, of 1 s~! are reported
to be 253.32 — 310 MPa, 441 — 1567.33 MPa, 0.10 — 0.74,
and 0.02 — 0.09, respectively [37—40]. The parameters A, B,
and, n (which characterizes the elastic—plastic response of
the material at reference strain rate) are determined by fitting
the experimentally obtained nanoindentation P-h curve of
non-treated (bare) AISI 304L stainless steel, while the strain
rate sensitivity parameter, C, and thermal-softening expo-
nent, m, are taken from Ref. [39]. The values of the mate-
rial parameters appearing in the plasticity model (refer to
Eq. 1) are given in Table 2. Using these material constants,
a finite element simulation of Berkovich indentation using
Berkovich equivalent spherical-conical indenter is performed.
The load—displacement curve predicted by the FE analysis
is compared with the experimental data in Fig. 7. It can be
seen from this figure that FE predictions are very close to the
experimental observations. Computations are performed by
considering various values of D=3, 5, and 8 mm, and differ-
ent values of V =1, 5, 10, and 15 m/s to understand the effect
of size and velocity of impacting balls on the distribution of
residual stress, strain, and hardness across the SMATed layer
of material.

(b)
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4 Results and discussion
4.1 Effect of D andV on the size and depth of the indent

The size and shape of the impression created due to the impact
of a ball on the target material would have a marked effect
on the achieved roughness of the SMATed surface. A clear
understanding of the influence of processing parameters on the
surface roughness of SMATed material is essential to choose
an appropriate combination of these parameters to optimize the
roughness. Therefore, the influence of the parameters D and V
on the indent size and shape is investigated in this section. The
contour plots of the displacement, u, along z direction after the
impact of a shot in the r — z plane, are displayed in Fig. 8a. This
figure shows that the displacement just below the impression
is maximum and decreases rapidly with an increase in depth.
The displacement just below the impression is nothing but a
permanent plastic deformation, which is generated due to the
kinetic energy of ball/shot [27]. Astaraee et al. [14] have also
reported a similar surface profile after single impact of a ball
through FE simulations. Displacement of a top surface of target
SMATed using different sizes of balls with V = 1 m/s is plot-
ted against r in Fig. 8b to understand the influence of D on the
size and shape of the indent. It can be seen from this figure that
irrespective of ball diameter, the magnitude of %, is maximum
at the center of the indent and decreases as one moves away
from the center, and eventually, it becomes positive near the
periphery of the indent. Finally, u, becomes zero at far away
from the indent, leading to the formation of a hump in the pro-
file of u,. Such behavior represents a pile-up of material due to
plastic flow. Note that the pile-up increases with an increase in
D, suggesting an increase in roughness with an increase in ball
size. A similar trend can be perceived for a higher velocity of
10 m/s (Fig. 8c). The indent’s shape and size are characterized
by its diameter, d, and depth, %. In Fig. 8b, the values of d and &
for D =3 mm are about 0.24 and 0.046 mm, respectively, sug-
gesting an oblate shaped impression produced by smaller shots.
When D is increased to 8 mm, d enhances to 0.52 mm, and &
rises to 0.12 mm. Thus, indent depth rises more rapidly than
indent diameter with an increase in ball size. This behavior, in
turn, results in almost hemispherical indent for bigger balls in
contrast to oblate shaped indent for smaller balls.

Figure 8d, e shows the effect of V on the shape and size of
the impression produced by the impact of balls with D= 3 and
8 mm, respectively. Note from Fig. 8d that for an impression
created using low V of 1 m/s, the values of d and 4 are around

— Experimental curve
8000 { —— simulated curve
6000
é 4000 -
Ee]
©
o
— 2000 A
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Fig.7 Comparison between finite element simulation and experimen-
tal load—displacement curves from Berkovich indentation

0.24 and 0.046 mm, respectively, which suggest the oblate
shape of the impression (as mentioned above). Like the trend
observed in Fig. 8b, d and / are increased with an increase
in V, while enhancement in the latter is more pronounced
than that in the former (Fig. 8d). As a result, the shape of
the indent becomes almost hemispherical for higher velocity.
A similar trend can also be observed for larger D in Fig. 8e.
Thus, it can be concluded from Figs. 8b—d that an oblate-
shaped impression would be created through the impact of a
shot having a lower value of either D or V. The shape of the
impression would change to hemispherical when either D orV
is increased to a significantly large value. Pile-up around the
indent increases considerably due to a rise in D or V, which
would result in a rougher surface. This observation is in line
with the experimental observations mentioned in Ref. [41].

It would be insightful to plot the variation of 4 and d against
the processing parameters D and V. Therefore, surface plots
of h and d in the parametric space of D and V are displayed
in Figs. 9a, b, respectively. Note from Fig. 9a that for a fixed
value of ball size, h increases with an increase in'V, but the
rise in h is more pronounced for bigger balls. Similarly, h
rises marginally with an increase in D for a very low value
of V, while it enhances more rapidly when impact velocity is
significantly high. A similar trend in d can also be observed
in Fig. 9b. Iida [42] has proposed the following functional
dependence of 7 and d on D and V:

Table 2 Material property and parameters for the Johnson-Cook plasticity model for AISI 304L stainless steel

p (kg/mm3 ) E (MPa) \Z A (MPa)

B (MPa) n C

G'O(s”) m

7900 193,000 0.3 280

1597 0.25

0.097 1 2.044
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Fig.8 a Contour plots of displacement, u_, in SMATed material using
shot size, D = 3 mm, and shot velocity, V = 10 m/s. b The varia-
tion of u_ of top surface along radial direction for material SMATed

using different size of shot corresponding tobV =1 m/sand ¢V =
10 m/s. The corresponding plots generated for the fixed shot size: d D
=3 mm and e D = 8 mm pertaining to different values of V
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Fig.9 The variation of a indent (a) h (mm) (b) d (mm)
depth, %, and b indent diameter, 5. 1 ) L T —

d, in parametric space of V ’é\ A I1 i = & A I1 5

and D £ 1 1 € 1 :
i T I

8 10 5 135 & 5 10 5 43 5 8
M)

V (mls) Ay V (m/s) D (™
h=K,DV @) V =10 m/s are displayed in undeformed configuration. The
region undergoing plastic deformation is almost circular,
05 and €’ seems to be maximum near the top surface and drops
d=K,DV™>. 3 with an increase in depth. Note, Zhou et al. [44] have also

Here, K, and K, are experimentally obtained constants
related to the hardness of the material. By fitting the empiri-
cal relations in Eqgs. 2 and 3 on 3D surface plots shown in
Fig. 9a, b, respectively, the values of K, and K, are deter-
mined to be 0.015 (s/m) and 0.055 (s/m)®>, respectively. A
similar trend of d and & has also been reported in the litera-
ture [43]. Note that the parameters d and & can be linked
to the surface roughness of SMATed material. Thus, using
Egs. 2 and 3, one can estimate the size and shape of the
indent produced by SMAT using given parameters D and V.

4.2 Influence of parameters D and V on the residual
strain in SMATed material

In Fig. 10a, the contour plots of equivalent plastic strain, €,
below the indent in a material SMATed using D = 3 mm and

reported a qualitatively similar trend in the variation of €’
in AISI 301LN steel after single impact of a shot. To under-
stand the effect of ball size on the distribution of €” inside
treated material, the variation of € along the z-axis for dif-
ferent values of D corresponding to V = 1 m/s is shown in
Fig. 10b. Note from this figure that, for all values of D, e
is maximum near the top surface and drops rapidly with an
increase in z. It is important to note that the value of € near
top surface changes marginally with an increase in ball size.
It is also assumed that the material at a point has yielded if €’
exceed beyond 0.005, and the extent of the plastic zone along
the depth (or plastic zone size) increases with an increase
in D, as shown in Fig. 10b (refer inset diagram). The influ-
ence of V on the variation of € along depth is displayed in
Fig. 10c for a fixed value of D = 3 mm. This figure shows a
significant enhancement in the value of € at the free surface
as well as inside the target material with an increase in V.

Fig. 10 a Contour plots of (a)o cp
equivalent strain, &, for shot 0.62
size, D = 3 mm, and shot 0151 0.56
velocity, V=10 m/s. The ) ‘F 0.50
variation of € along the depth | 0.45
just below the center of impact } 0.39
in a SMATed material using b } 0.34
different values of D (having V 0. } - 0.28
= 1 m/s) and c different values | — 0.22
of V (having D = 3 mm) } — 0.17
| 0.11
| [ 0.06
0.75-} 0.00
0 0.15 0.3 045 0.6 0.75
V=1m/s (c)1_2— D=3 mm
D (mm) ] V (m/s)
— 1.0 m—
[=——28 mm 1 10 m/s|
0.8 4 [=——15 m/s
] 0.015
\ \\ ffb 0'6“_ 0.010 \ \
A EE \ 044 0.005 . R
i i : 024 0.000{ : -
02 03 04 05 06 ] : 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0.0
0.0 04[2 Of4 04[6 0?8 1?0 1.2 0.0 0f2 0?4 OTG 0f8 1?0 1.2
Z (mm) Z (mm)
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Fig. 11 Equivalent plastic strain, €', measured at the sample surface
against processing parameters, shot size (D), and shot velocity (V)

Considerable increase in the plastic zone size can also be
perceived with enhancement in V. The variation of €” at
the top surface against D and V is shown in Fig. 11. It gives
more insights into the effect of processing parameters on the
development of plastic strain near the surface in a treated
material. This figure confirms that the residual strain near
the top surface in SMATed material increases rapidly with
an increase in impact velocity; however, it enhances margin-
ally with increased ball diameter. In other words, Figs. 10
and 11 suggest that when the amount of plastic deforma-
tion near the free surface needs to be enhanced, one should
increase the impact velocity. On the other hand, ball size
should be increased when plastic zone size (or thickness of
the treated layer) needs to be increased without changing
plastic strain considerably at the free surface.

Fig. 12 a Contour plots of
equivalent stress, o_,, for shot
size, D = 3 mm, and shot
velocity, V = 10 m/s. The vari-
ation of ¢, along the depth just
below the center of impact in
the SMATed material using b
different values of D (having V
=1 m/s) and c different values
of V (having D = 3 mm)

Impacted surface

(a)

Note that the twins and dislocations are fundamental car-
riers of plasticity in metals, and their intensity or volume
fraction is correlated with the accumulated plastic strain.
Since the residual plastic strain near the top surface is mar-
ginally influenced by D (see Fig. 11), the intensity or volume
fraction of twins near the top surface is marginally affected
by ball size in the experiments (refer Fig. 3b).

4.3 Influence of parameters D and V on the residual
stress in SMATed material

Figure 12a displays the spatial distribution of the residual
stress, o, in the undeformed configuration in a SMATed
material using D= 3 mm and V= 10 m/s. It can be noticed
that o, is compressive in an elliptical region underneath the
indent; however, it is tensile outside this region. Further-
more, o, along the centerline, below the indent, increases
with distance to attain its peak and begins to drop after that,
suggesting that the location of maximum residual stress is
not the surface of the SMATed target; instead, it is slightly
below the surface. A similar trend in the distribution of
residual stress has also been reported in the literature [8,
14, 45, 46]. Figure 12b displays the variation of ¢, along the
line r = 0 below the indent in a SMATed material for differ-
ent values of D corresponding to V = 1 m/s. This figure con-
firms that, irrespective of ball diameter, the residual stress is
compressive at the top surface, and its magnitude decreases

c,, (MPa)

D=3 mm
V (m/s)|
[=——1m/s
[——5m/s
|10 m/s
—15m/s
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Fig. 13 Residual equivalent stress, o,,, measured at the sample sur-

face against processing parameters, shot size (D), and shot velocity
V)

with an increase in ball diameter. Furthermore, irrespective
of ball size, the magnitude of o, increases rapidly with an
initial increase in depth to attain a maximum at some point
below the top surface. This maximum value of compressive
residual stress, the depth at which it is attained, enhances
with an increase in D. As z increases further, the magnitude
of o, begins to drop, which leads to a changeover in its sign
from compressive to tensile at a certain depth. Figure 12b
also shows that the thickness of material with compressive
stress enhances with an increase in D.

Figure 12c shows the effect of V on the variation of
o,. below the indent for a fixed value of D = 3 mm. It can
be seen that the magnitude of o, at the surface and the
maximum compressive stress inside the treated material
increase with an increase in V. However, the depth cor-
responding to maximum stress enhances marginally with
arise in V. Thus, it can be concluded from Fig. 12 that
the value of maximum compressive residual stress can be
enhanced by increasing either ball diameter or impact
velocity, whereas the depth at which it is attained is mainly
governed by ball diameter.

Furthermore, the material thickness with compressive
residual stress increases with an increase in V (as shown
in Fig. 12c), akin to the trend noticed in Fig. 12b, implying
that the depth of material experiencing compressive residual
stress can be controlled by both the parameters D and V.

The surface plot of Mises-equivalent stress, o,,, on the top

Fig. 14 a 2D axisymmetric (a) _x
finite element model employed e
in nanoindentation simulations

surface is displayed in Fig. 13 to get more insights on the
effect of D and V on the residual stresses on the treated sur-
face of the material. This figure clearly shows that the resid-
ual equivalent stress at the top surface is mainly governed
by impact velocity and poorly influenced by ball diameter.
It has been seen in the above Sects. 4.1 to 4.3 that the
processing parameters D and V have a marked effect on the
indentation depth and size, plastic zone size, and distribution
of residual stresses and strains. Since the deformation history
influences the material’s hardness, it is instructive to investi-
gate these parameters’ influence on a treated layer’s hardness
profile. Therefore, in the following section, the influence of
D and V on the hardness variation below indent is computed
through FE simulations of Berkovich indentation on material
subjected to single impact. The residual strains and stresses
determined in this section would be used as pre-strain and
pre-stress in the calculations performed in the next section.

5 Computation of hardness in a SMATed
material

5.1 Finite element simulation to generate
hardness-depth profiles

In this section, the effect of parameters D and V on the var-
iation of hardness along the SMATed layer is investigated
by performing 2D axisymmetric finite element simulations
of Berkovich indentation using a “Berkovich equivalent”
conical-spherical rigid indenter (refer to Fig. 14b) [47, 48].
Figure 14a shows finite element discretization of SMATed
target (6000(L) X 6000 nm(H)) using the four-noded
axisymmetric element with reduced integration (CAX4R)
along with rigid spherical indenter in the r — z plane. The
nodes lying on edges r = 0 and z = 0 are constrained to
move along r and z directions, respectively; however, the
indenter is assigned a prescribed displacement rate along
the z direction. The coefficient of friction between indenter
and surface is taken to be 0.2 [35]. Furthermore, the mate-
rial is assumed to follow the rate-dependent Johnson—Cook

Indenter ——=— (c) Centre of impact

using Berkovich-equivalent

conical-spherical indenter. b

Zoomed-in view of the mesh

below the indenter. ¢ Schematic

displaying points considered

[T~
I

|

below indent to record pre-

stress and pre-strain from simu- =
lations of SMAT (performed in ‘ =
Sect. 4) = ’

7HI\IH]\:\ %
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model (refer Eq. 1), and the material properties are taken
identical to that mentioned in the previous section. Pre-
stresses and pre-strains are also assigned to all the ele-
ments. As mentioned earlier, these nanoindentation sim-
ulations are aimed to compute the variation in hardness
along the depth of a material SMATed using a particular
set of parameters D and V. Therefore, to determine the
hardness at a specific depth, z, in the material SMATed
using particular process parameters, the equivalent plastic
strain values, €, and all the six components of residual
stresses (o-,_-i; i & j = r,0) are recorded from the simulations
of single impact (performed using identical parameters
in the previous section) and assigned them as pre-strains
and pre-stresses to all elements in the present indentation
simulations. Thus, the material in nanoindentation simula-
tions resembles the material lying at a prescribed depth,
Z, in the SMATed material. For a given processing param-
eter, D and V, 15 equally spaced points (i-w) shown in
Fig. 14c are taken in the SMATed material along the z-axis
below the indent. The values of € and o, at these points
(obtained from the FE simulations, which are performed in

the previous section) are used as pre-strain and pre-stress
in the nanoindentation simulations to determine hardness
at different depths of z in a treated material. Thus, for
a given D and V, 15 simulations of nanoindentation are
performed to generate a hardness-depth profile of treated
material. Hardness, H, is calculated using the well-known
relation:

H= -1 4)

where, F,,,. is the maximum force obtained in the load—dis-
placement curve after indentation and A is the area of the
indent.

5.2 Influence of parameters D and V on the hardness
of SMATed material

Figure 15a shows the variation of normalized hardness,
H/H,, along the depth, z, in a material SMATed using D
= 3 and 8 mm, but a fixed value of V = 10 m/s. Here, H,

(a)1.6 V=10m/s
i Predicted handness| |Simulated
from Egs. 5 and 6 D (mm)
1.4 - @ 3mm —— 3 mm
P 8mm —— 8 mm
o .
I
S~
12—
1.0 Fmmmmm e T e L oo --
[ T I T I T I T I T | T I
()1.6 D=3mm
4 Predicted handness||Simulated
from Eqgs. 5 and 6 V (m/s)
1.4 - 1m/s —— 1 m/s
@ 10m/s —— 10 m/s
i
T T T T T T T T T T T T T
0.0 0.2 04 0.6 0.8 1.0 1.2
Z (mm)

Fig. 15 The variation of hardness, H, normalized by initial hard-
ness, H,, of bare (non-SMATed) material along the depth in SMATed
material for different values of a shot size, D, corresponding to shot

velocity, V = 10 m/s, and b shot velocity, V, corresponding to D =
3 mm. The simulated hardness values are also compared with the
hardness value, predicted from Egs. 5 and 6
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Fig. 16 Surface plots of normal-
ized hardness, H/H,, against
velocity, V, and shot diameter,
D, at a top surface and b depth
of 400 um of the SMATed
material

represents the initial hardness of the material (i.e., non-
treated material). It can be seen from this figure that, irre-
spective of the D values, the hardness is maximum at the free
surface, and it decreases with an increase in depth. Further-
more, the hardness values at the surface enhance marginally,
while the thickness of the hardened layer (the value of z
corresponding to H/H =1) increases significantly with an
increase in D (see Fig. 15a). This observation is similar to
that trend noticed in the experiments (refer to Fig. 5). Since
equivalent stress and strain at the surface increases margin-
ally, but the plastic zone size grows significantly, with an
increase in D (refer Figs. 10a, 11, and 13), the hardness at
the surface increases marginally, but the thickness of hard-
ened layer enhances considerably with D in Fig. 15a. Fig-
ure 15b demonstrates the influence of impact velocity on
the hardness profile in a SMATed material using a fixed
ball size of 3 mm. It can be seen that H/H, at the top sur-
face increases by around 18% when V is increased from
1 to 10 m/s. Also, the hardened layer thickness is signifi-
cantly increased from ~400 to 800-850 pm. This behavior
is observed because the residual strain, stress at the surface,
and plastic zone size increase with the increase in V, as
noted in Figs. 10b, 11, and 13.

Values of H/H, at z = 0 (surface) and 400 pm are plot-
ted against D and V in Fig. 16a, b, respectively, to get more
insights on the processing parameters’ influence on the
hardness variation along the depth of SMATed material.
Figure 16a shows that, at the top surface, H/H, enhances
significantly with an increase in V (for a fixed D value);
however, it increases marginally with D (irrespective of V).
By comparing Fig. 5b, ¢ with Fig. 15a, it can be noticed
that the present FE simulations predict qualitatively similar
dependence of surface hardness on the processing param-
eters as observed from experiments, although differences
of 10-17% in the values of H/H, can be noticed. Further-
more, Fig. 16b shows that the hardness at a depth of 400
um increases with D for all V values, but enhancement is
more pronounced for higher V. Also, H/H, enhances more
strongly with an increase in V for larger D (see Fig. 16b).
Thus, it can be concluded that hardness at the surface of
the treated material is mainly governed by the impact veloc-
ity and poorly influenced by ball diameter. However, hard-
ness away from the surface is influenced by both the ball
diameter and impact velocity. Furthermore, the following
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empirical relations showing the functional dependence of
H/H, on the parameters D and V are determined by fitting
3D plots displayed in Fig. 16a, b for z = 0 and 400 um,
respectively:

H 027,035

— =14+C,D"*V

H, 0 5)
H

Here, the parameters C, and Cy, are fitting constants for
z = 0and 400 pm, respectively, and these are found to be
0.14 (s/m)*33 and 0.013 (s/m)®, respectively. The above
relations provide an estimate of hardness value at the top
surface and a depth of ~400 pm in a SMATed material
for given values of processing parameters D and V. Equa-
tions 5 and 6 provide guidelines in choosing an appropri-
ate combination of process parameters D and V to achieve
the desired hardness at the surface and inside the treated
layer in SMATed material, respectively. In other words,
one can estimate the values of D and V beforehand using
Egs. 5 and 6 to achieve desired hardness at the surface or
inside the layer through SMAT process. Thus, the num-
ber of experiments and, hence, the associated cost can be
minimized to achieve the required hardness.

6 Conclusions

In this work, the surface mechanical attrition treatment
(SMAT) process is carried out on AISI 304L steel using
3- and 8-mm diameter balls of high-carbon steel (AISI
52,100/EN31) with impact velocities of 1 (+0.2) and 10
(£ 1.2) m/s. The hardness variation along the SMATed
layer’s depth is determined through nanoindentation. The
complementary finite element (FE) simulations of the
single impact SMAT process using the rate-dependent
Johnson—Cook plasticity model are performed to provide
the mechanistic reasons for trends in hardness variation
observed from the experiments. A strategy to compute the
hardness-depth profile of SMATed material through finite
element simulations is also developed. The important con-
clusions from the present work are as follows:
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e The SEM micrographs of the cross-section of SMATed
material show that the twin distribution near top surface
changeover from coarser to finer when impact velocity,
V, is increased from a low to significantly high value;
however, it changes marginally with an increase in ball
diameter, D.

¢ Nanoindentation experiments performed along the depth
of SMATed material reveal that the hardness near-surface
is mainly governed by V and weakly influenced by D.
However, the hardened layer thickness can be enhanced
by increasing either of these parameters.

e The FE simulations of the single impact SMAT process
show significant enhancement in the pile-up around the
impression with an increase in either D or V, which sug-
gests that the treated surface roughness would increase
with an increase in D and V.

e The FE analysis shows that the residual equivalent plastic
strain, €’, and Mises equivalent stress, 0,4 NEAr the top
surface are mainly controlled by V and poorly influenced
by D.

e The FE simulations of nanoindentation on SMATed
material’s cross-section show that the surface hardness
is mainly controlled by V and marginally influenced by
D. This behavior is explained by noting the effects of D
and V on the residual equivalent stress and equivalent
plastic strain at the surface. However, the hardness away
from the surface is influenced by both parameters (i.e.,
shot size and shot velocity).

e The empirical relation between hardness at the surface
(and the depth of ~400 pm) and processing parameters
(D and V) is determined through FE simulations.

The present work provides a guideline in selecting suit-
able values of ball diameter and impact velocity to achieve
the desired surface properties such as hardness and thickness
of the hardened layer through the SMAT process.
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