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ARTICLE INFO ABSTRACT

Keywords: Surface mechanical attrition treatment (SMAT) is a specialized cold working method that is used to induce com-
SMAT pressive residual stresses and refine crystalline grains at the surface of metal components. This technique is
Discrete element method increasingly employed in different industries, and the control and optimization of the method require funda-
Surface treatment mental understanding and accurate process modelling, in particularly detailed information regarding the shot-
Surface roughness . . . . . .
target interaction. This paper presents a Discrete Element Method (DEM) study of the shot dynamics with rough
sonotrodes. These rough surfaces are created by grouping in a hexagonal packing of identical spheres. Different
roughness values are obtained by varying the sphere diameter and spacing. The coefficient of restitution (CoR)
between shot and target used in our DEM simulations was obtained from Finite Element Method (FEM) simula-
tions of multiple shot-target impacts. The DEM results are analyzed after the SMAT process has reached the steady
state. The relationships between surface roughness and the resulting impact angle and velocity distributions are
investigated. Furthermore, based on a parametric study, we conducted correlation analyses between process-
ing parameters and shot dynamics, and identified key conditions, using the mechanistic models. The proposed

numerical method and findings of this study could be used to tailor the SMAT processes.

1. Introduction

Material properties related to surface properties and structure, such
as fatigue, wear resistance, bio-compatibility and corrosion resistance,
determine the applicability and serviceability of materials [1-4]. Sur-
face treatments have become a major step towards recent develop-
ments of metallic materials to increase their performance [5-8], e.g.,
improved lifetime as most failure initiates on the surface of these com-
ponents or increase wear resistance. Surface mechanical attrition treat-
ment (SMAT) [9-12], a simple, yet flexible and cost-effective method,
has been widely used to improve mechanical properties of metals, such
as 316 L stainless steel, which is a widely used alloy for biomedical ap-
plications [13-16]. This process generates a nanocrystalline layer at the
surface of the treated material [17-20], which, due to the large fraction
of grain boundaries and compressive residual stresses, presents extraor-
dinary strength, fatigue life and wear resistance [21-25]. During SMAT,
a sonotrode generates ultrasonic vibrations, propelling shot particles in-
side the enclosed chamber to impact the surface of the target. Due to the
high vibration frequency, the target surface is impacted by the shot at
high speed over a short duration, causing the surface to undergo severe
plastic deformation [26, 27]. So far, the mechanisms for nanocrystalline
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generation during SMAT and the properties of SMATed material have
been well researched; however, how to control the process to achieve
specific microstructure and material properties is yet to be fully under-
stood.

Existing experiments showed that the processing parameters, includ-
ing the vibration amplitude and frequency of the sonotrode, number and
size of the shot, geometrical features of the chamber, and treatment du-
ration, determine the resulting microstructure, surface topography and
mechanical properties of the treated materials. Liu et al. [10] demon-
strated that the treatment duration did not affect the grain size in the top
layer, but increased the nanostructured layer thickness of 316 L stain-
less steel. Li et al. [28] concluded that treatment duration increased
the thickness of the deformed layer, but had no influence on the mi-
crohardness and surface roughness of pure Mg and Mg-1Ca alloy. Arif-
vianto et al. showed that shot diameters affected the surface roughness
and resulting surface energy of AISI 316 L stainless steel [29]. The sur-
face roughness decreased with treatment duration during the first sev-
eral minutes and then reached a constant value on the primarily rough
target [30,31]. The increasing number and diameter of shot, and the
vibration frequency of the sonotrode increased the surface microhard-
ness [32]. Sun et al. [33] presented different fatigue properties of 316 L
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stainless steel with two different SMAT conditions: high and very high,
achieved by adjusting the treatment duration and vibration frequency
of the sonotrode. All these studies mostly analyzed the different surface
properties obtained while varying just one or two processing parame-
ters, but none investigated the role of all the processing parameters at
once limiting the optimization of the process itself. One exception to
this limitation can be found in the studies realized by Zhu et al. [34, 35]
where the effects of treatment duration, shot diameter, sonotrode vi-
bration amplitude, and chamber height on surface roughness, hardness
and hydrophilicity of pure titanium were investigated. Through fitting
the experimental data, they proposed empirical equations describing re-
lationships between processing parameters and surface roughness and
hardness. However, since these relationships were obtained using only
certain processing cases they cannot be straightforwardly generalized.
Unfortunately, realizing an entire set of experiments where all the pro-
cessing parameters would vary over a large range of values would be
both time consuming and costly.

The microstructure, surface topography and mechanical properties
of treated materials depend on the severe plastic deformation history
during SMAT [27]. Some researchers attempted to investigate the re-
sulting strain state using a theoretical approach. Huang et al. [36] built
an analytical model related to the total energy of the system to esti-
mate the correlation between processing parameters and the resulting
shot velocity, strain rate deformation and obtained grain size. This par-
ticular approach ignored shot-shot and shot-chamber collision, and the
velocity of shot was taken as an average value. Chaise et al. [37] cal-
culated the average plastic strain tensor using semi-analytical method
and then transferred it into finite element method (FEM) to predict the
deformation and residual stresses. In this model, the impact positions
and velocities were imposed. FEM can also be directly used for predict-
ing the distribution of residual stresses, work- hardening and surface
roughness. Zhang et al. [38] conducted single shot impact simulation to
calculate the indent size with varying shot diameter and impact angle.
Multiple shot particles simulation was carried out to determine the resid-
ual stress and vertical displacement at the surface of the target. Dai et al.
[39] identified the surface roughening mechanism related to treatment
duration by means of FEM and found that a smaller shot size leads to
a lower surface roughness and a thinner strengthened layer. These FEM
and analytical models need shot-target impacts as input parameters, like
impact velocities, impact angles and spatial impact distribution of shot.
With the detailed and accurate knowledge of the realistic shot impact
information, one can calculate the strain state at different depth by the-
oretical analysis or numerical modelling. By employing high-speed cam-
eras, Chan et al. [27] measured the impact velocities of multiple shot
particles and Badreddine [38] and Dai et al. [39] observed the shot tra-
jectories inside the chamber. Due to the difficulty of capturing the exact
moment of shot-target collision, the data obtained from experiments are
limited.

Discrete element method (DEM), which handles complex and ran-
dom interactions of particles, can be used to investigate the effects of the
process parameters on the resulting impact locations, impact velocities
and impact angles. Badreddine et al. proposed a numerical model to pre-
dict the shot dynamics and studied the influence of chamber shape [40],
shot diameter and number, and vibration amplitude of the sonotrode
[41] on the induced impact distribution. In their simulations, a smooth
sonotrode was utilized and small initial velocities with random direc-
tions were assigned to the shot to ensure numerical efficiency. The sim-
ulated impact angles were almost 90° to the target surface and the dis-
tribution of impact velocity showed a binary distribution, which are in
contradiction with the experimental observations [42]. In reality, the
perfectly smooth surface of the sonotrode causes, after a few impacts
for a given shot, a perfectly vertical motion of the shot even if initially
a specific direction was assigned to each shot. Using a rough-surface
sonotrode will produce random impact directions for all shot particles
during the entire duration of the simulation. Surface coverage and com-
pressive residual stress distribution can thus be spatially uniform due
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Fig. 1. Schematics of a typical SMAT setup.

to the multidirectional shot impacts, which replicates one of the advan-
tages of SMAT over traditional shot peening.

In this study, we propose a numerical model to simulate the SMAT
process with a rough-surface sonotrode and to investigate the effects
of the different processing parameters on shot-target interactions. The
rough surface of the sonotrode is created by grouping identical spheres
in a hexagonal pattern. Simulations of multiple shot-target impacts are
conducted by FEM to obtain the indent size and coefficient of restitu-
tion (CoR) between shot and target. The Avrami model describing cover-
age evolution with treatment duration is provided with good agreement
with DEM simulation result. The steady state regime of the SMAT pro-
cess is examined to ensure the validity of the analysis. The results of
the DEM simulations are recorded in term of shot impact number, im-
pact velocity and impact angle distribution. The effects of the sonotrode
roughness on the distributions of impact angle and vertical velocity are
carefully investigated. Thereafter, the effects of the processing parame-
ters, including the vibration amplitude and frequency of the sonotrode,
the number and size of shot, the height of the chamber, and the treat-
ment duration are also studied.

2. Numerical modelling
2.1. Discrete element model

The SMAT setup used in these simulations is illustrated in Fig. 1. In
order to simulate shot dynamics in the enclosed cylindrical chamber, a
three-dimensional DEM model was created using the open-source parti-
cle simulation software LIGGGHTS. Shot particles are modelled as elas-
tic isotropic spherical bodies here. Particle-wall (including sonotrode,
chamber, and target) interaction can be calculated by treating the walls
as finite polygon surfaces. The motion of each wall can be prescribed,
such as rotating and vibrating.

The Hertzian tangential history model is selected from the existing
framework to analyze the shot-shot, shot-target and shot-chamber in-
teractions. In the normal direction of contact, the analytical solution for
the contact force is given by Hertzian law. According to the law, the
normal force (F,) has two terms, a spring force and a damping force
with a non-linear relationship

F,=F—F'. M

Considering the contact between two particles (e.g., ith and jth par-
ticles) with elastic moduli E; and E;, Poisson’s ratios v; and v;, and radii
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Table 1
The geometry and process parameters (see Fig. 2(c)).
Geometry  Inner radius of chamber [45] (mm) 35
Radius of target (mm) 37
Height of the chamber (target-to-sonotrode) [40] (mm) 20, 30, 34, 38, 60
Process Frequency of vibration of the sonotrode [40,44] (kHz) 10, 20
Amplitude of vibration of the sonotrode [40,43] (um) 10, 25, 50
Shot diameter [41] (mm) 3,4,5
Shot number [42] 50, 100, 150
Coefficients of friction between components [46] 0.05
Timestep (s) 1.5%x1077
Table 2
Material parameters used in all the simulation cases [47-50].
Shot Sonotrode Chamber Target
Material AISI 304 [49] Ti6Al4V [50] Hardened steel [48]  AISI 316L [47]
Density (kg/m?3) 7900 4429 7850 7908
Young’s modulus (GPa) 200 110 205 210.3
Poisson’s ratio 0.29 0.31 0.29 0.27

R; and R, respectively, the spring force is defined as a function of the
normal overlap distance of two particles 6,

3
Ff= %E*\/R*&nz, 2

where the equivalent elastic modulus E* and the equivalent radius R*
are defined by
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On the other hand, the damping force F¢ is given by

5
Fi=-2 gﬁ\/S,,m* v, )

where v, is the normal component of the relative velocity between two
particles. The parameter g, the normal stiffness S,,, and the equivalent
mass m* are defined as
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S, =2E*\/R*5, ™
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where e is the coefficient of restitution (CoR).
The tangential force (F,) also has two terms: a spring force F’and a
damping force F7:
F,=F - F". )
The spring force is defined as a function of the tangential overlap
distance of two particles, &,

FS=-S,6, and |F}| < u|F?| (10)

where 4 is the friction coefficient and the tangential stiffness S; is cal-
culated by using

S, =8G*\/R*5,, (1n
with the equivalent shear modulus G* is defined as

2(2-v)(L+v 2(2-v;)(1+v;
1 2e-w)(i4n) 20-y)(14y) )

G* E E;

In addition, the damping force F¢ is given by

F'= —2\/§ﬂ\/S,m*u,, (13)
where v, is the tangential component of the relative velocity between
two particles.

The geometry of the chamber and the processing parameters are
listed in Table 1. The numerical values of these parameters are chosen
using references [40-46]. The materials of the shot, sonotrode, chamber
and target are AISI 304, Ti6Al4V, hardened steel and AISI 316 stain-
less steel, respectively. As listed in Table 2, the material parameters are
determined by using relevant literature and material related databases
[47-50].

In the real treatment, the initial positions of the shot particles are un-
known. In our DEM model, the shot particles are initially inserted on the
surface of the sonotrode, completely randomly without overlap, which
can be done by executing the self-contained command in the LIGGGHTS
code. The initial velocities of all shot particles are set to zero.

2.2. Modelling rough sonotrode surface

As shown in Fig. 2(a), which comes from the laboratory at UTT, the
observed sonotrode surface is not completely smooth after extensive use
(also observed in [51]), which can be implemented in the DEM model
by replacing a smooth wall (a particle with infinite radius) with a rough
wall (particles with finite radii). Two different methods can be employed
to create a rough wall: (1) constructing a lattice of particles; (2) creat-
ing one layer of spheres by reading the data file containing position
information of particles. For the sake of simplicity while being capable
of controlling different types of rough surface, the second method is se-
lected here. The adopted method introduces several parameters, such as
lattice arrangement, sphere diameter and the spacing between two clos-
est spheres. In this work, a hexagonal arrangement pattern is employed
because it creates the closest packing of equal spheres, as illustrated in
Fig. 2(b).

To make sure there is no gap among spheres assembling the
sonotrode surface, a condition for the maximum distance between two
closest spheres is imposed as d,,,, = \/Er, where r is the radius of
sonotrode spheres. The surface of the rough sonotrode is defined as the
plane consisting of intersection points. The distance D between the top
target and the sonotrode is illustrated in Fig. 2(d). Then, the root mean
square (rms) roughness of the sonotrode S, can be calculated using the
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Fig. 2. (a) Sonotrode surface after exten-
sive use; (b) The hexagonal arrangement of
spheres over the whole sonotrode surface;
(c) A snapshot of the simulation; (d) 2D
schematic of the SMAT process.

I CREBRENeD X

Simulation cases and their parameters for roughness study.

Roughness — RMS (mm)

Treatment duration (s)

Case name r (mm) d (mm)

r05d187 0.5 1.87 0.15
r10d173 1 1.73 0.30
r15d260 1.5 2.60 0.45
r20d346 2 3.46 0.60
r20d200 2 2 0.15
r20d100 2 1 0.04
r25d346 2.5 3.46 0.40
r30d346 3 3.46 0.31
r35d346 3.5 3.46 0.26
r02d026 0.15 0.26 0.05

150
150
150
150
150
75
60
60
60
30

following formula:

1
S, = Z// Z'2dxdy, (14)
A

where 2’ is the peak value of the sonotrode surface.

d=z- r2-(§)2. (1s)

The visual animations of the motion of shot inside the chamber can
be achieved with the post-processing software ParaView by outputting
the information of the shot, spheres and walls. The collision pairs al-
ways involve one shot with another shot, static and moving walls. In
our model, only collisions between walls (chamber, sonotrode and tar-
get) and shot particles are recorded to reduce the size of output files. To
ensure that no contact information is missed, the instant contact coor-
dinates of each shot-target contact and the shot velocity at the contact
point are recorded at each time step. This raw data can afterwards be
delivered to Mathematica scripts to extract the detailed information of
spatial and statistical impact distributions.

2.3. Simulation cases

The model considers a cylinder chamber, made of hardened steel, in
which 50 AISI 304 spheres are randomly placed on the top of the rough
sonotrode. The parameters that have been kept constant in this model
are listed in Tables 1 and 2.

Surface topography is usually defined by the three characteristics of
lay, waviness and roughness. For these typical roughness indices, flat
surfaces with isotropic pattern (hexagonal array) are employed in this

model. Though the regular hexagonal patterns are adopted for simplicity
in this study, the arrangement of the patterned surfaces reflects typical
rough surfaces of sonotrode, in terms of waviness and roughness. The
roughness parameters of the sonotrode that affects the simulation results
are the radius of the spheres, r, and the distance between two closest
spheres, d. Table 3 gives the values attributed to these parameters, the
resulting roughness parameter and the duration of the treatment for
each simulation case performed in this study.

To optimize SMAT, it is important to study the effects of the process-
ing parameters such as the vibration amplitude A and frequency f of the
sonotrode, the radius r, of shot, the number N of shot and the distance
D between the sonotrode and the target. The ranges of values for each of
these parameters have been chosen to reproduce industrial application
values. These ranges were obtained based on the information given by
Badreddine et al. [41]. Table 4 presents the values of these parameters.
For this parametric study, the parameters describing the roughness of
the sonotrode are those of case r20d346.

3. Simulation conditions
3.1. Coefficient of restitution (CoR)

During SMAT, the contact area of the target is impacted repeat-
edly by shot. Plastic deformation and the resulting compressive resid-
ual stress produced by impacts will increase the hardness of the target
through strain hardening after each impact. The CoR, which can be de-
fined as the velocity ratio before and after impact [52], is an important
indicator of the energy loss and the effect of strain hardening due to the
plastic deformation of the target during the shot-target collisions. CoR
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Table 4
Processing parameters values used in the parametric study (Case r20d346).
Sonotrode Shot Chamber
Vibration amplitude A (um) Vibration frequency f (kHz) Radius ry (mm) Number N Distance D (mm)
10 20 1.5 50 38
25 20 1.5 50 38
50 20 1.5 50 38
25 10 1.5 50 38
25 20 2 50 38
25 20 3 50 38
25 20 1.5 100 38
25 20 15 150 38
25 20 1.5 50 20
25 20 1.5 50 60

is a function of shot velocity (i.e., CoR decreases with increasing impact
velocity), shot material, angle of impacts, target material hardness etc.
Here, we only adopted the basic rate-independent Tsuji model, which
has been implemented in various DEM methods. The indent size after
shot-target impact is also an essential parameter for the calculation of
the coverage rate. However, the DEM method cannot account for the
deformation process caused by the impact on the sonotrode surface. To
overcome this problem, a FEM model is used for analyzing the deforma-
tion of the target due to shot impacts and the results of the simulations
will be used in the DEM simulations.

A three-dimensional FEM of multiple impacts is built to calculate
the indent size and rebound velocities of shot after impact. The indent
size is defined as the horizontal distance measured from the highest
peak to the lowest valley after the shot impact. The elastic modulus,
Poisson’s ratio and density of the shot and target materials are kept
consistent with the values used in the DEM model, shown in Table 2. In
the FEM simulation, the target is modeled as an elastic-plastic material
by using a Johnson-Cook (J-C) material hardening behavior described
by the following constitutive equation:

—arsenirem(EN - (=R
wu=tarmofisen( |- (77 ) |

where ¢ is the plastic strain, ¢ the strain rate, ¢, the reference plastic
strain rate, T the temperature of the target, T,, the melting temperature
of the target, T, the room temperature, A the yield strength, B the hard-

(16)

Table 5

Material constants for the J-C constitutive model.
& (/s)  T,(C) To(C) A(MPa) B(MPa) C n m
200 1399 20 280 1750 0.1 0.8 0.85

ening modulus, C the strain rate sensitivity coefficient, n the hardening
coefficient and m the thermal softening coefficient. Table 5 presents the
values for these parameters used in our simulations. These values were
obtained from the literature [47].

Repeated impacts with identical initial velocities at the identical lo-
cation are performed. The FEM model is presented in Fig. 3(a), with a
shot radius of 1.5mm. To have a realistic idea of how many impacts
should be simulated, we use the values from the DEM simulation case
r20d346. For that particular simulation, the treatment duration is 150,
during which 220,502 impacts occur on the target. Taking the indent ra-
dius as 0.275 mm, each point on the target surface is likely to be hit 13
to 14 times in average. Seifried et al. [52] investigated the dependency
of the CoR on the number of impacts and indicated that the CoR reaches
a stable value after several impacts. Here we use an exponential func-
tion to fit the simulation result for the CoR and obtain the stable value
of 0.69, as presented in Fig. 3(b). The CoRs of shot-shot, shot-chamber,
shot-sonotrode are assumed to be 0.8.

(@) (b) o8

T 0.69
2 ) (1
g S ,,—0—"
: -5 //.‘
1 Cl,_.) Y )
‘ I S ,./
1 (o] -
1
. i-- 13 impacts -3 -
. & 0.4 - L’
1 1 (0] ,
1 1 o 1 4
1 ] (@] ’
1 1 7
1 1 ’
i : é
Q-
0.2 —— T
0 2 4 6 8 10 12 14

Impact number

Fig. 3. (a) FEM simulation results using 13 impacts at the same position on the target surface. (b) CoR evolution with the impact number. The CoR varies due to
the strain-hardening effect of the target material. The stable CoR value is found to be 0.69 after fitting the data with an exponential law (shown as the blue dashed

trend line).
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Fig. 4. Accumulative impact number on the target: (a) in a log-log scale, (b) a linear scale.
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3.2. Steady state

At the beginning of the DEM simulations, all the shot particles are
immobile on the sonotrode surface. When the sonotrode starts vibrat-
ing, there is a small space between the shot and the sonotrode. Once
the shot obtained an initial velocity owing to gravity, the motion of
the shot starts. After several shot-sonotrode collisions, the shot gains
enough energy to impact the target. The process of energy accumula-
tion is regarded as unsteady and this phenomenon can also be observed
during SMAT experiments [53]. For all the considered cases described
in the Table 5, the influence of the roughness parameters on the onset of
steady state is investigated. As illustrated in Fig. 4(b), the accumulated
impact number can be considered to vary linearly with the of treatment
duration. The curves on a log-log scale in Fig. 4(a) highlight the onset
of steady state varying with impact number per second. Cases r05d187
and r20d026 achieve their steady state within the shortest time, due to
the shot in these two cases having a greater impact number per second
than for the other cases.

The unsteady state shows the qualitative description of the shot dy-
namics within the first several seconds of treatment duration. At the
beginning of the treatment, the velocity of the shot is zero. After several
collisions with the vibrating sonotrode, the shot particle obtains enough

Impact density

300

200

100

Fig. 5. Spatial impact density on the target for case r20d346. The red
dashed circle represents the limit of shot interaction with the target, re-
ferred as the indentation boundary.

kinetic energy to impact the target. The transition from unsteady state
to steady state depends on the impact rate, which is determined by the
roughness parameters. Therefore, it is of great significance to evaluate
this transition time to guarantee a reliable analysis on the effect of the
roughness parameters. It has been observed throughout all the cases that
the steady state is always reached after an initial treatment duration of
15s. Therefore, the results presented and discussed below are of the data
obtained once steady state has been reached.

4. Results and discussion

The results presented in the following sections focus on the statistical
and spatial distributions of the impact velocity, both in terms of magni-
tude at impact and trajectory direction, as the velocity directly affects
the resulting surface topography, residual stresses and microstructure of
the treated targets.

4.1. Spatial impact distribution and coverage evolution
The DEM model gives access to the coordinates of each impact po-

sition, making it possible to extract a spatial impact distribution. The
spatial impact density for case r20d346 is presented in Fig. 5. From that
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Fig. 6. (a) Simulated coverage area for case r20d346 that has 14,752 impacts. Each blue dot represents an indent location. The dashed circle represents the indent
boundary. The solid line represents the inner diameter of the chamber. (b) Coverage vs. treatment duration. The dashed line represents the time for reaching full

coverage.

image, one can clearly see that there is an almost uniform distribution of
the impacts in the center and at the edge of the target. However, there is
a ring close to the edge of the target where the impact intensity is lower
than on the rest of the target surface. Due to the size of the shot, there
is a gap between the impacted area and the target size (defined as the
inner chamber circle) that can clearly been see on Fig. 6(a).

Coverage is an important indicator for treatment quality and perfor-
mance. Insufficient coverage may cause component failure by creating
regions with low strength while excessive coverage may lead to surface
damage [54]. The indentation size is essential to evaluate the coverage
evolution. In practice, the indentation size varies with the shot velocity,
impact angle and material properties of the target and the shot. In this
study, the indent size is only used to describe the time evolution of the
coverage area. Cao et al. [55] verified that though the vertical impact
velocity determines the indent size, the coverage rate is directly related
to average indent size. To simplify the calculations, the current model
only considers the average shot velocity in the vertical impact direction
and assumes that all the indents have the same diameter. In this model,
the indentation radius is 0.275 mm, value obtained from FEM simula-
tions for a single impact with a shot diameter of 1.5 mm. Using Mathe-
matica and the data obtained from the DEM simulations, the coverage
for each simulation is calculated assuming a 0.275mm radius circular
indent centered around the coordinates of every single impact position,
as depicted in Fig. 6(a). The relationship between coverage and the ac-
cumulative impact number is supposed to follow an Avrami law [56].
At first, the indents are likely to appear scattered without much over-
lap and then the coverage rate increases almost linearly with treatment
duration. As the surface coverage increases, the rate of coverage de-
creases since the probability of overlap increases. According to Hassani-
Gangaraj et al. [57-59], the coverage can be expressed as function of
the ratio of indented area to total area, A,,

C=1-e* a7
) Niz'ri r§
with A, = el Fnt (18)

where, N is the accumulative impact number, r; the radius of a single
indent, R, the radius of the target, n the impact rate, and t the treatment
duration.

The impact rate, here, is defined as the average impact number per
second. The impact rates for all the simulated cases are listed in Table 6.
The Avrami equation, Eq. (17), is plotted against treatment duration
using the impact rate of case r20d346 in Fig. 6(b) as a solid red line.
In this figure, the coverage in evolution obtained via the DEM model is
compared with the empirical equation. As this figure clearly shows, the

Table 6

Impact rates for all simulation

conditions.
Case Name Impact rate (s™1)
r05d187 1824.7
r10d173 1683.1
r15d260 1558.9
r20d346 1475.2
r20d200 1610.2
r20d100 1683.8
r25d346 1496.8
r30d346 15229
r35d346 15415
r02d026 1951.2

simulated coverage represented by the black solid dots is in agreement
with the Avrami equation.

4.2. Impact angle distribution

The DEM model provides information on the direction of impact of
the shot which can be described through the value of an impact angle.
In the model, an impact angle 6 equals to 0° means a vertical impact,
while a value of 90° represents a horizontal impact, as shown in Fig. 8(c).
The distribution of the impact angles can be statistically described using
density distribution function, or probability distribution function (PDF).

Although the impact density close to the chamber wall is lower com-
pared to anywhere else on the target based on the results showed in
Fig. 5, the spatial distribution of impact angle is homogeneous over the
entire surface of the target and the impact angle values range from 0.53°
to 89.26°. Such a uniform distribution across the target surface should
produce a homogeneous surface roughness for the treated target sam-
ples.

Fig. 7 presents the statistical distributions of the impact angles for
all the simulated cases. The roughness of the sonotrode strongly affects
that statistical distribution. With the same sphere radius used to create
the sonotrode surface (cases r20d346, r20d200, and r20d100), the av-
erage impact angle increases with increasing sphere spacing. Using the
same sphere spacing (cases r20d346, r25d346, r30d346, and r35d346),
the average impact angle decreases with increasing sphere radius. This
means that the average impact angle is positively correlated to sphere
spacing (surface wavelength), but negatively correlated to sphere radius
(roughness slope). However, there is no clear correlation between the
average impact angles and the surface roughness of the sonotrode.

The primary parameters that determine the surface roughness of the
sonotrode are (i) sphere radius and (ii) sphere spacing. As Fig. 8(c)
shows that, assuming no obstacles prevent the trajectory of the shot
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Fig. 7. Statistical distributions of the impact angles for all the simulates cases.

towards the target (chamber wall or other shot) and no tangential com-
ponent of relative velocity between shot and sphere, and ignoring the
trajectory deviation caused by the decreasing vertical velocity due to
gravity (Av around —0.06 m/s), the impact angle of the shot is identical
to the incident angle of the shot which is determined by the contact an-
gle between shot and spheres representing the surface of the sonotrode.

As shown in Fig. 8(a), the maximum contact angle between shot and
spheres, obtained for a given simulation, is achieved when the shot is lo-
cated at the center point between three touching spheres. As we can see
from Fig. 8(b), the maximum contact angle between shot and sphere, 6,,,
can be calculated by using the following formula:

9, = arcsin—2— (19)
\/5 (r + ro)
where ry is the radius of the shot.

The relation between the maximum contact angles between shot and
spheres and the shot impact angles with the target, for all the simula-
tions, is plotted in Fig. 9. That plot shows the strong linear correlation
that exists between these two angles. Such correlation connects the sur-
face topological features to the resulting impact angle distribution. Be-
cause of the tangential component of the relative velocity before shot-
sphere collisions, the bouncing angle of shot is larger than the contact
angle, shot which explains why the value of the average impact angle is
larger than the maximum contact angle between shot and spheres.

4.3. Impact velocity distribution

Impact velocity is a key factor in these simulations as it can be used
as input data for subsequent detailed FEM simulations to predict the
residual stresses and surface roughness of the target. The DEM simula-
tions provide three velocity components in the x, y, and z directions just
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before the shot-target collision. The total velocity can be obtained using
these three velocity components. As residual stresses are strongly corre-
lated to velocity component in the z-direction, or vertical velocity [41],
our following discussion will focus on the vertical velocity distribution.

The spatial distribution of vertical impact velocity is uniform over
the entire target surface and the values range wide from 0.02 to
10.33m/s. For all cases, the vertical impact velocity with nearly uni-
form and high probability ranges from 2 to 7m/s. Such a uniform dis-
tribution across the target should produce a homogeneous compressive
residual stress field distribution within the target sample after the SMAT
treatment.

The statistical distributions of the vertical impact velocity of all the
simulated cases are plotted in Fig. 10. These distributions are seriously
influenced by the roughness parameters of the sonotrode surface. The
average vertical velocities decrease with increasing sphere spacing for
the same sphere radius (i.e., cases r20d346, r20d200, and r20d100
have the same sphere radius), however, the average vertical velocity
increases with increasing sphere radius for the same sphere spacing
(cases r20d346, r25d346, r30d346, and r35d346). That means that the
average vertical impact velocity is negatively correlated to the sphere
spacing, but positively correlated to sphere radius. Here again, there
is no direct correlation between average vertical velocity and surface
roughness. Due to the scattered maximum vertical velocities for differ-
ent treatment durations, here we just discuss the average values of the
vertical velocity.

In the Hertzian contact model, the force between shot and sonotrode
spheres has a spring component and a damping component on both

Fig. 8. (a) Schematic diagram of shot-sphere position.

(b) Sketch describing the maximum contact angle as a
function of parameters describing the roughness of the
sonotrode and the shot. (c) Schematic diagram showing
the relationship between the maximum contact angle be-
tween shot and spheres and the shot impact angle with
the target.
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Fig. 11. Diagram of shot-sonotrode collision.

normal and tangential directions. The amplitudes and frequencies of
the sonotrode vibrations are the same in all our roughness effect study,
which means the total energy that the system can obtain is the same for
all these cases. Therefore, the difference in the average impact velocity
between all the simulations is caused by the damping components.

As shown in Fig. 11, when the shot gets into contact with the
sonotrode spheres at an angle ¢, the damping component of the con-
tact force in the vertical direction is expressed as:

F4 = Ficosf + F/ sin . (20)
Combining Egs. (5) and (13), we can get

Fi= 2\/§ﬂ\/5nm*uncos€ + 2\/§ﬁ\/S,m*v, sin . 1)

Assuming the initial velocity of the shot is zero, then the normal
component of the relative velocity between shot and sonotrode v,, and
the tangential component of the relative velocity between shot and
sonotrode v, can be given by:

v, = v cosf (22)

v, = v sinb . (23)

Substituting Egs. (7), (11), (22) and (23) into Eq. (20), and simpli-
fying the expression of Fd:

Fi = 2\/§p[(m*)%(1z*)%( E*cos?0 + 2 G*sin29)]u (5”)5 . 4)

We know from the impact angle section that the contact angle is
correlated to the maximum contact angle between shot and spheres. In
our model, we give the contact angle 6 the value of the maximum contact
angle 6,,. Here, we name the damping factor in the vertical direction ¢
and exclude the constant 2\/§ B, then the analytical expression of c is
simplified as:

1 1
c= (m*)i(R*)Z( E*c0320m + 2 G*sinzem) . (25)
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This parameter ¢ can be calculated by using the material parameters
(shown in Table 2) and the sonotrode geometry parameters (shown in
Table. 3). Fig. 12 shows the relationship between the damping factor ¢
and the average vertical velocity.

Finally, in Fig. 13(a), the joint density distribution of impact angles
and vertical velocities is presented. The higher vertical velocity is re-
lated to smaller impact angle, which corresponds to shot particles with
almost direct trajectories between the sonotrode and the target, without
colliding with chamber walls, and therefore, less kinetic energy is lost.
However, when the collision number increases, the shot is more likely
to change its trajectory, resulting an increasing impact angle. Fig. 13(b)
shows the relationship between average vertical velocity and impact
rate. With the different sonotrode roughness but same processing pa-
rameters, the impact rate linearly increases with the average vertical
velocity.

4.4. Sonotrode amplitude and frequency

The effect of the amplitude and frequency of the sonotrode were also
investigated. Specifically, three different amplitude A =10, 25, 50 ym,
and two different frequency f =10 and 20 kHz were studied. Fig. 14(a)
shows the distribution of the impact angle for different amplitudes A
and frequencies f. The effect of the amplitude A and frequency f on
the distribution of the impact angle was found to be negligible. The
inset of Fig. 14(b) shows the distribution of the vertical velocity for dif-
ferent amplitudes A and frequencies f. As shown in Chan et al. [27],
a linear relationship exists between the sonotrode amplitude and the
maximum velocity the shot can achieve. The maximum vertical veloc-
ity increases with the amplitude A and frequency f; these two parameters
define the input energy of the SMAT process. The motion equation of the
sonotrode is expressed as y = Asin(2zft), and thus the vibration velocity
of the sonotrode is v = 2zfAcos(2zft). The normalized vertical velocity of
the shot is obtained by dividing the vertical velocity of the shot by the
coefficient fA, which gives an information on the maximum vibration
velocity of the sonotrode. Fig. 14(b) shows the distribution of the nor-
malized vertical velocities for different amplitudes A and frequencies f.
It shows that the amplitude A and frequency f of the sonotrode have lit-
tle effect on the distribution of normalized vertical velocities assuming
that the same amount of energy is given to the system.

4.5. Shot diameter and number

The effects of the shot diameter (d) and the number of shot (n) were
investigated. The shot diameter was given the value 3, 4 or 5mm and
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while the total number of shot was given the value 50, 100 or 150, re-
spectively. Fig. 15(a) shows the distribution of the impact angles for
different shot diameter d and number of shot n. These two parameters
did not influence much the distribution of the impact angles. Fig. 15(b)
shows the distribution of the vertical velocities for different shot di-
ameter d and number of shot n. We can see that the average vertical
velocity decreases with increasing shot diameter d and number of shot
n. The probability of collisions within the chamber is dependent on the
total surface area of the shot, which is equal to S =nzd?. Fig. 16 shows
the average vertical velocity decreases when the total surface area of
the shot increases within the range of the simulated cases.

4.6. Chamber height and treatment duration

The effects of the chamber height and treatment duration were inves-
tigated using the following parameters: the chamber height H was given

the following values: 20, 30, 34, 38 and 60 mm, and the treatment du-
ration t was given the following values 25, 50, 75 and 150s. Fig. 17
shows the distributions of impact angles and vertical velocities for dif-
ferent chamber height H and treatment duration t. The chamber height
H and treatment duration t have no notable influence on the distribution
of the impact angles and vertical velocities. However, the impact rate
increases with decreasing chamber height H, due to the fact the total
travel distance decreases for lower chamber height. The linear relation-
ship between impact rate and reciprocal chamber height H is shown in
Fig. 17(e).

The impact details between shot and target are essential to accurately
predict the deformation of target. However, due to the high-speed shot
dynamics, it is hard to directly observe the detailed and accurate tra-
jectory of shot by experiments. In the previous studies, without the full
understanding of impact information, such as impact locations, impact
angles and impact velocity, researchers tend to assume the impact events
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are uniformly distributed on the target [55] or use specific values [38],
which reduces the reliability of the computation and limited the promo-
tion and development of SMAT. Although Badreddine et al. [41] sim-
ulated the shot dynamics with smooth sonotrode by imposing random
initial impact angle to the shot, the impact directions were closed to
normal after a period of treatment time, which goes against with multi-
directional and random characteristics of SMAT processes. To achieve
high fidelity of predicting these substantive characteristics, the current
numerical model presented here adopted the rough-sonotrode, with con-
trollable surface features. The effect of rough-sonotrode as well as pro-
cessing parameters on the SMAT result have been investigated, and the
factors that affect the impact angle, vertical velocity and impact rate
have been identified. Our analytical method provided the foundation to
understand the procedure of SMAT. In principal, the developed numer-
ical framework can also be generalized on other metallic materials by
applying the corresponding material properties.

5. Conclusions

This paper presents a numerical framework combining discrete and
finite element methods for modelling ultrasonically assisted SMAT pro-
cesses, highlighting the effects of sonotrode surface topology. The pro-
posed method allows simulations of the shot dynamics, and especially
provides detailed impact information on the treated target, for various
cases with different sonotrode surface topology. Before performing the
DEM simulations, FEM simulations of multiple impacts at the same loca-
tion have been carried out to obtain the coefficient of restitution (CoR).
To ensure the reliability of the DEM analysis of SMAT processes, the
data are all extracted from the steady state regime.

Through the systematically analysis, different impact statistics have
been found to be connected to the surface characteristics of the
sonotrode, as well as other key processing parameters during the SMAT
treatments. Mechanistic models for predicting shot coverage, impact an-
gle and velocity distributions have been proposed, including the geomet-
rical and material features of shot particles, sonotrode, and processing
conditions. The most important results can be drawn as follows:

(1) Sonotrode roughness affects the statistical distribution of impact an-
gle and impact velocity. For the same roughness, the average impact
angle increases with increasing waviness. For the same waviness, the
average impact angle increases with decreasing roughness. The av-
erage vertical velocity decreases with increasing damping factor c,
which is caused by increasing waviness and decreasing roughness,
as proposed in Eq. (25).

Regarding the chamber geometry, the impact rate decreases when
the chamber height increases. The chamber height has no effect on
the distribution of impact angle and impact velocity. With increasing
shot number and shot size, the resulting average vertical velocity
decreases.

For processing conditions, including the amplitude and frequency of
sonotrode, and the treatment duration, a linear relationship exists
between the maximum vibration velocity of the sonotrode and the
maximum impact velocity of the shot. For treatment duration, after
reaching the steady state, the spatial impact distribution is uniform,
and the simulated coverage evolution follows Avrami’s equation.

2

—

3

—

These proposed predictive models, establishing the linkage between
impact statistics and sonotrode surface features, could be used to guide
the tailored design of SMAT in the future.
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