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Investigating the effect of distance of carbon steel particles from the impacted
surface on mechanical properties in SMAT process of AZ31 using molecular
dynamicss

A. Kazemi!, A. Heidari*%, K. Amini*3, F. Aghadavoudi‘, M. Loh-Mousavi®

Department of Mechanical Engineering, Khomeinishahr Branch, Islamic Azad University, Khomeinishahr/Isfahan, Iran

Abstract

In the surface mechanical attrition treatment (SMAT) process, the material surface layer is peened with a high-velocity
number of carbon steel shot particles. Various parameters such as the distance of the peening gun to the impacted surface
can affect the material's surface mechanical properties in the SMAT process. In this paper, the molecular dynamics (MD)
approach has been used to study the effect of particle distance from the impacted surface on mechanical and physical
behavior of AZ31 after the SMAT process. For this purpose, Universal Force Field (UFF) and Embedded Atom Model
(EAM) force field have been utilized for atomic interactions. Based on the molecular simulation results, residual stress,
hardness, and temperature of the atomic surface layer have been obtained for various distances. The simulation results
demonstrated that reducing the particle distance in the SMAT process increases residual stress and surface layer hard-
ness. Numerically, the maximum residual stress value of 268 MPa has been obtained for a distance of 5 nm in the SMAT

molecular simulation results.

Keywords: Molecular Dynamics Approach, Mg-based AZ31 Alloy, SMAT Time, Mechanical Properties.

1. Introduction

Surface Mechanical Attrition Treatment (SMAT) is
a novel process that generates nano-crystalline surfaces
in metallic alloys [1-3]. The SMAT process can enhance
the mechanical properties of the surface layer of metallic
materials due to grain refinement [4]. Surface nano-crys-
tallization improves the physical and mechanical proper-
ties of the material surface such as hardness, wear resis-
tance, and fatigue properties [5-7].

Numerous studies have been conducted on the fac-
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tors affecting the mechanical properties of the material in
the SMAT process. Duan et al. [8] investigated the nano-
crystalline surface layers of AZ31 after the SMAT pro-
cess. Their results demonstrated that the grain sizes of the
AZ31 surface layer have been considerably refined to na-
noscale in the SMAT process. Furthermore, SEM images
were used to investigate the fracture mechanism of the
tensile test of SMAT specimens. Meng et al. [9] studied
the microstructure of AZ31 after SMAT. They reported
a gradient nanostructure construction and depth-depen-
dent gradient microhardness, from surface to matrix, as
a result of the SMAT process. They also observed a sig-
nificant improvement in the yield strength and ultimate
strength of AZ31 Mg alloy after SMAT. Xia et al. [10]
reported a gradient nanostructure from the surface layer
to the center of AZ31 after the SMAT process. They stud-
ied the AZ31 tribological behavior using SEM and dry
sliding laboratory tests. The results showed improvement
in wear resistance properties after SMAT.

In addition to the experimental methods, numerical
methods, such as artificial neural networks or molecular
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dynamics (MD) as a new computational method, have
presented important results and achievements in pre-
dicting the mechanical and physical properties of solids
such as alloy-based compounds or nanostructured mate-
rials [11-17]. Moradi et al. [14] reported the effects of
sphere particle diameter and impact velocity on residual
stress and mechanical properties of Ti-6Al-4V as titani-
um alloy using MD simulation results in the shot peening
process. The results showed the residual that the stress
values in titanium increased by increasing the particle
diameter and velocity. They reported the value of max-
imum compressive residual stress as -413 MPa at the
depth of 10A from the surface layer. Furthermore, their
simulation results showed that the Vickers hardness of
titanium is augmented by increasing the size and veloc-
ity of the colliding particles at atomic scale. They used
two force fields including Lennard-Jones (LJ) and em-
bedded atom method (EAM) for molecular simulation
potential functions and compared the obtained results.
In this study, molecular dynamics has been used to
investigate the influence of the distance of carbon steel
colliding particles from the impacted surface on the me-
chanical properties of the AZ31 matrix in the SMAT pro-
cess. Technically, MD simulations in the current study
have been conducted in two main steps. At the first step
of molecular modeling, the equilibration phase of atom-
istic structure is performed, and at the second step vari-
ous physical and mechanical parameters such as surface
temperature and residual stress are determined.

2. Molecular Dynamics Method Details

The MD simulation method is one of the
computational methods to describe the predic-
tion of material properties at the atomic scale and
nanostructures. [15-18]. In this approach, atoms are al-
lowed to interact with each other in various time steps,
and the atoms’ trajectories are calculated by the numer-
ical solution of Newtonian equations of motion. In this
SMAT modeling, spherical particles of carbon steel col-
lide with the surface of AZ31 at a high speed. For mo-
lecular modeling of SMAT, initial temperature of atomic
structure has been chosen at T ;=300 K. After molecular
simulation, various parameters such as residual stress
and Vickers hardness were determined and reported
at this temperature. In MD simulation, the concept of
force field is used to calculate the interaction between
atoms [19]. In this study, the atomic interactions between
Az31 matrix and carbon steel particle are described

using Lennard-Jones (LJ) potential as follows [20]:
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where ¢ is the depth of the potential well and o is the
finite atomic distance at which the potential value reaches
to zero. Furthermore, » is the atomic distance between sim-
ulated particles in the simulation box. The constant values
for Mg, Fe, and C atoms that are used in this molecular
simulation are reported in Table 1 [21]. Also, the atomic
interactions in two metallic structures including carbon
steel particle and AZ31 matrix are defined using Embed-
ded Atom Model (EAM) as presented below [22-23]:

1
E=F, 30 ()45 200 (1)

i#] i#]

Eq. (2)

Where ¢, is a pair-wise interaction parameter, p, is
the contribution to the charge density from atom j of type
B at the coordination of atom /, and F, is an embedding
function that defines the energy required to locate atom i
of type a into the charge cloud.

After force-field definitions for atomic structures,
Newton’s second law Equation is computed as the gradi-
ent of atomic force-field [24]:

d*r
F=N'F =m =1 Eq. (3
) Zj, m— a. ()
F=-VV, Eq. (4)

For solving the above equations, the velocity Verlet
algorithm was used in the association of motion equa-
tions and physical properties of simulated nanostructures
calculated in each time step [25-27]. In the velocity Ver-
let algorithm, the following equations are used to calcu-
late the position and velocity of the particles [25-27]:

r(t+At):r(t)+v(t)At+%a(t)At2+

0(Art) Eq. (5)

a(t)+a(t+At)At+

Eq. (6)
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Table 1. The € and 6 constants in L potential in the current MD simulations for modeling of atomic interactions between
Fe, Mg, and C atoms [21]

Atom type € (eV) o (A)
Mg 0.111 3.021

Fe 0.013 2.912

C 0.105 3.851
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The schematic of molecular structures is shown in
figure 1. In this figure, the AZ31 atoms are placed in a
rectangular box, and the colliding carbon steel particles
are placed in a spherical atomic mass at the top of the
AZ31 atom box at a certain distance. Periodic boundary
conditions are considered for the simulation box in the X
and Y directions and fixed conditions in the Z direction
[28]. The spherical atomic structure of carbon steel has a
diameter of 1 nm. The equilibration of the simulation box
has been done using a Nose-Hoover thermostat with the
time step of At=1 fs [29-30].

3. Results and Discussion
3.1. Equilibration Phase Outputs

The equilibration phase of the atomic structures of

AZ31 Atomic
Matrix

AZ31 matrix and carbon steel particle at the initial condi-
tion (T=300K) was performed for 10000000 time steps.
The results in this step indicated that the atoms coordina-
tion in AZ31 and carbon steel particle were appropriately
adopted to the UFF and EAM force fields. Numerically,
the physical stability of the atomic structure is described
by total energy and temperature calculation. Figure 2
shows the variation of the total energy of the atomic mod-
el as a function of the time step in the molecular dynamics
calculations at the equilibration phase. This figure shows
that the system’s total energy has been converted into a
finite value after 10 ns. This result indicates the reduc-
tion of atoms’ oscillation amplitude and consequently the
physical stability was detected for the atomic simulation
box. Numerically, the temperature of AZ31 matrix-car-
bon steel particle reaches 300 K after 1000000 time steps.

Carbon Steel
Particle

Fig. 1. Schematic of atomic arrangement of carbon steel atom and AZ31 matrix in atomic simulation of the SMAT
process.
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Fig. 2. The total energy of the atomic matrix- particle as a function of computational time steps.
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3.2. Residual Stresses

After the equilibrium phase of simulated atomic struc-
tures, the carbon steel particle was accelerated toward the
AZ31 matrix to create the conditions of the SMAT pro-
cess in atomistic modeling. The distance of the peening
gun to the impacted surface or distance of the colliding
carbon steel atomic structure from surface AZ31 matrix,
which is defined in this paper as the SMAT height, is an
important parameter in this mechanical procedure. In this
study, to investigate the effects of the SMAT height vari-
ation, the range of SMAT height between 5nm and 30nm
is considered. The SMAT process causes plastic defor-
mation and residual stress on the surface of the matrix.
Physically, this parameter indicates the force intensity
implemented to the pristine matrix. As reported in Fig-
ure 3, the residual stress decreased as the SMAT height
increased. So, it is expected that by increasing the SMAT
height, the atomic position evolution would decrease and
less new crystal regions be detected in the AZ31 matrix.
Numerically, as the SMAT height changes from 5nm
to 30 nm, the residual stress decreases from 268 MPa
to 255 MPa. Considering both the simulation results of
molecular dynamics and the fact that the presence of
residual stress reduces the probability of crack growth
and increases fatigue resistance, decreasing the SMAT
height to the minimum possible allows more residual
stresses.
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Fig. 3. The maximum residual stress of the AZ31 matrix
as a funcion of the SMAT height.

3.3. Surface Temperature

The carbon steel particle colliding with the pristine
AZ31 matrix increases the atomic fluctuations in the sur-
face of the metallic matrix. Consequently, the mobility
of Mg atoms in the surface regions increases. Computa-
tionally, as the atomic mobility or velocity increases, the
temperature of the atomic structure changes based on the
following equation:

Eq. (7)
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where k is the Boltezman constant. Figure 4 shows
the variations of AZ31 surface temperature as the SMAT
height changes in the range of 5 to 30 nm. The MD out-
puts of figure 4 indicated that as the SMAT process height
increases the surface temperature decreases. So it is con-
cluded that as the SMAT height increases, the amplitude
of atomic fluctuations decreases, and this procedure
causes surface temperature decreasing in the simulated
samples. Numerically, by the SMAT height increasing
from 5 nm to 30 nm, surface temperature changes from
345 K to 330 K, respectively.
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Fig. 4. The surface temperature variations as a function
of the AZ31 SMAT height.

3.4. Hardness

Historically, the Vickers hardness test was introduced
in 1921 as a new method to measure the hardness of al-
loy-based materials. Technically, this test is usually eas-
ier to use than other hardness tests because the hardness
calculations in this method are independent of the size
of the indenter. The SMAT process increases the surface
hardness of the AZ31 matrix. The amount of hardness
can be calculated based on the Vickers equation through
the results of molecular dynamics simulation. As can be
seen in figure 5, the percentage increase in hardness de-
creases with increasing the height.
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Fig. 5. The percentage increase in hardness of AZ31 as a
function of the SMAT height.
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3.5. The Atomic Matrix Wear after the SMAT
Process

The SMAT process in simulated structures causes
the departure of surface atoms from the pristine sample.
The number of departed Mg atoms from the AZ31 matrix
after the SMAT test in the current computational study
has been assumed as the wear inside the MD simulation
box. Figure 6 shows the number of departed atoms as a
function of the SMAT height. From the MD results in
this section it is concluded that height increases cause
the attraction force to increase between various surface
atoms. With this type of force increasing, the stability of
atoms in this region enlarged and fewer atoms departed
from the AZ31 structure. Figure 6 shows as the height
increased to 30 nm, the number of departed atoms from
the simulation box reached 31 atoms.

3. 6. Roughness of Atomic Matrix

In the final step of the current study, the roughness
of the AZ31 sample after the SMAT process was investi-
gated using molecular simulation results. To describe the
roughness of the simulated structure with the LAMMPS
package, the order parameter of the atomic model was
calculated. Computationally, this parameter changes be-
tween 0 and 1 value. Figure 7 indicates that the SMAT
height increasing causes an increase in the order param-

eter of the pristine alloy. The MD outputs in this section
show that atomic evolution in the AZ31 sample decreases
by the SMAT height enlarging and less mechanical prop-
erties improvement occurs in this structure.

4. Conclusions

In the current computational study, the molecular
dynamics (MD) approach has been used to simulate the
surface mechanical attrition treatment (SMAT) process
in the AZ31 matrix with carbon steel particles. The com-
putational study was done in two main steps. Firstly, the
equilibrium phase of atomic compounds at 300 K was per-
formed at the initial temperature. After equilibrium phase
detection, the SMAT process simulation with various
heights was done and the following results were obtained:
« Asthe SMAT process height increases, the maximum

ratio of residual stress reaches to 268 MPa.

e The surface temperature decreased as the AZ31
SMAT process height increased.

o The percentage of hardness increase of AZ31 matrix
reached 0.74 value by the SMAT height.

o By the SMAT process height increase to 30 nm the
number of departed atoms from the surface of the
AZ31 structure decreases to 31 atoms.

o Theorderparameterofthealloy matrixisaffectedbythe
SMAT process height. Numerically, the order parame-
ter value reaches 0.12 in the SMAT height simulation.
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Fig. 6. The number of departed atoms from AZ31 matrix as a function of the SMAT height.
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