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Abstract: A two-dimensional cellular automaton (CA) model was utilized to analyze the effect of mechanical vibration
on microstructure evolution of AZ91 alloy during friction stir welding (FSW). The simulated results, namely grain
topology, grain size distribution, average grain size, and also the dynamic recrystallization (DRX) fraction were
compared with measured data. The adequate comparability between FEM and experimental data shows that the CA
method can be applied to the analysis of the microstructure progression during the friction stir welding of AZ91 alloy. It
is concluded that the dislocation density during the friction stir vibration welding (FSVW) is higher than that in the
FSW process and the process of nucleation and grain growth is faster for samples during FSVW compared to FSW. The
grain size modification and DRX phenomenon with various vibration frequencies were also simulated in detail during
FSVW. It is found that vibration makes nucleation start earlier and decreases the proportion of the incubation period and
the percentage of recrystallization as vibration frequency improves.
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1 Introduction

Magnesium alloys have the merits of light-
weight and special mechanical characteristics such
as high specific strength, and therefore they show a
great application in structure manufacturing in the
transportation, aerospace, automotive, and other
important industries [1,2]. Friction stir welding
(FSW) can be considered an efficient means to
qualify the structure of metal materials [3]. The
FSW process has been now implemented in
industries, including automotive,
aerospace, shipbuilding, to joint different metals
namely Cu, Al, and Mg classified as being
essentially difficult to weld with typical welding
methods [4]. In the past years, various researches
have been conducted on mechanical performance

numerous

and microstructures of the welded sample from
several perspectives such as static, dynamic,
residual stress, cracks propagation, wear, fatigue,
and corrosion resistance. In addition, the impact of
the most significant welding parameters on the
effectiveness of the generated weld has been
investigated with the aim to improve the mechanical
characteristics of the joint samples [5—10].

The mechanical characteristics of a joint
area such as tensile strength, hardness and
toughness, are fundamentally influenced by the
grain size and a microstructure including fine grains
will improve these properties. Experimental
measurement of microstructure evolution in the
joint area is demanding and time-consuming,
while the numerical analyses are very effective
and reasonable for various plastic deformation
processes. Recently, finite element analysis (FEA)
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has been applied to simulating friction stir welding
to define the relationship among various welding
parameters of weld strength, temperature, and
material flow. KEIVANI et al [11] employed the
finite element method (FEM) to investigate the
influence of preheating and pin angle on
temperature history during FSW. The pin geometry
and thermal analysis during the friction stir welding
process were examined by ABBASI et al [12]. It
was indicated that the spherical pin compared to
other pin shapes provides the highest temperature
profile at weldment. MARZBAND et al [13]
utilized the simulation method to examine the
influence of friction stir welding parameters like
welding tool pin geometry on mechanical
characteristics and material flow at the workpiece.
The grain size in the stir zone (SZ) is of great
importance to examine the mechanical and thermal
characteristics of the weld during the friction stir
welding [14]. Because of the difficulty and time-
consuming measurement of grain size in the joint
area experimentally, the use of the finite element
method (FEM) is reasonable. Given the changeable
nature of the dynamic recrystallization (DRX)
phenomenon, DRX includes the influences of
precipitations, grain boundary motion, dislocation
movement, and impurities. Nevertheless,
recrystallized grains are bound to terminate to grow
as the deformation of material increases, which
influences decreasing the discrepancy of dislocation
density. The microstructure parameter, particularly
the grain size, changes with the welding condition.
Consequently, knowing the DRX is fundamental
when trying to measure the mechanical
characteristics of weld material. In order to
determine the quality of friction stir welding, grain
growth in weld samples is a significant factor.
Therefore, investigations have been concentrated on
the grain evolution in the friction stir welding

process. Numerous experimental studies have
explained the relations between  service
performances of joints and final grain

characteristics. There are different useful methods
to analyze the microstructure evolution during
FSW, including the phase-field (PF) method, the
cellular automaton (CA) method, the Monte Carlo
(MC) method, etc [15—17]. All these methods,
although, successfully model microstructural
evolution, the cellular automaton model has
attracted more attention of researchers because

of its straightforward employment time and length
scale calibrations as well. The cellular automaton
technique has been applied to simulating static
recrystallization and also dynamic recrystallization.
This method considers the uniform distribution of
stored energy in the material and determines
accordingly  the nucleation standards for
recrystallization analysis. Numerous researchers
have pointed out that the cellular automaton model
proposes a computationally productive framework
regarding the finite element analysis of
microstructural evolution during the plastic
deformation such as the welding process. The
cellular automaton method was used by AFSHARI
and SERAJZADEH [18] to investigate the static
recrystallization of low carbon steel during cold
pressing. The dynamic recrystallization process,
during FSW, was simulated by ASADI et al [19].
They modeled the dislocation accumulation map,
nucleation process, and grain growth steps of
dynamic recrystallization during the FSW process.
The combination of temperature variation and
the effective strain of joints can play a permanent
role in determining the grain size and consequently,
the mechanical performance of the weld sample
after the welding process. Up to now, different
experimental researches have been performed to
improve FSW and develop the efficiency of the
process. Researchers have studied to implement
ultrasonic vibration to assist the FSW process to
achieve significant results in different plastic
forming processes [20—22]. Ultrasonic energy can
influence the heat generation and material flow
during the FSW process, which plays a prominent
role in the evolution of the microstructure and
improvement in the mechanical performance of
joints [23—25]. LIU et al [26] applied the
ultrasonic-assisted friction stir welding (UVeFSW)
method. It was shown that the mechanical
characteristics and the size of the weld zone
improved while grain size in the weld area was
reduced. The ultrasonic vibration was used by SHI
et al [27] to increase the mechanical performance of
the Al joint during friction stir welding with various
rotational and traverse speeds. They concluded that
the traverse torque and tool force magnitudes
decreased as ultrasonic vibration was used during
the welding process. The reduction of friction
because of using ultrasonic vibration during the
friction stir welding was analyzed by YANG
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et al [28]. They found that the heat input, during
friction stir welding process, is more noticeable
by considering the ultrasonic induced friction
reduction (UiFR). ZHAO et al [29] modified the
traditional Norton friction method with the acoustic
stress and analyzed the impact of ultrasonic-
vibration on the interface area between the welding
tool and weldment. They indicated that ultrasonic
wave can decrease the friction stress in the interface
area and results in the material flow, heat generation,
and temperature distribution during the ultrasonic-
assisted friction stir welding process.

Less attempt has been carried out to simulate
the impact of mechanical vibration on the dynamic
recrystallization evolution. In the present study, an
improved version of FSW is studied. In this model,
by friction stir vibration welding (FSVW), the
weldment is vibrated normal to the weld tool axis as
the tool rotates during FSW. To model the
microstructural evolutions of AZ91 alloy during
FSVW, the analysis was done in two separate steps:
first, a continuum-based thermo-mechanically
coupled rigid viscoplastic FEM technique for
FSVW was determined, and then the advanced
model for microstructure analysis was coupled to
FSVW simulation model inDeform-3D software.
The nucleation and grain growth steps in the stir
zone (SZ) were shown and compared with
experimental data. The effect of vibration frequency
on microstructure evolution was considered in both

Table 1 Chemical composition of analyzed AZ91 alloy (wt.%)
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experiment and simulation methods.
2 Experimental

2.1 Materials

In this examination, as-received AZ91 sheet
metal as a workpiece having a thickness of 3 mm,
a length of 200 mm and a width of 100 mm. Table 1
displays the chemical composition of the examined
sheet.

Friction stir vibration welding was considered
by introducing vibration normal to the weld
direction through a fixture inserted beneath the
weldment in FSW. To control the rotation
movement of the motor shaft to the liner, a
camshaft was implemented in the vibrating
machine. Figure 1 presents the view design of the
FSVW method. In this work, the amplitude of
vibration is 0.6 mm, and also the vibration
frequency was controlled by the driver for various
welding conditions. In this study, vibration
frequency, rotational speed, and traverse velocity
38Hz, 950r/min, and 63 mm/min,
respectively.

Table 2 presents the properties of the tool
applied in this study. The outsides of samples had
been sand-blasted to remove surface oxides and
then they were etched by a liquid of acetic acid
(5 mL), water (10 mm), nitric acid (7 mL), picric
acid (6 g), ethanol (100 mL), and HCL (5 mL) for

WEre

Mg Al Zn Mn Si Fe Cu Ni
Bal. 9.1 0.68 0.21 0.085 0.0029 0.0097 0.001
Tool
; Workpiece
|¥ @15,/  Fixture

Insulator

Fig. 1 Machine used for friction stir vibration welding, and applied welding tool and fixture set
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Table 2 Tool welding characteristics for FSW

Value or
Parameter ..
description
Axial pressure, Pr/MPa 25.5
Tool material PCBN
Density of welding tool/(kg-m ) 3120
Thermal conductivity of 130
welding tool/(W-K ™)
Specific heat capacity of 1966
welding tool/(J-kg K ™)
Tilt angle/(°) 3
Diameter of welding tool shoulder/mm 12
Diameter of welding tool pin/mm 4
Welding tool pin height/mm 2.8

3-5 s. The method of conventional linear intercept
has been carried out to measure the grain size. To
analyze the temperature distribution during the
welding, an infrared thermometer with =5 °C
accuracy was used. Optical microscopy (OM) was
applied to analyzing the microstructures. To study
the flow stress of the workpiece, a hot compression
test with two strain rates (0.1 and 1 s™')) was carried
out. The tests were done on a Gleeble—1500
thermomechanical simulator by holding a furnace
with +5°C accuracy, in a temperature range
of 325-400°C wunder a fixed ram speed of
0.6—600 mm/min. Hot compression test,
immersing for 3 min at test temperature, was done
up to a strain of 0.7. The contact surfaces, to
decrease the friction, were wrapped through Teflon
layers. The specimens were water quenched, after
testing, within 5 s to preserve the hot deformation
microstructure. The samples were heated to the test
temperature with a heating rate of 15 °C/min before
loading.

after

2.2 FEM model

In this investigation, because of severe plastic
deformation processes and a high level of mesh
distortion during FSW, Deform-3D™ software was
applied. To simplify the analysis, the welding tool
was considered as a rigid part, and to increase the
precision of calculation, fine elements in mean size
of 0.5 mm were used around the tool along the weld
line. Anon-uniform mesh of about 22000 and 73000
for tool and workpiece with an automatic remeshing
ability were used, respectively. Figure 2 shows the

schematic of the meshed model and also a boundary
condition used in this simulation. To improve the
compatibility between experiment and simulation
results, a shear friction coefficient of 0.3 was
applied. In this study, a positive pressure for the
interaction of the two mutual contact materials was
considered. The corresponding speed of the stirring
head and joining sheet is not determined. Since the
contact area between the top surface of the
weldment body and the joining fixture is small, the
heat conduction was negligible. Convective heat
transfer with air was determined for all surfaces
of the workpiece (15W-m>K'"), while the
convection coefficient of the bottom surface due to
putting on a backup was set to be 30 W-m K ' to
calculate the heat loss of thermal conductivity. The
displacement for the bottom surface of the
weldment in three directions (x, y and z) was zero
during the first step of the conventional
thermomechanical process. For other main steps of
welding, based on Fig. 1 and the application of
vibration in the x-direction (perpendicular to the
welding direction), the displacement of the
workpiece bottom for only two directions including
vy and z was restricted. The finite element model
(FEM) was produced to be a DB file and then
selected for the solving processor. In this analysis,
the time step size was 0.2 s, and also the Newton—
Raphson iteration technique was determined to
analyze the finite element method (FEM)
computation time.

The mean velocity on friction area would be
determined based on Eq. (1) [30]:

¥4
x}‘y i

© Air (25 °C)
Air Top 50 mm .
)RS 200 mm 30 mm 4 (5°0)
{13 mm Side

Fix (bottom and sides)
Fig. 2 View of simulation model: (a) Workpiece; (b) Tool;
(c) Initial boundary conditions (AS—Advanced side;
RS—Retreat side)
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Vi=(RoutRin) /2 (D)

where R, indicates the radius of the tool shoulder
(Rshoulder), @ indicates the rotation speed of joining,
and R;, shows the radius of the tool pin (Rpn).

In friction stir welding, the strain rate and
velocity are defined by the following formula:

{&} =[L1{u} (2)
0 g o 0 o O
Ox oy 0z
[L]:O%Oa%%o (3)
0 0 9 o 9 0
] 0z dy Ox|

where {¢} shows the strain rate matrix, [L] is the
geometric stiffness matrix, and {ui} indicates the
displacement rate matrix.

2.3 Constitutive equation

To explain the strain rate, the flow stress, and
also the temperature values during severe hot
deformation, the modified Arrhenius constitutive
equation with respect to flow stress and Zener—
Hollomon (Z) parameter is generally applied. A
hyperbolic sine in the Z—A model can be defined
as [31]

1/2

Un, 2/n,y
1 VA VA
O ="y~ +| | — +1
a(e) || 4., A (4)

Z = éexplQ,,,/(RT)]

where ¢ indicates the strain rate, ¢ indicates the flow
stress, Q indicates the activation energy of the Mg
alloy during hot deformation, R is the gas constant,
T is the absolute temperature, and 4, n and a
indicate the material constants. Table 3 presents the
thermal properties of the AZ91 alloy applied in this
modeling. Figure 3 shows the true stress—strain
curves achieved from the isothermal compression
test (temperature of 200—400 °C and strain rates of
0.1 and 1 s7"). It is seen that the flow stress profile
firstly rises to the maximum value and after that
falls slowly to steady-state stress as the strain
develops. This flow model is a common DRX
softening characteristically related to the work
hardening. And the critical stress, maximum stress,
and steady-state stress improve with reducing the
temperature and improving the strain rate.

Table 3 Thermal properties and Arrhenius coefficients
of AZ91 alloy

Property or coefficient Value
Heat capacity/(N-mm >-°C™") 2.096
Emissivity 0.12

Y 2.8405x10"
a 0.021
n 5.578
Q/(kJ-mol ™) 1.47

R/(J-K "-mol ™) 8.314472

True stress/MPa

0701 02 03 04 05 06 07

True strain
240
(b)

200+
£ 160 200 °C
=
S 1209 250 °C
2 300 °C
s 7 T~ X
£ 80f T N350°C

400 °C
40t

07701 02 03 04 05 06 07
True strain
Fig. 3 True stress—strain curves from compression

analysis for various strain rates and temperatures:
(@) 0.1s ' (b)1s™

2.4 Cellular automaton (CA) model

The cellular automaton (CA) method is well-
known as a crucial technology for analyzing the
microstructure in recent years. The fundamental
idea of the cellular automaton model is to explain
the assignment of complicated operations with the
discrete-time and space behavior by installing
deterministic or possibility transformation rules
toward cells in the vicinity [32]. A cellular
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automaton model involves the five components,
namely cells, cellular state, cellular space, neighbor
type, and transformation rules. Figure 4 shows an
interaction between macroscopic and mesoscopic
evolution for the CA method. According to Fig. 4,
there is a multiscale modeling relationship between
mesoscopic  microstructures and macroscopic
thermomechanical properties through dislocation
density. And also, there is a diversity of flow stress
along with the mean dislocation density of the
materials and continuous dislocation density at a
single cell of the cellular automaton. During the
cellular automaton model, a complicated system is
classified into a finite number of cells. Besides, the
time is discretized into numerous time steps
including a specific interval. Then, the feasible
states of each cell are distributed into a finite
number of certain states. Based on specific
evolution rules, the state transition of the cell
regarding each time step is recognized. Because of
the synchronizing of the transformation with each
cell over time, the state of a cell is influenced
through the states of the vicinity cells, and
simultaneously, it also influences the states of
vicinity cells [33].

Discontinuous
recrystallization

S

Establishment of
transition rules

Dynamic
recrystallizaiton

Grain growth

True stress
Dislocation density

& Evolution of mean dislocation density

p

True strain
Fig. 4 Interaction between macroscopic and mesoscopic
evolution for CA method [34]

2.4.1 Modeling of dislocation density

After the welding process, the dislocation
density distribution is also assigned by two various
transition rules. The first rule is by Eq. (5) which
indicates the grain size regarding dislocation
density. This special equation is achieved from the
relationships between dislocation density and flow
stress, and grain size and flow stress from the

examination of AKBARI et al [35]. Based on the
second rule, the dislocation density is estimated
using an experimental model achieved from
the empirical measurements by PROSGOLITIS
et al [17] with respect to dislocation density and
grain size diversity across the joint area. This
equation is a fourth-order polynomial fit between
dislocation density (p) and grain size (D) across the
joint area [17]. Based on AKBARI et al [35], the
relationship between dislocation density and grain
size after the FSW can be defined as

oY
p=(mj Drpx (5)

where p indicates the dislocation density, &' and o'
are equation constants, b indicates the magnitude of
burgers vectors, E is the elastic modulus, and Drpx
relates to the grain size after the FSW process.
Based on Eq. (5), there is an adverse relationship
between dislocation and grain size for a sample
produced by FSW.

Dislocations during the severe plastic
deformation are produced due to work hardening
and annihilated through the dynamic recovery

(softening effect), and therefore, the mean
dislocation density is considered as
dp/de=(dp/de)narat(dp/de)son (6)

The density of dislocation motion barriers is
considered as [35]

1/I=1/Cd+1/pp~ " (7)

where d is related to the distance of the obstacles,
and ¢ and £ indicate the numeric factors regarding /
(dislocation mean free path).

During the dislocation progression equation,
the dislocation accumulation is M"/bl (M'is related
to the Taylor factor) [36]. The empirical equation is
given as

dp/ ds=k1p_l/2—k2p (8)

where k; and k, indicate work hardening and the
softening parameter that resubmits the recovery of
dislocation, respectively.

Also, k; and &, can be defined as

{kl =20, /(a;ub)

9
k, =20,/0, 2

where ar indicates a dislocation interaction term that
considers the amplitude of 0.56, (6, indicates the
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hardening rate that expresses the slope of the
empirical flow stress diagram). u is the shear
modulus. This value is constant («/200) at a
particular temperature. The particular form of o is
also obtained from the empirical achievements. The
geometrical dislocation (GD) density is associated
with the grain size, and regarding fine-grained
structure, the geometrical dislocations principally
affect the density of dislocations in
thermomechanical processing which modify the
plastic deformation among grains. The fundamental
dislocation free path may be classified with the
spacing between these geometric barriers as [37]

dp/de=kyp"*+1/bd'—kyp (10)

where d’ indicates the mean grain size, involving
basic and DRX grains.

The softening phenomenon is attributed to the
DRX during the deformation process:

Ao
fDRX_F (11)

m

where fprx is the volume fraction of DRX grains,
Ao is the net softening value, and Aoy, indicates the
maximum softening value.

The flow stress is related to the strain because
of the dislocation/dislocation interaction [38]:

o=agbp'”? (12)

Regarding a deforming structure, the
discrepancy of its dislocation density may be
measured by Eq. (10) from the start of deformation.
New nuclei appear on the grain boundary as its
amplitude hits the critical dislocation density
toward the nucleation of DRX. With respect to the
DRX grains, the dislocation density has been
fundamentally considered to be zero and then
improves as the deformation process proceeds. The
dislocation density change of DRX grains is
measured by employing Eq.(10). During the
growth of DRX grain, the driving force reduces
continuously as its dislocation density improves by
deformation. The grain growth stops as the driving
force equals zero. When the dislocation density for
a DRX grain equals the critical amplitude for the
DRX nucleation process, its boundaries can also be
performed as nucleation sites.

During the deforming process, in order to
estimate the flow stress, a mean dislocation density
assuming the dislocation densities of the structure
and all the DRX grains is applied:

/7:pm(l_fDRX)+fDRXZpi(Vi/V) (13)

i=1
where p; is the dislocation density of the ith DRX
grain and p,, is the dislocation density of matrix at a
specific time. V; and V indicate the volume of the
ith DRX grain and the comprehensive volume of
whole DRX grains at a specific time, respectively,
and N is the number of entire DRX grains.
2.4.2 Nucleation and grain growth model

The kinetics of DRX modification is given
as [38]

fonox =1= expIA(——)"] (14)

where ¢ indicates the strain for the highest
softening rate, ¢ indicates the critical strain value,
and k and » indicate the material constants.

In the finite element analysis, a critical strain
according to the size of the subgrain, initial grain
and grain shape, can be determined as

_n| KiDofe
gcr—ln[ 5 J (15)

RN

where K; is the material constant, D, indicates the
initial grain size, f; indicates the shape factor
(fs is the ratio of max size to min size) and Jg
indicates the sub-grain size. Therefore, the DRX
evolution kinetics of the AZ alloys would be
determined as [39]

k = exp[—1.37309236 + 0.00745888In(Z/4) +
0.022488221n(Z/4)*]

n =exp[0.7448719 + 0.09481055In(Z/A) —
0.00546081n(Z/4)*]

g, =0.0334(Z/4)" %" (16)
& =0.1633(Z/4)"12”
£, =0.0751(Z/4)*""

A=159x10"
. 181980
7 =cex
( 8.31T )

where ¢, denotes the strain corresponding to the
peak stress (op).

The nucleation rate of per unit grain boundary
area during the DRX process is given as [40]

(&, T) = Céexp(%j (17)

where O, indicates the activation energy, and C
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indicates the material constant.
The critical dislocation density can be defined
as [41]

20y,

_ 18
Pe 3bIM T* (18)

where y; indicates the energy of grain boundary, z
indicates the dislocation line energy equal to 0.5ub7,
and M indicates the grain boundary motion.

The growth velocity V; for the ith DRX grain
can be defined as

v, = MF,/(4nr?) (19)

where F; indicates the driving force regarding the
ith DRX grain with radius 7.

It is worth noting that the grain boundary
mobility (M) of low angle boundaries (LABs) needs
a climbing of dislocations in the boundary [41]:

{M = Db/ (kyT)

(20)
5Ds = 5DOS exp[—QS /(RT)]

where J indicates the property regarding grain
boundary thickness, O indicates the self-diffusion
activation energy, D; indicates the self-diffusion
coefficient, Dy indicates the pre-exponential factor,
and kg indicates the Boltzmann’s constant.

The energy change as the radius of a grain r;
grows equal to dr; can be defined as [42]

dVK :deur +dVI/I-VOl (21)

where dW™ indicates the grain boundary energy
variation, while d," indicates the dislocation
energy modification due to the grain growth.

Therefore,
dw™ = —d(4nr’y,) = -8mry,dr;
)=y (22)
AW =4mr’t(p,, — p;)dr,

To determine the size of recrystallized grains,
the equivalent average radius of a grain (ry) is
applied:

r o= i“Teell (23)

where A.p 1s the area of one cell and N, is the
number of cells with respect to the recrystallized
grains.

The driving force can be defined as

F,=4m7t(py = p) — 8117, (24)
According to the Read—Shockly equation, the

grain boundary energy is defined as [43]
Vms 6 215°

- . 25
571 O im| G g <150 (23)
Hm Hm

where 0; indicates the misorientation for the ith
DRX grain and its neighboring grain.

According to Eq. (25), the grain boundary
energy with respect to high angle boundary (HABs)
is defined as

bub, (26)

Im = 4n(1-0)

where y, indicates the boundary energy, 6,
indicates the misorientation of grain boundary for
high angle boundary, and v indicates Poisson’s ratio.
The values of the required input parameters of
AZ91 alloy are presented in Table 4.

To confirm the obtained grain size and also
recrystallization kinetics, the CA steps have to
convert into real-time. The time step of the finite
element analysis has been analyzed by stored
energy and length scale of the cell (Lca):

kgTLcy

At =
Z'Dyb* Pexp ( ! j

(27)
RT

where P indicates the driving pressure for the
recrystallization, Z' indicates the pinning effect, and
Oy is the activation energy.

Table 4 Input parameters for simulation of CA
model [39]

Parameter Value
b/m 6.12x107"°
u/Pa 1.70x10"
v 0.35
Dy/(m*s™") 200.78
0y/(J-mol ™) 134.21
po/um2 0.01
Strain rate sensitivity, m 0.2
kg 6030

2.4.3 Accomplishment of recrystallization in CA
method

In the center of the joining zone, the location

of the CA cell was considered. Each lattice includes

four different variables: one variable for orientation
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that indicates the orientation of grain and measures
the energy of grain boundary, one variable for status
showing which grain is recrystallized, one variable
for dislocation density indicating the site energy,
and the last variable for color showing various
grains. It should be mentioned that the orientation is
randomly determined to be between 0° and 180°. To
simplify the CA model, the primary dislocation
density of grains is uniform which enhances with
improved deformation, the nucleation of dynamic
recrystallization happens only on grain boundaries,
and no dislocation gradient occurs from the center
to the boundary [44]. The schematic of different
steps of the CA method regarding the dynamic
recrystallization (DRX) during severe plastic
deformation is shown in Fig. 5. In the first step, the
primary grain is produced by running the incipient
structure generation of CA depending on the state
transition rules. Then, the time step is calculated by
Eq. (27) in the second step. In the third step, the
dislocation density increment along with the
deformation is calculated by Eq.(10). After
recrystallization in a special cell, the density of
the cell is considered as piya in the CA model.
In the last step, the growth of the recrystallized
nuclei with respect to the recrystallized cells is
considered [34]. Figure 6 the
simulation structure.

summarizes

2.5 Finite element analysis of vibration influence
during FSW
Vibration energy in FSW plays two significant

Mahmoud ABBASI, et al/Trans. Nonferrous Met. Soc. China 31(2021) 2626—2650

effects on the FSW process: One is the softening
due to the interaction between plastic deformed
materials and vibration energy. This interaction
would influence the evolution of dislocation and
consequently decrease the flow stress of the
plastically deformed materials [27]. The other
factor is the preheating because the vibration
friction heat stems from the relative movement.
Both the preheating and softening effects can
influence the heat production and plastic material
flow, which consequently influence the joining
process and the final characteristics of jointed parts.
Equation (28) indicates a non-dimensional stress
ratio (A4) in accordance with the thermal activation
hypothesis which was verified by the vibration
energy density [45]:

e
T T

where 7 indicates the shear stress during the
conventional process, 7, indicates the shear stress
with vibration at the similar condition, 7 indicates
the mechanical threshold shear stress, £ indicates
the vibration energy density, and £’ is a parameter
estimated by comparison of the predicted flow
stress with the experimentally examined amplitude
for acceptable agreements. From the load-
displacement curves, the flow stress is evaluated
during vibration that accompanied the hot upsetting
of AZ91 magnesium alloy, and m' is the factor to be
achieved by actual testing which may change from
0.5 to 1, based on the relationships in literature [45].

AL =

(28)
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The relationship between the single crystal shear
stress (7') and the polycrystal uniaxial stress (o)
was presented by Taylor factor (M"):

M'=c'lt' (29)

The vibration reflection initially affects the
dislocation motion, so the thermal ingredient of the
flow stress is varied [46]. Equation (30) indicates
the thermal ingredient of flow stress which was
developed by the vibration energy density:

O-th - O-th,v — IB![ME]WI (30)
G Ty
According to Eq.(30), g4, indicates the

thermal ingredient of flow stress as vibration is
applied. It is worth mentioning that the thermal
ingredient of flow stress based on average velocity
(vq) of a movable dislocation is given as [47]

1/p

e T

. l/q
{ . J
gOlleb 8V

Uth,v:&th 1_( (31)

where p and ¢ indicate the shape of hindrances
(0<p<1, 1<¢<2), g¢ indicates a pre-index, unm
indicates the shear modulus according to various
temperatures, and ¢, indicates the strain rate as
vibration is applied. By considering the thermal
ingredient of flow stress with and without vibration
into Eq. (30), the following equation will be
achieved:
N
54e)
8olhmb g,

1/p

l—ﬂ'[Aij - (32)
O

To improve the calculation, p and ¢ have been
determined to be an amplitude of 1 (this amount
(p=¢=1) has been generally applied to magnesium
alloys). Therefore, Eq. (32) can be considered as a
fundamental equation to calculate the strain rate for
both conditions:

& —goymbw'(M'Ej”

(33)

O

Zener—Holloman factor following vibration
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would be given as
: 0 j
Z, =& exp| — 34
V=4, p( 7 (34)
Replacing Eq. (33) into Eq. (34), we achieve

b3 ’ 7 m’
7. = sexp| 2 _ Botln ﬂ[MEJ

35
RT kT (33)

A

O

Equation (36) indicates the Zener—Holloman
factor and vibration:

Z, = A(sinh(ao,))" (36)
Replacing Eq. (36) into Eq. (35), we achieve
A(sinh(ao,))" =

3 pr ] m'
sexp gw[&) 37

RT kT |\ 6,

The stress with vibration by adopting the
representation of the hyperbolic sine behavior and
using Eq. (36) will be displayed as [47]

. 1/n
o, =lln iexp 9 +
o A RT
1/2

. 2/n
lJ{iexp[g}J } (38)

where Q, is the activation energy during vibration
and is defined as

gO/umb3ﬂ,R [MEjm

0,=0- (39)

kg o

To decrease the energy barrier with respect to
the dislocation movement which leads to better
mobile dislocation and higher average speed of the
mobile dislocation, the superimposed vibration
energy has been used. The vibration energy density

(E) is evaluated according to [47]
E=4fn’& (40)

where f, indicates the frequency and £ indicates the
amplitude of the used vibration during the process.
Table 5 presents the typical parameters and their
amplitudes utilized in the constitutive equation.
Mentioned equations are the modified constitutive
equation including the vibration effect that
incorporates the influences of process parameters
namely temperature, strain rate, material properties

such as shear modulus, and vibration energy
density.

Table S Values of parameters applied in calculation

Parameter Value

Pre-factor, g 0.22
Taylor factor, M’ 32
Coefficient in Eq. (28), m' 1.0
Coefficient in Eq. (28), §’ 65
Coefficient in Eq. (36), n 3.5
Vibration frequency, f,/Hz 38
Vibration amplitude, ¢/mm 0.6

3 Results and discussion

3.1 Modeling validation

Figures 7 and 8 show the temperature history
and axial force distribution for experimental and
simulation analyses of AZ91 alloy during FSW
and FSVW, respectively. An acceptable agreement
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Fig. 7 Comparison of thermal analysis between
experimental and simulation results of AZ91 alloy during
FSW (a) and FSVW (b)
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between the FEM and empirical measurements is
observed. The temperature peak in FSVW is higher
than that in FSW because of the vibration effect on
introducing higher heat input into the weldment
during the joining process [14]. That is to say, the
relative mobility between the welding tool and
material during the FSVW yields higher strain rates,
therefore yielding more plastic deformation and
heat generation. The average axial force during
FSVW is lower compared to the FSW, which can be
attributed to the additional softening of the sample
in the presence of vibration [26].

3.2 Thermal, strain rate,
material flow analysis
The measured temperature fields of both
FSW-ed and FSVW-ed samples are presented in
Fig. 9. The temperature profile is almost symmetric
with respect to the joint line due to the dominant

dislocation, and
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role of rotational speed compared to the traverse
speed on heat generation during the welding
process. And also the maximum temperature values
display at the contact areas of the tool and
workpiece plate owing to a great deal of plastic
deformation while the minimum temperature values
are observed far away from the joining tool. The
temperature gradient, during the welding process, is
not the same behind and forward the joining tool,
and therefore the shapes of thermal contours are
akin to ellipses. Furthermore, the contour for FSV
joint specimen is larger in comparison to the FS
welded specimen; additionally, the temperature
profile around the welding position for the former
sample is higher compared to the latter sample.
Both results are considered to be related to the
weldment vibration during FSVW. Weldment
vibration improves the area in which the tool
influences and consequently, the higher volume of

35
30

25

20

15

Axial force/kN

10

Experimental

0 10 20 30 40 50
Time/s

Fig. 8 Variation in axial force during FSW (a) and FSVW (b) in experimental and simulation measurements
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metal is deformed. Weldment vibration also
enhances the material deformation into the stir zone
(SZ) and causes the high-velocity pattern of various
points [48]. Therefore, the massive plastic and heat
deformation causes a higher temperature in the
weld zone side next to the center.

Simulation data in strain history around the
joint position for FSW and FSVW methods are
revealed in Fig. 10. It is seen that the strain rate
profile unlike the temperature profile is almost
asymmetric, that is, the plastic deformation is
influenced by combination of rotational and
traverse speeds of welding tool for both welding
conditions. Besides, some of the materials of the
workpiece are expanded toward the advancing side
and can cluster at this side on the top surface. This
event matches well with the phenomenon of
asymmetrical deformation on the cross-section. And
also its maximum peak is biased toward the stir
zone (SZ) due to a positive combination of
rotational and traverse speeds on higher plastic
deformation. The strain rate because of an increase
in plastic deformation and frictional heat increases
and in the joining phase remains almost unchanged.
Figure 10 indicates that the strain profile with
respect to the FSVW process is higher in
comparison to the FSW process due to high sliding
between welding tool and material in the weld area.
Based on Fig. 10, the highest strain distribution for
FSVW is around 24.6 while it is around16.8 for
FSW. What is more, the plastically deformed zone
improves with the introduction of vibration during
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the joining process. This is related to the fact that
the vibration causes a more upsetting impact on the
weldment and consequently, generates a deeper and
wider deformed area compared to the welding
condition without using vibration.

Figure 11 compares the distribution of
dislocation density in 300x300 cells for both FSW
and FSVW conditions. It is evident that the
dislocation density during FSVW is higher than that
of the FSW process due to the influence of
vibration. It has been accepted that the dislocation
density depends on strain and strain rate during
the severe plastic deformation [49]. A higher
dislocation density leads to passing the critical
value in a short time, and the DRX initiates during
FSVW. From the other sides, the driving force with
respect to grain growth decreases as the dislocation
density improves. In addition, the boundaries of the
DRX grains can be considered again as nucleation
sites as their dislocation density is enough for
nucleation. The discrepancy in the dislocation
density gives rise to the improvement in toughness
and ductility of the material.

FE results in material flow during FSW and
FSVW processes are displayed in Fig. 12. These
contours are related to the material flow of the
workpiece in the surface just beneath the shoulder
and around the joint position. The outer circle
denotes the shoulder diameter and the inner circle
denotes the pin diameter. The flow paths of
materials show that the severe material flow
fundamentally happens at the tool shoulder contact

Welding

welling

16 ¢
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1
1,1 ! I L 1
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Fig. 10 Cross-section and value variation of strain profile surrounding joint position for FSW-ed (a) and FSVW-ed (b)

samples
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surface. The flow of material during the FSW
process is attributed to the high-speed rotating
shoulder from the advancing side to the retreating
side and finally backward to the joint line. From
Fig. 12, the flow arrows are almost symmetric in
the vicinity of the welding tool pin although the
asymmetry in the flow patterns is anticipated
because of the combined effect of traversing and
rotation of the welding tool pin. It is obtained that
flow arrows in FSV welded sample are denser than
those in FS welded specimen. This can be attributed
to sample vibration as well as tool rotation and
transverse movements during the FSVW process
which enhances the material flow. Based on Fig. 9,
a higher temperature around the joint position is
predicted for FSVW with respect to FSW. Higher
temperature causes higher softening of material
around the tool and consequently, more deformation
of material occurs [50]. Therefore, it can be said
that higher shearing of material is performed in the
FSV welded sample than in the conventional FS

welded sample.

Figure 13 displays the velocity variation in the
stir zone for both welding conditions at the same
location. It is clear that the velocity value in the AS
is higher compared to the RS. This can be
associated with higher heat flux and shear stress on
AS with respect to the RS. In addition, the velocity
contour during the FSVW is higher than that during
the conventional FSW process. The maximum flow
velocity depends on various factors such as the
traverse and rotational speeds of the tool pin,
slipping condition between tool and the material,
surface characteristics of the joining tool and the
kind of joint materials, as indicated from the
previous investigations [51—53]. The authors
believe that vibration causes a reduction in the
interfacial forces and improves the material flow
velocity in the stir zone. This result validates the
results obtained by ZHAO et al [29]. They applied
the ultrasonic vibration during the FSW process to
analyze the velocity variation between the welding
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tool and weldment material. It was shown that the
velocity distribution under the tool shoulder and
next to the pin surface has been improved as the
ultrasonic vibration is applied.

3.3 Microstructure evolution

It has been known that various factors such as
temperature, strain, and strain rate, have affected
the microstructure evolution during the FSW
process [54—56]. However, the discrepancy in
nucleation rate resulted from temperature during the
nucleation period is negligible, due to the fact that
the temperature variation is small compared to
the maximum temperature, and thus only the
temperature affecting grain growth is estimated in
the FSW process. When the strain rate is high, the
accumulation of dislocation is fast, recrystallization
nucleation is more obvious to happen, the period of
recrystallization nucleation is short, the number of
recently formed crystal grains is high, and the
time for recrystallization crystal nuclei to grow is
short. During the FSW process, DRX causes the
production of fine equiaxed grains in the stir
zone (SZ). Figure 14 displays the microstructure of
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parent metal obtained by experimental techniques
and FE analyses, and also presents the graphical
distribution of a number of grains with respect to
grain size. Based on this graph, the average grain
size is about 148 um. This is in high-grade
agreement with the experimental measurements
which indicated that the average grain size is about
133 um (Fig. 14(c)). This discrepancy between
experimental and numerical values can be
associated with the effect of precipitation phases
that were not considered in the numerical study
during the welding process.

Figure 15 displays the distribution of grain size
obtained using the cellular automation step (CAS)
for FSW and FSVW processes. It is evident that the
grain size shows no variation at the beginning step
of analysis for both FSW and FSVW conditions. By
increasing the CAS, the grain size experiences
normal distribution during the processes. And also,
it is obtained that the distribution of grain size
shows a time-invariable tendency with respect to
normal grain growth. The maximum frequency is at
R/R,=0.8, that is, the size of grains is nearly equal
to the average size in the microstructure, while for
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Fig. 14 Comparison between FEM outcomes (a, b) and experimental data (c) of base metal microstructure
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lower frequency, the R/R,, shows to be zero. It is
indicated that there is a need for time-dependent
deformation to start DRX. It is also observed that
the vibration effect can decrease the incubation
period due to the rate of dislocation accumulation
and also the critical strain. That is to say, the rate of
dislocation accumulation increases, and the critical
strain decreases as vibration is applied during the
welding process.

Figure 16 presents the microstructure of
different areas of the weld during FSW and FSVW.
Grains in the stir zone (SZ), because of the
improvement of DRX, are finer than grains in
TMAZ and HAZ. Moreover, the grains of the FSV
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welded samples (in all areas of the joint zone) are
smaller than grains of the FS welded samples. The
experimental results show that SZ grains for FSV
welded samples ((14.43+£2) um) were finer than
those for FS welded samples ((23.43+£2) um). This
can be attributed to the weldment vibration in
FSVW. The vibration of the sample, besides the
stirring and also traversing movements of the
welding tool, enhances metal deformation in
FSVW [57]. Metal deformation, which is revealed
by strain (¢), is associated with flow stress (o)
(0=ke"), and the flow stress improves as the strain
raises. It is well-known that material deformation
(strain) has a direct relationship with the density of
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Fig. 15 Distribution of grain size at different cellular automation steps (CAS): (a) FSW; (b) FSVW

Fig. 16 Different regions of weld zone through FSW (a—c) and FSVW (d—f): (a, d) HAZ; (b, e) TMAZ; (c, f) SZ
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dislocations [57,58]. The rapid increase of
dislocations and also continuous improvement in
dislocation density happen with developing strain.
By increasing the dislocation density, dynamic
recovery (DR) enhances, and so grain modification
increases [59]. On the other hand, in terms of
the Zener—Holloman (Z) parameter during the
thermomechanical process [60], there is

d=a'7", 7 = éex Q9 =
p(RT)

Ind =lna'+b'ln(éexp(%)j (41)

A higher strain rate during the FSVW (based
on Fig. 10) in comparison to the FSW process leads
to higher Z and finer grains develop. In Eq. (41), &
indicates the strain rate, and 4’ and b’ are the
constants. Based on Figs. 9—13, the thermal and
also softening effects of vibration cause the plastic
deformation to occur earlier, so that the dislocation
achieves earlier, and as a result, the recrystallization
nucleation process begins earlier. According to
Eq. (42), during the FSW, the rate of nucleation is
dependent on temperature and strain rate [37]:

9 ] 42)

abs

P .= Dz exp[—

where D is the ratio constant (e.g. 10° for
lightweight alloys), and z defines the maximum
value of the equivalent strain rate. By using
vibration during FSW, the material deformation
enhances and consequently, more strain rate is
generated in the weld zone [60]. Therefore, the
number of retained grains reduces, and the size of
retained grains decreases. This means that, the
holding time of high temperature after nucleation,
during the FSVW, becomes shorter, and the growth
of recrystallized crystal grains is limited and as a
result, the final average grain size decreases.
Another effective reason can be associated with the
effect of the Zener pinning in grain growth. During
the Zener pinning, second-phase particles impede
the growth of grains and postpone the coarsening of
matrix phase grains by pinning the movement of
grain boundaries. The grain boundaries are the main
source of dislocations [61]. The higher number of
dislocations in FSV welded samples in comparison
to conventionally FS-welded samples leads to
higher interaction of dislocations during severe
plastic deformation.

For the ability of the cellular automaton (CA)
method to analyze the dynamic recrystallization
(RDX) process and microstructure evolution for
both FSW and FSVW, the real experimental
conditions were considered in the Deform-3D
software. Figures 17 and 18 show the different
areas of the welded zones simulated for FSW and
FSVW processes, respectively, under the same
welding condition to show different steps of the
recrystallization process. According to Figs. 17(a)
and 18(a), plenty of nuclei were nucleated at
random places in grain boundaries at the initial step.
Then, according to the method provided by CHEN
et al [62], the nuclei have an equiaxial growth into
the matrix as shown in Figs. 17(b) and 18(b). The
grains grow until they impinge on each other. A
new turn of nucleation was introduced when
previous nuclei had grown into a particular
percentage of the entire microstructure (Figs. 17(c)
and 18(c)). After impinging with other grains, the
growth of grains stops, and after numerous steps of
the nucleation and growth, the final microstructure
is generated. According to this process, primary
microstructures with various grain sizes and
distributions can be obtained. Based on the
dislocation accumulation map (density dislocation
map) of each area, white points generate within the
dark zones by nucleation and growth and start to
consume them. Hence, the dark areas gradually
decrease explaining the decrease of dislocation
density. Based on these results, the process of
nucleation and grain growth is quicker for samples
during FSVW compared to FSW. To be more
specific, the number of subgrains in the sample
produced by FSVW is fewer and larger compared
with the grains during conventional FSW in the first
step of welding. In this condition, subgrains formed
into grain interiors reduce, and some recrystallized
grains are produced at the grain boundaries. As the
process continues, a large number of fine grains are
formed at the grain boundaries and only a few
subgrains develop into grain interiors. This can be
associated with the vibration effect on grain
modification during severe plastic deformation.
During the vibration, the matrix is completely
recrystallized and the nucleation rate is much higher
than the growth rate of grains, so the new nuclei
have no enough space and time to grow before the
next cycle of nucleation at both recrystallized grain
(R-grain) and un-crystallized grain boundaries.
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Therefore, the size of R-grains is smaller for FSVW
in comparison to that for conventional FSW. In
addition, based on growth velocity and grain
boundary energy as indicated in Egs. (19) and (26),
respectively, enough recrystallization temperature
and large stored energy during the FSVW process
lead to a high rate of nucleation and grain growth.
This phenomenon leads to the completion of the
recrystallization process for a short time, and
consequently, the microstructure experiences more
refinement conditions.

3.4 Impact of vibration frequency

The influence of vibration frequency on the
strain distribution (volume-averaged equivalent
plastic strain (PEEQVAVG)) during the welding
process is presented in Fig. 19. According to the
displayed results, the strain rate values increase as
vibration frequency increases. The highest strain
value for the frequency of 50 Hz is around 60 while

it is about 17 for a vibration frequency of 32 Hz.
This can be attributed to higher deformation of the
material in the stir zone as vibration enhances;
therefore, higher deformation of the material leads
to higher strains in the material and more enhanced
DRX happens. In other words, high vibration values
decrease the viscosity and flow stress in the stir
zone, so the flow of material in this area improves
and results in an improvement in the strain rate and
flow speed. This result is a vital factor to have a
sound and modified microstructure, which in turn
improves the mechanical performances of the weld.

To verify the influence of vibration frequency
on grain size during simulation analysis, a
comparison between experimental and simulated
grain size in the stir zone for different vibration
frequencies was carried out. The stir zone was
determined for the microstructure analyses because
the grain modification in this zone is clearly
identified. Figure 20 displays the grains in the stir
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during FSVW: (a) 32 Hz; (b) 42 Hz; (c) 50 Hz

zone (SZ) for three vibration frequencies (32, 42
and 50 Hz), under experimental and FEM studies.
There is an excellent agreement in terms of both the
grain size distribution and topography between
experimental and CA simulation data. Based on the
nucleation map in different sites of the stir zone
(SZ) for various joining processes, it is indicated
that the new grains nucleate from the previous grain
boundaries and then begin to grow. In fact, the
nucleation of new grains happens in the preferential
sites, and then, because of the presence of sufficient
heat and also the dislocation density discrepancy,
the grain growth starts and keeps going as far as the
driving force with respect to boundary migration is
positive. It is illustrated that in the stir zone for sites
with lower stored energy, nuclei nearly occur on the
grain boundaries (GB). However, by increasing
stored energy due to increasing vibration frequency,
more plastic deformations occur, and consequently,

stored energy inside the grains is high, sufficient to
improve nucleation inside the grains. In other words,
the recrystallized grains primary nucleate at the
grain boundaries of the deformed grains in the
primary microstructure with respect to a specific
plastic deformation degree. By increasing the
plastic strain, these grains grow. With the
improvement of the plastic deformation process, the
recrystallized grains cease growing and experience
plastic deformation. Consequently, new crystal
nuclei are generated at the grain boundaries of the
earlier generated recrystallized grains [63]. It is
seen from Fig. 20 that grain size decreases as
vibration frequency enhances. Changing colors of
the grains indicate various crystal orientations of
the dynamic recrystallization grains while the black
lines denote grain boundaries with a misorientation
angle higher than 15° between grains. It is worth
noting that the DRX process occurs when special
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energy conditions are fulfilled. The debut of DRX is
dependent on the density of the dislocations during
plastic deformation. By increasing the dislocations
of the deformed material and the access to the
critical strain during welding, the DRX nuclei will
generate at its primary grain boundary. Then, the
completed evolution of dynamic recrystallization
happens as the steady-state flow is achieved, and
full DRX grains can maintain the equiaxed shape
and fixed size. Therefore, the higher deformation
and strain in the SZ due to increasing vibration
frequency lead to larger strain and dislocation
density during the FSVW. More dynamic
recrystallization happens, and as a result, grains
experience large refinement. These results are in
reasonable agreement with Eq. (5).

The influence of deformation vibration on the
average grain size is displayed in Table 6. It is
evident that the grain size of the stir zone reduces
with increasing the vibration frequency. Vibration
fundamentally influences the DRX process by
increasing the density of dislocations. The more the
dynamic recrystallization is, the more the grain
refinement is.

Table 6 Influence of vibration frequency on mean grain
size

Vibration Number of Size of  Average
frequency/ residual most grain
Hz large-size grains grains/um  size/um
32 <12 11 13
42 <6 5.5 7
50 <4 2-3 5

Figure 21 compares the incubation period and
percentage over the whole plastic deformation
during the FSVW for various vibration frequencies.
It is indicated that the incubation period and
percentage decrease as vibration frequency
improves. This can be associated with the influence
of vibration softening to increase strain rate and
dislocation accumulation by increasing the
vibration frequency, and as a result, the incubation
period is decreased. It should be mentioned that
there is a competition between the effect of
preheating with strain rate and dislocation density
as vibration increases. According to the results in
Fig. 22, the effect of strain rate and dislocation
density is dominated with respect to the effect of
preheating. This result verifies the obtained

Mahmoud ABBASI, et al/Trans. Nonferrous Met. Soc. China 31(2021) 2626—2650

outcome reported by HU et al [64]. They showed
that the subgrain mobility increases because
of the high vacancies implemented by ultrasonic
vibration during FSW, and thus the normalized
nucleation criterion decreases and a large number
of nuclei contribute in dynamic recrystallization.
Consequently, the growth rate of subgrains is
improved due to the excess vacancies and the
nucleation rate of dynamic recrystallization during
the FSVW process is improved.

1.2 100
1.0} H Duration

: BN Percentage 1380
0.8

Duration of incubation period/s

Percentage of incubation period/%

32 42 50

Vibration frequency/Hz
Fig. 21 Period and percentage of incubation during
FSVW process under different vibration frequencies

1.2 100

1.0k Ml Duration
: I Percentage 1380

0.8}
160
40

20

Duration of recrystallization/s
Percentage of recrystallization/%

32 42 50
Vibration frequency/Hz

Fig. 22 Period and percentage of recrystallization during
FSVW process under different vibration frequencies

According to Fig.22, the period and
percentage of recrystallization during the FSVW
process increase as vibration frequency improves.
As the vibration frequency develops, the
recrystallization period improves because the
duration of the high strain rate becomes larger
because of the development of material flow around
the welding tool. And also, the recrystallization
percentage increases because the accumulation of
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dislocations occurs faster, so the nucleation process
starts earlier and finishes later as vibration
frequency increases.

4 Conclusions

(1) The temperature and strain in FSV welded
samples are higher than those in FS welded
specimens.

(2) The analytical results about the
microstructure of the weld zone (namely, SZ,
TMAZ, and HAZ) have good compatibility with
results from the experiments. The grain size of the
weld area decreases as vibration is applied during
friction stir welding.

(3) Workpiece vibration in FSVW results in
higher deformation of material compared to
material deformation in FSW. This increases the
DRX and develops finer grains.

(4) The CA model can analyze the dislocation
accumulation map, nucleation, and grain growth
phase of DRX during FSW and FSVW, and also
provide precisely the grain size and microstructure
properties of the joint zone.

(5) The strain distribution increases and grain
size reduces as vibration frequency improves during
the FSVW. The CA model indicates that the DRX
process enhances as the vibration frequency and
strain rate increase.
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