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Abstract

The 3D fluid model was used to simulate the friction stir welding process. Three-dimensional Monte Carlo model with nucleation in
each MC step was then applied to simulate the grain growth. The validity of this model is verified by comparison with the experimental
and numerical results. The influences of tool shoulder diameter and rotational speed are further studied. Equiaxed grains in the stirring
zone are increased with the increase of the diameter and the rotation speed of the shoulder. The grain sizes tend to be more uniform from
retreating side to advancing side when the rotational speed or shoulder diameter is increased.
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1. Introduction

Friction stir welding (FSW) is an important solid-state join-
ing technique invented in 1991, and which is widely used in
industrial fields [1, 2]. In FSW, a rotation tool will be inserted
into the joining line and traversed with rotations. The fric-
tional heat generated by the welding tool softens the surround-
ing material. The material around the welding tool can be then
stirred. The material flow patterns are different between the
advancing side and the retreating side. Detailed information
on material flow has been clearly described in both experi-
ments [3, 4] and numerical simulations [5, 6]. The friction stir
weld can be divided into different zones according to the dif-
ferent microstructures: Stirring zone (SZ), Thermomechani-
cally affected zone (TMAZ), Heat affected zone (HAZ) [7, 8].
The microstructures in different welding zones can be affected
by many factors including the pin shape, the welding speed,
the rotating speed, the shoulder sizes, etc. The mechanical
properties of friction stir welding can be obviously affected by
the changes of the microstructures in the welding zones, i.e.,
the hardness [9-11], the tensile strength [12], the fatigue prop-
erties [13, 14], the corrosion resistance [15, 16], etc.

Numerical models are important and efficient methods for
the investigations on FSW mechanism. A smoothed particle
hydrodynamics model was established by Pan et al. [17] to
simulate the microhardness and grain sizes in FSW of AZ31.
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The relations between the Zener-Hollomon parameters and
grain size in the stir zone are given. A 3-dimensional numeri-
cal analysis model of friction stir welding of copper and alu-
minum was established by Aalami-Aleagha et al. [18]. The
Cellular automata finite element (CAFE) model was used by
Saluja et al. [19] to predict the distribution of the grain size
during FSW and the effect of welding defects on the forming
process of FSW. Manvatkar et al. [20] present a set of easy-to-
use maps of cooling rates and peak temperatures for various
welding conditions in friction stir welding of high carbon steel.
A real time-temperature models for Monte Carlo simulations
of normal grain growth were established by Gao et al. [21].
The effect of the tool rotational speed and shoulder penetra-
tion depth of friction stir spot welds of aluminum 2024-T3
sheets were studied by Paidar et al. [22]. Buffa et al. [23] in-
vestigated the Micro and macro mechanical characteristics of
friction stir-welded Ti-6Al-4V lap joints numerically and ex-
perimentally. The correlation between microstructure and
microhardness in a friction stir welded 2024 aluminum alloy
was studied by Jones et al. [24]. A new model related to
Zener-Hollomon parameter was originally proposed by Zhang
et al. [25] for predictions of grain sizes in friction stir welding
of AA2024 alloys. The variations of grain sizes can be directly
affected by both temperatures and material flows. An interest-
ing numerical model of material flow behavior was newly
proposed by Ji et al. [26]. In recent years, two dimensional
MC simulation has been developed to simulate the microstruc-
ture evolution in FSW [27, 28]. In comparison with the
method for prediction of grain sizes by use of Zener-
Hollomon parameter [29, 30], the grain growth process for



1288 Z. Zhang and C. P. Hu / Journal of Mechanical Science and Technology 32 (3) (2018) 1287~1296

Table 1. Welding parameters of the simulated cases.

Cases 1 2 3
Rotation speed @ (rpm) 400 1200 400
Shoulder diameter D (mm) 12 12 15
Pin diameter d (mm) 3 3 3

Welding direction

~
Side surface

Fig. 1. Finite element model of FSW.

FSW of AA6061 can be directly revealed in detail.

From the literatures mentioned above, it can be found that
many interesting models have been successfully developed to
investigate different FSW mechanism. But the 3D modelling
of grain growth is still lacking. In a Monte Carlo strategy, the
energy calculations become more complex in 3D case in com-
parison with 2D case. So, a 3D Monte Carlo model of grain
growth in FSW of AA2024-T3 is newly developed in current
work. Furthermore, we studied how the shoulder diameter and
rotation speed affect the microstructures in the FSW.

2. Model descriptions
2.1 CFD model of FSW

A Computational fluid dynamics (CFD) model is used to
simulate the FSW process. In this work, the material of the
welded plate is chosen as AA2024-T3. The thermal properties
of AA2024-T3 are considered as functions of temperatures
and can be found in Ref. [31].

The dimensions of the aluminum alloy welded plates are
160x75%3 mm. The schematic of CFD model is illustrated in
Fig. 1. The inlet velocity is used to represent the transverse
speed. Boundary conditions are directly given on the tool-
contact surface to define the rotation of the welding tool in
CFD model.

The minimum mesh size is 0.24 mm near the welding zone.
The welding conditions are summarized in Table 1.

According to Ref. [32], the comparison of laminar and tur-
bulent models shows that the turbulent model can be available
for the simulation of FSW process. Moreover, it is found that
turbulence model is more suitable for simulation of material
flow in welding processes [33]. So, 3D turbulent model is
used in current work to simulate the material flow. The calcu-
lated temperature on the streamlines are extracted for the fur-
ther simulation of grain growth in FSW. Detailed information
on continuity equation, motion differential equations and en-
ergy equation can be found in Ref. [31].

The bottom surfaces and two sides of the plates are assumed
to be in contact with the fixed fixtures. Top surface is exposed
to the air. The thermal boundary conditions for these surfaces
are set as thermal convection according to Ref. [34].

According to Refs. [32, 33, 35], RNG K-& model is used to
predict moderate intensity rotation and low Reynolds number
flows. The temperature histories, velocity field and the mate-
rial flows are calculated by a three-dimensional fluid turbu-
lence model. The turbulent model with k-g equations based on
the renormalization group theory take the rotation effect into
account. The low Reynolds number effect can be calculated.

In this CFD model, the relative motion among the welding
plate and the tool is represented by the velocity of the inlet.
The outflow surface of the plate is free. The solid-state mate-
rial is regarded as single-phase, incompressible and non-
Newtonian fluid during FSW. Viscosity is related to tempera-
ture and strain rate and the heat capacity depends on the tem-
perature [31]. Density of workpiece is 2770 kg/m’ and the
thermal conductivity of workpiece is 120 W/m-K. According
to Ref. [5], the selection of constant thermal conductivity can-
not significantly affect the solutions. The friction heat gener-
ated on the interface is given as follows [31],

At the tool shoulder and pin bottom:

q, = Blor, +(1=6)u, p,Jro—-Using). )
At the pin side:
q, = PBlor, + (1-0)u, p,sina](ro—Usin ) 2)

where p, is the pressure at the pin bottom and shoulder, yy is
the frictional coefficient, and 7, is the shear yield stress, O is
the slip rate, fis the thermal conversion efficiency, a is the
cone angle of the pin, ® is the rotational speed of the tool, U is
the welding speed, € is the angle between a horizontal direc-
tion vector from the tool axis to welding direction.

Newtonian viscosity of the material is calculated according
to the following formula [36, 37],

u= 3)

&) a

where £ is the equivalent strain rate, & is the equivalent
stress of the material [38],

_ 3
o=,—c"c 4
5 4)
where o' is the deviatoric stress tensor.

2.2 Microstructure simulation model

In the Monte Carlo model, a 3-D simulation matrix of
NxNxN is used for simulation. The orientation numbers Sr,
1 < Sr <30, are randomly assigned to each lattice point in the
matrix. If the orientation of adjacent lattice points is different,
it is considered that the two grid points are in the grain bound-
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3-D 2-D Table 2. Parameters used in the simulation [40-42].
o . . . Physical property Value
Average number pel_rzumt area, 431x10% atoms/m’
Z/atoms'm
@ . 3 2: 9 - ..
Accommodation probability, A 1.0
Planck’s constant, / 6.624x107* I s
@ © ’ 7 ’ Avogadro’s number, N, 6.02x10% /mol
Fusion entropy, AS¢ 11.5 J/mol-K-'
Fig. 2. 3D and 2D energy calculation models. Activation enthalpy, O 148.9 KJ/mol
Boundary energy, y 0.5 J/m?
ary and the grain boundary passes through between two points. Gas constant, R 8.31 J/mol’K-!
The grain-boundary energy for each lattice point can be calcu- Ratio constant, o 1
lated by the Hamiltonian [33], Ratio constant, 7 0.49
E=J Z(l -5, G follows [36],
L=KA(MCS)™ (8)

where J represents the grain-boundary energy which is a posi-
tive constant, m is equal to 26 in this 3-D model, which is the
total number of the lattices near the selected points, J repre-
sents the Kronecher function, s;is the orientation of the calcu-
lated grid site and s; is the orientation of the adjacent lattice
point of the calculated grid site.

The calculations of energies for 2D and 3D Monte Carlo
models are shown in Fig. 2. In 2D model, the energy is calcu-
lated based on the 8 adjacent lattices. For 3D model, the num-
ber of the adjacent lattices is increased from 8 to 26. The grain
orientation number is also increased. The selection of grain
growth direction becomes more complex.

If the energy change AE <0, the new crystallographic orien-
tation is accepted. If AE > 0, the crystallographic orientation
will be accepted with the Boltzmann probability [39],

1 AE<O0

= - 6
P exp _AE =exp Sy STl BN 3N ©
kT kT

where T is the temperature while & represents the Boltzmann
constant, n; is the number of the orientation before the reorien-
tation, 7, is the number of the orientation after the reorienta-
tion.

The above algorithm iterates N° times in a MC step. The
orientation matrix represents the microstructure in the Monte
Carlo model. The average grain size is calculated by the fol-
lowing formula,

L )
Ilg

where V' is the volume of this simulation and n, is the grain
number in the simulated area. The empirical fitting relation-
ship between the MC steps number and the grain size is as

where A is the lattice spacing of the model, K; and #n; are the
constants of the model which can be obtained by regression
analysis of the simulated data.

In the current work, the rate of change of the average grain
size is considered as a function of the grain boundary migra-
tion velocity (v) [36],

dL .,
i av ®
where a is chosen as 1.0 and n is chosen as 0.49, all of them
are ratio constants. Choosing the reasonable equation con-
stants can lead to the grain growth kinetics conforming to the
real grain growth. The movement of grain boundaries drives
the real growth of the grain and v is defined as [21],

Azyy AS, 0. 2
V:WSXP(T/)CXP(—E)(T) (10)

where 4, Z, V,, R, h and N, are physical constants. y and AS,
are material parameters of AA2024-T3. The ratio constants
and material parameters of AA2024-T3 used in Egs. (9) and
(10) are summarized in Table 2 [40-42].

From Egs. (8)-(10), the relationship between the simulation
time and the MC steps can be derived as follows:

(n+aC!

(MCS(n+I)n,) :( Lo )n+| + -
KA (K"

w9

=] (11
> lexp’( RT‘)‘] (1)
24yZV?
NZh

in every time interval, L, is the average grain size of the initial

AS
where C, = exp(T’) , T; is the average temperature

and ¢ represents the time interval value.
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Fig. 3. Relations between LoglOMCS and LoglOL in SZ.

The welding area is a region with high temperature and ob-
vious plastic deformation. Therefore, in the grain growth
simulation the Dynamic recrystallization (DRX) should be
take into consideration. In this model, DRX process is realized
by distribution of seeds in each MC step. The nucleation rate
can be regarded as the function of the strain rate and the tem-
perature [40],

n= Nozexp[—%j (12)

where N, is taken as 10*(1/s/m’) which is a constant, z is
assumed to be uniform in SZ, which represents the equivalent
strain rate and can be estimated through the equation [38],

- wrmr,
- e 13
£==7 (13)

e

where L, and r, are the average depth and radius of the SZ,
respectively. 7, here is 0.78, and L, can be taken as the pin
length. From the rate of nucleation to calculate the number of
nuclei, and lattice points are chosen to create new nuclei at
grain boundary. It is obvious that the nucleation rate changes
with the change of temperature and equivalent strain rate dur-
ing the simulation.

3. Results and discussions

3.1 Validation of numerical models

The simulated area is 50x50x50 pm’, and the grid system is
120x120%120. The relation between the grain growth and the
MCS is shown in Fig. 3. It can be seen that the grain growth
exponent for 2D MC model is 0.4. For 3D MC model, the
grain growth exponent is increased to 0.45. The grain growth
exponent in 3D model is much closer to 0.5, which is the ideal
grain growth exponent. The grain growth exponent shown in
Fig. 3 can be an efficient criterion to show the validity of the
proposed Monte Carlo model. So, the comparison of 2D MC
model and 3D MC model shows that 3D MC model is much

it

[E )
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Fig. 4. Temperature distributions in Case 1.
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Fig. 5. Temperature validation in 400 rpm.

Z=1mm

Fig. 6. Streamlines in Case 1.

more accurate for simulations of grain growth.

To further validate the proposed model, a new case is se-
lected for comparison of grain sizes in both experimental and
numerical results with same welding parameters. The maxi-
mum temperature is 744 K when the rotation speed is 400 rpm
as shown in Fig. 4. The welding temperature near the top sur-
face is much higher than the bottom surface. This means that
in friction stir welding, the shoulder can play a major role in
heat production. This phenomenon has been studied in previ-
ous work theoretically [38]. The calculated temperature is in
good agreement with the experimental results in Ref. [43].
The errors between the maximum temperature obtained from
the simulation is less than 0.5 % compared with the data ob-
tained from the experiment.

In order to obtain the temperature curves, 300 points in nu-
merical model are extracted from each stream lines. The data
are used to calculate the MC steps by Eq. (11). The stream-
lines of this case are shown in Fig. 6. Then in the further MC
simulations, the grain sizes can be obtained. Moreover, the
predicted grain sizes by use of 3D MC model is further com-
pared with experimental data in FSW, as shown in Table 3.
The comparisons between the experimental data and the pre-
dicted grain sizes shows that the computational results from
the proposed 3D turbulence model and the 3D Monte Carlo
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Table 3. Validation of DRX simulation in SZ.

Measured (um) [43] Error (%)
Case 1 2.6 2.8 7.6

Simulated (um)

0.0

MCS=1 Average MCS=58 Average

MCS=85 Average

size=0.49um size=2.78um

size=3.27pm

(a) Top surface

50.4

X(um) ) 50.0

MCS=1 Average MCS=50 Average MCS=67 Average

size=0.49um size=2.60pm

(b) Middle surface

size=2.91pm

)
S

500°
- 0.0 3
Xpm Vpm) X Vo)

MCS=30 Average

o

MCS=1 Average

size=0.49pum size=1.8pum

size=2.8pm

(c) Bottom surface

Fig. 7. Simulated grain growth process of stirring zone from top to
bottom surfaces in Case 1.

model can agree well with the experimental tests.

3.2 Case 1: @=400 rpm, v =50 mm/min, D = 12 mm

The material flows in different depths in this case have been
shown and discussed in Fig. 6. It is obvious that near the top
surface the material flow can be significantly affected by the
shoulder. For the material outside of the shoulder region, stir-
ring effect from the shoulder becomes weaker. The calculated
grain sizes and the grain growth process in different depths are
shown in Fig. 7. The grain size on the top surface is larger
than the bottom surface. This phenomenon is fitted well with
numerical observation from Ref. [31], which can also validate
the current model for predictions of material flows. Along the
streamline shown in Fig. 6, the material particles can be
heated and cooled. Recrystallization occurs in this process
[43-45]. As shown in both experimental and numerical works
[46-48], the flowing behaviors of material particles in the stir-
ring zone can be different. The different streamlines can lead
to different heating and cooling curves, which can lead to
different grain growth processes at different locations. At the
advancing side, with the effect of the tool, the material can
flow into the retreating side, which is fitted well with both the
experimental [4] and numerical [6] observations. The extru-

12mm
F ]
[ 0.3mm|
4mm .
. . ) 2.4mm . .
Advancing side m  m | TS | T ] Retreating side
pl p3 p3 p4| ps

Fig. 8. The position of different point from AS to RS in Case 1.
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(e) P5

Fig. 9. Simulated grain growth process of stir zone in the middle re-
gions from AS to RS in Case 1.

sion phenomenon can be observed at the retreating side [31].

From the equations for MC simulation, it can be seen that
temperature history is very important for the grain growth in
the friction stir welding process. Higher temperature can lead
to larger grains. So, larger grains can be generally found near
the shoulder-contact surface. This phenomenon is fitted well
with the experimental observations from Chang et al. [49].

To further reveal the grain distributions in the stirring zone
in FSW, 5 points are selected in the middle surface to calcu-
late the grain sizes, as shown in Fig. 8. The grain growth at
different locations is shown in Fig. 9 and then is further sum-
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Fig. 10. Predicted grain sizes at different locations in Case 1.

Q06

Z=-12mm

Z=1mm Z=0mm

Fig. 11. Temperature distributions in Case 2.

marized in Fig. 10. It is obvious that there is a difference be-
tween the average grain sizes on both advancing and retreating
sides. The different grain sizes on both advancing and retreat-
ing sides are caused by the different material flows and then
the corresponding different temperature histories of particles
in FSW. Longer high temperature history can lead to the lar-
ger grains. From the flowing streamlines, it is easy to see that
the history of the high temperature at the advancing side is
longer than the retreating side. So, the predicted grain sizes at
the advancing side are larger than the retreating side.

3.3 Case 2: @= 1200 rpm, v =50 mm/min, D =12 mm

To investigate the effect of rotation speed, a new case with
rotation speed of 1200 rpm (Case 2) is selected from compari-
son. The maximum temperature of the welding is increased to
786 K as the rotation speed increased to 1200 rpm, as shown
in Fig. 11. In comparison with Case 1, the maximum welding
temperature is increased by 42 K. As the rotation speed in-
creases, the welding temperature is also increased, which has
been validated by other articles [6, 43]. On the top surface, the
maximum welding temperature is 721 K. On the bottom, the
maximum temperature of the welding is 683 K. The maxi-
mum temperature on the bottom surface is increased by 33 K
in comparison with Case 1.

In order to obtain the microstructures, 300 points in numeri-
cal model are selected to extract the temperature curves from
each stream lines. The streamlines of this case are shown in
Fig. 12. The streamlines area and the revealed flow patterns
are similar to Case 1 but the time—temperature history is
different.

Z=0mm

4 . v . A ‘ .
Ym) 3 Y X y Y(um)
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(a) Top surface
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00

500

Y(um)

MCS=1 Average MCS=145 Average

size=4.17pm
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'(um) o

MCS=1 Average MCS=58 Average MCS=158 Average

size=0.49pm size=2.78pm size=4.32pm

(c) Bottom surface

Fig. 13. Simulated grain growth process of stirring zone from top to
bottom surfaces in Case 2.

Fig. 13 shows the grain growth processes from top to bot-
tom surfaces in Case 2. When the rotation speed is increased
from 400 rpm to 1200 rpm, the average grain sizes are simul-
taneously increased from 3.27 um, 2.91 pum and 2.47 pm to
7.01 pm, 6.25 pm and 4.32 um on the top, middle and bottom
surfaces, respectively. With the increase of the rotational
speed, the average grain size increases, which can be observed
in many experimental tests [43, 45]. In comparison with Case
1, the difference in grain sizes between the bottom and the top
surfaces becomes larger.

The grain growth at different locations in the middle surface
are shown in Fig. 14 and then is further summarized in Fig. 15.
Obviously, the average grain sizes on both the retreating and
the advancing sides are different. This is caused by the longer
high temperature of the flowing particles on the streamlines on
the advancing side, which can be easily observed from the
streamlines as shown in Fig. 12. On the advancing side, the
maximum grain size is 7.10 um. On the retreating side, the
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Fig. 15. Predicted grain sizes at different locations in Case 2.

grain size is decreased to 6.31 pum at the same distance from
the welding line. In comparison with Case 1, as the rotational
speed increases, the average grain size is increased. But the
differences of the grain sizes between the advancing and re-

treating sides becomes smaller.

I — Z=lmm Z=0mm Z=-1.2mm

Fig. 16. Temperature distributions in Case 3.
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Fig. 17. Streamlines in Case 3.
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Fig. 18. Simulated grain growth process of stirring zone from top to
bottom surfaces in Case 3.

3.4 Case 3: @=400 rpm, v =50 mm/min, D =15 mm

With the diameter of the shoulder is increased from 12 mm
to 15 mm, the maximum temperature of the welding can be
increased to 803 K, as shown in Fig. 16. In comparison with
Case 1, the welding temperature is increased by 59 K. On the
bottom surface, the maximum welding temperature is 708 K.
In comparison with Case 1, the temperature is increased by
55 K on the bottom surface.

From the streamlines shown in Figs. 17 and 6, it can be seen
that the welding region becomes larger when the shoulder size
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Fig. 19. Simulated grain growth process of stir zone in the middle
surface from AS to RS in Case 3.

is increased.

Fig. 18 shows the grain growth processes from top to bot-
tom surface in Case 3. When the shoulder diameter is in-
creased from 12 mm to 15 mm, the average grain size from
top to bottom surface in Case 3 are simultaneously increased
from 3.27 pm, 2.91 um and 2.47 pm to 7.31 um, 6.84 pm and
5.32 pm on the top, middle and bottom surfaces, respectively.
The difference of grain sizes between the top and the bottom
surfaces becomes larger compared with Case 1. The increases
of the shoulder diameter can cause higher heat input at the
same time increment which can lead to higher peak welding
temperature [50]. Higher temperature can lead to the increase
of the grain sizes in the stirring zone [29]. So, with the in-
crease of the shoulder diameter, the average grain size is in-
creased.

The grain size distributions at different locations on the
middle surface in Case 3 are shown in Fig. 19 and are summa-
rized in Fig. 20. The maximum grain size occurs on the ad-
vancing side due to higher experienced temperature. So, the
maximum grain size on the middle surface is increased from
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Fig. 20. Predicted grain sizes at different locations in Case 3.

3.2 um to 7.28 pum. But at the same distance from the welding
line in Case 3, the grain size is 6.87 um. In comparison with
Case 1, with the increase of the shoulder diameter, the grain
sizes on advancing and retreating sides are both increased. The
grain size in the stirring zone tends to be more uniform from
retreating side to advancing side with the increase of shoulder
diameter on middle surface.

4. Conclusions

(1) In comparison with 2D Monte Carlo model, the new
proposed 3D Monte Carlo model is much more accurate for
predictions of grain growth in friction stir welding.

(2) With the increase of the rotation speed, the average
grain size is increased and the grains tend to be more uniform
from advancing side to retreating side.

(3) With the increase of the shoulder diameter, the welding
zone can be increased and the average grain size is also in-
creased due to the higher welding temperature.
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