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Abstract

Friction stir processing (FSP) is a friction stir-based material processing method for enhancement of material microstructural and
surface properties. As FSP is a multi-physics problem coupled with severe plastic deformation, material flow, heat flow, and
microstructure evolution, modeling of the FSP process can be very complicated and challenging. Few research work has been
reported on modeling and simulations of FSP for material modification. In this study, a computation-efficient process model is
developed using ABAQUS/Explicit based on coupled Eulerian-Lagrangian (CEL) formulation to simulate FSP of aluminum
alloy 5083. The three-dimensional (3D) finite element model simulates the entire process of FSP including tool plunging,
dwelling, and stirring phases. Simulations are performed to evaluate the effects of tool-rotational speed and tool pin profile
during the FSP process. The computational efficiency of the developed model is also evaluated in comparison with other existing
models for friction stir-welding processes. FSP experiment is performed with measurements of process force and temperature for
model validation. This study shows that the CEL model can be a powerful numerical tool to simulate the complex process

mechanics and optimize the FSP process parameters for industrial applications.

Keywords Friction stir processing - Coupled Eulerian-Lagrangian - Finite element model - Aluminum alloy

1 Introduction

Friction stir processing (FSP) is a mechanical deformation-
based, solid-phase process to modify the material surface and
microstructure properties utilizing a similar friction stir princi-
ple as friction stir welding (FSW) [1-3]. Characteristically
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different from the FSW process though, FSP is not to join
materials but mainly used to change metal part surface micro-
structure and mechanical properties. During the FSP process, a
nonconsumable tool with complex features is applied at a high
rotational speed to modify work material. The workpiece ma-
terial does not reach the melting temperature, but typically
reaches a malleable or softened state that promotes the stirring
and mixing of the workpiece material. The FSP process consists
of three stages: plunging, dwelling, and stirring [4, 5], as illus-
trated in Fig. 1. The process starts by inserting the rotational
tool into the workpiece until the tool shoulder touches the work
material surface and the target depth is reached. Then, during
the dwelling stage, the tool is kept for a few seconds at the
desired depth in the work plate, while the frictional heat gener-
ated at the tool-work material interface softens the work mate-
rial significantly. During the stirring step, the tool stirs the work
material along the designated path at a controlled rotational and
translational speed [6—9], while the work material is stirred from
the front end of the tool to the back end resulting in a solid-state
mixing. By carefully designing the tool and selecting the pro-
cess conditions [2, 10, 11], this process has been successfully
applied to enhance the target material performances including
refinement of microstructure [1, 12, 13], homogenization and
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Fig. 1 Schematic of the FSP process steps: a nonconsumable tool with
complex features rotates; b the rotational tool is plunged into the
workpiece until the tool shoulder touches the work material; ¢ the tool

elimination of porosity [14, 15], and increase of corrosion re-
sistance [16, 17].

Fundamental understanding of the process principles is crit-
ically needed for the design, optimization, and industrial appli-
cation of the FSP process. As FSP is a multi-physics problem
coupled with severe plastic deformation, material flow, heat
flow, and microstructure evolution, modeling of the FSP pro-
cess can be very complicated and challenging. The variation of
the material flow velocity around the tool peripheral due to the
effect of translational and rotational speed leads to a nonsym-
metric condition in terms of heat, stress, and plastic deformation
at the advancing and retreating sides of the workpiece. The
amount of heat and plastic deformation around the stirred zone
further influences the final material microstructure and mechan-
ical properties. The resultant workpiece domain typically con-
sists of three distinct microstructural zones, i.e., stirred zone
(SZ), thermomechanically affected zone (TMAZ), and heat-
affected zone (HAZ) [18]. Dynamic recrystallization (DRX) is
often induced within SZ and results in a fine recrystallized grain
structure of the area [19-24]. A homogenized microstructure
with equiaxed fine grains in this area leads to improvements in
mechanical properties such as ductility, formability, and me-
chanical properties [25, 26]. The shape and size of SZ are most-
ly dependent on the process parameters applied, such as the
tool-rotational speed, traverse speed, tool shape, and tool size.
Next to SZ, there exists TMAZ with typically elongated grain
structures. The third region outside TMAZ is HAZ, which is
thermally affected by the process while without obvious plastic
deformation. The tool design also plays a crucial part in the
creation of the final product affecting the material flow, heat
generation, final microstructure, and properties of the processed
surface. Geometrical features of the tool in terms of pin height
and shape, shoulder surface pattern, and diameter needs to be
well designed to achieve desirable surface properties [27].

Most of the existing FSP research relies on experimental
methods. Indeed, extensive experimental studies have been
carried out for various engineering alloys such as aluminum
[14, 15], steel [16, 28], magnesium [17, 29], and titanium
alloys [30]. However, few research work has been reported
on modeling and simulations of FSP for material modifica-
tion. This work is aimed at the development of a computation-
efficient process model for the FSP process as it can be applied
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dwells at the desired depth to generate enough frictional heat to soften the
material; d the tool is moved along the surface with controlled rotational
and translational speed

as a useful numerical tool to minimize the number of experi-
mental studies, increase the procedure efficiency in terms of
time and cost, and contribute to a better fundamental compre-
hension of the process mechanics and improved knowledge-
driven manufacturing process planning.

The existing modeling work in literature was mostly devel-
oped for the FSW process for joining materials [31-40]. In the
non-flow-based models, simulation abortion often happens
due to the excessive mesh distortion of Lagrangian domains.
Arbitrary Lagrangian-Eulerian (ALE) technique and adaptive
remeshing are usually used to avert excessive mesh distortion
[37-40]. The ALE formulation is used to preserve a good
mesh quality throughout the computation of the FSW process
[41, 42]. However, severe mesh distortion due to the stirring
effect of the FSW process led to premature failure of the sim-
ulation with ALE formulation. Chiumenti et al. [43] devel-
oped a sliding mesh around the tool pin that rotates together
with the pin (ALE formulation), to avert the severe distortion
of the mesh in the stirring zone. The rest of the mesh was kept
as Eulerian formulation. The flow of the material was visual-
ized by particle tracing [44]. However, this technique could
not completely eliminate the mesh distortion and it is also
computationally expensive.

Recently, coupled Eulerian-Lagrangian (CEL) models
have been developed to simulate severe plastic deformation
in the FSW process [31-36, 45-48]. In this method, the work-
piece domain is modeled through Eulerian formulation, so that
potential excessive mesh distortion can be avoided during the
simulation. Initially, CEL model was used for predicting
thermomechanical response in terms of force signal and tem-
perature profile [31-33, 35]. Later, researchers used CEL
model to study the material flow during FSW [46, 48, 49].
Marker material technique was used in the CEL model to
study the material flow mechanism. Most of the vertical ma-
terial flow is observed on the advancing side in comparison
with the retreating side [49]. In addition, insufficient material
flow led to a hook defect in the FSW process in AA6061 alloy
[48]. Some studies used CEL methods to predict defects dur-
ing the FSW process [34, 36, 45, 46]. Ajri and Shin [36]
developed CEL-based process models in ABAQUS/Explicit
to predict likely conditions that result in defect generation
including tunnel defects, cavities, and excess flash formation
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during the FSW process. Tunnel defects have been success-
fully predicted using CEL methods for different welding pa-
rameters [45]. Their modeling work shows that pin height and
tool tilt angle play an important role in eliminating tunnel
defect. The effect of material flow and thermal cycle on hook
defect in the joint interface was also studied during the FSW
process using CEL method [46]. In recent years, coupled
Eulerian-Lagrangian (CEL) models have been developed to
simulate severe plastic deformation processes, such as rolling
[50], machining [51, 52], and friction stir extrusion [53].
There was no mesh distortion in CEL modeling that signifi-
cantly improve the modeling of severe deformation processes.
ALE and CEL methods were compared for modeling orthog-
onal cutting [54], and CEL model was found to be the most
computationally efficient modeling technique for severe plas-
tic deformation process. Unlike ALE, CEL technique can han-
dle severe distortion of the mesh without premature failure of
the simulation. However, one key remaining issue is the com-
putational cost associated with the CEL modeling of complex
friction stir processes [7, 34, 55].

In summary, the modeling of FSP comprises significant
challenges as it is a complicated multi-physics problem with
severe plastic deformation at elevated temperature, complicat-
ed material flow around the tool, tool material interaction, near
liquid-soft state of work material, and material property
change due to microstructure evolution during the process. It
is important to decouple those complicated physics problems
to ease out computational effort. In the current study, a
computation-efficient CEL model is developed using
ABAQUS/Explicit to simulate the thermomechanical aspect
of the complete FSP process including plunging, dwelling,
and stirring phases for aluminum alloy 5083. A mass scaling
technique was employed in the developed CEL model to im-
prove computational efficiency. FSP experiments are also per-
formed to collect data of temperatures and forces for model
validation to show that implementing mass scaling does not
compromise the simulated results. Most of the reported FSP
work only evaluated the cylindrical tool profile. In this work,
the effects of FSP process parameters and various tool designs
are evaluated for the process outputs such as force, tempera-
ture, and strain rate using the CEL model. The main objective
of this work is to present an efficient CEL model for the FSW
process and validate the model with experimental results to
show that the techniques applied to make the model do not
compromise the model prediction. The model is further ap-
plied for different tool pin design to provide a guideline for the
efficient tool design.

2 Experiments

In this study, a vertical CNC milling machine was retrofitted to
perform FSP experiments. The work material was AA5083-

H111 plates with a dimension of 100 x 150 x 5 mm®. The
chemical composition of this alloy is shown in Table 1.
Table 2 lists all the experimental parameters for this study.
Most of the experiments used a cuboid tool with a dimension
of 3x3.5x3.5 mm® and shoulder diameter of 18 mm. The
FSP tools were made of AISI D6 tool steel. The FSP process
started by inserting the rotational tool into the plate with the
speed of 45 mm/min until the tool shoulder touched the plate
surface. The rotating tool was kept at the desired depth for 2 s
to increase the temperature. Finally, the tool was moved with a
constant traverse speed of 50 mm/min while rotated in a clock-
wise direction. In all cases, the initial temperature of the tool
and workpiece was 25 °C. Each experimental condition was
repeated three times to assure the repeatability. During the
experiments, a three-axis dynamometer and multiple K-type
thermocouples were applied for measuring forces and temper-
atures, respectively. The thermocouples were embedded into
the sheet at locations of 4, 8, 12, and 16 mm away from the
center line in both advancing and retreating sides (as illustrat-
ed in Fig. 2).

Figure 3 shows the top view of the friction stir processed
AAS5083 with 1000 rpm rotational speed and 50 mm/min tra-
verse speed. The top surface is without crack or any visible
defects. The surface also exhibits very smooth quality with
stirring rings.

After the experiments, the processed plate was sectioned
perpendicular to the feed direction to investigate the stirred
zone area. The samples were polished and etched for metal-
lography analysis using modified Poulton’s reagent for 1 min
to reveal the grain boundaries. The reagent contained 12 mL
HCI (concentrated), 16 mL HNOj; (concentrated), 1 mL H,O,
and 1 mL HF (48%), and 16 mL of diluted chromic acid which
contained 3 g of chromic acid per 10 mL H,O.

3 Modeling

3.1 Coupled Eulerian-Lagrangian finite element
model

A three-dimensional CEL model was developed in this
work and solved using ABAQUS/Explicit to simulate
the plunging, dwelling, and stirring phases during the
FSP process. In the model, the workpiece was considered
as a Eulerian domain whereas the FSP tool was modeled
using Lagrangian formulation. Due to the localized defor-
mation during the FSP process and low-computational
efficiency, the Eulerian domain size was considered ac-
cording to the stress-free inflow condition. The selection
of domain size was a trade-off between accuracy and
computational cost. A size equivalent to four times of
the tool shoulder diameter was chosen for optimizing both
of them [34, 56, 57]. The Eulerian part thickness was kept
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Table 1 The chemical composition of the AA5083-H111 (wt.%) Thermocouples Unit:mm

Al Si Fe Cu Mn Mg Cr Zn Ti

Balance 0.1 031 0.04 061 427 01 002 0.026

as 5 mm, equal to the thickness of the work material plate
during the experiment. The Eulerian domain was generat-
ed in a cuboid shape, having a volume of 72 x 72 x 5 mm’
(Fig. 4). Due to the accuracy improvement and program
time reduction, the biased-meshing technique was applied
to generate a fine mesh for the interaction of the work-
piece and rigid FSP tool and coarse mesh in the sides. The
Eulerian workpiece body was meshed through 30,444
thermally coupled Eulerian elements (EC3D8RT), having
4° of freedom for nodes (the numerical mesh is presented
in (Fig. 5a). The stirring phase of the process was simu-
lated by defining the traverse speed as an inflow and
outflow for the Eulerian domain (Fig. 4) [34]. It is impor-
tant to note that in the CEL formulation, there is no mesh
movement in the Eulerian domain and the material flows
through the mesh.

The tool was modeled as an isothermal Lagrangian rigid
body formulation in which thermally coupled 4-node 3D bi-
linear rigid quadrilateral element was used to generate the
mesh (Fig. 5b). All of the movement conditions were assigned
with respect to the tool reference point to control the tool
motion accurately. The tool had two different speeds during
the simulation. Firstly, it was constrained in the target depth
with a rotational speed around its local axis, and then the
workpiece material flowed into the Eulerian mesh with the
inflow and outflow velocity, i.e., equal to negative traverse
speed. During the plunging stage, there is no inflow, and out-
flow velocity input condition is applied. Only the tool-
rotational speed is applied. On the other hand, both rotational
speed, inflow and outflow velocity is applied during the stir-
ring phase. In addition, velocity constraints were applied at the
bottom and sides of the workpiece to avoid the material move-
ment from the domain boundaries. The modeling conditions
were defined according to FSP experimental process parame-
ters in terms of plunging speed, rotational speed, dwelling
time, stirring speed, tool tilt angle, and plunge depth. A heat

Table 2 Process parameters employed in this study
Test Rotational Plunging Traverse
speed (rpm) speed (mm/min) speed (mm/min)
1 600 45 50
2 800
3 1000
4 1200
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Fig. 2 Thermocouples location in the workpiece

sink was applied at the bottom side of the workpiece to ac-
commodate the heat dissipation into the surroundings.

3.2 Model formulations

In the CEL model developed in this study, the workpiece
domain was modeled using Eulerian formulation where mass,
momentum, and energy are conserved, as shown in Eqgs. 1-3
[58]. The mass conservation equation takes care of the rate at
which the mass changes inside the control volume and the
mass outflow rate. The momentum conservation equation
equals the change of momentum of the domain to the sum
of the spatial time derivative of the Cauchy stress tensor and
the gravitational force. The energy equation incorporates the
rate of work done on any element, the heat flux into the ele-
ment due to conduction, and the volumetric heat generation
from the element.

op

54‘ V(pV)ZO (1)
p(% + V.(v®v)> =V.o+pg (2)
pC, (aa—f+ v. vr) =V.KVT)+ V.(ov) + 0 (3)

where p is the material density; o is the Cauchy stress tensor;
g is the gravitational constant; C,, is the specific heat; K is the
thermal conductivity of the material; T is the temperature in
Kelvin scale; and Q represents the volumetric heat generation
rate.

The governing equations are split into Lagrangian step and
Eulerian step through the employment of operator splitting
algorithm [58, 59]. After splitting, the corresponding equa-
tions for the Lagrangian step and Eulerian steps are formed
as Eq. 4 and Eq. 5 respectively [59]:

op

X5 4
o (4)
op

LV =

3 + 0 (5)
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Fig. 3 Top surface of the FSP
specimen
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where ® and S are the flux function and source term, respec-
tively. The flux function term @ in the Eulerian step corre-
sponds to the second term on the left-hand side of each equa-
tion. The source term S in Lagrangian step corresponds to the
terms on the right side of each equation. The numerical calcu-
lation in the Lagrangian step governs the change of mass,
momentum, and energy based on the applied forces. The de-
formed mesh from the Lagrangian step will be restored to its
original shape in the Eulerian step. The mass, momentum, and
energy are modified between adjacent elements using trans-
port algorithms.

Because FSP is a coupled thermomechanical problem, in
this work, the process is modeled assuming heat generation
via inelastic work in sticking condition and ignoring the fric-
tional heat during slipping. Thus, the temperature distribution
is solved by considering heat generation governed by Fourier
law related to heat conduction [60]:

: 6T
KWT+Q=pQ3; (6)

It should be noted that p, K, and C, are temperature depen-
dent, and heat generation rate is [61]:
0=0,+0, (7)
where, Qf is the heat generation rate due to friction and Qp is
the heat generation rate due to plastic deformation which is
given by:

0,=x(txe) (8)

Fig. 4 CEL model boundary
conditions

Free top surface

Outflow velocity

Vy= 0 (plunging phase)
Vz=-traverse speed (dwell

and stirring phases)

Exit Hole

|

Moving Dct =

where « is conversion factor which is assumed to 1 in this
study, T is shear stress, and ¢ is plastic strain rate tensor.

Furthermore, during the FSP process, the workpiece is
clamped on the table, and the tool applies the pressure on
the workpiece surface. Due to the lack of pressure, positive
stress exists on the workpiece top, and smaller negative stress
is revealed in between of workpiece and backing plate [62].
This phenomenon results in a large thermal resistance in the
interface of the workpiece and backing plate which is based on
the interstitial gaseous medium gap between two plates [63].
Due to the complicated condition of heat transfer between the
backing plate and workpiece, the problem is simplified by
considering only the convection heat transfer which shows a
good agreement between experimental and simulation output
in different studies [64—66]. Hence, in this study, the same
condition is applied.

In addition, the FSP process has heat dissipation from the
workpiece surfaces to the air through radiation and convec-
tion:

= Pp€b (T4_T04) + ’Ycon(T_Ta) (9)

25,

where d; is the normal direction to the surface of heat dissipa-
tion, €, is the emissivity, ,, is the Stefan-Boltzmann constant,
T, is the peripheral temperature, and ~,,, is the convective
heat transfer coefficient. In the current study, the €,, Yeon,
and the peripheral temperature is set to 0.09, 10 W/m? °C,
and 25 °C, respectively [35, 67].

Lagrangian Tool reference point

tool

Inflow velocity

Vy= 0 (plunging phase)
Vz=-traverse speed (dwell
and stirring phases)

Eulerian workpiece
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Fig. 5 Mesh of the CEL model: a Eulerian mesh of the workpiece and b
Lagrangian mesh of the tool

3.3 Mass scaling

To minimize the simulation time, mass scaling technique was
employed in this simulation. Mass scaling technique has been
used to improve the simulation efficiency of CEL formulation
during simulation of forming process [68]. In this technique,
the thermal properties are adapted to keep thermal time steady.
Thus, it can be employed even with rate-dependent or time-
dependent parameters. To formulate the thermo-elasticity of
material, the Navier’s equation is employed [69]:

2
V2 -+ (A4 @) Vir(E)—a\VT = p% (10)
where u, E, o, and p are displacement vector, linear strain
tensor, thermal expansion coefficient, and density, respective-
ly; A and p are Lamé coefficients.

Replacing the density by fictitious density p* = k,,p (k,, >
1), Eq. 10 is scaled in terms of mass. The value of k,, was
chosen by considering the inertial forces in the right-hand side
of Eq. 10. By exchanging the density by fictitious density, the

scaled thermoelastic equation is as follows:

x5
pVu+ (A + p) Vir(E)—aAVT = p 5—: (11)

solver which decreases the simulation time. To achieve a rea-
sonable accuracy of the simulation results accuracy, the ratio
of kinetic energy to internal energy should be less than 1%
which is checked for the simulated model.

3.4 Material modeling

The constitutive material model of AA 5083 was expressed by
Johnson-Cook’s [70] model:

n él T_Tref "
o= A+B§> 1+ Cin <1—(7) ) 12
( ol < 50) Tt T ret ( )

where Z, &y, and &y are the effective plastic strain, the
effective plastic strain rate, and the normalized strain
rate, respectively. A, B, C, n, and m are material con-
stants, which consider the effects of strain hardening,
thermal softening, and strain rate sensitivity, respectively.
In addition, Ti.r and Ty, represent the ambient temper-
ature and the material solidus temperature, respectively.
Tables 3 and 4 represent the Johnson-Cook parameters
and thermal and elastic properties of AA 5083 [35, 71,
72], respectively. Those properties were considered as
temperature dependent in this simulation.

3.5 Friction model at the tool-workpiece interface

The critical part of FSP simulation is modeling the contact
condition between the tool and workpiece as the Eulerian
workpiece domain interacts with the Lagrangian tool do-
main. The Coulomb coefficient is defined as a term of
contact pressure, slip rate, and average surface tempera-
ture at the contact point [73]. Various studies investigated
contact models for the friction stir—welding process, and
most of them applied constant friction coefficient during
the simulation to match with the process output fields
[55]. Due to the formation of the large volume of plasti-
cized material during the FSP process, visco-plastic fric-
tion dominates the friction performance and heat genera-
tion depends on excessive plastic deformation at the in-
terface of the tool and the workpiece. Therefore, in this
study for FSP, the most suitable friction law is the mod-
ified Coulomb friction law [57, 74] in which the
contacting interface shear stress is defined as [75]:

g, for puep < Tmax

Therefore, the substantial incrfease'in the right-hand sidg qf Tfriction = Tshear = ﬁ7 fOr 1P > Toan (13)
Eq. 11 results in a small steady time increment of the explicit V3
Table 3 Johnson-Cook plasticity ]
model constant for AA 5083 [35] Material A [MPa] B [MPa] C n m Teer [°C] Tiner [°C]
AA 5083 170 425 0.0335 0.42 1.225 25 640
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Table 4 Temperature-dependent

physical properties of AA 5083 Temp.  Conductivity — Specific Density ~ Temp. Thermal Temp.  Young’s
[71, 72] °O) (W/m °C) heat (kg/m®) (°0) expansion  (°C) modulus
I/ kg °C) (10°°°C) (GPa)

25.0 112.5 924.1 2673.9 25 238 25 70.0
80.0 122.7 984.2 2642.7 200 255 100 67.8
180.0 131.6 1039.6 2629.4 300 26.8 200 60.7
280.0 142.3 1081.2 2611.5 400 289 300 51.0
380.0 152.5 1136.6 2589.3 500 315 400 374
480.0 159.5 1178.2 2567.0 - - - -
580.0 177.2 1261.4 2549.2 - - - -

where Tgiciions Tshear Hs P, and oy are the friction shear
stress, flow shear stress, friction coefficient, contact pres-
sure, and equivalent flow stress respectively.

4 Results and discussions

4.1 Determination of friction coefficient and model
validation

To determine the coefficient of friction, six CEL simulations
were performed with various values of coefficient of friction.
The rotational speed and traverse speed was kept constant at
1000 rpm, and 50 mm/min respectively. The experimental and
simulated results were compared in terms of temperature dis-
tribution 4 mm away from the stirring zone center line, 5 s
after the beginning of stirring phase. In addition, forces in the
axial and transverse directions and micrograph of the cross-
section were also compared to find out the suitable coefficient
of friction. The maximum temperature was extracted at a 4-
mm distance from the center line of the stirred zone for all six
simulation conditions and plotted in Fig. 6a. As the coefficient
of friction value increases the temperature increases in a linear
fashion. Similarly, mean forces in axial and transverse direc-
tion were extracted from the simulation output file and plotted
in Fig. 6b and Fig. 6¢ respectively. As the coefficient of fric-
tion increases, both the forces decrease exponentially.

The mean absolute percentage error (MAPE) (Eq. 14) for
maximum temperature was calculated based on the experi-
mental result.

100 T~T;
- 2l

MAPE = | (14)

where the T}, T;, and n are the experimental record, the simu-
lated result, and a number of variation, respectively. As shown
in Table 5, the coefficient of friction equal to 0.9 had a mini-
mum error for simulated temperature. Therefore, for the fur-
ther simulation, the coefficient of friction of 0.9 was
considered.

Figure 7a shows the temperature history measured by
thermocouples of two points on each side of the center line
(4 mm and 8 mm from the center line). The peak temper-
ature was attained almost at the same time for all the ther-
mocouples. Figure 7b compares the experimental and sim-
ulated peak temperature profile away from the stirring zone
center line both in advancing and retreating sides 5 s after
the beginning of stirring phase. The simulated results match
well with the recorded one on each side of the center line.
The results show that temperature distribution is asymmet-
rical with respect to the center line and it is higher in the
advancing side compared to the retreating side. This agrees
with the simulation work on friction stir welding [76]. The
tool moves relatively faster in the advancing side with re-
spect to work material compared to the retreating side. That
contributes to a higher strain rate, thus, resulting in higher
plastic deformation and frictional heat generation. The max-
imum temperature was recorded at advancing side which
was 496 °C and was about 78% of the melting point of
AA 5083, which is typically required in friction stir pro-
cesses to achieve target microstructure and material proper-
ties of the processed area [1, 2].

The force signal in all three steps of the FSP process is
compared with the experimentally measured force signal as
shown in Fig. 8. For both of axial and transverse force, a good
agreement was obtained between experimental and numerical
results. With the friction coefficient equals to 0.9, the predict-
ed axial force was 13% over-predicted, and transverse force
was under-predicted by 32%.

Additionally, plastic strain plays a critical role in micro-
structure formation and grain size of the processed area.
Contour plots of the equivalent plastic strain of the work ma-
terial at the back side of the tool are compared with the exper-
imental micrograph of the cross-section of the workpiece in
Fig. 9. The equivalent plastic strain is highest at the center and
decreases as moved away from the center. It is also higher near
the surface decreases as moved deep into the workpiece. The
stirred zone formed by tool rotation in the center line and
therefore the higher strain can be seen at the center of the
workpiece. The shape and area of nugget zone, TMAZ and
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Table 5 MAPE of

temperature prediction Coefficient of friction MAPE

using different

coefficients of friction 03 36.1
0.5 21.1
0.7 12.5
0.9 9.7
1.1 18.4
1.3 27.2
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Fig. 7 Temperature measurement and predictions: a Temperature
measurement using thermocouples; b comparison between experimental
and simulated temperature distribution away from the workpiece center
line

HAZ zone have a good agreement with the equivalent strain
distribution.

Figure 10a shows high-magnification cross-sectional OM
images transition zone between the processed zone and a base
material which includes nugget, TMAZ, and HAZ regions. It
can be observed that there is a significant difference between
the microstructures of different regions. Fine equiaxed grains
can be observed in the nugget area. The grains in nugget
experience severe plastic deformation that leads to dynamic
recrystallization to generate fine equiaxed grains. TMAZ is
found in the close vicinity of the nugget. It is subjected to
the thermal cycle and plastic deformation. Although the
TMAZ underwent plastic deformation, recrystallization did
not occur in this zone due to insufficient deformation strain.
The HAZ is between the TMAZ and base material, a zone
which only experiences a thermal cycle but does not undergo
any plastic deformation. Hence, this region still retains the
similar microstructure to the base material. The optical micro-
graph of Nugget zone with higher magnification is also pre-
sented in Fig. 10b showing a uniform distribution of fine-
equiaxed grains.
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Fig. 8 Comparison between
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4.2 Effect of tool-rotational speed

During the stirring phase of the FSP process, the temperature
is generated due to frictional heat and plastic deformation. It is
critical for the process to reach close to 0.8 T,,, beneath the tool
shoulder to keep the material in a malleable state and gain
proper material stirring that defines the final properties of the
material [1, 2]. Tool-rotational speed is the most essential pro-
cess parameter to influence the generation of frictional heat
and flow of the material. Four different rotational speeds were
investigated in this section with the same plunging speed and
traverse speed. Figure 11a shows the comparison of simulated
and experimental maximum temperature at a location 4 mm
away from the center line on the advancing side during the
stirring phase for different rotational speeds. The peak tem-
perature was increased with the increase of rotational speed
because of the higher heat generation at the tool-
workpiece interface at higher rotational speed. As the ma-
terial gets more softened at higher speed, less force is
required to deform the material. Figure 11b shows the

a

Fig. 9 Comparison of a etched stirred zone cross-section and b simulated
equivalent plastic strain distribution

=
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comparison of simulated and experimental axial force at
different tool-rotational speeds. The simulated peak tem-
perature and axial force agree well with the experimental-
ly measured values.
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Fig. 10 Optical micrograph of a transition zone b nugget
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Fig. 11 Effect of tool-rotational

speed on a maximum temperature
at4 mm from the center line and b
average axial force during stirring

phase

The contour plot of the effective strain rate distribution at
the cross-section of the processing zone is illustrated in
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Fig. 12, which shows that the strain rate is on the order of
10% 1/s. This value is consistent with the previous work by

Fig. 12 Equivalent plastic strain rate distribution for rotational speed of a 600, b 800, ¢ 1000, and d 1200 rpm
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Fig. 13 Other pin profile
geometry used in this study: a
circular, b hexagonal, ¢ triangular

Pan et al. [76] for friction stir welding. As the tool-rotational
speed increases, the strain rate increases because higher rota-
tional speed leads to higher tangential stirring velocity around
the tool pin. As a result, material deformation rate increases
leading to a higher strain rate. The strain rate around the tool
increases by 48% as the rotational speed increases from 600 to
1200 rpm.

4.3 Effect of tool geometry

Friction stir tool geometry plays a vital role in the material
stirring and needs to be optimized to achieve desirable surface
properties [27]. Therefore, in addition to the above cuboid pin
shape, the effect of three more different pin types was inves-
tigated for the same rotational speed of 1000 rpm and traverse
speed of 50 mm/min. In all cases, the tool has a shoulder
diameter of 18 mm, the constant tilt angle of 3°, and the pin
is extruded vertically to the tool face with the shoulder con-
cave angle of 3° (as shown in Fig. 13). All four pin profiles
have the same sweep diameter of 5 mm.

The peak temperature is maximum for the circular tool pin
geometry whereas it is minimum for the triangular tool pin

Fig. 14 Effect of pin profile on a a

geometry (Fig. 14a). The peak temperature of cuboid and
hexagonal tool fall in between. The contact surface area of
the tool pin plays the dominating role for this temperature
difference. As it can be seen that the surface area of the trian-
gular tool is the lowest and that of the circular tool is the
highest, and that of the cuboid and hexagonal tool pin fall in
between. As the tool pin surface area increases, the frictional
contact area between tool and work material increases as well.
This results in more frictional heat generation in case of cir-
cular tool compared to other three tools. Furthermore, higher
frictional heat generation leads to higher thermal softening of
deformed material around the pin area which helps to reduce
the average axial force as shown in Fig. 14b.

4.4 Computational cost analysis

The computational cost of the developed model was com-
pared with literature data of other existing models to show
the improvement of the computational efficiency of the mod-
el. For the early FE packages, the simulation time for friction
stir welding was more than a week to simulate a single second
of processing time [77, 78]. However, with the recent progress

o

peak temperature, and b average
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in the FE software and computational tools, the simulation
runtime was much reduced for the friction stir process simu-
lation. Using the ALE formulation, Assidi et al. [37] simulated
the friction stir welding process in 12 days and 20 h for 10 s of
actual processing time. Later, they used Eulerian formulation
to simulate the same process in 6 days and 14 h for the same
processing time, thus reducing the simulation time almost by
half. In the current study, the Intel(R) Xeon(R) central pro-
cessing unit with 14 cores at 2.6 GHz and 128 GB of RAM
were used to simulate the FSP process using CEL formulation
with mass scaling. Using this modeling technique, the total
run time was around 3 days for simulating 41 s of actual
processing time. It shows that the model developed in this
study is significantly computation-efficient to simulate friction
stir processing. The efficiency of this model is improved com-
pared to concurrent CEL models for FSW processes due to the
implementation of three strategies. Firstly, mass scaling tech-
nique has been implemented in this model. Navier’s equation
is scaled in terms of mass. It results in a small steady time
increment of the explicit solver which decreases the simula-
tion time. Secondly, in comparison to the other simulation
frameworks such as Lagrangian and ALE, the CEL formula-
tion does not require super fine mesh to tackle the mesh dis-
tortion or need any remeshing/remapping that increases the
computational efficiency. Finally, the biased-meshing tech-
nique is applied to generate a fine mesh in the interaction
region and coarse mesh in the sides which also contribute to
the modeling efficiency.

5 Conclusions

A novel thermomechanical 3D FE model using CEL formu-
lation was successfully developed for FSP to simulate process
response. All the three steps of FSP, i.e., plunging, dwelling,
and stirring, were simulated in ABAQUS/Explicit. Mass scal-
ing technique was implemented to improve computational
efficiency. The friction coefficient was determined to be
0.9 at the tool-workpiece interface by calibration using the
measured temperature and force value. The simulated temper-
ature profile in both advancing and retreating side agreed well
with the experiments. The simulated force profile and contour
plot of an equivalent plastic strain of the cross-section of the
workpiece were also validated with experimentally recorded
force signal and micrograph, respectively. The simulation
demonstrated that process temperature, strain rate, and force
profiles during friction stir processing were highly dependent
on the tool-rotational speed. As the tool-rotational speed in-
creased from 600 to 1200 rpm, temperature, and strain rate
increased by 18%, and 48% respectively while the axial force
decreased by 40%. Effect of different tool pin profile was also
investigated in this work. Four different tool pin geometry,
i.e., triangular, cuboid, hexagonal, and circular are studied.

@ Springer

As the tool pin surface is increased, more frictional heat gen-
erated due to the higher frictional surface interaction between
the tool and work material which led to the increase of peak
temperature in the stirring zone and reduction average axial
force.
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