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Abstract

This study presents an investigation of the plunge stage in joining AZ31B magnesium alloy with friction stir welding
using two different 3D finite element models based on Arbitrary Lagrangian-Eulerian formulation and Coupled Eule-
rian-Lagrangian formulation. The investigations are made with the ABAQUS program. Johnson-Cook plastic material
law and Coulomb friction law are used in both models. Models are compared in terms of temperature, strain distribu-
tion, and processing time. In both models, very similar temperature and strain distributions are obtained in the weld
zone and the models are validated by experimental results. In addition, with the increase in the rotational speed of the
tool, temperature and strain in the welding zone increase similarly in both models. In the model using the Arbitrary
Lagrangian-Eulerian formulation, mesh distortions occur when high mesh density is not created in the plunge zone.
No problems related to mesh distortion are encountered in the model using Coupled Eulerian-Lagrangian formulation.
Moreover, it is found that the model using the Coupled Eulerian-Lagrangian formulation has a lower processing time
and this processing time is not affected by the rotational speed of the tool.

Keywords Friction stir welding - AZ31B magnesium alloy - Finite element model - Arbitrary Lagrangian—Eulerian
formulation - Coupled Eulerian-Lagrangian formulation

1 Introduction

Friction stir welding (FSW) is a solid-state welding method
developed at the welding institute (TWI) in Cambridge in
1991. In the conventional FSW process, a rotating tool
consisting of pin and shoulder is used. This tool enters
to material to be welded by turn around its own axis. It
moves by rotating along the direction of the welding. Join-
ing occurs without melting of material thanks to both fric-
tion and plastic deformation. Figure 1 represents the FSW
process schematically.

During FSW, the material flow takes place in a very com-
plex manner, depending on the welding parameters, tool
geometry, and the properties of the material to be welded.

Figure 2 illustrates the metal flow around the axis of rota-
tion of a threaded pin. First, owing to the friction of the
tool shoulder, the metal under the shoulder flows towards
the pin (movement 1), and then the material flows down
along the surface of the pin (movement 2). After reach-
ing the end of the metal pin, it flows backwards after a
spiral path (movement 3) as demonstrated by the arrows
in Fig. 2. By repeating the above three movements, the
structure of the onion rings occurs in joint zone [2].

FSW has very important advantages over other weld-
ing methods. Perhaps the most important of these is the
ability of this method to weld alloys which are very hard or
impossible to join with conventional welding methods [3].
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Fig. 1 Schematic demonstration of the FSW process [1]
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Fig.2 Schematic representation of the material flow in the FSW
process [2]

Numerical simulation of FSW is an effective method to
predict the defects that may occur during the process and
to optimize the number of experiments in terms of time
and cost [4]. Moreover, modeling of FSW with finite ele-
ment method is of great importance in terms of analyzing
the material behavior in detail during the process.

FSW is a thermo-mechanical process and equations
of a thermo-mechanical process can be convention-
ally expressed in two different formulations. These are
Lagrangian and Eulerian formulations. In the Lagrangian
formulation, the mesh is at the material points, and in the
Eulerian formulation the mesh is at the spatial points. In
the Lagrangian formulation, the mesh moves during the
material flow and follows the material points. In the Eule-
rian formulation, mesh is fixed. The method that combines
the advantages of these two formulations is referred to
as the Arbitrary Lagrangian-Eulerian (ALE) method. In the
last two decades, ALE, an efficient and adaptable method,
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has been used to analyze highly interactive problems [5].
When the literature is examined, there are studies involv-
ing modeling of the FSW using the ALE formulation [6-8].
ALE method and adaptive meshing are commonly utilized
to prevent mesh distortion. ALE adaptive mesh permits
the mesh to move independently of the material [6]. Even
if ALE allows the material to behave arbitrarily and com-
plex, it cannot precisely prevent remeshing. Therefore, ALE
is suitable for analyzing at local level, such as stirring zone
[9].

Coupled Eulerian-Lagrangian (CEL) formulation is
frequently used to modeling the excessive plastic defor-
mation in the FSW process. The CEL formulation divides
the whole control volume into Eulerian and Lagrangian
domains and it overcomes the challenges of frictional
modeling in computational fluid mechanics and mas-
sive deformation in computational solid mechanics [10].
Recently, studies involving modeling of FSW with CEL for-
mulation have been conducted [4, 11, 12]. During the CEL
analysis, Lagrangian mesh interacts with materials in the
Eulerian portion. This technique is suitable for modeling
material flow. Moreover, defect formation can be observed
in models using CEL formulation [4, 12, 13]. In a study, a
comparison of these two methods was done for orthogo-
nal cutting and it is stated that mesh distortions occur in
the ALE model [14].

When the studies in the literature are examined, it is
seen that FSW has modeled using either the ALE formula-
tion or the CEL formulation. Unlike the aforementioned
citations, in this research a detailed comparison was made
between these two formulations for AZ31B magnesium
alloy using same material properties and process param-
eters. Temperature distribution, strain distribution and
process time have been examined in detail for these two
formulations.

This article is organized as follows. In Sect. 2, informa-
tion about geometry of models and mesh properties,
material model, boundary conditions is given. In Sect. 3,
the experimental study is detailed. In Sect. 4, mass scaling
is verified, and two models are compared in terms of tem-
perature distribution, plastic strain distribution and pro-
cessing time. Finally, in Sect. 5, a summary of experimental
results is presented and recommendations for future stud-
ies are proposed.

2 Numerical method
2.1 Geometry of models and mesh properties
In this study, the plunge stage of FSW was investigated

with the ABAQUS program with two different models
using the ALE formulation and the CEL formulation. The
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Fig.4 Model using the ALE formulation

adaptive meshing method in the ABAQUS program inte-
grates the properties of pure Lagrangian analysis and pure
Eulerian analysis. Analysis with this adaptive meshing
type is often called the ALE analysis. ALE adaptive mesh
allows the mesh to move freely of the material, allowing
a high-quality mesh to be created from beginning to end
an analysis even if there are major deformations or mate-
rial losses. Adaptive mesh only moves nodes, but mesh
topology remains unchanged [15]. The model using the
ALE formulation composes of a deformable Lagrangian
workpiece, a rigid Lagrangian tool and a rigid Lagrangian
support plate. The workpiece in the model using ALE for-
mulation is 4 mm thick and has 100 mm side lengths. The
C3D8RT element type has used to mesh the workpiece.
There are 3969 nodes and 3440 elements in the work piece
used the ALE formulation. A higher mesh density has been
created in the plunge region of the pin to provide more
realistic outputs and to prevent excessive mesh distor-
tions. The dimensions of the used tool in both models are
shown in Fig. 3 and the model using the ALE formulation
is demonstrated in Fig. 4.

In models that include both Eulerian piece sam-
ples and Lagrangian piece samples, analysis is often
referred to as the CEL analysis. During the CEL analysis,
Lagrangian mesh contacts with materials in the Eulerian

[
|
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Fig. 5 Model using the CEL formulation

portion [15]. In the model using the CEL formulation,
the workpiece was formed as a Eulerian body, while the
tool was formed as a rigid Lagrangian body. The work-
piece with EC3D8RT element type has used. There are
4146 nodes and 3400 elements in the workpiece used
in the CEL formulation. The workpiece is divided into
two areas to identify the void region and the material
assigned area as shown in Fig. 5. No material properties
have been given in the void region. Creating the void
region in model using the CEL formulation is necessary
to observe the flash formation that frequently occurs
during FSW. The thickness of the void region (colored in
red) is 1 mm and the thickness of the region (colored in
blue) assigned to the material is 4 mm. The workpiece
has side lengths of 100 mm. Abaqus program offers the
option to remove the pre-determined void part at the
end of the CEL analysis. Only when this void is removed,
the deformation in the CEL analysis can be seen on the
whole model as in the ALE analysis. Therefore, in the
model in which the CEL formulation is used, the mate-
rial assigned to the area is 4 mm and the void region is
1 mm. In this way when the void region is removed, the
deformation will appear just like in ALE analysis. In the
model using ALE formulation, the workpiece is 4 mm.
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2.2 Material model

During FSW, high strain rates and temperatures are
achieved in the workpiece. Numerical modeling of FSW
involves difficulties due to nonlinear material behav-
ior in the process [4, 8]. To solve this complex problem,
the Johnson-Cook material law, which depends on the
temperature and strain rate, was used. With the John-
son—Cook plastic material law, o yield stress is found by
Eq. (1).

n éP T— Troom "
o= [A+8(cs) ][1 +cm<,_>] [1 - <—> ]
€o Tmelt - Troom

(M

In Eq. (1); €p and épare the equivalent plastic strain
and plastic strain rate respectively. £, is the reference
strain rate, T refers to reference temperature, T,
denotes melting temperature of the material and T,
is the ambient temperature. A, B, C, n and m are con-
stants depending on the material properties. In this
study; ¢, =0.001 [16], T, = 20 °C, T, = 630 °C. Other
constants used for the AZ31B alloy are shown in Table 1.

2.3 Thermal model

The general heat source in the FSW process is the energy
generated by the friction between the tool and the work-
piece surfaces and the slip deformation around the tool.
The heat transfer in the plunge stage of the FSW process
can be expressed by Eq. (2) [18].

07’_(3[ £+a kaT
X ox 9,

pe— = — —]+i[k£]+q 2)
at oy Yoy| o,L %0z P

In Eqg. (2); p is the density, ¢ is the specific heat, k
denotes the heat transfer coefficient, T is the tempera-
ture, t refers to time and x, y, z are the spatial coordinates.
g, is the heat of the plastic energy-induced generated by
shear deformation. qp is calculated by Eq. (3).

g, = noe” @3)

Here; 1 is the constant that determines the conversion
of plastic energy to temperature and its value equal to

Table1 Constants used in the Johnson-Cook plastic material
model [17]

A (MPa) B (MPa) C n m
224 380 0.02 0.76 1.55
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0.9 [19] was taken in this study. o is the shear stress and
¢Plis the plastic strain rate.

In the FSW process, the surface heat flux is calculated
by Eq. (4) [20].

Heat input(q)

Heat flux(Q) = Area(A)

(4)

The area here is calculated by Eq. (5) as follows,
A=xR-r) (5)

In Eq. (5), Ris the shoulder radius and r is the pin radius.
Heat input (g) can be calculated with the Frigaard equa-
tion [21] asin Eq. (6).

R
Heat input(q) = / 2x pwPrdr (6)
0

Here, w is the angular velocity of the tool and it is cal-
culated by Eq. (7) as,

w = 27n/60 7

where n is the number of revolutions, P is the stress and
obtained by Eq. (8).

P=F/A (8)

In Eq. (8), Fis the axial force.
As aresult, the heat generated by friction between the
tool and workpiece is obtained by Eq. (9) [22].

. 4
4r = 37 PR’ 9)

Thermal and mechanical properties depending on the
temperature used in the models are listed in Table 2.

2.4 Boundary conditions

Since the workpiece is a Lagrangian body in the model using
the ALE formulation, the side surfaces and the bottom sur-
face of the workpiece were defined as encastre surface.
In the model using the CEL formulation, the velocity was
equalized to zero on all surfaces of the workpiece using the
control volume approach. The boundary conditions in the
models are shown in Fig. 6. In the model using the ALE for-
mulation, the workpiece top surface and tool were modeled
as the slave surface and master surface respectively. Surface
to surface contact relation was given, and penalty contact
method was applied. In the model using the CEL formula-
tion, general contact conditions were applied. Friction coef-
ficient selection is important in terms of heat generation.
Friction coefficient largely depends on the temperature.
Depending on the temperature, the friction coefficients
used in both models are given in Table 3. Heat transfer from
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Table2 Thermal and

. ; Material Modulus of elastic-  Thermal conductivity — Specific heat [25] Thermal expansion
mechan_lcal properties ity [23, 24] [25] coefficient [25]
depending on the temperature
used in the models T(°C) E (GPa) T(°C) k (W/m K) T(°O) C, J/kg K) T(°C) a(K™

AZ31B 27 45 20 96.4 20 1050 20 7.7E-006
102 43 100 101 100 1130 150 2.64E-006
202 41 200 105 200 1170 300 2.7E-006
297 38 250 107 300 1210 400 2.7E-006
342 37 300 109 350 1260 550 2.95E-006
397 355 400 113 400 1300
424 345 420 114 450 1340
578 15 440 115 470 1340
608 1 460 116 500 1360
632 0

Fig. 6 Boundary conditions a
ALE, b CEL

Table 3 Temperature

Temperature (°C Friction

dependent friction coefficients P o -
. coefficient

used in models [27]

25 0.30

300 0.25

420 0.20

543 0.01

the lower surface of the workpieces, were controlled heat
transfer coefficient of 2000 W/m? K and heat transfer from
the upper surface of the workpieces were controlled with

Vy=zero(Bottom and top surfaces)

\“::13‘.0

(b)

a heat transfer coefficient of 10 W/m? K [26]. In the models,
the tool was rotated at three different speeds as 200, 300
and 400 rpm. In both models, the tool was dived 3.6 mm
into workpiece at a constant speed in 15 s. Since the length
of the pin is 3.5 mm, the plunge depth is 0.1 mm.

3 Experimental study

Experimental studies have been carried out with AZ31B
magnesium plates of 100 x 100 x 5 mm dimensions. A CNC
milling machine was used for experimental studies. A tool
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of the same dimensions used in the numerical models was
produced and its hardness was increased by heat treat-
ment. The tool obtained by machining from 42CrMo4 steel
was kept in the heat treatment furnace at 840 °C for 30 min
and then cooling was given in oil. After cooling, a hardness
of 47 HRC was reached on the outer surface. The tempera-
ture was measured during the process, depending on the
time, at a distance of 14 mm from the welding center with
a K type thermocouple (see Fig. 7). The photographs of
the surface after welding and the 3 mm deep and 5 mm
diameter holes where the temperature was measured are
shown in Fig. 8.

4 Results and discussion
4.1 Verifying mass scaling

Mass scaling method can be utilized to minimize simula-
tion time [28]. In this study, mass scaling method was used.
In one study, it has been stated that if the mass scaling
factor is 10° in FSW, an acceptable temperature area can
be calculated in less processing time [29]. In addition, in

Fig. 7 Performing the plunge process with CNC milling machine

Fig. 8 After the process top
surface appearances and tem-
perature measured holes
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another study, the mass scaling method was successfully
used to develop the CEL formulation in the simulation of
the forming process [30]. The ratio of kinetic energy and
internal energy must be less than 1% in order for the simu-
lation results made by mass scaling to be evaluated as a
reasonable estimate [11]. In model using the ALE formu-
lation, when the mass scaling factor is 10, the ratios of
kinetic energy and internal energy are shown in Figs. 9,
10 and 11. The maximum rate is 0.164. Therefore, it can
be concluded that mass scaling has minor effect on the
results obtained.

4.2 Temperature distribution

FSW is a thermo-mechanical process and it is known that
thermo-mechanical processes significantly develop the
mechanical properties of magnesium and its alloys [31].
Moreover a reasonable level of heat input is beneficial for
plastic deformation that determines the formation and
strength of the joint [32, 33]. During FSW, the temperature
in the stirring zone reaches 0.6 to 0.9 times the melting
point of the matal to be welded [34]. As well as defects
from excessive heat input, defects may occur due to low
heat input [35]. Therefore, it is important to examine the
welding-zone temperature distributions. Welding-zone
temperature distributions are illustrated in Figs. 12, 13, 14,
15, 16 and 17 for both models. It is observed that the tem-
perature distributions are similar in both models and the
temperature increases with increasing rotational speed of
the tool.

In the models, reference points have been determined
for observing the change of temperature with respect to
time. These reference points are shown in Fig. 18. In the
model using the ALE formulation, initially the reference
point is 14.6 mm away from the welding center and it
has moved towards the welding center during the pro-
cess (Fig. 19). In the model using the CEL formulation,
the reason for not placing the reference point on the top
surface of the workpiece is that no material is assigned
to the top surface of the model. In the model using the

emperature measured holes
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Fig.9 The ratio of kinetic
energy and internal energy at
200 rpm tool rotation speed

Fig. 10 The ratio of kinetic
energy and internal energy at
300 rpm tool rotation speed

Fig. 11 The ratio of kinetic
energy and internal energy at
400 rpm tool rotation speed

The ratio of kinetic energy and internal energy The ratio of kinetic energy and internal energy

The ratio of kinetic energy and internal energy
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Fig. 15 Temperature distributions at the end of the step at the top surface at 200 rpm a ALE, b CEL
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(a)

(b)

Fig. 16 Temperature distributions at the end of the step at the top surface at 300 rpm a ALE, b CEL

(a)

(b)

Fig. 17 Temperature distributions at the end of the step at the top surface at 400 rpm a ALE, b CEL

14

Reference point

(b)

Fig. 18 Locations of the points where temperature measurement is held a ALE, b CEL

CEL formulation, no significant change of coordinates was
observed during the process at the reference point, which
was initially 14 mm away from welding center.

Diagrams of temperature change at the reference
points of the models are shown in Fig. 20 and the com-
parison of the temperature at the reference point of
both models is shown in Fig. 21. When the tool’s rotation

speed increases, the temperature at the reference point
increased greatly especially after the contact of the tool
shoulder. It is known that the tool shoulder importantly
affects the movement of material at the top of the joint
[36]. In addition, the diameter of the tool shoulder is very
significant because it provides the formation of a large
part of the heat required during FSW [37-39]. Similar
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Fig. 19 Distance to the welding center of the points where the
temperature is measured

temperature distributions were observed at the refer-
ence points of both models with respect to time. There
is similarity between the temperature distributions in the
two models and the temperature distributions obtained
from the experimental study. Numerical models were ver-
ified by experimental temperature data at 14 mm from
the welding center. In the experimental study, slightly
lower top temperature was obtained from both models.
In this case, material behavior in numerical models may

180
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=
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20 |

have an effect. In addition, a slightly softer temperature
increase was observed in the experimental study. In the
model using the ALE formulation, the temperature was
measured higher since the point where the temperature
was measured moves towards the welding center during
the process. In the model using the CEL formulation, the
reference point is constantly 14 mm away from the weld-
ing center during the process. In the model using the ALE
formulation, the distance of the reference point to welding
center, which was initially 14.6 mm, was 13.37 mm at the
end of the process. Moreover in the model using the CEL
formulation, the workpiece behaves 1 mm thicker during
operation due to void region. With thicker workpiece, the
area where heat spreads will increase.This difference in
thickness is an another factor in measuring lower tempera-
tures in the model using the CEL formulation compared to
the model using the ALE formulation.

4.3 Plastic strain distribution

Equivalent plastic strain (PEEQ) value is a variable used to
observe the inelastic behavior of the material. PEEQ value
is the integrated measure of the plastic strain. When this
value is greater than zero, yielding occurs in the mate-
rial [15]. PEEQ distributions at the end of step are shown
in Figs. 22, 23 and 24. When the tool’s rotation speed
increases, the PEEQ values at the welding region have
increased substantially. In general, PEEQ distributions are

160
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Time([s]

(c)

Fig.20 Temperature at the reference point with respect to time a ALE, b CEL, ¢ experimental
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Fig.21 Comparison of the temperature at the reference point a 200 rpm, b 300 rpm, ¢ 400 rpm
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Fig.22 PEEQ distributions at the end of the step at 200 rpm a ALE, b CEL
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Fig.23 PEEQ distributions at the end of the step at 300 rpm a ALE, b CEL
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Fig. 24 PEEQ distributions at the end of the step at 400 rpm a ALE, b CEL
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Fig. 25 Comparison of the CPU time

similar in both models. In the model using the ALE formu-
lation, PEEQ values was higher on the contact surfaces due
to the surface to surface (penalty) contact method. In the
model using the CEL formulation, although strain values
are lower on the contact surfaces, it is observed that the
strain is distributed over a larger area. It is obvious that
the contact method and coarse mesh have an effect on
the occurrence of this situation. While surface to surface
contact (penalty) relation was given in the model using the
ALE formulation, general contact relation were applied in
the model using the CEL formulation.

4.4 Processing time

Although the number of elements and nodes are approxi-
mately equal, the model using the ALE formulation has a
higher processing time (see Fig. 25). Even though there
is no significant change in the processing time with the
increase in the rotational speed in the model using the
CEL formulation, the processing time has increased with
the increase in the rotational speed in the model using
the ALE formulation. In this case, the contact method is
thought to have an effect. In addition, the requirement to
create a high mesh density in the plunge region of the pin
was effective in the higher processing time in the model
with ALE. In the model using the ALE formulation, higher
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mesh density has been created in the plunge zone since it
has observed that mesh distortions occur when high mesh
density is not created in the plunge zone. In the model
using CEL formulation, no problem was observed with
regard to mesh density during the process. In addition, it
was observed that the process could not proceed at a tool
rotation speed higher than 400 rpm in the model using
ALE formulation. In the model using the ALE formulation,
it is necessary to create a much higher mesh density in
the plunge zone in order to analyze at rotational speeds
higher than 400 rpm. Since this would extend the process
time much more, investigations were made at 200, 300
and 400 rpm.

5 Conclusions

The plunge stage in joining of AZ31B magnesium alloy
with FSW has been successfully modeled with two differ-
ent models using ALE and CEL formulations. Very similar
temperature and strain distributions at the welding region
have observed in these models. The models are validated
by experimental results. In both models, when the tool’s
rotation speed increases, the temperature in the welding
region has increased similarly. Moreover, the tool shoulder
has a greater effect than the pin in terms of heat input. In
the model using ALE formulation, when high mesh density
has not created in the plunge region of the pin, mesh dis-
tortions have occurred. Therefore, in the model using the
ALE formulation, a higher mesh density has been created
in the plunge region. In the model using CEL formulation,
no problem has observed related to the mesh density. The
CPU time is higher in the model using the ALE formulation.
In addition, when the tool’s rotation speed increases in the
model with ALE formulation, the CPU time has dramati-
cally increased. However, in the model with CEL formula-
tion the CPU time is independent of the tool rotational
speed. The CEL formulation may be more preferable to
FSW modeling than the ALE formulation because no mesh
distorsion occur in this formulation and it has a shorter
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processing time. Moreover, when the mass scaling factor
is 10° in FSW, a reasonable temperature distribution can
be obtained with less calculation time. In this study, ana-
lyzes were carried out at 200-300-400 rpm tool rotational
speeds and 15 s plunging time. It should be kept in mind
that results may vary at different tool rotational speeds
and plunging times. In addition, mass scaling technique
was applied to reduce the simulation time in this study.
Higher temperatures may have been observed on the con-
tact faces due to the mass scaling technique. Moreover,
using different material properties in models may change
the results. As a continuation of this study, the plunge
stage can be analyzed with different tool geometries or
the whole process can be investigated. Lastly, material
flow characteristics during the process can be examined
with models using CEL formulation.
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