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ABSTRACT: A comprehensive understanding of plunge phase is an important step in the optimal design of the
friction stir welding (FSW) tool, whereas it plays an effective role in the successful process in terms of sufficient heat
generating and material mixing as well as avoiding breakage and wear of the tool, which in turn affects the properties
of the resulting weld joint. This paper presents a non-linear, 3D thermo- mechanical coupled model that simulates the
plunge phase which is considered the critical phase in the modeling, by using Abaqus/Explicit program, Based on
Arbitrary Lagrangian-Eulerian (ALE) analysis with Adaptive Remesh technique, in order to analyze the effect of
different tool parameters (shoulder diameter, probe diameter and its height, plunge depth) on the behavior of the plate
near the tool and thus the conditions that lead to the successful of the plunge phase in terms of the critical temperature
and its distribution of the FSW and stresses applied to the plate. It was found from the numerical results that the
welding process with a shoulder diameter of 16 mm ,a probe diameter of 5 mm ,a height of 4.5 mm and with a plunge
depth of 0.2 mm were considered the optimal parameters for the tool design that gives the required temperature,
which is about (70-90%) of the melting temperature in addition to lower stresses compared to other parameters which
were applied to 6061-T6 aluminum alloy at tool rotation speed of 315 Rpm, numerical results were verified by the
experimental application throughout using vertical milling machine to produce the welded butt joints and followed by
microstructure examination.

Keywords - Friction Stir Welding: FSW, 6061-T6, -ALE: Arbitrary Lagrangian-Eulerian Analysis.

. INTRODUCTION

To understand the principle of the FSW, which is considered a high-speed dynamic process, it is necessary to
understand the physics related to the heat generation when the tool rotate, where the tool consists of the shoulder and
the probe, the shoulder is cylindrical in shape with a specific diameter and the probe is considered the plunge part is
characterized by a specific diameter, height and profile geometry [1] as shown in Figure 1[2].

The tool begins to penetrate gradually and continuously at the edge of the two plates until there is contact between
the bottom surface of the shoulder and the top surface of the plate (or the specific plunge depth is applied) and
therefore heat is generated by frictional heating from the beginning of the contact between the interface surfaces of
the tool-plate in addition to the severe plastic deformation around the tool [3]. FSW tool parameters as well as rotation
speed of the tool are important parameters which have affecting on the total heat generated and stresses applied to the
welded plate.

Vielding
Direction

Shouldef

Figure. 1. Schematic dravT/ing of FSW [3].
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Numerical modeling is often used to obtain the parameters of the optimal tool, but it is a complicated task due to
high stress and strain rate at the beginning of the tool-plate contact and this leads to non-linear material behavior,
excessive mesh distortion and the need to high computational resources [4]therefore, numerical modeling that
simulates the actual process and is based on a suitable analysis approach is a great challenge to overcome the previous
problems that often lead to failure and termination of the solution [5].

The analysis approach used in FSW varies to the Lagrangian, Eulerian, coupled Eulerian — Lagrangian(CEL) and
finally the Arbitrary Lagrangian-Eulerian (ALE) analysis - with Adaptive Remesh, and each approach has its
advantages and disadvantages, but the latter approach is considered the best for the plunge phase, especially when the
goal is to study the parameters of the tool, it provides an accurate solution to boundaries and interfaces and maintains
a high mesh quality throughout the FSW calculation as long as possible [6].

ALE analysis: During the FSW process, severe deformations occur around and below the probe and shoulder which
involve a large amount of plastic deformation with a high strain rate. In such a case, the Lagrangian analysis is not
suitable for confining large plastic deformation due to excessive mesh distortion, and Eulerian analysis is suitable for
solving Computational Fluid Dynamics (CFD) problems and CEL analysis is often used when studying the process at
the global level, so one of the most important considerations during FSW simulation is choosing an appropriate
analysis approach which determines the ability of the model to overcome large mesh distortions with a satisfactory
calculation time.

The ALE analysis combines the advantages of both Lagrangian and Eulerian that means that the node points can
be moved arbitrarily, which enables the material to move independently of the mesh [7] making it possible to maintain
a high quality mesh during the analysis. Here the topology mesh does not change in the model, which means that the
number and connection of elements remains the same [8] and the ALE analysis is the most appropriate approach to
investigate the effect of tool parameters when studying the process at the local level. Figure.2 illustrates the approach
to analysis of ALE [9].
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Figure.2. The difference in Lagrangian, Eulerian and Arbitrary Lagrangian- Eulerian(ALE) analysis.

There have been some attempts to model the FSW process, taking into account simplifications in building the model. Hongjun
et al have developed a model that does not include the mechanical reaction of the tool and thus, was considered a non-mechanical
heat source [10] as Elhadj Raouache et al have developed a model to study the only probe profile geometries of the tool based on
thermal analysis using COMSOL program [11].

On the other hand, Mandal et al. have used the ALE analysis approach to numerical research of the plunge phase
of 2024 alloy with a thickness of 20 mm to measure the axial load on the tool [5]. Lionel Fourment and others in also
have used the ALE analysis approach to calibrate the two friction models (Norton's and Coulomb's) of alloy 6061-T6
using the Forge3 program [12].

Attempts to study tool parameters have restricted according to the following research: Keivani et al have
implemented a 3D model to study the thermal properties of 1100Cu by studying probe angle and preheating on
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temperature distribution using ALE analysis [13] and Raguraman et al have studied the probe profile numerically
using ANSYS program for their effect on the steady state of AA 6061 and AZ61 [14]. George et al have studied the
plunge phase in the FSW process in order to study the effect of plunge rate and rotation speed on the temperature [15].
After then, Jishnu Padman et al have studied experimentally the effect of the geometry of the probe of the aluminum
alloy 6061 of 4 mm thickness on the microstructure and mechanical properties [16].

finally, Aylin Ahadi et al have built a thermo-mechanical model of welding process using the Abaqus program
based on ALE analysis and assuming large simplifications in order to reduce the calculation time and the excessive
deformation of the elements, where the plunge phase was not taken into account due to the difficulty of modeling it,
thus a hole was made in the plate with the dimensions of the probe and in other cases, other methods were adopted to
solve the problem of plunge that do not simulate the actual welding process [17].

From previous studies, we have found that modeling of the plunge phase in the FSW process with a complete
model that simulates the actual process is an important step in design of the tools and successful of the FSW process,
although there were some researches attempting to model the FSW process, they weren’t based on creating a real
model or did not address the all design parameters of the FSW tool due to the difficulties and challenges facing them
in this phase. These issues have been successfully dealt with in this research which avoids all previous problems and
builds a more comprehensive model.

1. OBJECTIVES

The aim of this paper is to study the effect of all FSW tool design parameters by implementing of a non-linear, 3D
thermo- mechanical coupled model that integrates the mechanical action of the tool and the thermal- mechanical
process of the material in the plunge phase, which represents the highest gradation in FSW with many transformations
that it starts with occurrence such as contact, friction, soft material and deformation of material, using explicit/ Abaqus
program based on ALE analysis with Adaptive Remesh technique to obtain the optimal design of the FSW tool by the
required process temperature, its distribution and also the lowest stresses applied to the studied aluminum plate, and
then experimental verification of numerical results and confirmation of the microstructure of the resulting weldment.

I11. METHODOLOGY

1- A numerical model of the FSW process for the plunge phase was performed by Abaqus/ Explicit program with
thermo- mechanical coupling based on AEL analysis with the Adaptive Remesh technique.

2- Verification of the effect of the FSW tool parameters by applying the implemented model to different values of
shoulder diameter, probe diameter and height, and plunge depth. Finally, the optimal parameters tool that achieve
FSW temperature and lower stresses were obtained.

3- Matching the results modeling experimentally by experimental application of the butt joints for 6061-T6
aluminum alloy using a vertical milling machine, and verifying the quality of the resulting joint by microstructure
examination.

1IV. NUMERICAL MODLING
1- Mathematical equations for the FSW process:

1-1-The heat transfer equation: The governing equation that describes the heat transfer equation during the FSW
process can be written as follows, Equation (1)[4]:

Py 3¢ = 32 ke 31 + - Thy ST+ [k, 51+ G oo (1)
where p is the material density, c,is specific heat, T is the temperature, t: is the time, K is the heat conductivity, G: is
the heat generation.
1-2- Mechanical Analysis: Analytically, the mechanical response to FSW is represented by the motion equation as
follows Equation (2):

Mw™ +Cw +Kw =F ...... 2)
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Where: M represents mass, C: damping, K: stiffness modulus, F: external force. And also w™, w*, w IS displacement,
velocity, and complex acceleration, respectively. The equation above can be written as follows:

Yw; = ML(F — Cw; — Kwy) ... ... (

The explicit central difference equation is used for integration, thus the acceleration equation can be written as follows
Equation (4):

W 1 —W 1

i+ l
2 2 .. (4)

Vi = Mty + AL/2
As for velocity, it can be expressed in equation as follows Equation (5):

At; 4 + At
w g = <%) Wit W 1 (5)

l+E

Replace the nodal acceleration, we get the velocity equation in the final form, Equation (6)[7]:

. At; 1 + At
Wi+% B ( 2

1-3-Material Model: Johnson-Cook Law is used to describe the plastic behavior as in Equation (7) [18] in addition
to a Johnson-Cook damage law to deal with deformation of the Non-natural element, is derived from the law of
cumulative damage as in Equation (8) [19]:

pl _ m
oy = [A + B(E"H)"] [1 +o (ii)] [1 - (TTﬂ) ] ...... %)

0 melt — Troom
where £P! is the effective plastic strain, €' is the effective plastic strain rate, £, is the normalizing strain rate and
A: Yield stress, B:Strain factor, C: Strain rate factor, m: the exponent of temperature, n: the exponent of strain
hardening effect, Trom: is the room temperature, Tmeic are material solidus temperature, T: Effective temperature.

D:Z( fe ) ...... (8)

Efailure

where D is the failure parameter, and the failure is assumed to occur when D is equal to 1.0.14,15 The current failure
strain is defined as Equation (9):

Etailure = D1 + Dyexp(D36™)][1 + DyIn(e*)](1 + DsT?) ... ... 9
where Ae is the increment in the effective plastic strain during an increment in loading, and o* is the mean stress normalized
by the effective stress. The parameters, D1, D2, D3, Daand Ds are material constants.
1-4- Mass-scaling method: To reduce the computing time, a technique called "mass-scaling™ was used, Computation

time can be reduced by artificially increasing the mass of material (density) without affecting the results, Equation
(10):
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where E is the modulus of elasticity and p density of the material. The number of increments, n, required is: n:%

where T is the natural time of the event. Taking into account the relations (10) and (11), we can say that in
Equation (12):

Increasing the density of the material by using a mass scaling factor f is equivalent to reducing the number of
increments n to n/\/f and thus equivalent to reducing computation time to T/ﬁ [20].

2- IMPLEMENTATION OF THE MODEL:

2-1- Part: A continuous plate was used in order to avoid contact instability and it was considered a deformable part,
and its length and width was decreased to reduce simulation time and maintain its thickness according to the
dimensions (80x80x5) mm.

while the tool was considered as a rigid shell discrete part and the probe was selected in a cylindrical shape, fillets
were used on the sharp probe edges to reduce stresses concentration and increase the surface of the contact area,
parameter study was carried out according to the cases shown in figure. 3 and table 1

Figure.3. The different diameters of the probe and the shoulder of the cylindrical tool.

Tablel. Parametric Study Cases (probe profile is constant).

Case | Shoulder diameter | Probe diameter | Probe height | Plunge depth
First, the diameters of the shoulder and probe
1 14 5 4.5 0
2 18 6 4.5 0
3 24 8 4.5 0
Second, the Probe height
4 18 6 35 0
5 18 6 4.8 0
Third, the plunge depth
6 | 18 | 6 | 45 | 0.3

2-2 Property: The plate material to be welded was 6061-T6 aluminum alloy. Table 2 shows the parameters of
Johnson-Cook law of the plate material while table 3 shows the parameters of Johnson-Cook law of damage. The
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physical and thermal properties of the plate were shown according to table 4. Finally, the latent temperature of the
alloy was entered as in table 5[21,22].

Table 2. Johnson-Coke material parameters for 6061-T6 alloy.

A B C m n Troom | Tmelt
342 114 0.002 1.34 0.42 25 583
Table 3. Johnson-Coke damage material parameters for 6061-T6 alloy.
D1 D2 D3 D4 D5 Tmelt Ttras Refe Strain Rate
342 114 0.002 1.34 0.42 583 200 0.6
Table 4. Thermal and mechanical properties of 6061-T6 alloys.

Temperature | Density elasticity's Poisson Specific heat | Thermal
°C Kg/m3 Modulus Pa modulus J/kgC expansion
25 2690 6.69E+10 0.33 945 2.35E-05
100 2670 6.32E+10 0.334 978 2.47E-05
149 2670 6.13E+10 0.335 1000 2.57E-05
204 2660 5.63E+10 0.336 1030 2.66E-05
260 2660 5.12E+10 0.338 1052 2.76E-05
316 2630 4.72E+10 0.36 1080 2.85E-05
371 2630 4.35E+10 0.4 1100 2.96E-05
427 2600 2.88E+10 0.41 1130 3.07E-05
482 2600 2.02E+10 0.42 1276 -

Table 5. Latent Heat parameters for 6061-T6 alloy.

Latent Heat

Solidus Temp

Liquids Temp

3960

25

583

Finally, it was considered that 90% of the plastic deformation is converted to heat.

2-3-Step: The analysis was chosen of the type Dynamic Explicit Temperature- Displacement and the mass scaling
feature was used to obtain the constant time increment at least step time is 0.0005s. And the Adaptive Remesh variables
were also determined in the ALE analysis by performing them for every 10 increments and each remeshing algorithm
includes 6 mesh sweeps for optimizing the node positions.

2-4-Interaction: The contact between the tool which was considered as the master surface and the plate was
considered as the slave surface is surface to surface contact, by frictional slip described by Coulomb's law with a
coefficient of friction that varies with temperature as in the table 6, and the normal behavior was described as Hard
Contact and in Heat Generation it was considered that the entire frictional action turns into heat but about 30 % of this
total heat is transferred to the tool by kinematic contact.
Table 6. Temperature dependent friction coefficient of aluminum [23].

Temperature°C Friction Coefficient
22.0 0.610
34.7 0.545
93.3 0.259
1475 0.115
210.6 0.064
260.0 0.047
315.6 0.035
371.1 0.020
426.7 0.007
583.0 0

Www.ijasrjournal.org
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2-5-Load: Here, the plate was fixed at the outer sides and bottom surface to simulate fixtures, and was determining
the rotation at constant value 315 Rpm that applied on the reference point of the tool according to the plunge phase.
And The amplitude in the smooth step pattern was applied for the displacement, the initial temperatures of both the
tool and the plate were set at 25°C, the Boltzmann constant 5.766 E-008 and absolute zero temperature -273.15.

2-6-Mesh: The mesh was categorized in such a way that there was a higher mesh density around the plunge area, this
improves the resolution around the tool without increasing the enormous computational time.

Figure. 4. The mesh in the model.

The element type C3D8RT( 8-node thermally coupled brick, trilinear displacement and temperature, reduced
integration, hourglass control) was used for the plate and with a gradual element size from 4 to 0.1 mm. while the
element type for the tool is R3D4( 4-node bilinear rigid quadrilateral)

The previous modeling steps were performed on eight cases with different tool geometry as shown in Table1. The
solution model was 2 days continuous for each case on: Intel (R) Core(TM) i5-8300H CPU@2.30GHZ, 64 bit, 16
Giga bit, Windows 10, Gaming Processor for all phases of welding process.

VI. RESULT AND DISCUSSION
First, when the effect of the shoulder and the probe diameters were studied, the results of numerical modeling from
the AEL model appeared in figures 5,6,7 which were the temperatures and their distribution in addition to the von

MSS stresses at the end of the plunge phase for the cases N01.2.3, respectively as in table 1.

Starting from figure 5 which shows the temperature and stress for the case No.1, i.e. the tool with a 14 mm shoulder
diameter, 5 mm probe diameter and 4.5 mm probe height.

Figure.5. a): Temperature, b): von MSS stresses at plunge phase for Case 1.

Figure 6 shows the temperature and stress for case No. 2 with a shoulder diameter of 18 mm and a probe diameter of
6 mm.
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Figure.6. a): Temperature, b): von MSS stresses at plunge phase for Case 2.

Figure 7 shows the temperature and stress of the plate for Case No.3 with a shoulder diameter of 24 mm and a probe
diameter of 8 mm.

Figure.7. a): Temperature, b): von MSS stresses at plunge phase for Case 3.

As for figure 8, it represents the graph of the temperature and von MSS values according to the three studied cases

a Temperature b S, Mises
Case 3 Case 3
Case 2 Case 2
Case 1 Case 1
0 500 1000 o 3,40E+08 3,80E+08 -

Figure.8. Graph representing both a): temperature ,b): Von MSS stresses with changing shoulder and probe diameters.

As for the height of the probe, the studied values were 4,4.5, 4.8 mm, the diameter of the shoulder and the probe have
been considered constant 18, 6 mm, respectively. Case No.2 Has been considered to be the case that corresponds to
the height of 4.5 mm. As for case No.4, which corresponds to the height of 4 mm, the temperature and stress results
shown in figure 9 at the end of the plunge phase.
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Figure.9. a): Temperature, b): von MSS stresses at plunge phase for Case 4.

Figure 10 shows the temperature and stress for case No.5 which corresponding to the probe height of 4.8 mm.

Figure.10. a): Temperature, b): von MSS stresses at plunge phase for Case 5.

Case 3

Case 2

Casel

Temperature

0

200 400 600

mT.

Case 3
Case 2

Casel

S, Mises

0,00E+00

5,00E+08 mS.

Figure.11. Graph representing both a): temperature , b): Von MSS stresses with changing probe height.

Finally, when the plunge depth has been studied, the Shoulder diameter, the probe diameter and height have been
considered constant (18, 6, 4.5) mm, however plunge depth has been applied of 0.2 mm into the plate. Figure 12 shows
the temperature and stress at the end of the plunge phase for this case.

Figure.12. a): Temperature, b): von MSS stresses at plunge phase for Case 6.
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Now we discuss the results that were presented previously, we observe from the figures 5,6,7 that with increasing
both the shoulder and probe diameters, the area of the interface increases and thus the amount of heat produced by the
frictional contact, the plastic deformation as well as increases Von Mess stress, leads to the expansion of the weld
seam. According to the results that collected in figure 8, we found that the maximum temperature of the plate for the
tool with a shoulder diameter of 18 mm and the probe 6 mm was 476.7C°,what achieved the FSW process temperature
about.(70-90)% melting point , i.e. was not exceed this range of the studied alloy, while The tool with a shoulder
diameter of 22 mm and a probe of 8 mm generated a high temperature close to the melting point in order to increase
the area of the interface: probe - plate, shoulder - plate , as for the tool with a shoulder diameter of 14 mm and a probe
diameter of 5 mm, the maximum temperature was much lower, because of the frictional interface was small and thus
the heat generated is lower which maybe leads to the failure of the FSW process. Also the von MSS stresses to which
the plate is subjected, have the same behavior as shown in this figures, where it increases in the value and distribution
with the increase both shoulder and probe dimeters, the slight asymmetry also noticed of the temperature and stresses
on either side of the advanced and retreating sides. finally, the tool in case No. 2 gave an average value between the
other two cases.

On the other hand, for the effect of the probe height have studied was summarized by the figurell, generally the probe
height had a slight effect on the maximum temperature during FSW process compared to the shoulder and probe
diameters, but both temperature and stress values have shown a more clarification difference between the studied
values, where increased when the height was large and when the experimental application maybe leads to defects in
the weld joint root, in contrast, small probe height leads to less stirring and low heat generation, resulting to the
potential for breaking the tool. Accordingly, the tool with a probe height of 4.5 mm have considered the best among
the studied cases.

In general, that plunge depth works to provide the forging force required for the welding process at the experimental
application, and it often applied when position control is instead of force control. So we have studied it in the numerical
modeling in this paper, i.e. applying a plunge depth of 0.3 mm, the maximum temperature of the plate has risen but it
was within the temperature range of the FSW process for the selected aluminum alloys.

According to the results of the numerical modeling, the tool has selected with a shoulder diameter of 18 mm, a
probe diameter of 6 mm, and a height of 4.5 mm and the application of a plunge depth of 0.3 mm.

In order to validate numerical results, various welding operations were performed on a modified vertical milling
machine that simulates a FSW machine, using a welding tool designed and manufactured according to what was
mentioned above as figure 13. H13 tool steel material was used to manufacture the tool, then heat treatment was
performed to raise its hardness from (22) HRC to (55) HRC that was suitable for FSW tool.

Figure .13. FSW tool.

Then the equipment and the tool were assembled, suitable fixture was applied to prevent plate vibration, and finally
the welding process was carried out. A sample was taken from the welding joint and the stirring area was examined
using a light microscope as in figure 14, after appropriate preparation of the tested sample.
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Figure.14. a): Base metal, b): Nugget Zone

The image of the microstructure showed that the FSW process has produced a structure with fine equiaxial grains
because of the recrystallization process that occurs as a result of the severe plastic deformation and temperature of
FSW process. Also the Mg,Si particles were more uniformly distributed, this mean that temperature was suitable and
thus the success of the welding process according to the numerical modeling.
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V1. CONCLUSIONS

Numerical modeling was successfully implemented and overcoming the problem of severe mesh distortion
resulting from high strain rates in the FSW process, especially the plunge phase, with an acceptable
calculation time using ALE analysis with Adaptive Remesh technique at the local level study compared to
the CEL analysis method that it is used for the global level study (rotating and traverse speeds) [24].

It was found from the results of numerical modeling that heat generation increases by increasing the diameter
of the shoulder and the probe, in order to increase the area of contact of the frictional interface, and this result
is consistent with the research in the reference [25, 26].

From the parametric study in this paper, the tool with an optimal design is with a shoulder diameter of 18
mm, a probe diameter of 6 mm and a probe height of 4.5 mm, and applying a plunge depth of 0.3 mm.

Examination of the microstructure after experimental application with the tool manufactured according to
numerical results, fine equiaxed grain due to dynamic recrystallization in the nugget zone were obtained
and this corresponds to the results of the research in the reference [26, 27].
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