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On material flow in Friction Stir Welded Al alloys
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AA6082-T6 joints were produced using a trigonal shape pin. The influence of Friction Stir Welding (FSW) process parameters on the formation of banded 
structures was predicted using numerical modeling and then experimentally validated by optical and electron microscopy. Special attention was paid to 
the for-mation and evolution of banded structures observed in the plane of the welded sheets. A finite element (FE) analysis based on the Coupled 
Eulerian–Lagrangian formulation was developed to predict and quan-tify the influence of FSW process parameters on the formation and extent of the 
banded structures. The combination of the experimental and numerical analyses showed that the formation of the banded struc-tures is mainly related 
to the geometry of the pin whereas the friction conditions have a much smaller effect.

1. Introduction

Friction Stir Welding (FSW) is a solid state joining process in

which a rotational tool moves along the interface of the parts to

be welded. Joining is performed by stirring the interface, which

is facilitated by heating due to plastic dissipation as well as fric-

tion between tool and workpieces. Friction stir welds have superior

mechanical strengths when compared to conventional welding

processes. MIG, TIG and FSW welds of aluminum alloy 5086-H32

have been studied by Taban and Kaluc (2007). The comparison

shows that FSW welds are the strongest ones both for bending and

tensile tests. Fatigue tests carried out by Ericsson and Sandström

(2003) on welds made of aluminum alloy 6082 showed that the

fatigue strength of FSW welds is higher than that of MIG and TIG

welds. For FSW welds, the material forming the joint undergoes

different thermomechanical histories depending on its location in

the joint. This gradient in thermomechanical history results in var-

ious microstructural features and plays major role in determining

the mechanical strength of the joint. The microstructure of the joint

exhibits a number of characteristic features such as:

• Kissing bonds which correspond to a specific type of solid-state

bonding defect where the two materials to be welded are in con-

tact with little or no metallic bond as reported by Xu and Deng
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E-mail address: eric.feulvarch@enise.fr (E. Feulvarch).

(2008). Crack growth along the kissing bonds have been observed

by Jene et al. (2006) on friction stir welds made of aluminum alloy

5454.
• Banded structures consisting of alternating clear and dark bands.

This phenomenon leads to the formation of onion rings which can

be observed on the cross section of the weld joint, as studied by

Krishnan (2002), using semicylinder clay model. The periodical

material deposition has also been observed with a high speed

camera by Gratecap et al. (2011) during FSW of plasticine.
• Void defects such as porosities or tunnel defects as observed by

Kumar and Kailas (2008) which correspond to the lack of material

flow in the retreating side of the joint.

Therefore, understanding material flow during FSW is crucial

for controlling the weld quality, especially for complex tool geome-

tries. In literature, a number of techniques have been used to study

material flow during FSW. Steel balls have been used by Colligan

(1999) as markers in the weld seam. Liechty and Webb (2007)

carried out FSW welds by using plasticine with dissimilar color

in order to observe the material stirring during the process. Even

though the information provided by these techniques is valuable,

it is not accurate enough to explain specific phenomena observed

in metallic FSW welds such as the contrast difference between the

bands. For FSW welds made of aluminum alloys, material flow dur-

ing the welding stage can be reliably described by analyzing the

elements in the weld microstructure. This approach was used by

few authors in the literature. The formation mechanism of kissing

bonds was investigated by Xu and Deng (2008) by inserting a thin
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sheet (0.1 mm) of pure aluminum at the interface of the AA6061-T6

plates to be welded, in order to increase the visibility of the result-

ing kissing bonds. In their study, the evolution of the kissing bonds

as well as banded structure shapes as a function of the welding

speeds was investigated. They reported that kissing bonds are often

dragged into the banded region. This indicates that banded struc-

tures are highly related to the mixing of materials across the width

of the weld. The formation mechanism of void defects was stud-

ied extensively by Kumar and Kailas (2008). The authors showed

that void defects decrease when the welding force increases. Cui

et al. (2008) used the stop action technique to study the material

layer deposition mechanism. The technique is experimental and

consists in leaving the tool inside the weld and observes the joint

using optical and/or electron microscopy. However, an “a posteri-

ori” description of the material flow during FSW welding must be

checked through numerical investigations such as those carried out

by Xu and Deng (2008) to predict banded structures produced by a

cylindrical pin.

The main approach used for simulation of the FSW process is

a solid mechanics type including large strains and strain rates.

Several finite element formulations have been applied to simu-

late material flow during FSW. With a Lagrangian formalism, a

step by step analysis needs to be performed to follow the move-

ment of the tool and especially, the rotation of the pin. If such

simulations seem to be very useful to study the process step cor-

responding to the penetration of the pin into the material, it is

very time consuming to get the material flow during steady state

welding conditions. In addition, as the mesh follows the material

flow, the large distortions lead to unacceptable finite element dis-

tortions. The local modeling of mechanical effects requires refined

meshes along the trajectory of the stirring zone which leads to

significant size of the numerical problems that need to be solved.

This can be avoided by means of refining discretization only in the

vicinity of the welding zone using a re-meshing procedure. How-

ever, this approach increases the computational cost. The Arbitrary

Lagrangian–Eulerian approach (ALE) can be used to obtain real-

istic computation times as suggested by Assidi et al. (2010) and

Timesli et al. (2012). It consists in introducing a relative movement

between the mesh and the welded material in order to decrease

mesh distortions. The main drawback of this approach remains in

the choice of the relative movement. Despite the complexity of such

an approach, the formation of void defects has been well predicted

by the model developed by Schmidt and Hattel (2005). An alter-

native approach consists in using meshless techniques such as the

Smoothed-Particle Hydrodynamics (SPH) applied by Lorrain et al.

(2009) and Tartakovsky et al. (2006), or the Moving Particle Semi-

implicit (MPS) method used by Yoshikawa et al. (2012). However,

as transient simulations must be performed, these approaches are

complicated to implement and very time consuming as shown by

Assidi et al. (2010) and Schmidt and Hattel (2005).

Like most welding processes, the FSW process involves a small

size welding zone compared to that of the studied structure. It

is very often assumed that a periodic state is reached when the

welded structure displays a translational geometry over a long dis-

tance. Therefore, the material flow during the welding phase of the

process can be calculated using an analysis with a reference frame

linked to the welding velocity in an Eulerian formalism as used

by Colegrove and Shercliff (2004), Jacquin et al. (2011) and Bastier

et al. (2006), thus significantly reducing the computational efforts

by avoiding the transient analysis. For non-axisymmetric tools, the

periodic phase of the process can be simulated within an Eulerian

formalism coupled with a simple moving mesh technique as pro-

posed by Feulvarch et al. (2012) and latter applied by Dialami et al.

(2013). The mesh is composed of two parts: a first one which is

fixed around the stirring zone and a second one which includes the

material under the tool and moves with a rotational solid motion

Fig. 1. Welding configurations (defective welds are indicated in blue). (For inter-

pretation of the references to color in this figure legend, the reader is referred to the

web version of the article.)

corresponding to the tool rotational velocity. Using the above

approach, the mesh distortion problem is solved. The Eulerian for-

malism has the advantage of requiring much lower computation

time as underlined by Tutum and Hattel (2011). With the mixture

theory developed by Benson (1997), an enhanced boundary method

can also be used to model the tool rotation. The geometrical volume

of the pin is considered as a void inserted at each time step in the

Eulerian media, where the welded material can flow. The contact

mixture theory provided by Benson (1997) automatically computes

and tracks the interface between the Lagrangian tool and the Eule-

rian welded material. Therefore, it is possible to simulate complex

tool geometries as there is no requirement for fitting Eulerian mesh

boundaries to the tool geometry. This approach is referred to as the

Coupled Eulerian–Lagrangian (CEL). Recently, it has been used by

Al-Badour et al. (2013) to predict void defects and flashes in FSW

welds. Malik et al. (2014) have investigated the effect of various

tool pin profiles using this approach. However, the CEL method has

never been used to study the formation and evolution of the banded

structures in FSW joints.

In the present paper material flow during FSW of 6 mm thick

AA6082-T6 sheets using a trigonal shape pin is investigated by

experimentation and modeling. In the first part, the influence of

welding speed on the characteristics of the banded structure in the

plane of the welded sheets is investigated. In the second part of

the paper, a 2D numerical analysis based on the CEL formulation

is used to analyze and predict the formation of banded structures

and kissing bonds in the investigated material.

2. Experimental analysis

The details of the FSW experiments have been already provided

in a previous publication of Tongne et al. (2015). The plates are

made of aluminum alloy 6082-T6 with a thickness equal to 6 mm.

Welding is carried out by means of a carbide trigonal tool. The

height and the mean diameter of the pin are equal to 5 mm and

5.5 mm, respectively and the tool shoulder diameter equals 12 mm.

The tilt angle is 1◦. The total weld length is about 25 mm to be

sure of achieving the stationary state as shown by Giraud et al.

(2016) for the same welding setup. Fig. 1 summarizes the FSW

processing map where the sound and defective welds are identi-

fied as a function of tool rotational speed and welding velocity. The

red line denotes the welding limit of the testing machine accord-

ing to the vibrations and forces which occur during the welding

experiments.
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Fig. 2. Cross-section of a welding sample presenting its features at the center of the weld joint (weld no. 21: 1250 rpm – 200 mm/min).

2.1. Material flow

The material flow around the FSW tool can be analyzed by

observing the weld microstructure. Krishnan (2002) and Gratecap

et al. (2011) have reported that the formation of the banded struc-

ture in the weld microstructure is due to periodical deposition of

material layers. Xu and Deng (2008) have shown that kissing bonds

in FSW can appear in the banded region at the interface between

the parts to be welded.

2.1.1. Void defect

Fig. 2 shows a typical void defect. As the tool is moving, a con-

tinuous longitudinal tunnel following the weld line develops at the

back of the welding tool. This phenomenon is due to insufficient

driving of the material by the tool. For all defective welds, the void

defects are located at the bottom of the weld (see Fig. 2) between the

banded structure on the advancing side and the rest of the material

located on the retreating side. On the top of the advancing side, the

material forming the weld does not exhibit a banded structure, or a

void defect. Moreover, a white arrow in Fig. 2 shows material flow

going from the top of the advancing side to the void at the bottom.

This material flow bends down the head of the banded structure.

Actually, the flow of material driven by the rotation of the tool (fluid

circulation) is higher on top because of the action of the shoul-

der. Therefore, from an experimental point of view, the mechanical

stirring should be studied accurately to prevent void defects or to

control their locations according to the welding velocity as reported

by Rajakumar et al. (2011).

2.1.2. Material interface

The material interface can be easily observed on experimental

samples. In Fig. 2, the material interface starts from the retreating

Fig. 3. Material interface in longitudinal section at the center of the weld joint (weld

no. 20: 2000 rpm – 600 mm/min).

side at location 1 indicating that fluid circulation is less efficient

close to the shoulder. Indeed, the material located on the retreating

side is not driven to the advancing side. At position 2, the mate-

rial interface is located on the advancing side. This means that the

fluid circulation at this position is higher than close to the shoulder

because the material located on the retreating side is significantly

dragged to the advancing side. As mentioned by Kumar and Kailas

(2008), this higher fluid circulation induces a three-dimensional

material flow which results in the vertical motion. The gradual

movement of the material interface from position 1 to position 2 is

indicative of the velocity gradient and the corresponding progres-

sive deformation conditions. At position 3, the material interface is

approximately located at the center of the weld joint. It is stretched

by the vertical extrusion which bends down the top of the banded

structure and produces a dark zone indicated by the white arrow.

In Fig. 3, the optical microscopy of the longitudinal section shows

that the material interface follows the boundary of the dark zone.
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Fig. 4. Banded structure in the weld sections at the center of the weld joint (weld no. 20: 2000 rpm – 600 mm/min).

The material interface therein is double because the plane of obser-

vation is crossing a curved interface.

In Fig. 2, a void defect and the banded structure can be identified

at position 4. In the next section, the imbrication of the material

interface into the banded structure will be discussed. On the bottom

of the stirring zone corresponding to position 5, the shape of the

material interface exhibits a high “zigzag” type frequency, as shown

in Fig. 2B. This shows that the FSW process affects the zone under

the tool. Actually, this mechanism is essential to avoid root defects:

the material must entirely fill the zone under the pin during the

welding stage. The material interface is also called a lazy “S” or

a zigzag line as observed by Gibson et al. (2014) and Zhou et al.

(2006) or a tip border-shape for dissimilar materials as noticed by

Robe et al. (2015).

2.1.3. Banded structure

A banded structure which extends from the advancing side

toward the retreating side was observed in all welded specimens.

Fig. 4 shows the banded structure through different observation

planes for a sample welded with 2000 rpm rotational speed and

600 mm/min welding speed. On the cross section (yz), micro-

structural bands are similar to concentric circles and are called

“onion rings”. As observed in Fig. 4S, the distance between bands

is about 0.1 mm, which corresponds to the third of the trigone

tool advance per rotation. The above correlation between the tool

geometry and the interval between the bands is in agreement with

those reported by Gratecap et al. (2011) who used a tool with an

axisymmetric geometry and tools without shoulder.

Microhardness analysis on the dark bands, the clear bands and

the base material indicate 60, 79 and 64 HV, respectively. This dif-

ference in hardness has also been observed during Differential

Interference Contrast (DIC) microscopy observations (see Fig. 5).

This type of analysis allows studying the topography of the sam-

ple surface. One can note that the dark bands are more eroded by

polishing than the other microstructure zones which is an indirect

evidence of their lower hardness.

Even if the difference in microhardness between dark and clear

bands is confirmed, there is still not any satisfactory explanation of

the link between the mechanical properties and the contrast differ-

ence. The microhardness of aluminum alloys 6000 series is highly

related to the precipitation state which is itself complex to evaluate.

However, the presence of the kissing bond in the banded structure

characterizes the layer-by-layer deposit of the material at the back

of the tool. The material coming from the advancing side closest to

the tool is strongly deformed, as has been observed by Prangnell

and Heason (2005). Using a “stop action” experiment, Chen and

Cui (2008) observed that for a threaded tool, the microstructure

is made of a succession of thin and thick layers. Furthermore, at

least for our welding experiments, the banded structure does not

cover the entire weld width. As shown in Fig. 6(a), two zones can

be distinguished on section A–A (see Fig. 4): a No Banded Structure

Zone (NBSZ) and a Banded Structure Zone (BSZ). As this section

corresponds to the bottom of the weld far from the vertical motion

which bends down the banded structure head (see Fig. 4), the mate-

rial on section A–A originates only from the material deposited by

the rotation of the pin as reported by Tongne et al. (2015).

In Fig. 6(b), a banded structure in the two zones and a void defect

at the start of the weld joint are observable. The presence of the void

reflects the fact that the two banded structures present through

the width of the weld do not have the same origin. The material in

the BSZ is deposited layer after layer whereas the material in the

NBSZ remains attached to the rest of the material to be welded.

In the NBSZ, the material is driven into the path of the tool dur-

ing its forward movement. This phenomenon is similar to the one

observed in cutting processes: when the tool passes close to the

non-deformed material on the retreating side, the pin removes a

layer of material in its rotation by the so-called “plowing” effect.

This phenomenon is at the origin of burs. The boundary with the

non-deformed base material on the retreating side is less promi-

nent than the one observed on the advancing side for all welding

experiments.

Indeed, the material which will form the banded structure has to

be deposited when reaching the advancing side. This corresponds

to an alternation of more or less sheared material layers. In fact,

during the deposition of the material behind the tool, it is released

into the space located between the tip of the tool and the previously

deposited layer (see Fig. 7). The material released in the vicinity of

the tip of the tool is sheared due to its rotational movement. Thus,

the material that is away from the tip is retained by the previously

deposited layer. The maximum spacing between the layers, lx (see
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Fig. 5. Observation of the banded structure at the center of the weld joint by means of Differential Interference Contrast microscopy (weld no. 20: 2000 rpm – 600 mm/min).

Fig. 7), is achieved when the tip of the tool is located at the center

of the weld joint width. For the trigonal pin, the maximal value of

lx is equal to the distance between the identical bands defined by:

lx =
2�Vfeed

kω

where k depends on the geometry of the pin: k equals 3 for the

trigonal pin.

Furthermore, at the beginning of the layer deposition process, as

shown in Fig. 7, this space is too thin for the material to be released.

Therefore, a void is created in the retreating side of the weld (see

Fig. 7).

2.2. Effect of the velocities on the weld quality

For a given tool geometry and materials to be joined, the mate-

rial flow is governed by the welding speed and the rotational speed.

The welds are of satisfactory quality if the banded structure is regu-

lar without any void defect. As these two characteristics depend on

the material flow, the microstructure of the joint was investigated

as a function of the welding speed and the rotational speed. In FSW,

heat is generated by the friction as well as deformation heating. The

heat increases with the rotational speed whereas it decreases with

the feed speed. To avoid the lack of mixing, the rotational speed

should be increased. However, a high feed speed is required for

decreasing the process duration.

2.2.1. Feed speed

In the present investigation, the influence of feed velocity

effect was studied for a rotational speed of 2000 rpm. Typical

microstructures obtained under these processing conditions are

shown in Fig. 8.

For low feed speeds (corresponding to small values of lx),

Fig. 8(a) shows that the banded structures covers a small width

of the weld with an irregular material flow. When the feed speed

increases (corresponding to an increase of lx), the banded structure

extends increasingly across the width of the weld and the bands

become more and more regular as shown in Fig. 8(c)–(e). However,

the feed speed of 600 mm/min leads to a very regular banded struc-

ture but the zone of occurrence decreases as shown in Fig. 8(e). The

feed speed is limited by the welding machine capabilities. This is

the reason why the feed speed do not exceeds 600 mm/min for

a rotational speed of 2000 rpm despite the potential interest to

investigate higher feed speeds.

2.2.2. Rotational speed

When the rotational speed is low (corresponding to high val-

ues of lx), the banded structure is regular and well marked but

only covers a small area of the weld width as shown in Fig. 9(a).

When the rotational speed increases, the banded structure exhibits

a regular periodicity and extends across the width of the weld (see

Fig. 9(b)). For high rotational speeds, Fig. 9(c) shows that the zone

corresponding to the banded structure decreases in the weld width

and the thickness of the bands becomes irregular. Similar behav-

ior is observed for an increase of the feed speed or a decrease of

the rotational speed. Therefore, the evolution of the microstructure

can be defined by means of the single parameter lx which can be

computed using only two process parameters: feed and rotational

speeds.
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Fig. 6. Optical observation at the beginning of the weld of the section A–A in Fig. 4

(weld no. 20: 2000 rpm – 600 mm/min).

Fig. 7. Different zones across the weld.

2.2.3. Discussion

When lx is small, i.e the distance between bands is small, it is

difficult for the welded material to be deposited because the dis-

tance between the tool tip and the layer previously deposited is too

small. Therefore, the new layer is not deposited across the entire

weld width. A first part has to be deposited on the advancing side

whereas the rest of the material is pushed by the tool (bluild-up) in

its rotation as explained by Prangnell and Heason (2005). This phe-

nomenon occurs several times thereby creating a block of material

that detaches at the back of the pin by forming an irregular banded

structure with a large band thickness. This sequence depends on the

material flow that can be affected by the temperature. The blocks of

material are composed of highly sheared material (corresponding

to dark blocks) or less sheared (corresponding to light blocks). If

lx is high enough, material deposition occurs over the entire width

of the stirring zone. The banded structure covers almost the weld

width as shown in Fig. 8(e).

3. Numerical investigation into the formation of the

banded structure

The numerical approach is of interest as it makes it possible

to predict material flow inside the welding zone. Such informa-

tion would very difficult to obtain experimentally. In this study, the

focus is placed on the formation of the banded structure in the sec-

tion A–A defined in Fig. 4. Because this section is out of the vertical

motion zone previously noticed in Fig. 4, the material flow is only

driven by the circulation velocity around the pin. The kinematic of

the material particles can be assumed to be bidimensional. In the

following, the steps used for the development of the 2D numerical

model for predicting the formation of the banded structure in the

section A–A (Fig. 4) is detailed.

3.1. Numerical model setup

3.1.1. Coupled Eulerian–Lagrangian formulation

The numerical FSW modeling process developed in this study is

based on a Coupled Eulerian–Lagrangian (CEL) technique with an

explicit time integration available in the computer code Abaqus®

(2015). This approach allows plunging a Lagrangian rigid body such

as a pin inside an Eulerian media where the base material flows. In

a standard Lagrangian analysis, the motion is identical for the mesh

and the material. Therefore, the boundary of the material coincides

with the mesh boundary. For an Eulerian approach, the finite ele-

ment mesh is fixed in space corresponding to a computational grid

in which the material can flow. This mesh can be partially or com-

pletely empty of material. For the CEL technique, the boundary of

the volume occupied by the material is described by a surface which

cross the Eulerian media. The surface is tracked at each time step

and it serves as geometrical support for the treatment of the contact

between the material and the tool in the mixture theory provided

by Benson (1997) for the Coulomb friction law. For the visualiza-

tion, the computer code Abaqus® (2015) has not the ability to plot

the surface used for the CEL computation that crosses elements.

The visualization of the boundary is carried out by means of the

EVF (Eulerian Void Fraction) field output based on nodal averaging

values of the void fraction in each element of the mesh.

Fig. 10 shows an example of the void fraction field during the

2D rotation of the trigonal pin in section A–A. The CEL technique

is only available in 3D in the computer code Abaqus® (2015). To

implement the 2D simulation of the material flow in section A–A,

the model is composed of a layer of 3D finite elements with no

possible displacement in the out of plane direction. The mesh has

a square shape of 15 mm side. Heat transfer is not computed by

considering a constant temperature equal to 300 ◦C. The material
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Fig. 8. Microstructure observations at the center of the weld joint in the section A–A (Fig. 4) for a rotational speed equal to 2000 rpm.

Fig. 9. Microstructure of the joint at the center of the weld joint in the section A–A (Fig. 4) for a feed speed of 300 mm/min.

is assumed to be initially motionless. Then, the material is forced

to enter in the mesh with no possible transversal displacement on

each side of the welding zone.

3.1.2. Material behavior

The material behavior is modeled by means of the Johnson–Cook

material model for AA6061-T6 aluminum alloy because of the

robustness of the parameters which have been used to simulate

FSW by Lesuer et al. (2001), Soundararajan et al. (2005) and Al-

Badour et al. (2013):

� = (A + B(ε
p
eq)

n
) ·

(

1 + C ln

(

ε̇
p
eq

ε̇0

))

· (1 − T̂m) (1)

where A, B, n, m, C are material parameters given in Table 1. ε
p
eq

and ε̇
p
eq denote respectively the equivalent plastic strain and the

equivalent plastic strain rate. T̂ is a non-dimensional temperature

defined as:

T̂ =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

0 if T ≤ Ttran

T − Ttran

Tmelt − Ttran
if Ttran < T < Tmelt

1 if T ≥ Tmelt

(2)

where Tmelt, Ttran and T denote respectively the melting, the transi-

tion and the material temperatures (taken equal to 300 ◦C).

3.1.3. Numerical robustness

The mesh refinement is defined by the lengths of the edges of

the finite elements which are denoted by h. In this work, h depends

on the distance between the bands of the microstructure to be sim-

ulated. For the configuration 20 (see Fig. 1), the distance between
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Table 1

Johnson–Cook parameters.

A (MPa) B (MPa) n m C Tmelt (◦C) Ttran (◦C)

324 114 0.42 1.34 0.002 583 24

Fig. 10. Distribution of the void fraction around the trigonal pin during welding.

bands lx equals 0.1 mm. Therefore, the mesh size must be smaller.

To avoid a major computation cost, a numerical feed speed equal to

2000 mm/min was used leading to a value of lx of about 0.33 mm.

The simulations were performed during a physical time equal to

0.6 s which corresponds to 20 rotations for a rotational velocity of

2000 rpm. With this approach, the periodic state corresponding to

the real welding stage was achieved.

To test the robustness of the numerical 2D modeling process,

the influence of the mesh size h was also investigated by taking h

equal to 24 �m, 12 �m, 6 �m and 3 �m as described in Table 2. All

the above computations were carried out by considering a Coulomb

Fig. 11. Eulerian mesh (h = 12 �m) and initial distribution of the void fraction.

Fig. 12. Equivalent plastic strain ε
p
eq along the white arrow (see Fig. 10).

Fig. 13. Distribution of the equivalent plastic strain ε
p
eq for different temperatures

(h = 12 �m).

coefficient equal to 0.3 for modeling the contact between the pin

and the material. As an illustrative example, Fig. 11 shows the mesh

for h = 12 �m. For all simulations described in Table 2, the Eulerian

mesh is initially empty of material at the tool location and between

the pin and the material, as shown in red color in Fig. 11. The cavities

between the tool and the material were introduced in the model

following the observations of Chen and Cui (2008) in the case of

cylindrical pin.

The distributions of plastic strain for the simulations of Table 2

are plotted in Fig. 12 along the white line crossing the banded

structure in the center of the weld (see Fig. 10). The comparison

shows that the h = 12 �m finite element mesh appears to be the
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Table 2

Description of the numerical simulations for a welding time of 0.6 s, a trigonal pin and a Coulomb’s coefficient equal to 0.3.

Element size (h) 24 �m 12 �m 6 �m 3 �m

Number of nodes 22,435 82,440 166,048 291,590

CPU time 4 h 18 min 29 h 35 min 94 h 5 min 351 h 34 min

Fig. 14. Distribution of the equivalent plastic strain ε
p
eq (h = 12 �m).

most efficient one. Indeed, the refined discretizations (i.e. lower

h value) do not seem to be significantly more accurate. The mesh

size h will be taken equal to 12 �m for the rest of the numerical

investigation dedicated to the study of the formation of the banded

structure. In order to investigate the possible influence of the pres-

ence initial cavities between the tool and the base material on the

simulated periodic state of the welding stage, a simulation test

was performed without considering initial cavities. Figs. 13 and 14

show that the plastic strain distribution at the back of the pin does

not significantly depend on the temperature and the initial state

because the cavities appear even when they are not initially con-

sidered.

3.2. Simulation of the banded structure

As discussed by Tongne et al. (2015), a relation can be estab-

lished between the maximal strain rate values ε̇
p
eqmax

and the

occurrence of the banded structure. Figs. 15 and 16 show respec-

tively the distributions of ε̇
p
eqmax

and ε
p
eq for different values of the

Coulomb coefficient denoted f which is taken equal to 0 (slip con-

dition), 0.3 and 0.6. For the maximal equivalent strain rate, there

are no significant differences between the three cases which cover

realistic values of f. For each case, the banded structure appears

at the back of the pin by an alternating pattern of high and low

values of the maximal equivalent plastic strain rate. Fig. 16 shows

that the friction condition has an effect on the morphology of the

banded structure, since the BSZ is wider at low friction coefficient.

The distribution of the maximal equivalent plastic strain rate ε̇
p
eqmax

across the banded structure is plotted in Fig. 17. The variation of the

Coulomb coefficient does not significantly affect the evolution of

ε̇
p
eqmax

but only the numerical maximal values which are lower for

the highest value of f. This sensitivity of the material history accord-

ing to f is less remarkable with regard to the equivalent plastic strain

as shown in Figs. 16 and 18.

As shown in Figs. 15 and 16, the banded structures are located

on the advancing side of the weld, as obtained in the experimen-

tal work. In Fig. 19(a), the face of the pin denoted s1, drives the

welded material by pushing it near the tip t1. The motion of the tip

induces a high elongation of the boundary, denoted b1, which can

be observed by comparing Fig. 19(a) and (b). At the same time, the

face, denoted s2, digs the material at the front of the pin, in order to

drive it in its movement while more or less deforming the bound-

ary b1. At the back of the pin, as the material is being released, the

border, denoted b1, is affected on the retreating side where there

is a transition between the digging phenomenon and the material

deposition.

3.3. Numerical simulation of the material interface evolution

To understand the material mixing and the formation mecha-

nism of the material interface in section A–A, a state variable was

defined in the numerical simulations. At the initial step, it is taken

equal to 1 at nodes of the mesh belonging to a band width of about

20 �m as plotted on the right side of Fig. 20 and 0 everywhere else.

Fig. 20 shows the material interface obtained with the refined mesh

(h = 3 �m). The shape of the interface describes a microstructure

composed of alternating layers of material. This results is in agree-

ment with the experimental observations of Xu and Deng (2008)

who reported that the material interface is often dragged into the

banded structures and exhibit more or less complex shapes. Similar

observations were also reported by Gibson et al. (2014) and Robe

et al. (2015). Therefore, the banded structure is highly related to

the mixing of materials across the width of the weld.

To visualize the material mixing, the state variable was initially

taken equal to 0 or 1 depending if the nodes of the mesh correspond

to the material that comes from the left or the right side of the joint.

In this case, the material interface can be identified in the multicolor

zone located between the red and blue sides in Fig. 21. Referring

to standard levelset techniques, the thickness of the interface is

approximately equal to the size of the finite elements. It can be

seen that the joint is made of bands, located at the back of the tool,

composed of alternating material originating from each side. Each

9



Fig. 15. Distribution of the maximal equivalent plastic strain rate ε̇
p
eqmax

(s−1) for different values of the Coulomb coefficient f (h = 12 �m).

Fig. 16. Distribution of the equivalent plastic strain ε
p
eq for different values of the Coulomb coefficient f (h = 12 �m).
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Fig. 17. Maximal equivalent plastic strain rate along the white arrow (see Fig. 10).

Fig. 18. Equivalent plastic strain along the white arrow (see Fig. 10).

layer is made of materials coming from both sides. The numerical

banded structure is located on the advancing side regardless of the

value of the Coulomb coefficient. On the retreating side, it can be

seen that the weld does not exhibit banded structure as for the dis-

tribution of maximal strain rate. This agrees with the experimental

observation: the zone located in the retreating side called NBSZ

Fig. 20. Computed material interface for f = 0.3 and h = 3 �m in the section A–A (see

Fig. 4).

is composed of material which remains attached to the unmixed

material. Moreover, the material interface gradually shifts to the

advancing side as the Coulomb coefficient increases and so does

the width of the NBSZ observed in Fig. 6(a).

3.4. Perspectives for modeling of void defects

The experimental investigation revealed that the banded struc-

ture was observed in the plane of the welded sheets. Using

numerical modeling, the formation mechanism of the banded

structure as well as the evolution of the material interface was dis-

cussed and simulated using the finite element method. Despite of

the regular banded structure, a void defect can appear at the inter-

face between the NBSZ and the BSZ as shown in Fig. 22. In this case,

the defect has not been generated by a lack of material flow because

it is not located on the advancing side close to the zone of highest

plastic strain (see Fig. 16) as mentioned by Al-Badour et al. (2013).

In Fig. 22, the void is the result of the fracture of the base material

initiated in the NBSZ. For predicting such void defects, the numer-

ical modeling needs to be improved. The material initially located

on the retreating side seems to be driven into the banded structure

while being separated from the base material (see Fig. 22). This phe-

nomenon of separation of the material requires the development

of a damage model taking into account the mechanical and ther-

mal loads undergone by the material under the tool. This approach

is necessary to simulate the formation mechanism of void defects

and to study the impact of the welding parameters.

Fig. 19. The welded material surface evolution around the pin.
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Fig. 21. Mixing of the material coming from advancing and retreating sides for different values of the Coulomb coefficient f (h = 12 �m).

Fig. 22. Microstructure observation in the section A–A for the weld no. 21 in Fig. 1.

4. Conclusions

The aim of this paper was to study material during FSW of

AA6082-T6 using a trigonal pin by simulation and experimental

validation. A 2D numerical modeling method has been developed

on the basis of a coupled Eulerian–Lagrangian (CEL) approach for

simulating the formation mechanism of a regular banded structure.

The following main conclusions can be drawn from the present

work:

1. Optical observations in the plane of the sheets to be welded show

that the welding velocity needs to be high enough for a trigonal

pin to obtain a regular banded structure.

2. The model confirms that contrast difference between bands of

microstructure can be correlated to the maximal equivalent plas-

tic strain rate.

3. The model attests that bands of microstructure across the width

of the weld are composed of alternating layers of material com-

ing from each side of the joint.

4. By using the Coulomb coefficient, the numerical model shows

that the banded structure mainly depends on the trigonal shape

of the pin, not on the friction condition.
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