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Experimental study of the roughness variation of friction stir welding FSW
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Abstract. The use of the Friction Stir Welding (FSW) process in aircraft construction, naval or
nuclear reduces manufacturing costs and indirectly, operating costs through structural
lightening. The aluminum alloys have very interesting specific properties such as very good
electrical and thermal conductivity, good ductility accompanied by good mechanical and
corrosion resistance. It is for this reason that these alloys are used in many industrial sectors.
The aluminum based alloys are difficult to melt weld due to their high thermal conductivity and
oxidation rate at temperatures very close to that of melting. The purpose of this investigation is
to study the variation of the surface roughness on the weld joint of 5 mm thick plates of
AA6061-T6 using friction stir welding FSW and carried out using a simple form pin tool.
Surface roughness of FSW joints as a function of welding parameters (rotational speed, welding
speed). The surface roughness of FSW joints has a big impact on the fatigue of the welded joint,
hence determining the minimum surface roughness is critical. The quality of an FSW joint is
heavily influenced by the tool and welding settings. The tool's geometry affects both the heat
distribution and the amount of metal entrained by the tool. This paper provides outcome of
impact of welding parameters on microhardness, and surface roughness of friction stir welded
AA6061- T6. Conclusions derived from this research work are: the FSW joint's microstructural
examination reveals homogeneous particle distribution.
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Introduction

The AA6061 aluminium alloy has Highly resistant to corrosion in the marine environment, as
well as moderate mechanical qualities and high fatigue-fracture resistance. It offers good
formability, machinability, and weldability when used in arc or resistance welding procedures
(metal inert gas — MIG or tungsten inert gas — TIG) [1,2]. The TWI pioneered the friction stir
welding (FSW) technology in 1991, and it is undoubtedly the most amazing and possibly
valuable new welding technique. The originality of this process consists in welding in the solid
state, which eliminates the defects linked to solidification and leads to low internal stresses
compared to conventional welding (laser or arc welding). The FSW is well suited to the
fabrication of sheet assemblies in Aluminum or its alloys that are difficult to weld using
standard methods (MIG, MAG, TIG, etc.). Defects in FSW welded joints substantially impair
the joint's mechanical characteristics. Within the weld, there are several zones where the
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microstructural evolution is governed by the complex interaction of plastic deformation,
restoration, recrystallization, and homogeneous and heterogeneous precipitation. The FSW is
performed using a punch with a shoulder and a pin. The tool rotates while applying pressure to
the plates' surface during welding. Heating from friction between the tool and the workpiece,
as well as plastic work dissipation at high strain rates created by tool pin stirring the materials,
is used to soften the materials and form joints during the friction stir welding (FSW) process
[3-6]. Currently, FSW research is mostly focused on the weld material; however, while a
number of materials, such as aluminum, have achieved significant success, research on the
friction stir tool is still in its infancy [7—16]. The heat generation and flow of the plastic material
are affected by the pin's shape. Eventually, the pin will have an impact on the weld's form,
mechanical qualities [17-19] and on the surface roughness of the joint. Residual stress in
friction stir weld (FSW) joint significantly affects fatigue performance [20].

In this study, the surface roughness of FSW joints has a big impact on the fatigue of the
welded joint, hence determining the minimum surface roughness is critical. The quality of an
FSW joint is heavily influenced by the tool and welding settings. Surface roughness of FSW
joints as a function of welding parameters (rotational speed, welding speed). The purpose of
this investigation is to study the variation of the surface roughness on the weld joint of 5 mm
thick plates of AA6061-T6 using friction stir welding FSW and carried out using a simple form
pin tool. The feed rate, the tool's rotational speed, the distance between the pin and the joint's
root, the tool's vertical force, and the inclination of the shoulder with regard to the joint's surface
are all process parameters that influence the seal's quality. The roughness of a 120 mm long
weld connection was measured in five portions for this study. The starting and ending parts of
the welding tool are given special attention.

In order to decouple the different phenomena. The surface properties can have an impact
on the mechanical behavior of the weld joint [21]. The quality of the surfaces is largely
dependent on their roughness. Technically, it is important to determine the roughness of the
weld joint to control the smooth surface.

Experimental Procedure

Materials. In this study, we used two types of materials. The first is intended for the FSW
welding operation, we used a high alloy steel tool which bears the designation XC48 steel. The
alloys were purchased in the form of rolled plates of 5 mm thick. The nominal chemical
compositions of the parent material XC48 steel are listed in Table 1. Moreover, the tensile
strength, yield strength, elongation and Hardness of the parent materials are summarized in
Table 2. The second material studied is a AA6061-T6 aluminum alloy supplied in the form of
5 mm plates.

Table 1. Chemical composition of XC48 steel (mass percent, %)
C S Mn P Si
0.42 0.029 0.7 0.042 0.38

Table 2. Mechanical properties of XC48 steel
Tensile strength, MPa Yield strength, MPa Elongation, % Hardness (HV)
535 468 11.2 150

The material used for welded in the experiments was AA6061-T6. This type of aluminium
alloys AA6061-T6 is widely used in the automobile, marine and aerospace industries as skin
and structure applications for skin and structure. The standard EN-AW 6061 aluminum alloy
with chemical composition in mass fractions: 0.80 % Si, 0.70 % Fe, 0.05 % Cu, 0.15 % Mn,
0.05 % Mg, 0.35 % Cr, 0.25 % Zn, 0.15 % Ti and the rest Al, and temper O, was used for
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testing. The workpiece dimensions were 250 x 100 x 5 mm. The physical and mechanical
properties of the alloy for temper O were determined, taken according to the standard (Table 3).

Table 3. Mechanical properties of the aluminum alloy AA6061-T6
Aluminum Alloy USS, MPa YS, MPa Elongation, %
AA6061-T6 308 278 13

FSW tool. The quality of a Stir friction welding FSW joint depends greatly on the tool
and the welding parameters. The geometry of the tool is a determining factor in the heat
distribution and the amount of metal driven by the tool. However, welding speed, rotational
speed, the distance between the pawn and the root of the seal, the vertical force exerted by the
tool and the inclination of the shoulder relative to the surface of the surface joint are processes
of parameters that influence the quality of the joint. These parameters vary depending on the
soldering metal, the joint configuration and the geometry of the tool used. They are normally
determined experimentally after choosing the tool. The effect of the tool rotation speed is
nonlinear on the mechanical properties [22].

The choice of the FSW tool was made from XC48 steel, the tool design is an important
parameter in FSW processes, which influences the heat generation, the resulting microstructure
and mechanical properties of the welded material. A basic FSW tool geometry was used with a
pin, the resulting microstructure and mechanical properties of the welded material. The rotating
tool was made of XC48 steel with a pin diameter of 4 mm, a pin height of 3.5 mm, and a
shoulder diameter of 16 mm. An inclination angle of 2.5 ° was applied for the tool during the
joining process and the formation of welds under the position-control mode. The configuration
of the tool used in this study is shown in Fig. 1

—»%—»

| ~ |

Fig. 1. Friction stir welding (FSW) tool used in the FSW experiments
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The most important geometric parameter in the FSW tool design is the diameter of the
shoulder, which is currently designed by test and error methods. The influences of the diameter
of the shoulders on thermal cycles, the advanced temperatures, the power requirements and the
torque during the FSW processes are complex and must still be resolved to be fully understood.
A criterion for the design of a tool shoulder diameter based on the principle of the maximum
use of the pair provided for traction has been proposed and tested.

Unconventional FSW, the tool is considered non-consumable. However, extreme welding
conditions shorten its life and can quickly damage it. The material of the FSW tool used
(XC48 steel) must ensure its resistance to the stresses exerted by the material. The active part
of the tool degrades under the effect of the forces generated during the interaction tool /
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tribology material and extreme thermal conditions. For each welding phase, the tool is subjected
to different forces, which vary according to the operating conditions.

Friction Stir Welding Procedure. The welding process was performed on the vertical
milling numerical machine. A plan of experiments was prepared regarding the capabilities of
the universal milling machine used. The welding speeds have been precisely selected and tested
at a constant inclination angle of 2.5 °. Welding parameters (rotational speed of 1250 RPM and
welding speed was 71 mm/min). The position of the tool with respect to the joint configuration
is shown in Fig. 1.

The plates of the alloy AA6061-T6 were positioned and fixed in the fixation systems FS,
the plate fixing system must withstand the forces which tend to separate and displace the parts
to be assembled. The magnitude of these forces capable of deforming the upper surface of the
welded plates.

Although the shoulder of the tool exerts an axial force to keep the tool resting on the
support, it is the fixation system that must perform this function.

The generation of heat in the FSW process is the consequence of several physical
phenomena. The heat sources induced by these phenomena can be classified as tool-part
interaction. This interaction is the source of a surface heat flux at the tool-material interface.
The surface to which the flux is applied can vary from a disk with a radius equal to that of the
shoulder located on the upper face of the sheets to a more complex surface taking into account
the angle of inclination of the shoulder and the pawn surface [23]. The heat flux can be
calculated from the heat dissipated by friction [24] or from the total power supplied to the
tool [25]. For these two cases, the coefficient must be determined experimentally of friction and
the total power supplied to the tool. The heat necessary for the process is generated by the tool
rotation and clamping (usually downward force) of the tool on the joint line [26]. Generally,
the tensile shear load is primarily impacted by the tool penetration depth [27].

Welding tool

Welded| plates

-8

Heat of the Tool
¥

Fig. 2. Thermal observation
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During welding, the highest temperatures are concentrated around the pin and under the
shoulder (Fig. 2). Then, as you move away from the tool, the temperatures gradually decrease,
until they fall back to ambient temperature. The plot of temperature versus position provides
further detail on thermal fields.

Mechanical Properties (Hardness test). Using a universal hardness testing machine
with camera and screen, NEMESIS 9001. We can see the evolution of the hardness on the cross-
section of the welded joint. The Vickers hardness measurement is carried out using a standard
diamond pyramidal tip with a square base and an apex angle between faces equal to 136°. The
imprint therefore has the shape of a square; we measure the two diagonals d; and d; of this
square using the camera and the screen of the same device. The value d is obtained by taking
the average of di and d». It is d which will be used for the calculation of the hardness. The
strength and duration of support are also normalized. For each weld joint, a sample was taken,
so the advance side (AS) was chosen as the starting point for the measurement. The
microhardness of different welded plates was measured according to the Vickers standard. A
polishing is necessary before taking the microhardness measurements, to have a surface
condition without any scratches likely to interfere with the penetration of the indenter.

Results and discussion

Visual inspection. From the FSW welds, the surface condition of welded plates is a first clue
for estimating the quality of the welded joint. Respecting the welding protocol described in the
previous section, a tool configuration has been devoted to arrive at a satisfactory surface finish
to access the mechanical characterization. Figure 3 shows the surface condition of welded plate
with a tool configuration we suggest. The welded plate exhibited burrs (called "flash™) on the
retreating side (RS) (Fig. 4), flash affects the surface finish of the weld and can be interpreted.
In this experimental, the weld apices were smooth. The visual inspection observation cuts of
the welded joints confirm that there are no internal defects (tunnel effect). After visual analysis
of the welded joints, we can say we have a good weld seam and a good seam.

Fig. 4. Burrs after welding FSW.
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Microscopic analysis. Monitoring and controlling the condition of surfaces is a major
need for manufacturers. A new roughness parameter is proposed to quantify the smoothness of
a surface independent of amplitude and units of sweep length. The effectiveness of this
parameter is tested on periodic noisy surfaces with different degrees of anisotropy. The value
of this parameter is between zero (perfect noise) and 100 %.
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Fig. 5. Profile of roughness measurement points on the welded structure

It is clear from Fig. 5 that the surface condition of the weld joint has several defects which
will weaken the behavior of the joint. We noticed excessive burrs and chippings in the form of
scrap on the surface of the welded plates. FSW solder joint has intrinsic properties such as
density, conductivity and modulus of elasticity; the surfaces representing the limits of the
materials can be a little more insubstantial, but we still think of some of these properties as an
intrinsic quality, however there are other properties which are easy to define but whose values
seem to depend on technique or scale, measuring roughness, for example, seems to be a property
with an additional difficulty that is not always easy to define as a concept.

The roughness measurement points on the welded structure and the distance between the
points in this study are represented in the Fig. 5.

The different roughness parameter such as Rz is calculated on each profile resulting from
the decomposition obtained. The evolution of the roughness parameter Rz with respect to the
scale of the wavelet decomposition.

The feed rate has a greater influence on the microstructure of the joint than the rotational
speed. The heat intake does not only depend on the distance traveled. It also depends on the
welding power. A too high feed rate leads to the formation of cavities commonly referred to as
tunnels or "wormholes™ at the root of the joint. The feedback ratio defined by the coefficient
between the feed rate and the speed of rotation is the main parameter that controls the presence
and size of the cavities. The higher the high report, the more cavity training is favored. For
advance speed, proposing ductility increase with increased speed of rotation. Excessive
rotational speed causes the increase in the temperature of the joint and the formation of internal
defects. The equivalent plastic deformation can be approximately correlated with the evolution
of the microstructure.

Microstructure was studied with an optical microscope, while grains size was determined
by Image J software (Fig. 6).

Figure 6 shows the welded joints subjected to microscopic inspection, when the welded
joints were subjected to microscopic inspection, tiny scattered voids were observed in some
more welded joints in the lower stir region toward the advancing side.

The grain size was found to be influenced by processing parameters. Weld microstructure
displayed mixed structure comprising both the base metals, so it is imperative to study
advancing and retreating sides.

Figure 6 (A1,B1,C1,D1,E1,F1) presents a micrograph of the first point of tool rotation, the
weld is without defects, except for possible under fill, due to the higher heat input. The streaks
are very small at the first points of the weld, which were in the vicinity of the tool shoulder. At
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the middle of the weld root joint (Fig. 6), the surface roughness is clearly seen as a line. In this
part (zone) the tool must provide both mixing and friction with the material to be welded. These
functions quickly degrade the tool, the movement of the rotating material under the effect of
friction at the tool / plate interface and in mixing due to the pin creates a source of plastic
deformation. Therefore, most of the heat is created by the tool / plate’s friction in the middle
zone.

F

Fig. 6. Micrograph showing the surface condition and roughness measurement points
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Figure 6 (A2,B2,C2,D2,E2,F>) presents a micrograph of the last point of the tool's rotation,
the welding joint has some small flaws Welding flaws are irregularities, discontinuities,
blemishes, or inconsistencies in the weld surface of welded pieces. Weld joint defects can lead
to part and assembly rejection, costly repairs, considerable reductions in performance under
operating conditions, and, in the worst-case scenario and catastrophic failures.

Effects of surface roughness. Roughness Rz (um): The surface roughness (Ra) of the
weld joint was measured with instruments for the most diverse applications. From the present
result (Fig. 7) it was confirmed that the welding parameters such as rotational speed and welding
speed used are useful, that is, when surface roughness and contact force are changes from the
experiments.
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The obtained results demonstrated that spherical nano-sized grains of the joints were
produced. Surface roughness aids in determining the integrity of the surface. The roughness of
a surface also aids in determining its function. This is because a significant portion of material
failure begins near the surface. It could be the result of a surface irregularity or decrease in
quality. Corrosion resistance is also influenced by the surface finish. Surface finish enhances
component performance while lowering component life cycle costs.

At the advancing side, the material flow on AS differs from the flow on RS. On the RS,
AA6061-T6 should not be in the rotational zone near the pin. Surface roughness increases with
rotational speed.

Since the roughness is taken as a factor of the surface profile to be considered in the
estimation of the fatigue life of structures welded by FSW. Different roughness measurements
were taken in the joint of AA6061-T6 welded by FSW on selected points as shown in Fig. 5.

The results show that within a AA6061-T6 alloy weld, the surface roughness values
increase along the entire weld length as seen in Fig. 7, due to the shoulder penetration of the
tool that necessarily affects the surface and causes ridges in the surface profile along the weld.
The roughness Rz vary from start to finish (between 9.84 and 16.87 pm on the RS side,
8.77 and 13.98 um on the AS side) and level off slightly towards the end as the heat input
reaches its steady state.

We observed that the retreating side RS presents high values of roughness compared to
the advancing side AS, this increase is explained by the heterogeneity of the weld joint FSW.
In addition, the roughness is important at the level of the peaks resembling the welding center
(nugget) where the level of deformation is very high.

This will have an effect on the areas of surface stress concentrations and the period of
fatigue crack interaction.

Vickers Hardness examinations. The variation of the micro hardness of all areas on the
sample Shown in Fig. 8. Minimum values of hardness were found at the regions of base metal
BM with values varying from 50 to 52 HV and maximum peaked values were found at the core
region at the contact surface with metals. Values changing from 62 to 64 HV. The
microhardness test allows us to have information on the structural change of the weld joint and
to identify the different areas. The test was carried out in the transverse plane through the
assembly with a Vickers indenter. Figure 8 shows the hardness measurement points on a sample
AA6061-T6 aluminum alloy.
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The hardness profile (Fig. 8) clearly shows the influence of the microstructure on the
hardness, the measurements in the different zones reflect the microstructure relating to each
zone. It is noted that the hardness increases in the center of the nugget, this increase is explained
by the refinement of the grains in this zone.

We notice that the hardness of the heat affected zone drops compared to the base metal
BM (at around 50 HV), saw the coarsening of grains in this zone as well as the temperature
reached by this zone generates the HAZ hardness gradient observed in Fig. 8.

A dispersion of hardness is noticed at the level of the thermomechanically affected zone,
we explain this weakness by the plastic deformation in this zone induced by the FSW process,
this zone is characterized by a strongly plastically deformed microstructure.

Conclusions
In order to achieve the main objective of this work, an experimental study of the FSW welding
process is devoted. An experimental study was used in order to apply friction stir welding
(FSW) and even the roughness of the welding joint under the effect of the welding parameters
proposed by ourselves. This study clearly showed that there is a good agreement between the
welding parameters chosen and the material to be used.

However, there are still several points to be explored as a perspective of this work, which
we quote below:

Develop a digital model based on this thermomechanical model by inserting the pin into
the welding tool.

The main conclusions are as follows:
- The increase in the speed of rotation causes an increase in the maximum temperature in the
welded joints. Also, increasing the feed rate results in a decrease in the maximum temperature.
- All of the roughness prediction results found by this experimental part, we never reached the
roughness of the weld joint in question.
- The shape of the tool is an important part of FSW welding. In the experimental welding, the
tool with a taper of 2.5 ° gave very good results.
- The hardness profile is relatively symmetrical with respect to the parting line for the proposed
welding parameters. The minimum hardness levels are achieved in the ZATM (RS) at around
52 HV. A slight level of hardness reaches a value of 64 HV, especially at the feed side (AS).
- The value of the microhardness in the ZATM for the proposed welding parameters can reach
60 HV is higher than that of the base metal which is 54 HV.
The microhardness test allows us to have information on the structural change of the weld joint
and to identify the different areas. The test was carried out in the transverse plane through the
assembly with a Vickers indenter. Figure 11 shows the hardness measurement points on a
sample AA6061-T6 aluminum alloy.
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