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Abstract

Friction Stir Welding (FSW) is a solid-state joining process that has been demonstrating to be an excellent alternative 
for joining aluminum alloys. Therefore, this work presents the influence of process parameters (rotational speed, welding 
speed, and tool shoulder penetration) on mechanical properties of friction-stir-welded AA 5083-O. The welded joints were 
analyzed by metallography, tensile, and bending tests. Furthermore, the surface fracture of the best joint was evaluated by 
scanning electron microscopy (SEM) for verifying the major fracture mechanism. It was found that the ultimate tensile 
strength (UTS) of the welds was similar to that of the base material. Moreover, the microhardness profiles were comparable 
along the regions considered. Also, the failures of both bending and tensile tests tend to occur on the advancing side.
Keywords: Friction stir welding; AA 5083-O; Process parameters; Mechanical properties.

1 Introduction

In several applications, the use of aluminum alloys has 
grown over the years. The advantages of using aluminum for 
replacing steel are related to high strength-weight relation, 
which allows the increase of transports carrying capacity or 
less fuel consumption and, therefore, less CO2 emission [1]. 
Among the several alloys available, the 5083-O alloy is widely 
employed in the automotive, aerospace, and naval industries 
due to its corrosion resistance, mechanical properties, and 
low density [2]. Besides, the aluminum alloys of 5xxx series 
are considered not hardenable by heat treatment [3].

Welding of aluminum alloys may be challenging 
due to their properties, such as high thermal conductivity 
and coefficient of thermal expansion. As a consequence, the 
formation of porosities and cracks is typical in fusion welding 
of aluminum alloys. Thus, manufacturing processes with 
low heat input, as friction-based welding, are recommended 
for these alloys [4]. Friction stir welding (FSW) is a solid-
state joining process that can provide high-quality joints. 
Moreover, its lower heat input may reduce microstructural 
changes, preventing precipitate coarsening and dissolution, 
and still result in microstructure recrystallization [5]. In this 
context, FSW is currently being used in various industrial 
applications, such as naval, automotive, aerospace industry, 

and also high-speed train manufacturing [6-8]. FSW uses 
a non-consumable tool with a probe for joining join two 
workpieces. The rotating tool and its transversal speed 
promote the material’s mixing in the hot plasticized state 
to produce the sound joint [5]. Improved joint quality is 
one of the main advantages since FSW usually does not 
involve materials melting. Furthermore, FSW is considered a 
“green” technology due to its efficiency and less consumable 
energy [9,10].

Many authors studied friction stir welds of AA 5083 
and the process parameters influence on their joint properties. 
Mishra and Rani [11] found that tool rotational speed is 
the most significant for decreasing the elongation of the 
joints. Klobcar [12] reported that the weld with excessive 
flash generation, grain growth, and lower hardness than 
the base material occurs due to high frictional heat input. 
Rao  et  al. [13] studied the asymmetric distribution of 
microstructure and mechanical properties. It was found that 
the hardness sharply decreased from the HAZ to the stir zone 
(SZ) (on the advancing side (AS)), and this gradient is small 
on the RS. Prabha et al. [14] investigated the effects of tool 
rotational speeds of 900 rpm, 1120 rpm, 1400 rpm, 1800 rpm 
at a welding speed of 40 mm/min. The best ultimate tensile 
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capacity, rotational speed up to 4000 rpm, and maximum 
transverse speed of 2000 mm/min.

Three-factor three levels Box-Behnken matrix 
in response surface methodology was employed to the 
experimental investigation (as used in [17]). The parameters 
investigated were: rotational speed (rpm) 1100, 1200 
and 1300, transverse speed (mm/min) 25, 30 and 35, and 
shoulder penetration (mm) 0.10, 0.15 and 0.20. The joints 
were processed with 2.5º tool tilt angle and dwell time of 30 
seconds. Table 1 shows the joints (identified by numbers) 
and the experiments considered. Hence, a total of fifteen 
welds was produced.

The samples were prepared according to the basic 
metallography practices and etched by Keller (distilled 
water, nitric acid, hydrochloric acid, and hydrofluoric acid) 
to macroscopic analysis. This procedure was performed 
in the joints without defects in the surface (all the joints 
except #2, #3, and #9).

The root bend tests were undertaken as per ISO 25239-4 
standard [18]. The bend test was carried out in the joints 
without voids or porosities (welds #6, #10, #11, #12, #13, 
and #15).

The tensile tests were done as suggested by the ASTM 
E8 standard [19] on an Instron machine with 250 kN capacity 
(Model 5585 H). The specimens were machined with a 50 mm 
gauge length and stirred zone positioned in the middle of 
the sample length. Also, the tensile tests were done in the 
approved samples of the bending tests (#6, #10, #11, and #13). 

strength (UTS) and finer microstructure were obtained at a 
tool rotational speed of 1120 rpm. Hirata et al. [15] verified 
different tool rotational and transverse speeds and found that 
at various conditions, the microstructures of the stir zones 
consisted of fine equiaxed grains. The hardness in the SZ 
increased with the decrease in friction heat flow and grain 
size. Also, the UTS under each FSW condition was almost 
the same, and the formability in FS-welded 5083 Al alloy 
was improved by decreasing the friction heat flow.

The current work focuses on FSW for joining AA 
5083-O plates, aiming at an optimization of the process 
parameters and evaluation of the processed joints. Hence, 
the Box-Behnken methodology was applied to investigate 
the effects of rotational speed, transverse speed, and shoulder 
penetration on the joint properties. Furthermore, scanning 
electron microscopy (SEM) was used for verifying the 
dominant fracture mechanism.

2 Materials and methods

The base material used in this work was an aluminum 
5083-O alloy with 400 x 80 x 6.35 mm. The welding tool, 
made of AISI H13 steel, had a shoulder with an 18 mm 
diameter and a conical probe of 6 mm length. Furthermore, 
the tool geometry is shown in Figure 1a and 1b.

Friction stir welds were produced by a machine made 
for FSW, shown in Figure 1c, which has 70 kN axial force 

Figure 1. (a), (b) Schematic drawn of the tool geometry [16], and (c) Friction stir welding.
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Further, based on the average ultimate tensile strength (UTS) 
and yield strength (YS), the best joint (#13) was chosen, and 
its fracture surface was investigated by scanning electron 
microscopy (SEM).

Microhardness and metallographic analyses were 
carried out in the best joint (chosen based on previous results). 
Therefore, Vickers microhardness was measured in weld 
#13 (at 2.1 mm and 4.2 mm distance from the top surface).

3 Results and discussion

3.1 Top surface appearance

Figure 2 shows the top surface appearance of the 
joints. As can be observed, the welds #2, #3, and #9 presented 
a surface groove, and thus they were not approved for the 
subsequent analyses. The visual assessment recognized 

Table 1. Box-Behnken design according to process parameters

Weld Rotational Speed [rpm] Transverse Speed [mm/min] Shoulder Penetration [mm]
#1 1200 30 0.15
#2 1100 30 0.10
#3 1200 30 0.15
#4 1300 25 0.15
#5 1100 35 0.15
#6 1300 30 0.20
#7 1300 35 0.15
#8 1200 35 0.10
#9 1200 30 0.15
#10 1200 35 0.20
#11 1200 25 0.20
#12 1300 30 0.10
#13 1100 30 0.20
#14 1100 25 0.15
#15 1200 25 0.10

Figure 2. Top surface appearance of the welds evidencing surface groove defect in the rectangle.
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that the sharp flash tends to occur on the retreating side 
(RS). Kim et al. [20] described this fact is due to the metal 
softening occasioned by the excessive heat input during 
FSW. Keivani  et  al. [21] reported that at high tool tilt 
angles, insufficient plasticized material remains to fill the 
cavity left in the weld nugget, and weld flash appears on 
the retreating side [22]. Indeed, the joints with sharp flash 
(current work) were processed by higher rotational speeds 
(1200 and 1300 rpm).

3.2 Macrostructure

In Figure  3, the macrostructures show the severe 
plastic deformation (SPD) caused by the tool movement 
and material mixing during FSW. It can also be observed 
the typical zones as SZ and onion rings.

Six of the joints (#1, #4, #5, #7, #8, and #14), 
although they had good surface quality, presented porosities 
or voids in the macrographs (indicating by narrows in 
Figure  3). In general, the voids were located on the 
advancing side. This defect can be developed by abnormal 
stirring, which is due to the different temperatures between 
the upper part (near the surface) and the lower [20]. 
Also, this defect size increases with improvement in the 
transverse speed [23]. Another reason for void formation 
could be microstructural changes that tend to be more 
heterogeneous on that side [24]. The local void is called 
by Chen et al. [25] as the triple junction of the shoulder 
flow zone, indicating a terminating flow in this zone. Still, 
Chen et al. [25] mentioned that this defect is a result of 
slightly insufficient shoulder flow.

3.3 Bending tests

As can be observed in Figure 4, the joints #12 and 
#15 showed cracks in the weld zone. Also, the joints #6, 
#10, #11, and #13 reached a bent root angle of around 
150° without any cracking. The joints that did not present 
any defects (#6, #10, #11, and #13) were produced with 
different rotational and transverse speeds (Table  1) and 
maximum shoulder penetration (0.20 mm), indicating that 
the penetration is also important to the quality of the welds.

3.4 Tensile testing

The joints (#6, #10, #11, and #13) did not show any 
defects in bending tests. Therefore, they were selected for 
tensile testing. Figure 5 shows the average yield strength 
(YS), ultimate tensile strength (UTS), and elongation. It was 
verified that the YS reached by the joints was around 85% 
of the base material. Moreover, the UTS and elongation 
of the welds were comparable to the base material. Still, 
the rupture occurred in the weld region (Figure 6). Finally, 
joint #13 was selected as the best weld due to its average 
UTS and YS. These mechanical properties results are in 
good agreement with related studies on FSW of aluminum 
alloys, where the YS and UTS were 145 and 259 MPa, 
respectively [26].

3.5 Microstructure and microhardness

In Figure 7, the microstructural features of joint #13 
are shown. It can be seen that the joint is free of cracks or 
porosities, consequently indicating its suitable quality. In 

Figure 3. Macrostructure of the joints, retreating side (RS) and advancing side (AS) the arrows indicate the void defect.
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Figure 4. Welded joints after bending tests evidecing cracks in the circle.

Figure 5. Average mechanical properties for the base material and joints #6, #10, #11, and #13.
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microhardness values ranged from 65 to 85 HV. Besides, the 
measurements at distinct positions (2.1 and 4.2 mm from 
the weld surface) did not show substantial variations in the 
microhardness. Therefore, the microhardness outcomes are 
consistent with tensile testing results, where the weld zone 
achieved values similar to that of the base material.

For aluminum alloys in the annealed condition (O) 
and not hardenable by heat treatment, some authors also have 
observed that the microhardness values in varied zones of 
the weld were similar to the base material. Moreover, there 

the microstructure, it was not observed a clear HAZ, which 
is likely to be related to the AA 5083 alloy characteristic 
(annealed condition) and the lower heat input promoted 
by FSW process. Moreover, it was observed an SPD of 
the material as well as a large number of precipitates. The 
interface between the SZ and AS is noticed to have a more 
heterogeneous microstructure when compared to that of 
the retreating side.

In Figure 8, the microhardness profiles of the weld 
#13 show no large differences along the distinct zones. The 

Figure 6. Macrograph showing the rupture after the tensile test in joint #13.

Figure 7. Joint #13: Micrographs, according to the numbering system.
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to be the same as the void defect location. Furthermore, 
characteristics of the best joint (weld #13) can be seen by 
SEM images.

In Figure  9, the fracture surface shows grains 
deformed as well as elongated dimples due to the SPD 
process. Also, this region has some voids formed due to the 
failure of the coarse second-phase particles by cracking. 
Coalescence of voids occurred by the formation of void 

will not be a large HAZ [27] as it usually occurs in fusion 
welding. In some cases, the SZ may achieve an increased 
microhardness due to small-sized grains [28].

3.6 Scanning electron microscopy analysis

A macrograph showing the rupture in tensile testing 
is displayed in Figure 6. Thus, this zone was observed to 
be similar in all the tensile test specimens, and it seems 

Figure 8. Microhardness profiles in joint #13 (at 2.1 mm and 4.2 mm from the top surface).

Figure 9. Joint #13: SEM of fracture surface after tensile test (a) overview, (b) dimples (region 1), (c) deformed grains (region 2), and (d) elongated 
dimples (region 3).
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formed on the retreating side, while the void defect 
was verified on the advancing side;

•	 A shoulder penetration of 0.20 mm plays an important 
role in the quality of the welds;

•	 The tensile testing presented satisfactory results. As 
an average, the YS of the joints was around 85% 
of the base material. Also, it was observed that the 
tensile test samples fractured on the advancing side. 
Still, the predominant fracture mode was ductile, and 
it occurred through void coalescence, which was 
probably related to the second phase precipitates;

•	 The microhardness profiles have not changed so 
much along the measurements;

•	 The metallography showed a defect-free joint (weld 
#13). Besides, there were precipitates along the weld 
region.
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sheets and is intensified by the local strain between the 
expanding or growing void [expanding or growing void 
[28]. This mechanism occurs in ductile materials in which 
the voids are nucleated due to precipitates debonding 
[30]. In the AA 5083 alloy, the precipitates may not have 
a considerable influence on strength, but as a result of 
their intrinsic brittleness, the cracks and fractures tend to 
occur through these particles mainly when the material is 
deformed, which occurs in FSW [20]. Darras et al. [31] 
revealed that void growth was sensitive to strain rate so that 
a high strain rate decreases the interval of void coalescence.

4 Conclusions

FSW was successfully applied to AA5083-O 
aluminum alloy plates. The results of the present work can 
be understood as follows:

•	 From the matrix proposed, the best parameters chosen 
were tool rotational speed of 1100 rpm, transverse speed 
of 30 mm/min, and shoulder penetration of 0.20 mm;

•	 By the top surface appearance and macrographs, 
it was noted that the sharp flash was preferentially 
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