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Abstract Recently the aircraft and military industries widely have been using aluminum alloys particularly because of
their fine strength to weight ratio. However in compare with steels they represent welding difficulties and also lower ductility.
In last years it has been observed that Friction Stir Welding (FSW) method represents better microstructure and mechanical
properties than conventional methods in welding aluminum alloys. In this study experiments were performed to investigate
the effects of FSW process parameters including rotational and welding speed on the microstructure and mechanical prop-
erties of aluminum 5083 alloy in lap joint welding and different joint defects were analyzed. It was observed that the nugget
area had the best grain size and also higher hardness in compare with the other welding areas. Also the best joint properties

were achieved at the rotational speed of 825rpm and welding speed of 32mm/min.
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1. Introduction

Friction stir welding is a solid state joining process in-
vented in TWI in Cambridge, England in 1991 firstly for
joining aluminium alloys[1]. It has made low cost welded
joints due to low power consumption, absence of gas
shielding, no need of joint edge preparations before welding
application and low distortion because of lower welding
temperature and specially high joint strength compared with
conventional welding methods, i.e. TIG or laser welding,
that had been widely used for this purpose before, obviously
because of decreasing in metallurgical defects. It is able to
join all of the aluminum alloys from 2XXX to 7XXX series
that had been considered as not weld able alloys by conven-
tional welding methods due to excessive joint strength de-
crease in compared with the base material. FSW can produce
many kinds of joints, i.e. butt joints, lap joints and T joints.
Lap joints are widely used in assemblies of parts in air craft
and automotive industries. In the last years, FSW has been
one of the most interests for aluminum alloys lap joints. In
aircraft and automotive structures friction stir welded lap
joints have been widely used with the aim to replace riveted
lap joints. Rivet holes are often potential sites for crack ini-
tiation or corrosion problems; moreover, the elimination of
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fasteners leads to considerable weight and cost savings. A
few examples of FSW joints applied in automotive industries
are some applications include engines, wheel rims and lap
joints in car back supports[2-3].

In FSW process, the joint is produced by penetrating a
specially designed inconsumable rotating shouldered tool
pin into the interface of two pieces of sheets and moving it
along the weld line to heat and stir the sheets' materials by
producing friction between the shoulder and the sheet sur-
face and also the material flow by the pin movement. As the
tool moves through the weld line, the heated materials of two
sheets flow and mix together without melting and make the
welded joint[4].

Because in FSW the joining process is accomplished by
material flow below the melting temperature, many joint
defects caused by joint material melting such as porosity,
grain boundary cracks and alloys segregation can be elimi-
nated or adequately reduced. These process specialties have
made FSW very practical for joining dissimilar alloys.
Lately some researches have been performed on friction stir
welding of dissimilar aluminum lap joints[5-7].

AAS5083 is a strain hardening structural alloy that is
widely used in aerospace, marine and military industries
mostly because of its light weight, admissible weld ability
and elite corrosion resistance[8]. Some recent researches
have studied friction stir welding of this aluminum alloy in
similar or dissimilar joints[9-12].

The FSW joint quality is commonly influenced by many
parameters. The most effective parameters in friction stir
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welded joints are the tool and process parameters such as
shape and geometry of the tool, tool tilt angle and also the
rotational and welding speeds of the tool during the process.
Tool rotational and welding speeds are two FSW critical
parameters particularly for adjusting the welding tempera-
ture. Low welding temperature may produce insufficiently
stirred sheet interface and cause many defects like kissing
bonds and extremely high welding temperature may lead to
unexpected joint microstructure or alloys melting[13]. Also
the best geometry and shape of FSW tool should be obtained
to minimize welded joint defects such as top sheet thinning
and hooking at the bottom sheet in lap joints.

In lap joints of friction stir welding, three defects are more
possible to occur: top sheet thinning, kissing bonds and
hooking defects. The hooking defect can be seen mostly at
the thermo-mechanical affected zone of advancing side when
the sheets interface is pulled up into the top sheet. This defect
causes a local thinning at the top sheet and decreases the joint
strength. The kissing bond defect is resulted by insufficient
heat transferred to the interface of sheets that leads to pro-
duce separated interfaces with remained oxide layers among
them. This defect usually occurs at the retreating side be-
cause of its lower temperature during friction stir welding[5].

In this study, similar sheets of 5083 Al alloy were lap
jointed by friction stir welding method with various tool
rotational and welding speeds. Microstructure and me-
chanical properties such as Micro hardness and lap shear
strength were also evaluated due to achieve the optimum
parameters for the joint strength.

2. Experimental Procedure

Sheets of Al-alloys, AA 5083, 2.5 mm thick, 150 mm long
and 100 mm wide were selected for lap joint welding. A
vertical semiautomatic milling machine was used for this
process. The tool used for this process was made of H13
quenched and tempered steel tool with a shoulder of 20mm
diameter with a inverse conical pin, 4.8mm major diameter
and 3.8mm long (e.g. Fig. 1a) and was tilted by 4° to provide
compressive force to the stirred weld zone. Several tests
were performed by varying process parameters, namely tool
rotational and welding speed. All the welding conditions are
resumed in Table 1.

A standard metallographic procedure was performed for
macro and micro structural analysis. The samples were
etched by a modified Keller’s reagent to reveal the aluminum
alloy microstructure. An optical microscope was used with
the aim to observe the microstructure of the weld area. For
testing the lap joints shear strength, shear tensile tests were
taken by putting the specimens under tensile load perpen-
dicular to the welding direction. The tensile shear test
specimens were taken by cross sectional cutting the weld
zone, 18mm wide and 130mm long (e.g.Fig.2). Three
specimens were taken from each welding parameter. It was
reported that if the RS area of the weld is located at the edge
of the top sheet, better properties will be observed for the

joint[14]. Micro hardness distribution test was taken at the
depth of 0.5 mm from the bottom sheet upper surface by
applying a load of 100gr for 10 seconds from a standard
Vickers hardness testing probe to a cross section of welded
area perpendicular to the welding direction.

Figure 1. (a) FSW tool and (b) Experimental setup for FSW process

Table 1. Different experimental welding conditions

Samples | Rotational speed (rev/min) | Welding speed (mm/min)
1 600 32
2 600 60
3 825 32
4 825 60
5 1115 32
6 1115 60
7 1550 32
8 1550 60

Figure 2. An example of tensile shear test specimens

3. Results and Discussions

Two sheets of aluminum 5083 alloy were lap jointed by
friction stir welding method. Different parameters of rota-
tional speeds of the tool and welding speeds were applied
with the aim to obtain the optimum properties of the welded
lap joint. A few results were obtained on the basis of the
experiments. Increasing the rotational speed with a constant
welding speed leads to a larger welding area and also de-
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creases the quality of the weld surface because of transfer-
ring larger amount of heat and more turbulent material flow
at the weld surface (Fig. 3).
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Figure 3. Effect of tool rotational speed on the weld surface quality

Table 2 shows the lap shear test results. The results indi-
cate that at lower rotational speeds, lower welding speed
leads to better shear strength of the joint. But at higher rota-
tional speeds, changing of the welding speed has an inverse
effect on the joint properties.

Table 2. Maximum fracture load for specimens with various welding
conditions

Samples Rotational. speed Welding s.peed Maximum

(rev/min) (mm/min) load(N)

1 600 32 10617

2 600 60 8872

3 825 32 14217

4 825 60 13647

5 1115 32 13309

6 1115 60 13615

7 1550 32 7701

8 1550 60 8225

Except the joints at rotational speed of 600rpm, all of the
fractures took place at the heat affected zone of the advanc-
ing side at the top sheet. At the rotational speed of 600rpm
two kinds of fractures were occurred. As it's illustrated in this
Fig. 4a, because lower rotational speed causes lower heat
generation and less material flow resulting lower bottom
sheet material vertical movement, a lower bonded area is
resulted. But because of fewer defects like hooking or in-
creasing the grain size, a comparatively higher fracture load
was achieved in this condition. But if the heat generation gets
less than that by increasing the welding speed, insufficient
stirred zone and the defects like kissing-bonds will be gen-
erated particularly at the weld center so that the fracture
occurs at the weld center (Fig. 4b). The kissing-bonds defect
can be seen in the joints welded by rotational speed of
600rpm. This defect is a cause of low heat transfer and high
thermal gradient at the weld zone during the process. Figure.
5 shows an example of kissing bonds defect at this condition.

The hooking defect is one of the most probable defects in
friction stir welded lap joints. Because of higher temperature
of the advancing side, hooking defect is often more obvious
in this area. The more heat transfers to the weld area the
larger amount of hooking defect occurs due to more turbu-
lent material flow at the weld area. Figure. 6 shows the

hooking defect at the advancing side of the weld area in two
deferent conditions and also the failure in the tensile shear
test caused by this defect.

Figure 4. The fracture areas in tensile shear test at different conditions, (a)
600rpm, 32mm/min, (b) 600rpm and 60mm/min

Figure 5.
600rpm, 32mm/min

Figure 6. The hooking defect at (a) 825 rpm, 32mm/min, (b) 1550 rpm,
32mm/min and (c) The failure area by tensile shear test for specimen b
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Figure 7. Optical macro images of the weld zone at: (a) 600rpm,
32mm/min, (b) 600rpm, 60mm/min, (c) 825 rpm, 32mm/min, (d) 825rpm,
60mm/min, (e) 1115rpm, 32mm/min, (f) 1115rpm, 60mm/min, (g) 1550rpm,
32mm/min, (h) 1550rpm, 60mm/min

Fig. 7 shows the optical macrostructures of the weld zone
with various rotational and welding speed conditions. As it's
shown, the area of the weld nugget increases with increasing
tool rotational speed, while the welding speed does not
clearly affect the area of the weld zone. As it’s shown, the
area of the weld zone is significantly dependent on the heat
generation during FSW. The higher tool rotational speed and
lower welding speed have been known for generation of
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higher heat input[6].

Fig. 8 shows the optical microstructures of the weld zone
at tool rotational speed of 825 rpm and welding speed of
32mm/min. the heat affected zone (a,h) had the highest grain
size in contrast with the stir zone(c,d) in which the finest
grain size could be seen. Extended grains of the
thermo-mechanical affected zone (b,f,g) can bee seen at both
advancing and retreating sides of the weld area. Also in this
Figure, the boundaries among stir zone, thermo-mechanical
affected zone and the heat affected zone (e) can be clearly
observed.

Fig. 9 shows the results of the micro hardness distribution
test at the weld area. For the sample shown in Fig. 9, hard-
ness varied between 63.3 and 73HV. The minimum hardness
was found in the heat affected zone of both the advancing
and retreating side. Grain growth is the most proper cause of
this. The hardness of the nugget was higher than other weld
areas. This may be cause of the formation of very fine re-
crystallized grains in the nugget zone.
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Figure 8. Microstructures of the weld zone at the conditions of 825 rpm,
32mm/min
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Figure 9. The results of the micro hardness distribution test taken at the
depth of 0.5 mm from the bottom sheet upper surface at the condition of
825rpm and 32mm/min

4. Conclusions

The friction stir welding process was used to make a lap
joint of 5083 aluminum alloy. For optimizing the joint
properties, different parameters including different rotational
and welding speeds experimented and different testing

methods were carried out. A few results are listed below:

1-At lower rotational speeds, lower welding speed leads to
better properties of the weld joint. But at higher rotational
speeds, changing of the welding speed has an inverse effect
on the joint properties. At lower rotational speeds because of
lower material flow, lower welding speed is needed to de-
crease the welded joint defects by increasing the heat gen-
eration and decreasing the heat gradient at the joint areas
during the process. Also at higher rotational speeds because
of large amount of material flow that can cause several de-
fects on the joint, higher welding speeds should be applied to
increase the thermal gradient at the weld zone. In fact at the
tool rotational speed of 600rpm the main reasons for the joint
defects are caused by low heat transfer during the process
and insufficient stirred joint area. Also at the higher rota-
tional speeds like 1550rpm, excessive heat transferred to the
weld area causes many defects like hooking at the thermo-
mechanical zone of the advancing side.

2-The nugget of the weld has the finest grain size and
highest hardness among the other welding areas and the base
material at the tool rotational speed of 825rpm and welding
speed of 32mm/min, in contrast with the heat affected zone
that has the highest grain size and lower strength. In fact
almost all of the fractures took place at the heat affected zone
of the advancing side of the weld.
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