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Abstract: In order to eliminate the flash, arc corrugation
and concave in weld zone, level compensation friction stir
welding (LCFSW) was put forward and successfully
applied to weld 6061-T6 aluminum alloy with varied weld-
ing speed at a constant tool rotational speed of 1,800 rpm
in the present study. The glossy joint with equal thickness
of base material can be attained, and the shoulder affected
zone (SAZ) was obviously reduced. The results of trans-
verse tensile test indicate that the tensile strength and
elongation reach the maximum values of 248 MPa and
7.1% when the welding speed is 600 mm/min. The micro-
hardness of weld nugget (WN) is lower than that of base
material. The tensile fracture position locates at the heat
affected zone (HAZ) of the advancing side (AS), where the
microhardness is the minimum. The fracture surface mor-
phology represents the typical ductile fracture.
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Introduction

Friction stir welding (FSW) is a new and promising solid-
state joining technique that was invented at the Welding
Institute (TWI) of the UK in 1991 [1, 2]. Since FSW has
advantages of defect suppression, it is well suited for join-
ing precipitation-strengthened aluminum alloys [3]. 6061-T6
aluminum alloy is one of moderate strength aluminum
alloys and possesses excellent welding characteristics,
which has been widely used in aerospace, automotive
and railway industries [4, 5]. Liu et al. [6–8] showed that
the tensile strength of the defect-free FSW joint of 6061-T6
aluminum alloy increases with increasing welding speed,
and the maximum tensile strength is equivalent to 69% of

the base material (BM). Heidarzadeh et al. [9] pointed out
that the tensile strength and elongation of friction stir
welded AA 6061-T4 joints increase with increasing rota-
tional velocity and decrease with continuously increasing
welding speed. In conventional FSW, it is well known that
flashes, arc corrugation and concave are the typical defects,
which are unfavorable for mechanical properties and
beauty of joints [10–12]. Moreover, the existence of these
defects easily causes local stress concentration [13].
However, the above-mentioned disadvantages can be easily
eliminated by level compensation friction stir welding
(LCFSW), which is put forward in this study. As a variation
of conventional FSW, LCFSW is also a solid state joining
technology. Before the LCFSW process, a small convex
platform in weld zone is prefabricated. After welding, the
convex platform would be removed using milling, and then
the glossy joint with equal thickness of BM can be attained.

Extrusion technology can be widely used to manu-
facture the hollow structure of aluminum alloy. It is easy
to get the hollow extrusion structure with small convex
platform through the well-designed mold. In fact, the
structure with small convex platform has been used for
the field of transportation. For conventional FSW, in
order to improve the beauty of joints, the milling cutter
is always used to eliminate the flash after welding. With
regard to LCFSW, the small convex platform should also
be removed by milling cutter after welding, and the
milling direction is contrary to welding direction. In
view of the above-mentioned facts, it can be conclude
that LCFSW is suitable for the batch production, which
cannot increase the difficulty or complexity compared
with conventional FSW. In this study, the difference of
macrostructure between LCFSW and conventional FSW is
investigated. Effects of welding speeds on hardness and
mechanical properties of LCFSW joint of 6061-T6 alumi-
num alloy are discussed and analyzed in detail.

Experimental procedure

In the experiment, 4 mm thick 6061-T6 plates were used as
BM. The plates have a small convex platform with 0.4 mm
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thickness and 7 mm width in weld zone. The schematic
diagram of LCFSW is illustrated in Figure 1. The small convex
platform is regarded as compensation materials in weld
zone. 6061-T6 aluminum alloy (1.1% Mg, 0.6% Si, 0.7% Fe,
0.25 Sn, 0.15% Cu, Mn, Ti and Al balanced) plates with
dimensions of 300 mm� 50 mm were joined by FSW.
Constant rotational speed of 1,800 rpm and welding speed
of 200, 400, 600 and 800 mm/min were applied. Fabricated
fromH13 tool steel, the tool consists of a flat shoulder having
a diameter of 10mmand a pinwith right hand screw. The pin
is tapered from 4mmat the pin bottom to 2mmat the pin tip.
The pin length used in LCFSW is 4.1 mm. For conventional
FSW, the pin is 3.7 mm in length and the other geometric
dimensions of tool are the same as LCFSW. During the
LCFSW and conventional FSW process, the tool was oper-
ated at a tilt angle of 2.5° and the plunge depth was 0.2 mm.
After welding, metallographic specimens were polished and
then etched using modified Keller’s reagent. Macrostructure
observation of LCFSW joints was performed using optical
microscopy (OM, Olympus GX71). The transverse tensile
test specimens were cut by electrical discharge cutting
machine. Transverse tensile test was carried out at room
temperature using universal tensile machine with crosshead
speed of 1 mm/min. In order to evaluate the mechanical
properties of joints, average value of three tensile specimens
was presented for discussion. After tensile experiment, the
fracture morphologies of specimens were observed by a
scanning electron microscopy (SEM, KYKY-2008B). The frac-
ture locations were examined by OM. Microhardness profile
along the transverse weld centerline was measured using
Vickers hardness tester with a load of 100 g and a dwell
time of 25 s.

Results and discussion

Macrostructure of the joints

The macrostructures of FSW and LCFSW joints are dis-
played in Figure 2. It can be seen that the material in

shoulder affected zone (SAZ) of conventional FSW is
concave under the action of axial force (Figure 2(a)).
The thickness of weld zone due to the formation of
flash is lower than that of BM. Figure 2(b) shows the
macrostructure of LCFSW joint before milling. In weld
zone, the flash and concave are also formed. The thick-
ness of weld zone is lower than the total thickness of
small convex platform and BM, but higher than that of
BM. After welding, the convex platform can be removed
using milling, so the flash and arc corrugation are also
eliminated, increasing the beauty of joint. Compared with
BM, therefore, the equal thickness joint without flash and
corrugation is attained. From Figure 2(a) and 2(b), it is
also found that the SAZ was markedly reduced. The
thermomechanically affected zone (TMAZ) and heat
affected zone (HAZ) were slightly reduced.

Microhardness profile

The transverse microhardness profiles on the cross sec-
tions of the joints are shown in Figure 3. It is seen that
the microhardness profiles under different welding
speeds all exhibit W shape. The hardness profiles are
corresponding to four distinct zones, i.e. weld nugget
(WN), TMAZ, HAZ and BM. With respect to the LCFSW
joints at different welding speed from 200 to 800 mm/
min, although the WN experiences dynamic recrystalliza-
tion (DRX) caused by plastic deformation and high tem-
perature, the hardness of WN is lower than that of BM.
The microhardness in the WN is higher than that of TMAZ
or HAZ. The minimum hardness locates at the HAZ
because of the softening phenomenon. During the weld-
ing process, the temperature on advancing side (AS) is
higher than that on the retreating side (RS) because of the
formation of flash and the difference of plastic
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(b) LCFSW.
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deformation, which makes the microhardness of HAZ on
AS lower than that on RS. Therefore, this hardness pro-
files in Figure 3 are asymmetry. With the increase of
welding speed, the heat input in one unit decreases and
the peak temperature of material in WN decreases, which
results in the decrease of the width and softening degree
of HAZ of welding joint. Moreover, under the constant
rotational speed, the lower the peak temperature is, the
finer the grains in WN are, which is beneficial for the
increase of hardness. Therefore, the microhardness not
only in HAZ but also in WN under the welding speed of
800 mm/min is higher than that under the lower welding
speed varied from 200 to 600 mm/min.

Mechanical properties

The comparison of mechanical properties between LCFSW
and conventional FSW is shown in Figure 4. It is observed
that the mechanical properties of LCFSW and FSW show
the same trends when the welding speed varies from 200 to
800 mm/min. During welding process, the frictional heat
generated by shoulder and pin is related to the rotational
speed and welding speed [14]. When the rotational speed of
tool is constant, peak temperature in WN during the weld-
ing process is highest under the welding speed of 200 mm/
min, resulting in the increase of the softening degree of and
thus poor tensile strength and elongation of welding joints.
With increasing the welding speed from 400 to 600 mm/
min, peak temperature in WN decreases, which is benefi-
cial for the decrease of softening degree and then results in
the increase of mechanical properties of LCFSW joint.
However, lower peak temperature means poor inadequate
material flow, which may lead to cavity or lack of root

penetration appear in WN and then deteriorate the quality
of welding joint [15]. This may be the reason why the
mechanical properties reduce when the welding speed
further increases to 800 mm/min. The results of mechan-
ical properties in this study are similar to that reported by
Peel et al. [16]. In a word, under the constant rotational
speed of 1800 rpm, the tensile strength of LCFSW joint
increases firstly from 206 to 248 MPa and then decreases
to 232 MPa. When the welding speed is 600 mm/min, the
tensile strength and elongation of LCFSW joint both reach
the maximum, whose values are, respectively, 248 MPa and
7.1%. The above-mentioned results show that there exists
an optimum combination of the welding speed and the
rotational velocity to produce a defect-free joint.

For FSW joint, WN can be divided into SAZ and pin
affected zone (PAZ), as shown in Figure 2. During thewelding
process, the frictionheat generatedby shoulder ismuchmore
than that by pin. Therefore, temperature of material in SAZ is
higher than that of pin,which results in thebiggerDRXgrains
in SAZ. So, for defect-free joint, SAZ is weak area compared
with PAZ. After themilling process for LCFSW, SAZ, HAZ and
TMAZarepartly removed,which is beneficial for themechan-
ical properties. As mentioned above, material in WN is con-
cave for the conventional FSW joint while the thickness of
LCFSW joint is equal to that of BM. Therefore, comparedwith
conventional FSW, the bearing area of LCFSW joint is bigger.
Moreover, when the welding joint bears the tensile force, the
existence of concave and arc corrugation easily causes the
geometrical stress concentration, which goes against the
quality of welding joint. The above-mentioned three reasons
makes that the mechanical properties of LCFSW joint after
removing the convex platform are higher than those of con-
ventional FSW joint under the same welding parameters, as
shown in Figure 4. In fact, some previous studies also inves-
tigated the tensile strength of conventional FSW joints of
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Figure 3: Microhardness profile of joints welded at different welding
speeds.
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Figure 4: Tensile strength and elongation of LCFSW and FSW joints
at different speeds.
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6061 alloy [6–9, 17]. Heidarzadeh et al. [9] and Rajakumar et
al. [18] attain the welding joint of conventional FSWwith the
maximum tensile strength of 159 and 224 MPa. The result
reported by Liu et al. [6–8] is also lower than that in this
study. Therefore, LCFSW is advantageous to improve the
mechanical properties of welding joint.

Fracture of welding joint

The fracture locations of LCFSW joints are mainly dis-
cussed, as shown in Figure 5. It is seen from the figure
that all the defect-free joints exhibit the obvious necking. It
is well known that the tensile failure is likely to occur in the
region with minimum hardness [18–20]. For LCFSW joint,
the minimum microhardness locates at HAZ (Figure 3),
so the fracture easily occurs in the HAZ adjacent to the
TMAZ on AS, as shown in Figure 5. The material in SAZ
experiences high temperature, which results in coarser
grains and then possesses lower hardness. Therefore,
the direction of fracture presents 45° from bottom surface
to top surface and the final fracture position is located in
SAZ. Because SAZ and HAZ of LCFSW joint are only partly
removed by milling, the rest also owns lower or minimum

microhardness compared with the other region of welding
joint. Therefore, the fracture feature of conventional FSW
joint in this study is similar to that of LCFSW joint, which is
also reported by other researchers [7, 21]. Liu et al. [7]
concluded that the fracture of the defect-free friction stir
welded 6061-T6 joints occurs in the HAZ adjacent to the
TMAZ. Wang et al. showed that the fracture of conventional
FSW joints of 6061 aluminum alloy occurs in the HAZ and
then the crack expands to the weld [21].

SEM micrographs of fracture surfaces of joints are
shown in Figure 6. It is observed that all fracture surfaces
of welding joints show dimples of varying size and
depth, which represents the typical ductile fracture. The
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Figure 5: Fracture location of LCFSW welds at the rotational velocity
of 1800 rpm with different welding speed: (a) 200 mm/min,
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Figure 6: Fracture morphology of the joints welded at different
welding speeds: (a) 200 mm/min, (b) 400 mm/min, (c) 600 mm/min
and (d) 800 mm/min.
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difference of fracture surfaces shows that the welding
speed has significant effect on fracture morphology.
Generally speaking, the higher the elongation of joint is,
the better the ductility of joint is. Under the welding speed
of 200 mm/min, the elongation of welding joint is lowest
(Figure 4), so the fracture surface in Figure 6(a) is covered
with shallower and smaller dimples, indicating the worst
ductility. Under the welding speed of 400 and 800 mm/
min, the elongations are both higher than that under the
welding speed of 200 mm/min, which causes the increase
of larger and deeper dimples (Figure 6(b) and 6(d)). From
the viewpoint of dimple characteristics, it can be con-
cluded that the ductility of joint under the welding speed
of 600 mm/min is the best. In summary, the experimental
results of fracture morphologies of LCFSW joints are in
agreement with those of elongations.

Conclusions

6061-T6 aluminum alloy was successfully welded using
LCFSW under different welding speeds. The following
conclusions can be drawn from the present work.
1. By LCFSW technology, the glossy joint with equal

thickness of the BM can be attained. The tensile
fracture locations of LCFSW joint always show in
HAZ of AS. The tensile strength and elongation of
LCFSW joint are higher than those of conventional
FSW under the same welding parameters.

2. When the welding speeds range from 200 to 800
mm/min, the tensile strength and elongation of
LCFSW joints increase firstly and then decrease.
Under the welding speed of 600 mm/min, the max-
imum tensile strength and elongation reach 248 MPa
and 7.1%, respectively.

3. The microhardness profiles exhibit W shape and the
minimum value locates in HAZ of AS. The microhard-
ness of WN is lower than BM and increases with
increasing the welding speed.

4. The fracture surface morphologies consisting of
amounts of dimples indicate the ductile fracture.
When the welding speed is 600 mm/min, the joint
exhibits the best ductility.
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