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Influence of tool plunge depth and welding distance on friction stir lap welding of
AAS5454-0 aluminum alloy plates with different thicknesses
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Abstract: AA5454-O aluminum alloy plates with thicknesses of 1.4 and 1.0 mm were friction-stir-lap-welded (FSLWed). The
influences of the tool plunge depth and welding distance on surface appearance, macrostructure and mechanical properties of the
FSLWed plates were experimentally investigated. The tensile shear load of the FSLWed plates was compared with that of the
adhesive-bonded plates. Defect-free FSLWed zones were successfully obtained in all the tool plunge depths and the welding
distances. The FSLWed zones exhibited the relatively smooth surface morphologies. Under all the FSLWed conditions, the FSLWed
zone exhibited higher average hardness than the base metal. In addition, the upper plate exhibited a higher average hardness than the
lower plate, although there was no special tendency in spite of the change in the tool plunge depth and the welding distance. The
maximum tensile shear load of the FSLWed plates was much higher than that of the adhesive-bonded aluminum alloy plate.
Especially, under the FSLW condition of the plunge depth of 1.8 mm and the welding distance of 40 mm, the tensile shear load of the
FSLWed plate reached a level about 41% greater than that of the adhesive-bonded aluminum alloy plate. In addition, the maximum
tensile shear load of the FSLWed plate was increased with the increase of the welding distance.
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was invented by the welding institute (TWI)[7].

1 Introduction

Recently, in the automotive industry, much attention
has been focused on aluminum and magnesium alloys
because of their unique properties, especially lightweight
properties. This is because requirements for the
automotive industry have become more severe in
connection with reduction in mass, fuel consumption and
environmental impact. For their practical applications,
bonding and welding technologies should also be
established aside from alloy design, microstructure
control, plastic forming, casting, surface treatment, etc.
Friction stir welding (FSW) is one of the attractive
technologies for welding of a wide variety of metallic
materials. Especially for aluminum [I-4] and
magnesium [5,6] alloys, the FSW has been actively
studied as a new solid state welding technique, since it

In this study, AA5454-0 aluminum alloy plates with
the thicknesses of 1.4 and 1.0 mm were friction-stir-
lap-welded (FSLWed). And then, the influences of the
tool plunge depth and welding distance on surface
appearance, macrostructure and mechanical properties of
the FSLWed plates were experimentally investigated. In
addition, the tensile shear load of the FSL.Wed plates was
compared that of the adhesive- bonded (AB) plates.

2 Experimental

Figure 1 shows the schematic illustration of the
friction stir lap welding (FSLW) process in this study.
The AA5454—0 aluminum alloy plates with the
thicknesses of 1.4 and 1.0 mm had a width of 100 mm
and a length of 60 mm, which were used as the base
metals (BM). The shoulder diameter of the welding tool
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Fig. 1 Schematic representation of friction stir lap welding process (Friction-stir-lap-welded zone, advancing side and retreating side

are labeled FSLWed zone, AS and RS, respectively. X, Z and Y represent tool traverse direction, tool rotation axis direction and

rolling direction of base metals, respectively) (Unit: mm)

was 12 mm. The probe had a diameter of 5 mm and a
height of 1.8 mm. The plates with the thicknesses of 1.4
and 1.0 mm were fixed on the upper and lower sides,
respectively. The tool was rotated in a clockwise
direction at a constant speed of 1500 r/min. And then, the
probe was plunged into the materials. The tool plunge
depth was changed in the range of 1.6-2.0 mm. The
rotating tool was traversed at a constant speed of 100
mm/min along the weld line perpendicular to the rolling
direction (Y-axis direction) of the base metals. The tool
rotation axis (Z-axis) was tilted by 3° to the tool traverse
direction (X-axis direction). The welding distance was
changed in the range of 10—40 mm.

Microstructural observations and Vickers micro-
hardness tests were performed on a Y—Z plane which
was a cross-section perpendicular to the tool traverse
direction. The hardness tests were carried out with a load
of 0.98 N for a duration time of 10 s. Tensile shear tests
were carried out for the as-FSLWed plates at room
temperature with a constant crosshead speed of 1
mm/min.

3 Results and discussion

3.1 Influences of tool plunge depth
3.1.1 Surface appearance

Figure 2 shows the influence of the tool plunge
depth on the surface appearances of the aluminum alloy
plates which were friction-stir-lap-welded at the constant
welding distance of 40 mm. In all the tool plunge depths,
no observable large defects were formed in and near the
FSLWed zone, although the burr was formed on the

Fig. 2 Surface appearances of aluminum alloy plates friction-
stir-lap-welded at constant welding distance of 40 mm under
tool plunge depths of 1.6 mm (a), 1.8 mm (b) and 2.0 mm (c),
respectively (BM represents base metal zone)
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retreating side (RS) of the FSLWed zone. The surface
morphology of the FSLWed zone was relatively smooth
under all the conditions, without a special tendency in
spite of the change in the tool plunge depth.
3.1.2 Macro-structures

Figure 3 shows the influence of the tool plunge
depth on the optical macrographs of the cross-sections
perpendicular to the tool traverse direction of the
aluminum alloy plates which were friction-stir-lap-
welded at the constant welding distance of 40 mm.
Defects such as voids, cracks and unbonded zones were
not observed in and near the FSLWed zone, showing that
defect-free welds were successfully obtained in all the
tool plunge depths. The concentric onion was clearly
observed in the FSLWed zone in all the tool plunge
depths, although the smallest onion ring structure region
was formed at the tool plunge depth (d) of 1.8 mm. In
general, this onion ring structure is the most prominent
feature observed in a number of stir zones which are
composed of very small grains formed by the dynamic
recrystallization during FSW process [8,9].
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Fig. 3 Optical macrographs of cross-section perpendicular to
tool traverse direction of aluminum alloy plates friction-stir-
lap-welded at constant welding distance of 40 mm under tool
plunge depths of 1.6 mm (a), 1.8 mm (b) and 2.0 mm (c)

3.1.3 Hardness properties

Figure 4 shows the average Vickers micro-hardness
of the BM and FSLWed zone on the cross-section
perpendicular to the tool traverse direction of the
aluminum alloy plates which were friction-stir-lap-
welded at the constant welding distance of 40 mm. In all
the tool plunge distances, the FSLWed zone exhibited the
more average hardness than the BM. In addition, the
upper plate with the thickness of 1.4 mm exhibited a
higher average hardness than that of the lower plate with
the thickness of 1.0 mm, without a special tendency in
spite of the change in the tool plunge depth. It was
noteworthy that, at 1.6 and 2.0 mm, the average hardness
of the FSLWed zone in the upper plate reached a level
about 10% greater than that of the BM (about HV,;62).
It is believed that this increase of the average hardness

led from the grain refinement in the FSLWed zone, as
with other researches [4,10].
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Fig. 4 Average Vickers micro-hardness of FSLWed zone on
cross-section perpendicular to tool traverse direction of
aluminum alloy plates friction-stir-lap-welded at constant
welding distance of 40 mm

3.1.4 Tensile shear load

Figure 5 shows the influence of the tool plunge
depth on the maximum tensile shear load of the
aluminum alloy plates which were friction-stir-lap-
welded at the constant welding distance of 40 mm. The
broken line represents the maximum tensile shear load of
the adhesive-bonded (AB) aluminum alloy plate. The
FSLWed plates exhibited the much higher tensile shear
load than that of the adhesive-bonded aluminum alloy
plate, except for the case of 2.0 mm. It was noteworthy
that, at 1.8 mm, the tensile shear load (F) of the FSLWed
plate reached a level about 41% greater than that of the
adhesive-bonded aluminum alloy plate (about 5.03 kN).
However, there was no special tendency in spite of the
change in the tool plunge depth.
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Fig. 5 Maximum tensile shear load of aluminum alloy plates
friction-stir-lap-welded at constant welding distance of 40 mm
(Broken line represents maximum tensile shear load of
adhesive-bonded (AB) aluminum alloy plate)
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3.2 Influences of welding distance
3.2.1 Surface appearance

Figure 6 shows the influence of the welding
distance on the surface appearances of the aluminum
alloy plates which were friction-stir-lap-welded at the
constant tool plunge depth of 1.8 mm. The surface
appearance of the aluminum alloy plate which was
friction-stir-lap-welded at the welding distance of 40 mm
is shown in Fig. 2(b). At all the welding distances, no
observable large defects were formed in and near the
FSLWed zone, although the burr was formed on the
retreating side (RS) of the FSLWed zone. The surface
morphology of the FSLWed zone was relatively smooth
under all the welding conditions.

Fig. 6 Surface appearances of aluminum alloy plates friction-
stir-lap-welded at constant tool plunge depth of 1.8 mm under
welding distances of 10 mm (a) and 20 mm (b)

3.2.2 Macro-structures

Figure 7 shows the influence of the welding
distance on the optical macrographs of the cross-sections
perpendicular to the tool traverse direction of the
aluminum alloy plates which were friction-stir-lap-

Fig. 7 Optical macrographs of cross-section perpendicular to
tool traverse direction of aluminum alloy plates friction-
stir-butt-welded at constant tool plunge depth of 1.8 mm under
welding distances of 10 mm (a) and 20 mm (b)

welded at the constant tool plunge depth of 1.8 mm.
Defects such as voids, cracks and unbonded zones were
not observed in and near the FSLWed zone, showing that
defect-free welds were successfully obtained at all the
welding distances.
3.2.3 Hardness properties

Figure 8 shows the average Vickers micro-hardness
of the BM and FSLWed zone on the cross-section
perpendicular to the tool traverse direction of the
aluminum alloy plates which were friction-stir-lap-
welded at the constant tool plunge depth of 1.8 mm. At
all the welding distances, the FSLWed zone exhibited
more average hardness than the BM. In addition, the
upper plate with the thickness of 1.4 mm exhibited a
higher average hardness than that of the lower plate with
the thickness of 1.0 mm, without a special tendency in
spite of the change in the welding distance. It was
noteworthy that, at 10 and 20 mm, the average hardness
of the FSLWed zone in the upper plate reached a level
about 10% greater than that of the BM (about 62HV, ).
It is believed that this increase of the average hardness
led from the grain refinement in the FSLWed zone, as
with other researches [4,10].
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Fig. 8 Average Vickers micro-hardness of FSLWed zone on
cross-section perpendicular to tool traverse direction of
aluminum alloy plates friction-stir-butt-welded at constant tool
plunge depth of 1.8 mm

3.2.4 Tensile shear load

Figure 9 shows the influence of the welding
distance on the maximum tensile shear load of the
aluminum alloy plates which were friction-stir-lap-
welded at the constant tool plunge depth of 1.8 mm.

The FSLWed plates exhibited much higher tensile
shear load than that of the adhesive-bonded aluminum
alloy plate, except for the case of 10 mm. It was
noteworthy that, at 40 mm, the tensile shear load of the
FSLWed plate reached a level about 41% greater than
that of the adhesive-bonded aluminum alloy plate (about
5.03 kN). In addition, the tensile shear load of the
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FSLWed plate was increased with the increase of the
welding distance. This result shows that the welding
distance is a very important parameter in controlling the
maximum tensile shear load of the FSLWed plate.

10
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Fig. 9 Maximum tensile shear load of aluminum alloy plates
friction-stir-butt-welded at constant tool plunge depth of 1.8
mm

4 Conclusions

1) Defect-free FSLWed zones were successfully
obtained in all the tool plunge depths and the welding
distances. And then, the FSLWed zones exhibited the
relatively smooth surface morphologies.

2) Under all the FSLWed conditions, the FSLWed
zone exhibits higher average hardness than the base
metal. In addition, the upper plate exhibits a higher
average hardness than that of the lower plate, although
there is no special tendency in spite of the change in the
tool plunge depth and the welding distance.

3) The maximum tensile shear load of the FSLWed
plates exhibits much higher than that of the adhesive-
bonded aluminum alloy plate. Especially, under the
FSLW condition of the plunge depth of 1.8 mm and the
welding distance of 40 mm, the tensile shear load of the
FSLWed plate reaches a level about 41% greater than
that of the adhesive-bonded aluminum alloy plate. In
addition, the maximum tensile shear load of the FSLWed

plate is increased with the increase of the welding
distance.
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