Analysis of tool geometry in dissimilar Al alloy
friction stir welds using optical microscopy
and serial sectioning
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The influence of tool geometry on material flow during friction stir welding of dissimilar aluminium
alloys is investigated. Sheets of Al 2024 and Al 6061 alloys are friction stir welded in lap and butt
configurations using different welding conditions. Optical microscopy with serial sectioning is
utilised to systematically study material flow when small variations are made to the tool pin. It is
shown that three flat features on the pin impose vertical material flow which can promote
intermixing. When a threaded tool is used, the material flow and formation of the intermixed region
depends on the orientation of the base materials, since the differences in viscosity of material on
the advancing versus retreating side of the tool will inhibit intermixing. Decreasing the travel
speed will promote intermixing by increasing the residence time to compensate for the
differences in material viscosity that otherwise limit intermixing.
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Introduction
Since its development by the Welding Institute in 1991,
friction stir welding (FSW) has become an established
method for joining aluminium alloys,1 and a tremendous
amount of welding research has been focused on this
process.2,3 The material flow during FSW is a critical
feature which determines the formation of defect free
joints and the microstructural features within the weld.
In particular, the influence of tool geometry and
processing parameters is rather complex and closely
coupled with many interactions. Consequently, studying
the material flow has been approached by many different
techniques in recent years, using various techniques such
as tracking of tracer particle post-welding by microscopy,4,5 microstructural analysis of dissimilar alloy
joints,6,7 in situ observation using X-ray transmission
systems,8 simulation by numerical modelling9–12 and
using analogue materials like coloured plasticine.13
Using these techniques, various details may be inferred
from analysis of the output.
Many assumptions have been made regarding the role
of different tool geometry features; however several
characteristics that were traditionally assumed have
finally been confirmed experimentally. For example, a
combination of material flow numerical modelling
1
Department of Chemical and Materials Engineering, University of Alberta,
Edmonton, Alta T6G 2V4, Canada
2
Mining and Metallurgical Department, Faculty of Engineering, Al-Azhar
University, Qena, Egypt
3
Hitachi Power Systems Canada Ltd, 826 58th Street East, Saskatoon,
Sask. S7K 5Z4, Canada
4
Department of Mechanical and Mechatronics Engineering, University of
Waterloo, Waterloo, Ont. N2L 3G1, Canada

*Corresponding author, email hizadi@ualberta.ca

followed by validation using tracer particles has shown
that the peculiar movement of material ahead of the
rotating tool was found to take a semicircular path, and
arrive at nearly the same axial position on the trailing
side of the tool.12 The movements of material downwards by the threaded features on the pin have also been
confirmed using a combination of modelling and tracer
particle validation.14 Other insights have been gained
from numerical modelling, where localised pressure
concentrations were observed when flat sections are
added to a circular pin.15 This localised pressure gradient
likely accounts for grain refinement observed when these
flat features are added to the pin surface compared to
cylindrical or threaded profile.16
Although a number of studies have applied dissimilar
welding to reveal the role of geometry on the material
flow, a systematic comparison of similar tools with small
variations in one or two geometric features is not
available, aside from some comparisons between smooth
versus threaded tool pins.14,17 Another method which
can provide valuable insights into determining the
material flow during FSW is the use of optical
microscopy combined with serial sectioning. This
provides the ability to spatially resolve features in all
three dimensions when dissimilar alloys are welded;
however, it has been seldom applied to friction stir
welded structures as it is particularly time consuming.18
The present work systematically compares the material
flow produced by three different tool pin geometries
when examining dissimilar lap welds between 6061 and
2024 aluminium alloys, as well as butt welds using serial
sectioning. The objective is to discriminate between the
role of threads and flats in terms of material flow as
compared to a simpler tool with only grooves.
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a grooves with 0?7 mm spacing without helix; b grooves
with 0?7 mm spacing without helix plus three flats on
sides of pin every 120u; c conventional threaded pin
with M4 screw profile (0?7 mm thread spacing with helix)
1 Tool geometries studied, each consisting of 10 mm diameter shoulder and 4 mm diameter pin with different
pin proﬁles

Experimental
The tools employed during FSW had identical shoulder
and pin diameters of 10 and 4 mm respectively;
however, three slightly different pin geometries were
considered as shown in Fig. 1. The tools are designated
as follows: grooved pin, which has two concentric ridges;
three flat pin, which has the same concentric ridges as
the first tool, but three 0?5 mm deep flat spots at every
120u around the pin; and threaded pin, which has a
conventional spiral thread following a standard M4
metric screw profile. This provided a direct comparison
between the role of flat features (grooved versus three
flat), and the role of a helical orientation to the side
grooves (grooved versus threaded). The tools were all
fabricated from H13 die steel and heat treated to 46–
48 HRC.
Friction stir welding of dissimilar alloys Al 2024-T351
and Al 6061-T6 was conducted in both the lap weld and
butt weld configurations (Fig. 2). The Al 2024 alloy had
a nominal chemistry of Al–4?5Cu–1?4Mg–0?5Mn, and
the Al 6061 had a nominal chemistry of Al–1?0Mg–
0?6Si–0?25Cu with ,0?7Fe and ,0?35Cr, Zn, all in
wt-%. The tool rotation speed was maintained at

Analysis of tool geometry in dissimilar Al alloy friction stir welds

894 rev min21, and both clockwise and counterclockwise directions were investigated while the travel speed
was 88 mm min21 during lap welding, and 33–
88 mm min21 during butt welding. Lap welding was
conducted with the Al 6061 material which was rolled to
a 1 mm thickness and placed on top of the Al 2024 alloy
plate.
Optical microscopy was conducted using standard
metallographic techniques, with final polishing done
using 1 mm diamond suspension, followed by etching
with Keller’s reagent. Transverse sections of the lap and
butt welds were examined, and serial sectioning of the
butt welds made using the threaded tool was conducted
by grinding and polishing the horizontal (plan view)
sections where the tool was frozen in the joint by
switching off the machine power. An optical micrograph
was generated at depth intervals of 60 mm from the top
of the sheet down to the bottom of the pin. Strong
contrast was obtained between the two alloys following
etching, and the images were processed according to
binary colour based on this contrast using Photoshop,
where the dark regions correspond to Al 2024 alloy, and
the Al 6061 alloy is set as a transparent layer. The
horizontal layers were then aligned and assembled into
three-dimensional structures for visualisation.

Results and discussion
Grooved pin tool
During dissimilar lap welding, the grooved pin tool
produced negligible intermixing between the upper and
lower sheets (see Fig. 3). Since the Al 2024 alloy on the
bottom of the welded was etched preferentially, it is
clearly evident that the interface between the two
materials is nearly undisturbed. The sheets could easily
be pried apart following welding, indicating that only
superficial bonding occurred in lap weld shown in Fig. 3,
with negligible metallurgical bonding between the
sheets. The horizontal alignment of the grooves on this
pin geometry does not promote vertical intermixing
between the alloys, and only some lamellar flow patterns
are evident in the 2024 sheet material stir zone. In prior
work, it was found that the formation of bands and
lamellae in the stir zone was typically attributed to flow
produced by threaded tools;19 however, more recent
work has shown that these microstructural features may
also occur with a smooth cylindrical pin when variations
in second phase particle distribution or grain sizes
occur.20
When dissimilar butt welding was conducted using the
grooved pin tool, a wavy boundary between the two
materials was formed. This wavy boundary occurred
regardless of whether the Al 2024 or the Al 6061 alloy

2 Joint conﬁgurations considered: a lap welding and b butt welding shown with Al 6061 on advancing side
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3 Lap weld produced using groove tool at 88 mm min21

4 Butt welds produced using travel speed of 33 mm min21, with a 2024 and b 6061 on advancing side

material was located on the advancing side, and optical
micrographs depicting both cases are shown in Fig. 4. It
is interesting to note that an onion ring stir zone
structure does not form;21 however, similar wavy
interfaces were also produced during dissimilar butt
welding of Al 2024 and Al 7075 alloy sheet materials
when very low tool rotation speeds of 400 rev min21 are
used.22 Despite the use of higher rotation speeds in the
present work (894 rev min21), no intermixing could be
promoted using the grooved pin tool geometry.

Three flat tool
When flat spots are present on the sides of the tool pin,
these induce a recirculating flow which entrains material
from the upper sheet downwards during lap welding,
and leads to the formation of onion ring-like structures
which were not observed when using the simple groove
tool without flats.21 The presence of intermixed lamellae
containing alternating layers of Al 2024 and Al 6061 is

shown in Fig. 5, indicating that the Al 6061 material
from the upper sheet moved downwards into the Al 2024
lower sheet. The chemistry of some of these lamellae was
confirmed using SEM and energy dispersive X-ray
spectroscopy (EDX) analysis shown in Fig. 6, in which
the darker etching regions containing Al 2024 alloy were
also found to be rich in Cu, as shown in the EDX map in
Fig. 6b. One of the striking features of the onion ring
features formed by the intercalated alloy layers is that
there is an inflection in the formation of the lamellae,
and they are not arranged in elliptically shaped
continuous arcs as typically observed.19,20 This inflection
is most evident near the central region of the stir zone
and its profile is highlighted by the labels in Fig. 5.
The observation that flat spots promote vertical
intermixing along the length of the pin is analogous to
the use of impeller agitators or baffles in chemical
reactor design. The formation of a so called double loop
recirculating flow is a characteristic feature of radial

5 Lap weld produced using groove tool with three ﬂats and travel speed of 88 mm min21
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6 Image (SEM) of intermixed region in dissimilar alloy weld showing a secondary electron image and b EDX mapping of
copper

flow impeller design,23 and this flow pattern can be easily
shown using both numerical modelling and particle
image velocimetry.24 The double loop flow which carries
material both upwards and downwards (as indicated by
the arrows in Fig. 5) is driven by the high pressure
region at middle of the impeller, or in this case, the flat
region of the tool pin. This high pressure region has
already been shown to form on the flat features of FSW
pin tools.15
It is argued that the presence of flat spots on the tool
will function as impeller features within the stir zone,
and the flow produced when these flat spots are aligned
parallel to the axis of rotation will lead to the formation
of the so called double loop recirculating vertical flows
upwards and downwards as indicated by the yellow
arrows in Fig. 5, with the flow emanating from near the
midpoint of the pin. It should be noted that this vertical
flow has occurred without the aid of threaded or screwlike features, and this has been widely demonstrated
when simple flat panels are used to promote mixing.25
The double loop flow has led to the formation of an
inflection labelled in Fig. 5, and this occurs where the
high pressure flow region would originate in the presence
of agitator driven flow in a mixing vessel. This vertical
recirculating flow has promoted the incorporation and
intermixing of the upper Al 6061 into the stir zone.
When the Al 6061 material incorporated into the stir
zone in Fig. 5 is intermixed by a recirculating flow, it is
expected that one intermingled layer of each alloy or
lamella would be formed during each rotation of the
tool. To determine the feasibility of intermixing occurring on each rotation via this recirculating flow, the
number of tool rotations in the stir zone width area was
compared to the number of lamellae. Since the measured
width of the stir zone was y5?7 mm, at a linear travel
speed of 1?47 mm s21 the material in the intermixed
region will endure a residence time in the stir zone of
y3?9 s. At a rotation speed of 894 rev min21 (or 14?9
rotations per second), there are expected to be 58
individual lamellae in the onion ring pattern of the stir
zone intersected from the centre to the boundary of the
stir zone. In comparison, there were 49 lamellae
observed in Fig. 5; however, the thickness of the
lamellae progressively decreased towards the outer
boundary of the stir zone, making them difficult to
distinguish as distinct layers. However, this does support
the notion that each layer was formed during one

rotation and an agitator intermixing effect25 is induced
by the flat regions on the pin.
The formation of intermixed lamellae was also
promoted by the presence by the flat features on the
tool pin during butt welding (see Fig. 7a); however,
these only formed when the Al 2024 alloy was located on
the advancing side of the weld (see Fig. 7a). In both
cases in Fig. 7, the upper half of the weld zone mainly
contained the material located on the retreating side, due
to the large shearing force induced by the tool shoulder.
When the Al 2024 is on the advancing side, intermixing
occurs between the two alloys (see Fig. 7a), and a
discontinuity in the flow is formed near the location
where an inflection occurred in the flow during lap
welding (see Fig. 5).
When the Al 6061 alloy was located on the advancing
side (see Fig. 7b), there are two lobes produced in the
stir zone indicated by the arrows; however, there is no
indication of intermixing or onion ring structures. A
similar observation was made when dissimilar FSW was
studied between Al 6082 and Al 2024 alloys, where
intermixing did not occur if the Al 2024 was on the
advancing side of the butt weld.26 The centre of these
two lobes is located at locations below the surface of the
weld which would correspond to the crest or peak edge
of the groove features on the tool (see Fig. 1a). These
lobes likely promoted the enhanced movement of the Al
6061 material into the Al 2024 plate due to the increased
tangential velocity produced along the outer surface of
these ridges. Based on high temperature tensile strength
properties, the Al 6061 alloy exhibits a higher tensile
stress than Al 2024 alloy in the temperature range
.300uC,27 and when the tool rotation is oriented with
the Al 6061 alloy on the advancing side, it will be more
reluctant to produce in the intermingled or onion ring
structures when it is swept into the Al 2024 side ahead of
the tool. An analogous scenario occurs when two
viscous polymers are sheared together during laminar
flow, where the thickness of lamella produced is
proportional to the viscosity of the corresponding
layers.28 This explains the thick lobes of Al 6061 which
are displaced into the Al 2024 material in Fig. 7b.

Helical thread tool
The conventional approach to FSW involves a simple
threaded tool with a standard right hand thread (as
shown in Fig. 1c) which is rotated counterclockwise
such that the surface angle of the helical threads
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7 Butt welds produced using groove tool with three ﬂats with a 2024 on advancing side and b 6061 on advancing side

promotes the auger-like movement towards the end of
the tool pin. Normally, this flow direction is established
during friction stir seam welding, and there is a resulting
transfer of material in the opposite direction on the
outer boundary of the stir zone which brings material
back towards the tool shoulder, and produces recirculating flow.29,30 When this counterclockwise tool rotation was applied during lap welding, the movement of
the upper Al 6061 sheet downwards was also observed as
shown in Fig. 8a. The lobe of Al 6061 material at the
centre of the weld extends nearly 1 mm into the lower Al
2024 plate surface, and metallurgical bonding was
observed across the sheet interface (compared to Fig. 3
where no bonding occurred using a grooved pin tool).
However, the formation of intermixed lamellae and an
onion ring structure did not occur. Again, since the Al
6061 alloy has a higher flow stress than Al 2024 alloy
.300uC,27,31 this accounts for the poor transfer of Al
6061 material downwards into the Al 2024 lower plate
due to the fact that the Al 6061 material has a higher
viscosity and will require more time for movement
downwards and establish a recirculation flow.
In contrast, when the tool was rotated clockwise to
promote movement of the lower sheet Al 2024 upwards
into the top sheet, an onion ring structure was produced
as shown in Fig. 8b. This indicates that establishing a
recirculating flow not only depends on the tool
geometry, but also the orientation of materials which
are being welded. However, when the tool rotation
direction is reversed, the lower viscosity Al 2024 material
can flow more readily upwards, and a recirculation flow
can be established to form the onion ring structure
consisting of alternating lamellae of each alloy.
The formation of an onion ring structure comprising
intermixed lamellae of material has previously been
studied using a combination of numerical modelling and
microscopy of dissimilar joints.30 It was shown that
when a threaded tool pin is used, the onion ring
structure results from the formation of an inner downward flow near the pin surface, and an upward flow
from the bottom to the top of the pin upwards to
towards the top sheet during each rotation of the tool. A
critical feature of this intermixing mechanism is the

transfer of material from the top surface of the sheets to
the bottom of the pin via the threads, which is generally
believed to suppress the formation of voids or defects
within the stir zone. Note that a smooth cylindrical tool
produces defect voids more easily when using the same
welding conditions compared to a threaded tool.2
When the travel speed is increased from 33 to
88 mm min21 during butt welding, with the threaded
tool, the intermixing is limited and the lamella observed
in Fig. 7a are thicker and incomplete (see Fig. 9a).
These intermingled layers are not continuous, and have
a disrupted appearance when the Al 6061 is on the
advancing side of the weld. When the Al 2024 is on the
advancing side, a wavy profile is produced at travel
speeds of 88 mm min21, with a few short and thick
intermixed layers evident on the retreating side, and very
fine lamellae in the middle of the stir zone (see Fig. 9b).
A similar wavy stir zone profile is produced during
dissimilar welding of Al 2024 and Al 7075 alloys
when the travel speed is increased from 40 to
200 mm min21.32
When the travel speed was decreased from 88 to
33 mm min21 and serial sectioning was used to further
investigate the material flow when using the helical
thread tool, the formation of intermixed lamellae is
more pronounced and occurs regardless of the orientation of the alloys. The key feature of the formation of
the intermixed regions, the movement of the downward
flow of the material via the pin threads is clearly visible
in Fig. 10a. In the case of butt welding with Al 2024 on
the advancing side, there is a large lobe of material swept
across the stir zone and forms a continuous trail of
intermixed lamellae as shown in Fig. 10b. Animations of
the reconstructed serial sections illustrated in Fig. 10 are
also available in the supplementary material
(Supplementary Material) site for this journal.

Conclusions
A systematic comparison of the influence of geometric
features on the FSW tool pin has revealed some
interesting features related to stir zone formation and
intermixing in dissimilar welds. First, the use of flat
spots on the pin surface can promote vertical movement
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8 Lap weld produced using tool with helical threads on pin when tool rotation is in a clockwise (transferring material
downwards) and b counterclockwise (promoting material movement upwards)

9 Butt welds produced using 88 mm min21 travel speed and spiral tool with a 6061 on advancing side and b 2024 on
advancing side

10 Composite images produced from serial sections through the normal plane in butt welds produced using
33 mm min21 travel speed with a Al 6061 plate on advancing side and b Al 2024 on advancing side
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similar to the double loop flow observed in mixing
reactors, although this is not as drastic as the flow
promoted by helical threads. Second, the use of threaded
features is not necessarily a prerequisite for the
formation of highly intermixed or onion ring-like
structures. Finally, the material flow imposed by the
threads is heavily influenced by the position of the base
materials. When the tool travel speed is decreased, the
intermixing is enhanced by the residence time within the
stir zone; however, under certain conditions such as
when only grooves (without a helical profile) are used
during butt welding or lap welding, or when the Al 2024
alloy is on the advancing side during butt welding, the
intermixed lamella are not formed.
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