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Abstract. Static Shoulder Friction Stir Welding (SS-FSW) is a modification to conventional FSW
that was originally developed to improve the weldability of titanium alloys by reducing through
thickness temperature gradients. Surprisingly, to date, there have been no published systematic
studies comparing SS-FSW to FSW for aluminium welding. This may be because the high
conductivity of aluminium means the heat input produced by the shoulder is thought to be
beneficial. In the work presented when welding a high strength 7050 aluminium alloy, even in a
relatively thin 6 mm plate, it is shown that SS-FSW has several advantages; including a reduction in
the heat input, a massive improvement in surface quality, and a more uniform through thickness
temperature distribution, which leads to narrower welds with a reduced heat affected zone width
and more homogeneous through thickness properties. The reasons for these benefits are discussed.

Introduction

Conventional Friction Stir Welding (FSW), which uses a solid tool comprised of a shoulder and
pin that rotate at the same rate, is a well-established process that is now widely used to join
aluminium generally with excellent results [1]. The process is particularly well suited to welding
high strength aluminium aerospace alloys that suffer from solidification cracking in fusion
processes and is therefore of considerable interest to the aerospace industry [1]. FSW was original
developed in the UK by the TWI [1] and involves translating a rotating tool along the join line
between two butted plates, which forges the weld members together without melting. Static, or
Stationary, Shoulder Friction Stir Welding (SS-FSW) is a modification to the original process that
was developed more recently to improve the weldability of titanium alloys [2,3] where the low
thermal conductivity of titanium results in the rotating tool shoulder creating a severe temperature
gradient through the plate thickness [2]. This is because in conventional FSW between 60 — 80% of
the heat is generated by the shoulder, which has the highest radial velocity. As the heat input is
limited by melting at the contact surface, with thicker gauges, or lower conductivity materials, it is
thus difficult to maintain a high enough temperature at the base of the weld to avoid pin failures
without resorting to a low travel speed. Therefore, in principle when welding thicker aluminium
plate the SS-FSW process should be advantageous, provided enough heat can be generated by the
probe alone to off-set the higher conductivity of aluminium.

There are also several additional potential benefits of SS-FSW over conventional FSW, such as
an improved surface finish [2] and a narrower temperature distribution that is more parallel through
the thickness, which could lead to a reduced heat affected zone width, as well as lower levels of
distortion. It has also been shown in one rare study, using a AA6061 alloy, that with a static
shoulder the texture in the weld zone becomes dominated by the pin [3]. However, perhaps
surprisingly, there is no work published in the literature that directly compares the two processes
and allows a consensus to be reached on the preferred welding method. This may be partly because



with a conventional tool the power generated by the pin at a fixed rpm is typically only 20-30% of
that of the tool shoulder [4,5], so that the same welding conditions are not appropriate for both
processes and it is therefore not obvious how to systematically compare the two techniques.

Here, we report on a preliminary investigation where we have attempted to fill this knowledge
gap by systematically comparing the two processes when welding a typical Al-aerospace alloy
(AAT7050). To achieve this end, we have used an identical shoulder and pin geometry for each
method and first assessed the relationship between the heat input and the welding parameters, so
that both processes could be compared using their optimum welding conditions. The welds were
performed in relatively thin 6 mm plate where it might be thought that stationary shoulder would
offer less benefit. Modelling has also been used to fit the thermal field for each process and predict
the effect on the HAZ shape. We have also measured the surface finish and note a new type of weld
defect caused by over-heating that is specific to the SS-FSW process.

Experimental

All the welds in this study were produced in 6.3 mm thick AA7050-T7651 plate with a butt
configuration, using conventional and stationery shoulder tools that had identical geometry. Both
tools had a shoulder diameter of 18 mm and a 5.9 mm long conical, threaded, tri-flat probe (6.2 mm
and 4 mm diameter at the root and tip, respectively). The standard FSW tool had a concave shoulder
and welding was performed with a 2° tilt and plunge depth of 0.2 mm. With the SS-FSW tool the
shoulder was fixed to the welding head and the pin rotated within the static shoulder. The tool was
vertical and the shoulder had a slight convex radius to allow it to slide. With both processes a
parametric study was first performed to measure torque decay curves with increasing rotation rate,
[5,6] (see below). The torque (M) and welding forces were logged from the machine. A finite
difference model was used to fit the welds’ thermal field's, using a surface ring shaped heat source,
to represent the shoulder, and ten increasing diameter cylindrical volume sources to represent the
conical probe. The power was distributed in each case in proportion to the surface velocity. For the
stationary shoulder the shoulder power was set to zero. Thermocouple measurements were made at
six locations; near the top surface, plate centre and bottom, near the tool, and at distances of 10, 20,
30 mm, at the plate centre line to provide calibration data for the thermal model.

To analyse the resultant welds hardness maps were produced across weld transverse cross
sections using an Instron microhardness machine with a 0.5 kg load and microstructural features
were investigated by conventional optical microscopy. A p-scan SC200 laser profiler was used to
compare the surface roughness obtained by the two techniques.

Results and Discussion
In FSW the welding power, Q, can be related to the torque, M, by;

Q=Mo, @)

where o is the rotation rate (rad s™) [4]. If a uniform material flow stress across the tool surfaces is
assumed a simple analytical model, adapted for a tapered pin from ref [4], can be expressed as:

M= 27‘[%E 1-6) (rs3 — Tt ) + szh?' +mh?ry, + hrpy, ) + %rsz] 2

where the first term represents the contribution from the shoulder, the second the probe conical
surface, and the third the probe base. The tool dimensions rs, ry, s, and h are the shoulder, probe
root, and tip radii, and probe height respectively, m is the taper gradient of the probe, o is the
materials flow stress, and & is a slip parameter. This relationship can be used to calculate the
theoretical difference in heat generated between the FSW and SS-FSW tools at a given rotation rate



which with the tool geometry used is ~ 6:1. By calculating the theoretical torque at zero rpm, when
the material will be at room temperature and have a uniform flow stress, a zero point can be
obtained allowing exponential torque - rotation rate decay curves to be fitted to the experimental
data [6] (Fig. 1a), from which the welding power curve can also be derived (Fig. 1b).

As has been previously noted [5,6] there is a smaller dependence on the travel speed and the
torque is dominated by the rotation rate. In agreement with the calculation given above, the fitted
torque decay curves show, unsurprisingly, that for a given rotation rate the static shoulder tool
developed a much lower torque, and hence welding power, than the standard FSW process, with
approximately 70% of the power being provided by the shoulder at low rpm, but this difference
reduced to about 50% at high rpm where the torque reaches a lower limit.
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Fig. 1 (a) Fitted torque - rotation rate decay curves for the FSW and SS-FSW processes and (b) the
corresponding welding power curves.

From Fig. 1 it is immediately apparent that it is not sensible to compare FSW to static shoulder
welding with the same welding parameters because this produces very different heat inputs that are
not necessarily optimised for each process: i.e. welds produced at the same travel speed will not
have the same optimum rotation rate, owing to the different tool surface velocities and surface
areas. It was also not possible to compare the two techniques on the basis of the same welding
power at the same travel speed, because welding with as low a power as SS-FSW with the FSW
process was not possible without pin failures, due to the much lower RPM necessary, which
resulted in the material at the base of the weld becoming too cold and creating an excessive load on
the pin. To compare the two processes, welding conditions were therefore selected that gave as
close a heat input as possible at the same high travel speed of 400 mm min™, while maintaining tool
life. Thus, 1500 RPM and 700 RPM were selected for the SS-FSW and FSW respectively, which
resulted in a ~ 30% lower welding power for the SS-FSW tool, at the same travel speed.

Surface finish A potential advantage of static shoulder welding is the superior surface finish it can
produce relative to FSW [2]. In the present study this was investigated using a p-scan SC200 laser
profile; typical results from which are shown in Fig. 2. For SS-FSW, the surface roughness was
reduced by over an order of magnitude compared to that with FSW with a rotating shoulder. In
addition, the overall depression of the surface caused by the shoulder plunge required to make a
defect free weld was also substantially reduced to only 0.02 mm for SS-FSW, compared to 0.6 mm
for the standard tool. The far smoother surface results from the ironing effect generated by the static
shoulder, which with aluminium gives a comparable finish to that obtained from a polished
extrusion die. The lack of tool plunge and depression of the surface is also an important benefit and
arises because the down-force of the static shoulder is supported by the colder surrounding plate
allowing as high a pressure to be generated as in FSW without the tool sinking into the plate



surface. However, a disadvantage of the stationary shoulder approach was noted in this study, in
that surface cracking was observed with too high tool heat inputs and, in particular travel speeds.
(Fig. 3). These flaws are similar to speed cackling seen in extruding aluminium alloys with a wide
freezing range [6], and occur due to a combination of sticking to the die surface and grain boundary

tearing when the material becomes over heated.
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Fig. 2 The effect of SS-FSW on roughness showing laser surface height profiles for (a) FSW and
(b) SS-FSW and (c) averaged profiles across both welds produced under optimum conditions.
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Fig. 3 Surface speed cackling seen in the SS-FSW process at 2000 rpm and 400 mm min™.

Thermal Field Simulation. The thermal model was used to investigate the effect of systematically
reducing the heat input from the shoulder in FSW to zero, as is the case in static shoulder welding
(Fig. 3). Modelling was carried out by first fitting the thermal field to temperature measurements for
the FSW and SS-FSW processes and then progressively reducing the shoulder power from the FSW
case to zero for SS-FSW for two probe conditions; i) while maintaining a constant probe power and
i1) where the probe power was increased (i.e. as would be the case for increasing the rotation rate) to
maintain the same temperature at the base of the weld of 450°C. Although the model is relatively
simple, it can be seen from Fig. 4 that it illustrates the trends expected and agrees well with the
hardness maps in Fig. 5. In both scenarios, by reducing the heat input contribution from the
shoulder, the thermal field becomes narrower and more parallel through thickness. However, when
the probe power is kept constant the weld rapidly becomes too cold. In comparison, if the probe
power is increased to compensate for the loss of the shoulder rotation it is evident that the thermal
field still becomes narrower at the top of the weld and more uniform through the plate thickness.

Weld Zone Profile. The hardness distribution across FSW weld zones in heat-treatable Al-alloys is
dominated by the state of matrix precipitation, which is largely controlled by the local thermal cycle
[8,9]. Generally there are two competing effects that govern the local hardness; softening caused by
coarsening, transformation and dissolution of strengthening phases, and post weld natural ageing. In
alloys like AA7050 post weld natural ageing can recover much of the strength lost if the local
temperature exceeded the alloys solvus temperature [8,9]. This normally leads to a ‘W’ shaped
hardness profile, where the centre of the nugget zone is hot enough to become solutionised and the



hardness minima correspond to the positions where substantial overageing has occurred. The
hardness minima position is normally found near the TMAZ/HAZ boundary, and moves in or out
depending on the heat input and travel speed [8,9].
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Fig. 4 Thermal modelling depicting the response of the thermal field to reducing the shoulder heat
input in FSW; (a) while maintaining a constant probe power and (b) with the probe power increased
to maintain a 450°C temperature at the base of the weld.
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Fig. 5 Cross-section hardness maps for the two processes, when welding under optimum conditions,
(a) a FSW tool at 700 rpm and (b) a SS-FSW tool at 1,500 rpm (both at 400 mm min™).

170
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shoulder rotation, narrows the thermal field at the plate surface. In addition in Fig. 6 it can be seen
that the through thickness hardness gradient down the centre of the weld nugget is greatly reduced
for the case of the SS-FSW, because when the heat input is generated solely by the pin this leads to
a much more uniform though thickness temperature distribution. The typical weld hardness profiles
for the two processes thus follow closely the behaviour expected from the thermal simulations in
Fig. 4.

Conclusions

A systematic study has been performed to compare welds produced in an AA7050 alloy by FSW
with SS-FSW, when both processes are used under optimum conditions. It has been shown that at
identical translation rates to the conventional process SS-FSW can produce welds with a lower heat
input, which are more uniform through thickness, and have an exceptional surface finish. In
addition the welds show little reduction in section thickness, and have a narrower weld zone profile,
which results from a reduced HAZ width, and have more uniform through thickness properties.
Analogous to in laser welding, thermal simulations have shown that these benefits arise from
changing the process from one where the majority of heat is introduced by surface conduction to
one where heat is provided via a keyhole. This improvement is expected to be obtained across all
sections thicker than that studied where the role of the heat generated by the shoulder becomes
increasingly irrelevant.
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