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Abstract
Friction stir welding features a joining technology with only few drawbacks. The exit hole inevitably left by
the tool is a major disadvantage. In order to eliminate volume defects such as termination holes or voids in
friction stir welds, refill friction stir spot welding was used for keyhole repair. The keyhole closure process
was employed to 3 mm thick sheets of aluminum-lithium alloy AA 2198-T851. Exit holes with a diameter of
7.5 mm in semi–stationary shoulder bobbin tool friction stir welds were refilled successfully.
To characterize the refilling process characteristic process parameters such as position, force and torque of
the tool parts have been monitored. The welds have been analyzed with regards to microstructural features,
the local and global mechanical performance as well as the thermal cycle. The properties of the repair welds
have been compared to friction stir welded butt joints and keyhole closure welds in bare sheet.
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A systematic investigation comparing and combining the two friction based processes has shown that refill
friction stir spot welding is able to be applied as keyhole closure technique in sheet material and in semi–
stationary shoulder bobbin tool friction stir welds. Defect free welds with known microstructural features were
achieved. The mechanical performance of keyhole closure welds using refill friction stir spot welding in semi–
stationary shoulder bobbin tool friction stir welds is comparable to the performance of keyhole closure welds
in bare sheets. High-strength keyhole closure welds with efficiencies of 78 % in terms of ultimate tensile
strength were achieved.
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1 Introduction
Friction stir welding (FSW) is well known and has shown superior capabilities when welding lightweight
materials such as aluminum. Bobbin tool friction stir welding (BT-FSW) is a variant of the solid-state process
friction stir welding. The principle of BT-FSW is identical to FSW by means of forming a strong joint by
intermixing plasticized material. The main difference between the processes is that the frictional heat is
applied from two sides in BT-FSW, as the tool, in this case, consists of two rotating shoulders connected by
a probe as stated by Goebel et al. (2016). In recent years, the stationary shoulder developed in FSW tools
was applied in the BT-FSW process to further reduce the total heat input. Although a fully stationary BTFSW process has shown challenges in terms of tool material and design, the concept of using one stationary
shoulder has been proved. The upper shoulder was decoupled and held stationary while the probe and the
lower shoulder remained rotating. This semi–stationary shoulder bobbin tool friction stir welding process with
a stationary upper shoulder (SSUBT-FSW) was recently presented by Goebel et al. (2016), who successfully
welded the aluminum-lithium alloy 2198–T851. Aluminum-lithium alloys are of special interest when highly
specific strength and stiffness are required owing to the contribution of lithium to reduce the density and
enhance the elastic modulus and strength (Giummarra et al., 2007). The results were promising, with joint
efficiencies of 82% in terms of tensile strength and 71% in hardness. Compared with a previous study by
Wang et al. (2015) who used conventional BT-FSW on the same alloy, the SSUBT -FSW process showed
improvements in mechanical performance and applicability.
The BT-FSW process variant is particularly suitable for closed structures such as pipes or hollow structures.
A major drawback of the BT-FSW process is the remaining exit hole at the end of the weld resulting from
the extraction of the welding tool. A process dealing with this issue has to be chosen when employing the
technique in industrial products. In some applications, the question of the keyhole closure can be avoided
by creating a runoff plate that can be removed after the welding. Due to the lower shoulder connected to the
probe, this is not possible when welding hollow structures with BT–FSW. In conventional FSW, there are
some approaches to avoid the exit hole including the retractable pin developed by Ding and Oelgoetz (1996).
A double-acting tool consisting of an outer shoulder and inner probe is used incrementally to retract the
probe in the final stages of the FSW process. This approach is inapplicable to the BT-FSW process owing
to the two-shoulder design.
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Aluminum lithium alloys are difficult to weld through conventional fusion welding methods as summarized
by Çam and Koçak (1998). They concluded that fusion welding in Al-Li alloys usually results in a coarse
weld microstructure, a wide HAZ and lithium depletion in the weld zone, which can lead to low strength welds
as well as low resistance to stress corrosion cracking. Common defects like hot cracking raise the need for
dissimilar crack resisting filler materials (Madhusudhan Reddy and Gokhale, 2014). Friction based welding
processes have shown superior performance when welding conventionally difficult to weld aluminum alloys
as summarized by Çam and Mistikoglu (2014). To seal the exit hole at the end of the SSUBT–FSW process
only a small number of friction based welding processes are published.
Most keyhole closure processes have only been employed in keyholes left by FSW and not in through holes.
Examples are active–passive filling friction stir repairing and self-refilling friction stir welding. Active–passive
filling friction stir repairing was introduced by Ji et al. (2016) and is a multi-stage process with different filler
bits and pinless tools. In 2012 Zhou et al. (2012) introduced the self-refilling friction stir welding process.
Self-refilling friction stir welding uses a series of non-consumable tools with gradual changes in pin geometry
and size to self–refill a keyhole without filler material, which results in thickness reduction of the workpiece.
The only processes that have been employed to seal through holes in metallic workpieces are friction plug
welding and refill friction stir spot welding. In friction plug welding (or friction taper plug welding) a tapered
keyhole is sealed by a plug, with a taper similar to the hole, by forcing the rotating plug into the keyhole coaxially as employed by Du et al. (2016). In friction plug welding, the geometry of the plug has to be adapted
to the tapered hole dimensions and machining is necessary on both sides of the workpiece to remove the
not consumed parts of the plug from the top as well as the material that is extruded out of the plate from the
bottom. Filling friction stir welding, presented by Huang et al. (2011), is derived from friction plug welding
and adds a shoulder part to the tapered plug to avoid stress concentration at the interface between plug and
hole. However, filling friction stir welding has only been used to seal keyholes left by FSW and not in through
holes.
Reimann et al. (2016) introduced the refill friction stir spot welding (RFSSW) method (also known as friction
spot welding, FSpW) to seal through holes in metals to solve problems such as damage to holes, broken
tools or keyholes left at the end of FSW processes. Employing a plug made of the same material keyholes
were sealed by joining the plug to the surrounding workpiece in AA 6061–T6 using the RFSSW process.
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This method shows advantages including defect free welds, superior surface appearance on both sides of
the weld and a high reproducibility that is not always achieved by competing processes. Additionally, this
method does not need any surface preparation prior to or after the welding process and seals the keyhole
in a single welding step.
To perform a keyhole closure weld, RFSSW uses a non-consumable tool consisting of three independent
movable parts including a stationary clamping ring and two rotating parts—the sleeve and the probe. The
RFSSW process starts with moving the clamping ring downwards to clamp the workpiece. The sleeve and
probe start to rotate in the same direction at a preset speed. The sleeve plunges downwards into the
workpiece while the probe is simultaneously retracted. The rotating sleeve generates frictional heat,
plasticizing the workpiece material, and the downward movement of the sleeve forces the softened material
into the cavity left by the probe. The sleeve diameter is larger than the diameter of the plug, which has
previously been inserted into the keyhole. Thus, the interface between the plug and surrounding workpiece
is completely stirred by the sleeve. When a predetermined plunge depth is reached, the rotating probe and
the sleeve interchange their direction of movement. The sleeve moves upwards towards the initial position
and the probe downwards, pushing the material back into the joint to refill the hole left by the retracting
sleeve. Metallic bonding is created at the interface between the refilling plasticized material and the
surrounding workpiece. Finally, the tool is retracted from the surface to leave the initial plug and surrounding
workpiece completely joined.
In addition to the keyhole closure application, the RFSSW process is well known to produce solid-state welds
in an overlap joint configuration in a wide range of lightweight alloys. In this conventional application, RFSSW
has been successfully used to weld Al-Li alloys. Gao et al. (2015a) applied the RFSSW process to the
aluminum–lithium alloy 2A97 and achieved sound joints. Pieta et al. (2014) investigated the RFSSW process
parameters when joining AA 2198–T8 sheets, confirming the weldability of AA 2198 using RFSSW. The
application of RFSSW as a method to refill keyholes has only been reported by Reimann et al. (2016).
In the current work, we addressed the above mentioned challenge to seal the exit hole at the end of the BTFSW process and repair flaws in BT-FSW welds. Semi–stationary shoulder bobbin tool FSW (SSUBT-FSW)
was first employed to produce defect free welds with superior surface finish and mechanical properties in
AA 2198–T851. In a second step, through holes in the center of the SSUBT-FSW, welds were sealed using
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the RFSSW process without any preparation work before welding as proposed by Reimann et al. (2016). As
an attempt for classification, keyhole closure welds using RFSSW in SSUBT-FSW welds and unwelded base
metal were compared with SSUBT-FSW butt welds.
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2 Materials and Methods
2.1 Aluminum alloy 2198–T851
The aluminum-lithium alloy 2198 is a representative of the third generation of aluminum-lithium alloys and
is applied as the sheet material. The temper used was T851 (solution heat treated, cold worked by 5% and
artificially aged). The chemical composition is listed in Table 1 as taken from the AMS standard (Association,
2015). The alloy features a density of 2.69 g/cc and an E-modulus of 75 GPa.
Table 1:

Chemical composition of alloy AA2198

Cu

Li

Zn

Mg

Mn

Zr

Fe

Al

3.2

1.0

0.014

0.31

0.005

0.076

0.046

Rem.

2.2 Experimental procedure
The base material was machined to produce samples measuring 400×75×3 mm which were subsequently
butt welded perpendicular to the rolling direction using the SSUBT-FSW process as shown in
Figure 1 a). The welded specimens were then cut into 35 mm segments perpendicular to the weld direction;
see Figure 2. To apply the keyhole closure process, through holes of 7.5 mm in diameter were drilled in the
center of the welded segments; see
Figure 1 b). Cylindrical plugs of the same material and identical diameter were produced by electric
discharge machining. In the next step, the plug was fitted manually into the hole. Finally, RFSSW was used
to join the plug and the surrounding workpiece eight days after the initial butt welding; see
Figure 1 c). This creates an RFSSW keyhole closure weld in the center of the SSUBT-FSW butt welded
structure; see Figure 1 d). Details of the RFSSW keyhole closure process can be found in (Reimann et al.,
2016).
To characterize the keyhole closure process in SSUBT-FSW welds, three batches of samples were
produced: SSUBT-FSW welds, RFSSW keyhole closure welds and RFSSW keyhole closure welds in the
-7-

SSUBT-FSW weld seam as described above. For mechanical testing, eight samples of each batch were
produced with one set of process parameters each. For thermal cycle measurements, two samples were
welded according to the sample geometry in Figure 2. The base metal properties were averaged over three
samples.

Figure 1

Process chain of SSUBT-FSW termination hole closure using RFSSW: a) SSUBT-FSW
process, b) keyhole simulating termination hole, c) RFSSW process, d) closed keyhole and
final weld seam.

2.3 Welding processes
The SSUBT-FSW welds were produced using a modified five-axis parallel-kinematic robot system (PKM
T805) equipped with a specially designed BT-FSW weld head capable of operating in self-reacting or gap
controlled mode. The BT-FSW weld head can produce welds with both rotating shoulders (BT-FSW), both
stationary shoulders (SSBT–FSW) as well as with upper-stationary (SSUBT-FSW) or a lower-stationary
shoulder (SSLBT-FSW). The tools were dimensioned to a 7 mm diameter, featured probe and two 15 mm
diameter shoulders. The lower shoulder is attached to the probe and rotates with the same speed while the
upper shoulder was held stationery by a decoupling system. The probe was made of the nickel–cobalt alloy
MP159, whereas the shoulder material was molybdenum–vanadium hot work tool steel (X38CrMoV5-1).
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The welding parameters were adjusted to a rotational speed of 400 rpm and a transverse speed of 500
mm/min. The process was run in self-reacting mode at 5000 N, allowing the gap width to vary. Further details
of the process can be found in the work of Goebel et al. (2016).
The RFSSW welds were produced with custom-built equipment designed and constructed to investigate this
process. The axial and rotational movement of the tool parts is actuated by individual electromechanical
transducers. Plunge depth and rotational and axial speed were controlled using value response from the
position control system in the drive amplifier in 10 ms steps. The axial load of the probe and sleeve are
measured using four identical load cells each, whereas the axial load of the clamping ring was measured
using three load cells. The torque of the sleeve and probe were measured using load sensors attached to
the respective motors via lever arms. The motors were float-mounted, so the engine torque was transferred
to the load cells. The used load cells were customized to the respective measurement range and had a
sensor inaccuracy of 0.8 %. The measurements were coupled with a data acquisition system so that the
force, torque and position values were recorded simultaneously during each spot welding operation. To
display the sleeve and probe torque in Figure 5, a moving average of 3 measurement values was calculated.
The keyhole closure welds were carried out according to the sleeve plunge process reported by Reimann et
al. (2016). The spot welding equipment produced the welds in position control mode. The clamping ring
moves to a predefined position on the surface of the workpiece, and the welding operation is carried out by
monitoring and controlling the positions of the individual tool parts.
Threaded RFSSW tools made of molybdenum–vanadium alloyed hot work tool steel with a 17 mm diameter
clamping ring, a 9 mm sleeve and a 6 mm probe were utilized. The welding parameters in this study were a
rotational speed of 1000 rpm and plunging or retracting speed of the sleeve of 0.85 mm/s. Dwell time was
not used. The plunge depth of the sleeve was set to 2.90 mm, which is 96.7% of the sheet thickness. The
used process parameters are optimized to produce defect free keyhole closures in AA 2198–T851.

2.4 Analysis and testing techniques
The keyhole closure RFSSW process is analyzed by evaluation of the behavior of characteristic process
variables. Thermal cycle analysis was performed to understand the exposure of the base metal to process
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heat during keyhole closure welds. SSUBT-FSW, RFSSW and SSUBT-FSW + RFSSW welds were compared
by microstructural features and local and global mechanical performance.
The thermal cycle was recorded in the heat-affected zone (HAZ) during the RFSSW operation, 4 K–type
thermocouples were embedded in the aluminum sheets at a depth of 1.5 mm from the surface of the sheet
and 9 mm and 17 mm from the center of the weld; see Figure 2. The final results at the two distances are
then averaged from two measurements each.
For the microstructural analysis, samples were sectioned perpendicular to the welding direction and
prepared by standard metallographic specimen preparation procedures using flat grinding and finish
polishing. For microstructural analysis using polarized light microscopy, samples were anodized using a 3
vol pct solution of HBF4 known as BARKER solution at 22 V for 2 min. The grain size was measured
employing a LEICA software following the ASTM E112-13 standard.
Mechanical testing was performed on three batches: the SSUBT-FSW welds, the RFSSW welds and the
combined processes. The testing dimensions of all coupons were kept constant and left at room temperature
for four weeks, allowing natural aging to take place and have a stable microstructural condition. Samples
were machined to a dog-bone shape tailored for spot weld testing with a gauge length of 50 mm and a width
of 13.5 mm; see Figure 2. Tensile tests were carried out in accordance with ISO 6892-1:2009 testing
perpendicular to the rolling direction with a speed of 1 mm/min. The hardness measurements were
conducted on a Zwick Vickers hardness tester (LECO, type M-400-H) in accordance with ISO 6507-1:2005
(applying 0.2 kg for 10 s).

Figure 2

RFSSW welded coupons
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2.4.1 Correction method for measurement of circular features in spot welds
When cross-sectioning an RFSSW spot, it is particularly important to section the sample in the exact middle
of the spot weld to ensure dimensional correctness between different cross sections. Standard
metallographic preparation procedures do not deliver the needed accuracy. To overcome the problem of
inaccurate microstructural measurements due to the position of the cross section, a correction method has
been introduced, which applies to measurements of circular microstructural features – for example the weld
zones.
The gap between the sleeve and clamping ring of the RFSSW tool leaves a circle of protruding material on
the surface of the sheet. In a cross section, the distance between the protruding material should be equal to
the outer sleeve diameter when cross-sectioning the samples in the exact center of the spot weld. The
distance 𝑎 of the cross section to the ideal cross section through the center of the weld is calculated using
the distance between the protruding parts 𝑙𝑝 and the sleeve diameter 𝑑𝑠 ; see Figure 3:

𝑙𝑝 2
𝑑𝑠 2
𝑎 = √( ) − ( )
2
2

(1)

Assuming that the macrostructural features are circular in an RFSSW, the measured width of a circular
feature 𝑥1 to 𝑥2 will be smaller than the true radial width 𝑤; see Figure 3. The true distance of point 𝑥1 to the
center of the weld is calculated using the measured distance of the point to the center of the weld in the
used cross section:

𝑥1𝑟𝑒𝑎𝑙 = √𝑥12𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 + 𝑎2

(2)

The true distance of point 𝑥2 to the center of the weld can be calculated analogously. Finally, the true width
of the circular feature can be calculated as

𝑤 = 𝑥2𝑟𝑒𝑎𝑙 − 𝑥1𝑟𝑒𝑎𝑙

(3)
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The above-mentioned correction method applies to horizontal measurements of distance in or of circular
features only. In RFSSW, it applies to measurements of the width of weld zones, for example, but not to the
measurement of grain sizes.

Figure 3

Measurement of circular features in cross sections
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3 Results & Discussion
3.1 Keyhole closure process
The RFSSW keyhole closure weld shows the characteristic behavior of the tool position and rotational speed
over process time; see Figure 4. In the diagram, the surface of the welded sheet is defined as tool position
0; positive values of the tool position describe the direction downwards into the workpiece.

Figure 4

Measurement of positions and rotational speed during RFSSW keyhole closure welding

The clamping ring moves to the initial position on the surface of the sheet, holding this position for the rest
of the welding process; see Figure 4. The sleeve and probe are retracted 1 mm from the surface of the sheet
to prevent friction generation before the process starts. In a first step, the rotation of the sleeve and probe
are accelerated to 1000 rpm, and they are moved downwards to 0.3 mm above the sheet surface.
Immediately after that, the moving tool parts plunge downwards to touch the surface of the sheet while
maintaining a constant rotational speed. The actual welding process starts with the sleeve being plunged
into the workspace while the probe is retracted. To constrain the plasticized material that has been displaced
by the sleeve into the cavity left by the retracting probe, the probe is retracted further than the sleeve plunges
downwards owing to the different front surface sizes of the sleeve and probe. Thus, the axial speed of the
retracting probe is higher than the 0.85 mm/s plunging speed of the sleeve. The rotational speed of the
- 13 -

moving parts is identical during the welding process. Therefore, the only remaining relative movement
between probe and sleeve is the axial movement. The RFSSW keyhole closure process ends with the
clamping ring being lifted from the surface of the sheet.
A typical distribution of tool forces and torque is shown in Figure 5. The positive forces describe force
downwards in the direction of the plunging tool.

Figure 5

Force and torque during RFSSW keyhole closure

The clamping force needed to move the clamping ring to the initial position of the welding operation is 9 kN.
The clamping force is reduced when the rotating tool parts move downwards to the surface of the sheet,
transferring axial forces. During the welding operation, the clamping force stays at a lower level of
approximately 6 kN. With initial contact to the sheet, the sleeve force increases while the probe force
decreases in the first half of the process. The highest force on the sleeve of 11.8 kN is reached after 3 s
during the plunging of the sleeve immediately before the axial speed of the sleeve is reduced, compared to
the sleeve position shown in Figure 4. From the highest value the sleeve force decreases to below zero to
accelerate the sleeve and associated movable parts in the reverse direction. The probe force behaves
opposite to the sleeve force. The minimum of approximately minus 2500 kN is reached when the sleeve
maximum appears, and the force increases afterward to a maximum of 10.7 kN during the sleeve-retracting
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phase of the process, indicating that in this phase, the material is pushed down by the movement of the
probe. With the tool parts approaching the upper surface of the sheet in the end phase of the process, both
probe and sleeve force approach low values of a force of 1–3 kN.
The sleeve and probe torque show a significant increase approximately 1 s before the process starts. This
increase is needed to accelerate the tool parts to the set rotational speed. The sleeve and probe torque start
at similar values of approximately 6 Nm at the beginning of the process when both tool parts are touching
the surface of the aluminum sheet. During the plunging phase, the sleeve torque increases to approximately
11 Nm, remains at a high level until the set plunge depth is reached and decreases back to the initial values
during the retraction phase. The sleeve torque is related to the plunge depth (Figure 4) indicating correlation
with the surface area of the rotating sleeve being in contact with the surrounding workpiece, creating frictional
resistance. The slight decrease in sleeve torque values is assumed to be caused by the softening of the
base material in contact with the sleeve. The probe torque decreases during the first half of the process.
With no relative rotational motion between probe and sleeve, this is assumed to be related to the softening
of the base material in contact with the probe. The probe torque increases with the downward movement,
causing the plasticized material to be forced against the front surface of the probe, generating frictional
resistance.
At the end of the process, the tool parts move upwards, and the clamping force increases back to the initial
values of 9 kN to hold the position because the other tool parts no longer transfer any force.
To calculate the total energy delivered during RFSSW keyhole closure, an approach similar to that
introduced by Su et al. (2006) for friction stir spot welding (FSSW) is applied. The energy is determined by
axial force, penetration depth, rotational speed and torque according to

𝑛=𝑁

𝑛=𝑁

𝑄𝑎𝑝𝑝𝑙𝑖𝑒𝑑 = ∑ 𝐹𝑜𝑟𝑐𝑒(𝑛)(𝑥𝑛 − 𝑥𝑛−1 ) + ∑ 𝑇𝑜𝑟𝑞𝑢𝑒(𝑛)𝜔(𝑛)Δ𝑡
𝑛=1

(4)

𝑛=1

where 𝑥𝑛 is the penetration depth at sample (𝑛), 𝜔 is the angular velocity (rad s-1), 𝑛 is the sample number,
𝑁 is the final sample, and Δ𝑡 is the sampling time.
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The equation must be applied to the probe and sleeve measurements. The energy generated during the
spot welding is calculated as 7.36 kJ. Similar to the findings of Su et al. (2006) for FSSW, the contribution
resulting from tool rotation is 160 times higher than that due to tool penetration. The SSUBT-FSW process
in identical material conducted by Goebel et al. (2016) showed an energy input per unit length of 219 J/mm.
For a 35 mm weld length (equal to the used sample width; compare with Figure 2), this equals 7.67 kJ being
delivered in the same sheet dimension used in this study.
The energy used for weld zone formation and the energy dissipated in the aluminum sheet can be different
in both welding processes because of different welding equipment, tool dimensions and general heat transfer
conditions. Additionally, different sample geometries impede the comparability of temperature distribution in
the aluminum sheets.
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3.2 Thermal cycle analysis
Thermal cycle measurements were conducted 9 mm and 17 mm from the center of the weld. The thermal
cycle shows a typical behavior in the heat-affected zone during RFSSW. The temperature rises during the
plunging phase of the sleeve with 75°C/s and 34°C/s at the measured positions, respectively. During the
second half of the process, from the beginning of sleeve retraction to the highest temperatures at the
measured positions, the heating rate is significantly lower with 14°C/s and 19°C/s. Nine millimeters from the
center of the weld the peak temperature of 333°C is reached at 6 s after the beginning of the process and
during the retraction of the sleeve. Seventeen millimeters from the center of the weld, the highest
temperature of 227°C is reached after the withdrawal of the tool. After approximately 15 s after the beginning
of the process, the temperature in the tested coupon seems to be homogeneous at approximately 170°C in
both measurement locations.

Figure 6

Thermal cycle of keyhole closure welds using RFSSW

Compared with the thermal cycle during SSUBT-FSW welds recorded and discussed by Goebel et al. (2016),
the thermal cycles at similar distances from the weld center are similar. Regarding the peak temperatures
reached approximately 9 mm from the center of the weld, no difference between the welding processes
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could be measured, whereas a difference can be observed in terms of temperature exposure. The RFSSW
keyhole closure process exposes the surrounding base material to higher temperatures for a longer period
of time. Temperatures above 150°C were measured for 20.15 s and above 300°C for 4.6 s. The exposure
times of the SSUBT-FSW process were measured to 17.98 s and 3.66 s, respectively. As the calculated
energy input is similar in 35 mm wide samples, different thermal cycles are mainly caused by changing
energy input location in linear friction welding compared to stationary RFSSW as well as different sample
dimensions and general heat transfer conditions.
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3.3 Microstructural features
Figure 7 a) presents the cross section of a RFSSW keyhole closure weld. The macrograph displays a defect
free microstructure where no lack of refill or voids can be observed. The microstructure of the plug and the
interface between the initial plug and surrounding workpiece is not visible in the shown cross-section (Figure
7 a) since it is completely stirred and recrystallized. Two features of protruding material on the surface of the
sheet can be observed and used to calculate 𝑙𝑝 ; see chapter 2.4.1. The RFSSW microstructure features
three typical zones consisting of a stirred zone (SZ), which is surrounded by a thermo-mechanically affected
zone (TMAZ) and a heat-affected zone (HAZ). The SZ experienced the highest shear rates and
temperatures and consists of fully recrystallized, equiaxed grains with an averaged grain size of 6.13 µm.
The SZ is wider than the sleeve diameter and curved convex to the surrounding zones. Applying the
correction method introduced in chapter 2.4, the size of the SZ has been measured. At mid-thickness, the
SZ is 920 µm wider than the sleeve diameter, indicating high shear rates and temperatures leading to
dynamic recrystallization on the outside of the rotating sleeve. The TMAZ experiences moderate
temperatures and strain rates leading to upward-bended grains in the direction of the retracting direction of
the sleeve. The TMAZ has a torus-like shape that is concavely arched away from the stirred zone. In the
upper parts of the spot weld, the TMAZ shows the broadest extension and is tapered to the upper and lower
surfaces of the sheet. The HAZ is affected only by the thermal cycle and experiences no plastic deformation.
The grain size corresponds to the grains of the unaffected base material with pancake-shaped grains
resulting from the rolling process measured at 11 × 4 µm. Overall, the microstructural features correspond
to typical characteristics of RFSSW, as shown, for example, by Amancio-Filho et al. (2011) in AA 2024. The
keyhole closure welds show the same flawless appearance with high surface quality as those reported in
AA 6061–T6 (Reimann et al., 2016).
The cross section macrograph of the SSUBT-FSW weld is presented in Figure 7 b). No defects were
observed. The SSUBT-FSW weld features an asymmetrical shape widening up towards the rotating, lower
shoulder. Similar to the conventional BT–FSW macrograph shown by Wang et al. (2015), the hourglass
shape resulting from the presence of two shoulders is visible. Similar to RFSSW, the macrostructure reveals
typical welding zones consisting of a centered SZ connected by the TMAZ and the HAZ to the base material.
1.5 mm millimeters from the sheet surface, the SZ is 8.03 mm wide and consists of fully recrystallized,
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equiaxed grains with an average size of 5.66 µm. The SZ is widened to the RS owing to extrusion of hot,
sheared material around the probe as reported by Colligan (1999). The grains in the TMAZ deform along
the vertical direction. Analogous to the RFSSW weld, the HAZ shows no changes in microstructural features
compared with the BM.

Figure 7
Low magnification Barker-etched overview of welded samples: a) keyhole closure weld using
RFSSW, b) butt joint using SSUBT-FSW c) keyhole closure weld using RFSSW in SSUBT-FSW weld seam

In Figure 7 c), the macrostructure of the combined processes is shown. It can be observed that RFSSW is
the governing process because the weld zones developed similarly to the weld zone formation of the RFSSW
process (Figure 7 a)). This was expected because the RFSSW tools are larger in diameter, and the process
was run after the SSUBT-FSW process. Still, characteristic remnants of the SSUBT-FSW process are still
visible. The weld zone distribution is similar to the observations in RFSSW; additionally, a broadened TMAZ
and the shoulder-induced SZ on the lower side remaining from the SSUBT-FSW process can be observed.
The size of the SZ is similar to the single RFSSW process. Otherwise no significant differences could be
measured.
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The mid-thickness broadening of the TMAZ, which increased by a magnitude of approximately 1.5 compared
to the single RFSSW process, shows a higher deformation and longer thermal influence where prior HAZ
material is transformed into grains more coarsened and deformed. The grain size in the SZ was measured
to 5.7 µm, only slightly different from the grain sizes measured in the single processes. The grains in the SZ
in the lower, outer corners (remaining SZ from the SSUBT-FSW process) are affected by the thermal cycle
of the RFSSW process only and experience no further deformation; therefore, the grain size is slightly
increased.
At higher magnification, the irregularities in the region of the outer sleeve are found as remnants from the
interface between the plug and surrounding workpiece, assumed to be accumulated oxides; see Detail 1 of
Figure 7 c) in Figure 8. A similar phenomenon has been reported when butt joining aluminum workpieces
using friction stir welding by Sato et al. (2004). The joint line remnants was found to be fine dispersed Al2O3
particles that did not affect the root-bend property of the weld. For keyhole closure using RFSSW this
phenomenon is currently under investigation. It should be noted that the position of these remnants differs
from the initial position of the interface between the plug and surrounding workpiece, the remnants are
deployed further from the center of the weld during the refilling stage of the process. The remnants are
assumed to be caused by insufficient stirring during the welding process in the areas underneath the rotating
sleeve and can be avoided by employing a higher plunge depth.

Figure 8
spot

Remnant from the interface of plug and surrounding workpiece at lower parts of RFSSW weld
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3.4 Mechanical properties
3.4.1 Microhardness
The microhardness distribution along the centerline on the cross-section of all three processes is presented
in Figure 9. All processes develop a W-shape hardness distribution, which was often reported for highstrength, precipitation-hardened aluminum alloys welded in artificially aged condition—e.g., by Shen et al.
(2013) for RFSSW in AA 7075–T6. or for conventional friction stir welding in AA 7075–T6 by (İpekoğlu et al.,
2013a), in AA 6061–T6 by İpekoğlu et al. (2013b) and in AA 6063–T5 by Sato et al. (1999). Additionally, a
similar hardness distribution was found by Pieta et al. (2014) in Al-Li alloy 2198–T8 refill friction stir spot
welded sheets.
It is assumed that the variation of microhardness in different regions of FSW joints is associated with the
evolution of the metallurgical state in precipitate-hardened aluminum alloys (Gao et al., 2015b). Zhang et al.
(2014) studied the ageing response of AA 2198. They found that the precipitation sequence of the aluminumlithium alloy 2198 results in a complex microstructure that holds several precipitates finely dispersed. The
greatest contribution to the overall strength is during artificial aging forming T1 (Al2CuLi) and the during
natural aging formed δ′ (AL3Li). The amount of T1 is highest in the peak aged temper (T8), so the BM
exhibits the highest hardness of 149 HV0.2.
The hardness distribution of the processes analyzed is not significantly different. The stirred zones show a
relatively constant hardness of 110 HV0.2. With the beginning of the TMAZ, the hardness decreases
continuously to a minimum of approximately 100 HV0.2 in the HAZ. From there, the hardness increases to
base metal values with decreasing exposure to higher temperatures, compared to the thermal cycles shown
in Figure 6. At the end of the HAZ, the base metal values are reached approximately 15 mm from the center
of the weld.
In the SZ and adjacent areas, the material is believed to be exposed to temperatures above the solubilization
temperatures of the precipitates (Goebel et al., 2016). This would lead to partial or complete supersaturated
matrix prone to natural aging processes after welding. In the natural aging process, the hardening precipitate
δ′ is formed and contributes to the SZ hardness of 110 HV0.2. The dynamically recrystallized grains in the
SZ might contribute due to grain–boundary strengthening following the Hall-Patch effect to higher hardness.
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The point of lowest hardness is an important characteristic for every weld because the strain concentration
will occur and lead to failure in this region. Its location depends on the tool dimensions and the heat input.
The point of lowest hardness in SSUBT-FSW is located 5 mm from the weld center, whereas in RFSSW and
the combined process, it is at 7 mm. With increasing heat input, the artificially aged T1 phase becomes
dissolved, whereas the high temperatures and stirring lead to a supersaturated aluminum matrix prone for
natural aging processes, similar to the findings of De Geuser et al. (2014) in AA 2050. The region of lowest
hardness is located at the point where the process thermal cycle is the most unfavorable influencing these
two mechanisms. The longer exposure to higher temperatures explains that the areas of lowest hardness
are further from the center of the weld in RFSSW.
The thermal cycle 17 mm from the weld center reported in section 3.2 does not affect the BM mechanical
properties. No changes in hardness can be observed at this distance from the center of the weld. Nine
millimeters from the center of the weld, the hardness is significantly reduced, Figure 9. The thermal cycle at
this position significantly changes the existing precipitation structure. At this position, neither microstructural
changes nor changes in grain size or form were observed as reported in section 3.3. De Geuser et al. (2014)
performed a series of heat treatments mimicking the temperature exploration during the FSW process in a
2050 Al-Li-Cu alloy. Their findings indicate that short intervals at temperatures below 250°C should not
modify the precipitate morphology. This is consistent with the finding that the temperature cycle 17 mm from
the weld center does not affect the hardness in this region.
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Figure 9
processes

Microhardness measurements of single SSUBT–FSW and RFSSW as well as combined

3.4.2 Analysis of tensile characteristics
For the evaluation of the mechanical behavior under monotonic uniaxial loading, tensile tests were
conducted. All processes were tested as-welded with no further surface or heat treatment. An overview of
representative stress–strain curves and statistical data are given in Figure 10. The base metal results
confirm the literature data in the LT direction. The SSUBT-FSW weld fractured at the highest values, showing
412 MPa ultimate tensile strength (UTS) and 274 MPa yield strength (YS), which correspond to 80 % and
59 % of the BM values, respectively. The coupons of the RFSSW process and the combined processes
performed similarly, resulting in a UTS of 78 % and YS of 57 % of the BM strength. The longer exposure to
higher temperatures explains the lower yield strength and ultimate tensile strength of RFSSW samples.
As known from friction welded precipitation-hardened aluminum alloys tested under tensile loading, yielding
first occurs in the region of lowest hardness (Figure 9). Almost complete strain will accumulate in this region,
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resulting in lower elongation compared with BM. Between the friction processes, the results show the
tendency to higher elongation values for the SSUBT-FSW process.
In summary, the thermal cycle of the RFSSW process weakens the surrounding microstructure more
strongly than the SSUBT-FSW process, see section 3.2. When performing an exit hole closure or flaw repair
using RFSSW, the workpiece material is first exposed to the SSUBT-FSW thermal cycle and then to the
RFSSW thermal cycle. The tensile strength characteristic of the combined processes is similar to the single
RFSSW welds. This indicates that the softening impact of the combined processes on the BM is governed
by the RFSSW thermal cycle. The thermally modified material left by the SSUBT-FSW seems to react
similarly to the BM when exposed to the RFSSW thermal cycle.

Figure 10
processes

Tensile characteristic of single SSUBT–FSW and RFSSW as well as combined

After testing, the samples were characterized with regard to failure modes. Two modes could be identified
throughout all coupons: failure mode 1 fractured in the HAZ in the region of the lowest hardness, whereas
mode 2 fractured in the SZ. The single SSUBT-FSW and RFSSW process welds failed, showing failure mode
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1 as shown in Figure 11. Combining the processes, failure mode 1 and failure in the outer regions of the SZ
(failure mode 2) occurred.
The two identified failure modes suggest two main weakened areas in the welded samples. The first one is
the metallurgical notch introduced by the thermal cycle that can be observed in the hardness distribution
and will result in a fracture in the HAZ. The second one is the outer region of the SZ with the interface
remnant as shown in Figure 8, the welded interface created by the refilled material being distributed against
the surrounding material by the downwards movement of the probe in the second phase of the RFSSW
process and the transition zone from SZ to TMAZ with grain size gradients. Failure in this region will result
in a fracture in the SZ (mode 2). This mode 2 failure has been observed by the authors in different high
strength aluminum alloys when employing RFSSW as keyhole closure technique. It is assumed to be caused
by crack initiation in the interface remnant and crack propagation through the external areas of the SZ.

Figure 11
Failure modes in tensile test: a) mode 1 failure in keyhole closure weld using RFSSW,
b) mode 1 failure in butt joint using SSUBT-FSW, c) mode 1 failure in keyhole closure weld using RFSSW in
SSUBT-FSW weld seam, d) mode 2 failure in keyhole closure weld using RFSSW in SS UBT-FSW weld seam
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Some RFSSW cross sections show cracks in the lower parts of the SZ; see detail A of Figure 11 in Figure
12. These microstructural openings are believed to be initiated from the oxide remnants of the interface
between the plug and sourrounding workpiece observed in the microstructure analysis (Figure 8).

Figure 12
Crack initiation at the remnant from the interface between the plug and the
surrounding workpiece
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4 Conclusions
In this work, a solution for closing termination holes or flaw repairs using RFSSW is presented. Semi–
stationary shoulder bobbin tool friction stir welding is employed to produce high-quality welds in AA2198–
T8. Keyholes in SSUBT-FSW were sealed using RFSSW. A systematic investigation comparing and
combining the processes is given.
Conclusions:
1. RFSSW was presented as a keyhole closure technique for SSBT-FSSW welds and successfully
applied for the first time to AA 2198–T851. The results show defect free and highly efficient joints.
This study proves the ability of RFSSW to be applied as a termination hole closure technique.
2. The process parameter analysis of RFSSW keyhole closure revealed a high sleeve force of 12 kN
during the plunging phase and a probe force of 11 kN during the retracting phase of the process.
The processual torque is mainly applied by the sleeve with correlation to the plunge depth and
maximal torque of 11 Nm. The energy input of RFSSW spot welds was calculated as 7.36 kJ.
3. The study revealed the thermal cycle during RFSSW keyhole closure welding with heating rates of
75°C/s and maximum temperatures of 333°C at 9 mm from the center of the spot weld. The exposure
time to high temperatures is slightly longer in RFSSW keyhole closure welds compared with SSUBTFSW welds. When performing RFSSW keyhole closure welds in an SSUBT-FSW weld seam, the
higher thermal imprint of RFSSW drives the overall mechanical performance.
4. Microstructural analysis revealed flawless welds holding typical microstructural features for single
SSUBT-FSW and RFSSW welds. When the processes were combined to apply a keyhole closure
technique, remnants of the SSUBT-FSW SZ microstructure are observed surrounding the lower
parts of RFSSW weld spots.
5. The mechanical performance of the closed holes using RFSSW in SSUBT-FSW welds is similar to
the performance of RFSSW keyhole closure welds in the base material. Efficiencies of 67 % in
hardness, 57 % in YS and 78 % in UTS were achieved.
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