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Effect of Sleeve Plunge Depth on Microstructure and
Mechanical Properties of Refill Friction Stir Spot Welding
of 2198 Aluminum Alloy
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Refill friction stir spot welding (RFSSW) is a new spot welding technology, by which spot joint without
keyhole can be obtained. In this work, RFSSW was used to join 2-mm-thick 2198-T8 aluminum alloy sheets
and effects of the sleeve plunge depth on microstructure and lap shear properties of the joints were mainly
discussed. Results showed that when using small plunge depths of 2.4 and 2.6 mm, joints showed good
formation and no defects were observed. Incomplete refilling defect was observed with increasing plunge
depth due to material loss during welding. Size of the grains at sleeve-affected zone (SAZ) is smaller than
that at the pin-affected zone, and the size becomes bigger with increasing the plunge depth. More secondary
phase particles can be observed at SAZ with increasing the sleeve plunge depth. The lap shear failure load
firstly increased and then decreased with increasing the sleeve plunge depth. The maximum failure load of
9819 N was attained with plug fracture mode when using 2.6 mm. Fracture morphologies show ductile

fracture mode.

Keywords defects, lap shear failure load, microstructure, refilling
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1. Introduction

Refill friction stir spot welding (RFSSW) is a new variant of
friction stir spot welding (FSSW) process (Ref 1). The most
outstanding advantage of RFSSW process is that it can join
materials without leaving keyholes, which always appear at
traditional FSSW joint center and can induce serious stress
concentration when FSSW joint bears external forces (Ref 2).
Similar to traditional FSSW joint, RFSSW joints also own
advantages of smaller distortion, less defect, longer fatigue
lives and lower costs since the RFSSW is also a solid-state
welding method (Ref 3). Since its invention, the RFSSW
process is considered as a promising way to replace traditional
spot joining technologies such as riveting and resistance spot
welding method (Ref 4, 5).

During traditional FSSW process, the plastic material which
is squeezed out by the rotating tool stays at the joint edge,
forming flash. After tool retreating, no extra procedures are
adopted. The flash cannot be refilled into joint, and therefore, a
keyhole is left in joint center at the end of welding process (Ref
6). However, during RFSSW process, the tool system is more
complicated than that of the traditional FSSW process. It
consists of a pin, a sleeve and a clamping ring. The three
components were controlled by three independent actuators
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(Ref 7). By simultaneously exerting different movements to the
three components, the plastic material which is squeezed out
can be refilled into joint after welding (Ref 8-10). Spot joints
without keyhole can be obtained in the end. Based on which
part of the tool plunging and mainly stirring the material, the
RFSSW process can be clarified into sleeve plunge type and pin
plunge type. The sleeve plunge RFSSW can fabricate joints
with larger bonding area and therefore attracts more attention.
The schematic illustration of the sleeve plunge RFSSW has
been widely introduced in references and is shown in Fig. 1
(Ref 11). The RFSSW process can be divided into four stages:
friction-heating stage, plunging stage, refilling stage and joint-
forming stage. During RFSSW, pin and sleeve can indepen-
dently rotate and move. At friction-heating stage, the clamping
ring fixes plates to be welded tightly against the backing board.
Both sleeve and pin rotate to produce frictional heat to soften
the plates. Then the sleeve plunges downwards and the pin
moves upwards, forming a reservoir to accommodate the plastic
material. After the sleeve achieved a predetermined depth, the
sleeve retracts and the pin moves to the original surface of the
plate. During this stage, the displaced plastic material is refilled
back into the joint. Joint without keyhole is therefore attained.

Since the invention of RFSSW process, some works have
been done to investigate the microstructure and mechanical
properties of RFSSW joints (Ref 12-27). Li et al. (Ref 12)
studied the microstructure and mechanical properties of 2024-
T4 aluminum alloy RFSSW joint and found out that shear-plug
fracture mode and shear fracture mode can be obtained during
lap shear tests. Gao et al. (Ref 15) found that for 2A97
aluminum alloy, the RFSSW joint after solution and aging
treatment owned better mechanical properties than the base
material (BM). Tier et al. (Ref 17) reported that reducing the
rotational speed from 1900 to 900 rpm increased the bonding
ligament length and lap shear failure load of the 5042 RFSSW
joint. Cao et al. (Ref 19) reported that an increase in rotational
speed, joining time or plunge depth increased the hook height
and resulted in lower joint strength. Besides, Shen et al. (Ref
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21) reported that the bonding strengths of the thermo-mechan-
ically affected zone/stir zone (TMAZ/SZ) interface and the
bonding ligament were the two main regions affecting joint
mechanical properties.

According to the Ref 9, 17, and 19, it can be concluded that
the tool plunge depth is one of the most significant factors
affecting the microstructure and mechanical properties of
RFSSW joints. According to Li et al. (Ref 25), different tool
plunge depth can change hook morphologies, resulting in
different effective sheet thickness and therefore different
fracture modes. Zhao et al. (Ref 26) reported that different
plunge depths changed the bonding ligament position and
further changed the fracture modes. 2198 aluminum alloy is a
kind of high-strength aluminum alloy, which owns low density,
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Fig. 1 Schematic illustration of RFSSW processes: (a) stage one,
(b) stage two, (c) stage three and (d) stage four

Table 1 Chemical composition of 2198 alloy (wt.%)

Element Li Cu MG Mn Zn Zr Ag Si Fe Al

Wt.% 098 3.29 0.36 0.05 035 0.16 0.30 0.12 0.15 Bal

/AZ BM
§ 2mm

high specific modulus, specific strength and good anti-corro-
sion properties. 2198 alloy is considered as one of the most
ideal structure materials for aerospace and aircraft vehicles (Ref
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Fig. 3 TMAZ/SZ interface near the joint upper surface: (a)
2.4 mm, (b) 2.6 mm, (c) 2.8 mm and (d) 3.0 mm
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Fig. 4 Defects of the joints when using plunge depth of 3.0 mm:
(a) and (b) voids, (c) crack
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Fig. 2 Cross sections of the RFSSW joints using different plunge depths: (a) 2.4 mm, (b) 2.6 mm, (c) 2.8 mm and (d) 3.0 mm
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Fig. 5 Hook morphology of the RFSSW joints using different
plunge depths: (a) 2.4 mm, (b) 2.6 mm, (c) 2.8 mm and (d) 3.0 mm

27). This focus of this work mainly concentrate on effect of the
sleeve plunge depth on microstructure and mechanical proper-
ties of the 2198 aluminum alloy RFSSW joints.

2. Experiment

Sheets of 2-mm-thick 2198-T8 aluminum alloy were used to
produce the RFSSW joints in this work. The chemical
composition is shown in Table 1. Before welding, all sheets
were machined to dimensions of 150 mm x 40 mm. The sheets
were then cleaned with emery papers to wipe off the oxidations.
Two sheets were overlapped and were joined in the center of
the overlapped area. The welding processes were performed
using an RFSSW machine named RPS100 SK10. The tool used
during the experiment consisted of a 18-mm-diameter clamping
ring, a 9-mm-diameter sleeve and a 5.2-mm-diameter pin. The
tool was made of H13 steel. The outer walls of both the pin and
the sleeve were threaded to enhance the material flow behavior
during welding. In fact, there exist two variant of RFSSW
processes: the pin plunge variant and the sleeve plunge variant.
During the pin plunge variant, it is the pin that mainly stirs the
material. Similarly, during the sleeve plunge variant, the sleeve
mainly stirs the material. In this work, the sleeve plunge variant
was used to weld 2198 Al. However, the pin still owns threads
on its outer wall. The thread width and depth are 0.8 and
0.3 mm, respectively. The thread pitch is 2 mm. Each of the
three components is controlled by an independent actuator
system and can be moved up and down independently. And all
the three components adopted clearance fit to avoid direct
friction from each other. Four different plunge depths 2.4, 2.6,
2.8 and 3.0 mm were used during welding. Other welding
parameters such as tool rotating speed, dwell time after plunge,
tool plunging speed and retracting speed were 1600 rpm, 0.5 s,
60 and 60 mm/min, and the welding parameters were kept
constant during the whole experiment. After welding, the
metallographic samples were cut using an electrical discharge
cutting machine. Metallographic samples were etched with
Keller’s reagent for 20 s. Then the metallographic analyses
were carried out by optical microscopy (OM VHX-1000E) and
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a scanning electron microscope (SEM FEI Quanta 200F). Lap
shear tests were carried out using a computer-controlled
universal tensile testing machine using a constant speed of
5 mm/min at room temperature. Shims of the same material and
thickness as the specimens were used when clamping the
samples during lap shear tests (Ref 17). After the lap shear test,
the fracture positions were studied with OM and fracture
morphologies were studied using a SEM (SU3500).

3. Results and Discussion

The cross sections of the RFSSW joints using different
sleeve plunge depths are shown in Fig. 2. It is seen that
keyholes can be successfully refilled after RFSSW process. On
the whole, the SZ shows a basin-like morphology, as shown in
Fig. 2(a). With increasing the sleeve plunge depth, SZ mor-
phology shows little difference, as shown in Fig. 2(b), (c) and
(d). At the joint center, a relative lighter region can be observed.
This region is not directly stirred by sleeve and is usually called
the pin-affected zone (PAZ). Its grain sizes are obvious
different from the other regions of the joint, which will be
discussed in the following part.

It is worth mentioning that at the end stage of the welding
process, a further plunge of the sleeve is adopted to achieve
good bonding of the joint. This is mainly because of the
material loss during welding and has been introduced in Ref 26.
As shown in Fig. 2(c) and (d), at the TMAZ/SZ interface near
joint upper surface, a defect can be observed. Figure 3 shows
the magnified view of the TMAZ/SZ interface near joint upper
surfaces. It can be seen that when using the plunge depths of
2.4 and 2.6 mm, good material refilling can be observed and no
defects can be observed. With increasing the plunge depth to
2.8 and 3.0 mm, an incomplete refilling defect can be observed
and size of the defect becomes bigger with increasing the sleeve
plunge depth. Shen et al. (Ref 21) attributed the defects to the
poor fluidity of the plastic material. In fact, during the RFSSW
process, there still exists material loss even though it seems like
a process without material loss (Ref 26). Firstly, there exist
threads on the outer walls of pin and sleeve. Besides, clearance
fits are adopted when assembling the different components of
tool as previously introduced. During welding, some plastic
material can be extruded into thread grooves and the gaps
between different tool components, which will not be refilled
into the joint after welding. Hence, the RFSSW process can still
results in slight material loss (Ref 26). When using small
plunge depth, less heat input is produced, resulting in relative
poor material fluidity. Hence, less material will be extruded into
the gap, leading to less material loss. With increasing the
plunge depth, more frictional heat leads to better material
fluidity and more material loss; hence, gradually bigger
incomplete refilling can be observed.

As introduced above, big plunge depth leads to a little more
serious material loss, which more easily results in defects.
Figure 4 shows the defects on the joint using the plunge depth
of 3.0 mm. Figure 4(a) and (b) shows that voids can be seen at
the maximum plunge depth region. This void can be attributed
to insufficient refilling effect induced by material loss. Fig-
ure 4(c) shows the crack at the TMAZ/SZ interface. According
to Li et al. (Ref 25), weak bonding because of short diffusion
time, as well as heat residual stress, can be formed at the
TMAZ/SZ interface. The interface can be easily torn once the
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residual stress was bigger than the bonding strength. With
reducing the distance to joint upper, the bonding gradually
become weaker due to gradually decreasing diffusion time.
Hence, the crack becomes more serious toward joint upper
surface. According to that study, no dimples can be observed at
the crack region after the fracture.

For the traditional FSSW joint, the hook always shows an
upward bending morphology. This feature can reduce the
effective sheet thickness of the upper sheet and is always
detrimental to joint mechanical properties. Figure 5 shows the
hooks of the RESSW joints using different plunge depths. It can
be seen that when using 2.4 and 2.6 mm, the hook shows a

rather flat morphology and extends toward the joint center, as
shown in Fig. 5(a) and (b). This morphology can reduce the
effective bonding width of the joint, which is another important
factor for lap joints. With increasing the plunge depth, the hook
morphology gradually changes from flat to upward, as shown
in Fig. 5(c) and (d). Under this condition, the effective sheet
thickness of the joint becomes smaller and the effective
bonding width becomes bigger accordingly. This hook mor-
phology change can be attributed to the material flow behavior
during the RFSSW process. As is well known, plastic material
flows downwards along the thread during the welding process.
Then it is released at the joint bottom, forming a material

(d)

(e)

Fig. 6 Microstructures of the RFSSW joints at different regions: (a) BM, (b) HAZ, (c) TMAZ, (d) SAZ and (¢) PAZ
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Fig. 7 Distribution of the secondary phase particles at different regions of the joint: (a) BM, (b) HAZ, (¢) TMAZ, SZ using 2.4 mm (d) and

3.0 mm (e), (f) the EDS analysis of the secondary particle
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accumulated zone. As the welding process goes along, more
plastic will be released at the joint bottom; hence, the material
accumulated zone becomes bigger, which will force the
material relative far away from the joint to bend upwards. So
the TMAZ and the hook always present upward morphologies.
When using small plunge depth, the downward material flow is

(a)
(V]

Fig. 8 SAZ of RFSSW joints using different plunge depths: (a)
2.4 mm, (b) 2.6 mm, (c) 2.8 mm and (d) 3.0 mm
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Fig. 9 Hardness of the RFSSW joints
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weak, resulting in relative flat hook, as shown in Fig. 5(a) and
(b). With increasing the plunge depth, stronger downward
material flow leads to more serious upward bending hook, as
shown in Fig. 5(c) and (d).

As indicated in Fig. 2(a), the microstructure of the RFSSW
joint can be divided into four zones, i.e., base material zone
(BM), heat-affected zone (HAZ), TMAZ and SZ. Figure 6
shows the microstructure at different regions of the joint. As
shown in Fig. 6(a), in the BM, the grains are elongated along
the rolling direction with irregular boundaries. Only undergone
the heat cycle during welding and no mechanical stirring
action, the microstructure in the HAZ present similar but a little
coarser grain structures compared with the BM, as shown in
Fig. 6(b). As shown in Fig. 6(c), strongly distorted grains can
be observed at the TMAZ due to both the heat cycle and the
stirring action of the tool. In the TMAZ region, it can be seen
that at the region near the SZ, inhomogeneous grains can be
observed, indicating partial dynamic recrystallization process.
As shown in Fig. 6(d), the SZ material undergoes intense
mechanical stirring during welding and complete dynamic
recrystallization happens. Therefore, fine and equiaxed grains
can be observed. The average grain size in the PAZ is about
12+3 pm. As introduced in Fig. 2, the PAZ owns different
microstructures compared with the SZ. Figure 6(e) shows the
microstructure of the PAZ. It is obvious that coarser grains
(15+£3 pm) are obtained due to weak material flow behavior.

x <«—— Crack

(b)

Fig. 11 Fracture modes of the RFSSW joints: (a) plug fracture and
(b) shear-plug fracture mode
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Fig. 10 Lap shear failure loads (a) and load—displacement curves (b) of the RESSW joint using different plunge depths
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2198-T8 aluminum alloy is a precipitation strengthened
aluminum alloy. As shown in Fig. 6, the secondary phase
particles present black spots among the grains. Figure 7 shows
the secondary phase particles at different regions of the joint.
The phases distribute both in the grains and at the grain
boundaries in the BM region, as shown in Fig. 7(a). As shown
in Fig. 7(b), the secondary phase particles show similar
distribution and sizes in the HAZ. At the TMAZ, it can be
seen that quantity of the phases are much less than that at the
BM and the HAZ, as shown in Fig. 7(c). In the SZ, the particles
broke into fine particles and distributed homogenously. It can
also be seen that the phases in the SZ are much smaller than
other regions of the joint, which can be attributed the heat cycle
during welding, as shown in Fig. 7(d). Figure 7(e) shows the
secondary phase particles using 3.0 mm. It can be seen that
more phases than the SZ using 2.4 mm can be observed.
Figure 7(f) shows the EDS analysis of the secondary phase
particles. The element ratio shows that the phase is possibly the
Al,Cu phase.

As introduced in Fig. 6, the SZ material undergoes complete
dynamic recrystallization, and therefore, fine and equiaxed
grains can be observed. As is well known, grain sizes of the SZ
in FSSW joint can be influenced by the heat input during
welding. Traditionally, more heat input always results in bigger
grain size, which agrees with the phenomenon of this work.
Figure 8 shows the microstructure of the SZ using different
plunge depth. It can be seen that sizes of the grains gradually
become bigger (from 8 £3 to 104+3, 1243 and 15+ 3 um)
with increasing the plunge depth. This can be attributed to more
frictional heat caused by big sleeve plunge depth.

Figure 9 shows the hardness values of the RFSSW joints
using different sleeve plunge depths. The testing region is the
center line of the upper sheet, as shown in Fig. 9. The HXD-
1000 machine was used. The testing distance was 0.5 mm and
the load was 200 g. It can be seen that from the joint center to
the BM, the hardness value firstly decreases and then increases.
The hardness shows similar values at SAZ and PAZ and
presents an obvious decrease at the TMAZ/SZ interface.
Besides, Figure 9 shows that the hardness value gradually
increases with increasing the plunge depth. 2198 Al is a kind of
precipitation strengthening aluminum alloy. Its hardness values

are affected both by the grain sizes and by the secondary phase
particles. Although the grain size using big plunge depth is
bigger than that using small plunge depth (Fig. 8), more
secondary phase particles are shown in Fig. 7(e) using 3.0 mm.
Therefore, it is concluded that the higher hardness using
3.0 mm is mainly determined by the secondary phase particles.

Figure 10(a) shows the lap shear failure load of the joints
using different plunge depths. It can be seen that with
increasing the plunge depth, the lap shear failure load of joint
firstly increases and then decreases. The maximum failure load
of 9819 N is attained when using 2.6 mm. The minimum
failure load of 4662 N is attained when using 3.0 mm. The
load—displacement curves of the joints are shown in Fig. 10(b).
It can be seen that all the curves show rather straight
morphologies with increasing the displacements. In general,
the joints having bigger failure load own bigger displacements.
Figure 11 shows the fracture modes of joints. Two fracture
modes, the plug fracture mode and the shear-plug fracture
mode, can be obtained. Therein, plug fracture modes can be
obtained when the plunge depths are 2.4 and 2.6 mm. Shear-
plug fracture mode can be obtained when the plunge depth are
2.8 and 3.0 mm. Showing the same fracture mode in Fig. 10(a),
the lap shear properties of joints using 2.4 and 2.6 mm were
mainly determined by the bonding strength of the TMAZ/SZ
interface at upper sheet. As introduced in the study of Li et al.
(Ref 25), the bonding strength of TMAZ/SZ interface is mainly
affected by heat input. The heat input using the plunge depth of
2.6 mm is higher than that using 2.4 mm. Hence, lap shear
failure load increases from 2.4 to 2.6 mm. However, as shown
in Fig. 3, incomplete refilling can be obtained when using 2.8
and 3.0 mm due to the material loss during welding. And a
serous crack defect can be observed when using 3.0 mm. The
bonding strength at the TMAZ/SZ interface is rather weak
under this condition. Furthermore, Fig. 5 shows that the hook
gradually changes from flat to upward bending morphology
with increasing the sleeve plunge depth, further reducing the
effective sheet thickness. Therefore, when using big plunge
depth, shear-plug fracture mode and lower lap shear failure load
can be obtained. It is worth mentioning that in the study of Li
et al. (Ref 25), they reported that the maximum lap shear failure
load was obtained when the shear-plug fracture mode was

Fig. 12 Fracture morphologies of the plug fracture mode
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obtained and plug fracture mode was obtained when using big
plunge depth. The difference between the two works can be
attributed the BM material and the different sheets thicknesses.
In that paper, the base material was alclad 2024-T4 Al. The
surfaces of BM were covered with alclad layers to protect its
inner alloys. Alclad layer was composed of pure Al, which had
much lower strength compared with the 2024 Al. When the
joints bear external forces, alclad layer was prone to crack
propagation. Besides, defects such crack and incomplete
refilling easily appear at TMAZ/SZ interface. Therefore, the
joint strength in that paper was mainly determined by the
strengths of alclad layer in joint center and the TMAZ/SZ
interface. Moreover, in that study, the thicknesses of lower
sheets were bigger than that of the upper sheet. Shear-plug
fracture mode was easily attained under that condition.

Figure 12 shows the fracture morphologies of the plug
fracture mode. Figure 12(a) shows the general view of the
fracture surface, in which the upper and the lower sheets can
be clearly recognized. Figure 12(b), (c), (d) and (e) shows the
fracture morphologies of different regions. Figure 12(b) shows
the TMAZ/SZ interface near the joint upper surface. Accord-
ing to Li et al. (Ref 25), very weak bonding is formed at this
region and torn is easily formed. Therefore, no obvious
dimples can be observed at this region. Figure 12(c) shows
the lower region of the TMAZ/SZ interface on the upper
sheet. Longer diffusion time leads to better bonding at this
region, and therefore, dimples with different sizes can be
observed, indicating ductile fracture mode. Figure 12(d)
shows the fracture morphology at the lower sheet. This
region is the main deformation region during the lap shear
tests. Hence, a plenty of dimples can be observed. Fig-
ure 12(e) shows the final fracture region. It fractures during a
very short time; therefore, only some ridge-like structures can
be observed.

4. Conclusions

In this work, 2-mm-thick 2198-T8 aluminum alloy was
welded using RFSSW. The effect of the sleeve plunge depth on
microstructure and mechanical properties of the joints was
mainly discussed. The following conclusions can be drawn.

(1) When using plunge depths from 2.4 to 2.6 mm, RFSSW
joint with good formation can be obtained. With increas-
ing the plunge depth to 2.8 mm, an incomplete refilling
defect can be observed due to the material loss during
welding.

(2) Grains and secondary phase particles show rather differ-
ent distribution and size at different regions of the joint.
With increasing the sleeve plunge depth, grain with big-
ger sizes and more secondary phase particles can be ob-
served in the SZ.

(3) Lap shear failure load of the joint firstly increases and
then decreases with increasing the sleeve plunge depth.
The maximum failure load of 9819 N is attained when
using 2.6 mm.

(4) Plug fracture mode with high lap shear failure load is at-
tained when using small plunge depth. Shear-plug frac-
ture mode is obtained due to the incomplete refilling
and the upward bending hook when using big plunge
depth.
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