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Abstract Refill friction stir spot welding (RFSSW) has
been used to weld 6061-T6 aluminum alloy, and key-
hole free joints were successfully obtained. Effect of
tool rotation speed on microstructure and mechanical
properties of joint was investigated. The joint was di-
vided into four zones, i.e., the base material (BM), heat-
affected zone (HAZ), thermo-mechanically affected zone
(TMAZ), and stir zone (SZ) according to microstructural
evolution. Defect was not found on the surface of
welded joint, but inner defects of partial bonding, bond-
ing ligament, hook, and voids were observed within the
welded joint. The microhardness of HAZ and TMAZ
was lower than that of the BM, while the maximum
microhardness was obtained in the SZ of welded joints.
With increasing tool rotation speed from 1100 to
1700 rpm, microhardness decreased with increasing
grain size in the weld. The maximum tensile shear fail-
ure load of 7522 N was obtained for the joint under
tool rotation speed of 1500 rpm. Two different failure
modes of plug fracture and tensile-shear mixed fracture
were observed during the tensile shear tests.
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1 Introduction

As a solid-state joining technology, friction stir spot
welding (FSSW) can be divided into traditional FSSW
(TFSSW) and refill FSSW (RFSSW). TFSSW proposed
by Mazda Corporation of Japan [1] is a relatively new
method. But the keyhole that inevitably remained at the
center of the nugget limits the widespread applications
of TFSSW. Meanwhile, the keyhole is an inherent de-
fect itself, which will cause stress concentration and
reduction of the effective connection area of the spot
weld and impairs the mechanical properties of welded
joint . RFSSW invented by Helmhol tz-Zentrum
Geesthacht (HZG) solved the problem [2], and the
keyhole-free joint obtained by RFSSW has higher me-
chanical properties. Now, RFSSW is considered as a
promising technology to replace riveting and resistance
spot welding (RSW) [3–5].

The welding tool of RFSSW comprises of a clamping
ring, a sleeve, and a pin, as shown in Fig. 1a. The
clamping ring holds the plates against the anvil and
prevents the material to overflow. The sleeve and pin
have the same angular velocity, but with opposite move-
ment along the axis direction during work. The process
of RFSSW consists of four phases. In the first stage, the
to-be-welded sheets are firmly pressed by the clamping
ring and the anvil; the sleeve and the pin start to rotate
at the same time (Fig. 1a). In the second stage, the
sleeve plunges into the plates at a certain speed until
it reaches a specified depth, and the pin moves up at
the same time to create a space for accommodating the
material extruded by the sleeve (Fig. 1b). In the third
stage, the sleeve retracts back while the pin keeps mov-
ing down, so the plastic material can be refilled into the
weld (Fig. 1c). In the fourth stage, once the pin and the
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sleeve reached at the same level, the process of RFSSW
is ended (Fig. 1d) [2].

Until now, several studies have been done to under-
stand the microstructure and mechanical properties of
RFSSW joint, but detailed and comprehensive studies
on microstructure and mechanical properties of
RFSSW joint are relatively few. Li et al. [3] studied
the fracture mechanism on RFSSW for 2021-T4 Al al-
loy and stated that sleeve plunge depth and heat input
are important factors for determining tensile fracture
modes. Amancio-Filho et al. [4] investigated the micro-
structure and mechanical behavior of 2024 Al alloy
RFSSW joint. Tier et al. [5] found that shear strength
for 5042 Al alloy RFSSW joint was influenced by stir
zone morphology. Cao et al. [6] performed RFSSW on
6061-T6 Al alloy to study the hook formation and the
mechanical properties. Shen et al. [7] performed the
RFSSW experiment on 6061-T4 Al alloy to investigate
the microstructure and mechanical properties of welded
joint and reported that tool rotation speed played an
important role in tensile shear load. Uematsu et al. [8]
studied the influence of the refill probe hole and pre-
sented that the tensile strength of joint was improved by
refilling process for Al-Mg-Si alloy. Rosendo et al. per-
formed RFSSW on AA6181 Al alloy and investigated
microstructure and mechanical properties of welded joint
[9, 10]. Zhao et al. investigated process parameters on
microstructure, mechanical properties, temperature, and
material flow for RFSSWed alclad 7B04-T74 Al alloy
[11–13]. Shen et al. [14] observed two fracture modes
of shear fracture and plug fracture in 7075-T6 Al alloy
RFSSW joint under different tool rotation speed.

In this paper, effect of tool rotation speed on micro-
structure and mechanical properties of RFSSWed 6061-
T6 Al alloy was investigated in detail and the relation
between microstructure, mechanical behavior, and pro-
cess parameters was established.

2 Experimental procedure

The workpiece is 75 × 25 × 2-mm 6061-T6 Al alloy
with chemical composition, and mechanical properties

are listed in the Table 1, respectively. The RFSSW pro-
cess was performed at the center of the overlap area of
25 × 25 mm between workpiece by a RFSSW machine
developed in house, as shown in Fig. 2. The diameter
of the champing ring, the sleeve, and the pin is 18, 9,
and 5.3 mm, respectively. During the welding, the tool
rotation speed ranging from 1100 to 1700 rpm was ap-
plied with constant sleeve plunge depth of 2.5 mm and
plunge/retraction rate of 1 mm s−1.

Transverse weld cross sections were cut by electrical
discharge machining and prepared by standard metallo-
graphic procedure. The polished weld cross sections
were etched with Keller’s reagent. Metallographic anal-
yses were carried out by Olympus GX51 optical micros-
copy (OM) to investigate the microstructural features
and assess the quality of the joints produced under var-
ious RFSSW conditions. Tensile shear tests were carried
out on INSTRON-1186 mechanical property testing ma-
ch ine wi th a c rosshead d i sp lacemen t ra t e o f
1 mm min−1. To avoid the initial realignment, shims
of the same thickness as the workpiece were used.
Microhardness profiles were measured at the mid-
thickness of the upper sheets and the bonding interfaces
between sheets with a spacing of 0.5 mm between the
indentations under test load of 0.98 N for 10 s. The
tensile fracture morphologies were observed by a
TESCAN VEGAII scanning electron microscopy (SEM).

3 Results and discussion

3.1 Characteristics of cross section in welded joint

The top view and the cross section of the typical weld
produced at tool rotation speed of 1500 rpm are re-
vealed in Fig. 3. It is clear that the keyhole is refilled
completely and there is no defect on the surface except
for slight indentation of tool, as shown in Fig. 3a.
According to the characteristic of joint cross section,
the weld is symmetrical with respect to the tool axis,
as shown in Fig. 3b. Based on microstructural evolu-
tion, the weld can be divided into four regions, which
are the base material (BM), heat-affected zone (HAZ),

Fig. 1 Schematic illustration of
RFSSW processes. a Stage 1. b
Stage 2. c Stage 3. d Stage 4
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thermo-mechanically affected zone (TMAZ), and stir
zone (SZ). Furthermore, three interface features, partial
bonding, bonding ligament, and hook, are observed
clearly in the joint cross section under tool rotation
speed of 1500 rpm, as stated in Fig. 3b, which were
caused by the inherent disadvantages of RFSSW [15].

The partial bonding (Fig. 4a) is a transition region
bonding interface which belongs to inadequate bonding,
while bonding ligament (Fig. 4b) is a region of good
adhesion between interface of the upper and bottom
sheets [16]. It must be pointed out that the partial bond-
ing is an inclined zigzag line which indicates that the
materials’ flow and bonding ligament is redistributed as
an arc-shape inside the weld. The hook is formed by
the upward bending of the sheet interface due to the
tool penetration into the bottom sheet (Fig. 4c, d). The
upward bending of hook will reduce the effective thick-
ness of the upper sheet, which impairs the mechanical
properties of the joint [17, 18]. For the sake of the
convenience, the upward bending height of the hook is
expressed as H, which increases with tool rotation speed
from 1100 to 1500 rpm and then decreases at the tool
rotation speed of 1700 rpm according to Fig. 5. It could
be argued that the dimensions of hook are controlled by
heat input [6, 9], and relatively high tool rotation speed
provides more heat to promote the vertical plastic flow
of the material [12]. However, the excessive tool rota-
tion speed may decrease the pressure gradient in the
plasticized material and the values of H decrease.

Besides those interface features, the defect of void is
observed in the joint at tool ration speed of 1100 rpm,
as shown in Fig. 4e, while they disappear when the tool
rotation increased to 1500 rpm (Fig. 4f). Zhao et al.

[11] believed that the material loss in RFSSW plays
an important role in formation of void. With increasing
tool rotation speed, the heat input increases and the
expanded volume of material is enough to make up
the material loss. Oliveria et al. [19] attributed the for-
mation of void to the thermal shrinkage, entrapped air,
or some physical-chemical structural changes. Mishra
suggested that the most critical stage in controlling frac-
ture toughness is the control of the initiation of voids
[20]. It is considered that particles provide interfaces
that are easy initiation sites for voids, which induce
stress concentration and provide crack initiation to dete-
riorate the mechanical properties of the welded joint.

3.2 Microstructure characterization in welded joint

Microstructural evolution in typical 6061-T6 Al alloy
RFSSW joint is shown in Fig. 6. In the BM, the grains
are elongated along the rolling direction (Fig. 6a). The
HAZ only experiences the welding thermal cycle and no
plastic deformation occurs in this zone during RFSSW,
so microstructure in the HAZ is similar but slightly
coarser compared to that in the BM (Fig. 6b). The
TMAZ, located at the outside of sleeve moving path,
is characterized by highly deformed grains in compari-
son to those in the BM and HAZ (Fig. 6c). Moderate
deformation strain and moderate temperature are respon-
sible for microstructural changes in TMAZ [9]. The SZ
presents much finer equiaxed grains (Fig. 6d–f), which
can be attributed to the dynamic recrystallization caused
by high strain rate and high temperature during the pro-
cess [21]. It should be noted that the grain size in SZ is
not uniform, and the grain in SZ center (Fig. 6e) is
coarser then those in SZ edge (Fig. 6d) and those in
SZ top (Fig. 6f), which could be explained that the
material in SZ edge and top suffers higher strain rate
due to high linear velocity than in SZ center.

The effect of tool rotation speed on microstructure in
6061-T6 Al alloy RFSSW joint is shown in Fig. 7. There
is little difference of grain morphology in HAZ, but the
grain size is increased with increasing tool rotation speed
due to increasing heat input, as shown in Fig.7a, b. And
the deformation of the grains in the TMAZ is increased
with the increase of tool rotation speed, as shown inFig. 2 Configuration and size of tensile shear specimen

Table 1 Chemical composition and mechanical properties of 6061-T6 Al alloys

Chemical compositions (wt.%) Mechanical properties

Mg Si Fe Cu Mn Cr Zn Ti Al Tensile strength (MPa) Elongation (%) Hardness (HV)

0.8–1.2 0.4–0.8 0.7 0.15–0.4 0.15 0.04–0.35 0.25 0.5 Bal. 124 25 75–78
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Fig. 7c, d, which can be attributed to the increasing heat
and shear stress. With the increasing tool rotation speed,
the grain size in the SZ increases, as shown in Fig. 7e, f.

The reason is that the higher welding heat input and lon-
ger cooling time facilitate the coarsening of the grains in
the SZ during the cooling stage.

Fig. 4 Characteristics of the
defects of the joint. a Partial
bonding. b Bonding ligament. c
Hook formed at 1100 rpm. d
Hook formed at 1700 rpm. e
Voids formed at 1100 rpm. fVoid-
free joint formed at 1700 rpm

Fig. 3 Macroscopic appearance
of RFSSW joint obtained at tool
rotation speed of 1500 rpm. a Top
view. b Cross section
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3.3 Microhardness distributions

The microhardness distribution at the mid-thickness of
the upper sheet in 6061-T6 Al alloy RFSSW joints is
revealed in Fig. 8a. The distribution of microhardness
that is symmetric with respect to the centerline of the
weld made at all given processing parameters with hard-
ness of BM is about 75–78 HV. A softened region that
comprises of TMAZ and HAZ exists in all the joints. It
can be attributed to the thermal softening effect which
is a typical characteristic for RFSSW of precipitate-
hardened Al alloy [12, 21]. Compared with the TMAZ
and HAZ, the SZ has much f iner gra ins and

precipitates. Therefore, the hardness in the SZ is higher
than that in TMAZ and HAZ. It should be noted that
the hardness in the edge of SZ is the maximum within
the joint, as shown by arrow in Fig. 8a. The reason for
this is that this region subjected to more severe plastic
deformation because of higher velocity at the periphery
of sleeve, so grains in this region are even smaller. With
the increasing tool rotation speed, the hardness of SZ
decreases. The corresponding duration of cooling stage
is longer at the higher tool rotation speed, which in-
creases the size of recrystallized grain and precipitated
phase, and thus, the effect of grain refinement strength-
ening and precipitation strengthening decreases. It could
be deduced that relatively higher hardness can be ob-
tained in the SZ under the relatively low tool rotation
speed.

The microhardness distribution at the bonding inter-
face of the RFSSW joint under different tool rotation
speed is shown in Fig. 8b, which is unstable and fluc-
tuates wildly. The hardness in TMAZ of bonding inter-
face is very low due to the existence of hook and par-
tial bonding. It should be noted that the hardness in SZ
edge at the interface significantly decreases compared
with that in mid-thickness of the upper sheet, which
attributed the decrease to lower peak temperature and
shorter thermal cycle duration [7].

3.4 Tensile shear properties and fracture mode

The tensile shear failure loads of the joints welded at
different tool rotation speed is shown in Fig. 9. The
tensile shear failure load increases to the maximum
7522 N with increasing tool rotation speed from 1100

Fig. 6 Typical microstructure in
6061-T6 Al alloy RFSSW joint. a
BM. b HAZ. c TMAZ. d SZ
edge. e SZ center. f SZ top

Fig. 5 Height of hook in weld joints obtained at different tool rotation
speed
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to 1500 rpm, and then, it decreases at 1700 rpm. The
tensile shear failure load of the joint is controlled by
heat input which is mostly affected by rotation speed
and joining time [10, 22]. It should be noted that voids
formed in SZ/TMAZ interface at the tool rotation speed
of 1100 rpm for insufficient heat input induce stress
concentration and provide crack initiation, and thus,
the tensile shear failure load is low. However, the ten-
sile shear failure load decreases due to the lower hard-
ness of the SZ at the tool rotation speed of 1700 rpm
[11].

Two typical fracture modes of plug fracture and ten-
sile shear fracture for tensile shear test specimen of

welded joint under different tool ration speed are pre-
sented in Fig. 10. The plug fracture (Fig. 10a) can be
observed when the tool rotation speed is lower than
1500 rpm, while the tensile shear fracture (Fig. 10b) is
shown under higher tool rotation speed. In addition, the
tensile shear loads of tensile shear fracture joint are
relatively higher than those of plug fracture joint, as
indicated by Fig. 9.

In plug fracture, the crack initiates at hook tip which
bears the largest load because of stress concentration
and propagates upward along nugget periphery into the
upper sheet and circularly along the nugget to other side
at the same time. Then, the crack propagates downward

Fig. 7 Grain structures in
different microstructural zone at
different tool rotation speed. a
HAZ formed at 1100 rpm rpm. b
HAZ formed at 1700 rpm. c
TMAZ formed at 1100 rpm. d
TMAZ formed at 1700 rpm. e SZ
formed at 1100 rpm. f SZ formed
at 1700 rpm
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along the SZ/TMAZ interface to bottom sheet for which
the hook geometry and the void in the SZ/TMAZ inter-
face are responsible, as shown in Fig. 4e. Finally, the
crack propagates into upper sheet causing fracture [2,
5]. To investigate the fracture micromorphology, SEM
micrographs taken from the fractured surface are shown
in Fig. 11. Figure 11a reveals the overall fracture sur-
face of the plug fracture (marked by red frame in
Fig. 10a), and the magnification regions highlighted
from B–E in Fig. 11a are indicated in Fig. 11b–e.
Region B locates on the bottom sheet, while D take
from the interface and C and E locate on the upper
sheet. Region B is characterized by elongated dimples
(Fig. 11b), which are caused by shear stress distributed
along the vertical direction [14]. Region C exhibits stri-
ation pattern, which can be attributed to the crack an-
nular propagation [7]. Numerous equiaxed dimples were
observed in region D exhibit (Fig. 11d), which can be
explained by the deformation of the specimen, and then,
the deformation causes the direction of crack propaga-
tion perpendicular to tensile shear load which is equiv-
alent to positive stress [3]. Region E is composed of
smooth surface and striation marks due to the interac-
tion between the sleeve and material [20].

Tensile shear fracture shares some similarity in crack
initiation and propagation with plug fracture except the
propagation of crack in the final fracture position [7].
The crack only propagates along the hook into the nug-
get in the final facture position, so the fracture presents
a slope in nugget [2]. SEM micrographs of overall frac-
ture in slope of nugget (marked by red frame in
Fig. 10b) are revealed in Fig. 12a. The high-
magnification regions from B–E marked in Fig. 12a, c
are exhibited in Fig. 12b–e. As shown in Fig. 12b, re-
gion B is the initiation of crack located at hook. The
crack in region B indicates that crack has two potential
propagation paths in final fracture position, which are
upward hook and the SZ/TMAZ interface in bottom
sheet. In tensile shear fracture mode, the bonding
strength of the SZ/TMAZ interface is high due to
void-free and so the upward hook becomes the crack
propagation path [23, 24]. As shown in Fig. 12c, d,
regions C and D show the similar fracture mechanism,
which occurred due to brittle fracture. Dimples are not
observed on fracture surface which indicates that plastic
deformation does not occur before fracture. To confirm
the fracture mode in slope, we take the higher-
magnification SEM micrograph (Fig. 12e), which show
lots of microdimples and polyhedron morphology indi-
cating that fracture is intergranular fracture. The possi-
ble reason for intergranular fracture is that the precipi-
tate assembled on grain boundary in reprecipitated
stage.

Fig. 8 Microhardness distributions at (a) the mid-thickness of the upper
sheet and (b) the bonding interface between sheets

Fig. 9 Tensile shear failure loads of the RFSSW welded joints at
different tool rotation speed
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Fig. 11 SEM of a the plug
fracture surface and b–e the
locations B–E in Fig. 10a,
respectively

Fig. 10 The typical tensile shear
fracture mode of joints obtained at
different tool rotation speed

Fig. 12 SEM of a the plug shear
fracture surface on nugget and b–
d magnified view from regions
B–D marked in Fig. 11a, e
magnified view from region E
marked in Fig. 11c
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4 Conclusion

In the present study, effect of rotation speed on microstructure
and mechanical properties of 6061 aluminum alloy RFSSW
joints is investigated. The weld cross section is divided into four
sections of BM, TMAZ, HAZ, and SZ. The grain in the SZ is the
finest and the TMAZ is characterized by highly deformed grains.
The grains in the HAZ are coarser compared with those in the
BM due to the effect of thermal cycle. The coarser grains are
generally formed in all zones of weld with increasing tool rota-
tion speed. The defects such as partial bonding, bonding liga-
ment, and hook are observed at the interface of all joints, and the
voids are located at SZ/TMAZ interface in the weld obtained at
lower rotation speed. A soften region that consists of HAZ and
TMAZ is developed in the joint with the minimum hardness in
the HAZ and the maximum hardness located in the SZ.With the
increasing tool rotation speed from 1100 to 1500 rpm, the tensile
shear failure load increases to themaximum value of 7522 N and
then it decreases significantly at tool rotation speed of 1700 rpm.
The plug fracture mode is found when the tool rotation speed is
lower than 1500 rpm, while tensile shear fracture mode is devel-
oped when the tool rotation speed is 1500 rpm or even higher.
The plug fracture is characterized by dimple and the tensile shear
fracture is polyhedron morphology by SEM.
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