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Abstract
A novel non-keyhole friction stir welding technique was proposed to weld the butt joint of 6061-T6 aluminum alloy with the 
thickness of 6 mm. A sound joint was obtained by this technique, simultaneously eliminating the flash, shoulder mark and 
keyhole defects. The sleeve directly affected zone (SDAZ) and the sleeve indirectly affected zone (SIAZ) were divided into 
the joint according to the plunging position of the hollow sleeve. The lack of root penetration defect was avoided when the 
plunging depth of the hollow sleeve was only 4.2 mm, because the hollow part inside the sleeve improved the material flow 
below the sleeve. An S-shaped line was left at the SIAZ, and the height of it had the minimum value of 1.47 mm at 20 mm/
min. Whether the failure location of the joint was in SIAZ/SDAZ or the heat-affected zone (HAZ) depended on the height 
and bonding strength of the S-shaped line. The joint fracture location changed from the SIAZ/SDAZ at 35 mm/min to the 
HAZ at 20 and 30 mm/min. The maximum tensile strength of 224.3 MPa was obtained at 30 mm/min which was 73.7% of 
that of the base material. The fracture surface morphology exhibited the typical ductile fracture.

Keywords Non-keyhole friction stir welding · Welding tool simplification · Microstructures · Material flow · Mechanical 
properties

1 Introduction

As a solid-state joining technique, the low heat input and 
strong mechanical stirring during welding are the main fea-
tures of friction stir welding (FSW), and these features make 
FSW more promising in joining the low melting point metals 
like aluminum alloy [1, 2]. Due to the low heat input, the 
joint obtained by FSW has low residual deformation [3] and 
small heat-affected zone (HAZ) [4]. The strong mechanical 
stirring brings violent material flow, and sufficient material 

flow is necessary for obtaining a high-quality joint for FSW 
[5, 6]. The tool pin plays a crucial role on material flow [7]. 
However, a keyhole inevitably remains at the end of joint 
with the tool pin retracting from the welded joint. The prob-
lem is that the keyhole not only affects the joint appearance, 
but also reduces the mechanical properties of the joint. The 
study of Rao et al. [8] showed that the fatigue life of weld 
with keyhole was much lower than that of the weld without 
keyhole. Moreover, the keyhole has another disadvantage of 
shortening the effective weld length.

Repairing the keyhole after welding is dominant in key-
hole elimination. Zhou et al. [9] brought forward the self-
refilling friction stir welding (SRFSW). Non-consumable 
tools with gradual change in geometry and the materials 
around the tools were used to refill the keyhole during 
SRFSW process. However, this method had the complex 
process and caused the thickness thinning of the repaired 
keyhole. In fact, in order to avoid the thickness thinning, 
the additional filling material (FM) is necessary. The fric-
tion plug welding (FPW) was proposed by Du et al. [10] 
to repair the keyhole using a consumable tool pin. How-
ever, the low heat input and poor material flow owing to 
the deformable rotational tool pin led to new defects such 
as cavities and kissing bond. Therefore, Huang et al. [11] 
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proposed filling friction stir welding (FFSW) and adopted 
a semi-consumable tool consisting of a non-consumable 
shoulder and consumable filling bit. More heat was gener-
ated because of the non-consumable shoulder, and a sound 
joint whose tensile strength (TS) was equal to 90% of the 
defect-free FSW weld. In addition, the drilling-filling fric-
tion stir repairing (D-FFSR) [12] was put forward to repair 
keyhole using a cylindrical FM and a pinless tool. Ji et al. 
[13] proposed the active–passive filling friction stir repair-
ing (A-PFFSR) to repair the keyhole with a large depth by 
a series of pinless tools with different shoulder diameters. 
The keyhole can be well repaired after welding by the above-
mentioned processes, but the repairing process after welding 
increases the process complexity, production time and cost. 
It is necessary to develop a technology which can eliminate 
the keyhole during the one-time welding process.

In this study, a novel non-keyhole FSW (N-KFSW) tech-
nology was proposed, which could eliminate the keyhole 
and obtain a smooth surface during the welding process. 
AA6061-T6 plates were chosen for N-KFSW experiments. 
Moreover, the surface appearances, microstructures and 
mechanical properties at different welding velocities were 
discussed.

2  Experimental

2.1  N‑KFSW Process

The refilled friction stir spot welding (RFSSW) can get a 
non-keyhole welding spot [14, 15], and stationary shoulder 

FSW (SSFSW) can improve the top surface quality of the 
joint [16]. The N-KFSW tool system has the structure 
similar as the tool system of RFSSW and possesses the 
advantages of RFSSW and SSFSW technologies. A non-
keyhole joint with smooth surface can be obtained dur-
ing N-KFSW process. The process of N-KFSW can be 
divided into three stages including the plunging, welding 
and refilling stages, as shown in Fig. 1. This N-KFSW tool 
system consists of an outer non-rotating clamping ring and 
an inner rotational sleeve and probe. At the plunging stage, 
the non-rotating clamping ring compresses the top surface 
of the plates tightly, the rotational sleeve plunges into the 
plates to be welded, and the rotational probe moves away 
from the top surface. A cavity is left between the sleeve 
and the probe at the plunging stage, and the cavity can col-
lect the squeezed plasticized material [17]. The welding 
tool moves along the weld, and the volume of the cavity 
remains unchanged at the welding stage. At the refilling 
stage, the rotational sleeve moves upward while the rota-
tional probe moves downward to refill the keyhole due to 
the upward movement of the sleeve. At the same time, 
the rotational sleeve and probe stay some seconds to get a 
good formation before the welding tool retracts from the 
welded plate. During N-KFSW process, the clamping ring 
has the sealing and extra-forging effects and the rotational 
sleeve provides the major heat, and the rotational sleeve 
and probe can drive the plasticized material to flow.

Fig. 1  Schematic diagram of N-KFSW process: a plunging stage, b welding stage, c refilling stage, d after welding
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2.2  Simplification of Welding Tool

The N-KFSW tool system was designed by AVIC Manu-
facturing Technology Institute. The outer diameters of 
the probe, sleeve and clamping ring were 6, 9 and 18 mm, 
respectively, as shown in Fig. 2a. Both probe and sleeve had 
the left-hand thread which had 1.5 mm pitch and 0.2 mm 
depth. For the sleeve, the ending point of thread was 1 mm 
away from the top surface of the sleeve. During the welding 
process, the coordination among different parts was com-
plex, and the cost was expensive. Importantly, the N-KFSW 
tool system, especially the sleeve, was easy to wear and 
even break [18]. Therefore, a simplified hollow tool (SHT) 
which had the same effect as the N-KFSW tool was designed 
(Fig. 2b). The SHT consisted of two parts including a hollow 
sleeve (sleeve with a blind hole) and a clamping ring. In fact, 
the clamping ring of the SHT played the roles of sealing and 
extra-forging and the hollow sleeve provided the heat and 
stirring effects. In addition, this hollow part was regarded 
as the safe space left and it had the same diameter with the 
probe. The hollow part had the height of 9 mm, which was 
the biggest distance between the top surfaces of the sleeve 
and the probe during welding when the N-KFSW tool sys-
tem was used. The SHT has a different appearance from the 
N-KFSW tool and the specific dimensions of the SHT are 
described as follows.

The hollow sleeve had an outer diameter of 9 mm. The 
diameter and depth of the hollow part were 6 and 9 mm, 
respectively. A left-hand thread with 1.5 mm pitch and 
0.2 mm thread depth was equipped with the outer surface of 
the hollow sleeve. The ending point of thread on the outer 
wall of sleeve was also 1 mm away from the top surface of 
the hollow sleeve. The clamping ring had the outer diam-
eter of 18 mm and inner diameter of 9 mm. The welding 
schematic using the SHT is shown in Fig. 2c. Preliminary 
N-KFSW experiments were performed, and a non-keyhole 
joint with smooth surface was obtained when the rotational 
and welding velocities were 1200 rpm and 20 mm/min. 

According to these research results, the rotational velocity 
was the constant of 1200 rpm, and the welding velocities of 
20 mm/min, 30 mm/min, 35 mm/min and 40 mm/min were 
selected in the experiment for attaining the higher welding 
efficiency. The plunging depths of the hollow sleeve and 
the clamping ring were 4 mm and 0.2 mm, respectively, and 
the tool-tilting angle was 2.0°. The rotational hollow sleeve 
was chosen to rotate clockwise according to the thread 
morphology.

2.3  Experimental Materials and Characterization

The aluminum alloy plates of 6061-T6 with the dimensions 
of 200 mm × 120 mm × 6 mm were chosen in the experiment. 
After welding, the metallographic and the tensile specimens 
(Fig. 3) were cut by a wire-cutting machine, and the cutting 
direction was perpendicular to the welding direction. The 
microstructure was etched by the Keller’s reagent. The joint 
cross sections and microstructures were observed by the 
optimal microscopy (OM). The tensile tests were performed 
at the loading speed of 2 mm/min under room temperature, 
and there were three tensile specimens at each set of process 
parameters. The fracture paths and fracture surfaces were 
observed by the OM and the scanning electron microscopy 
(SEM), respectively. The microhardness was measured at 
the load of 300 g for 10 s.

3  Results and Discussion

3.1  Surface Morphologies

The joint surface appearances at different welding velocities 
are displayed in Fig. 4. The flash, shoulder mark and groove 
are the main defects which appear at the joint surface. The 
plasticized materials are squeezed out of the weld by the 
welding tool during the welding stage, which leads to the 
flash on the joint top surface and causes material loss of the 

Fig. 2  a N-KFSW tool system, b SHT system, c welding schematic using the SHT
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weld [19]. Moreover, the groove is easily formed at the joint 
surface when the materials which flow into the advancing 
side (AS) from the retracting side (RS) are not enough. In 
brief, poor material flow and a large amount of material loss 
are mainly responsible for the groove defects in the joint. 
Li et al. [19] pointed out that the sealing effect of station-
ary shoulder prevented the material from flowing out of the 
weld, which was beneficial to eliminating flash and then 
remaining more material in the weld. It can be seen that the 
non-rotating clamping ring of the SHT system owns the seal-
ing effect. Therefore, a smooth surface without any obvious 
surface defects in the joint surface was obtained, as shown in 
Fig. 4a. However, at the higher welding velocity of 40 mm/
min, the material has a poor flow behavior due to the lower 
heat input and worse stirring effect per unit length, so a long 
groove occurs on the top surface of the joint.

3.2  Cross Sections

The cross sections of joints at 20, 30 and 35 mm/min are 
displayed in Fig. 5. The cross section can be divided into 
sleeve directly affected zone (SDAZ), sleeve indirectly 
affected zone (SIAZ), thermal–mechanical affected zone 
(TMAZ), HAZ and based material (BM). The final position 
of the top surface of the hollow sleeve is regarded as the bor-
derline between the SDAZ and the SIAZ. The SDAZ has a 
drum-like shape and the onion ring structure is formed here. 
The widths of the SDAZ top surface (line 1) and the widths 
which were 4 mm (line 2) away from the joint bottom surface 
at different welding velocities were measured. The measured 
widths all decrease when the welding velocities increase to 
40 mm/min from 20 mm/min, and the maximum values are 
9.8 and 10.6 mm at 20 mm/min, respectively. Moreover, 

Fig. 3  Schematic of tensile specimens

Fig. 4  Surface morphologies at different welding velocities: a 
20 mm/min, b 30 mm/min, c 35 mm/min, d 40 mm/min



767Non-keyhole Friction Stir Welding for 6061-T6 Aluminum Alloy  

1 3

the clamping ring not only absorbs the heat of material [15, 
19] but also constrains the flow of material contacting the 
clamping ring, which has a negative effect on the material 
flow. Thus, the top area of the SDAZ has a smaller width 
than the middle area. According to the material flow analy-
sis of the conventional solid pin with the thread [20], the 
materials around the outer wall of the hollow sleeve flow 
down along the thread and then release at the ending point 

position of the thread. Hence, an obvious material accumu-
lated zone (MAZ) is formed at the bottom of SDAZ, and it 
is at a distance from the borderline between the SDAZ and 
the SIAZ. In addition, the MAZ which is located in the RS 
is bigger than that in the AS. This is because more materials 
are directly deposited at the RS when the materials in front 
of the hollow sleeve flow into the rear of the sleeve through 
the RS. There is a strong material flow in the SDAZ and the 

Fig. 5  Cross sections at different welding velocities: a 20 mm/min, b 30 mm/min, c 35 mm/min
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dynamic recrystallization happens in the SDAZ under the 
high welding temperature, so the butt interface in SDAZ is 
invisible.

The SIAZ has a bowl-like shape. The widths of the SIAZ 
which were 1.5 mm (line 3) and 0 mm (line 4) away from 
the joint bottom surface at different welding velocities were 
measured. As the distance from the top surface of the hollow 
sleeve increases, the heating and stirring effects of the sleeve 
are weakened sharply, so the width difference between the 
lines 3 and 4 in the SIAZ is more than 4 mm. Of course, the 
widths of the SIAZ also decrease as the welding velocity 
increases. Under conventional FSW, the distance between 
the top surface of conventional solid pin and the bottom 
surface of joint is commonly no more than 0.2 mm for avoid-
ing the lack of root penetration defect [21, 22]. However, 
the distance between the top surface of hollow sleeve and 
the joint bottom surface is 1.8 mm and there is no lack of 
root penetration defect in this study. This phenomenon can 
be attributed to the improved material flow caused by the 
hollow sleeve.

The lack of root penetration defect is avoided when the 
plunging depth is only 4.2 mm but the thickness of BM is 
6 mm owing to the improved material flow. However, the 
thermal cycle and the stirring effect in the SIAZ are much 
lower compared with those in the SDAZ, which causes that 
the butt interface is slightly transferred. Therefore, the butt 
interface exists as an S-shaped white line in SIAZ, which 
can be observed in the OM image. The temperature and the 
stirring effects decrease as the welding velocity increases 
from 20 mm/min to 35 mm/min, and then, the material flow 
is weakened, so the height of the S-shaped line increases 
from 1.47 mm to 2.13 mm. In addition, the local S-shaped 
line can be found in the bottom of SDAZ at 35 mm/min. 
For the S-shaped line, the bonding mechanism is the atom 
diffusion and then the corresponding bonding strength is 
relatively low, so the increase of S-shaped line height is det-
rimental to the carrying capacity of welding joint, which is 
further explained by the tensile experimental results in the 
following part.

3.3  Microstructures Analysis

The typical microstructures of the joint at 20 mm/min are 
analyzed and displayed in Fig. 6. Figure 6a shows the TMAZ 
at AS of the joint. The grains in TMAZ are broken and dis-
torted because they undergo the severe deformation, and a 
clear boundary exists between the TMAZ and SDAZ. Micro-
structures of TMAZ can directly reflect the vertical mate-
rial flow behaviors where far away from the hollow sleeve. 
Therefore, the materials in TMAZ present an upward flow-
ing morphology (Fig. 6a) because of the driving effect by 
the MAZ. The HAZ only experiences a lower thermal cycle 
and the grain grows, so the grain in HAZ (Fig. 6b) is bigger 
than that in BM (Fig. 6c). There are black particles with the 
long-strip or round shape in different zone of the joint, and 
they are the dispersed precipitate. The size of precipitates in 
HAZ is the maximum because the precipitates are coarsened 
under the thermal cycle during welding.

The magnified microstructures of SDAZ and SIAZ are 
shown in Fig. 7. Area A is located in the middle of the 
SDAZ, and area B is at the top of the SIAZ. The SDAZ 
experiences the highest temperature cycle and the strongest 
stirring because of the direct effect of the hollow sleeve. 
Hence, the SDAZ consists of the fine equiaxed grains owing 
to the dynamic recrystallization, as displayed in Fig. 7a. The 
SIAZ also experiences the dynamic recrystallization. How-
ever, the thermal cycle in SIAZ is lower than that in SDAZ, 
so the grain-growth is smaller during the recrystallization 
process, causing that the grain size in area B (Fig. 7b) is 
smaller than that in area A. At the same time, the fine parti-
cles are uniformly distributed in the SDAZ and SIAZ.

According to the cross sections and the microstructures, 
the schematic of material flow around the hollow sleeve dur-
ing the welding process is displayed in Fig. 8. The material 
flow around the outer surface of the hollow sleeve has the 
same regularity with the traditional solid pin with thread 
[20, 23, 24]. The materials in the hollow part flow to the 
inner wall of the hollow sleeve under the centrifugal force 
and then flow downward after contacting with the inner wall. 

Fig. 6  Microstructures of typical zones: a TMAZ, b HAZ, c BM
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Therefore, the materials in the center of the hollow part are 
sparse and the cavity is formed here, as reported by Ji et al. 
[25] and Cao et al. [26]. According to the law of minimum 
resistance, the materials under the sleeve are forced to flow 
into the hollow part for filling the cavity [27]. Finally, the 
materials between the hollow part and below the sleeve form 
a new flow path, which means the hollow part promotes the 
material flow below the sleeve.

3.4  Microhardness

The microhardness values of line 2 and line 3 marked in 
Fig. 5a were measured. The measured lines 2 and 3 are 2 and 
4.5 mm away from the top surface of the joint and located 
in SDAZ and SIAZ, respectively. In addition, the spacing 

between two adjacent points was 0.5 mm. The microhard-
ness distributions at the welding velocity of 20 mm/min are 
displayed in Fig. 9. The microhardness values parallel to 
the joint top surface are distributed in a "W" shape. Fine 
grain strengthening and precipitation hardening are the 
main strengthening mechanisms of 6061 aluminum alloy 
[28]. The fine equiaxed grains and the homogeneous dis-
tributed fine precipitation phase can increase the microhard-
ness value in SDAZ and SIAZ. However, the dissolution or 
partial dissolution of hardening precipitates in the SDAZ 
and SIAZ during the elevated temperature has the adverse 
impact on the microhardness values [29], so the microhard-
ness in SDAZ (about 72HV) and SIAZ (about 82 HV) is 
lower than the microhardness in BM (about 95 HV). The 
grain in SIAZ is smaller than that in SDAZ (Fig. 9), so the 

Fig. 7  Magnified microstructures of SDAZ and SIAZ marked in Fig. 3a: a area A, b area B 

Fig. 8  Schematic of material flow under the hollow sleeve
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microhardness value in SIAZ is bigger than that in SDAZ. 
In HAZ, both the coarsening of the  Mg2Si precipitates and 
the grain size play the major roles in the microhardness, so 
the induced minimum microhardness (57 HV) is only about 
60% of the BM. Local dynamic recrystallization and disloca-
tion strengthening make the microhardness in TMAZ higher 
than that in HAZ.

3.5  Tensile Strength

Figure 10 shows the TS values at different welding veloci-
ties. The TS increases first and then decreases with the 
increase in welding velocity. Furthermore, the maximum 
TS of 224.3 MPa is acquired at 30 mm/min and the value 

reaches 73.7% of that of BM (304 MPa). The minimum TS 
of 115.4 MPa is obtained at 40 mm/min, which is only 38% 
of that of BM, and the groove shown in Fig. 4d is mainly 
responsible for the minimum strength of the joint. The TS 
increases by 6.9 MPa as the welding velocity changes to 
30 mm/min from 20 mm/min. As mentioned above, the 
increase in S-shaped line height is detrimental to the car-
rying capacity of welding joint. Although the height of the 
S-shaped line at 30 mm/min is 0.32 mm larger than that at 
20 mm/min, the TS is still promoted. This proves that the 
material softening in reducing tensile properties plays the 
dominant effect in this parameter range. Moreover, the TS is 
dominated by the S-shaped line when the welding velocity 
changes from 30 mm/min to 35 mm/min.

3.6  Fracture Behavior

The fracture locations of the joint produced at different 
welding velocities are displayed in Fig. 11. Two types of 
fracture modes have been identified. For the first mode, the 
failure location is in the HAZ, as shown in Fig. 11a, b. The 
second failure mode is that the fracture path is located in the 
SDAZ/SIAZ, as shown in Fig. 11c. The yield strength of the 
material is inversely proportional to the average grain size, 
and the coarser the average grain size, the lower the mate-
rial yield strength. The HAZ has the largest grains (Figs. 6, 
9), so the joint easily fails here due to the corresponding 
lowest carrying capacity. As mentioned above, the bond-
ing strength of the S-shaped line at SIAZ is determined by 
atom diffusion, and the diffusion is influenced by the tem-
perature and material flow. The higher heat input and the 
stronger material flow can promote the atom diffusion of the 
S-shaped line, thereby improving the strength of the joint. A 
stronger bonding of S-shaped line is formed at 20 mm/min 
and 30 mm/min, so the HAZ with the lowest microhardness 
value becomes the weakest zone and the joint fracture at 
the HAZ at AS. Under the action of tensile force, the local 
necking can be observed at the joint. The necking occurs 
at the HAZ in Fig. 11a, b, and the degree of the necking 
is more obvious at 30 mm/min. Moreover, the bottom part 
of S-shaped line at 20 mm/min appears crack owing to the 
material softening at the elevated temperature. At the weld-
ing velocity of 35 mm/min, the S-shaped line becomes the 
weakest zone which is accountable to the poor atomic diffu-
sion, so the joint fractures from the S-shaped line and then 
spreads at the SDAZ. In addition, the obvious necking is 
observed at the SDAZ. From the results in Figs.10 and 11, 
it is concluded that the S-shaped line is one of the major fac-
tors to determine the tensile strength and the failure mode of 
the N-KFSW joints.

Figure 12 shows the SEM images of fracture surface 
at 20 mm/min and 35 mm/min. The different locations of 
the fracture surfaces show the ductile fracture mode with 

Fig. 9  Microhardness testing results at 20 mm/min

Fig. 10  Tensile strength test results
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dimples. The appearance of the big and deep dimples is due 
to the large number of crystalline phases. The grain size in 
HAZ is much bigger than that in SDAZ and SIAZ, as shown 
in Figs. 5 and 6, so the dimples in HAZ (Fig. 12a, b) are 
larger than those in SDAZ (Fig. 12c) and SIAZ (Fig. 12d). 
The dimples with the small size are also found because of 
the precipitation phase in HAZ, SDAZ and SIAZ (Figs. 5, 
6), and the small dimples are located inside or between 
the larger dimples. Moreover, when the welding velocity 
is 35 mm/min, the dimples in Fig. 12c are shallower and 
sparser compared with those in Fig. 12d because of the poor 
atom diffusion of S-shaped line.

4  Conclusions

The 6061-T6 aluminum alloy plate with 6 mm thickness 
was welded by the N-KFSW technique. The surface forma-
tions, microstructures and mechanical properties at different 
welding velocities were analyzed in this study. The following 
conclusions were obtained:

1. The joint without flash and shoulder mark was obtained 
at the welding velocity of 20 mm/min. The lack of root 
penetration was avoided when the distance between the 
top surface of hollow sleeve and the bottom surface of 
joint was 1.8 mm owing to the hollow part in the sleeve.

2. The S-shaped line was formed because the butt interface 
was transferred. The height of S-shaped line increased 
with the welding velocity increasing and the value arrived 
the minimum value of 1.47 mm at 20 mm/min. The height 
and the bonding strength of S-shaped line determined the 
tensile strength and failure mode of the joint.

3. The maximum tensile strength was 224.3 MPa at 30 mm/
min. The failure location was at the SIAZ/SDAZ under the 
high welding velocity, while the failure location was located 
in the HAZ under low welding velocity. The fracture sur-
faces all showed the ductile fracture mode with dimples.
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