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Abstract

Due to different filling modes of the material in sleeve-affected zone (SAZ), probe-affected zone (PAZ), and thermo-
mechanically affected zone (TMAZ), the micro-junction structure is formed at the bottom of the SAZ of the refill FSSW joint
for 3.2-mm-thick 2060 aluminum alloys. The plasticized degree of the filling material and refilling time greatly affect the
morphologies of micro-junction structure. Thus, the welding defects such as void with different sizes, kissing bond, and crack
are easily formed in the micro-junction structure. Besides, the tensile-shear properties are related to the micro-junction structure
and bonding strength of the lap interface. The increase of the plunge depth or rotation speed within a certain range enhances the
flow of material in the stir zone and increases the atomic diffusion capacity of the lap interface, which is beneficial to increasing
the tensile-shear load. The maximum tensile-shear load was obtained when the rotation speed of 2500 rpm and the plunge depth
of 4 mm are used, and the tensile-shear specimen fractures along the bottom of the SAZ. Other fracture paths are also obtained
under different welding parameters combinations, first along the lap interface, and second, not only along the lap interface but
along the SAZ bottom.
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1 Introduction

Element Li as the lightest element is added into aluminum
alloys to form the aluminum lithium alloys, which decreases
aluminum alloys’ density while increases strength and modu-
lus. Furthermore, aluminum lithium alloys have good corro-
sion resistance and fatigue resistance. Since the development
of aluminum lithium alloys, they have been widely used in
aerospace [1, 2]. Lap-joined joints are common structural
forms in aviation structures. The drilling prior to connection
and the weight increment of rivets are not avoided when
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riveting is used. The fusion welding technologies have the
disadvantages such as porosity, large heat deformation, and
coarse microstructure [3, 4]. Refill friction stir spot welding
(refill FSSW), invented by HZG (formerly known as GKSS)
in 2002, is a solid-state welding technology [5]. This joining
process not only does not increase the weight of the structure
but also consumes less energy [6].

Castro et al. [7] investigated the effect of welding parame-
ters on mechanical properties of refill FSSW joints for a 1.6-
mm-thick 2198-T8 aluminum alloy according to Taguchi
method, and results show that rotation speed and plunge depth
are responsible for more than 80% of strength variance. A
similar result has been reported by Tier et al [8]. Kluz et al.
[9] found that tool rotation speed has the greatest impact on
the load-carrying capacity of the refill FSSW joint for 7075
aluminum alloys. Defects are the main factors to influence the
formation and mechanical properties of joints. Welding de-
fects depending on their location in joints occur at the
sleeve-plunger interface, at the lap interface, and in the joint
axis [10]. The groove and kissing bonding at the sleeve-
plunger interface can be eliminated by setting the end faces
of the sleeve and probe lower than the original upper surface
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Fig. 1 Schematic of the tensile-
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of the upper sheet at the end of the refilling phase [11]. Hook
and bonding ligament at the lap interface are interior features
and can be observed in the metallurgical connection area of
cross section [12]. However, hook and bonding ligament can
be decreased but cannot be eliminated by optimizing welding
parameters. When the welding temperature at the bottom sheet
is not high enough, a crater is formed in the joint axis [10].
When the welding parameters are improper or the sleeve does
not penetrate the interface between the sheets, the welding
defects such as crack and void occur [13]. Yue et al. [14]
reported that the void in the 2198 aluminum alloy refill
FSSW joints is attributed to the insufficient refilling effect
induced by material loss. Lowering the plunge depth can elim-
inate the void [14]. Shen etal. [15, 16] reported that the void is
associated with insufficient material flow. Decreasing the ro-
tation speed or increasing the dwell time is beneficial for
obtaining defect-free refill FSSW joints [15, 16]. However,
the void in the 2198 aluminum alloy refill FSSW joints can
be eliminated by increasing the rotation speed [17]. Other
scholars explained the void to thermal shrinkage, entrapped
air, or some physical-chemical reactions [18]. Void belonging
to volumetric defect not only decreases the load-carrying area
under external load but also increases the crack initiation
points. The most critical phase in controlling fracture tough-
ness is the control of the initiation of voids, because particles
provide interfaces that are easy initiation sites for voids [13].

Fig. 2 Welding equipment

@ Springer

From the published literatures, the welding defects can be
casily generated in refill FSSW joints for 2xxx series alumi-
num alloys under improper welding parameter combinations
[1, 12, 13, 17, 18]. These defects including void, crack, and
kissing bond usually occur at the bottom of the sleeve-
plunging path where the material has complex flow state.
Thus, a micro-junction structure with complex material flow
is observed at the bottom of the sleeve-plunging path. This
study selects the 2060 aluminum alloy widely used in aero-
space as the research object. The formation mechanism of the
micro-junction structure and effects of welding parameters
including rotation speed and plunge depth on micro-junction
structure and fracture behavior of refill FSSW joints are
investigated.

2 Experimental material and methods

In this study, the 3.2-mm-thick 2060 aluminum alloys with the
length of 150 mm and the width of 40 mm were used to obtain
the refill FSSW joint. Prior to welding, the upper and lower
surfaces of sheets were polished to wipe off the oxidations.
Two sheets were overlapped with 40 x 40mm?® and were
joined in the center of the overlapped area, as shown in Fig. 1.

Figure 2 shows the refill FSSW robot equipment. This
equipment consists of the robot body and welding head. The
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Table1  Refill FSSW welding parameters for the 2060 aluminum alloy
Number of parameters Rotation speed/r Plunge depth/p
rpm mm

1-1 2500 34

12 3.6

1-3 3.8

1-4 4.0

2-1 2000 4.0

22 2200

2-3 2400

2-4 2600

welding head, which was designed and manufactured by
Beijing FSW Technology Co., Ltd., can reach a maximum
welding thickness of 4 mm. The outer diameters of the probe,
sleeve, and clamping ring are 6, 9, and 18 mm, respectively.
After the welding tool components were assembled to the
welding machine, radial run-out of the probe, and the sleeve
needed to be measured to avoid friction among components,
and the tolerance should be in the range of 0~0.05 mm.
However, the axial and radial tolerances of the clamping ring
are not measured during the welding process because the
clamping ring is not movable axially and radially relative to
the welding head, and it only plays the role of fixing welding
sheets and preventing material overflow.

Table 1 shows the welding parameters for refill FSSW
experiments. The numbers of 1-1 to 1-4 represent the joints
at the plunge depth of 3.4—4 mm and the fixed rotation speed
of 2500 rpm. The numbers of the 2-1 to 2-4 represent the
joints at the rotation speed of 2000-2600 rpm and the fixed
plunge depth of 4 mm. The plunge speed and refill speed were
both fixed at 50 mm/min.

The refill FSSW joints were cut along the center of the
welding spot to obtain the cross-section specimens. Three
cross sections of welds under each welding parameter were
observed to ensure the accuracy and stability of the results.
Each cross-section specimen was burnished, polished, and
etched using Keller’s reagent. The cross section and

Fig. 3 Different zones of refill
FSSW joint

microstructures were observed using an optical microscope
(OM). The tensile-shear test was performed three times for
each welding parameter in accordance with the standard of
ISO 6892-1-2009 “Metallic materials-Tensile testing-Part 1:
Method of test at room temperature, and tensile-shear speci-
mens.” Furthermore, the fracture surfaces were observed
using a scanning electron microscope (SEM).

3 Experimental results
3.1 Structure of refill FSSW joints

During the refill FSSW process, due to the cylindrical welding
tool, the cross section of the refill FSSW joint presents a “U”
shape (Fig. 3). Due to different thermal cycle and mechanical
action, the refill FSSW joint can be also divided into base mate-
rial (BM), heat-affected zone (HAZ), thermo-mechanically af-
fected zone (TMAZ), and stir zone (SZ). For the refill FSSW
of shoulder plunge mode, although the probe dose not plunge
into the material at all during the welding process, the majority of
the published literatures divide the SZ into probe-affected zone
(PAZ) and sleeve-affected zone (SAZ) [13, 14, 17, 19].

Figure 4 shows the cross sections and magnified views of
refill FSSW joints under different plunge depths. The regions
of the HAZ, TMAZ, and SZ are observed in all the refill
FSSW joints. The morphologies of the SZ are identified when
the plunge depth is lower than and equal to 4 mm. Note that the
height variation of the PAZ under the plunge depth of 3.4—
3.6 mm is notable (Fig. 4a-b), and the height values of the
PAZ are 1.790 mm and 2.857 mm corresponding to the plunge
depths of 3.4 mm and 3.6 mm, respectively. When the plunge
depth increases to 3.8 mm, no obvious change in height of the
PAZ is observed, and the value is 2.861 mm. No change in the
PAZ height is observed as the plunge depth is up to 4 mm.

When the sleeve plunge into the sheet, the material below
the probe occurs blanking along the sleeve-plunger path, and
thus the material which is in contact with the sleeve occurs
severe plastic deformation. The variation of the PAZ height is
mainly related to the thermal deformation volume of this part
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Fig. 4 Cross-sectional structures of refill FSSW joints at different plunge depths: a, e 3.4 mm; b, f 3.6 mm; ¢, g 3.8 mm; d, h 4 mm

of the material under different plunge depths. Zhao et al. [20]
pointed out that the welding time and peak temperature of the
SZ increase as the plunge depth increases from 2 to 3.5 mm
for the 2-mm-thick Al-Zn-Mg-Cu alloy. Similarly, when the
plunge depth increases from 3.4 to 3.6 mm, the welding time
and heat generation increase. Thus, the volume of the de-
formed material increases, which increases the height of the

@ Springer

PAZ with increasing plunge depth from 3.4 to 3.6 mm. Zhao
et al. [20] also pointed out that the peak temperature of the 2-
mm-thick Al-Zn-Mg-Cu alloy refill FSSW joints exceeded the
solid-state temperature at rotation speed of 2000 rpm, and the
peak temperature of the SZ did not increase as the rotation
speed increased to 2500 rpm. Based on these results, it can be
inferred that when the rotation speed increases to 3.8 mm and
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Fig. 5 Cross-sectional structures of refill FSSW joints at different rotation speeds: a, e 2000 rpm; b, f 2200 rpm; ¢, g 2400 rpm; d, h 2600 rpm

4 mm, the non-change of the PAZ height may be related to the
non-change of the material for thermal deformation, which in
turn is related to the constant peak temperature. Thus, when
the plunge depth continues to increase, although the welding
time increases, the temperature variation of the material in
contact with the shoulder is limited. Therefore, when the
plunge depth reaches 3.8 mm and 4 mm, the PAZ height is
almost no change. Furthermore, the SZ of the joint under the
plunge depth of 4 mm includes two different morphologies.
One is elongated grains similarity to the BM, and the other
surrounds the elongated grains, as shown in Fig. 4d.
Additionally, the slight surface indentation can be observed in
all the joints. It is formed by setting the end faces of the sleeve

and the probe lower than the original upper surface of the upper
sheet at the end of the refilling phase [11]. The welding defects
can be visually observed not only in the top surface, but also at
the bottom of the SZ. At the bottom of the SAZ, defect morphol-
ogies inside the joints under different plunge depths are different,
and even at the same plunge depth they are also discrepant. In
other words, the morphologies of the defects at the bottom of the
SAZ are asymmetrical (Fig. 4). Figure 4e—h shows the magnified
views of the region at the bottom of the SAZ. At low plunge
depth of 3.4 mm, the region with large-area dispersed void can be
seen (Fig. 4¢). With the increase of the plunge depth, much more
material is squeezed into the space at the bottom of the sleeve,
and the void in small size is observed (Fig. 4f). The size and

@ Springer



2038

Weld World (2020) 64:2033-2051

quantity of the void gradually decreases when the plunge depth
continues to increase to 3.8 mm and 4 mm (Fig. 4g and h).

Under the plunge depth of 4 mm, with the increase of rotation
speed from 2000 to 2400 rpm, the PAZ height has no obvious
change (Fig. 5a—). When the rotation speed increases to 2600
rpm, the SZ height is slightly reduced (Fig. 5d). Furthermore, the
defect at the bottom of the SAZ are still asymmetric. The larger
defect at the bottom of the SAZ is magnified in Fig. Se—h. At low
rotation speed of 2000 rpm, the void is rather large (Fig. Se).
With the increase of the rotation speed, the large void is refilled,
but some dispersed void occurs (Fig. 5£-g). When the rotation
speed increases from 2200 to 2400 rpm, the area of the dispersed
void is reduced (Fig. 5f~g). When the rotation speed gradually
reaches 2500 rpm, only several small voids can be observed (Fig.
4h). However, the dispersed void occurs again as the rotation
speed increases to 2600 rpm (Fig. 5h).

Moreover, the grain morphologies of the region at the bottom
of the SAZ at different rotation speeds in this study can be di-
vided into two different types including grains at the lap interface
and elongated grains in the SAZ, as marked in Fig. Se-h.

3.2 Microstructural characteristics of refill FSSW joints

Figure 6 shows the microstructures of refill FSSW joints at the
rotation speed of 2600 rpm and the plunge depth of 4 mm. The
BM is characterized by elongated grains (Fig. 6a). Only under-
gone thermal cycle, the grains in the HAZ are coarsened (Fig.
6b). Due to the moderate thermal cycle and mechanical stir, the

Fig. 6 Microstructures of the
refill FSSW joint at the rotation
speed of 2600 rpm and the plunge
depth of 4 mm: a BM, b HAZ, ¢
TMAZ, and d SZ
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microstructure in the TMAZ is deformed (Fig. 6¢). The micro-
structure in the SZ is totally different from other zones, and it is
characterized by small equiaxed grains due to dynamic recrystal-
lization (Fig. 6d).

Figure 7 shows morphologies at the lap interfaces of joints
under different plunge depths and the given rotation speed of
2500 rpm. When the plunge depth is 3.4 mm, the unconnected
defect is obvious at the lap interface (Fig. 7a). The top region of
the defect is characterized by deformed grains similar as grains in
the BM, while these grains are squeezed and elongated (Fig. 7a).
Thus, the deformed grains are regarded as TMAZ. Above the
TMAZ, the refined equiaxed grains can be observed. The uncon-
nected defect is disappeared with the increase of the plunge
depth. However, the bonding line occurs at the lap interface
(Fig. 7—d). From the magnified views, the TMAZ above the
bonding line disappears, and this region consists of equiaxed
grains in some certain directions. The grains below the bonding
line are similar that of the BM.

Figure 8 shows microstructure morphologies at the lap inter-
faces of joints at different rotation speeds and the given plunge
depth of 4 mm. The microstructure morphologies at the lap in-
terfaces of joints under the plunge depth of 4 mm are different
from those when the plunge depth is below 4 mm (Fig. 7a—).
The microstructure morphologies at the lap interface are layered
along the sheet thickness, and the equiaxed grains are sandwiched
between flattened strip grains. The fine equiaxed grains distribute
at the bonding interface, and the thickness of the equiaxed grains
varies from the rotation speed. The flattened strip grains which




Weld World (2020) 64:2033-2051

2039

Fig. 7 Lap interfaces of refill
FSSW joints under different
plunge depths: a 3.4 mm, b 3.6
mm, ¢ 3.8 mm, and d 4 mm

are called TMAZ are located at the upper and lower regions of
this equiaxed grains. The void occurs in the bonding interface
when the rotation speeds are 2000 rpm and 2600 rpm (Fig. 8a
and d). With the decreased distance from the top surface, the
effect of stirring by the rotation probe increases, and the micro-
structure next to the TMAZ exhibits equiaxed grains.

To sum up, welding parameters have an important influ-
ence on the microstructure at lap interface. Different micro-
structures further influence the tensile-shear load and fracture
behavior of the joint in turn.

3.3 Tensile-shear load and fracture behavior of refill
FSSW joints

Figure 9 shows the effect of welding parameters on mean
tensile-shear load of refill FSSW joints for the 2060 aluminum
alloy. Figure 9a shows that the mean tensile-shear load of the

joint at the fixed rotation speed of 2500 rpm continuously
increases with the increase of the plunge depth. Due to the
limitation of the welding capacity of the welding equipment,
the maximum value of the plunge depth is up to 4 mm. Under
this plunge depth, the mean tensile-shear load of the joint
reaches the largest at fixed rotation speed of 2500 rpm (Fig.
9a), and then the effect of rotation speed on the tensile-shear
load is analyzed at the plunge depth of 4 mm (Fig. 9b). The
mean tensile-shear load exhibits an overall rise-drop trend as
the rotation speed increases from 2000 to 2600 rpm. The mean
tensile-shear load is up to the peak value of 10.64 kN at the
rotation speed of 2500 rpm. When the rotation speed is further
increased to 2600 rpm, the tensile-shear load reduces rapidly.

Figure 10 shows the typical load-displacement curves of
refill FSSW joints under different welding parameter combi-
nations. The tensile-shear load and fracture displacement
reach the maximum at the plunge depth of 4 mm and the
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Fig. 8 Lap interfaces of refill
FSSW joints at different rotation
speeds: a 2000 rpm, b 2200 rpm,
¢ 2400 rpm, and d 2600 rpm

rotation speed of 2500 rpm (Fig. 10a). Furthermore, the load-
displacement curves in Fig. 10a are relatively smooth.
However, the load-displacement curves under different rota-
tion speeds fluctuate, and there exists obvious the phenome-
non of “pop-in” (Fig. 10b). The “pop-in” is related to the
decrease of the load carrying area, and the initiation and prop-
agation of cracks.

Figure 11 shows the fracture paths of tensile-shear speci-
mens under different welding parameter combinations. Note
that all the tensile-shear specimens apparently have the similar
fracture mode which is presented by the separation of the
upper and lower sheets. However, different fracture paths
are observed under different welding parameter combinations.

10.64 %

10.0

9.67
95 F 944 g—
9.0
85
8.0

75 F

Tensile-shear failure load/kN

17.23

3.4 3.5 3.6 3.7 3.8 39 4.0

7.0

6.5

Plunge depth/mm

Tensile shear failure load/kN

When the plunge depth is lower than 4 mm, the tensile-
shear specimens at the fixed rotation speed of 2500 rpm frac-
tured along the lap interface (Fig. 11a—c). As the plunge depth
increases to 4 mm, fracture paths of tensile-shear specimens at
different rotation speeds are complicate. The tensile-shear
specimens at low rotation speed of 2000 rpm still fracture
along the lap interface (Fig. 11e). When the rotation speed
increases to 2200 rpm, a part of the fracture path is located
at the bottom of the SZ, and the others are located at the lap
interface (Fig. 11f). The fracture surface of the junction be-
tween the lap interface and the SZ bottom presents a blunt
wedge pattern at an angle of about 45° to the tensile-shear axis
(Fig. 11f). As the rotation speed increases to 2400 rpm and

10.64

9.0 |

85

8.28
8.0 |

75 |

S

70
65 L 6.7
1 1 1 1 1 1 1

2000 2100 2200 2300 2400 2500 2600
Rotational Speed/rpm

Fig. 9 Effects of a plunge depth and b rotation speed on mean tensile-shear load
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Fig. 10 Load-displacement curves of refill FSSW joints at different a plunge depths and b rotation speeds
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Fig. 11 Fracture paths of tensile-shear specimens of refill FSSW joints: under different plunge depths: a 3.4, b 3.6, ¢ 3.8, and d 4 mm; under different

rotation speeds: e 2000, b 2200, ¢ 2400, and d 2600 rpm
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Fig. 12 Fracture surface
morphologies of tensile-shear
specimens for refill FSSW joints:
a under plunge depth of 3.4 and b
4 mm; ¢, d welding defects at the
bottom of the SAZ

Non—plasticiied“
material

2500 rpm, the whole region at the bottom of the SZ of joint is
sheared (Fig. 11 g and d). When the rotation speed continues
to increase to 2600 rpm, tensile-shear specimens present the
similar fracture path as that at the rotation speed of 2200 rpm
(Fig. 11f and h).

Figures 12a and b show the magnified views of the
region at the bottom of the PAZ for fracture specimens
at different tensile-shear loads. The fracture surface of the
tensile-shear specimen at the higher tensile-shear load con-
sist of numerous shear dimples (Fig. 12b), and the size
and quantity of the dimples are reduced when the tensile-
shear load of the joint is small. Although the dimples are
small, they also prove that the lap interface is welded. The
different fracture surface morphologies present different
bonding degree of lap interface. Figure 12c and d show
fracture surface of the region at the bottom of the SAZ.

Fig. 13 Schematic of division for
cross section

/////////

.
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There exist obvious characteristics of welding defects such
as void, kissing bond, and crack.

The welding defects influence crack initiation and propa-
gation and then tensile-shear properties of refill FSSW joints.
As mentioned above, the welding defects usually occur in the
micro-junction region where plastic material is refilled.
Furthermore, the fracture behavior of refill FSSW joint is
closely related to the micro-junction structure.

4 Discussion

4.1 Formation mechanism of micro-junction structure

Welding quality of the refill FSSW joint is closely related to
the plastic material flow. Cao et al. [21] simulated the

Probe

leeve
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Fig. 14 Micro-junction structure
inside the refill FSSW joint

distribution of SZ material at different times at plunging and
refilling phases, and reported the material flow rules.
Meanwhile, Cao et al. [21] revealed that the hook is associated
with the inadequate material deformation and low material
diffusion rate. Under different rotation speeds and dwell
times, void and hook are both observed at different aluminum
alloys refill FSSW joints, and Shen et al. [15, 16] pointed out
the defects are related to the material flow due to improper
welding parameters. Oliveria et al. [18] attributed the forma-
tion of void to thermal shrinkage, entrapped air, or some
physical-chemical structural changes. The void reduces the
structural integrity and facilitates crack initiation and
propagation.

At the plunging phase, the sleeve plunges into the sheets,
and the plastic material is restricted to the space formed by the
sleeve, the probe, and adjacent cold metals (Fig. 13a). This
part of the plastic material is regarded as SZ. When the sleeve
plunges into the sheets, the metal sheets are subjected to a
stamping effect and the plastic material is squeezed into the
rotation sleeve. This metal material can be divided into two
parts. One is close contact with the inwall of the rotation
sleeve and the bottom of the rotation probe. The other is the
material which is not in contact with the welding tool. The
former consisting of refine equiaxed grains is referred to dy-
namic recrystallization zone (DRZ). The latter undergone heat
conduction and extruded by the probe is referred to heat ex-
trusion zone (HEZ). The lap interface below the probe occurs
diffusion bonding during the whole welding process, and it is
characterized by equiaxed grains which is also regarded as

- Edge of the SZ

w) |- )

s/

SAZ @ PAZ
3 TMAZ (3) Space

A

\.

1-5: Filling path of
material

DRZ. The HEZ is surrounded by the DRZ, and thus the SZ
is divided into the HEZ and the DRZ (Fig. 13b).

The refilling phase is the critical step for joint formation. At
the beginning of the refilling, the space is generated as soon as
the sleeve moves upwards (region @) in Fig. 14c). Meanwhile,
the probe moves downwards, and the material below the
probe is subjected to vertical force and occurs upsetting.
Thus, this material is used to fill the region @ along the di-
rection 2. Due to the viscosity action, material in region (2
synchronously drives its adjacent material in region (3) to refill
the space (@) along the direction 3. The rotation sleeve drives
the SZ material to move circumferentially along the direction
4, and the screw thread outside the wall of the sleeve drives the
material to move downwards along the direction 5. From Fig.
14a and b, regions (D and (3) belong to the SAZ and TMAZ,
respectively. Region (2) belongs to PAZ, and includes the
DRZ and HEZ according to the microstructure morphologies
in Fig. 13. In conclusion, the plastic material in regions @), 2),
and (3) is used for filling space @) at the same time.

The micro-junction structure is formed at the bonding
boundary, as circled in Fig. 14a and b. A “r-shaped” structure
is formed by the different material flow paths of filling re-
gions, and the tips of the “r-shaped” structure create bonding
defects. With the continuous squeezing by the probe, regions
D, @, and (@ fill the space @) in the form of the wavy lines,
as shown in the dashed line in Fig. 14b. Due to the differences
in thermophysical or flow performance of filling material,
filling interface for each layer easily generates defects. Thus,
this micro-junction structure mainly depends on the plastic
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material flow which is closely related to the welding parame-
ters. When the welding parameters are improper, welding de-
fects are produced at the micro-junction structure.

4.2 Effect of plunge depth on micro-junction structure

The void in different sizes and quantity is observed at the tip of
the “r-shaped” micro-junction structure under different plunge
depths and the fixed rotation speed of 2500 rpm (Fig. 15a—d).
The kissing bond, crack, and void can also be seen along the
filling paths. Due to the small ratio of the length to width for
kissing bond, the kissing bond is regarded as crack in the sche-
matics of micro-junction structure formation (Fig. 15e-h).

The welding time is short at the relatively small plunge
depth of 3.4 mm, and the material in the SZ occurs incomplete
plasticization, which result in a large-area dispersed void and
crack at the boundary between regions (2) and (@) (Fig. 15¢).
With the continuous squeezing of the probe, the material in
regions (3 and (B comes into contact, and due to different
thermophysical properties of material in regions @) and ),
void and crack are generated at the bonding interface (Fig.
15a). Furthermore, the crack is also obvious in the filling paths
in region (D.

As analyzed above, the heat input increases as the plunge
depth increases from 3.4 to 3.8 mm, and then the material
flow. Therefore, the region of the dispersed void at the bottom
of'the SAZ gradually reduces, and even only a small size void
can be seen (Fig. 15b—c). Furthermore, the size and the num-
ber of the crack in the filling paths are also reduced with
increasing plunge depth. However, the increase of the heat
input leads to large difference in thermophysical properties
of materials in region @ and region @ (Fig. 15f-g).
Therefore, there still exists void at the bonding interfaces.
Flow stress of thermoplastic materials reduces with the in-
creased plunge depth, and much more thermoplastic material
is used to fill region @). At the same time, the kissing bond and
void in the filling interface between regions @ and @ are
gradually decreased. When the plunge depth increases to 4
mm, there still exists void in the micro-junction structure,
but the void is small and scattered (Fig. 15d).

In conclusion, the welding defects in the tip of the micro-
junction structure gradually decrease with the increase of the
plunge depth from 3.4 to 4 mm. Furthermore, the kissing
bond, crack, and void at the bonding interface and filling path
are decreased and even eliminated.

4.3 Effect of rotation speed on micro-junction
structure

When the rotation speed is in the range of 2000-2600 rpm at
the plunge depth of 4 mm, the void in different sizes (Fig.
16b—d) are observed in the micro-junction structure at the
bottom of the SAZ.

@ Springer

At the fixed plunge depth, rotation speed is the critical
factor to determine the welding quality of the refill FSSW
joint. The space below the sleeve (region @) is mainly refilled
by the material in the SAZ (region ), PAZ (regions (2) and
(®), and TMAZ (region (3)) below the probe. The PAZ can be
divided into material at the lap interface (region () and above
the lap interface (region @)).

‘When the rotation speed is only 2000 rpm, the heat input is
insufficient. The flow stress of thermoplastic material of the
SZ and the viscosity of the material in the TMAZ driven by
this SZ material are rather large. Thus, under the effect of the
squeezing by the probe, the filling ability of material in re-
gions D), @), @), and (5) is weak, and the height of void at the
micro-junction structure is large and measures 1407.90 um
(Fig. 16a).

When the rotation speed increases from 2000 to 2400 rpm,
much more material is driven to refill the space @) under the
squeezing of the probe. At the rotation speed of 2200 rpm, the
height of the dispersed void is reduced to 1355.26 um (Fig. 16b).
When the rotation speed increases to 2400 rpm, the plastic ma-
terial flow becomes better, and the dispersed void is further re-
duced (Fig. 16c). The dispersed void is shrunk to void in small
size at the rotation speed of 2500 rpm (Fig. 15d). However, the
large-area dispersed void occurs again when the rotation speed
increased to 2600 rpm (Fig. 16d), which may be related to the
over-softened of material. The result is similar as that reported by
Kubit et al. [22]. The scholar found that the increase of rotation
speed or plunging time leads to an increase in the heat input of
the welded materials. However, when the heat input exceeds a
certain critical value, the welded sheets are overheated and then
weakened [20]. In this study, under the high rotation speed of
2600 rpm, the metal material in regions (@) and (5) may be over-
softened and has small viscosity, which can be completely
refilled to the region @). However, the over-high temperature
causes the material different from their adjacent material in tem-
perature and microstructure. Thus, there still exists a large defect
in the micro-junction structure when the rotation speed is higher a
critical value.

Figures 16e—h shows the schematics of formation of micro-
junction structure at different rotation speeds. Under the effect
of squeezing of the probe, the material in regions (2), (3), and
(® is used to fill region @). Meanwhile, under the effect of
rotation sleeve and screw thread, material in region (D) is also
filled the region @). Material in different regions has different
filling modes, and the micro-junction structure is formed at the
bottom of the SAZ. Due to different plasticized material at
different rotation speeds, the void in different sizes is formed
at this micro-junction structure.

4.4 Effect of micro-junction structure on fracture path

From the above analysis, there exist kissing bond, crack, and
void in different sizes along the filling path and in the micro-



Weld World (2020) 64:2033-2051

2045

Fig. 15 Effect of plunge depth on
the micro-junction structure: a, e
3.4mm;b, £3.6 mm; ¢, g3.8 mm;
d, h4 mm

(h)

) TMAZ - @ Space ® Lap interface

g Filling li
= Void — — Crack -------- oi‘rrlsa%erl;z [fEE 1 Dispersive void

@ Springer



2046 Weld World (2020) 64:2033-2051

Fig. 16 Effect of rotation speed
on the micro-junction structure: a,
e 2000 rpm; b, 2200 rpm; ¢, g
2400 rpm; d, h 2600 rpm
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Fig. 17 Schematics of facture paths of tensile-shear specimens: a path I, b path II, and ¢ path III

junction structure under different welding parameter combi-
nations (Figs. 15-16). Under the external load, crack easily
propagates into the bonding interface. For other series of alu-
minum alloys whose thickness is less than or equal to 2 mm,
various fracture paths are obtained under different welding
parameter combinations [19, 22, 23]. Li etal. [19] investigated
the fracture mechanism of the 2024 aluminum alloy refill
FSSW joint, and three different types of fracture modes are
obtained, including shear fracture, shear-plug fracture, and
plug fracture. Kubit et al. [22] and Zhou et al. [23] only ob-
tained two of these three types of fracture modes for (1.6 + 0.8
mm) thick 7075-T6 aluminum alloy and (2 + 2 mm) thick
6061-T6 aluminum alloy RFSSW joints, respectively. In this
study, only the shear fracture mode was observed for 3.2-mm-
thick 2060 aluminum alloy refill FSSW joints. However, the
investigation also found that the refill FSSW joints still have
different fracture paths under the same fracture mode. Thus,
this paper is concentrated on the shear fracture behavior in
detail. From the analysis of the fracture path of refill FSSW
joints (Fig. 11), it can be concluded that three different fracture
paths can be obtained under different welding parameter com-
binations (Fig. 17). The lap interface fracture is referred to

npe—————

—
(=}
T

el
T

J Load

-
Toad | ] |
8 I Bottom of the SZ Lap interface

Average Tensile-shear load/kN
T

1-1 1-2 1-3 1-4 2-1 2-2
Number of parameter

Fig. 18 Mean tensile-shear load and fracture paths of tensile-shear spec-
imens under different welding parameter combinations

path 1. The fracture along the lap interface and the SZ bottom
is referred to path II, and the fracture along the bottom of the
SZ is referred to path III.

Figure 18 shows the mean tensile-shear load and fracture
paths of refill FSSW joints. Sample numbers are the same as
those in Table 1. The joints of 1-4 and 2-3 show the same
fracture path, but their mechanical properties differ greatly.
There is not an absolute relationship between fracture paths
and tensile-shear loads of refill FSSW joints. The rotation
speeds of 1-4 and 2-3 are 2500 and 2400 rpm at the fixed
plunge depth of 4 mm, respectively. The same fracture paths
of tensile-shear specimens under different welding parameter
combinations indicate that the tensile-shear specimens have
the same crack initiation sources and crack propagation paths.
However, the number of the crack initiation sources and crack
propagation resistance determine the fracture loads of tensile-
shear specimens.

The cracks initiate at the welding defects in the micro-
junction structure under the external load. The large-area dis-
persed void is generated at the joint under the rotation speed of
2400 rpm (Fig. 5c and g), which increases the crack initiation
sources. When the rotation speed increases to 2500 rpm, the
area of the dispersed void reduces (Fig. 4d and h) and then the
crack initiation sources, which prove that the increase of the
heat input facilitates the material flow in the micro-junction
structures. Furthermore, the increase of the heat input also
increases the bonding strength of the lap interface. Hence,
although the same fracture paths are obtained at rotation speed
0f 2400 rpm and 2500 rpm, the fewer crack initiation sources
inside the joint and the larger bonding strength of the lap
interface at the rotation speed of 2500 rpm are beneficial to
improving the tensile-shear properties.

During the tensile-shear tests, the sleeve-plunger interface
and horizontal interface generate normal stress and shear
stress, respectively. In this study, the welding defects at the
bottom of the SAZ decrease the load-carrying area, and the
effective bonding height is expressed as plunge depth minus
the defect height. The previous results show that the normal
stress is smaller than the shear stress of joint when the bonding
height of the sleeve-plunger interface is lower than 7 mm for
3.2-mm-thick aluminum alloys [24]. Table 2 shows the values
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Table 2 Bonding height of joints

under different welding parameter Number 1-1 1-2 1-3 1-4 2-1 22 23 24
combinations
Height of void/mm 0.727 1.320 1.240 0.491 1.408 1.355 0.292 1.026
Bonding height/h/mm 2.673 228 2.56 2.709 1.792 1.845 2.908 2.174

of bonding height of joints under different welding parameter
combinations. Note that all the values of bonding height are
lower than 7 mm. However, all the tensile-shear specimens
present the shear fracture mode. The reason why the cracks
propagate along the horizontal interface can be explained by
the different bonding strength between the sleeve-plunger in-
terface and horizontal interface, which has been expounded by
the previous research [24].

The stress concentration is generally produced at the tip of
the bending hook (point A, as shown in Figs. 19a-21a) under
the external load. The cracks propagate along the direction
with the lowest resistance at the micro-junction structure
where filling material at different regions converges. For the
joints at the small plunge depth or the low rotation speed, the
insufficient heat input causes the incomplete bonding of the
lap interface (Fig. 7), and the incomplete bonding is similar as
cracks at the lap interface. Meanwhile, the upper and lower
materials adjacent to the lap interface present different mor-
phologies (Figs. 7 and 8a). Thus, the load-carrying capacity of
the region at the bottom of the SZ is larger than the lap inter-
face, and then the cracks propagate into the lap interface

(towards point B) with increasing external load (Fig. 19b).
Finally, the tensile-shear specimens fracture along the lap in-
terface (Fig. 19¢).

Much more metal material is squeezed into the sleeve for
the joints under the plunge depth of 4 mm compared with the
joints below 4 mm, and this metal material has different plas-
ticized conditions under different rotation speeds. When the
rotation speed is only 2000 rpm, the inadequate heat input
makes the lap interface low bonding strength. Due to the large
area welding defects and discrepant microstructures at the lap
interface (Fig. 8a), the tensile-shear specimens still fracture
along the lap interface at 2000 rpm. When the rotation speed
increases to 2200 rpm, the heat input increases the diffusion
capacity of atoms at the lap interface. The anti-shear ability of
the lap interface is even equal to the region at the bottom of the
SZ. Furthermore, the equiaxed grains at the lap interface are
located between the squeezed grains and elongated grains
(Fig. 8b). Therefore, under the external load the lap interface
and the region at the bottom of the SZ bear synchronously the
shear stress. The crack of point A extends into point B, and the
crack of point A’ propagates into the lap interface (Fig. 20b).

Fig. 19 Fracturg processes of (a) Load
path I: a crack initiation, b crack
propagation, and ¢ fracture ®
Point A Point A
Load
-
(b) Load
Point B v PointB
___________ =
Point A~ T PointA
Load
-
(©) Load
oa
oint B Point B
Point A Point A
Load
-
I:l Void A\ Fracture path ———-Lap interface D TMAZ I:l Sz

© SAZ @ paz
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Fig. 20 Fracture processes of (a) Load
path II: a crack initiation, b crack ® —
propagation, and ¢ fracture @ ®
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®
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Load
-
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With the continuous propagation of cracks to the interi-  junction region is in the direction of 45° with tensile-
or of the welding spot, the fracture surface of the  shear load (Fig. 20c).
Fig. 21 Fracture processes of (a) Load
path III: a crack initiation, b crack 1 2 —_—
propagation, and ¢ fracture
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The heat input continues to increase when the rotation
speed increases to 2400 and 2500 rpm under the fixed plunge
depth of 4 mm. Consequently, the bonding strength of the lap
interface also increases, and even is higher than that of the
region at the bottom of the SZ. Meanwhile, the anti-shear
ability of the region at the bottom of the SZ is lower than that
at the lap interface. Moreover, the thickness of the lap inter-
face with refined and equiaxed grains is widened (Figs. 7d and
8c), which also increases the ability of resistance to deforma-
tion. The shear stress is mainly shared by the region at the
bottom of the SZ (Fig. 21b). When the tensile-shear load of
joint exceeds the ultimate load of joint, the tensile-shear spec-
imens fracture along the bottom of the SZ (Fig. 21c¢).

In conclusion, there exist three fracture paths for the
tensile-shear specimens of 3.2-mm-thick aluminum alloys un-
der different plunge depths and rotation speeds. The fracture
location is related to the welding defects and the anti-shear
ability of horizontal interface.

From the abovementioned results and discussion, it can be
concluded that the welding defects in the micro-junction struc-
ture have important influences on the tensile-shear properties.
The formation of these defects is associated with the adequate-
ly unplasticized material and the delayed filling of material.
Thus, from the viewpoint of obtaining the defect-free welding
joint with higher tensile-shear load, further increasing the heat
input or refilling speed within a reasonable range is an effec-
tive approach to optimize the welding parameters.

5 Conclusion

The refill FSSW experiments for 3.2-mm-thick 2060 alumi-
num alloys were conducted at different plunge depths and
rotation speeds. The formation mechanism of micro-junction
structure and effects of welding parameters on the micro-
junction structure and fracture behavior of refill FSSW joints
were analyzed. The conclusions are as follows.

1. Different filling modes of material in the TMAZ, PAZ,
and SAZ cause the “r-shape” micro-junction structure at
the bottom of the SAZ. The plasticized degree of filling
material and refilling time greatly influence the morphol-
ogies of micro-junction structure.

2. The welding defects such as voids with different sizes,
crack, and kissing bond are easily formed in the micro-
junction structure. These defects are reduced as the plunge
depth increases from 3.4 to 4 mm at the fixed rotation
speed of 2500 rpm. The large-area dispersed voids are
reduced as the rotation speed increases from 2000 to
2500 rpm at the plunge depth of 4 mm.

3. The tensile-shear load of the refill FSSW joint gradually
increases with increasing plunge depth from 3.4 to 4 mm,
and firstly increases and then decreases as the rotation

@ Springer

speed increases from 2000 to 2600 rpm. The maximum
tensile-shear load of 10.64 kN is obtained when the
plunge depth of 4 mm and the rotation speed of
2500 rpm are used.

4. Three failure paths are obtained: first, along the lap inter-
face; second, along the SAZ bottom; and third, along both
of them. The micro-junction structure and the bonding
strength of the lap interface are the main factors to influ-
ence tensile-shear load and the fracture behavior.
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