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Abstract: In this work, 2060 Al-Li alloy was joined by refill friction stir spot welding (RFSSW). The
effects of the tool’s rotating speed and welding time on the microstructure and mechanical properties
of the welded joints were studied. The results showed that joints without defects can be obtained
within a wide range of welding parameters. Tiny voids were formed when using a low rotating
speed of 1600 rpm, and incomplete refilling was obtained when using a short welding time of 1 s.
Increasing the rotating speed from 1600 to 2000 rpm increased the grain size of the stir zone (S5Z).
When using a short welding time of 1 s, the grains of the SZ were not completely broken with high
orientation differences in the grains. Higher hardness was obtained in the SZ when using a lower
rotating speed and shorter welding time. Increasing the rotating speed increased the joint strength,
while short and long welding times decreased the joint strength.

Keywords: refill friction stir spot welding; 2060 Al-Li alloy; tool rotating speed; welding time; grain
size; hardness

1. Introduction

Al alloys have advantages of low densities, high specific strengths, low costs, and
good corrosion resistance. Al alloys serve as an indispensable key structural material in
the global aerospace field [1,2]. In modern aviation industry, Al alloy is one of the most
important materials in an aircraft’s body structure, and it can save about 40% to 70% the
weight of the body structure. Al alloys are widely used in the main bearing frame, beam,
wall panel, skin, and other parts of an aircraft [3]. After nearly 100 years of development,
aviation Al alloy has become a core key supporting material for aerospace. Al-Li alloy
refers to a class of Al alloys with Li element as one of their main alloying elements. Li
element is the least dense metal element with a density of only 0.534 g/cm?. Li element can
reduce the density of Al alloy, improve its elastic modulus, and increase its strength. Al-Li
alloy has the advantages of a high specific strength and a high specific modulus, and it has
become a key material to achieve structural lightweight property [4,5].

The further applications of Al-Li alloys inevitably involve their joining with themselves
or other alloys. However, Al alloys can melt during fusion welding processes, easily causing
defects such as pores, large distortions, high residual stresses, and hot cracks [6,7]. These
defects seriously limit further applications of Al alloys. Fortunately, such problems can
be solved by solid-state joining methods. As a new solid-state joining technology, friction
stir welding (FSW) is very suitable to join Al alloys [8-10]. When joining Al alloys by
FSW, the peak joining temperature is below their melting points [11], and thus, some of
the above-mentioned melting defects can be avoided. Since the invention of FSW, it has
been widely used to join different kinds of Al alloys and many important conclusions have
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been drawn [12-14]. Tiwari et al. [12] joined AA2024 and AA7075 and studied the effect of
different stress ratios on crack growth in the joints. They reported that the highest fatigue
life of 45,000 cycles was observed at R = —0.5, while the lowest of 26,000 cycles was noted
at R = 0.8. Fan et al. [13] used double-sided friction stir spot welding to join 2198-T8 Al
alloy and reported a 47% increase in joint strength compared to the single-sided welding
process. Tang et al. [14] used a synergistically double-sided friction stir welding (SDS-FSW)
to join 6061 Al alloy and found that the joint strength is comparable to the base material
when using 1400 rpm and 600 mm /min.

However, a keyhole is always left in the joint center after FSW [15,16], which signif-
icantly deteriorates the joint strength. To eliminate the keyhole, several methods have
been attempted by researchers [17,18]. In 2003, the refill friction stir spot welding (RESSW)
method was invented by the GKSS [19]. RESSW uses a complicated tool that consists of a
clamping ring, a sleeve, and a pin [20,21]. These three components can move separately.
The keyhole can be eliminated after applying specific movements on these three compo-
nents [22]. In the last several decades, RESSW has attracted wide attention and has been
used to join various kinds of Al alloys [23-28].

So far, few works have used RFSSW to join Al-Li alloy and few valuable conclusions
have been obtained. Therefore, in this work, RESSW was used to join an Al-Li alloy. By
using various tool rotating speeds and welding times, the microstructure and mechanical
properties of the obtained joints were studied. The grain size, microstructure, and texture
evolution in the joints were examined. Then, the mechanical properties of the joints, such
as the hardness and the failure load, were studied. This work provides insights into joining
Al-Li alloys and can promote its wide applications.

2. Experiments

The base metal (BM) is 2060 Al-Li alloy, provided by Northeast light alloy Co. Ltd.
The chemical composition of 2060 alloy is shown in Table 1. The BM has a tensile strength
of 520 MPa. The BM has a dimension of 140 mm x 40 mm x 2 mm (Figure le). The BM
was polished with 500# sandpapers before welding. Lap joint configuration was used in
this work. The lap width was 40 mm. An RFSSW machine named RPS100SK10, produced
by Beijing FSW Technology Co., Ltd., was used during welding. The RFSSW tool consisted
of three parts: a sleeve, a pin, and a clamping ring. The sleeve and pin were threaded to
enhance the material flow behavior (Figure 1e). Three tool rotating speeds of 1600 rpm,
1800 rpm, and 2000 rpm were used. The plunging depth of 2.2 mm was used. Different
welding times of 15,2 s, and 4 s were used. The welding process is shown in Figure 1.

Table 1. Chemical composition of 2060 Al-Li alloy (weight %).

Alloy

Li Fe Mn Mg Zn Si Ag Al

2060 3.56

0.72 0.026 0.3 0.72 0.34 0.025 0.086 Bal.

After welding, the joints were cut through their centers to fabricate metallographic
samples. The cross sections of the joints were observed after polishing and etching. The
grains at different regions of the joint were studied on a Zeiss scanning electron microscope
(SEM, Carl Zeiss AG) equipped with electron back-scattered diffraction (EBSD) detectors.
The hardness was tested on an HVS-1000 (Beijing Time High Technology Ltd.) machine.
The testing force was 200 g, and the holding time was 10 s. Lap shear failure loads of the
joints were tested on an AG-X Plus 250 kN /50 kN electronic universal tensile test machine
(Shimadzu Corporation, Japan) using a speed of 3 mm/min. No less than three samples
were tested for each parameter.
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Figure 1. Joint configuration and welding process: (a) preheating, (b) sleeve plunging, (c) sleeve
retracting, (d) tool removing, (e) joint configuration, (f) tool, and (g) schematic of tensile test.

3. Results and Discussions
3.1. Cross-Sections of the Joints

Figure 2 shows the cross-sections of the joints using different rotating speeds. Figure 2a
shows the joint cross-section using 1600 rpm. The Al-Li alloys of the upper and lower
sheets mix well with each other after undergoing the stirring action of the tool. No obvious
variation is observed on the three joints when increasing the rotating speed. A tiny void
with a size of approximately 50 pm is obtained when using low rotating speed of 1600 rpm,
as shown in Figure 2d. The void can be attributed to an insufficient-material-flow behavior.
Similar to the traditional FSW joint, the joint can be divided into a stir zone (SZ), heat-
affected zone (HAZ), thermo-mechanically affected zone (TMAZ), and BM, as shown in
Figure 2a. The grains inside these different regions show different morphologies, sizes, and
orientations, which are subsequently discussed.

I'mm

1 mm

Figure 2. Cross-section of the joint using (a) 1600 rpm, (b) 1800 rpm, and (c) 2000 rpm; (d) voids in
the joint using 1600 rpm. The joint can be divided into a stir zone (SZ), heat-affected zone (HAZ),
thermo-mechanically affected zone (TMAZ), and base material (BM).
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3.2. Microstructure at Different Regions of the Joint

Figure 3 shows the microstructure at different regions of the joint. The joint was joined
using a rotating speed of 1600 rpm. Figure 3a shows the inverse pole figure (IPF) of the
TMAZ and HAZ. The grains show bending morphologies in the TMAZ, which are formed
due to the plunging of the tool. The grains near the SZ in the left region of the image
have small sizes because they are broken by the tool stirring. The grains of the HAZ show
obvious changes compared with the TMAZ. Figure 3b shows the IPF image of the grains at
the BM. The grains are long and large because the sheet is rolled. Some grains have sizes
larger than 200 um. Figure 3c shows the IPF of the grains in the SZ. Due to the intense
mechanical stirring action caused by the tool, the grains in the SZ have very small sizes.
The EBSD result shows that the grains have an average size of 9.67 um.

Figure 3. IPF image of (a) TMAZ and HAZ, (b) BM, and (c) SZ.

Figure 4 shows the misorientation distributions in different regions of the joint.
Figure 4a shows the misorientation distribution in the TMAZ. Numerous low-angle bound-
aries (LABs) are observed, and they make up about 33.0%. Such a high value can be
attributed to the inadequate breakage of the grains caused by the inadequate mechanical
stirring action. Figure 4b shows the misorientation distribution of the BM. By contrast, the
high angle boundaries (HABs) have a much higher ratio of 81.9% than the TMAZ (67.0%).
Figure 4c shows the misorientation distribution in the SZ, which has a LABs ratio of 27.9%.
This can be attributed to the fact that the SZ undergoes a more intense mechanical stirring
action exerted by the rotating tool compared with the TMAZ.

Volume [raction
Volume fraction

0 10 20 30 40 50 60
Misorientation (8) Misorientation (6)
0.1

()

Volume fraction

0 10 20 30 40 50 60

Misorientation (6)

Figure 4. Misorientation distribution in the (a) TMAZ, (b) BM, and (c) SZ.
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Figure 5 shows the pole figures (PFs) at different regions of the joint. Figure 5a shows
the PF of the TMAZ and HAZ. The result shows that the grains here have a preferred
orientation of <100>//TD. Figure 5b shows the PF of the BM, which shows preferred
orientations of <100>//RD and <111>//RD. The PF of the SZ in Figure 5c shows that the
SZ has a similar preferred orientation with the BM but has a lower multiple of uniform
distribution (mud) value.

nnnnnnnn {100} {110} {111}

106) - s

Aluminium - {100) {110y {111}

Figure 5. PF image of (a) TMAZ, (b) BM, and (c) SZ.

3.3. Effect of Rotating Speed on the Microstructure of the Joint

Figure 6 shows the microstructure of the joint using other welding parameters. Figure 6a
shows the IPF of the joint’s SZ using a rotating speed of 1800 rpm. Similar to the SZ taken
from the joint using 1600 rpm, very fine grains are observed in the SZ. The EBSD result
shows that the average grain size under such a condition is 9.78 um, which is slightly
larger than those shown in Figure 3c. Such a result can be attributed to the fact that more
heat input causes the grain’s coarseness when using a higher rotating speed. A similar
condition is obtained when using a higher rotating speed. Figure 6¢ shows the IPF of the
SZ taken from the joint using a rotating speed of 2000 rpm. The EBSD result shows that the
average grain size is 10.75 pm, which is larger than those grains obtained using 1600 rpm
and 1800 rpm.

Figure 6b shows the PF of the grains using a rotating speed of 1800 rpm. The grains
show no obvious texture under such a condition. The mud shows a low value of 3.12.
A similar condition is obtained on the joint using 2000 rpm. As shown in Figure 6d, no
obvious texture is observed, and the mud also has a low value of 3.0. Figure 6e shows the
misorientation distributions using rotating speeds of 1800 rpm and 2000 rpm. The LABs
have ratios of 20% and 30%, respectively. The lower value when using a rotating speed of
2000 rpm shown in Figure 6d shows that higher frictional heat can decrease the LABs.
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Figure 6. Microstructure of the SZ: (a) IPF image of the SZ taken from the joint using 1800 rpm and its
(b) PF and misorientation distribution (c); (d) IPF image of the SZ taken from the joint using 2000 rpm
and its (e) PF and misorientation distribution (f).

3.4. Effect of Welding Time on the Microstructure of the Joint

Figure 7 shows the microstructure of the joint using a short welding time of 1 s. Worth
mentioning is that the cross-section morphology is taken after etching with Keller’s reagent
for 20 s (1% HEF, 1.5% HCL, 2.5% HNOj3, and 95% H,0O). As shown in Figure 7a, a large
incomplete refilling defect is observed on the two sides of the joint. This defect has a size
larger than 1 mm. Also, voids with small sizes are observed at the maximum plunge depth
region. This can be attributed to the incomplete material flow behavior caused by a short
welding time. Such a result can also be proven by the microstructure in the SZ. Figure 7c
shows the IPF image at the center of the joint. The result shows that very large grains are
observed in this region. The material in this region is not completely broken by the stirring
action of the tool. Figure 7b shows the PF of the grains in this region. The result shows that
the grain in such a region has a high mud value of 8.97. Also, these grains have no obvious
texture, only forming a weak preferred orientation of <111>//ND with a rotation of 30°.
The grain type distribution inside this region is shown in Figure 7d, and the result shows
that most of the grains are deformed grains. Figure 7f shows that the deformed grains
have a high ratio of 83.3%. The misorientation distribution inside this region is shown in
Figure 7e. The result shows that this region has a very high LAB ratio of 89%, which is
very close to that of the TMAZ. This is because the grains here undergo an incomplete
mechanical stirring effect and are not completely broken. Therefore, numerous dislocations
form in such a region and then form LABs.
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Figure 7. Microstructure of the joint using a short joining time of 1 s: (a) joint cross section,
(b) PF image of the SZ, (c) IPF of the SZ, (d) grain type, (e) misorientation distribution, and
(f) grain type ratio.

Figure 7c shows that when using a low welding time, not only some defects like
incomplete refilling appear, but also the grains inside the SZ are not completely broken.
Here, we tested the orientation difference inside the grains of the SZ. Figure 8a shows the
testing positions. As shown in Figure 8a, although the grains are not completely broken,
different orientations exist in different regions. The orientation variations inside different
grains were tested, and the results are shown in Figure 8b. From Figure 8b, we can see that
large orientation differences were obtained inside the long grains. A high difference of over
10° was even obtained. Moreover, the orientation at some specific points was also tested.
As shown in Figure 8¢, four different values were obtained inside one grain.

To illustrate the large orientation differences of the grain in the SZ using a short
welding time, we also tested the orientation in other regions of the joint. Figure 9a shows
the orientation difference inside the three grains of the BM. The results show that the
orientation differences are very low inside the BM. The orientation differences inside the SZ
are shown in Figure 9b. Similarly, quite low orientation differences were obtained, which
can be attributed to the complete break and recrystallization of the grains in the SZ.
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Figure 8. The large orientation difference inside the stir zone: (a) testing region, (b) orientation
difference inside different grains, (c) orientation at different points.
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Figure 9. Orientation within one grain of (a) BM and (b) SZ of the joint in Figure 2c.

3.5. Hardness of the Joints

Figure 10 shows the hardness of the joints using different welding parameters. Figure 10a
shows the hardness of the joint using different rotating speeds. The result shows that
the Al-Li alloy substrate has a hardness value of approximately 105 HV. The SZ formed
using a rotating speed of 2000 rpm had an almost-equal hardness compared with the BM.
Decreasing the rotating speed from 2000 rpm to 1600 rpm could decrease the grain size
in the SZ, as shown in Figure 5. Thus, the hardness of the SZ shows a slight increase.
As shown in Figure 10a, a high hardness value of approximately 120 HV was obtained
when using a rotating speed of 1600 rpm. Figure 10b shows the hardness of the joint using
different welding times. In general, the joint using a welding time of 4 s has the lowest
hardness. This can be attributed to the higher heat input caused by the longer welding
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time. The joint welded using a rotating speed of 1 s has a higher hardness value, which can
be attributed to the lowest softness of the joint.

(b)
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Figure 10. Hardness of the joints in the upper SZ using (a) different rotating speeds and (b) different
welding times.

3.6. Tensile Properties of the Joints

Figure 11a shows the lap shear failure load of the joint. We can see that the tiny void
formed in the joint bottom hardly affects the joint strength. This can be attributed to the fact
that the failure crack (Figure 11b) does not propagate through the void. The joint strength
still shows a slight increase with the increase in the rotating speed to 2000 rpm. This may be
because the material mixing becomes better at higher rotating speeds. The grain size and
the hardness have little influence on the joint strength. As shown in Figure 6a, large-defect
of incomplete refilling is observed when using a welding time of 1 s. Under this condition,
the joint has a low strength of 5.9 kN. The joint strength significantly increases and then
becomes stable when using long welding times of 2 s and 4 s. Such a result shows that the
welding time has a more significant effect on the joint strength than the rotating speed.

(a) _

Lap shear failure load (kN)

1600 1800 2000 | 2 4
Rotating speed (rpm) Welding time (s)

(b)

Figure 11. Tensile properties of the joints: (a) failure loads of the joints and (b) fracture position.



Metals 2024, 14, 1383 10 of 11

4. Conclusions

In this work, the RFSSW method was used to join an Al-Li alloy. The effects of the
tool’s rotating speed and welding time on the microstructure of the joints were studied.
The grains of the joints were studied by EBSD; the hardness and lap shear failure of the
joint were also studied. The following conclusions can be drawn:

1.  Thejoints show similar morphologies with changing rotating speed. A tiny void is
obtained when using a low rotating speed of 1600 rpm.

2. Increasing the rotating speed causes the coarseness of the grains in the SZ due to the
increased heat input. The grains in the SZ are not completely broken when using a
short welding time of 1 s. Although not completely broken, the long grains in the SZ
show different orientations in different regions inside one grain.

3.  Both a low rotating speed and a short welding time cause an increase in the hardness
of the joint. Increasing the rotating speed results in a slight increase in the failure load
of the joint. The failure strength of the joint first increases and then decreases with
an increase in the welding time. A maximum failure load of 7.9 kN is obtained when
using a welding time of 2 s.
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