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Abstract: AA6061 and AA7075 aluminum alloys were successfully joined by using single-pass and
multiple-pass friction stir welding techniques after which the effects on the nugget zone evolution
from a second overlapping pass and its welding direction, were investigated. In comparison to
single-pass friction stir welding, the application of a second overlapping pass prolonged the dynamic
recrystallization time, and the grains of the nugget zone became finer with increased high angle grain
boundaries. Moreover, reversing the welding direction of the second overlapping pass enhanced the
vertical flow of materials, increasing the strain of the friction stir welding in the nugget zone. As a
result, the efficiency of the grain refinement and mixture of dissimilar materials during the second
overlapping pass were significantly elevated. The tensile strength of the nugget zone was improved
after the second overlapping pass due to both the grain refinement and mechanical interlocking of
the AA6061/AA7075 alloys. The nugget zone, which was fabricated via the multiple-pass friction stir
welding technique using an opposite welding direction, exhibited a 23% increase in yield strength as
compared to the sample using the single-pass friction stir welding technique.

Keywords: friction stir welding; multiple-pass; welding direction; dissimilar aluminum alloys;

microstructure and mechanical properties

1. Introduction

Friction stir welding (FSW) is a solid-state joining technique which was developed
by The Welding Institute (TWI) in 1991 [1-3]. During FSW, the melting of the base metal
(BM) does not occur with the BM being joined below the melting point, and as a result, the
problems (e.g., porosity and liquation cracking) caused by conventional fusion welding
can be avoided [4]. This attribute leads to FSW being widely applied in joining aluminum
alloys [5]. In fact, it has been reported that single-pass FSW requires a careful selection of
welding parameters as improper welding parameters give rise to the formation of defects
(such as cavity, tunnel and kissing bond defects) [6,7]. Recently, multiple-pass FSW was
proposed to broaden the selection of welding parameters, because the employment of a
subsequent overlapping pass was proved to be effective for repairing defective joints [8].
Some researchers have performed multiple-pass FSW on aluminum alloys and found that,
except for the defect repairing effect, the microstructures and mechanical properties of the
nugget zone (NZ) might also be varied during the subsequent overlapping pass [9-12].

Cui et al. [9] utilized multiple-pass FSW to modify the characteristics of Al-Si-Mg
casting (A356) and stated that, in comparison to single-pass FSW, the application of a
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subsequent overlapping pass exhibited a more obvious advantage in the microstruc-
ture refinement process and the enhancement of properties in the NZ. Similarly, Murib-
wathoho et al. [10] fabricated AA1050/AA6082 joints via multiple-pass FSW, detecting
that the grains of the NZ became smaller and that the NZ was strengthened during the
subsequent overlapping pass. The above results show a positive effect of multiple-pass
FSW on the NZ evolution; however, some contradictory data in the literature can also be
found. For instance, El-Rayes et al. [11] observed that multiple-pass FSW led to an increase
in the grain size of AA6082, and that the accumulated heat input of a subsequent overlap-
ping pass softened the NZ. Additionally, Brown et al. [12] friction stir welded AA7050 and
demonstrated that both the microstructural morphology and hardness of the NZ remained
essentially unchanged during the subsequent overlapping pass. In summary, there is still
no agreement on multiple-pass FSW behavior, and thus further research is required.

As to the FSW of dissimilar aluminum alloys, apart from the traditional welding pa-
rameters (i.e., welding /rotational speed and the plunge depth of the stir tool), the welding
direction also plays an important role in the NZ evolution. For example, Msomi et al. [13]
friction stir welded AA1050 and AA6082 using different welding directions and stated that
in comparison to FSW using AA1050 on the advancing side (AS), reversing the welding di-
rection (namely, FSW using AA6082 on the AS) was beneficial for both grain refinement and
increased hardness of the NZ. Thus, it can be inferred that during multiple-pass FSW, the
welding direction of the subsequent overlapping pass may also affect the microstructural
and mechanical characteristics of the NZ; however, research on this topic is scarce.

In the present study, dissimilar AA6061 and AA7075 alloys were first joined by using
single-pass FSW, and then a second overlapping pass using both the same and opposite
welding directions was conducted. The influences of both the second overlapping pass
and its welding direction on the NZ evolution were investigated, aiming to reveal the
multiple-pass FSW behavior in depth.

2. Materials and Methods

Cold-rolled AA6061 and AA7075 sheets of 2 mm thickness were selected as the BM and
all aluminum sheets were artificially aged. The chemical compositions of the AA6061 and
AA7075 alloys are listed in Table 1. The schematic diagrams of single-pass and multiple-
pass FSW are drawn as shown in Figure 1. The AA6061 (placed on the AS) and AA7075
were first friction stir welded using a single-pass (namely, the first pass shown in Figure 1a),
then a second overlapping pass was conducted with the welding direction of the second
overlapping pass being the same as (Figure 1b) or opposite to (Figure 1c) the first pass. The
length of the first pass was 250 mm while that of second overlapping pass was 200 mm.
In this work, the sample fabricated by the single-pass FSW is denoted as S-1, while those
fabricated by the multiple-pass FSW using both the same and opposite welding directions
are denoted as S-2 and S-3, respectively. An H13 stir tool was employed for the single-pass
and multiple-pass FSW. The shoulder was concave with a 10 mm diameter and the pin
was conical with a 1.75 mm length (the root/head diameter of the pin was 4 mm/3.6 mm,
respectively), and the schematic diagram of this stir tool is shown in Figure 2. All the
FSW passes were performed under the same welding conditions, and the detailed welding
parameters are illustrated in Table 2.

Table 1. Chemical compositions (wt. %) of the studied AA6061 and AA7075 alloys.

Mg Si Cu Mn Fe Cr Al

AA6061
1.11 0.65 0.19 0.22 0.69 0.28 Bal
Mg Cu Mn Fe Cr Al

AA7075

5.72 2.36 1.65 0.22 0.31 0.24 Bal
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Figure 1. The schematic diagrams of (a) single-pass FSW; multiple-pass FSW with (b) the same and
(c) the opposite welding direction.
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Figure 2. The schematic diagram of the stir tool used in this work.

Table 2. Experimental welding parameters for single-pass and multiple-pass FSW.

Sample Rotational Welding Plunge Tilt Pass Direction of
P Speed Speed Depth Angle Number Second Pass

5-1 1200 rpm 200 mm/min 0.2 mm 2.5° 1 -
52 1200rpm 200 mm/min 02 mm 2.5° 2 Same as the

first pass
. o Opposite to
S-3 1200 rpm 200 mm/min 0.2 mm 2.5 2 .

the first pass

The microstructural characteristics in the NZ of the single-pass and multiple-pass
FSW joints were analyzed systematically. The morphologies of grains were observed
using optical microscopy (OM, Olympus equipment: DSX-500, Tokyo, Japan) and electron
back-scattered diffraction (EBSD, FEI equipment: Quanta-600, Portland, OR, USA). Mean-
while, the distribution of elements and precipitates and/or particles were detected using
scanning electron microscopy (SEM, FEI equipment: Quanta-600, Portland, OR, USA) and
transmission electron microscopy (TEM, FEI equipment: Tecnai-G20, Portland, OR, USA).
The samples for the OM, SEM, and TEM were cut in the middle section of the NZ. The OM
and SEM samples were first mechanically polished and then etched with Keller’s reagent
for 15 to 30 s (HF: 2 mL, HCL: 3 mL, HNO3: 5 mL and H,O: 190 mL). The TEM foils were
jet electro-polished at —25 °C using a nitric acid-methanol solution (HNOj3: 350 mL and
CH3OH: 150 mL). The EBSD surfaces were electro-polished with a perchloric acid—ethanol
solution (HCLOy: 50 mL and C,H50H: 450 mL), and a 0.3 pm scanning step of the EBSD
was utilized, with the low-angle grain boundaries (LAGBs, 2° < 6 < 15°) marked as grey
lines while the high-angle grain boundaries (HAGBs, 0 > 15°) were marked as black lines.
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The mechanical properties of the NZ fabricated via single-pass and multiple-pass FSW
were assessed using the Vickers hardness and tensile test. Vickers hardness testing was
carried out along the centerline of the cross-section of the FSW joint, and the loading force,
dwelling time and interval of testing point were 50 gf, 5 s and 0.5 mm, respectively. For the
tensile test, the strain rate was maintained at 1 x 1073 s~1, and the tensile strength of each
sample was tested three times to obtain an average measurement. The tensile specimens
were machined parallel to the welding direction inside the NZ, with a dimension of 20 mm
in gauge length and 4 mm in gauge width.

3. Results and Discussion

Figure 3 exhibits the initial microstructures of the BM. Due to the cold-rolling deforma-
tion, the coarse grains of the AA6061/AA7075 alloys were elongated (Figure 3a,b), while
numerous dislocations were also introduced into the aluminum matrix (Figure 3e,f). In ad-
dition, the artificial aging process contributed to the precipitation and thus, a high amount
of nanoscale precipitates were observed (Figure 3c,d). For the AA6061 (i.e., 6000 series alu-
minum alloy), the nanoscale precipitates were the needle B’ (3”)-Mg,Si phase [14,15], while
those for the AA7075 (i.e., 7000 series aluminum alloy) were the spherical i (n')-MgZn,
phase [16-18]. The existence of the above fine phases led to a high level of precipitation
strengthening in the BM.

Figure 3. The microstructures of the initial BM: the grain morphology of (a) AA6061 and (b) AA7075;
the precipitate distribution of (c) AA6061 and (d) AA7075; the dislocation characteristics of (e) AA6061
and (f) AA7075. (The TEM was observed using the bright field mode).

The cross-sections of the single-pass and multiple-pass FSW joints are shown in
Figure 4, where the AA6061 and AA7075 alloys were successfully joined and the macrostruc-
ture of the NZ varied dependent on the welding conditions. An “onion ring” is a typical
feather of FSW [19]; however, no “onion ring” was found in the NZ for the S-1 sam-
ple (Figure 4a) and the AA6061/AA7075 boundary was relatively smooth (Figure 5a),
indicating that the mixing of dissimilar materials during the single-pass FSW was insuf-
ficient [20-22]. In practice, the formation of an “onion ring” is related to the material
flow [22-24]; if the materials cannot move around the tool for more than one revolution,
then the mixture of materials is insufficient and the formation of an “onion ring” can be in-
hibited. By contrast, in this study the application of a second overlapping pass contributed
to the mixing of the dissimilar materials and as a result, a distinct “onion ring” formed in
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the NZ of the S-2 and S-3 samples (Figure 4b,c), and the AA6061/AA7075 boundary in the
“onion ring” also became tangled (Figure 5b,c).

S-1 sample

AATOTS

S-2 sample

Onion ring

S-3 sample

et

i

Figure 4. The cross-sections of dissimilar AA6061/AA7075 joints fabricated via (a) single-pass FSW,
and multiple-pass FSW using (b) the same and (c) the opposite welding direction.

Figure 5. The AA6061/AA7075 boundary in the “onion ring” of (a) S-1, (b) S-2 and (c) S-3 samples
observed by OM; the relative position of AA6061/AA7075 in (d) S-1, (e) S-2 and (f) S-3 samples
detected by SEM.

Apart from analyzing the mixture of dissimilar materials, the distribution of the Zn,
Mg and Cu elements was also scanned to illustrate the location of the AA6061/AA7075
alloys. For the S-1 and S-2 samples, the AA6061 was mainly located in the lower part of the
NZ (Figure 5d,e), but by contrast, the AA6061 moved upward in the S-3 sample (Figure 5f).
Based on results from our previous studies [21,22], the materials on the AS rotated around
the stir tool and flowed downward to the retreating side (RS), therefore, the lower part
of the NZ was occupied by the AA6061 after the single-pass FSW. As for the S-2 sample,
the pattern of material flow remained unchanged due to the same welding direction being
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employed, hence, the relative position of the AA6061/AA7075 alloys was stable during
the second overlapping pass. In comparison, the opposite welding direction used in the
S-3 sample converted the AA7075 from the RS to the AS, the AA7075 flowed downward
and pushed the AA6061 upward during the second overlapping pass, changing the relative
position of the AA6061/AA7075.

The morphologies of the grains in the NZ were detected using the EBSD technique,
and in comparison to the coarse and elongated grains of the initial BM, the grains in the
NZ for the S-1 sample were fine and equiaxed (Figure 6a,b). In addition, the difference
in the grain size between the AA6061 and AA7075 was not significant (no more than
0.2 um), which indicates that the grain uniformity of the NZ was relatively high. Due to
the application of a second overlapping pass, the grains in the NZ became finer in the S-2
and S-3 samples (Figure 6¢—f). It is known that the heat input and plastic deformation
caused by FSW contributes to the occurrence of dynamic recrystallization (DRX) [25-27],
and that DRX not only leads to a refinement of grains but also to an increase of HAGBs [28].
Consequently, after single-pass FSW in this study, the grains in the NZ became finer
(4.2/4.0 pm) and the fraction of the HAGBs reached 78% (Figure 7). Compared to the S-1
sample, the application of a second overlapping pass prolonged the DRX time and the DRX
became sufficient. Sufficient DRX enhanced the grain refinement further, while the fraction
of HAGBs increased to 81% in the S-2 sample and 89% in the 5-3 sample.

Figure 6. The grain morphologies in the NZ of (a) AA6061 and (b) AA7075 for the S-1 sample; (c)
AA6061 and (d) AA7075 for the S-2 sample; (e) AA6061 and (f) AA7075 for the S-3 sample.

100

[ ]AAs061
[1aa707s
20
S 0,
® 89% [Toeon
[==]
-
= 81%
=] 0,
= 78% | 8% L
2
g
& 70k
60
-1 s-2 s-3

Samples

Figure 7. The fraction of high angle grain boundaries (HAGBs) of the NZ for single-pass and
multiple-pass FSW samples.
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It was also interesting to observe that reversing the welding direction of the second
overlapping pass affected the efficiency of the grain refinement effect, with the grains of
the 5-3 sample (2.1/2.3 um) being much smaller than those of the S-2 sample (3.4/3.5 pm).
In general, the grain size of the NZ is controlled by both the FSW temperature and strain
rate [29], and fine grains form at a low temperature when combined with a high strain rate.
In the present work, a similar temperature of all the FSW passes was maintained due to
the constant welding parameters that were used, and thus the FSW strain rate may be the
key factor in the grain refinement results. The material flow during the FSW process can
be divided into a horizontal flow and vertical flow [30]. The horizontal flow induces the
materials’ transfer from the AS to the RS (or from the RS to the AS), and the vertical flow
leads the materials to flow upward (or downward). Under the coupled impacts of both
horizontal and vertical flow, in this study the AA6061 on the AS moved downward to the
RS and the AA7075 filled the cavity left on the AS (Figures 4a and 5d) for the S-1 sample.
The relative position of the AA6061/AA7075 in the S-2 sample was similar to that in the
S-1 sample, and only a small amount of AA7075 (which filled the AS during the first pass)
flowed downward (Figures 4b and 5e). This illustrates that the vertical flow during the
second overlapping pass was relatively weak, and that the FSW strain rate used in the
S-2 sample was mainly caused by the horizontal flow. By contrast, the vertical flow of the
S-3 sample was significant, where the AA7075 moved downward and took the place of
the AA6061 during the second overlapping pass. This implies that reversing the welding
direction of the second overlapping pass enhanced the vertical flow, and that the enhanced
vertical flow increased the FSW strain in the S-3 sample. Therefore, the grain refinement
process observed in the 5-3 sample was more effective than that in the 5-2 sample. The
enhanced vertical flow also promoted the mixing of dissimilar materials in the NZ, except
for the formation of an “onion ring”, where some clamped regions were detected at the
AA6061/AA7075 boundary of the 5-3 sample (as shown in Figures 4c and 5f).

Figure 8 shows the morphologies of the NZ observed by the TEM. For the S-1 sample,
the density of dislocations in the NZ reduced dramatically due to the occurrence of DRX,
and furthermore, the initial fine precipitates disappeared. The melting points of the fine
precipitates (i.e., Mg,Si and MgZn,) were much lower than the FSW temperature [31,32],
and thus most precipitates were dissolved during the single-pass FSW (Figure 8a,b). The
heat input of the second overlapping pass was similar to that of the single-pass FSW which
was also high enough for dissolving the Mg,Si and MgZn,, and therefore, the amount of
precipitates remained small in the S-2 and S-3 samples (Figure 8c—f).

Figure 8. The TEM images in the NZ of (a) AA6061 and (b) AA7075 for the S-1 sample; (c) AA6061
and (d) AA7075 for the S-2 sample; (e) AA6061 and (f) AA7075 for the S-3 sample. (The TEM was
observed using the bright field mode).

Aside from the dislocation decrease and precipitate dissolution, some rod and round
particles remained in the aluminum matrix (Figure 9), and energy dispersive X-ray spec-
troscopy (EDS, FEI equipment: Quanta-600, Portland, OR, USA) was carried out to analyze
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the compositions. The remaining particles in the AA6061 were mainly in the Al-(FeCrMn)-
Si phase (Figure 9a) while those in the AA7075 were in the Al-Cu-Fe phase (Figure 9b),
and these particles were difficult to dissolve during the FSW on account of their high
melting points [33-35]. It should be noted that the average size of the above particles was
fine enough (less than 500 nm) after the single-pass FSW and that they were unable to
be broken down further by the mechanical stirring of the second overlapping pass [6].
Overall, the influences of multiple-pass FSW on the evolution of dislocations, precipitates
and remaining particles were minimal.

Al{(FeCrMn)-Si 3 Al-Fe-Cu
Elements Weight% . Elements Weight%
8.1 Al L1
209 : | Fe 274
| cn 115

Crl St Mn g,
¥ Sy f 200 nm
Figure 9. The EDS results of remaining particles in the NZ of (a) AA6061 and (b) AA7075 for the S-1

sample. (The TEM was observed using the bright field mode).

Another interesting phenomenon was detected under observation using Kernel aver-
age misorientation (KAM), as shown in Figure 10. The distribution of the Al-(FeCrMn)-5i
and Al-Cu-Fe phases were relatively random in the matrix, while some remaining coarse
precipitates could also be found on the grain boundary (the white color regions in the KAM
image). References [36-38] reported that the grain boundary was the preferential position
of Mg,Si and MgZn, particles, and thus some precipitates may re-precipitate on the grain
boundary and become coarsened during the cooling period of FSW, however, the amount
of re-precipitation is limited.

& RI040K6N 1 13041018 3 23041608 3 003040688 1 13041618 3 33343830
[ - _— -

Figure 10. Kernel average misorientation micrograph and its corresponding histogram in the NZ
of (a) AA6061 and (b) AA7075 for the S-1 sample; (c) AA6061 and (d) AA7075 for the S-2 sample;
(e) AA6061 and (f) AA7075 for the S-3 sample.

The Vickers hardness profiles of the single-pass and multiple-pass FSW joints are
shown in Figure 11a, showing that the hardness profiles were asymmetric due to the
different mechanical properties between the AA6061 and AA7075 alloys. Compared with
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the initial BM, the NZ was softened despite the significant grain refinement. During
the FSW, the precipitation and dislocation strengthening effect was reduced due to the
decreased number of dislocations and precipitates. Furthermore, the above loss in strength
cannot be offset by the grain refinement [39-41], decreasing the hardness of the NZ. In
contrast to the S-1 sample, the hardness of the NZ slightly increased after the second
overlapping pass, which mainly arose as a result of the finer grains in the 5-2/5-3 sample.
Figure 11b shows the tensile properties of the NZ fabricated via the single-pass and
multiple-pass FSW, and similar to the results for hardness, the NZ was enhanced after
a second overlapping pass. Compared with the S-1 sample, the yield strength (YS) was
elevated from 226 MPa to 235 and 277 MPa for the S-2 and S-3 samples, respectively,
while a 3% and 7% increase in ultimate tensile strength (UTS) was also observed in the S-2
and S-3 samples, respectively. The strengthening of the S-2 and S-3 samples is attributed
to not only the grain refinement but also to the mixture of dissimilar materials in the
AA6061/AA7075 alloys. It has already been reported that the mixing of the dissimilar
materials induced additional mechanical interlocking, which was beneficial for increasing
the tensile strength [42]. Reversing the welding direction of the second overlapping pass
improved the efficiency of the grain refinement and the dissimilar materials mixture further,
and as a consequence, the S-3 sample exhibited the highest tensile strength among all the
FSW samples.

200 400
a St AAT075 b L
——S-2 UTS -
S . 363
160 |
339
= 328
i é 300
=0
i H 277
:=a 120 | <
t 2 =
2 £ oLl 226 235
E ool
&0 [ AAGD61
40 100

. L ) . ) . )
-12 -8 -6 -3 0 3 6 9 12 51 s2 53

Distance from the centerline, mm Samples

Figure 11. The results of (a) Vickers hardness and (b) tensile strength of the single-pass and multiple-
pass FSW samples.

4. Conclusions

AA6061 and AA7075 alloys were joined by using single-pass and multiple-pass FSW
techniques, then the impacts of a second overlapping pass and its welding direction, on
the characteristics of the NZ, were researched and the results are summarized as follows:

(1) Compared with single-pass FSW, the DRX time was prolonged with the application of
a second overlapping pass, and sufficient DRX during the multiple-pass FSW led to
finer grains (20% decrease in average grain size) with increased HAGBs (2% increase
in fraction) in the NZ. Additionally, reversing the welding direction of the second
overlapping pass enhanced the vertical flow of materials, increasing the FSW strain in
the NZ. Consequently, the grain refinement and mixing of dissimilar materials during
the second overlapping pass was significant, with the grains becoming further refined
from 4.2 um to 2.1 pm.

(2) In comparison to the single-pass FSW, the NZ was strengthened after the second
overlapping pass, which was caused by both the grain refinement and the mechanical
interlocking of the AA6061/AA7075. A 3% increase was observed in both yield
strength and ultimate tensile strength. Moreover, the NZ fabricated via the multiple-
pass FSW with an opposite welding direction showed the highest tensile strength
among all FSW samples, and the yield strength and ultimate tensile strength was
increased by more than 50/30 MPa by conducting a second overlapping pass.
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