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Abstract

In the present study, 2219-T87 Al alloy plates, 4 mm in thickness, were subjected to bobbin tool friction stir welding (BT-
FSW) under relatively high welding speeds of 200 and 400 mm/min, with the aim to analyze the effect of welding speeds on
fatigue properties of the joints. The results showed that the tension—tension high-cycle fatigue performance of the BT-FSW
joints at room temperature was significantly enhanced compared to that of other joints of 2xxx series Al alloys counterparts.
Particularly at a high welding speed of 400 mm/min, the fatigue strength of the joint reached 78% of the base material together
with a high tensile strength of 311 MPa. It was found that the joint line remnants had no effects on the fatigue properties of
the BT-FSW joints due to the elimination of root flaws under the action of the lower shoulder. Most of the samples with the
welding speed of 200 mm/min failed at the thermo-mechanical zone (TMAZ) during fatigue tests, attributable to the coars-
ened grains and precipitates, but all of the samples with high welding speed of 400 mm/min randomly failed at the nugget

zone due to the improved hardness value in the TMAZ.

Keywords 2219 Al alloys - Bobbin tool friction stir welding - Microstructure - Fatigue properties

1 Introduction

2xxx series Al alloys, due to their characteristics of light-
weight and high strength, are widely used in aerospace
field especially in aircraft skin, fuel storage tank, and key
structural member. However, for the fusion welding of
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2xxx series Al alloys, the poor solidification microstructure
(branch crystal, segregation) and porosity are unavoidable,
resulting in reduced mechanical properties. Friction stir
welding (FSW), known as a solid-state joining technique,
has been widely used in welding such alloys, because the
above problems in traditional fusion welding can be effec-
tively avoided in FSW joints [1, 2].

However, there are still some problems in the practical
application of FSW. For conventional FSW with a single
shoulder, the rigid backing plate under the workpiece is
indispensable for sustaining the high downforce and pre-
venting the deformation of the workpiece, which limits the
application of conventional FSW in curved and hollow struc-
tures. In order to avoid these problems, bobbin tool friction
stir welding (BT-FSW) is applied because of the particular-
ity of its double-shoulder structure, whose lower shoulder
can effectively provide support component and avoid the
formation of root flaw [3, 4].

During BT-FSW, complex heating and material flow
were generated, resulting in unique microstructure and
mechanical properties of the joints compared with the
conventional FSW process [5]. The cross-sectional macro-
structure of the BT-FSW joints was usually characterized
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by a symmetrically deformed dumbbell shape with uni-
form microstructure, which was related to the sufficient
material flow induced by both the upper and lower shoul-
ders. On the other hand, it is difficult to dissipate heat
from the backing plate because the lower shoulder also
generates a large amount of heat during the BT-FSW pro-
cess [6]. Therefore, the mechanical properties of BT-FSW
joints are mostly lower than those of the conventional FSW
joints due to the severe softening [7]. The joint softening
of 2219 Al alloy was mainly dependent on the precipitate
distribution. The major strengthening precipitates of 2219
Al alloy are 6” and 8’ phases, which are metastable phases
with cubic structures [8, 9]. The excessive heat during
BT-FSW usually caused the dissolution, coarsening, and
reprecipitation of the strengthening precipitates, which
could lead to a significant reduction in joint strength.

In order to improve the mechanical property of BT-FSW
joints, increasing the welding speed is a principal method
to reduce the dissolution or coarsening of the precipitates
according to the conventional FSW of Al alloys [10]. Regret-
tably, the welding speed of BT-FSW was usually no higher
than 150 mm/min in the previous studies [3, 11, 12]. Hence,
investigation on the mechanical properties of the BT-FSW
joints at higher welding speed is necessary and meaningful.

However, the mechanical properties, especially the
fatigue property, of BT-FSW joints with fast welding speed
still remain unclear. Fatigue property is very important in
industrial applications, which is always treated as the final
criterion for the application of a new welding structure. Usu-
ally, the fatigue property of welding structure can be affected
by microstructure and internal defects of the joints. It was
reported that FSW joints had better fatigue performance
compared with conventional fusion welded joints due to the
reduced solidification defects [13]. For a sound FSW joint
of Al alloys without void and tunnel defects, the joint line
remnant (JLR) or the so-called S line is an important charac-
teristic microstructure which can affect the fatigue properties
[14-17].

Actually, the JLR is the oxidation products originating
from the butt surfaces, which are broken and rearranged by
the stirring effect during the welding process [18-20]. The
morphologies of JLRs are most likely a mass of hard oxide
particles [12] which imply that initial interfaces may not be
fully welded [21], causing the earlier crack initiation and
rapid crack propagation during fatigue deformation process.
Zhou et al. [15] reported that for conventional FSW joints,
the JLR caused a reduction for the crack initiation life under
a cyclic loading and shortened the total fatigue life in a large
degree. However, the root flaw is usually connected with the
JLR in their study due to the lack of penetration in conven-
tional FSW, which could be fatal to fatigue performance of
joints as a prior site of crack initiation [22-27]. Jolu et al.
[28] found that root flaws led to a 17% reduction of fatigue
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strength compared with that of the sound joints, even the
FSW joints undergone a weld root polishing.

Obviously, the frequent coexistence between JLRs and
root flaws brings out significant effect on the mechanical
properties of the conventional FSW joints, especially for
the fatigue properties. For the BT-FSW joints, root flaws
can be eliminated due to the existence of the lower shoulder.
In theory, fatigue properties should not be reduced or even
be improved in the BT-FSW joints compared to that of the
conventional FSW joints, even though more heat input was
involved in the BT-FSW process. However, few attentions
were paid to the JLR effect on the fatigue properties of the
BT-FSW joints, especially for the 2xxx series Al alloy joints
with higher welding speeds.

In the study, 2219-T87 Al alloy plates were subjected
to BT-FSW under an optimized rotation rate of 300 r/min
and the relatively high welding speeds of 200 and 400 mm/
min, with the aim to clarify the influence of the JLR on the
high-cycle fatigue (HCF) properties of the BT-FSW joints,
so that to provide a more effective welding method for the
2xxx series Al alloys used in complicated structures.

2 Experimental

4-mm-thickness plates of 2219-T87 Al alloy with a length
of 450 mm and a width of 150 mm were selected as base
material (BM), which were butt BT-FSWed along the rolling
direction, under a constant rotational rate of 300 r/min and
welding speeds of 200 and 400 mm/min, as shown in Fig. 1.
The H13 steel welding tool with both upper and lower shoul-
ders 18 mm in diameter and a cylindrical threaded pin 8 mm
in diameter was selected in this study. The chemical com-
position of the 2219-T87 Al alloy is presented in Table 1.
For the sake of simplicity, the joints under different weld-
ing parameters were expressed in a brief form. For exam-
ple, sample 300-200 denotes that the joint was finished at a

direction

Tensile sample

Fig. 1 Schematic illustration of BT-FSW and the sample locations for
fatigue tests
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Table 1 Chemical composition

Material Chemical composition (wt%)
of 2219-T87 Al alloy
Cu Mn Fe Zr Si Ti Zn Mg Al
2219-T87 Al 6.36 0.30 0.15 0.12 0.05 0.05 0.02 <0.02 Bal

Fig.2 Schematic illustrations of the sample locations for EBSD and
TEM observations

rotational rate of 300 r/min and a welding speed of 200 mm/
min. All the joints were naturally aged at room temperature
for more than 2 months before the microstructural observa-
tion and mechanical tests.

To observe the macrostructure by optical microscopy
(OM), the cross-sectional samples (perpendicular to
the welding direction) of the joints cut by electrical dis-
charge machining were ground (with SiC sandpaper up to
2000 grit), polished, and etched by Keller reagent (2 mL
HF +3 mL HC1+5 mL HNO;+ 190 mL H,0) for 20-30 s.
Furthermore, in order to observe the morphologies of JLRs
more clearly, the cross-sectional samples after mechanical
tests were firstly etched by 2% NaOH solution for 20 min and
then wiped gently with cotton dipped in a 20% nitric acid
solution. The microstructural characterizations were carried
out by electron backscattered diffraction technique (EBSD)
and transmission electron microscopy (TEM), and the sam-
ples were cut from the corresponding locations in the welds
using an electrical discharge machine, as shown in Fig. 2.
EBSD specimens were ground and then electro-polished in a
solution of 10 ml HCIO, and 90 ml C,Hs;OH at 248 K under
a potential of 12 V for 60 s. TEM foils were prepared by
double-jet electrolytic polishing using a solution of 30 ml
HNO; and 70 ml CH,OH at 248 K under a potential of 12 V.

Vickers microhardness was measured on the cross sec-
tion of the joints perpendicular to the welding direction on
a Leco-LM-247AT hardness tester under a load of 500 g
with a holding time of 13 s. The hardness contour maps were
acquired by measuring 3 lines on the cross section with the

Fig.3 Cross-sectional morphologies of BT-FSW 2219-T87 Al alloy
joints under welding speeds of a 200 mm/min, b 400 mm/min

interval of 1 mm between each other. In each line, 47 inden-
tations with 1 mm spacing interval were measured.

The tensile and fatigue samples with a gauge length of
50 mm and a gauge width of 10 mm were machined per-
pendicular to the FSW direction. Uniaxial static tensile tests
were tested using Instron 8801 tester at room temperature
with an initial strain rate of 1073 s~!. The HCF tests were
also conducted on carried the Instron 8801 tester at room
temperature using a sinusoidal load-time function with a
frequency of 30 Hz and a stress ratio of 0.1. All the samples
were ground and polished before fatigue tests. The surface
morphologies of the fractured samples after fatigue tests
were characterized by Quanta-450 scanning electron micros-
copy (SEM).

3 Results and Discussion
3.1 Microstructure and Mechanical Properties

Figure 3 shows the cross-sectional macrostructure of the
BT-FSW 2219-T87 joints under the welding speed of 200
and 400 mm/min, respectively. No porosity or tunnel defects
were observed in the nuggets. Further, it should be noted
that there were no root flaws in both joints due to the action
of the lower shoulder. The cross section of joints can be
divided into three classical subareas according to the mor-
phology differences: nugget zone (NZ), thermo-mechanical
affected zone (TMAZ), and heat-affected zone (HAZ). Dif-
ferent from the conventional FSW joints, a clearly extended
NZ was observed in the BT-FSW joint even at a relatively
high welding speed of 200 mm/min (Fig. 3a), due to the
strong material flow under the effect of the lower shoulder
[29]. In this case, the NZ of the 300-200 sample exhibited
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an approximate rectangle shape and the width of the NZ can
be comparable to the shoulder diameter.

With increasing the welding speed to 400 mm/min, the
width of the NZ was slightly reduced due to the decrease
in the heat input. Besides, the banded structure with dark
and bright bands, well known as the “onion ring” in the
conventional FSW joints [30], was formed in the NZ, as
shown in Fig. 3b. However, due to the co-action of the dou-
ble shoulders, the “onion ring” structure was not complete in
the 300—-400 sample, and distributed at the upper, lower, and
advancing side (AS) parts of the NZ. Usually, the inhomoge-
neity of the “onion ring” structure has no significant effect
on the mechanical properties, such as hardness or tensile
property [31]. Compared with the NZ of conventional FSW,
the disappeared or dispersive “onion ring” structure for the
BT-FSW joints may be more beneficial to the mechanical
properties including the HCF property, and this will be dis-
cussed in the next parts.

Figure 4 shows the EBSD microstructure of the NZ,
TMAZ, and HAZ for each BT-FSW joint under different
welding speeds. From the EBSD microstructure in Fig. 4a
and d, uniform equiaxed grains were obtained in the NZs
of both the BT-FSW joints. Obviously, dynamic recrystal-
lization (DRX) occurred during BT-FSW process, which is
similar to that of the conventional FSW process [32]. As
the welding speed increased from 200 mm/min to 400 mm/
min, the average grain size decreased from 4 to 3 pm in the
NZs. Further, high fractions of high-angle grain boundaries
(HAGBS) of 74% and 70% were achieved in 300-200 and
300-400 joints, respectively.

In the conventional FSW joints, the material in the TMAZ
experienced thermal cycles and plastic deformation and usu-
ally exhibited an elongated a morphology [33]. However,
DRX also occurred in the TMAZ of the 300-200 sample
due to the large heat input from the double shoulders during
the BT-FSW process, and no obvious elongated grains were
observed (Fig. 4b). Compared with the 300-200 sample,
the TMAZ experienced a lower heat input in the 300—400
sample, which was not high enough to induce the DRX,
and therefore, the typical elongated grain morphology was
observed, as shown in Fig. 4e. Different from the NZ and
TMAZ, the HAZ was only suffered from the thermal cycle,
leading to the coarsening of grains and precipitates [34]. The
HAZs of both joints were characterized by the coarse and
elongated grains which was a typical hot-rolled structure, as
shown in Fig. 4c and f. The grains were obviously coarsened
in the 300-200 sample compared with that of the 300—-400
sample, due to the higher heat input under a relatively lower
welding speed.

For precipitation-strengthened Al alloys, the precipi-
tates are changed obviously during the welding process.
It is well accepted that the aging precipitation sequence of
a 2xxx series Al alloy is: SSSS — GP zone — 0 — 6 —
0 [35]. Due to the similar transformation characteristics
of the precipitates in various zones of the conventional
FSW and BT-FSW joints [36], only the precipitate mor-
phologies of 300-200 sample were analyzed in detail via
TEM, as shown in Fig. 5. The BM was characterized by
densely distributed plate-like precipitates with lengths of
100-200 nm (Fig. 5a), which should be the metastable 0

Fig.4 Microstructures of the BT-FSW joints of 300-200 sample: a NZ, b TMAZ, ¢ HAZ; 300400 sample: d NZ, e TMAZ, f HAZ
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Fig.5 Precipitate distribution of a BM and sample 300-200: b NZ, and c TMAZ
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Fig.6 a Microhardness distribution of transverse cross section along
the center lines of BT-FSW joints and 2D hardness contour map
under welding speeds of b 200 mm/min, ¢ 400 mm/min

phase according to the previous investigations [37, 38]. In
the NZ, the plate-like precipitates disappeared and only a
few coarsened precipitates were observed, which exhibited
the typical morphologies of the equilibrium 6 phase [39].
Obviously, most of the precipitates were dissolved into
the Al matrix due to the high temperature in the NZ and
some non-dissolved precipitates were coarsened (Fig. 5a).
Compared to that in NZ, the temperature in the TMAZ was
lower, and thus, the precipitates cannot be dissolved and
still remained the original plate-like morphologies. How-
ever, the precipitates were obviously coarsened, becoming
shorter and wider, as shown in Fig. 5c.

The microhardness distribution maps of the BT-FSW
joints are shown in Fig. 6. Two typical hardness profile
characteristics, the W-shaped (300-200 sample) and the

Table 2 Tensile properties of BM and BT-FSW joints

Sample YS (MPa) UTS (MPa) El (%)

BM 357+4 447 +4 107412
300-200 237+1 301+7 5.1+0.9
300400 240+ 1 31142 7.0+0.2

UTS stands for ultimate tensile strength, YS stands for yield strength,
and El stands for elongation

U-shaped (300-400 sample), were observed along the center
line of the cross section in Fig. 6a. It is clear that obvious
softening appeared in the weld zone compared to that in
the BM with a high hardness value of ~ 137 HV. The lowest
hardness zone (LHZ) was located at the TMAZ of 300-200
sample, and the hardness value was only ~78 HV, as shown
in Fig. 6a and b. The hardness value of the NZ was slightly
higher than that of the TMAZ, and the average hardness
value was about 83 HV (Fig. 6b). The hardness value of the
TMAZ was improved as increasing the welding speed to
400 mm/min, and even higher than that of the NZ. In this
case, the whole NZ became the LHZ, as shown in Fig. 6c.

The hardness discrepancy phenomenon in the TMAZ of
two joints was caused by the different heat inputs under dif-
ferent welding speeds. At a lower welding speed of 200 mm/
min, 300-200 sample experienced a longer thermal history,
resulting in the severe softening in the TMAZ due to the
occurrence of the DRX and obvious precipitates coarsening
(Figs. 4b and 5c). Usually, the hardness value in the TMAZ
and HAZ can be improved as increasing the welding speed,
due to the shortened thermal history [40]. Therefore, the
hardness value was improved in the 300-400 sample under
a higher welding speed of 400 mm/min.

The static tensile properties of the BM and BT-FSW
joints are shown in Table 2. A high ultimate tensile strength
(UTS) of 447 MPa was obtained in the BM. As the weld-
ing speed increasing from 200 to 400 mm/min, the tensile
strength increased from 301 to 311 MPa. Meanwhile, the
tensile fracture location indicated two different failure modes
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for the BT-FSW joints, as shown in Fig. 7. Most samples
failed along the border between the TMAZ and NZ, which
is a regular fracture phenomenon for a FSW joint [41, 42,
42, 43]. However, some samples of the 300-200 joint failed
along the JLR in the NZ (Fig. 7a), resulting in a bigger error
value of the UTS due to the abnormal fracture. Previous
researchers found that the JLR was characterized as a high-
density Al,O; particles formed during FSW [12, 29, 44, 45].
Tao et al. [29] found the conventional FSW joint failed along
the JLR, leading to significantly reduced ductility. Mean-
while, the bonding strength at the JRL of 300-200 joint may
be weakened at a lower welding speed of 200 mm/min, due
to the longer thermal history. Therefore, there should be a
certain competition in the fracture location between JLR and
the border of TMAZ and NZ with similar bonding strength.
However, the bonding strength at the JLR of 300400 joint
can be improved at a higher welding speed of 400 mm/min
due to the shorter thermal history, which inhibits the abnor-
mal fracture at the JRL (Fig. 7b).

3.2 High-Cycle Fatigue Properties

The maximum stress-number of cycles to failure (S-N)
curves of the BM and BT-FSW joints is shown in Fig. 8. The
BM has a relatively high fatigue strength of 140 MPa; how-
ever, the fatigue strength of both the 300-200 and 300—400
joints decreased to 110 MPa (78% of BM). The relationship
between the maximum stress and number of cycles to failure
under the condition of HCF can be fitted by the following
Basquin equation [2, 46—49]:

64 = q;(zj\]}")b

where N; and o, represent fatigue life and applied stress,
respectively. The 6; refers to fatigue strength coefficient,
while b is fatigue strength exponent, which is associated
with the initial microstructure stability.

Usually, the fatigue strength is decided by both of the o-ll
value and b value according to the Basquin equation. From
the fitting lines in Fig. 8 and calculated values in Table 3,

the BM exhibited the highest 0'; value and b value, so a high

Fig.7 Tensile fracture locations of BT-FSW joints under welding
speeds of a 200 mm/min, b 400 mm/min
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fatigue strength of 140 MPa was achieved. The aé value of
300-200 joint slightly decreased compared to that of the
BM, but the b value decreased clearly to —0.176. On the
other hand, a smaller 0'; value (1396 MPa) and a larger b
value (—0.156) were obtained in 300-400 joint compared
to that of the 300-200 joint. Based on the comprehensive
influence of the 6; and b values, the same fatigue strength
of 110 MPa was finally achieved in both BT-FSW joints.
Figure 9 compares the fatigue strength and tensile
strength of the BT-FSW joints in this study with other 2xxx
series Al alloy joints in previous studies [1, 49-53]. In this
study, the fatigue life up to 107 cycles was specified as the
fatigue limit, and some data were derived and calculated
according to the previous results in the literature. It is clear
that the fatigue strength was usually lower than 100 MPa for
the joints of 2xxx series Al alloys [2, 50, 52]. The fatigue
strength of the BT-FSW joints in this study was obviously
higher than those of other 2219 Al alloy joints, including
the conventional FSW joints. Franchim et al. [53] obtained
a FSW joint of 2024 Al alloy with a high fatigue strength
of 112 MPa (estimated from the fatigue data), but its ten-
sile strength was as high as 445 MPa. Therefore, enhanced
fatigue strengths were obtained in the BT-FSW joints of
2219 Al alloy, and the fatigue ratio (fatigue strength/tensile
strength) was as high as 0.365 in 300-200 sample.
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Fig.8 Log—log form stress—fatigue life (S—N) curves for BM and BT-
FSW joints

Table 3 Fatigue properties of BM and BT-FSW joints

Sample Fatigue Fatigue ratio gf’(MPa) b value
strength
(MPa)
BM 140 0.313 1760 —-0.154
300-200 110 0.365 1752 -0.176
300-400 110 0.354 1396 —0.156
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Fig.9 Fatigue strength and tensile strength of various 2xxx series Al
alloy joints [2, 50, 52, 53]

3.3 Fatigue Fracture Behavior

Figure 10 shows the typical morphologies of fracture loca-
tions for the BT-FSW joints under different maximum cyclic
stresses. It is interesting that the fracture behavior of the
fatigue samples was different from that of the tensile sam-
ples. During the HCF tests, no samples failed at the JLR
even for the 300-200 joint whose fracture locations are at
the TMAZ (Fig. 10a) or near the boundary between the NZ
and TMAZ (Fig. 10b). During the fatigue tests, the applied
stress was lower than the tensile strength, especially for the
condition of longer fatigue life. In this case, the bonding

- 300-200-120"MPa
. Nz

2 Toaunn)

strength at the JLR was larger than the applied stress during
the HCF tests, so no preferential fractures occurred at the
JLR. The TMAZ of the 300-200 joint with the lowest hard-
ness values on both AS and RS became the weakest zone and
fractured preferentially under the cyclic stress. As the weld-
ing speed increased to 400 mm/min, the LHZ was located at
the NZ, so the 300-400 samples randomly failed at the NZ
with the lowest hardness values, as shown in Fig. 10c and d.

Figure 11 shows the typical fracture morphologies of the
BM after fatigue test at a maximum stress of 200 MPa. Three
characteristic areas can be observed from Fig. 11a according
to the different morphologies: crack initiation zone (I zone),
stable crack propagation zone (II zone), and final fracture
zones (III zone). It can be seen that the crack initiation zone
was relatively flat due to the repeated friction of fracture sur-
faces (Fig. 11b). After crack initiation, the crack propagated
in the mode of transgranular fracture, and there were a lot
of fatigue striations, river patterns, and cleavage steps in the
crack propagation zone (Fig. 11c). Further, a large number
of secondary cracks perpendicular to the propagation direc-
tion of the main crack were observed, which were condu-
cive to the improvement of fatigue performance. There are
a lot of dimples in the final fracture zone (Fig. 11d), which
belongs to the conventional micropore aggregation fracture.

Figure 12 shows the typical fracture morphologies of the
300-200 joint after fatigue test under a maximum stress of
120 MPa, which fractured at the TMAZ. It is found that the
crack initiation site was at the sample corner, and similar
morphology was achieved in the crack initiation zone to that
of the BM (Fig. 12a and b). Transgranular fracture was also

30040024

Fig. 10 Cross section fracture morphologies of BT-FSW joints under different maximum stress: a 300-200-120 MPa, b 300-200-240 MPa, ¢

300—400-120 MPa, d 300-400-240 MPa
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Fig. 11 Fracture surface morphologies of BM at a maximum stress of 200 MPa: a low magnification overview, b crack initiation zone, ¢ crack
propagation zone, d final fracture zone

Fig. 12 Fracture surface morphology of sample 300-200 at a maximum stress of 120 MPa: a low magnification overview, b crack initiation
zone, ¢ crack propagation zone, d final fracture zone
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the main fracture mode, but the cleavage characteristic was
not obvious compared to that of the BM (Fig. 12c). In the
final fracture zone, dimples were the main fracture morphol-
ogy, but the dimples were more uniform than that of the BM
(Fig. 12d), due to the more equiaxed grains after DRX.

Figure 13 shows the typical fracture morphologies of the
300400 joint after fatigue test under a maximum stress of
120 MPa, which fractured at the NZ. The crack initiation
occurred near the corner of the NZ, and it was composed of
many sugar-like fracture surface (Fig. 13b). The presence of
oxide particles and impurities in the welding process may
lead to crack initiation on the surface of the welded joint
[22]. However, no cluster of oxide particles was observed on
the fracture surface, and the size of the sugar-like structure
was nearly equal to the grain size. Therefore, intergranular
fracture was the main fracture mode in the crack initiation
zone. The crack propagation zone consisted of a large num-
ber of fatigue striations, which are typical fatigue fracture
characteristics of a metal with uniform microstructures
(Fig. 13c). A large number of dimples were formed in the
final fracture zone (Fig. 13d), and the size decreased clearly
compared to that of the 300-200 joint.

The fatigue performance and fracture mechanism of the
Al alloy joint were affected by welding parameters (e.g.,
tool geometry or welding speed), volumetric defects (e.g.,

weld flaws or JLRs), and intrinsic properties (e.g., mate-
rial microstructure characteristics) [54]. Based on the above
results, excellent HCF properties were obtained for both BT-
FSW joints in this study, especially for the 300—400 joint
under a higher welding speed of 400 mm/min which exhib-
ited both high tensile strength and fatigue strength. Most
of the 300-200 fatigue samples failed at the TMAZ during
the HCF test, which is due to the coarsened grains and pre-
cipitates, but all of the 300-400 fatigue samples randomly
failed at the NZ due to the improved hardness value in the
TMAZ. The root flaw is usually connected with JLRs, which
is fatal to the fatigue performance of the FSW joints as a
crack initiation site [22-27]. Due to the unique characteris-
tics of BT-FSW, no root flaws were formed, which usually
appeared in conventional FSW joints. Therefore, the fatigue
crack did not initiate and propagate along the JLR even if
the sample fractured at the NZ, resulting in the excellent
HCF properties.

4 Conclusions

In the present investigation, 4-mm-thickness 2219-T87
Al alloy plates were subjected to BT-FSW under rela-
tively high welding speeds of 200 and 400 mm/min. The

Fig. 13 Fracture surface morphology of sample 300400 at a maximum stress of 120 MPa: a low magnification overview, b crack initiation

zone, ¢ crack propagation zone, d final fracture zone
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microstructures, static mechanical properties, and HCF
properties were carefully analyzed. The main conclusions
can be summarized as follows:

1. No obvious defects were found in the BT-FSW joints,
and finer grain microstructure was obtained in the NZ and
HAZ with increasing the welding speed to 400 mm/min.

2. With increasing the welding speed from 200 to
400 mm/min, the tensile strength of the BT-FSW joints
increased from 301 to 311 MPa. Though some 300-200
tensile samples failed at the JLR, most of the samples failed
at the NZ or the border between NZ and TMAZ.

3. Enhanced fatigue strength of 110 MPa was obtained in
both BT-FSW joints compared to other joints of 2xxx series
Al alloys, which was attributed to the elimination of the root
flaws by the lower shoulder, and the fatigue ratio was as high
as 0.365 for 300-200 joint.

4. The fatigue fracture locations depended on the weld-
ing parameters, and most of the 300-200 samples failed at
the TMAZ during HCF test, which is due to the coarsened
grains and precipitates. However, all of the 300-400 samples
randomly failed at the NZ due to the improved hardness
value in the TMAZ at a higher welding speed.
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