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Abstract

In regard to the non-tool-tilt friction stir welding (NTT-FSW) process, the shoulder concavity has significant effects on the control
of heat generation and material flow, and thus is an important geometrical feature for the tool design. In this paper, three types of
shoulder concavity angles (SCAs), i.e., 0°, 5°, and 10°, were selected to explore the impact of SCA on the NTT-FSW of 5052
aluminum alloy. The results indicate that the increase of SCA lowers the tool axial force, reduces the nugget width, and weakens
the band structure in the nugget. A weakening of shoulder thermal effect occurs from 0° to 5° SCA, leading to an improvement of
the structure-property of the NTT-FSW joint. Further increasing the SCA to 10° causes the generation of the secondary sliding
frictional heat at the interface between the shoulder-driven material and the base material, and thus the shoulder thermal effect
does not show a continuous weakening trend as expected but becomes stronger instead, resulting in the deterioration of the
microstructure evolution and the degradation of the tensile strength of NTT-FSW joint.
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1 Introduction

Friction stir welding (FSW) is a solid state joining process es-
pecially suitable for the high-quality welding of low-melting-
point metals. During FSW, the rotating tool that generally con-
sists of a shoulder and a pin is inserted into the top surface of
workpiece and then moves along the welding line. After that, a
FSW joint is produced [1, 2]. Traditionally, the tilting of the tool
from the normal workpiece against tool travel direction is re-
quired to produce a compressive forging force on the weld and
thus improve the material stirring and nugget integrity [3, 4].
However, the conventional FSW with tool tilting angle is mainly
used to produce linear welds. It has limitations in terms of the
generation of nonlinear welds [5, 6]. In order to meet the re-
quirement of the manufacturing of complex structures with
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nonlinear welds (curved welds or even three-dimensional space
welds), the non-tool-tilt FSW (NTT-FSW) process that allows
the FSW with zero tool tilting angle has been developed and
extensively applied in recent years [3—5].

FSW is a complex thermo-mechanical process. The final
performances of the FSW joint are closely related to the tool
geometries and welding parameters. Because of this, the tool
design is always of prime importance for the investigation of
FSW. The tool geometry, especially the shoulder geometry,
plays critical roles in generating the frictional heat and regulating
the material flow during FSW. Concave shoulder is an important
geometry shape of the shoulder end surface for the conventional
FSW. It cannot only act as a reservoir for the plastic material, but
also enhance the material plastic flow beneath tool shoulder [4].
In fact, the concave shoulder is also available and beneficial for
the NTT-FSW process. Compared with the flat shoulder, the
concave shoulder provides larger escape volume for the
displaced material from the tool pin; thus, it facilitates the reduc-
tion of weld flash [7, 8]. Furthermore, in contrast to the conven-
tional FSW, the NTT-FSW process using concave-shouldered
tool has been demonstrated to be able to reduce the shoulder
thermal effect and improve the joint properties [9].

In the conventional FSW process, the shoulder concavity
angle (SCA) is an important parameter for the concave shoul-
der, which plays decisive roles in both weld formation and
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joint properties. The influence of SCA on material flow pat-
tern and joint properties for conventional FSW has been re-
ported by several existing literatures [7, 8, 10]. However, very
few studies are focused on the effect of SCA on the NTT-FSW
until now. Apparently, deep investigation on this topic is re-
quired for the tool design and process control of NTT-FSW.
Therefore, a 5052 aluminum alloy was friction stir welded at a
zero tool tilting angle. The impact of SCA on joint perfor-
mances, including weld formation, mechanical property, and
microstructure evolution, was comprehensively investigated,
and the thermo-mechanical effect feature of concave shoulder
that determined the joint performances was also explored.

2 Experimental procedure

The base metal (BM) used for this investigation was an 8-mm-
thick 5052 aluminum alloy plate in H32 condition, which is a
type of Al-Mg series antirust aluminum alloy widely used in
planes and automobiles. The chemical compositions and me-
chanical properties of the BM are listed in Table 1. The dimen-
sion of welding samples was 300 mm long by 150 mm wide.

Three types of tool shoulders were utilized in the study. The
shoulder surface of one tool was flat. The concave geometrical
features were machined on the end surfaces of the other tool
shoulders, which contained conical concavity angles of 5° and
10°, respectively. That is to say, three types of SCAs, i.e., 0°,
5°, and 10°, were designed to investigate the impact of SCA
on the performances of the NTT-FSW joints. The scrolls were
machined on all the shoulder end surfaces to develop an in-
wardly directed traction force under tool shoulder during
NTT-FSW. All the shoulders had a same diameter of
26 mm. The conical tool pins with the same taper angles of
15° and right-hand threads were attached to all the shoulders
for counterclockwise rotation. The pin length for all the tools
was 7.8 mm. Figure 1 shows the schematic diagrams of the
welding tools; note that the tools with SCAs of 0°, 5°, and 10°
were abbreviated as 0-, 5-, and 10-tool, respectively.

The bead-on-plate NTT-FSW experiments, during which
the tool tilting angle was set to 0°, were conducted along the
longitudinal direction (perpendicular to the rolling direction)
of the welding samples using an FSW machine. The rotation
speed and welding speed of the tools were fixed at 600 rpm
and 100 mm/min, respectively. A shoulder plunge depth of
0 mm was applied to all the tools to highlight the thermo-
mechanical effects of SCA on the NTT-FSW. For the

convenience of statement, the welds (or joints) produced by
the tools with different SCAs were defined as 0-, 5-, and 10-
welds (or joints), respectively. K-type thermocouples were
utilized to measure the temperature of the samples during
FSW. A dynamometer (K6D) was used for the measurement
of welding forces during the welding. The dynamometer was
located under welding fixture so that its axis Z was in the
direction of tool axis.

After welding, the joints were all cross-sectioned perpen-
dicular to the welding direction for metallographic analyses
and mechanical tests. After successive steps of grinding and
polishing, the samples were etched with Keller’s reagent and
observed by optical microscopy (OM, Olympus SZ61) and
scanning electron microscope (SEM, Zeiss ULTRA 55) to
evaluate the weld formation feature. The grain structures of
the welds were determined by electron back-scattered diffrac-
tion (EBSD). The EBSD data was collected using a JEOL
JSM-7001F SEM and processed with TSL OIM Analysis 6
software. Transmission electron microscopy (TEM, JEOL
JEM 2100F) was used to investigate the sub-structures of
the welds. The foil disk specimens for TEM were cut parallel
to the welding direction and prepared through double jet
electro-polishing using a solution of 30% nitric acid in meth-
anol (18 Vand — 35 °C). The TEM analyses were made at the
{1 0 0} planes of the matrix.

The transverse tensile specimens were prepared with refer-
ence to China National Standard (GB/T2651-2008) (equiva-
lent to American Standard ASTM B557-2). Tensile properties
of each joint were evaluated using three tensile specimens cut
from the same joint. The room temperature tensile test was
carried out at a crosshead speed of | mm/min using an electron
universal testing machine (Instron 5566). After tensile test, the
SEM abovementioned (Zeiss ULTRA 55) was utilized to eval-
uate the fracture surface features. Microhardness was mea-
sured across the polished cross sections at a horizontal spacing
of 1 mm and a vertical spacing of 1.3 mm. The testing load
was 1.96 N for 10 s.

3 Results
3.1 Weld formation features
Figure 2 shows the cross sections of the joints formed at dif-

ferent SCAs. It should be noted that the retreating side (RS) is
on the left and the advancing side (AS) is on the right for each

Table 1 Chemical compositions

and mechanical properties of Chemical compositions (wt%)

Mechanical properties

5052-H32 aluminum alloy
Al Mg Si Fe

Cr Cu Mn Zn Tensile strength Elongation

Bal. 22~2.8 0.25 0.4

0.15~0.35 0.1 0.1 0.1 225 MPa 24%
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Fig. 1 Schematic diagrams of the welding tools

cross section in the figure; this convention is used throughout
this manuscript. It can be seen that the SCA has significant
influence on the nugget morphology, and two respects deserve
attention. First, increase of SCA leads to a size decrease of the
nugget zone. The nugget width was measured at the mid-
thickness of each layer after equally dividing each joint into
three layers from the top to bottom. The measurement result is
displayed in Fig. 3. Obviously, the influence of SCA on nug-
get size is mainly concentrated in the upper part of weld where
the nugget width decreases significantly with increasing SCA.
This indicates that the material flow around the tool, especially
that at the weld upper part, can be largely restricted as the SCA
increases. Second, the band structure is observed in all the
three nuggets. In the Nunes kinematic model, the band struc-
ture was claimed to be resulted from the superposition of the
circular material flow around the pin with the downward ma-
terial flow driven by the pin threads [11]. The large-SCA tools
yield the band structures with smaller width at each layer,
further demonstrating the control of the material plastic flow
at large SCAs.

Since the tool pins used for the three tools had the same
lengths and geometrical configurations, the different nugget

C))

Band
structure

Fig. 2 Cross sections of a 0-joint, b 5-joint, and ¢ 10-joint

morphologies are believed to be mainly resulted from the
different shoulder-driven flows at various SCAs. The
shoulder-driven flow level is determined by the interaction
extent between shoulder end surface and the plastic material
beneath tool shoulder. For the present study, the shoulder itself
exerts a weak stirring effect to the workpiece due to the small
shoulder penetration during the welding. However, a portion
of the pin-sheared material can be extruded upwardly to the
scrolls and concavity of shoulder [12, 13]. The shoulder then
renders the forging force on the displaced material from the
pin. For a fixed tool position relative to the workpiece, the
large SCA serves as a large escape volume for the pin-
sheared material, which should induce the relatively weak
shoulder forging action. This assumption is verified by the
load measurement results, as shown in Fig. 4. It is observed
that the axial forces at the 0° and 5° SCAs are about 17.2 and
14.5 kN respectively at the start of the welding processes and
then show the gradual decrease trends as the tools advance due
to the heat accumulation in the welding. By contrast, the axial
force is relatively low (~9.8 kN) at the 10° SCA and keeps a
more stable state during FSW. The decrease of axial load
limits both the horizontal and vertical material flows around
the tool [14, 15], which should be responsible for the small
nugget sizes and weak band structures at higher SCAs.

3.2 Joint mechanical behavior

Table 2 shows the tensile properties of the NTT-FSW joints.
The tensile strength is significantly increased with increasing
the SCA from 0° to 5°. However, when a 10° SCA is reached,
the joint strength is then again reduced from 218.0 MPa at 5°
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Fig. 3 Nugget widths of different layers of the joints
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Fig. 4 Axial forces measured at different SCAs during the tool traveling

SCA to 196.4 MPa. These results imply that increasing the
SCA from 0° to a certain value has positive effect on the
strength improvement; however, if the SCA is increased
above a certain level, a drop of the tensile properties of
NTT-FSW joint may be attained. In the conventional FSW
of 1.5-mm-thick 6082 aluminum alloy, higher joint strength
was also obtained by using a concave-shouldered tool relative
to that acquired by the flat shouldered tool [8]. However, the
negative effect of larger SCA on joint properties has never
been reported in previous studies on conventional FSW. The
ductility follows different evolving trend with SCA from the
tensile strength. The 5- and 10-joints exhibit similar elonga-
tions, higher than that of the 0-joint.

Figure 5 shows the fracture locations of the joints. The
weld surfaces are at the top while the weld cross sections are
at the bottom of the figure. The 0- and 5-joints are both frac-
tured through the HAZs in the weld tracks during tensile test,
and the fracture paths exhibit nearly 45° towards the tensile
direction. The 10-joint also fails in the HAZ but the exact
fracture location is outside the weld track. The fracture sur-
faces, extracted from the middle parts of the fracture paths,
were also analyzed to further clarify the fracture features of
joints (see Fig. 6). The shallow dimple feature of 0-joint is in
accordance with its poor tensile elongation (see Fig. 6a). For
the 5- and 10-joints, deep dimples with thick tearing edges full
of micropores are observed in the fracture surfaces (see Fig.
6b, c), suggesting the higher plastic deformation levels during
tensile test.

Table 2 Tensile properties of the joints formed at different SCAs
SCA Tensile strength (MPa)/elongation (%)

Sample 1 Sample 2 Sample 3 Average
0° 202.6/17.8 204.3/19.1 200.5/18.1 202.4/18.3
5° 216.8/23.7 218.4/24.8 218.8/24.3 218.0/24.3
10° 196.2/24.7 196.6/24.5 196.6/24.2 196.4/24.4
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The microhardness maps were measured across the two-
dimensional cross sections in order to fully reveal the correla-
tion between SCA and local mechanical characteristics of
NTT-FSW joints, as shown in Fig. 7. The hardness of BM
varies in the range of 62-70 Hv. By contrast, the hardness
within the weld area exhibits a decrease for all the three joints.
During the FSW of cold-worked aluminum alloys, the
welding heat enables annealing and recovery to take place,
and hence induces the formation of softening region with low-
er hardness than BM [16-18]. Since some strength recovery
has occurred in the nugget zone and thermo-mechanically
affected zone due to the grain refinement strengthening and
strain strengthening effects, as commonly confirmed in the
FSW of other non-heat treatable aluminum alloys [2, 6, 9],
the joints all have the lowest hardness zones at the HAZs.
The lowest hardness zones of 0- and 5-joints are located at
the HAZ adjacent to pin periphery, while that of the 10-joint is
moved outward to a further location from the weld center.
Increase of SCA from 0° to 5° narrows the softening region
and improves the hardness minimum; nevertheless, further
increase of SCA to 10° considerably enlarges the softening
region width and lowers the minimum hardness value.

The tensile properties are largely consistent with the hard-
ness distributions. First, it is clear that the joints all fail in their
lowest hardness locations during tensile test and the joints
with larger hardness minima also exhibit superior tensile
strengths, indicating that the integral tensile strength of the
joint is actually determined by the hardness minimum.
Second, the hardness profile also affects the joint ductility.
Of'interest is that the elongation of 10-joint is comparable with
that of 5-joint although the former shows poor tensile strength.
This should be attributed to the fact that the 10-joint has a
large softening region width. During tensile test, the plastic
deformation is primarily concentrated in the softening region
[19, 20]. Larger amount of grains of 10-joint are able to be
involved in the plastic deformation during tensile test, which
retards the occurrence of work hardening and thus leads to the
good ductility.

3.3 Microstructure evolution

The mechanical behavior of the FSW joints is essentially de-
pendent on the microstructure evolution during the welding.
Figures 8 and 9 show the microstructures extracted from the
BM and the HAZs at the mid-thickness of joints on the AS.
Note that for each joint, the HAZ position where the micro-
structure analysis was made is consistent with the minimum
hardness location, which was 9, 8, and 16 mm from the weld
center for the 0-, 5-, and 10-joints, respectively.

The BM exhibits coarse elongated grains (40.3 £8.7 um in
size) parallel to the rolling direction due to the work hardening
(see Fig. 8a). The grain sizes of the HAZs are 44.3+9.4,41.8
+7.7, and 49.2+11.3 um for the 0-, 5-, and 10-welds,
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Fig. 5 Fracture locations of the
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respectively (see Fig. 8b—d). Obviously, grain coarsening has
occurred in all the HAZs during FSW, and the coarsening
level is the lowest in the 5-joint and the highest in the 10-joint.
TEM micrographs of the BM and HAZs are shown in
Fig. 9. It is clear that all the pictures contain a certain
amount of dislocations, but they show different dislocation
densities. Dislocation density was measured from the TEM
micrographs following the usual procedure: A grid
consisting of four horizontal and four vertical lines was
superimposed on the central micro grain. The numbers #,,
and n, of intersections of dislocations with the horizontal
and vertical grid lines were counted. Considering the total
lengths of the horizontal (L;) and vertical test lines (L,), the
dislocation density was acquired as the following [21]:

o= (EE T 1)

2Ly

Here, the thickness values of the specimen #, 120~175 nm,
were evaluated from thickness fringes that appeared at high-
angle grain boundaries under two-beam conditions.

Three dislocation density measurements were conduct-
ed for each type of the micrograph shown in Fig. 9.
Considering the mean deviation from the three measure-
ments, the dislocation densities of the BM, the 0-weld, 5-
weld, and 10-weld are (9.4+1.4)x 10" m?, (5.3 +1.8) x
10" m™2, (6.5+2.2)x10" m™2, and (0.72 +0.25) x
10" m ™2, respectively. Evidently, compared with the BM,
the HAZs of 0- and 5-joints exhibit a lowering of disloca-
tion densities. For a larger SCA of 10°, the dislocation
density is dramatically decreased in the HAZ.

It is also observed from Fig. 9 that some second-phase
particles are distributed in the BM and HAZs. For each
TEM sample, the particle size was repeatedly measured for
five times from different locations to attain an average size of
second-phase particles. The BM has an average particle size of
141.6 £47.1 nm. In comparision, the HAZs of 0- and 5- joints
are characterized by a coarsening of second-phase particles,
whose particle sizes are 203.4+36.3 and 158.8 £48.7 nm,
respectively. The second-phase particles in the HAZ of 10-
joint exhibit smaller size and rather low distribution density
(see Fig. 9d), illustrating a significant particle dissolution dur-
ing FSW.

In a word, microstructure deterioration in the HAZ, includ-
ing the grain coarsening, the drop of dislocation density, and
the coarsening/dissolution of second-phase particles, leads to
the low mechanical properties of HAZ relative to the BM. It is
found that the microstructure deterioration can be retarded by
increasing the SCA from 0° to 5°; however, the present study
also confirms that if the SCA reaches a certain level (10°), the
microstructure deterioration may become worse, which in-
duces inferior joint properties.

Tensile test results show that the weakest locations of the
joints are all lying in the HAZ, that is to say, the welding
thermal cycle is the dominant factor that determines the mi-
crostructure evolution and the resulting mechanical behavior
of the weakest locations. Figure 10 plots the welding thermal
cycles measured at the HAZs of the joints where the micro-
structure analyses were made. It can be seen that the 5-weld
possesses the lowest peak temperature and the shortest high
temperature dwelling time above a given temperature.
Comparatively, the 10-weld exerts stronger thermal effect to

\\\\\
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Fig. 6 Fracture surfaces of the failed joints: a O-joint, b 5-joint, and ¢ 10-joint
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Fig.7 Microhardness distributions of the joints formed at different SCAs.
Note that the tool size is underlined by the red lines in the figure

the workpiece than the 0- and 5-welds. As far as the cold-
worked aluminum alloys are concerned, the extent of anneal-
ing is primarily determined by welding thermal cycles.
Thereby, it can be inferred that the welding thermal cycle is
just the intrinsic reason for the structure-property evolution of
NTT-FSW joint with the SCA.

4 Discussion

The above description suggests that the tool thermal effect as
well as the structure-property of NTT-FSW joint is firstly

Fig. 8 Grain structures extracted (a) ‘:)_,, g
from a the BM and b-d the HAZs "
of 0-, 5-, and 10-welds,

respectively

improved and then deteriorated as the SCA increases from
0° to 10°. The pins used for the three types of tools are the
same; therefore, the different thermal effects of the tools
should be originated from the different shoulder geometries.
The pin-sheared material is dragged into the bottom of shoul-
der due to the vertical material flow driven by the pin threads.
The shoulder then exerts the thermo-mechanical effects to the
workpiece through rendering a forging action on the displaced
pin-sheared material. For a fixed tool plunge depth, the flat
shoulder definitely exerts stronger interaction with the upward
flow material than the concave shoulder because the shoulder
end surface is closer to the workpiece top surface. This is just
the reason why the 0-tool yields large axial force, strong ther-
mal effect, and poor joint performances. Under the condition
of 5° SCA, the position of shoulder end surface relative to
workpiece top surface becomes larger in contrast to that of
the flat shoulder. This not only weakens the interaction be-
tween shoulder end surface and the upward flow pin-sheared
material, but also causes the frictional heat generated by tool
shoulder to transfer a longer distance to the weld. These two
factors together lead to the weakening of shoulder thermal
effect during NTT-FSW and finally improve the structure-
property of the joint. As expected, increase of the SCA from
5° to 10° leads to a further decrease in tool axial force.
However, contrary to what one might suppose, the welding
thermal cycle becomes stronger than that exerted by the 5-
tool. This is surprising given that the heat generation is pro-
portional to the axial force, as commonly observed in the
conventional FSW of aluminum alloys [22, 23].
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Fig. 9 TEM micrographs
extracted from a the BM and b—d
the HAZs of 0-, 5-, and 10-welds,
respectively
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The affecting characteristic of SCA on NTT-FSW can be
further reflected by the morphology of shoulder-affected zone
at the keyhole, as shown in Fig. 11. For the 0-weld, a complete
shoulder-affected zone whose size is comparable with the shoul-
der diameter is lying around the keyhole (see Fig. 11a). The
integrity of shoulder-affected zone around the keyhole is pro-
gressively reduced with increasing the SCA (see Fig. 11b, ¢),
implying the weakening of shoulder-driven flow at higher

240 re
.z"; - r’b‘k
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Fig. 10 Welding thermal cycles of the HAZs formed at different SCAs
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3/19/2017 13:<

SCAs. For a fixed shoulder diameter, the large SCA also results
in the large area of shoulder end surface. However, the shoulder-
affected zone around the keyhole indicates that the 10° concav-
ity shoulder had the smallest contact area with the plastic mate-
rial during FSW. It is interesting that how the largest extent of
shoulder thermal effect can be produced under the conditions of
the smallest contact area and the lowest axial force. In order to
clarify the specificity of heat generation at the 10° SCA, the
keyhole of 10-joint is cross-sectioned perpendicular to the
welding direction and then investigated in detail. A distinct
crack is observed at the discontinuous shoulder-driven flow re-
gion, which appears to be the interface between the shoulder-
driven flow and the pin-driven flow (see Fig. 12a). Similarly, a
continuously distributed crack is present on the cross section of
the keyhole at the RS (see Fig. 12b, ¢, e). This is also observed at
the AS until the outside edge of the shoulder-affected zone (see
Fig. 12b, d, f, g). The tools all stay for 1 s before their extraction
from the workpiece. That is to say, after the repeated tool rota-
tion for 1 s, the shoulder-driven material (SDM) still shows an
interface towards the BM. During this process, in addition to the
heat generated by the shoulder end surface, the occurrence of the
crack at the SDM/BM interface confirms that a secondary
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Fig. 11 Shoulder-affected zones around the keyholes of a 0-joint, b 5-joint, and ¢ 10-joint. Note that the shoulder diameter is overlaid in the figure by red

circles

sliding frictional heat should be simultaneously generated by the
relative movement between the SDM and the BM. This is just
the reason why the 10° concavity shoulder can yield stronger
heat input even under the conditions of the lower tool axial force
and smaller contact area with plastic material.

During NTT-FSW, the SDM hidden in the concave shoulder
is mainly from the pin-sheared material, and thus it has an
original interface towards the workpiece top surface (see
Fig. 13a). Under such a case, the lower tool axial force and

ENT 15004V SguetA=SE2 Mags 200KX WO s2mm GRS

2006X WO+ 82mm

TS 15000V SgwiAs 562

Wog+

the large SCA both contribute to the generation of secondary
frictional heat at the SCA of 10°. On the one hand, the SDM
exerts lower extent of shearing effect to the top surface of BM
due to the low tool axial force; on the other hand, the large SCA
provides a large volume for the rapid flow of SDM. These two
factors lead to the occurrences of the relative sliding movement
between SDM and BM and consequently the generation of the
secondary sliding frictional heat (see Fig. 13b). In comparison,
the crack is not observed in the shoulder-affected zone around

o

200kx wosa2me KR ENTS1500AV  SieelA s SE2 Mage 200KX WOss3mm  EER

Fig. 12 Features of the keyhole formed by the 10-tool. a Crack between SDM and pin-driven material. b Cross section of the keyhole. ¢, d Enlarged
views of the ¢ and d locations marked in b. e-g Enlarged views of the e, f and g locations marked in ¢ and d
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Fig. 13 Formation mechanisms of the secondary sliding frictional heat. a
Material flow pattern during NTT-FSW. b Schematic view of the heat
generation for the large SCA
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the keyhole at the SCA of 5°. Under the conditions of the high
tool axial force and the small SCA, the strong interaction occurs
at the SDM/BM interface, and then the SDM together with the
deformed BM is regulated as a laminar flow pattern by the
shoulder-shearing effect. Because of this, the secondary sliding
frictional heat generation is avoided and the heat input into the
workpiece is relatively low. Similarly, although the concave-
shouldered tool is also used in conventional FSW, the SDM
beneath tool shoulder generally renders severe stirring action
to the BM due to the existence of tool tilting angle, and thus the
secondary sliding frictional heat generation occurring in the
study is rarely observed in conventional FSW.

Above all, the shoulder exerts rather complex thermo-
mechanical effects to the workpiece during NTT-FSW com-
pared with the conventional FSW. Indeed, improving the
SCA to a certain value leads to a relatively weak interaction
between the shoulder and the BM, which is beneficial for the
controlling of welding thermal cycles and the improvement of
joint performances. Nevertheless, when the SCA is increased to
a certain high level, the induced low tool axial force together
with the large SCA causes the generation of secondary sliding
frictional heat at the SDM/BM interface, because of this, the
shoulder thermal effect can be inversely enhanced, resulting in
the inferior joint properties. Therefore, the SCA is an important
factor that requires careful optimization for NTT-FSW.

5 Conclusions

In this paper, the impact of SCA on the NTT-FSW of 5052
aluminum alloy has been investigated in detail. The conclu-
sions of significance are drawn as follows:

(1) Attributed to the lowering of tool axial force, increase of
SCA from 0° to 10° decreases the nugget width and
reduces the band structure in the nugget, which is more
significant at the weld upper part.

(2) A lowering of shoulder thermal effect from 0° to 5° SCA
occurs due to the decrease of tool axial force, leading to
an improvement of the structure-property of the NTT-
FSW joint.

(3) With further increasing the SCA to 10°, the larger SCA
and the lower tool axial force together cause the occur-
rence of the secondary sliding frictional heat at the SDM/
BM interface, which enhances the shoulder thermal ef-
fect, deteriorates the microstructure evolution and de-
grades the mechanical properties of NTT-FSW joint.
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