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Abstract

Four millimeter-thick 7NO1P Al alloy sheets were welded by friction stir lap welding (FSLW) with different tools at various
welding heat inputs. Results showed that the highest load could be performed by the optimization of welding parameters using a
traditional tool; but, the welding parameters had an obvious effect on the joint loads and fracture modes. The tools with the
stepped sections, which could control stable material flow behavior at various welding parameters during FSLW, were intro-
duced. The platform geometry of the stepped friction pin contained two types: one had a convex platform between two sections,
and the other had a concave platform between two sections. The joints obtained by the tools with the stepped sections could have
a stable load at different welding parameters. Especially, in comparison with the tool with a convex platform, the concave
platform acted like a concave shoulder for second stepped pin, improving the material flow during the FSLW and realizing a
sound joint with a relatively flat interface morphology, which insured the stability of the joint properties (from 5.2 kN to 5.9 kN)
and fracture mode (shear mode) at various welding parameters.
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1 Introduction

Friction stir welding (FSW) is a mature solid state joining
method, which offers several advantages, such as small ther-
mal deformation, no cracks, and energy conservation, and
therefore has attracted special attention in welding of light
metals [1, 2]. Many researchers have proved that the sound
butt joints with high properties could be realized by FSW
[3-5]. In recent years, it has been widely applied in aerospace,
automotive, electronics, and ship-building industries [6, 7].

Lap joint is another important joint configuration besides
the butt joint [8, 9]. However, the friction stir lap welding
(FSLW) does not produce good quality welds with the same
ease of the friction stir butt welding due to the formation of
interface distortion, which has a significant effect on the
strength of the lap joint, including the hook defect (HD) on
the advancing side (AS) and the cold lap defect (CLD) on the
retreating side (RS) [10-15].
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Comparing with the CLD, the shape of HD is usually
sharply upwards, reducing the effective sheet thickness [16],
and at the same time, it can provide a beneficial orientation for
crack propagation and cause the stress concentration [17].
Therefore, the HD is considered to be the most critical factor
to the damage of joint performances, and the flat HD is gen-
erally considered to be the most favorable geometry for joint
performances [18].

A lot of studies have proven that the parameters, such as
welding speed and rotational rate, could change the HD shape
[9, 10]. Since the relationship between the welding parameters
and HD shape is quite complex and has not been fully under-
stood, the HD shape is therefore very difficult to be controlled
by the optimizing of welding parameters, which limits its in-
dustrial application [9-13, 19].

In addition, the different tool geometries can significantly
influence the material flow and heat input during FSLW,
resulting in the formation of various hook curves [6, 19].
Therefore, it is considered that designing the reasonable rotat-
ing tool pin to control the material flow is the most effective
and simple method to improve the joint performance [20].
Many different tools had been selected for FSLW, but the tools
did not control the behavior of material flow effectively. In
this context, designing and preparing the welding tools,
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Table 1 Chemical compositions of the A7NO1 alloy (wt.%)

Material Si Fe Cu  Mn Mg Zn Ti Al
ATNO1 <03 <035 <02 02-0.7 0.1-20 4.0-50 <02 Bal

aiming for achieving a stable interfacial morphology under a
wide range of process parameters, is the focus of studying for
the FSLW [21-23].

In this study, 7NO1P-T4 Al alloy sheets with high proper-
ties were chosen as the base material for FSLW. The welding
tools with different platform geometries were designed and
prepared, in order to improve the HD shape of the FSLW joint.
In addition, the welding was conducted under different
welding heat inputs, aimed at evaluating the effect of the pin
geometries on the stability of the interfacial morphology.

2 Experimental procedure

In this study, 4 mm-thick A7NO1-T4 aluminum alloy sheets
were selected as the base material, whose chemical composi-
tions were listed in Table 1. All the welding operations
consisted of two 300 mm x 150 mm sheets with an overlap
width of 30 mm, and the welding were longitudinally intro-
duced along the centerline of the overlap area, as shown in
Fig. la and b. According to ISO 25239, the geometrical con-
figurations for the FSLW specimen can be divided into two
placements depending on whether the advancing side (AS) or
the retreating side (RS) of the weld is near the top sheet edge.
In this study, the configuration with the AS near the top sheet
edge (Fig. 1c) was applied for FSLW, in order to evaluate the
effect of HD geometry on the joint properties.

Three different FSW tools were designed and
manufactured as shown in Fig. 2a. A schematic of their geom-
etries and dimensions is shown in Fig. 2b—d. These three tools
are defined as tools A, B, and C, respectively. Tool A is a
traditional friction stir welding tool with a conical thread pin
(Fig. 2b). Tools B and C are the new tools with two cylindrical
stepped sections, and their platform shapes were convex and
concave at the junction of the first and the second section (Fig.
2¢ and d), respectively. The FSLW operations were conducted

Fig. 1 (a) Lap configuration, (b)
FSLW process, and (c) the of
tensile-shear test specimen

Location and
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with a constant traverse speed of 200 mm/min and at different
tool rotating rates (800, 1400, and 2000 rpm) using different
tools.

Specimens for metallographic examination were sectioned
along the cross section of the weld. After being mechanically
ground and polished, the specimens were etched with Keller’s
reagent consisting of 2 mL HF, 3 mL HCI, 5 mL HNOj3, and
190 mL H,O. The microstructure at the interface was exam-
ined by an optical microscope (OM).

Lap-shear tensile specimens were cut by electrical discharge
machining, with a length of 120 mm, a width of 10 mm and an
overlap width of 30 mm (Fig. 1a). Shims were used at each end
of the specimens to balance the offset axes of the lap specimens
and minimize bending effects as shown in Fig. 1c. After being
tested, the fracture locations were examined by OM.

3 Results and discussion
3.1 FSLW of Al alloy

Figure 3a—¢ shows the typical cross-section photographs of
the FSLW joints with a constant welding speed of 200 mm/
min using a traditional tool (tool A) under different rotational
rates of 800, 1400, and 2000 rpm, respectively. It can be seen
that all the HDs extended upwards, even though they were
obtained by different rotational rates. With the rotational rate
increasing, the upward trend of the HD was growing obvious-
ly as shown in Fig. 3b—f. In short, the effect of the welding
parameter, i.e., the rotational rate, on the morphology and
height of the HD was obvious and complex for FSLW using
a traditional tool.

Figure 4a—e shows the typical cross-section photographs of
the FSLW joints obtained by tool B. The FSLW operations
using tools A and B were conducted at the same rotational
rates. It is found that all the joints displayed the flat interface
morphology, comparing with those prepared by tool A (Fig.
4b—f). However, the welding defects were detected in the
joints at the high rotational rates (Fig. 4d and f). At a constant
welding speed, the different rotational rates resulted in various
thermal inputs in fact. In other words, the excessive high heat
input had a deleterious effect on the joint properties.
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Fig. 2 (a) Three different tools
and the schematics of their
geometries and dimensions of
different friction stir welding
tools: (b) tool A, (¢) tool B, and
(d) tool C

Tool B Tool C

econd section i

Figure Sa—e shows the typical cross-section photographs of ~ joints obtained by tool C were sound even at a high rotating
the FSLW joints using tool C. Similar to those of the joints  rate (Fig. 5d and f).
obtained by tool B, the HDs were flat under the various For FSLW Al alloy joints, the changing trend in the mor-
welding parameters. Another important finding was that the =~ phology of the HD would have a significant effect on their

Fig. 3 (a), (c), and (e) cross-
sectioned macrographs of FSLW
joints and (b), (d), and (f)
magnified micrographs of HDs
using tool A at different rates: (a),
(b) 800 rpmy; (c), (d) 1400 rpm,
and (e), (f) 2000 rpm
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Fig. 4 (a), (c), and (e) cross-
sectioned macrographs of FSLW
joints and (b), (d), and (f)
magnified micrographs of HDs
using tool B at different rates: (a),
(b) 800 rpmy; (c), (d) 1400 rpm;
and (e), (f) 2000 rpm

tensile-shear load and fracture mode, which will be discussed
in the following sections.

3.2 Characteristics of fracture

The tensile-shear loads of FSLW A7N01-T4 joints obtained
by three different tools under various rotational rates are
shown in Fig. 6. The results indicated that the joints fabricated
by the traditional tool (tool A) exhibited superior tensile-shear
strength compared with the other two tools at 800 and

Fig. 5 (a), (c), and (e) cross-
sectioned macrographs of FSLW
joints and (b), (d), and (f)
magnified micrographs of HDs
using tool C at different rates: (a),
(b) 800 rpmy; (c), (d) 1400 rpm;
and (e), (f) 2000 rpm

RS
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1400 rpm. However, with a further increasing rotational speed
to 2000 rpm, the fracture load of the joint obtained by the
traditional tool decreased significantly, indicating that the ef-
fect of welding parameters on the FSLW joint performance
was obvious. It should be noted that the loads of the joint
obtained by the other two tools were not the highest, but they
were relatively more stable under different rotational rates,
which would be beneficial for its practical application.

In order to further detect the effect of HD geometry on the
tensile-shear load of the FSLW A7NO01-T4 joint, the fracture

AS
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Fig. 6 Tensile-shear failure loads of FSLW joints prepared by three
different tools under various rotational rates

locations were investigated (Figs. 7, 8, and 9). For the joints
obtained by the traditional tool (tool A), the failure showed a
shear fracture mode at the low rotational rates (800 and
1400 rpm) as shown in Fig. 7a—d. With a further increasing
(2000 rpm), the fracture mode changed into a tensile fracture
as shown in Fig. 7e and f. For the joints prepared by tools B
and C, they exhibited the similar shear fracture mode (Figs. 8
and 9), in which the cracks firstly generated at the tip of HD,
and then propagated along the lap interface (Figs.7a, 7b, 8,
and 9), indicating the dominant effect of the effective bonding
area on the joint properties. For the joints fractured in the
tensile mode, the cracks also generated at the tip of HD, but

Fig. 7 (a), (c), and (e) typical RS
fracture locations of FSLW joints
and (b), (d), and (f) magnified
micrographs using tool A at
different rates: (a), (b) 800 rpm;
(c), (d) 1400 rpm; and (e), (f)
2000 rpm

then propagated upwards (Fig. 7¢ and f), which indicated that
the effect of the effective sheet thickness on the lap joint per-
formance was dominant.

The above results suggested that the interface morphology
had a significant effect on the load and fracture mode of the
FSLW joint. Hence, the stable interface morphology is essen-
tial to the stability of joint performance. In other words, the
stepped tools (tools B and C) could successfully realize the
control of stable interface morphology in the FSLW joint un-
der various rotational rates, which would be important for the
increasing application of FSLW.

3.3 Influencing mechanism of the pin geometries
on the interfacial characteristics of joint

During FSLW, the different material flow behaviors resulted
in the formation of different interface morphologies, and thus
influenced the failure loads of the FSLW joint [13]. For the
joints obtained by the traditional tool (tool A), the HDs bent
upwards at the different welding parameters (Fig. 3) due to the
action of the stir tool, which resulted in an obvious different
joint load (Fig. 6). For the joint obtained by the tool B, there
existed a material concentrated zone (MCZ) on the AS, and
the material presented three different flow directions in this
zone (Fig. 4). In addition, the flow behaviors were similar at
the different welding parameters (Fig. 4b—f). For the joint
obtained by the tool C, the material had a motion of down-
wards in the MCZ at the interface as shown in Fig. 5, indicat-
ing that the tool C could achieve a stable interfacial morphol-
ogy at the various welding parameters.

200 pm
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Fig. 8 (a), (c), and (e) typical
fracture locations of FSLW joints
and (b), (d), and (f) magnified
micrographs using tool B at
different rates: (a), (b) 800 rpm;
(c), (d) 1400 rpm; and (e), (f)
2000 rpm

According to the above analysis, a schematic of material
flow models of these three different tools during FSLW is
provided in Fig. 10. For the FSLW joints using tool A, many
studies have proven that the formation of the HD on the AS is
mainly influenced by pin-driven material flow [12]. At first,
the plasticized material was driven to the tip of the tool pin,
leading to the formation of the MCZ. Subsequently, the MCZ

Fig. 9 (a), (c), and (e) typical
fracture locations of FSLW joints
and (b), (d), and (f) magnified
micrographs using tool C at
different rates: (a), (b) 800 rpm;
(c), (d) 1400 rpm; and (e), (f)
2000 rpm
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pushed the adjacent material to transfer upwards, resulting in
the upward-bending HD (Fig. 10a). However, for the CLD on
the RS, it was the shoulder-driven material flow which could
influence the CLD formation besides the pin-driven material
flow [12]. Thus, the plasticized material driven by the shoul-
der flowed from the AS to the RS, and then moved down-
wards from the RS into the hole formed at the rear of tool,
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Fig. 10 Material flow schematics
of different tools: (a) tool A, (b)
tool B, and (c) tool C

Original Lap In
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subsequently pressed the CLD to migrate down [21].
Consequently, CLD on the RS extended into stir zone and
displayed a morphology of firstly upward curve and then
downward (Fig. 10a). With the increasing of the rotational
speed, the material flow was more active, leading to the for-
mation of a sharper interface morphology (Fig. 3¢ and f).

For the FSLW joints using tool B, the material flow was
divided into two parts by the stepped pin, but the material flow
trend was similar to that of using tool A (Fig. 10a and b). It
should be noted that the first section of pin only plunged into
the bottom of upper sheet and did not contact with the faying
interface. The convex platform acted like a convex shoulder,
which provided the pressure toward the lap interface, making
another MCZ locate at the top of the lap interface. Besides, the
MCZ formed by the rotating second section pin at the bottom
of lower sheet pushing the adjacent material to transfer up-
wards, while the first section pin and its shoulder at the upper
sheet pushed the material to transfer downwards (Fig. 10b).
Based on the above analysis, it indicated that the material flow
behavior was very complex at the lap interface, ecasily
resulting in the welding defects, and specifically with an ele-
vated rotational rate, the welding defects were detected (Fig.
4c—e).

For the FSLW joints using tool C, the material flow was
also divided into two parts by the two-section stepped pin.
However, differing from the tool B, the concave platform
acted like a concave shoulder for the second stepped pin. It
could serve as an escaping volume for the heated material and
produce a compressive forging force for the lower sheet ma-
terial, and the plastic deformation zone of the lower sheet was
therefore more concentrated compared with that of the joint

using the tool B (Fig. 10c). Consequently, the convection of
plasticized material at the lap interface was much slighter than
that of joint using tool B, reducing the welding defects effec-
tively. Hence, the sound joints were obtained at various
welding parameters (Fig. 5).

In short, the stable interface morphology was realized by
controlling the material flow during FSLW using the two-
section stepped pins at various heat inputs, which will be
beneficial to obtain the weld joints with stable and reliable
performances.

4 Conclusions

In this study, the feasibility of controlling the interlayer mor-
phology by the two-section stepped pins during FSLW was
verified, and the characteristics of their material flow were
discussed. The following conclusions were drawn:

(1) For the traditional tool (tool A), changing the heat input
has a significant effect on the modification of the inter-
face morphology, resulting in the different fracture
modes and joint performances. As the rotational speed
increasing, the joint loads decreased and the fracture
mode changed from shear fracture to tensile fracture,
with the increasing upward trend of the HD.

(2) For the two-section stepped tool with a convex platform,
the flat interface morphology was obtained during
FSLW, but the complex material flow, which was in-
duced by the action of pin and its convex platform,
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3)

4

leaded to the formation of welding defects at the lap
interface easily.

For the stepped tool with a concave platform between
two sections, the concave platform acted like a concave
shoulder for second stepped pin, improving the material
flow and therefore forming a sound joint with a flat in-
terface morphology, which insured the stability of joint
properties (from 5.2 kN to 5.9 kN) and fracture mode
(shear mode) at various heat inputs.

The highest load could be obtained by the optimization
of welding parameters using a traditional tool, but the
welding parameters had an obvious effect on the joint
loads and fracture modes. Comparing with traditional
tool, the tool with the stepped sections could achieve a
stable interfacial morphology under a wide range of pro-
cess parameters, and therefore had a stable joint load,
which was beneficial for the industrial application.
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