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In this investigation, the influence of tool shoulder end profiles (concentric circle shoulder-CCS and three-helix
shoulder-THS) and rotational speed (ROSP, 800, 1100, 1400 rpm) on microstructure and mechanical perfor-
mance of the dissimilar FSW AA2024,/7075 joints was analyzed in detail. The results indicated that the width of
thermos-mechanical affected zone and the average grain size of nugget zone (NZ) in the CCS joints are lower
than those in the THS joints, and they all increase with increasing the ROSP. There is a difference on the shear
texture types generated in the different positions of the NZ in the CCS and THS joints. Tensile properties of the

joints fabricated by employing the CCS tool are excellent compared to the THS tool. The maximum welding
efficiency about 90.8 % can be obtained in the CCS joint at 1000 rpm. The fracture mode of the CCS and THS
joints is ductile and brittle failure, respectively.

1. Introduction

At present, the joining of aluminum structural plates with reliable
mechanical properties is required in the field of the aerospace and
automotive applications [1,2]. High strength aluminum alloy (2xxx and
7xxx) plates are mainly used for structural components [3-5], the
joining of 2xxx and 7xxx aluminum alloys is urgently needed [6]. Using
conventional fusion welding methods to join these dissimilar aluminum
alloys results in poor mechanical properties, due to their significant
differences in physical, chemical and metallurgical properties [7].
Friction stir welding is an efficient solid-state joining technique [8,9],
which has been successfully applied in the welding of dissimilar 2xxx/
7xxx aluminum alloys [10], since it was invented by The Welding In-
stitute (TWI) in 1991 [11]. Consequently, the FSW process is increas-
ingly employed in the welding of a variety of metals and alloys [12].

Four stages occur in the FSW process [13-15], namely, (i) plunging,
where the rotating tool including the shoulder and pin is inserted into
the center line between the two plates till the shoulder contacts with the
top surface of the plates; (ii) dwelling, where the material is softened to
facilitate plastic deformation beneath the tool; (iii) traversing, where

the tool moves along the welding center line to produce long butt
welds; (iv) retracting, where the tool is retrieved after finishing the
welding. The weld quality of the FSW joints mainly depends on the
welding parameters [16-18] and the tool geometry [19]. Although the
welding parameters play an important role in determining the heat
input generated during FSW, the plastic deformation of material, such
as friction, extrusion and shear behavior, is mainly controlled by the
tool geometry [20-22]. The tool geometry is comprised of two parts: (i)
the tool shoulder profile, transfers the heat generation from the FSW
tool to the welded materials; (ii) the tool pin/probe profile, retains and
mixes the plasticized/softened materials in the nugget zone (NZ) [23].
The tool shoulder (usually about three times of the plate thickness)
generates more amount heat compared to the tool pin (usually about
one third of shoulder diameter) [1,24]. They have a significant effect in
peak temperature, material flow/mixing and mechanical behavior of
the FSW aluminum alloy joints [25-27].

A few investigations have been performed to examine the influence
of tool shoulder geometry on welding quality, material flow, micro-
structure and mechanical properties of the FSW joints. Leal et al. [28]
adopted two types of tool shoulders (a conical cavity shoulder and a
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scrolled shoulder) to study material flow behavior in dissimilar FSW
AA5182-H111/6016-T4 joints. The results revealed that pin-driven
flow was primary in the joint fabricated by the conical cavity shoulder,
while the shoulder with scroll channel drags the plasticized material
from edge towards the center and promotes the material mixing within
the channels and around the pin. Mugada and Adepu [19,29,30] per-
formed the researches about the shoulder end features and pin designs
on axial force, temperature and mechanical properties of the FSW
AA6082-T6 joints. They noticed that the joint fabricated with ridges
shoulder tool leads to outstanding properties with prominently lower
axial force (approximately 32 %). They also found that the hexagonal
pin and pentagonal pin tools produce a reduced force behavior, while
triangular pin designed tool facilitates an increasing force behavior in
the process of welding. The triangular pin designed tool produces
prominent mechanical properties of the joints. Trueba Jr. et al. [31]
analyzed the impact of tool shoulder features on defects and tensile
properties of the FSW AA6061-T6 joints and reported that high quality
joints can be realized by using the shoulder with a raised spiral even if
the welding conditions is non-ideal. Periyasamy et al. [32] made an
attempt to analyze the effect of tool shoulder concave angle and pin
profile on microstructure and mechanical performance of the FSW
AA7075-T651/6061 joints and concluded that the maximum tensile
strength (298 MPa), hardness (143 HV and bending angle (49°) can be
achieved by employing 3° concave shoulder profile with square pin.

Several researchers analyzed the influence of shoulder diameter on
material flow, thermal cycle and mechanical properties of the FSW
joints. Shi et al. [21] worked on the influence of tool shoulder size on
material flow and thermal process during FSW with ultrasonic vibration
and observed that the maximum width of the shear region at the top
surface of the joint has a direct relationship with the shoulder diameter.
Padmanaban et al. [33] found that employing high shoulder diameter
leads to low welding efficiency of the FSW joints. Zhang et al. [34]
studied the temperature distributions and the materials deformation
during FSW at different shoulder sizes by using a fully coupled thermo-
mechanical model. They concluded that large shoulder diameter can
result in the temperature rise and the enlarged stirring zone volume.
Saravanan et al. [22] analyzed the microstructure and mechanical
properties of the dissimilar FSW AA2024-T6/7075-T6 joints using five
different shoulder diameter (D) to pin diameter (d) ratios (D/d ratio)
and observed that the joint produced by employing D/d ratio of 3
displays better mechanical performance. Nathan et al. [35] investigated
the influence of shoulder diameter to the sheet thickness ratio on me-
chanical properties of the FSW high strength low alloy (HSLA) steel
joints. It is found that the joint with excellent mechanical properties can
be acquired by employing the 25 mm of shoulder diameter (5 times the
plate thickness).

Some authors have worked on the influence of tool pin geometry on
material flow, microstructure and mechanical properties of the FSW
joints. Kumar et al. [36] investigated the influence of tool pin profile
(cylindrical thread-CT, plain cylindrical-PC, plain tapered cylindrical-
PTC and square-SA) on the microstructure and particle distribution of
friction stir processed Z60 magnesium surface composites. It is con-
cluded that the surface composites produced by PTC pin profile exhibits
excellent performances, which results from higher shear force and ba-
lanced state of material flow and heat generation. Raturi et al. [37]
conducted the joint strength and failure research of dissimilar AA6061-
T6/70750-T651 joints and concluded that good tensile strength and
flexural load can be obtained by employing the cylindrical threaded
with three flat faces and cylindrical grooved tool pin. Prakash et al. [38]
explained the influence of four kinds of tool pin profiles on welded zone
morphology of the joints. They observed that the stepped-conical pin
profile produces high temperature and material flow velocity compared
to all other tools. The stepped-conical pin profile tool results in the
formation of the cylinder dominant vase shape, while all other tools
lead to the formation of the basin dominant vase shape in the weld
zone. Rao and Kumar [39] studied the pin geometry on the relationship
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between structure and property of dissimilar FSW AA6061,/2014 joints.
They found that high strength joints with defect-free can be acquired by
adopting the polygonal hybrid square pin profiles.

In addition, Sun and Wu [40] investigated the influence of tool
thread pitch on thermal process evolution in the FSW AA6061-T6
joints. They found that the speed sudden change at advancing side (AS)
can be effectively prevented by using pin thread compared to un-
threaded pin, and the total heat generation decreases with increasing
thread pitch, which leads to low peak temperature during FSW. Ahmed
et al. [41] investigated the influence of tool geometry on grain struc-
ture, texture and hardness of the FSW AA6082 joints (32 mm thick-
ness), and reported that the tapered probe tool (TPT) leads to the
variation of grain size and strain rate, while the parallel probe tool
(PPT) produces far more uniform grain size and strain rate in the NZ.
Compared to the PPT, the TPT produces a local shear reference frame
with a tilt angle.

Although aforementioned considerable studies published in the lit-
erature have been conducted to address the utilization for high effi-
ciency of tool shoulder features and pin geometries in the FSW joints,
However, few studies about the influence of tool shoulder end profile
on grain structure, crystallographic texture and mechanical properties
of dissimilar FSW AA2024/7075 joints have been conducted. Therefore,
the objective of this present investigation is to compare material flow,
grain structure, crystallographic texture and mechanical properties of
dissimilar FSW AA2024-T351/7075-T651 joints by using two kinds of
tool shoulder end profiles.

2. Experimental methods

The as-received alloys AA2024-T351 and AA7075-T651 sheets
(300 x 40 x 5mm) were used as two base materials (BMs). Table 1
displays their nominal chemical compositions. The welding test was
conducted on the FSW equipment (FSW-LM-AM16-2D), as exhibited in
Fig. 1a. During FSW, the welding direction (WD) was perpendicular to
the sheet rolling direction (RD) in the butt joint configuration. As stated
in the previous literature [42,43], AA2024-T351 and AA7075-T651
sheets were put on the AS and retreating side (RS), respectively.
Throughout the welding process, the welding speed and the tool tilting
angles were kept as 120 mm/min and 2.5°, respectively. As shown in
Fig. 1b, two different concave shoulder end profiles with concentric
circle shoulder (CCS) and three-helix shoulder (THS) and different ro-
tational speeds (ROSP, 800, 1100, 1400 rpm) were employed in this
work. The shoulder diameter of the CCS tool was 15mm, and the tip
diameter of the tapered thread pin was 3.76 mm and 5 mm in length,
while the shoulder diameter of the THS tool was 18 mm, as well as a
tapered thread pin with 4.52 mm in tip diameter and 5mm in length.
The different joints are represented by the following different codes:
CCS-800, CCS-1100, CCS-1400, THS-800, THS-1100, THS-1400,
wherein, for example, the CCS-800 means that the joint was fabricated
by using the CCS tool at 800 rpm.

The welded specimens were transversely cut by electric discharge
machine perpendicular to the WD, then were carefully grinded and
polished, thereafter etched with Keller reagent for 40 s to perform the
optical microscopy (OM) and scanning electron microscopy (SEM, JEOL
JSM-7800 F) tests. The electron backscatter diffraction (EBSD) mea-
surement was carried out by using the field emission gun SEM (TESCAN
MIRA3) equipped with a HKL-EBSD system. The measured step size was
set to 0.3 um.

Table 1
Chemical composition of the two BMs (in wt.%).

Si Fe Cu Mn Mg Cr Zn Ti Al

2024-T351 0.05 017 45 0.6 1.4 0.01 0.03 0.02 Bal
7075-T651 0.05  0.19 1.7 004 24 02 5.8 0.03  Bal
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Fig. 1. The FSW process: (a) the FSW machine and the clamping platform, (b) the tools and (c) the size of the tensile samples.

Along the horizontal line at the center of the joint thickness, Vickers
microhardness tests were conducted on the digital micro-hardness
tester (MH-3) with a test load of 200 g and a dwell time of 10s. The
spacing between the neighbouring indentations was 1 mm. As exhibited
in Fig. 1c, the flat dog-bone tensile samples were prepared, which were
cut along the cross-section of the dissimilar joints. Tensile tests were
carried out at a crosshead speed of 1 mm/min by using a Shimadzu AG-
X plus universal testing machine. Three tested duplicates were inter-
cepted from each dissimilar joint to guarantee the dependability of
tensile result.

3. Results and discussion
3.1. Macrostructure of the dissimilar joints

Since the appearance of the joints can provide some useful in-
formation about the quality of the welds, surface defect usually is a
visual manifestation of the internal defect of the joints, evaluating
surface quality is a criterion for the joint quality. Furthermore, the exist
hole was inspected as a function of the Lloyd’s register (LR) [44]. The
deformed material under the action of the tool always remains on the
tool shoulder. 100 % complete around the circle hole can be considered
as a good weld. The surface appearance and the cross-sectional mac-
roscopic photographs of the dissimilar joints are displayed in Figs. 2

THS-800

and 3, respectively. Obviously, it is noticed that all the joints form a
complete circle around the hole (the green arrows in Fig. 2), and no
defects, such as holes, can be found at the surface and the roots of the
joints. As a result, we can consider that the ideal/non-defective dis-
similar FSW joints can be obtained by using CCS and THS tools at three
ROSPs. It can also be observed that material ripples are uniformly
distributed at the surface of the joints, resulting from the processing
combination of ROSP and welding speed. A little concavity (the yellow
arrows in Fig. 2) is presented at the surface of all the joints, which is
ascribed to the generation of a plunge depth when the tool is plugged
into the top surface of the welded material. The formation of concavity
can also reflect the fact that the tool shoulder hinders the plasticized/
softened materials formed in the stir/weld zone from migrating outside,
impelling them to flow towards around the pin [45]. Furthermore, the
surface appearance of all the joints fabricated by CCS and THS tools is
rough and fuzzy at low ROSP (Fig. 2a and d), and becomes brighter
(Fig. 2c and f) with the increment of ROSP. This is because the degree of
material mixing is limited at low ROSP, but more sufficient at higher
ROSP. Besides, the width of the surface weld (Fig. 2) and cross-section
(Fig. 3) of the NZ in the joints produced by CCS tool is smaller than that
manufactured by THS tool. This is due to the fact that the shoulder
diameter of the CCS is lower than that of the THS.

As exhibited in Fig. 3, first, the stir zone of all the six dissimilar
joints is comprised of the dark and light zones, which corresponds to

15mm | THS-1100 45 mm| THS-1400

Fig. 2. Surface appearances of all the six joints.
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Fig. 3. Macroscopic appearances of in the six joint cross sections: (a) CCS-800, (b) CCS-1100, (c) CCS-1400, (d) THS-800, (e) THS-1100 and (f) THS-1400.

the AA2024 BM and AA7075 BM, respectively, as a result of their dif-
ferent degrees of chemical reactions to the Keller reagent. As a con-
sequence, the flow behavior of materials can be obviously observed in
the NZ. Second, the plasticized materials flow from the AS-A2024-T351
to the RS- AA7075-T651 under the action of the extrusion and stirring
of the FSW tool. Third, the materials from the AS account for most of
the stir zone compared to the RS. According to the cross section mor-
phology of the dissimilar joint, five zones can be defined (Fig. 3c): the
heat affected zone (HAZ) on the AS, the HAZ on the RS, the thermos-
mechanical affected zone (TMAZ) on the AS (AS-TMAZ), the TMAZ on
the RS (RS-TMAZ), the NZ. Meanwhile, on the basic of material flow
characterization in the NZ, five zones can be further subdivided with
different colors in Fig. 3: (i) shoulder zone (SZ), (ii) center zone (CZ),
(iii) center interface zone (CIZ), (iv) bottom interface zone (BIZ) and (v)
bottom zone (BZ).

3.2. Microstructure

In the field of FSW, the FSW joints of aluminum alloys are usually
fractured in or near the TMAZ of the welded zone [13]. At present, the
existing researches about the microstructure of the TMAZ in dissimilar
FSW joints are not systematic and in-depth enough [46]. Accordingly, it
is essential to study the microstructure evolution of the TMAZ in the
joints. In this work, we quantitatively analyze the change in width of
the TMAZ in the joints under different tool end profiles. Fig. 4 displays
the SEM images of the AS-TMAZ and RS-TMAZ in all the dissimilar
joints. It can be observed that different morphological characteristics
can be found in the AS-TMAZ or RS-TMAZ in the dissimilar joints at
different processing conditions. Through the measurement of the width
of AS-TMAZ and RS-TMAZ, as exhibited in Fig. 5, the width of AS-
TMAZ and RS-TMAZ in dissimilar joints fabricated by CCS or THS tool
increases with the increment of ROSP. Ghosh et al. [47] proposed that
the relationship between the peak temperature in the NZ (Ty;) and the
FSW processing parameters (ROSP (w) and welding speed (v)) is shown
below:

&—K(

= @ ya

T v X 10* (€]
where the T,, is the melting point of metals, and the K and the « are the
constant (wherein, the a is 0.04—0.06 and the K is 0.65—0.75). It can
be concluded that the Ty, increases with increasing the ROSP, meaning

high heat input in the NZ at high ROSP, leading to widened AS-TMAZ

and RS-TMAZ in the dissimilar joints. In addition, it can be also found
that the width of AS-TMAZ and RS-TMAZ of the joints produced by CCS
tool is smaller than those the joints fabricated by THS tool in the con-
ditions of the same ROSP. This can be ascribed to the higher heat input
produced in the joints fabricated by THS tool, leading to high width of
the AS-TMAZ and RS-TMAZ. This phenomenon has also been verified
by Liu et al. [48].

During FSW, the deformation mechanism can be determined by the
strain rate and temperature resting with the grain morphology. Hassan
et al. [49] and Gholinia et al. [50] reported that the strain exacted for
starting the dynamic recrystallization (DRX) can be defined as follow:

€ = In(Zmdy) + C @

in which Z is the Zener-Hollomon parameter, as shown in Eq. (3) d, is
the initial grain width, m and C are the constants.

. Q

Z= Eexp(ﬁ) 3)
in which ¢ is the strain rate, Q, R and T are the action energy, universal
gas constant and deformation temperature, respectively. According to
the Egs. (3-4), we can understand that the ¢ for the activation of DRX
decreases with the increment of temperature, and with the decrease of
strain rate and grain size. Fig. 6 is the OM images of the grains in the CZ
of the dissimilar joints. It can be seen that bulk fine grains are produced
in the CZ of all the dissimilar joints. This can be due to the occurrence of
DRX resulting from the severe plastic deformation and high heat input
during FSW. Besides, we can find that the grain size in the CZ of all the
dissimilar joints increases with the increment of ROSP. On the basic of
the Eq. (1), with the increment of ROSP, high peak temperature in the
NZ (Tyz) can be produced at high ROSP, meaning that high heat input
can be generated at high ROSP, which induces the grain growth.
Through comparative study, overall speaking, the grain size in the CZ of
the joints fabricated by CCS tool is lower than that produced by THS
tool at the same EOSP. This is because the THS tool can produce higher
heat input compared to the CCS tool, leading to large grain size pre-
senting in the CZ of the joints fabricated by the THS tool. This is con-
sistent with the variation trend of the width of the above TMAZ. In
order to detailedly analyze the difference of the grain size in the dis-
similar joints produced by the CCS and THS tools, we conduct the EBSD
measurement on the different positions in the NZ (SZ, CZ, BZ, CIZ and
BIZ, as marked in Fig. 3) of the dissimilar joints at the ROSP of
1400 rpm.
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Fig. 4. The SEM images of AS-TMAZ and RS-TMAZ in the six dissimilar joints.
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Fig. 5. The statistics of the width of the AS-TMAZ and RS-TMAZ in the six
dissimilar joints.

The EBSD measurements about the grain characteristics in the SZ,
CZ, BZ, CIZ and BIZ are displayed in Figs. 7 and 8, these images are the
band contrasts (BC) and the corresponding orientation distribution
maps, which were acquired by Channel 5 software. In the BC and or-
ientation distribution maps (Figs. 7 and 8), the grain boundaries are
composed of the low angle grain boundaries (LAGBs) from 2° to 15°
marked with the white lines and the high angle grain boundaries
(HAGBs) over 15° labelled by employing the black lines. Fig. 9a—e show
the gran size distribution of the above five local zones in the dissimilar
joints fabricated by CCS and THS tools and Fig. 9f exhibits the statistics
of the average grain size of the above five zones. Fig. 10a—e display the
misorientation angle distribution of the local zones in the dissimilar
joints fabricated by CCS and THS tools and Fig. 10f demonstrates the
statistics of the number fraction of LAGBs and HAGBs in the above five
zones in the NZ of the two joints.

As displayed in Figs. 7 and 8, apparently, a large number of
equiaxed grains with small size are formed in all the five local regions
(SZ, CZ, BZ, CIZ and BIZ) of the six dissimilar joints. In theory, due to
high stacking fault energy (SFE), the aluminum alloys may experience
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Fig. 7. The BC and orientation distribution maps in the NZ: (a) CCS-SZ, (b) THS-SZ, (c) CCS-CZ, (d) THS-CZ, (e) CCS-BZ and (f) THS-BZ.

continuous dynamic recrystallization-CDRX, discontinuous dynamic
recrystallization-DDRX and geometric dynamic recrystallization-GDRX
in the process of hot deformation [13,51]. The violent plastic de-
formation and the associated with high peak temperature facilitate the
dynamic recrystallization, which leads to the formation of the re-
crystallized grains with HAGBs and grain refinement in the NZ.

As demonstrated in Figs. 7-10, the average grain size and the
number fraction of the LAGBs in the SZ are higher than those in other
four zones (CZ, BZ, CIZ and BIZ). This can be ascribed to the fact that
the original grains in the SZ undergo violent distortion deformation
under the extrusion action of tool shoulder and a large number of

broken grains remain in the SZ. These characteristics usually occur near
the tool shoulder by reason of high strain and sharp thermal gradient
from the tool shoulder to the surface of the welded materials, resulting
in the formation of dense sub-grain boundaries [52,53]. On the other
hand, Figs. 9 and 10 indicated that the average grain size increases and
the number fraction of LAGBs decreases from the CZ (CIZ) to the BZ
(BIZ). This microstructure difference can be ascribed to the differences
in the peak temperature, strain rate and cooling rate in the CZ (CIZ) and
the BZ (BIZ) of the dissimilar joints.

Interestingly, through the statistics of the number of the grains with
small size (Fig. 8c and d, < 2 pm) in the BIZ after removing the grains
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Fig. 8. The BC and orientation distribution maps in the NZ of the dissimilar joints: (a) CCS-CIZ, (b) THS-CIZ, (c) CCS-BIZ, (d) THS-BIZ, the small grains distribution

after removing large grains (> 2 um): (e) CCS-BIZ and (f) THS-BIZ.

with large size (> 2 pm), it is found that the number of the grains with
small size in the BIZ of the joint fabricated by CCS tool is more than that
produced by THS tool. Furthermore, we can clearly observe from
Figs. 7-9 that the average grain size of the SZ, CZ, BZ, CIZ and BIZ in
the NZ of the joint manufactured by CCS tool is low compared to the
joint produced by THS tool. These above results are mainly related to
the grain growth caused by different heat inputs generated by using two
kinds of the shoulder tools: CCS and THS. The grain growth takes place
mainly through curvature reduction of grain boundaries and geometric
conflation of grains [54,55]. It can be seen from Figs. 7 and 8 that some
LAGBs are situated at the grain boundaries or the grain interior with
large size, their formation results from the dynamic recovery (DRV)
mechanism and the static recovery after the DRV in the process of
cooling cycle [56]. Since these LAGBs posses the similar orientations,

creating powerful conditions for grain consolidation to occur more
easily. Thus, two or more grains can be combined together to form a
larger grain under the action of thermal cycling generated during FSW
[57]. The THS tool produces more heat input/thermal cycle than the
CCS tool, which gives rise to the generation of larger grains until the
following phenomena appear [58]: (i) the particles pinning the grain
boundaries, (ii) the development of stable crystallographic orientations
and (iii) the marked decrease in temperature. Accordingly, the number
of the grains with small size in the BIZ of the joint produced by THS tool
is low compared to the CCS tool, while the average grain size in the
joint manufactured by the THS tool is high compared to the CCS tool. In
addition, by comparing the average grain size on the different positions
in the same joint, we can conclude that the grain structure of the joint
produced by the CCS tool is more uniform than that fabricated by the
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statistics of the number fraction of grain boundaries in the above five zones (f).

THS tool. This can result from the fact that the heat input generated by
the CCS tool is more evenly distributed than the THS tool.

Many studies mainly focus on the effect of tool geometry on mor-
phology, grain structure and temperature distribution of the welded
zone in the FSW joints [22,29,30,59,60], the influence of tool geometry
on texture formation in the NZ has been rarely reported. Ahmed et al.
[41] investigated the effect of tool geometry in crystallographic Texture
the FSW AA6082 joints, However, the texture types in the different
positions of the NZ of the joints under different tool end profiles are still
unclear. During FSW, although material flow behavior is complex, the
primary deformation mode is regarded as shear deformation. In gen-
eral, the shear textures are represented by crystallographic plane {hkl}
and crystallographic direction (uvw), which is identified with the shear
plane and shear direction, respectively. Regarding to the fcc metals,

{hkl}(110) and {111}(uvw) fibers are the main texture types [61]. SFE has
a significant effect on the texture formation for aluminum alloys, thus,
we analyzed the crystallographic texture by adopting 111 pole figure
(PF) and orientation distribution function (ODF, ¢, = 0°and 45°) in the
NZ including SZ, CZ, BZ, CIZ and BIZ of the dissimilar joints fabricated
by CCS and THS tools at 1400 rpm, as exhibited in Fig. 11.

As demonstrated in Fig. 11a and b, the SZ in the CCS joint contains
{111}(110) A, {T11}(110) A, {112}(110) B, {112}¢110) B and bits of
{001}(110) C components, while the SZ in the THS joint consists of
{111}(112) 4, {111}(112) A, and {001}(110) C components. As shown in
Fig. 11c and d, {001}(110) C, bits of {112}(110) B and {112}(110) B can be
observed in the CZ of the CCS joint, while {111}(112) A4,, {111}(112) A,
{111}(110) A and {I11}(110) A can be noted as major texture compo-
nents in the CZ of the THS joint. For the texture development in the BZ,
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we can find that {001}(110) C, a lesser extent of {112}(110) B and
{112}(110) B are presented in the BZ of the CCS and THS joints (Fig. 11e
and f). For the texture analysis of the interface zone (Fig. 11g-j),
{001}(110) C, slight {112}(110) B and {112}(110) B are presented in the
CIZ of the CCS joints (Fig. 11g), while {111}(112) A,, {111}(112) A,
{112}(110) B and {112}(110) B are developed in the CIZ of the THS
joints (Fig. 11 h). In addition, {112}(110) B and {112}{110) B can be
found and formed in the BIZ of the CCS and THS joints as dominating
texture components (Fig. 11i and j). Through comparison of the texture
components in the CCS and THs joints, {111}(112) 4, and {111}(112) A,
are mainly generated in the NZ excluding the BZ of the THS joints.
According to the reports from Shen et al. [62] that the shear texture
types are closely related to the shear strain magnitude, {111}(112) 4,
and {111}(112) A, can be principally formed under the condition of low
strain compared to other shear texture components. Consequently, it
can be concluded that low strain is presented in the NZ of the THS joint
compared with the CCS joint. Whereas, due to the {112}(110) B and

o

Max=2.40!

@:

Fig. 11. 111 PF and ODF (g, = 0°and 45°) of the local zones in the dissimilar joints fabricated by CCS and THS tools.

{112}(110) B components forming in the SZ and CZ of the CCS joint,
high strain is produced in the SZ and CZ of the CCS joint compared to
the THS joint. The CCS and THS tools produce the same shear texture
components in the BZ and BIZ, which indicates that the same magni-
tude of shear strain are formed in the BZ and BIZ whether by using the
CCS tool or the THS tool.

3.3. Mechanical properties

Fig. 12 portrays the microhardness profiles of the six dissimilar
joints. Obviously, the microhardness distribution of all the six dissimilar
joints is characterized by the typical W-shape. Compared to the two
BMs, the low microhardness zone is presented in the stir zone of all the
dissimilar joints. This hardness softening phenomenon is primarily at-
tributed to the occurrence of coarsening and dissolution of precipitated
phases for solution strengthening aluminum alloys, resulting from high
heat input/thermal cycle and violent plastic deformation produced



C. Zhang, et al.

190

s —a—CCS-800 v%
180 - —e—CCS-1100 AT
i —a— CCS-1400
_tor —v— THS-800
= 1 —e— THS-1100
<1601 THS-1400
2 ;'\"’w’y;, ™
Lo lilildsigery
B ot N
S 140} ‘x:\‘w‘;}ﬁ%ﬁ |
o - MUY |, ¢
O | \@ u A
= 1307 An2024 N Y N AA7075
S
- T
1208 as 5 o RS
110 2 1 " 1 < n <| 1 1 " 1
20 -5 10 5 0 10 15 20

Distance from the weld center line (mm)

Fig. 12. Microhardness distribution of the six dissimilar joints.

during FSW [13]. The width of the low microhardness zone in the NZ of
all the CCS joints is lower than that of all the THS joints. This is due to
the case that the shoulder diameter of the CCS tool is lower than that of
the THS tool. Furthermore, we find that the minimum microhardness
value with 130 HV exists in the AS-HAZ of the CCS-1400 joint for the
CCS joints. Nevertheless, for the THS joints, the minimum microhard-
ness value with 132.5 HV can be found in the NZ on the RS (RS-NZ) of
the THS-1400 joint. It can be concluded that the minimum micro-
hardness of both the CCS and THS joints appears at higher ROSP
(1400 rpm). This is because high ROSP produces more heat input. As a
result, the precipitated phase is more prone to be dissolved and coar-
sened during FSW [51], leading to the decrease of microhardness.

Fig. 13a demonstrates the tensile curves of all the six dissimilar
joints and the corresponding tensile data are summarized in Table 2. It
is found from Fig. 13a and Table 2 that the yield strength (YS), ultimate
tensile strength (UTS) and tensile elongation (TE) of all the dissimilar
joints are inferior to those of the two BMs (AA2024 and AA7075).
Regarding to the solution strengthening aluminum alloys, since FSW is
approximately equivalent to a hot processing process, causing a large
number of precipitates to coarsen, dissolve and re-precipitate after
subsequent cooling [51], resulting in significant deterioration of the
mechanical properties of the FSW joints compared to the corresponding
BMs. It can be concluded that the YS and UTS of the CCS and THS joints
increase first and then decrease with the increase of ROSP, which is
similar to our previous research [7,10]. In addition, the maximum YS,
UTS and TE can be acquired in the CCS-1100 joint, and which are
316.2MPa, 426.8 MPa and 8.32 %, respectively. However, the
minimum value including YS, UTS and TE can be obtained in the THS-
1400 joint, which are 282.4 MPa, 386.6 MPa and 2.49 %, respectively.
Compared to the THS joints, the YS, UTS and TE of the CCS joints are
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Table 2

Summary of Tensile test results of the BMs and the dissimilar FSW joints.
Materials YS/MPa UTS/MPa TE/% Fraction locations Efficiency
2024 BM 360 470 20.3 - -
7075 BM 476 555 11.4 - -
CCS-800 304.1 421.1 6.85 AS-TMAZ 89.6 %
CCS-1100 316.2 426.8 8.32 AS-HAZ 90.8 %
CCS-1400 293.8 419.3 8.52 AS-HAZ 89.2 %
THS-800 287.3 387.8 3.51 RS-NZ 82.5 %
THS-1100 298.6 411.9 5.05 RS-NZ 87.6 %
THS-1400 282.4 386.6 2.49 RS-NZ 82.3 %

higher than those of the THS joints under the same ROSP. When ap-
plying a load, fine grains produced by the CCS tool (Figs. 6-8) can
impede dislocations, reducing the accumulation of dislocations during
stretching. Meanwhile, the precipitated particles with more dispersed
distribution could obstruct the movement of dislocations, thereby re-
ducing the stress concentration and crack initiation [63]. Although
some micro-cracks are generated, higher propagation resistance can
ameliorate the mechanical properties [23]. However, the THS tool
produces high heat input in comparison to the CCS tool, which gives
rise to coarsening of grains and precipitated particles in the NZ of the
joints, causing serious stress concentration, which is more likely to form
cracks and lower the tensile performances of the joints [63]. The joint
welding efficiency can be expressed by using the following equation:

UTsS joi
% Joint welding efficiency = —_DThe welded joint

“@
on the grounds of the Eq. (4), the maximum welding efficiency with
90.8 % can be obtained in the CCS-1100 joint.

The fracture places of all the six dissimilar joints are shown in
Fig. 13b and outlined in Table 2. Clearly, the CCS-800 joint is fractured
in the AS-TMAZ, and with increasing the ROSP, the fractures of the
CCS-1100 and CCS-1400 joints are located in the AS-HAZ. High heat
input is produced at high ROSP and the temperature on the AS is high
compared to the RS [63], which results in the occurrence of pre-
cipitated phase particles coarsening in the AS-HAZ. For the THS joints,
the fracture places of all the three dissimilar joints are located in the RS-
NZ, indicating that the RS-NZ is the weak part for the THS tool. We can
find that the fracture positions of all the dissimilar joints are consistent
with the corresponding minimum microhardness value in Fig. 12. As is
known to us, the UTS of the precipitation-reinforced aluminum alloys
FSW joints with no defects is chiefly influenced by the precipitation
phase characteristics and dislocation density. The influence of pre-
cipitate phases on mechanical properties can also be verified by their
impact on the distribution of microhardness values. Thus, the tensile
properties largely rely on the microhardness distribution of the FSW
joints [60]. The lower microhardness means the lower UTS [64].
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Fig. 13. Tensile measurements (a) tensile curves and (b) fracture location of the six dissimilar joints.
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1100 rpm
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1400 rpm

Fig. 14. Tensile fracture features of the dissimilar joints: (a and d) CCS-800, (b and e) CCS-1100, (c and f) CCS-1400, (g and j) THS-800, (h and k) THS-1100 and (I

and 1) THS-1400.

Fig. 14 displays the fracture surface features of the joints after
conducting the tensile test. It can be noted that the fracture of all the
joints initiates along the trajectory of material flow. As displayed in
Fig. 14a-f, the fracture surface of all the CCS joints is characterized by
the large tearing ridges as well as abundant deep dimples with large and
small sizes, which reveals ductile fracture mode. However, it can be
observed from Fig. 14g-1 that many shallow dimples with small size are
presented on the fracture surface of all the THS joints. Besides, it can be
also observed that substantial cleavage steps are produced. Thus, the
fracture mode of the THS joints is brittle failure. During crack propa-
gation, the cleavage steps between the parallel cleavage planes with
different heights, forming a river pattern and the flow direction of the
river is in accordance with the crack propagation direction. Since the
cleavage plane is a specific low exponential crystal plane, brittle frac-
ture takes place along the cleavage plane. According to our previous
work [65], the coarsening Fe-rich and Fe-Mn-rich constituent particles

11

are formed in the TMAZ of the dissimilar FSW AA2024/7075 joints.
These hardness brittle phases distributed in the form of chains results in
a significant decrease of the ability of local plastic deformation, which
weakens material’s resistance to fracture propagation and makes it
easier to expand, thus showing a brittle fracture behavior [66].

4. Conclusions

In this research, the influence of tool shoulder end profiles and
ROSP on the microstructure and mechanical properties of the dissimilar
FSW AA2024/7075 joints was studied. Some conclusions can be de-
scribed as follows.

(1) Defect-free dissimilar FSW AA2024/7075 joints with were suc-
cessfully fabricated by adopting the CCS and THS tools.
(2) The width of the TMAZ (AS-TMAZ and RS-TMAZ) in the CCS joints
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is lower than that in the THS joints, and both of them increase with
the increment of ROSP.

(3) The average grain size in the NZ of the CCS and THS joints increases
with the enhancement of the ROSP. The average grain size in the
NZ including SZ, CZ, BZ, CIZ and BIZ of the CCS joints is low
compared to the THS joints.

(4) Same shear texture components are generated in the BZ
({001}(110) C, slight {112}¢110) B and {112}{110) B) and BIZ
({112}(110) B and {112}(110) B). However, compared to the CCS
joint, {111}(112) A, and {111}(112) A, components are only gener-
ated in the NZ excluding BZ of the THS joint.

(5) ROSP has an obvious influence on the tensile properties on the
joints. The YS and UTS of the CCS and THS joints increase first and
then decrease with the increase of ROSP. The tensile properties of
the CCS joints are better than those of the THS joints. The maximum
YS, UTS and TE can be acquired in the CCS-1100 joint, and which
are 316.2 MPa, 426.8 MPa and 8.32 %, respectively. The corre-
sponding maximum welding efficiency is approximately 90.8 % of
AA2024 BM.

(6) The fracture of the dissimilar joints is located in the minimum
microhardness value region. The fracture mode of the CCS joints is
ductile failure, while the THS joints exhibit brittle fracture mode.
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