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Abstract Four tools with taper (TA), triangular (TB),
three-grooves (TC), and square (TD) pin-tip profiles were
designed to friction stir weld (FSW) thick AA7075-T6
alloy plates aiming at improving the local and overall
mechanical properties of the joints. The microstructure
evolution, hardness, and mechanical properties of the
FSW joints were studied by scanning election microscope
(SEM), X-ray diffractometer (XRD), and transmission
electron microscope (TEM). The results show that
equiaxed grains in the bottom nugget zone (BNZ) obtain-
ed by using TC are noticeably refined compared to in the
case of other tools. Also, finer and more dispersive pre-
cipitates are distributed in this BNZ, and higher contents
of n phase and dislocations are observed. A similar trend
is found in the middle of weld. The bottom slices welded
by employing TC show superior strength and ductility
with a highest ultimate tensile strength of 388 MPa, yield
strength of 315 MPa, and elongation of 7.9 %, which are
in agreement with the hardness profiles. This is owing to
ultrafine grains, more high-angle grain boundaries, more
dispersive and higher contents of precipitates, and opti-
mum hardness distribution. Accordingly, the global me-
chanical properties of the overall joints prepared by using
TC significantly improve.
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1 Introduction

High-strength 7xxx series aluminum alloys are widely used in
the aircraft, aerospace, and other engineering applications due
to their high strength to weight ratio, fracture toughness, ex-
cellent corrosion resistance, and natural aging characteristics
[1-3]. Similar to 2xxx series aluminum alloys, 7xxx series
alloys, such as AA7075 and AA7050, are considered relative-
ly difficult to weld using fusion welding processes because of
the presence of copper which will result in loss of strength and
ductility in the heat-affected zone, leading to brittle fracture,
hot cracking, porosities, and fusion defects [4, 5]. Although it
is possible to avoid solidification cracks by using a proper
heat-treatable aluminum alloy filler, the resulted joint efficien-
cies are unsatisfactorily low [6]. AA7075 is a high-strength
alloy complying with Al-Zn-Mg-Cu system of 7xxx series
alloys. It gains strength from main MgZn, precipitates and is
suitable for military and aircraft structural components be-
cause it can recover strength from the natural aging after
welding [7]. But, the applications of AA7075 alloy are cur-
rently limited because of many problems during welding.
Friction stir welding (FSW) is a solid-state joining process
in which the material to be welded does not melt and recast.
Thus, this technique is well suited to weld aluminum alloys,
especially those which are normally considered to be
unweldable, such as 7xxx series aluminum alloys. It may
avoid the weld defects like cracks and porosities, significantly
improving mechanical properties of the joints [8]. During
FSW, a nonconsumable rotating tool, including a special
shoulder and pin, moves forward along the joint interface to
generate heat, leading to a recirculating flow of plasticized
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material around the tool surface. The softened material under-
neath the shoulder is subjected to extruding by the tool pin in
rotational and traverse movements which transport from the
advancing side to retreating side where it is joined into a weld
[9, 10].

A large number of research papers are reported on the FSW
of aluminum alloy sheets, introducing the material flow [11,
12], microstructure evolution [13], mechanical properties
[14], fatigue [15], and corrosion behaviors [16]. However, it
is observed that few papers exist about the FSW of
precipitation-hardening AA7075. Especially for thick plates,
lots of welding problems still remain. Avettand Fenoel and
Taillard [17] demonstrated that the nugget hardness decreased
along the weld thickness direction due to the temperature gra-
dient and deformation, which resulted in heterogeneous nug-
get microstructures in 19-mm-thick FSW welds of AA2050.
Also, Canaday et al. [18] proved that the nugget hardness near
the weld root was less than one at the midplane and near the
crown for friction stir welding of 32-mm-thick AA7050 alloy
plates, indicating that the peak temperature in the root was
lower than that in the midplane and crown. Srinivasa Rao
et al. [19] found that the FSW joint efficiency in thick plates
was only 53 % for 16 mm welds and 70 % for 10 mm welds
with compared to 80~90 % for 3~6-mm sheets of the same
material, which was mainly due to the higher heat input. Xu
et al. [20] reported that the strength and elongation decreased
significantly from the top to the bottom of the weld along the
thickness for FSW of 14-mm-thick AA2219 alloy plates. A
lowest temperature was found in the weld root. Based on the
results from the abovementioned papers, it can be concluded
that low temperature and poor plastic flow in the weld root
result in the performance deterioration at the root and also
reduce the overall mechanical properties of the FSW joints
of thick plates. Therefore, how to improve the flowability of
plastic material in the weld root will be focused on in this
study.

It is well known that the formation characteristics of the
FSW joints are influenced by material flow and temperature
distribution across the weld, which are determined by tool
geometries and welding parameters [21, 22]. The tool geom-
etry, in particular the pin profile, is a predominant factor in
determining the weld geometry, localized heating, and stirring
action. Besides, it predominantly governs the flow path of
plastic material around the pin and is responsible for homoge-
neous microstructure, and uniform joint properties [23].
Thomas et al. [24] declared that Whorl™ and MX Triflute™
tool geometries increased heat generation and lowed displace-
ment volumes of the softened materials during FSW.
Analogously, Zhang et al. [25] revealed that the tool with
three-sided pin profile increased its stirring power and hence
promoted the metal flow under the probe end due to higher
surface velocity at the probe edge. Meanwhile, Thomas and
Nicholas [26] found that the eccentricity allowed
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incompressible material to pass around the pin profile due to
dynamic orbit with relative eccentricity. Elongovan and
Balasubramanian [27] showed that pin profiles with square
and triangular flat faces were associated with this eccentricity.
In addition, the triangular and square pin profiles produced a
pulsating stirring action in the flowing material due to flat
faces, while there was no such pulsating action in the case of
tapered and threaded pin profiles. Dawood et al. [28] studied
that the FSW joints of AA6061 alloy had the best mechanical
properties by using the triangular tool pin profile compared
with threaded tapered and square pins. Less pulsating action
experienced in the nugget zone (NZ) of triangular pin, leading
to formation of finer grains. However, Khodaverdizadeh et al.
[29] reported that square pin profile caused higher degree of
plastic deformation due to its higher eccentricity and pulsation
effect, and also leaded to higher peak temperature as well as
finer recrystallized grains in the FSW joints of 5-mm-thick
copper plates. Hence, based on the reasons mentioned above,
the results are summarized as a baseline for the present study.
The aim of this paper is to improve the local plastic flow and
temperature distribution in the bottom of weld in order to
improve the weld properties. For this purpose, four different
tool pin-tip profiles (threaded taper, triangular, three-grooves,
and square pins) are selected to weld thick aluminum alloy
plates under the same welding parameters. The microstructure
and mechanical properties of the achieved joints are
investigated.

2 Experimental procedures

Twenty-millimeter-thick AA7075-T6 aluminum alloy rolled
plates were used as base material (BM) in the study.
Chemical compositions and mechanical properties of this al-
loy are illustrated in Table 1. Plates were cut into a required
size of 200 mm (length) x 140 mm (width) x 20 mm (thick-
ness), and then joined by FSW perpendicular to the rolling
direction. A modified horizontal-type milling machine was
used. Four different tools with taper, triangular, three-groove,
and square pin-tip profiles coupled with the same left thread
were designed to fabricate the joints. The schematic diagram
is shown in Fig. 1. The tool handle and shoulder were made of
H13 die steel. The pin material was GH4169 steel. The tool
sizes were both having 14 mm in pin root diameter, 8 mm in
the head, 19.5 mm in total length, and 3 mm in tip height, as
well as a concave shoulder of 42 mm in diameter. The thread
pitch was 2 mm. Constant tool rotation speed of 475 rpm and
welding speed of 37.5 mm/min were applied by trial and error.
Moreover, a spindle tilt angle of 2° and a plunge depth of
0.5 mm were used during FSW.

The microstructural features of the joints were examined by
electron backscattering diffraction (EBSD), scanning electron
microscope (SEM), and transmission electron microscope
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Table 1 Chemical composition
and mechanical properties of

7075-T6 aluminum alloy

Chemical composition (wt.%) Mechanical properties
Zn Mg Cu Si Fe Mn Cr Al o, (MPa)  0p,(MPa) A (%) Hardness (HV)
5.81 2.68 1.66 035 0.61 033 02 Bal. 535 470 8.7 160~170

(TEM). The EBSD samples (marked by red boxes in Fig. 2)
were cut from the FSW joints transverse to the welding direc-
tion. After standard grinding and mechanical polishing proce-
dures, an electrochemical compound polishing with a solution
of 8 % perchloric acid alcohol for 15 s at =20 °C with an
applied potential of 20 V was conducted. EBSD studies were
performed in a TESCAN VEGA II-LMH SEM with step size
of 0.5 um for data collection. The TEM samples were pre-
pared by twin-jet electro-polish in a solution of 25 vol.% of
HNO; and 75 vol.% of methanol at a temperature of =30 °C,
and then observed by TEM which was operating at 200 keV.
The voltage was set as 12 V. The phase composites and types
were analyzed by X-ray diffraction (XRD) with Cu K, radia-
tion on D8X diffractometer. The XRD samples with a size of
2 mm (length) x2 mm (width) x 3 mm (thickness) were cut
from the weld nugget center and polished, and then were
tested for different samples, respectively.

Vickers hardness was measured on the middle and bot-
tom cross sections of the joints perpendicular to the
welding direction. The interval between two points was
1.0 mm, as shown in Fig. 2. A load of 100 g and a dwell
time of 10 s were selected for hardness testing. The tensile
specimens including the bottom slices of 5 mm in thick-
ness (8;) and overall joints of 20 mm (8,) in thickness
were prepared as per the ASTM: B557M-10. The dimen-
sions of tensile specimens (bottom slice and whole) are
shown in Fig. 3. The specimen surface and edge were
rounded and polished during the tensile tests to avoid

Taper

Triangular Three-grooves
A B C D

Fig.1 Schematic diagrams of tool pin designs used (marked for TA, TB,
TC, and TD, respectively)

Square

the surface stress concentration. The room temperature
tensile tests were conducted at a cross-head speed of
1 mm/min using a WDS-100 universal testing machine.
The tensile properties of each joint were evaluated using
three tensile specimens machined from the same joint.
After the tensile test, the fracture features of the samples
were analyzed by SEM.

3 Results and discussion
3.1 Microstructure

Figure 4 shows the microstructural characteristics observed by
EBSD in the bottom nugget zones (BNZs) of the joints (region
A in Fig. 2) welded by different tools of TA, TB, TC, and TD,
respectively. Microstructure in NZs is known to exhibit a typ-
ical feature of fine and equiaxed grains due to dynamic recrys-
tallization which attributes to the highest plastic deformation
and peak temperature. The recrystallization is a complex nu-
cleation and growth process described as follows: (1) at the
initial stage, the substrate turns into coarse band structures. As
the strain increases, some elongated fibrous grains are formed,
and then a finer scale is obtained as further grain subdivision
continuously occurs. (2) With as increase in temperature, fine
nugget-scale grains are formed from closely spaced parallel
high-angle grain boundaries (HAGBs). The bands of fine
grains are forced together and increased in volume fraction
with strain. (3) The unstable fibrous grain fragments form a
full nugget-like microstructure consisting of low aspect ratio
ultrafine grains, and finally grow up to more equiaxed struc-
tures due to static annealing in the thermal wake of the tool
[30, 31]. The growth is accomplished mainly by the migration
of HAGBs. However, various recrystallization mechanisms
during FSW have been reported, such as dynamic recovery

Weld centerline

Fig. 2 Macromorphology of the weld for showing hardness measuring
and microstructure observation points

@ Springer



1866

Int J Adv Manuf Technol (2017) 88:1863—-1875

Fig. 3 Schematic illustration of
tensile test specimens
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(DRV), continuous dynamic recrystallization (CDR), discon-
tinuous dynamic recrystallization (DDR), and particle nucle-
ation, which decide the recrystallized grain in size [2, 32]. As
is shown in Fig. 4, all four BNZs are composed of ultrafine
grains with typical recrystallized equiaxed microstructures.
But, it is clear that the grain sizes estimated by EBSD are
different, which are 10.8+1.2, 7.7+0.8, 3.0+0.3, and 4.7
+0.5 um for the BNZs obtained using TA, TB, TC, and TD,
respectively, as shown in Fig. 5. The grains are obviously
refined in different degrees with compared to those in the
joints welded using TA. The grains size obtained by TC
(three-groove pin-tip profile) is the smallest.

It is believed that most of the heat in FSW is determined by
shoulder design. Therefore, for the same shoulder, the tool pin
does not have a significant effect on the total heat generation
rate during FSW. Only the way in which heat is generated by
friction of deformation varies with the pin profile which plays
a crucial role in the material flow path and the degree of plastic
deformation [13, 21, 27, 31]. The tool with three-groove pin
profile has a stronger stirring power and hence promotes the
localized heating and metal flow under the probe end due to a
higher surface velocity at the probe edge [23-25]. In addition,
triangular and square pin profiles produce eccentricity that is
defined as the ratio of the dynamic volume swept by the tool to
the static volume of the tool. Triangular pin profile, with
higher eccentricity, allows more incompressible materials to
pass around the pin profile. Compared with triangular pin
profile, the square pin profile can produce more intense

10pum
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Fig. 4 EBSD maps at 2.5 mm from the bottom surface of NZ for the joints obtained by (a) TA, (b) TB, (¢) TC, and (d) TD, respectively

pulsating stirring action for the flowing material due to the
associated eccentricity, which generates additional friction
heat resulting in a higher localized plastic deformation at the
tool pin and workpiece interface [26-29]. However, triangular
and square pins have smaller interfacial contact areas with
workpiece that reduce heat generation and degree of deforma-
tion during FSW. In contrast, the three-groove pin profile,
having the strongest stirring power and the biggest contact
area with the weld metal, can result in the highest plastic
degree and most frictional heat to promote the peak tempera-
ture and plastic flow in the weld root in four tools, leading to
finer grains, as shown in Fig. 4c. For the taper pin profile, it is
ineffective to produce pulsating stirring action. The material
flowability at the weld root is very poor due to lacking of
sufficient stirring power. Correspondingly, the grains are
coarser shown in Fig. 4a.

Using the misorientation angle distribution derived from
EBSD maps shown in Fig. 4, the grain reorientation during
FSW can be further understood. Figure 6 shows the misorien-
tation angle distribution histograms of point A in Fig. 2 cor-
responding to the BNZs of different samples obtained by TA,
TB, TC, and TD, respectively. It is obvious that the frequen-
cies of the misorientation angles appear to have random dis-
tributions. Moreover, considering all grain boundary misori-
entation angles >2°, the HAGBSs in the BNZs produced by TC
contribute much more than other tools. It can be concluded
that a much higher fraction of HAGBs exists in the BNZ due
to a more dynamic recrystallization. It is proved that HAGBs
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Fig. 5 Average grain size in the BNZs of the different joints

can efficiently hinder the dislocations and thus improve the
strain hardening capacity and the ductility. Also, reasonable
ductility could be obtained by HAGB sliding and related ac-
tivities in ultrafine grain materials. The main attribution is that

HAGB sliding may lead to dislocation emissions at triple
junctions due to high stress concentrations, and those disloca-
tions hence the strain hardening [33, 34].

In order to further analyze and discuss the effect of pin-tip
profiles, the microstructures in the middle of the FSW joints
(region B in Fig. 2) are shown in Fig. 7. It is seen that there is a
difference in the grain size. The one obtained by TC is smaller
than other tools. The reason may be related to plastic flow and
peak temperature mentioned from the above description.

3.2 Precipitates distribution and XRD analysis

Figure 8 shows TEM images in the bottom of NZs of the joints
produced by four different pin-tip profiles. The material with-
in the BNZs experiences intensive plastic deformation and
high temperature, and the microstructure evolution occurs
continuously. The peak temperature in the BNZs is in a range
0f 400~510 °C for the FSW of AA7075 alloy as reported in
[35]. Most of the coarse secondary phase particles in BM are
broken up, dissolved, and reprecipitated during FSW. Fine
reprecipitated phases are distributed in the BNZs. In addition,
it is obvious that the precipitate distributions in the BNZs are
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Fig. 6 Misorientation angle distribution in BNZs of the joints obtained by (a) TA, (b) TB, (¢) TC, and (d) TD, respectively

Misorientation angle (°)

@ Springer



Int J Adv Manuf Technol (2017) 88:1863—-1875

— ] Oum

Fig. 7 Microstructure of the middle at 10 mm from the top surface in different NZs under (a) TA, (b) TB, (¢) TC, and (d) TD, respectively

different. The strengthening particle distribution in the BNZ
obtained by TA is very inhomogeneous and random and is
composed of fine reprecipitated phases as well as some coarse
unbroken particles due to inadequate stirring action of the pin
for the local bottom region, as shown in Fig. 8a. By EDX
microanalysis, these dispersoids are mainly identified as 1
phase (MgZn,), S phase (Al,CuMg), and T phase
(AIMgZnCu), respectively. However, the precipitate distribu-
tions in other BNZs are relatively uniform, especially for the
sample welded by TC. These particles are 1) phase (MgZn,) as
indentified by EDS shown in Fig. &c. It is well known that fine
1 phase in the weld plays an important role in hindering ab-
normal grain growth and is effective in dislocation pinning
and accumulation. For the FSW of precipitation strengthening
aluminum alloy, the precipitate distribution is intensively

studied [1, 7, 9, 31]. Canaday et al. [18] found that the weld
properties in the root became noticeably worse due to coarse
precipitates resulting from a lower temperature for FSW of 32-
mm-thick AA7050 plates. Mao et al. [31] proved that the
precipitated particles in the weld bottom were coarser and
badly nonuniform than those in the top/middle for FSW of
thick AA7075 alloy plates. Similarly, Xu et al. [20] reported
that the strengthening particle size in the weld bottom was
larger in FSW of thick AA2219 alloy plates, significantly
decreasing the hardness and tensile property of the joints.
Also, the high-resolution TEM images of the coarse and fine
1 phases observed in this study are shown in Fig. 8e, f, respec-
tively. During FSW, although the material in the weld un-
dergoes large plastic deformation and high temperature, some
dislocations with a high density which are caused by the

n phase

Fig. 8 TEM micrographs showing the precipitates at 2.5 mm from the bottom surface of the NZs obtained by (a) TA, (b) TB, (¢) TC, and (d) TD,
respectively; HRTEM in [100] zone axis showing e coarse and f fine 11 (MgZn,) phases
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dynamic recrystallization are left in the BNZ after welding
shown in Fig. 8b, c. These dislocations can pile up against
the precipitated particles and serve as the nucleation sites for
the 1 phase during artificial aging for 7xxx aluminum alloy.
Moreover, a high density of dislocations is conductive to im-
prove the mechanical properties of the joints. Similar results
such as dislocation pinning effects are observed and proved in
FSW of AA7050-T7451 alloy [2], AA2024 alloy [36], and
AA6061-T651 alloy [37].

In order to estimate the content of the precipitated phases in
the BNZs for different tools, the XRD experiment is used in
this research. XRD profiles including all precipitate distribu-
tions and MgZn, phase diffraction peak are shown in Fig. 9a,
b, respectively. As shown in Fig. 9a, it is clear that three types
of strengthening phases, including n phase, T phase, and S
phase are examined, which is consistent with the TEM results
shown in Fig. 8. However, there is an apparent difference in
the precipitate content. For example, the diffraction peak ofn
phase is higher with compared to other phases in the same
BNZ, but only few T and S phases are found, indicating that
the reprecipitated particles is almost single phase, i.e., 1 phase
(MgZn,), after welding. In the 7xxx series aluminum alloys,
the supersaturated solid-solution is decomposed in the follow-
ing sequence: supersaturated solid-solution — GP zone —n
(MgZn,) —1n (MgZn,). Decomposition of the supersaturated
solid-solution produces solute-rich clusters, GP (I), and
vacancy-rich clusters which will transform or nucleate into
GP (II) zones. Both types of GP zone can form at a low
temperature of 20~125 °C, but the GP (I) zone dissolves at a
lower temperature of 100 °C than the GP (II) at 125 °C. At
higher aging temperatures from 130 to 290 °C, the formation
of the metastable and semicoherent 1 phase is followed by
formation of the equilibrium 1 phase. Both of these phases are
hexagonal with different lattice parameters. Furthermore, the
equilibrium 1 phase forms directly from solid-solution [2, 31,
32]. Figure 9b shows the diffraction peak of n phase in differ-
ent BNZs. It is deduced that BNZ obtained by TC has more
MgZn, phase. One reasonable interpretation is that the tool
with three-groove pin profile can result in higher temperature
which is beneficial to sufficient solid solution and
reprecipitation of the strengthening phases during FSW. In this
FSW process using TC, other phases are barely formed but it
is followed by the precipitation sequence shown above.
Hence, it can be deduced that finer and more precipitated
particles are helpful to improve the local mechanical proper-
ties of the weld bottom by optimizing pin-tip profile.

Figure 10 shows SEM images of strengthening particles in
the middle of weld for different joints fabricated by TA, TB,
TC, and TD, respectively. EDS analysis reveals that the white
particles distributed dispersively in Al substrate are 1) phase of
AA7075 alloy together with few gray particles containing Al,
Mg, Zn, and Cu. However, as shown in Fig. 10, there is a
difference in precipitate sizes. The precipitated particles

shown in Fig. 10a are coarser and distributed at random for
TA. Compared to Fig. 10a, b, d, the middle of weld obtained
by TC shows finer grains with homogeneously dispersed par-
ticles as shown in Fig. 10c. This is mainly due to a higher
temperature and better plastic flow in the weld stemming from
stronger stirring action of the tool pin, which causes finer and
more uniform precipitates in the middle. Mironov et al. [38]
suggested that the tool pin played a main role in governing the
formation quality and microstructure by influencing the flow
behavior in the weld. Intense stirring effect for plasticized
material was beneficial to form finer microstructures. In addi-
tion, it should be noted that the grain refinement in the weld is
associated with the resistance of dispersed particles to grain
growth in the dynamic recrystallization during FSW [2, 32],
which is reflected by the microstructures in Fig. 7.

3.3 Mechanical properties
3.3.1 Microhardness

For FSW of 7xxx series alloys, the hardness variation accu-
rately corresponds to the change in microstructure, which is
usually used to analyze the mechanical properties of the joints.
Figure 11 shows the Vickers microhardness profiles transverse
to the cross section at two horizontal locations. The BM
(AA7075-T6 alloy) exhibits microhardness values in a range
of 160-170 HV. In Fig. 11a, it is clear that the hardness dis-
tribution across the weld nugget zone (WNZ) and adjacent
regions shows a W shape, and a softening phenomenon is
presented in the thermal-mechanically affected zone
(TMAZ) and heat-affected zone (HAZ) compared with the
WNZ and BM. It is mainly attributed to two factors. First,
the grains and strengthening phases are obviously coarsened
in the TMAZ and HAZ. Second, GP zones are completely or
partially dissolved due to thermal cycle during FSW. Similar
results were reported in [39, 40]. Compared with other joints,
the microhardness values are higher in the BNZ of the joint
produced by TC. According to the Hall-Petch relationship
(Hy=Hy+kyd "2, Hy is the hardness, d is the grain size, Hy
and ky are the contents) [41], there is a great attribution to
increase the hardness of the joint due to smaller grain sizes
as shown in Fig. 4c and a higher fraction of HAGBs resulting
in strain hardening as shown in Fig. 6¢c. And finer and more
precipitated particles are found in the BNZ shown in Figs. 8c
and 9c, respectively, which is also beneficial to enhance the
hardness too. Similar results were observed in AA2024 alloy
in [36, 40], where the hardness profile greatly depended on the
grain size and particle distribution. Moreover, the hardness
profile shows an asymmetrical distribution, and the hardness
values on the AS are higher than those on the RS. The main
reasons are that better shear strain and plastic flow on the AS
lead to finer microstructures and more efficient strain
hardening.
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Fig. 9 XRD profiles of precipitated phases in the BNZs: a all the phase distributions, b MgZn, phase diffraction peak

Figure 11b shows the hardness distribution in the middle of
the joints. Some similar trends are displayed. The hardness of
the joint made by TC is significantly higher than other joints,
and its distribution on two sides is asymmetric. These phe-
nomena are also well understood by observing the grain struc-
tures and particle distributions, as shown in Figs. 7 and 10,
respectively. In a word, optimum hardness distribution was
obtained in the middle and bottom of the joints produced by
TC. The higher hardness will significantly decrease the for-
mation and growth rate of microcracks, and thus improve the

Fig. 10 SEM micrographs
showing secondary phase particle
distribution of the middle at

10 mm from the top surface under
aTA, b TB, ¢ TC, and d TD,
respectively
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local and overall mechanical properties like the ductility and
strength of the joints.

3.3.2 Tensile property

In order to evaluate the effects of pin-tip profiles on me-
chanical properties, the tensile tests of the bottom slice
and overall joint containing the nugget zone at the center
are carried out. Figure 12a shows the true tensile stress—
strain curves of the local bottom slices for different pin-tip
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Fig. 11 Microhardness of the weld in different positions: a the weld bottom; b the middle

profiles, and Fig. 12b reveals the results of BM and over-
all joints. The results including the strength and elonga-
tion of the tensile samples are presented and compared in
Fig. 12c, d, respectively. Error bars in Fig. 12d indicate
the total range of test results for three specimens per con-
dition. It can be clearly seen from Fig. 12c, d that the
ultimate tensile strength (UTS), yield strength (YS), and

ductility of the bottom slices and overall joints under dif-
ferent conditions are less than the BM due to the thermal
history during FSW. Moreover, it is found that the lowest
UTS of 238+2 MPa, YS of 172+1.5 MPa, and elonga-
tion of 4.1 % were obtained for the bottom slices welded
by TA. There is a significant increase in the mechanical
property for using TC. The bottom slices have the highest

400
(a)
350
300
=
S 20 T
Y D
£ 200 |
‘E TB
@
2 150
= TA Local joint-TA
100 |- Local joint-TB
Local joint-TC
50 - Local joint-TD
0 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9
True strain (%)
550
500 - (C) 277 Local tensile strength
B Whole tensile strength
450 |

400

350

300

250 -

200

150

Ultimate tensile strength (MPa)

100

L —a— TA-1
550_— (b) —e— TB-2
500 - —A—TC3
s —v—TD-4
50 —<—BM-5
= 400 5
5 L
S 350 -
2 300 [ ’
3,
: 50 4
& 200
150 |- 2
100 |- 1
50 |
0 [P S TR T L L L L
0 1 2 3 4 5 6 [
True strain (%)
550 (d) B Local tensile strength ™
_ A Local yield strength
£ 500 | s
s A
= i -
£ 450 TC joints
E <A
£ 400 | ‘)
= N
2 350 "
g . Al
Z 300 | . N
5 TA joints -
]
2 A
g 2O
E P “
£ i
5 200F
A
L
1 1 1 - L L !
4 5 6 ’ 8 °

Elongation (%)

Fig. 12 Mechanical properties of the local and whole joints: a stress—strain curves of the bottom slices, b stress—strain curves of the whole joints, ¢
tensile strength of the bottom slices and the whole joints, and d strength and elongation of the slices and joints
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Table 2 Effect of tool pin-tip profile on fracture properties of the local slices and overall joints

Local bottom  Minimum

o ) Fracture Photograph of fractured
Pin-tip profile  slice/overall hardness . )
o location specimen
joint (HV)
Slice 62 Nz
Taper (TA)
Overall 84 Nz
Slice 79 HAZ, AS
Triangular
TB
(TB) Overall 87 NZ
Slice 101 HAZ
Three-grooves
(T0) Overall 103 HAZ, RS
Slice 82 HAZ, RS
Square
(TD) Overall 87 Nz

Fig. 13 SEM micrographs
showing the tensile fracture
surfaces of the bottom slices
produced under a TA, b TB, ¢ TC,
and d TD
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strength and elongation, which are 388+3 MPa, 315
+1.5 MPa, and 7.9 %, respectively.

Primary analysis is related to the microstructure evolution
and precipitated particle distribution. In general, for thick Al
alloy plates welded by taper pin, the material in the bottom of
weld experiences poor stirring action of the pin and lower
temperature, resulting in insufficient plastic flow of the mate-
rial [18-20, 31]. Thus, coarser grains, fewer strengthening
particles, and fewer precipitates in the BNZ obtained by TA
cause lower strength and ductility in the bottom slices, leading
to the performance deterioration of the overall joints. Using
the tool of TC can enhance stirring effect for the root material
owing to more forceful stirring power of the pin, resulting in a
better flowability of plasticized material and temperature dis-
tribution in the bottom of weld. Therefore, it is shown that all
results exhibit better strengths with an increase in the elonga-
tion. The superior strength—ductility synergy with better UTS,
YS, and higher elongation should be attributed to the follow-
ing factors: (1) smaller grain size (in Figs. 4 and 7), (2) more
HAGBE: (in Fig. 6), (3) finer and more dispersive precipitated
particles (in Figs. 8 and 10), (4) higher content of
reprecipitated strengthening phases (in Fig. 9), and (5) opti-
mum hardness distribution in the joint (in Fig. 11). During the
tensile process, finer grains can effectively increase the dis-
tance of dislocation glide and decrease the number of disloca-
tion pile-ups. More dispersive and uniform precipitated

Fig. 14 SEM fractographs of the
overall joints welded by TC: a
overall morphology; b—d
showing at high magnification of
A, B, and C zone, respectively
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particles can impede the dislocation motion because of the
pinning effect [31], which can greatly improve the mechanical
properties of the joints by reducing the stress concentration as
well as the formation and growth rate of microcracks.

3.4 Fracture locations and surface morphologies

For FSW of aluminum alloy plates, the microhardness distri-
bution and presence of weld defects such as tiny pores in the
joints significantly affect the tensile properties and fracture
locations. In general, the fracture location occurs from the
lower hardness regions of the joint that correspond to the
lowest tensile strength. Table 2 presents the effect of tool
pin-tip profile on fracture properties of the FSW joints. It is
clear that, on a macroscopic scale, most macrofracture sur-
faces of the tensile-tested bottom slices present 45° shear frac-
ture along the tensile axis in the HAZ, which are in agreement
with the hardness distribution in these regions as shown in
Fig. 11a. But, the bottom slices made by TA failed in the
NZ. It may be caused by the presence of micropores in this
region. For the overall joints, the tensile joints almost fractured
in the NZ except that the failure of the samples obtained by TC
occurred in the HAZ.

The fracture surfaces of the bottom slices are characterized
by SEM, as shown in Fig. 13. Figure 13a shows a typical
brittle fracture starting from the micropores in the joints. It
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may be concluded that a worse plastic flow occurs in the
bottom of weld by using TA, and the metal does not have
good metallurgical binding. Nonetheless, these joints pro-
duced by other tools reveal some transgranular fracture along
with deep dimples with various sizes and shapes, and thick
tear ridges full of microvoids, which is an indication that the
failure is ductile, as shown in Fig. 13b—d, respectively.
Obviously, it is seen from Fig. 13c that the dimples are bigger
and deeper, which also reflects better mechanical properties
for the slices. This is because that, the ductile tensile fracture is
characterized by numerous tear ridges, reflecting the mate-
rial’s ability to sustain the tensile load after microvoid coales-
cence has begun. Absence of the ridges indicates that the
brittle specimens would fail soon after commencement of
microvoid coalescence [42]. Mahoney et al. [43] also reported
similar results for FSW of AA7075-T651 alloy and concluded
that ductile behavior of tensile FSW joints was due to the
presence of precipitate free zones at grain boundaries.

To further analyze the fracture characteristic of overall
joints, the surface morphologies of the fractured specimens
obtained by TC are shown in Fig. 14. Clearly, the failure
surface is smooth, and the ductile dimpled fracture regions
are found in Fig. 14a. The joint which fractures at the HAZ
during the tensile tests is due to the precipitation evolution as
discussed above. The samples failed at the HAZ show two
kinds of dimples: the coarser primary particles (see Fig. 14b)
and finer precipitated phase particles (see Fig. 14c, d). Sharma
et al. [42] reported that the coarser primary particles which
nucleated from the voids were rich in Mg and Zn elements,
and the finer precipitated phase particles stemmed from the
micro voids, which nucleated in the ligament between the
primary voids due to the dispersoids. Similar results were
found in FSW of AA6005 alloy by Nielsen et al. [44].
Therefore, the global mechanical properties of the joints
welded by using the TC are significantly improved in this
investigation.

4 Conclusions

In this investigation, four tools with different pin-tip profiles
were designed to friction stir weld 20-mm-thick AA7075-T6
alloy plates. Microstructure, microhardness, and tensile prop-
erties of the bottom slices and overall joints were compared
and discussed. It is concluded that

1. The dynamic recrystallized grains in the BNZs were sig-
nificantly refined compared to those welded by TA. The
average grain sizes estimated by EBSD were about 10.8,
7.7, 3.5, and 4.7 um obtained by using TA, TB, TC, and
TD, respectively. A similar trend of the grain sizes oc-
curred in the middle of weld.

@ Springer

2. Finer and more dispersive precipitated phases in the BNZ
were produced by using TC. Most of precipitated particles
were examined as 1 phase by using XRD, and its content
was the highest. Moreover, a higher density of disloca-
tions was found. This BNZ hardness observably
increased.

3. The bottom slices with superior strength and ductility
were obtained in the case of TC. The ultimate tensile
strength, yield strength, and elongation were the highest
with compared to ones welded by other tools, which were
388 MPa, 315 MPa, and 7.9 %, respectively. This was
attributed to finer grains, more HAGBs, more dispersive
and higher content of precipitates, and optimum hardness
distribution. Accordingly, the mechanical properties of
the overall joints significantly improved.

4. The failure mechanism of the slices changed into a ductile
fracture through using TC tool. The fracture morphol-
ogies of the overall joints exhibited a typical ductile frac-
ture with a large amount of dimples and tearing edges,
accounting for better strength and ductility.
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