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Abstract: The high-speed deformation behavior of friction stir-welded thin sheets in AA6082-T6
aluminum alloy, under biaxial balanced stretching, was investigated by means of a hemispherical
punch test carried out using direct tension-compression Split Hopkinson Bar. The friction stir welding
process was performed on thin sheet blanks using a pinless tool; the rotational and welding speeds
were kept constant during process. The dynamic tests were carried out, with a punch speed of
4500 mm/s, at different punch stroke values until failure of the friction stir welded sample. It was
seen that failure occurs along the welding line at a dome height about 11% higher than that at the
onset of necking. Fractographic analysis shows that deformation is localized in the fracture zone.
The results were compared with those obtained on friction stir welded blanks deformed under
quasi-static condition in order to evaluate the influence of the loading rate on the weld deformation
and fracture mechanisms. It was shown that joints deformed under dynamic loading condition are
characterized by a dome height at the onset of necking significantly higher than the one measured
under quasi-static condition.

Keywords: aluminum alloy; friction stir welding; pinless tool; high-speed deformation; Split
Hopkinson bar; SEM fractography

1. Introduction

The increasing need for environmental impact reduction by manufacturing sustainable products
has led motor vehicle manufacturers to use tailor welded blanks in order to obtain lightweight
structures and, consequently, reduce fuel consumption [1]. Several welding technologies, such as
resistance spot, resistance seam, metal inert gas, tungsten inert gas, laser beam and plasma arc welding,
can be used to assembly metal sheets [2]. One of the main challenges associated with the assembly
of lightweight materials, such as aluminum and magnesium alloys, is related to the difficulty in
welding these materials through conventional fusion welding techniques [3]. Friction stir welding
(FSW) represents an innovative technique used to join low melting point materials [4]. FSW allows for
joining blanks without exceeding the melting temperature of workpiece material. The frictional heat
developed between tool and workpieces along with that generated by the stirring action of the tool
and the adiabatic heating promote a strong plastic deformation of the workpieces and their complex
mixing across the weld [5,6].

As far as the friction stir welding of thin sheets is concerned, it was observed that the stirring
action of the pin during process can lead to the occurrence of micro-defects [7]. In order to overcome
such drawbacks, FSW can be carried out using a pinless tool in which the heat flux is generated only
by the frictional force at the tool shoulder—workpiece interface. To this purpose, in order to increase
the frictional force, tool sinking is required [8].
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The most attractive reason for joining aluminum alloys through FSW is the avoidance of typical
defects, such as porosities, inclusions, distortions, residual stresses and cracks, developed during
conventional fusion welding processes [9]. In addition, as shown by Bevilacqua et al. on AA5754
aluminum alloy, FSW is an environmentally friendly process as compared with conventional techniques
such as gas tungsten arc welding and laser beam welding [10,11]. Many studies have proven that FSW
is suitable in the manufacturing of tailored welded blanks with different materials and/or thicknesses.
Some researchers focused on the post-welded formability of FSWed lightweight alloys [12,13]. Yang et
al. studied the effect of pre- and post-heat treatment on mechanical properties and microstructures
in friction stir welding of dissimilar age-hardenable aluminum alloys [14]. Cabibbo et al. developed
an innovative approach to the FSW process of AA5754 blanks, characterized by a welding motion of
the pin tool obtained by the combination of two different movements occurring simultaneously, and
studied the influence of annealing, prior and after welding [15].

Currently, most of researches are focused on the evaluation of the performances of FSWed
blanks under quasi-static loading condition. In particular, Casalino et al. studied the influence of
process parameters on the mechanical properties of FSWed joints in AA6082-T6 and the relationships
among the ultimate tensile strength, ultimate elongation and vertical force applied during process [6].
Furthermore, Casalino et al. investigated the mechanical properties and formability of FSWed joints in
AA5754-H114 after cold rolling performed in order to remove the forging effect, due to the vertical
force applied by the tool, in order to ensure a constant thickness of the welded blank [16]. Peng et al.
studied the microstructures, tensile properties, hardness distribution, and fracture features of dissimilar
FSWed joints in AA5A06 and AA6061 under different process conditions [17]. Moreover, the fatigue
behavior was investigated, as shown by Cisko et al. on FSWed AA2099 alloy [18]. Unfortunately, very
few studies concerning the dynamic response of FSWed blanks, as they are subjected to high-speed
deformation, are available. They are fundamental to characterizing the crash resistance of FSWed joints
since an accident can occur during vehicle utilization. To this purpose, Baratzadeh et al. experimentally
and numerically studied the performances of friction stir welded and gas metal arc welded vehicle
bumpers by performing dynamic crash tests; they demonstrated that structural strength and integrity
of the bumper improve using the FSW process [19].

Focusing on the high-speed deformation behavior of 6xxx aluminum alloy series, several researches
are available [20,21]. They showed that 6xxx aluminum alloys exhibit low strain rate sensitivity since
the softening effect due to adiabatic heating counteracts the rate sensitivity at high strain rates.
Furthermore, Yokoyama et al., based on the results obtained by compression tests on AA6061-T6 alloy,
showed that the base material and weld exhibit a rate effect up to a strain rate of about 1000 s−1 [22]. As
far as AA6082 alloy is concerned, Sasso et al. [23] showed that, under quasi-static and dynamic loading
conditions, both in the T6 and O temper states, flow stress is unaffected by the loading rate, whilst
elongation to failure increases with strain rate from quasi-static to high rate of loading. The strength
and strain to failure exhibited by AA6082-O are quite different from the T6 state, even though the effect
of strain rate is similar. Considering that AA6082 alloy is increasingly applied in manufacturing of
high-tech vehicles, such as high-speed trains, whose complex structures are obtained by assembling
parts through welding processes, the study of the rate sensitivity of FSWed blanks during high speed
deformation, such as those occurring during a high-velocity collision that does not provide enough
time for deformations to occur, is an emerging need.

In this framework, the present paper aims at investigating the high-speed deformation of friction
stir welded blanks in AA6082-T6 aluminum alloy. FSW experiments were carried out on thin sheets.
The joint performances under dynamic loading condition were assessed by means of hemispherical
punch tests carried out using the direct tension-compression Split Hopkinson Bar. The fractured
surfaces of the deformed FSWed samples were analyzed by the scanning electron microscopy. Finally,
the results obtained on FSWed samples tested at high punch speed were compared with those provided
by welds deformed at low punch speed in order to evaluate the effect of the loading rate on the
deformation and fracture mechanisms.
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2. Materials and Methods

2.1. Friction Stir Welding Experiments

The material used was AA6082-T6 aluminum alloy, supplied in form of 1.0 mm thick sheet. Butt
joints were obtained by friction stir welding (Figure 1a) carried out on a computer numerical control
machining center. The blanks, 180 mm in length and 80 mm in width, were joined with the joint line
perpendicular to the rolling direction. The plunging speed, plunging and the rotational speed (ω) were
equal to 1.5 mm/min, 0.1 mm and 1500 rpm, respectively. The rotational speed and welding speed (v)
were kept constant during the welding stage and equal to 1500 rpm and 60 mm/min, respectively, with
an angle of 2◦. As far as the tool configuration is concerned, the authors studied FSW of thin sheets
using both pinless tool (Figure 1b) and pin tool (Figure 1c), showing that thin sheets can be successfully
welded using the pinless tool [8]. Owing to the lack of the stirring action produced by the pin, heat is
generated by the frictional forces arising at the tool shoulder—workpiece interface during plunging
and welding stages. Figure 2a shows the effect of tool geometry on the nominal stress vs. nominal
strain curves: FSWed joints obtained using the pinless tool configuration are characterized by ultimate
tensile strength (UTS) and ultimate elongation (UE) values higher than those given by the pin tool one.
For sake of comparison, Figure 2b shows the stress-strain curve of the parent material. By considering
the results of tensile tests, FSWed blanks were manufactured using the pinless tool, with a shoulder
diameter (dshoulder) of 15 mm.

Since 6xxx aluminum alloy series show a time-dependent mechanical behavior after friction stir
welding, as shown by Hossfeld [24], the joints in AA6082 alloy were subjected to water jet cutting to
obtain samples for the experimental tests and immediately frozen in order to avoid the natural ageing
process. Considering the material handling and sample setting on the tooling for the experimental
tests, the time interval during which AA6082 alloy can undergo natural aging was about 90 min.
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Figure 2. Typical flow curves of: (a) friction stir welded AA6082-T6 thin sheets using different tool
configurations (rotational speed: 1500 rpm; welding speed: 60 mm/min) and (b) parent material.

2.2. Hemispherical Punch Tests

In order to evaluate the high-speed deformation behavior of FSWed blanks, hemispherical punch
tests were carried out using the direct tension-compression Split Hopkinson Bar (SHB) shown in
Figure 3. The SHB system is made up of three 17-4 PH bars, each with the diameter of 18 mm.
The length of the pre-stressed bar, input bar and output bar are 3000 mm, 7500 mm and 4000 mm,
respectively [25]. It consists of a die, a tightening screw, a blank holder with drawbead, a hemispherical
punch and a spacer (Figure 4). Figure 5 shows the equipment installed on the Split Hopkinson Bar. In
order to avoid significant bending of the output bar, a support was used to stand the relatively high
weight of the equipment. Disk-shaped samples, with a diameter of 50 mm, were obtained by waterjet
cutting from the FSWed blanks; the cutting process was performed by assuring that the welding line
was coincident with the disk diameter (Figure 6). Samples were placed into the die with the top surface
of the joint, that is, the side in touch with shoulder during FSW, opposed to the hemispherical punch
surface. Friction was reduced by lubricating the hemispherical punch using a polytetrafluoroethylene
foil with diameter smaller than the punch one to prevent the foil wrinkling. The punch speed was kept
constant during testing and equal to 4500 mm/s. Different punch stroke values were imposed using
the spacer. For each process condition, experimental trials were repeated at least three times.

Metals 2019, 9, x FOR PEER REVIEW 4 of 11 

 

 
(a) (b) 

Figure 2. Typical flow curves of: (a) friction stir welded AA6082-T6 thin sheets using different tool 

configurations (rotational speed: 1500 rpm; welding speed: 60 mm/min) and (b) parent material. 

2.2. Hemispherical Punch Tests 

In order to evaluate the high-speed deformation behavior of FSWed blanks, hemispherical 

punch tests were carried out using the direct tension-compression Split Hopkinson Bar (SHB) shown 

in Figure 3. The SHB system is made up of three 17-4 PH bars, each with the diameter of 18 mm. The 

length of the pre-stressed bar, input bar and output bar are 3000 mm, 7500 mm and 4000 mm, 

respectively [25]. It consists of a die, a tightening screw, a blank holder with drawbead, a 

hemispherical punch and a spacer (Figure 4). Figure 5 shows the equipment installed on the Split 

Hopkinson Bar. In order to avoid significant bending of the output bar, a support was used to stand 

the relatively high weight of the equipment. Disk-shaped samples, with a diameter of 50 mm, were 

obtained by waterjet cutting from the FSWed blanks; the cutting process was performed by assuring 

that the welding line was coincident with the disk diameter (Figure 6). Samples were placed into the 

die with the top surface of the joint, that is, the side in touch with shoulder during FSW, opposed to 

the hemispherical punch surface. Friction was reduced by lubricating the hemispherical punch using 

a polytetrafluoroethylene foil with diameter smaller than the punch one to prevent the foil wrinkling. 

The punch speed was kept constant during testing and equal to 4500 mm/s. Different punch stroke 

values were imposed using the spacer. For each process condition, experimental trials were repeated 

at least three times. 

 

Figure 3. Direct tension-compression Split Hopkinson Bar used for high-speed deformation tests 

[25]. 

 

Figure 3. Direct tension-compression Split Hopkinson Bar used for high-speed deformation tests [25].



Metals 2020, 10, 15 5 of 11Metals 2019, 9, x FOR PEER REVIEW 5 of 11 

 

 

Figure 4. Equipment developed for the hemispherical punch test. 

  

Figure 5. Equipment used for hemispherical punch test installed on the Split Hopkinson Bar. 

 

Figure 6. FSWed disk-shaped sample used in the hemispherical punch test. 

The high-speed deformation behavior of FSWed joints was compared to the one under quasi-

static condition. To this purpose, the hemispherical punch test was also performed using a servo-

hydraulic testing machine (MTS Systems Corporation, Eden Prairie, MN, USA) equipped with a 20 

kN load cell. Tests were carried out under displacement control, at the punch speed equal to 0.1 

mm/s, with the same equipment, and sample geometry and positioning used in the high-speed tests. 

2.3. Scanning Electron Microscopy 

A scanning electron microscope (SEM) (Philips, Amsterdam, The Netherlands), in backscattered 

electron mode, was used to obtain high magnification three-dimensional topography of fractured 

surfaces of deformed FSWed disk-shaped samples. 

3. Results and Discussion 

The high-speed hemispherical punch tests were performed by acquiring input, reflected and 

transmitted waves. To this purpose, Figure 7 shows typical wave signals gained during the dynamic 

test. The input and reflected wave signals were acquired by the strain gauge on the input bar. The 

Figure 4. Equipment developed for the hemispherical punch test.

Metals 2019, 9, x FOR PEER REVIEW 5 of 11 

 

 

Figure 4. Equipment developed for the hemispherical punch test. 

  

Figure 5. Equipment used for hemispherical punch test installed on the Split Hopkinson Bar. 

 

Figure 6. FSWed disk-shaped sample used in the hemispherical punch test. 

The high-speed deformation behavior of FSWed joints was compared to the one under quasi-
static condition. To this purpose, the hemispherical punch test was also performed using a servo-
hydraulic testing machine (MTS Systems Corporation, Eden Prairie, MN, USA) equipped with a 20 
kN load cell. Tests were carried out under displacement control, at the punch speed equal to 0.1 
mm/s, with the same equipment, and sample geometry and positioning used in the high-speed tests. 

2.3. Scanning Electron Microscopy 

A scanning electron microscope (SEM) (Philips, Amsterdam, The Netherlands), in backscattered 
electron mode, was used to obtain high magnification three-dimensional topography of fractured 
surfaces of deformed FSWed disk-shaped samples. 

3. Results and Discussion 

Figure 5. Equipment used for hemispherical punch test installed on the Split Hopkinson Bar.

Metals 2019, 9, x FOR PEER REVIEW 5 of 11 

 

 

Figure 4. Equipment developed for the hemispherical punch test. 

  

Figure 5. Equipment used for hemispherical punch test installed on the Split Hopkinson Bar. 

 

Figure 6. FSWed disk-shaped sample used in the hemispherical punch test. 

The high-speed deformation behavior of FSWed joints was compared to the one under quasi-

static condition. To this purpose, the hemispherical punch test was also performed using a servo-

hydraulic testing machine (MTS Systems Corporation, Eden Prairie, MN, USA) equipped with a 20 

kN load cell. Tests were carried out under displacement control, at the punch speed equal to 0.1 

mm/s, with the same equipment, and sample geometry and positioning used in the high-speed tests. 

2.3. Scanning Electron Microscopy 

A scanning electron microscope (SEM) (Philips, Amsterdam, The Netherlands), in backscattered 

electron mode, was used to obtain high magnification three-dimensional topography of fractured 

surfaces of deformed FSWed disk-shaped samples. 

3. Results and Discussion 

The high-speed hemispherical punch tests were performed by acquiring input, reflected and 

transmitted waves. To this purpose, Figure 7 shows typical wave signals gained during the dynamic 

test. The input and reflected wave signals were acquired by the strain gauge on the input bar. The 

Figure 6. FSWed disk-shaped sample used in the hemispherical punch test.

The high-speed deformation behavior of FSWed joints was compared to the one under quasi-static
condition. To this purpose, the hemispherical punch test was also performed using a servo-hydraulic
testing machine (MTS Systems Corporation, Eden Prairie, MN, USA) equipped with a 20 kN load cell.
Tests were carried out under displacement control, at the punch speed equal to 0.1 mm/s, with the
same equipment, and sample geometry and positioning used in the high-speed tests.

2.3. Scanning Electron Microscopy

A scanning electron microscope (SEM) (Philips, Amsterdam, The Netherlands), in backscattered
electron mode, was used to obtain high magnification three-dimensional topography of fractured
surfaces of deformed FSWed disk-shaped samples.

3. Results and Discussion

The high-speed hemispherical punch tests were performed by acquiring input, reflected and
transmitted waves. To this purpose, Figure 7 shows typical wave signals gained during the dynamic
test. The input and reflected wave signals were acquired by the strain gauge on the input bar. The
transmitted wave, recorded by the strain gauge on the output bar, smoothly rises until a sudden
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increase takes place; the former part corresponds to the phase during which the punch gradually
deforms the FSWed disk-shaped sample; the latter is due to the impact between the spacer and the
tightening screwed cap. Even though pressure waves may continue to travel back and forth along the
bars, the further deformations of the FSWed sample are prevented by the spacer.
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Figure 7. Input, reflected and transmitted wave signals acquired the high-speed hemispherical punch
test (punch stroke: 3.2 mm).

A series of high-speed deformation tests was carried out at different punch strokes, obtained by
adjusting the spacer shown in Figures 4 and 5, until failure of the disk-shaped FSWed samples under
the biaxial balanced stretching condition. To this purpose, Figure 8 shows samples deformed at the
onset of necking (Figure 8a) and to failure (Figure 8b); the dome height at which necking begins was
about 4 mm whilst the FSWed blank fails at the dome height of about 4.5 mm.
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Figure 8. FSWed samples, tested at punch speed of 4500 mm/s, with different dome heights: (a) onset
of necking (dome height of 4.0 mm), and (b) failure region (dome height of 4.5 mm).

The hemispherical punch tests were also carried out under quasi-static condition, with a punch
speed equal to 0.1 mm/s, by means of the servo-hydraulic testing machine. Moreover, in this condition,
samples were deformed at the onset of necking (Figure 9a) and to failure (Figure 9b). As far as the
punch load vs. punch stroke curve is concerned, the results given by three test repetitions prove the
excellent repeatability of the test (Figure 10a). The dome height at the onset of necking, corresponding
to the punch stroke at the peak value of the load-stroke curve (Figure 10b), was equal to 3.3 mm,
whilst the dome height to failure was about 3.5 mm. Figure 10b also shows the load vs. stroke curve
evaluated by testing FSWed joints obtained using the pin tool shown in Figure 1c. The values of dome
height at the onset of necking and to failure, equal to about 3.1 mm and 3.25 mm, respectively, confirm,
as already shown in Figure 2 in terms of mechanical properties, that the pinless tool allows to obtain
thin sheet FSWed joints with higher performances than those realized with the pin tool.
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By comparing the dome height values at the onset of necking measured by the hemispherical
punch test under dynamic and quasi-static conditions, it clearly appears that the former is higher
than the latter. Such evidence was confirmed by the dome top surface of FSWed samples obtained in
the high-speed deformation with a punch stroke of 4 mm (Figure 11a,b), which exhibits the onset of
necking along the welding line whilst the top surface in the low-speed deformation, at the same dome
height, shows a large fracture along the welding line (Figure 11c,d).Metals 2019, 9, x FOR PEER REVIEW 8 of 11 
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The effect of the loading rate on the deformation behavior of FSWed blanks in AA6082-T6 is
consistent with the one observed by the authors in the parent material, both in the uniaxial and
balanced biaxial stretching conditions [23]. To this purpose, Table 1 summarizes the properties, both
under dynamic and quasi-static loading conditions, evaluated on the parent material and friction stir
welded joints. The parent material in the T6 temper state exhibits a decrease in both strain to failure
and dome height from dynamic to quasi-static loading conditions whilst the ultimate tensile strength
and strain hardening exponent (n) do not show any significant discrepancy in the two different loading
conditions. A similar behavior is exhibited by welded joints, even though the mechanical properties
and formability are lower than those of the parent material.

Table 1. Effect of loading conditions on mechanical properties and formability of parent material and
FSWed joints in AA6082-T6 alloy using pinless tool (data on parent material taken from [23]).

Properties
Parent Material FSWed Joint (Pinless)

Quasi-Static Dynamic Quasi-Static Dynamic

UTS (MPa) 275.9 272.4 206.3 210.5
UE 0.24 0.35 0.09 0.14
n 0.217 0.217 0.229 0.226

LDH (mm) 8.09 8.84 3.3 4

In order to understand the mechanisms leading to the increase in the dome height to failure as the
FSWed blanks are deformed under dynamic loading condition with respect to the quasi-static one,
SEM analysis of the fractured surfaces was carried out (Figure 12). Irrespective of the punch speed,
failure occurs along the welding line (Figure 12a,b) consistently with the onset of necking observed on
the top surface of the FSWed disk-shaped samples shown in Figure 11. Figure 12b also shows, under
quasi-static condition, the occurrence secondary cracks, growing perpendicularly to the welding line,
which were not visible at the onset of failure (Figure 11c,d). Furthermore, due to the impulsive loading
induced by the SHB, deformation is localized in a relatively small region whilst a more uniform strain
distribution occurs in the dome region under quasi-static condition. This behavior is also evidenced by
the different heights of asperities generated by the combined rotational and welding motions of the
pinless tool during the FSW process, after the hemispherical punch test; as a matter of fact, in the top
surface of the dome obtained under dynamic loading condition, the asperities are higher than those
observed on the sample deformed under quasi-static condition (Figure 12c,d).

As far as fracture mechanisms are concerned, it is known that the dimple fracture and shear fracture
are two major fracture mechanisms for ductile materials [26]. The fractured surface of the FSWed
sample deformed at punch speed of 4500 mm/s shows a large area of ductile fracture, characterized by
bumps and hollows, and the remaining one of shear fracture (Figure 12e). SEM image shows the typical
mechanisms of ductile fracture, involving nucleation, growth and coalescence of micro-voids, with
a large number of voids and dimples. Micro-voids nucleate giving priority to precipitates and then
become larger with increasing strain owing to the rise in the punch displacement. Finally, micro-void
coalescence leads to many micro-cracks. As they join together and enlarge to the area close to the
sample surface, shear fracture occurs. The SEM micrograph of FSWed sample tested at punch speed
of 0.1 mm/s (Figure 12f) shows dimples characterized by different sizes and heights in the fractured
surface; furthermore, large dimples, which accelerate the dimple fracture, are evident. The localization
of shear bands which causes the shear fracture can be also observed.



Metals 2020, 10, 15 9 of 11

Metals 2019, 9, x FOR PEER REVIEW 9 of 11 

 

more uniform strain distribution occurs in the dome region under quasi-static condition. This 

behavior is also evidenced by the different heights of asperities generated by the combined rotational 

and welding motions of the pinless tool during the FSW process, after the hemispherical punch test; 

as a matter of fact, in the top surface of the dome obtained under dynamic loading condition, the 

asperities are higher than those observed on the sample deformed under quasi-static condition 

(Figure 12c,d). 

As far as fracture mechanisms are concerned, it is known that the dimple fracture and shear 

fracture are two major fracture mechanisms for ductile materials [26]. The fractured surface of the 

FSWed sample deformed at punch speed of 4500 mm/s shows a large area of ductile fracture, 

characterized by bumps and hollows, and the remaining one of shear fracture (Figure 12e). SEM 

image shows the typical mechanisms of ductile fracture, involving nucleation, growth and 

coalescence of micro-voids, with a large number of voids and dimples. Micro-voids nucleate giving 

priority to precipitates and then become larger with increasing strain owing to the rise in the punch 

displacement. Finally, micro-void coalescence leads to many micro-cracks. As they join together and 

enlarge to the area close to the sample surface, shear fracture occurs. The SEM micrograph of FSWed 

sample tested at punch speed of 0.1 mm/s (Figure 12f) shows dimples characterized by different sizes 

and heights in the fractured surface; furthermore, large dimples, which accelerate the dimple fracture, 

are evident. The localization of shear bands which causes the shear fracture can be also observed. 

  

(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure 12. SEM micrographs, at different magnifications, obtained on fractured FSWed samples: (a), 

(c) and (e) high-speed deformation (4500 mm/s), and (b), (d) and (f) low-speed deformation (0.1 

mm/s). 

4. Conclusions 
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4. Conclusions

In the present work, the high-speed deformation behavior of friction stir-welded thin sheets
in AA6082-T6 aluminum alloy, under balanced biaxial stretching condition, was investigated. To
this purpose, hemispherical punch tests were carried out using a direct tension-compression Split
Hopkinson Bar, with a punch speed of 4500 mm/s, on FSWed blanks obtained using a pinless tool.
Tests were performed at different punch stroke values until fracture of the disk-shaped sample. The
main results can be summarized as follows:

(1) The dome height at the onset necking under dynamic condition was about 4.0 mm, whilst
failure occurred along the welding line at a dome height of about 4.5 mm. Fractographic images reveal
that deformation is localized in the fracture zone.

(2) FSWed samples deformed under quasi-static loading condition are characterized by a dome
height at the onset of necking of 3.3 mm, significantly lower than that measured under dynamic
condition. Fracture takes place along the welding line, and deformation is more uniformly distributed
in the dome region.

(3) In the high-speed deformation, the fractured surface of the FSWed sample shows a large area
of ductile fracture, characterized by bumps and hollows, and the remaining one of shear fracture. As
far as low-speed deformation is concerned, the fractured surface is characterized by large dimples,
which accelerate the dimple fracture. The low-speed deformation also leads to the localization of shear
bands which causes the shear fracture.
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