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Abstract
Friction stir welding (FSW) is a solid-state joining process producing high-quality welds with lower residual stresses and
improved mechanical properties. Underwater FSW is a variant of FSW process which controls heat conduction and dissipation
along the weld line improving the joint properties. The feasibility of underwater friction stir welding of AA 5052 H32 aluminum
alloy to improve the joint performance than normal friction stir welding is addressed in this paper. The effects of tool rotational
speed and welding speed on ultimate tensile strength by underwater and normal friction stir welding were analyzed and
compared. It was observed that the tensile strength of underwater welded joints was higher than normal FSW joints except at
500 rpm. Maximum tensile strength of 208.9 MPa was obtained by underwater friction stir welding at 700 rpm tool rotational
speed and welding speed of 65 mm/min. The optimum process parameters for achieving maximum tensile strength by normal
FSW were compared with underwater FSW. The result showed that the ultimate tensile strength obtained by underwater FSW
was about 2% greater than that of the normal FSW process. The joints with maximum tensile strength during underwater and
normal welding fractured at the retreating side of the welded joint. Microstructural examination revealed that heat-affected region
was not found in underwater welding. Microhardness was decreased slightly towards the stir zone. Fractography observation
revealed that the welded joints exhibiting higher joint efficiency failed under ductile mode.

Keywords Aluminum alloy . Underwater friction stir welding . Tensile strength . Hardness . Fractography

1 Introduction

Marine grade aluminum alloys (5xxx series) are used as an
alternative to steel in aerospace, marine, and automobile in-
dustries because of their light weight, good formability, good
strength, and high corrosion resistance [1–3]. One of the most
important characteristics of AA 5052-H32 aluminum alloy is
its excellent corrosion resistance [2]. Fusion welding of those
alloys is difficult [3]. Friction stir welding (FSW) is a solid-
state joining process patented in 1991 by Thomas et al. [4] and

being applied in various automotive industries due to its abil-
ity to produce high-quality joints [4–6]. Many factors influ-
ence the strength of FS welded joints. Tool geometry, tool
rotational speed, welding speed, axial force, and tool tilt angle
are the major factors used to control the heat generation and
proper stirring action essential for joining the material effec-
tively [7–15]. It is found that the tapered pin profile exhibited
superior tensile properties compared to straight pin profile for
AA7039 aluminum [9]. Researchers optimized FSW process
parameters by regression modeling technique and soft com-
puting technique [16–24]. Limited works were carried out on
FSW of AA 5052-O aluminum alloy plates [25–27]. The ef-
fect of tool rotational speed on heat input during FSW of
AA5052 aluminum alloy [26] was studied. The effect of tool
rotational speed and tool tilt angle on the mechanical and
metallurgical properties of the dissimilar friction stir butt joint
between Al Alloy AA5052-H32 and HSLA steel [27] was
investigated.

The strength of friction stir welded joints can be improved
by controlling the level of temperature generated in FSW. This
is achieved by immersing the work pieces in the liquid (water)
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during the welding process [28–46]. Sakurada et al. [29]
pioneered the usage of external water cooling for linear fric-
tion welding of 6061 aluminum alloys resulting in good bond-
ing and weld strength. Sabari et al. [30] carried out an inves-
tigation on underwater FSWof AA 2519-T87 aluminum alloy
and the study concluded that the process improved the
strength of the joint by controlling the coarsening and disso-
lution of precipitates, resulted in narrow thermo-mechanically
affected and heat-affected zones. Wang et al. [31]
experimented underwater FSW to strengthen spray formed
Al-Zn-Mg-Cu alloy. They compared the thermal cycle and
property of underwater joint with that of normal FSW.

Heirani et al. [32] investigated the effects of process param-
eters on microstructure and mechanical behavior of underwa-
ter FS welded Al 5083 alloy. The result revealed that the
hardness of the stir zone of water-cooled specimens was much
higher than that of the specimens cooled in the air. Chen et al.
[33] conducted a study on properties and microstructure of
underwater FS welded ultra-high strength spray formed
7055 aluminum alloy joints. They reported that external water
cooling improved the strength of joints, and the joint had a
fine-grained microstructure than that of normal FS welded
joint. Zhang et al. [34] developed a mathematical model and
optimized underwater FSW process for 2219-T6 aluminum
alloy. It was reported that the maximum strength obtained by
underwater FSW was 6% higher than that obtained in normal
FSW.

The effect of rotational speed on microstructure and me-
chanical properties of underwater FS welded 2219 aluminum
alloy joints was observed by Zhang et al. [35]. It was found
from the investigation that with increasing rotational speed,
the hardness of the stir zone gradually increased due to the
increase in dislocation density. The result also revealed that at
lower rotational speed, the welded joint was fractured in the
stir zone and, at higher rotational speeds, the hardness of the
stir zone was increased and the fracture location was moved to
the thermo-mechanically affected zone or heat-affected zone.
Liu et al. [36] carried out an investigation on the effect of
welding speed on microstructure and mechanical properties
of underwater FS welded 2219 aluminum alloy. They reported
that the joint welded at a lower welding speed was fractured in
the heat-affected zone on the retreating side, while at higher
welding speed, the joint was fractured in the thermo-
mechanically affected zone on the advancing side.

Zhao et al. [37] studied the microstructural characteriza-
tions and mechanical properties of underwater FS welded dis-
similar joint of aluminum and magnesium alloys. The result
indicated that underwater welded joint had good mechanical

Fig. 2 Tapered FSW square pin profile toolFig. 1 Fixture setup used for underwater FSW
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properties and the process produced recrystallization, forming
complex intercalated flow patterns in the stir zone.
Ramachandran et al. [38] developed a modified FSW process
by water cooling to join aluminum alloy and high-strength
low-alloy steel. The optimum process parameters for achiev-
ing maximum tensile strength by FSW were used to compare
FSW with modified FSW and it was found that the ultimate
tensile strength obtained by modified FSW was about 3% less
than that of the normal FSW process. While comparing FSW
with UFSW, the above literature shows that the potential
welding parameters such as tool rotational speed and welding
speed play a key role in determining the strength of the welded
joints.

However, investigations using external cooling during
FSWof high corrosion resistant marine grade aluminum alloy
AA 5052 H32 have not been reported. In the present study,
dry and wet FSWof AA 5052 aluminum alloy was performed.
Effect of tool rotational speed and welding speed on ultimate
tensile strength of FS welded AA 5052 aluminum alloy was
studied and the results were compared with normal FSW.
Tensile strength, microstructure, microhardness, and fracture
features of the joints were compared.

2 Experimental procedure

For the present study, 6 mm cold rolled plates of high-strength
aluminum-magnesium alloy AA 5052-H32 were used. The
plates were cut and machined to 100 × 50 × 6 mm size, in

which the 100 mm length was cut along the rolling direc-
tion and the adjoining surfaces were cleaned using ace-
tone solution. The fixture designed for external cooling by
water during the welding process is shown in Fig. 1. The
welding direction was kept parallel to the rolling direction
of the plate. The plates were welded in a single pass using
tapered tool pin with a square profile having a taper angle
of 10° and pin length of 5.7 mm (Fig. 2). The process was
carried out in an electronically controlled semi-automatic
FSW machine (make RV Machine Tools, India, and mod-
el FSW 5T-300-NC) with 50 kN maximum axial thrust
force, 3000 rpm spindle speed, 5000 mm/min transverse
speed, and ± 5° spindle tilt angle. The axial force can be
set by setting the hydraulic pressure of oil (servo control).
Considering the weld quality of AA 5052-H32 aluminum
plates and tool wear rate, a non-consumable tool made of
H13 steel with 54 HRC was selected [47–49] to fabricate
the joints. The process parameters employed for the study
are presented in Table 1. Photographs of the fabricated
underwater friction stir welded joints are displayed in
Figs. 3 and 4. The welding tool and the process parame-
ters used both for underwater FSW and normal FSW were
the same.

Samples were prepared from the welded plates by cut-
ting using EDM at the center of the plate perpendicular to
welding direction for metallographic analyses and tensile
tests. For tensile test, three specimens were prepared from
each welded plate as per ASTM–E8 standard [50]. Tensile
tests were carried out by UTM, DAK-UTB 9103 with
100 kN capacity at a rate of loading of 2 mm/min. The
samples extracted for microstructural examination were
ground, then polished, and finally etched with modified
Keller’s etching solution [25]. Microstructures were ob-
served by LEICA DM 2700 M metallurgical microscope.
Microhardness measurement was carried out across the
we lded s e c t i on a t 1 mm in t e r v a l by Vicke r s
Microhardness Testing Machine (make Mitutoyo, Japan,
and model HM113) using 50 gf load for 10 s holding
time. Twenty-five spots were examined, and three read-
ings were observed from each spot to minimize the error.
The fractured surfaces of the tensile samples were exam-
ined by scanning electron microscope (SEM, Jeol JSM—
6390LV/JED—2300) at different magnifications to ana-
lyze the fracture behavior of the joints.

Table 1 FSW process parameters

Tool rotational
speed (RPM)

Welding speed
(mm/min)

Tool tilt angle
(Degree)

Axial force
(kN)

500 65 1.5 7

600 65 1.5 7

700 65 1.5 7

800 65 1.5 7

900 65 1.5 7

55 700 1.5 7

65 700 1.5 7

75 700 1.5 7

85 700 1.5 7

Fig. 3 Underwater friction stir
welded plates at different tool
rotational speeds
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3 Results and discussion

The effects of tool rotational speed and welding speed on
mechanical properties are analyzed from the results obtained
and detailed below.

3.1 Effect of tool rotational speed

The effect of tool rotational speed on tensile strength and yield
strength of underwater friction stir welded plates was depicted
in Fig. 5. From the figure, it is evident that both tensile
strength and elongation initially increase with the increase in
tool rotational speed and reach to a maximum value. Both
tensile strength and % elongation decrease with the further
increase in tool rotational speed [35, 38]. This may be due to
the fact that heat input increases with the increase in tool
rotational speed and reaches an optimum value at 700 rpm.

At lower tool rotational speed, heat input is lower resulting
poor consolidation of plastically deformed material resulting
in lower strength. At higher tool rotational speed, the heat

Fig. 6 Comparison of tensile strength of underwater FS welded plates at
different tool rotational speeds with normal FS welded plates

Fig. 7 Effect of welding speed on tensile properties of underwater FS
welded plates

Fig. 5 Effect of tool rotational speed on tensile properties of underwater
FS welded plates

Fig. 4 Underwater friction stir welded plates at different welding speeds
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input is higher resulting in more turbulence in stir zone and
poor consolidation of plasticized materials with lower tensile
strength.

The tensile strength of underwater FS welded plates
at different tool rotational speed is compared with that
of normal FS welded plate and illustrated in Fig. 6.
From the figure, it is clear that the tensile strength of
the underwater FS welded plate is higher than that of
normal FS welded plates except at 500 rpm. The higher
strength may be due to the cooling effect resulting in
finer grain size. At tool rotational speed of 500 rpm, the
heat produced will not be sufficient to get good bonding
resulting in reduced tensile strength.

3.2 Effect of welding speed

The effect of welding speed on mechanical properties of un-
derwater FS welded plates is presented in Fig. 7. It is evident
from the figure that initially tensile strength and % elongation
increase slightly with the increase in welding speed and de-
crease with the further increase in welding speed [36]. When
welding speed increases, the heat generated in FSWdecreases.
When the heat generated is not enough, the consolidation of
the plasticized materials is not proper resulting in reduced
tensile strength.

The tensile strength of underwater FS welded plates at dif-
ferent welding speeds is compared with that of normal FS

welded plates and depicted in Fig. 8. It is found from the figure
that the tensile strength of the underwater FS welded plate is
higher than that of normal FS welded plates at all welding
speeds. The higher strength may be due to the cooling effect
resulting in finer grain size.

3.3 Macro and microstructural analysis

Macrographs of the joint fabricated at different tool rotational
speed and welding speed are presented in Figs. 9 and 10,
respectively. Lower rotational speed (< 700 rpm) or higher
welding speed (> 65 mm/min) results in an insufficient verti-
cal flow of material and poor weld metal consolidation, due to
low heat generation, leading to tunneling defect at the root of
the weld. Higher tool rotational speed (> 700 rpm) or lower
welding speed (55 mm/min), resulted in an excess turbulence
of plasticized metal and excess flash formation, due to excess

Fig. 8 Comparison of tensile strength of underwater FS welded plates at
different welding speeds with normal FS welded plates

Fig. 9 Macrograph of the joints fabricated by UFSW at different tool
rotational speed: a 500 rpm, b 600 rpm, c 700 rpm, d 800 rpm, and e
900 rpm

Fig. 10 Macrograph of the joints fabricated by UFSW at different
welding speed: a 55 mm/min, b 65 mm/min, c 75 mm/min, and d
85 mm/min
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heat generation, lead to pin hole defect at the weld region. A
defect-free weld is obtained at a rotational speed of 700 rpm

andwelding speed of 65mm/min which is due to the optimum
heat generation and proper consolidation of weld metal

Fig. 11 Optical
photomicrographs of the stir
zone: a normal FS welded plates
at 600 rpm, and underwater FS
welded joints at different tool
rotational speeds: b 500 rpm, c
600 rpm, d 700 rpm, e 800 rpm,
and f 900 rpm

Fig. 12 Optical
photomicrographs of the stir zone
of underwater FS welded joints at
different welding speeds: a
55 mm/min, b 65 mm/min, c
75 mm/min, and d 85 mm/min
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occurred. An onion-ring structure is observed at the root of the
weld.

Figure 11 shows the optical photomicrographs of the stir
zone (SZ) of normal FS welded plate at 600 rpm and under-
water FS welded plates at different tool rotational speeds.
Figure 12 shows the optical photomicrographs of the stir zone
of underwater FS welded plates at different welding speeds.
The plates welded at rotational speed of 600 rpm and welding
speed of 65 mm/min were considered for the study. Equiaxed
grain structure is observed at SZ of the welded plates joined by
both processes. Finer equiaxed grains are found at SZ of the
welded plates by underwater FSW process than normal FSW
process. Water cooling enhances smooth material flow at low/
optimum heat input which results in better recrystallization of
material at the stir zone. It also helps to maintain a uniform
heat input along the weld line. The heat-affected region (HAZ)
is the weaker region where crack propagates in high-strength
welded joints. The absence of this region is found in under-
water FS welded plates which may be due to faster heat dis-
sipation during water cooling. For these reasons, the plates
welded by underwater FSW process showed a high resistance
to fracture compared to normal FSW process.

EBSD images of stir zone of normal FS welded plate at
600 rpm and underwater FS welded plates at different rota-
tional speed and welding speed are presented in Fig. 13 and
Fig. 14, respectively. The stir zone exhibits equiaxed grains as

a result of dynamic recrystallization during FSW. The average
grain size in the stir zone of joints welded by normal FSWand
underwater FSW at tool rotational speed of 600 rpm and
welding speed of 65 mm/min is 6.9 and 5.3 μm, respectively.
More refinement of grain in the stir zone of joints welded by
underwater FSW is due to decrease is heat input. The average
grain size at rotational speeds of 500, 600, 700, 800, and
900 rpm is 5.9, 5.3, 5.1, 6.9, and 8.9 μm, respectively, and
that of welding speeds of 55, 65, 75, and 85 mm/min are 7.1,
5.1, 6.1, and 6.4 μm, respectively. The grain refinement at stir
zone is mainly due to heat input and strain rate. The increase in
tool rotational speed or decrease in welding speed results in an
increase in both heat input and the strain rate at stir zone,
whereas the decrease in rotational speed or increase in welding
speed results in a decrease in both heat input and the strain rate
at stir zone.

Generally, the increase in strain rate or decrease in heat
input leads to grain refinement, while the increase in heat input
or decrease in strain rate tends to increase grain size [35, 36].
That is, the increase or decrease in grain size depends on both
factors. In underwater FSW process, a portion of the heat
generated is carried away by the surrounding water. At higher
rotational speed or lower welding speed, even after carrying
away a portion of the heat generated by the surrounding water,
the heat input is very high. But at lower rotational speed or
higher welding speed, the generated heat is very less even

Fig. 13 EBSD (IPF map) image of the stir zone: a normal FS welded plates at 600 rpm, and underwater FS welded joints at different tool rotational
speeds: b 500 rpm, c 600 rpm, d 700 rpm, e 800 rpm, and f 900 rpm
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though some of the heat is carried away by the sur-
rounding water. But sufficient heat input is necessary
for dynamic recrystallization. Therefore, it seems that
strain rate controls the grain size at lower rotational
speed or higher welding speed; whereas heat input con-
trols the grain size at higher rotational speed or lower
welding speed results in increase in grain size.

Microhardness distribution on the transverse cross-section
of the normal and underwater FS welded joints at welding
speed of 65mm/min and rotational speed of 600 rpm is shown
in Fig. 15. The average hardness observed on the normal and
underwater FS welded joints is found to be lower than that of
the base metal (67 Hv). The base material AA 5052-H32
aluminum is strain hardened by cold working. The average
hardness observed on the normal FS welded joint (60 Hv) is
slightly less compared to that of the underwater FS welded
joint (61 Hv). The equiaxed grain size is smaller in the stir
zone of underwater FSW joint, which would increase the
hardness according to Hall-Petch relation. The hardness im-
proved may be also due to the increase in dislocation density.
The hardness is decreased at the stir zone. The decrease in
hardness towards the stir zone is due to the recovery and
recrystallization occurred in the stir zone during the welding
process. The same effect has been reported for cold worked
(strain hardened) aluminum alloy [4]. There is no significant

Fig. 14 EBSD (IPF map) image
of the stir zone of underwater FS
welded joints at different welding
speeds: a 55 mm/min, b 65 mm/
min, c 75 mm/min, and d 85 mm/
min

Fig. 15 Microhardness distribution along the cross section perpendicular
to the welding direction at welding speed of 65 mm/min and rotational
speed of 600 rpm
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variation in hardness in the advancing side (AS) and the
retreating side (RS) of welded joints.

3.4 Fractography

Location of fracture in the tensile samples at different
tool rotational speeds and welding speeds is shown in
Fig. 16. During the tensile test, the welded joints pro-
duced at lower rotational speed (500 rpm) and at higher
welding speeds (75 and 85 mm/min) exhibit a lower
joint efficiency (< 90) compared to other welded joints
considered for the study. It is found that these joints are
fractured at the stir zone of the joint due to the low
frictional heat generated. At lower heat generation, the
layer-by-layer material consolidation occurred leads to
poor bonding at stir zone resulting in reduced strength
of the joint. Since the welded joints are highly hetero-
geneous with weld nugget at the center, TMAZ, HAZ,
and base metal on either side, the joints are failed at the
weaker region.

The welded joints produced at higher rotational speeds
(800 and 900 rpm) and at lower welding speed (55 mm/min)
exhibit a joint efficiency of 92%. These joints are fractured at
the advancing side of the welded joints, indicating that the
tensile strength on the advancing side is lower than that of
the retreating side. Good bonding at the stir zone due to opti-
mum heat generation and strain rate at the stir zone makes stir
zone stronger and failure occurs on the either sides of the stir
zone. Generally, the heat generation and material consolida-
tion are more at the advancing side compared to the retreating
side of the welded joints. The higher rotational speed and
lower welding speed lead to higher heat generation at advanc-
ing side resulting in poor bonding at advancing side.

The welded joints produced at a rotational speed of 600 and
700 rpm with a welding speed of 65 mm/min exhibit a sound
joint having weld joint efficiencies of 94 and 96%, respective-
ly, and those joints are fractured at the retreating side because
of the better consolidation of the material at the stir zone and at
the advancing side of the welded joints.

Figure 17 shows SEM images of the tensile fractured
surface of the base metal and underwater FS welded
joints at different rotational speeds. The fractured sur-
face was perpendicular to the tensile axis. The fractured
surface of the base metal and the welded joints pro-
duced at a rotational speed of 600 and 700 rpm consists
of small dimples, indicating a decrease of plastic defor-
mation level during the tensile test. The fractography
reveals that the joints failed under ductile mode. These
joints exhibit higher joint efficiency (> 94%). However,
dimples were found both small and large size in the
fractured surface of the welded joints produced at a
higher rotational speed of 800 and 900 rpm, indicating
that an extensive plastic deformation occurred during
the tensile test. The fracture mechanism is close to
quasi-cleavage fracture. These joints exhibit a higher
joint efficiency of around 92%. The large dimples re-
flect the distorted and grown grains; in turn, the small
equiaxed dimples characterize recrystallized grain struc-
ture. At high magnification, the fractured surface of the
welded joint produced at a lower rotational speed of
500 rpm reveals extensive plastic deformation with a
large number of smooth planar facets. This joint ex-
hibits lower joint efficiency compared to other joints
(< 90%). Higher magnification of the fractured surface
of the welded joint produced at rotational speed of
700 rpm shows clearly a very dense grouping of very
small dimples around large dimples. This joint exhibits
the maximum joint efficiency of 96%. There is no evi-
dence of either grain boundary facets or inclusion at the
surface.

Figure 18 shows SEM images of the tensile fractured sur-
face of the underwater FS welded joints at different welding
speeds. The fractured surface of the welded joint produced at
lower welding speed of 55 mm/min consists of dimples of
both small and large size in the fractured surface, indicating
an extensive plastic deformation occurred during the tensile
test. The fracture mechanism is close to quasi-cleavage frac-
ture. This joint exhibits a higher joint efficiency of 92%. The

Fig. 16 Fractured tensile
specimens showing the location
of fracture
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fractured surface of the welded joint produced at higher
welding speeds of 75 and 85mm/min reveals extensive plastic
deformation with a large number of smooth planar facets.
These joints exhibit lower joint efficiency compared to other

joints (< 90%). The result shows that the fractured surface of
the joints exhibiting higher joint efficiency consists of dense
and small dimples and joints fail by ductile mode, whereas the
fractured surface of the joints exhibit lower joint efficiency

Fig. 17 Fractured surface of a base metal, and underwater FS welded joints at different tool rotational speeds: b 500 rpm, c 600 rpm, d 700 rpm, e
800 rpm, and f 900 rpm

Fig. 18 Fractured surface of underwater FS welded joints at different welding speeds: a 55 mm/min, b 65 mm/min, c 75 mm/min, and d 85 mm/min
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consists of a large number of smooth planar facets and joints
fail by plastic deformation.

4 Conclusions

The following conclusions are drawn from the experimental
investigation on underwater friction stir welding of a marine
grade AA 5052-H32 aluminum alloy.

1) Tensile strength increased with the increase in tool rota-
tional speed reaching a maximum and it decreased with
the further increase in tool rotational speed. The tensile
strength of underwater welded joints was higher than nor-
mal FS welded joints except at 500 rpm.

2) The joints having maximum tensile strength produced by
both underwater and normal FSW were fractured at the
retreating side of the welded joint.

3) The maximum tensile strength of 208.9 MPa of the joints
produced by underwater FSW was obtained at tool rota-
tional speed of 700 rpm, whereas the maximum tensile
strength of 200.3 MPa of the joints produced by normal
friction stir welding was obtained at tool rotational speed
of 600 rpm. The other parameters such as the welding
speed, axial load, and tool tilt angle were kept constant
at 65 mm/min, 7 kN, and 1.5°, respectively.

4) The optimum process parameters for achievingmaximum
tensile strength by normal FSW is used to compare it with
underwater FSWand it was found that the ultimate tensile
strength obtained by underwater FSW is about 2% greater
than that of the normal FSW process.

5) The absence of HAZ region was found in underwater
FSW process which might be due to faster heat dissipa-
tion by water cooling. Finer equiaxed grains were found
at SZ of the welded plates by underwater FSW process
than normal FSW process.

6) The fractured surface of the joints exhibiting higher joint
efficiency consisted of dense and small dimples and joints
failed by ductile mode, whereas the fractured surface of
the joints exhibiting lower joint efficiency consisted of a
large number of smooth planar facets and joints failed by
plastic deformation.
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