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a b s t r a c t

3.7 mm thick cold-rolled Al–Mg–Er alloy plates were friction stir welded (FSW) under rotation rates of

400–1200 rpm and welding speeds of 100–400 mm/min. The influence of tool rotation rate and

welding speed on the microstructure and mechanical properties were investigated by means of the

optical microscope (OM), X-ray diffraction (XRD), scanning electron microscope (SEM), and hardness

and tensile tests. Experimental results revealed that defect-free joints could be obtained under a wide

range of parameters except for 800 rpm–400 mm/min. The nugget zones (NZs) exhibited equiaxed

recrystallized grains and the grain size increased with increasing the tool rotation rate or decreasing the

welding speed. For all FSW joints, the NZs exhibited the lowest hardness due to the annealing softening.

All the FSW joints fractured in the NZs. The joint welded at 400 rpm–100 mm/min had the greatest

ultimate tensile strength (UTS) of 346 MPa and yield strength (YS) of 218 MPa with a joint efficiency

of 73%. In general, increasing the tool rotation rate reduced both UTS and YS of the FSW joints, while

increasing the welding speed increased UTS and YS.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Friction stir welding (FSW) is a solid state joining process that
uses a rotating tool with a specially designed pin and shoulder
inserted into the workpiece [1], and the rotating pin is forced to
move along the desired bond line [2]. During welding, friction
heating and deformation are produced by the rotating pin and
shoulder [3]. The plasticized soft material is transported from the
front of the tool to the back that induces significant microstruc-
tural changes, including precipitate distribution, texture develop-
ment and grain size [4,5]. Four different regions, i.e., base material
(BM), heat affected zone (HAZ), thermo-mechanically affected
zone (TMAZ) and nugget zone (NZ), are identified [6]. Generally,
the microstructural changes in various zones have a great effect
on the mechanical properties of the weld.

For the FSW joints, the material flow behavior and heat input
conditions determine the microstructural evolution in various
zones, thereby influencing the mechanical properties of the joints.
FSW parameters such as rotation rate, welding speed, tool geometry,
and joint design have obvious influences on the material flow and
heat input [7]. Among these parameters, the rotation rate and
welding speed are the most important parameters that affect the
mechanical properties of the joints [8].
ll rights reserved.

.

Babu et al. [9] reported that increasing the rotation rate or
decreasing the welding speed decreased the mechanical proper-
ties of FSW 2219Al-T651 joints, while Zhang et al. [10] concluded
that the tensile strength of FSW 2219Al-T6 joints increased when
increasing the welding speed and was weakly dependent on the
rotation rate. Nevertheless, Ren et al. [11] and Feng et al. [12]
reported that the tensile strength increased with increasing the
welding speed, and it was independent of the rotation rate for
FSW 6061Al-T651 joints. Therefore, the effect of the FSW parameters
on the joint properties is quite different for various aluminum alloys,
and optimizing the FSW parameters is very important for obtaining
high-property FSW joints.

Al–Mg alloys are widely used in aerospace and transportation
industries because of their low density, high strength to weight
ratio, excellent corrosion resistance and good formability [13]. As
solution-strengthened alloys, Al–Mg alloys can only be strengthened
by working hardening and microalloying [14]. The addition of
erbium (Er) element into the Al–Mg alloys can refine the as-cast
structure, retard the recrystallization [15] and improve the corrosion
resistance [16]. Because of the abundant reserves of Er and its
low price, Al–Mg–Er alloys have a wide prospect of development,
especially in aerospace and shipbuilding industries [17].

Li [18] welded the cast Al–Mg–Er alloy plates using traditional
tungsten inert gas arc welding (TIG) and laser welding (LW)
methods. The ultimate tensile strength (UTS) and yield strength
(YS) could reach to 80% and 50% of the BM for the TIG joints, and
75% and 60% of the BM for the LW joints, respectively. However,
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both fusion welding methods have high requirements for welding
preparation and easily result in the welding flaws such as cracks,
slag inclusions and distortion. By comparison, there is no need of
surface cleaning operations prior to the FSW process and the
welding flaw can be avoided [19]. To the best of our knowledge,
the effect of welding parameters on the weldability and mechan-
ical properties of FSW Al–Mg–Er joints was not investigated.

In this study, 3.7 mm thick cold-rolled plate of Al–Mg–Er alloy
was subjected to FSW investigation at a wide range of parameters.
The aim of this study is (a) to evaluate the weldability of the
Al–Mg–Er alloy under wide welding parameters and (b) to elucidate
the effect of the FSW parameters (rotation rate and welding speed)
on the microstructure and mechanical properties of the joints.
2. Experimental procedure

3.7 mm thick cold-rolled plates of Al–4.7Mg–0.6Mn–0.1Zr–0.3Er
(wt%) were used in this study. The plates were FSWed along the
rolling direction using a FSW machine. A steel tool with a concave
shoulder 12 mm in diameter and a threaded cylindrical pin 5 mm
in diameter and 3.4 mm in length was used. FSW was conducted
at rotation rates of 400–1200 rpm and welding speeds of 100–
400 mm/min. A tilting angle of 2.51 was used for all FSW processes
and the plunge depth of the shoulder was controlled at �0.25 mm.
FSW parameters used in this study are summarized in Table 1.

In order to reveal the grain microstructure, the FSW samples
were first artificially aged at 120 1C for 16.5 h to decorate the grain
Table 1
Summary of FSW parameters for cold-rolled Al–Mg–Er alloy plates.

Sample no. Rotation rate (rpm) Welding speed (mm/min)

1 400 100

2 800 100

3 800 200

4 800 400

5 1200 100

Fig. 1. Dimensions of tensile specimen.

Fig. 2. Cross-sectional macrographs of Al–Mg–Er joints with parameter combinations o

(d) 800 rpm, 400 mm/min; and (e) 1200 rpm, 100 mm/min.
boundaries and then cross sectioned perpendicular to the FSW
direction. The sectioned specimens were polished and then etched
with a solution of 10 mL phosphoric acid and 90 mL water at 80 1C.
Macrostructure and microstructure of the FSW joints were observed
by stereoscopy and optical microscopy. The X-ray diffraction (XRD)
was used to determine the second phase particles. The precipitation
distribution and the dislocation structures were characterized by the
transmission electron microscopy (TEM, TECNAI 20). Thin foils for
TEM were prepared by jet electro-polishing with a solution of nitric
acid (1/3) and methanol (2/3) at �30 1C.

Vickers hardness profiles were measured on the cross-section
perpendicular to the welding direction along the mid-thickness of the
plates using a computerized Buehler hardness tester under a load of
100 g for 10 s. Transverse tensile specimens with a gage length of
40 mm and a gage width of 10 mm, as shown in Fig. 1, were
machined perpendicular to the FSW direction. Room temperature
tensile tests were carried out at a strain rate of 6�10�4 s�1 and
three specimens were tested for each condition. The failed tensile
specimens were observed using stereoscope and the fracture surfaces
were examined on a Quanta 600 scanning electron microscope
(SEM).
3. Results and discussion

3.1. Macrostructure and microstructure

Fig. 2 shows the cross-sectional macrographs of the FSW joints
at different parameters. All the FSW joints consisted of four
different regions: BM, HAZ, TMAZ and NZ. The shapes of the
NZ were apparently parameter dependent. As shown in Fig. 2(e),
generally, the NZ consisted of shoulder-driven zone (SDZ), the
pin-driven zone (PDZ) and the swirl zone (SWZ) according to the
role of shoulder and pin [10,20].

Onion ring structure was observed at the PDZ of the NZ, and
the ‘‘line S’’ (as shown by black arrows) appeared at the SDZ
except for Fig. 2(a) where the ‘‘line S’’ was observed from the top
to the bottom. The ‘‘line S’’ was believed to originate from the
oxide layer on the initial butt surface, which was broken up,
extruded and deformed during FSW [21,22]. It is well known that
the heat input during FSW decreases with decreasing the rotation
rate and increasing the welding speed. Lower heat input condition
leads to insufficient break-up of the oxide layer during FSW [23].
This should be the reason why the ‘‘line S’’ was clearer at the
parameters of 400–100 mm/min.

During FSW, the material flowed around the tool pin. FSW
joints are prone to defects like pinholes, tunnels, cavities, kissing
f (a) 400 rpm, 100 mm/min; (b) 800 rpm, 100 mm/min; (c) 800 rpm, 200 mm/min;
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bonds, cracks, etc, due to insufficient or excess heat input in the
NZ [24,25]. Among the five different FSW parameters used in this
study, the parameter of 800 rpm and 400 mm/min resulted in
the cavity defect, while defect-free welds were produced at other
parameters. The formation of the cavity defect at 800 rpm–
400 mm/min was attributed to insufficient heat input and inade-
quate material flow towards the bottom of the weld [26].

Fig. 3 shows the microstructure of the BM and HAZ near the
TMAZ for the FSW joint at 400 rpm–100 mm/min. The grains of
the BM were elongated, as shown in Fig. 3(a). Compared to that
of the BM, the microstructure of the HAZ which experienced a
Fig. 3. Microstructures of (a) BM and (b) HA

Fig. 4. Microstructures of NZs of FSW joints at (a) 400 rpm–100 mm/min, (b) 800 rpm–

100 mm/min.
thermal cycle was significantly coarsened (Fig. 3b). Similar HAZ
microstructures were also observed in the FSW joints under other
parameters.

From Fig. 4, it is clear that all the NZs consisted of fine-
equiaxed grains, indicating the occurrence of dynamic recrystalli-
zation in the NZ [27]. At a constant welding speed of 100 mm/min,
the grain sizes in the NZs increased from 3.5 to 5.6 mm with
increasing the rotation rate from 400 to 1200 rpm (Fig. 4a, b, e). At
a constant rotation rate of 800 rpm, there were a little difference in
the grain sizes of the NZs for different welding speeds, which were
determined to 5.7, 4.8 and 4.7 mm for the welding speeds of 100,
Z near TMAZ at 400 rpm–100 mm/min.

100 min, (c) 800 rpm–200 mm/min, (d) 800 rpm–400 mm/min, and (e) 1200 rpm–



Fig. 5. Microstructures of TMAZs (at retreating side) of FSW joints at (a) 400 rpm–100 mm/min, (b) 800 rpm–100 min, (c) 800 rpm–200 mm/min, (d) 800 rpm–400 mm/min,

and (e) 1200 rpm–100 mm/min.
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200 and 400 mm/min, respectively (Fig. 4b–d). As shown in Fig. 5,
the TMAZs under various FSW parameters were characterized by
elongated grains along an upward flowing pattern. This is consis-
tent with previous report [28].

Kim et al. [29] suggested the following equation describing the
heat input during FSW process:

q¼ 4
3p

2mPoR3
ð1Þ

where q is the heat input, m is the friction coefficient, P is the
pressure, o is the rotation rate and R is the radius of the shoulder.
If the welding speed is considered, Eq. (2) is obtained.

Q ¼
aq

V
¼

4

3
p2 amPoR3

V
ð2Þ

where Q is the heat input per unit length, a is the heat input
efficiency and V is the welding speed. Because the welding
condition is the same, a, m, P and R are assumed to be constant,
and only the W and V are variable. So Q can be expressed by

Q ¼ b
o
V

ð3Þ

where b is a coefficient.
As shown in Eq. (3), increasing the rotation rate or decreasing

the welding speed leads to the increase in the heat input. As it
is known, higher temperature could lead to the growth of the
recrystallization grains. Therefore, with increasing the rotation
rate or decreasing the welding speed, the increased heat input
resulted in the increase in the size of the recrystallized grains.

Fig. 6 shows the distribution of second phase particles in the
BM and the NZs at various welding parameters. It is found that
the distribution and size of second phase particles in the NZs of
the FSW joints were different from that in the BM. The average
sizes of the particles in the NZs were much smaller than those in
the BM. This is attributed to the breaking effect of the threaded
pin in the NZ [30]. At different FSW parameters, the particles in
the NZs were also different. Elangovan et al. [31] considered that
at a very high rotation rate, the second phase particles could be
broken up sufficiently; at the same time, the particles could be
coarsened due to elevated temperature. As the rotation rate
increased, the volume fraction of the coarse second phase parti-
cles decreased. At a constant welding speed of 100 mm/min, the
second phase particles at 1200 rpm were the finest (Fig. 6f). The
welding speed also had effects on the distribution and size of
the second phase particles (Fig. 6c–e). The volume fraction of the
coarse particles decreased when decreasing the welding speed.

Fig. 7 shows the XRD results of the NZs under various FSW
parameters. The second phase particles were verified to be Al3Er,
Al6Mn and Mg2Si, which were consistent with previous reports
[16,32,33]. Fig. 8 shows the dislocations of the BM and NZ. It is
clear that the density of dislocations in the NZ decreased drama-
tically compared to that in the BM, attributable to annealing effect
and dynamic recrystallization in the NZ.



Fig. 6. Microstructures of (a) BM and (b)–(f) NZs of FSW joints: (b) 400 rpm–100 mm/min, (c) 800 rpm–100 mm/min, (d) 800 rpm–200 mm/min, (e) 800 rpm–400 mm/min,

and (f) 1200 rpm–100 mm/min.

Fig. 7. XRD patterns of (a) BM and (b)–(d) NZs: (b) 400 rpm–100 mm/min;

(c) 800 rpm–100 mm/min; and (d) 800 rpm–400 mm/min.
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3.2. Hardness profile

Fig. 9 shows the hardness profiles of the FSW joints along the
mid-thickness of the transverse section at different parameters.
Following observations can be made. First, all welded joints
exhibited significantly reduced hardness in the welded zone
compared to the BM, which was attributed to the annealing
softening and recrystallization [33]. It is known that the cold-
rolled aluminum plates exhibited higher hardness due to the
work hardening effect. During FSW, the NZ experienced intense
plastic deformation and thermal exposure with the peak tem-
peratures up to 0.6–0.95 TM [27]. Therefore, significant annealing
softening and recrystallization occurred [34], leading to signifi-
cantly reduced hardness value in the welded zone than that of the
BM. Second, when increasing the rotation rate from 400 to 800 rpm,
the softened region became wider and the average hardness values



Fig. 8. Bright filed TEM micrographs showing the dislocation structures: (a) BM; (b) NZ at 400 rpm–100 mm/min.

Fig. 9. Hardness profiles at (a) a constant welding speed of 100 mm/min and (b) a constant rotation rate of 800 rpm.

Fig. 10. Failed tensile specimens: (a) BM, (b) 400 rpm–100 mm/min, (c) 800 rpm–100 mm/min, (d) 800 rpm–200 mm/min, (e) 800 rpm–400 mm/min, and (f) 1200 rpm–

100 mm/min.

Table 2
Transverse tensile properties of FSW Al–Mg–Er alloy joints at room temperature.

Sample YS (MPa) UTS (MPa) Elongation (%) Joint

efficiency (%)

Base metal 409.277.6 473.870.7 10.170.6

1 218.473.6 346.170.8 10.070.7 73.1

2 182.572.1 333.171.8 12.670.5 70.3

3 195.273.8 337.071.2 13.171.5 71.1

4 196.571.7 336.271.2 10.270.9 71.0

5 181.072.3 331.972.4 11.770.7 70.1
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of the welded zone decreased from 100 to 90 Hv (Fig. 9a). However,
increasing the rotation rate from 800 to 1200 rpm produced little
change to the width of softened region and the average hardness
value of the welded zone. Third, at a constant rotation rate of
800 rpm, higher the welding speed, narrower the softened zone
was (Fig. 9b). The hardness of the welded zone increased from 90 to
95 Hv when increasing the welding speed from 100 to 200 mm/
min. However, the average hardness of the welded zone at
400 mm/min was nearly the same as that at 200 mm/min. The
variation trend in the hardness kept pace with the change of the
grain size in the NZs. According to the Hall–Petch relationship [31],
the larger grain size results in lower hardness.

Fig. 10 shows the fracture location of the BM and FSW joints at
different parameters. All the FSW joints fractured in the NZs,
where the lowest hardness was achieved, as shown in Fig. 9. Both
the BM and the FSW joints exhibited a shear fracture mode, and
the shear fracture path was oriented at an angle of about 451 to
the tensile axis. Comparing Figs. 2 and 10, it is noted that the
fracture of the joints did not occur along the ‘‘line S’’, suggesting
that the mechanical properties and fracture behavior of the FSW
Al–Mg–Er joints were not affected by the ‘‘line S’’ under the
investigated FSW parameters.
3.3. Tensile properties

Tensile properties of the BM and the FSW joints are listed in
Table 2. Three findings were observed. First, there was a sig-
nificant reduction in the YS and UTS of the FSW joints compared
to those of the BM. For all FSW parameters, the joint efficiency
was about 70%. Second, at a constant welding speed of 100 mm/min,
the YS and UTS of the joint welded at 400 rpm were 218 and
346 MPa, respectively, which were higher than those at 800 and
1200 rpm. The YS and UTS values at these two parameters (800 and



Fig. 11. SEM fractographs of (a) BM (b), (c) FSW joints: (c) 400 rpm–100 mm/min, and (d) 800 rpm–100 mm/min.
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1200 rpm) were the same. Third, for the joints welded at a rotation
rate of 800 rpm, the YS and UTS at 100 mm/min were lower than
those at 200 and 400 mm/min. The YS and UTS values at 200 and
400 mm/min were nearly the same. The elongation at 400 mm/min
was lower compared to that at 100 and 200 mm/min. The change of
YS and UTS at different FSW parameters was consistent with that of
the hardness profiles of the FSW joints.

Scheider et al. [35] and Li et al. [36] reported that the existence
of the onion ring did not affect the properties of the weld joints.
Sato et al. [21] and Ren et al. [22] thought that the ‘‘line S’’ was
composed of broken oxide particles, and such broken oxide
particles were dispersed along the fine equiaxed grain boundaries.
The distribution of the broken oxide did not form a continuous
oxide band in the joint. Therefore, the presence of the oxide
particles did not affect the tensile properties of the welded joint.
3.4. Fracture surface

Fig. 11 shows the fracture surface of the BM and the FSW joints
welded at 100 mm/min with rotation rates of 400 and 800 rpm.
All of the fracture surfaces consisted of dimples with varying size
and shape, which indicated that the mode of failures was basically
ductile in nature [37]. Comparing the fracture surfaces of the BM
with that of welded joints, it was found that the fracture surface
of the FSW Al–Mg–Er joints was characterized by fine and round
equiaxed dimples, with a few small particles being detected
in some large dimples, and tearing edges (Fig. 11c and d). The
dimples on the fracture surface of the BM were inhomogeneous
and contained more and larger second phase particles and that of
the joints had finer second phase particles, which were consistent
with that larger second-phase particles were observed in the BM
(Fig. 6a) and finer second phase particles in the NZ (Fig. 6b and c).
4. Conclusions
1.
 3.7 mm thick cold-rolled Al–Mg–Er alloy plates were joined by
FSW at rotation rates of 400–1200 rpm and welding speeds of
100–400 mm/min. The ‘‘line S’’ and onion ring were observed
in the NZs for various welding parameters.
2.
 FSW produced a fine equiaxed grain structure in the NZ. The
size of the grains in the NZ increased with increasing the
rotation rate from 400 to 1200 rpm or decreasing the welding
speed from 400 to 100 mm/min.
3.
 The FSW joints exhibited significantly softened welded zones.
As the rotation rate increased from 400 to 800 rpm, the
hardness of the NZ decreased, increasing the rotation rate to
1200 rpm did not reduce the hardness value further. When
increasing the welding speed from 100 to 200 mm/min, the
hardness of the NZ increased, however, the hardness at
400 mm/min was nearly the same as that at 200 mm/min.
4.
 The YS and UTS of the FSW Al–Mg–Er joints were reduced
compared to those of the BM and all the FSW joints failed in
the NZs with a shear fracture, which was consistent with the
hardness profiles of the joints. The ‘‘line S’’ did not influence
the mechanical properties and fracture behavior of the joints.
5.
 At a lower rotation rate of 400 rpm, higher YS and UTS were
obtained. The YS and UTS values decreased as the rotation rate
increased from 400 to 800–1200 rpm. Increasing the welding
speed from 100 to 200–400 mm/min led to an increase in the
YS and UTS of the joints. The variation trend in the YS and UTS
of the joints with the FSW parameters was consistent with
that in the hardness in the NZ.
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