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a b s t r a c t

1.7 mm thick cold-rolled Al–Mg–Er alloy sheets under as-rolled and annealed conditions were subjected
to friction stir welding (FSW). The as-rolled sheet showed fibrous tissues with a high density of disloca-
tions. After annealing, the fibrous tissues were replaced by coarse, nearly-equiaxed grains �18 lm in size
and the density of dislocations decreased greatly, resulting in significantly reduced hardness of the
annealed sheet. After FSW, the nugget zone (NZ) of both the FSW joints of as-rolled and as-annealed
sheets consisted of fine equiaxed recrystallised grains with sizes of 4.5 lm and 4.3 lm, respectively.
For the joint of the as-rolled sheet, the dislocations in the NZ and thermomechanically affected zone
(TMAZ) were significantly reduced and the NZ showed lower hardness than the base material (BM). How-
ever, for the joint of the as-annealed sheet, the NZ exhibited higher hardness than the BM due to signif-
icant grain refinement in the NZ. The joint of the as-rolled sheet showed a joint efficiency of 68% and
fractured in the NZ but the joint of the as-annealed sheet had a joint efficiency of nearly 100% and frac-
tured in the BM.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Aluminium alloys are generally classified into precipitation-
hardened alloys and solid-solution-hardened alloys. 5��� alloys
are widely used in transportation and shipbuilding industries. As
solution-hardened alloys, they can be strengthened only by work
hardening and/or by microalloying [1,2] and magnesium is the
principal alloying element.

The addition of rare earth elements would provide the alumin-
ium alloys with some novel benefits. For example, the addition of
scandium (Sc) can improve the mechanical properties and corro-
sion resistance of the aluminium alloys [3,4] and it can also elim-
inate the influence of harmful impurity, playing a purification
role [5]. However, the use of Sc is limited due to its high cost.
Compared with Sc, erbuium (Er) offers similar functions and is
much cheaper. Xing et al. [6] concluded that Er enhanced the ten-
sile strength of a cast Al–Mg alloy without greatly decreasing the
elongation, due to the formation of many fine primary and precip-
itation Al3Er particles. Al3Er particles have a coherent relationship
with the matrix phase alpha-Al, which can be acted as the hetero-
geneous nucleus and the other hands it can strongly pin up dislo-
cations and subgrain boundaries and retard the recrystallization of
alloys. Nie et al. [7] also reported similar results for Al–5Mg alloys.
Therefore, Al–Mg–Er alloys offer a wide development potential [8].
The sound welding of Al–Mg–Er alloys is important and neces-
sary for their wide application. Although several investigations
have reported on this aspect in recent years, they focused only on
fusion welding techniques. Li [9] welded a cast Al–Mg–Er alloy
plate using traditional tungsten inert gas arc welding (TIG) and la-
ser welding (LW) methods. It was reported that the ultimate tensile
strength (UTS) and yield strength (YS) of the joints were 80% and
50% of the BM which fractured in the heat affected zone for the
TIG and 75% and 60% of the BM which fractured in the weld zone
for the LW, respectively. However, for the welding of aluminium al-
loys, traditional fusion welding methods are apt to generate poros-
ity, cavities, hot cracking and solidification and liquation cracking
[1,8,10].

As a solid-state joining process, friction stir welding (FSW) may
avoid the problems encountered during traditional fusion welding
[11,12]. Furthermore, FSW has several prominent beneficial fea-
tures, such as energy efficiency, environmental friendliness and
versatility [13–17] and there is no need for surface cleaning opera-
tions prior to the FSW process [18–20]. FSW has been proved to be
successful for a great number of aluminium alloys. However, to the
best of the authors’ knowledge, no research has been reported to
date on the FSW of Al–Mg–Er alloys.

In this study, the 1.7 mm thick cold-rolled Al–Mg–Er sheets
were subjected to FSW before and after annealing. The aim was
to evaluate the FSW weld-ability of the thin Al–Mg–Er sheets
and to examine the effects of the initial state of the Al–Mg–Er
sheets on the mechanical properties of the FSW joints.
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2. Experimental details

1.7 mm thick cold-rolled sheets of Al–5.7Mg–0.6Mn–0.1Zr–
0.3Er (wt.%) were used in this study. Parts of the sheets were an-
nealed at 300 �C for 2 h. Both the as-rolled and as-annealed sheets
(hereafter referred to as as-rolled and as-annealed sheets) were
subjected to FSW along the rolling direction at a rotation rate of
400 rpm and a welding speed of 100 mm/min. A steel tool with a
shoulder 12 mm in diameter and a threaded cylindrical pin 4 mm
in diameter and 1.4 mm in length was used. A tilting angle of
2.5� was used for all the FSW processes and the plunge depth of
the shoulder was controlled at �0.15 mm.

In order to reveal the grain microstructure, initially the FSW
joints were artificially aged at 120 �C for 16.5 h to decorate the
grain 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 �C.

The macrostructure and microstructure of the FSW joints were
observed by stereoscopy and optical microscopy (OM, Axiovert 200
MAT). The distribution of precipitates and dislocations were char-
acterised by transmission electron microscopy (TEM, TECNAI 20).
Thin discs for TEM observations were cut from various locations
throughout the welds and the base metal (BM). Thin foils were pre-
pared by jet electro-polishing with a solution of nitric acid (1/3)
and methanol (2/3) at �30 �C. Phase identification was conducted
via X-ray diffractometry (XRD) with Cu Ka radiation.

Vickers hardness and tensile tests were conducted in accor-
dance with ASTM: E384-11e1 (Standard Test Method for Knoop
and Vickers Hardness of Materials) and ASTM: E8/E8M-11 (Stan-
dard Test Methods for Tension Testing of Metallic Materials),
respectively. Vickers hardness profiles were measured on the
cross-section perpendicular to the welding direction along the
mid-thickness of the sheets using a computerised Buehler hard-
ness tester under a load of 100 g for 10 s. Transverse tensile spec-
imens with a gauge length of 40 mm and a width of 10 mm 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 group. The failed specimens
were observed under a stereoscope and the fracture surfaces
examined under a Quanta 600 scanning electron microscope
(SEM).
3. Results and discussion

3.1. Microstructures

Fig. 1 shows the cross-sectional macrographs of the FSW joints.
No defects were detected in either of the FSW joints. Based on the
microstructural characterisation, four zones, i.e.: the BM, the heat
affected zone (HAZ), the thermomechanically affected zone (TMAZ)
and nugget zone (NZ) were identified in the joints. In the FSW joint
of the as-rolled sheet, there existed a ‘‘line S’’ as shown by the ar-
row (Fig. 1a). The ‘‘line S’’ is believed to originate from the oxide
layer on the initial butt surfaces, which was broken up, extruded
and deformed during FSW [21,22]. In the weld of the as-rolled
Fig. 1. Cross-sectional macrographs of Al–Mg–Er joints of (a) as-rolled sheet and (b)
as-annealed sheet.
sheet, the boundary around the NZ was not clear (Fig. 1a). How-
ever, the boundary became distinct in the weld of the as-annealed
sheet (Fig. 1b).

Fig. 2 shows the microstructures of the joints at the locations
‘‘a’’, ‘‘b’’, ‘‘c’’ and ‘‘d’’ of Fig. 1a, which represent the microstructures
of the BM, HAZ, TMAZ and NZ of as-rolled sheet, respectively. The
microstructure of the as-rolled BM was characterised by fibrous
tissues of elongated grains (Fig. 2a). In the HAZ (Fig. 2b), equiaxed
grains developed and the average grain size was determined to be
�12 lm. This indicates that recrystallisation occurred in the HAZ.
It is known that the HAZ did not undergo any plastic deformation
and just experienced a thermal cycle during FSW [23]. Therefore,
static recrystallisation, which was assisted by high deformation en-
ergy stored during cold rolling [24], took place in the HAZ.

As shown in Fig. 2c, the TMAZ did not show the typical charac-
teristics of elongated grains normally observed in FSW joints of Al–
Mg alloys [25,26]. This region was characterised by equiaxed
recrystallised grains with average grain size (�7.2 lm) similar to
that of the NZ’s boundary. Etter et al. [24] considered that contin-
uous dynamic recrystallisation occurred and no geometric dy-
namic recrystallisation happened in the TMAZ of the as-rolled
sheet. Therefore, no typical TMAZ microstructure was observed
in the joint of the as-rolled sheet and thus, the outline of the NZ
was indistinct. The NZ had fine, equiaxed recrystallised grains with
an average size of�4.5 lm (Fig. 2d). The fine equiaxed grains in the
NZs were attributed to the dynamic recrystallisation caused by the
intense plastic deformation and the frictional heat arising from the
rotating tool [24].

Fig. 3 shows the microstructures of the joints at the locations
‘‘A’’, ‘‘B’’, ‘‘C’’ and ‘‘D’’ of Fig. 1b. Regions A through D correspond
to the BM, HAZ, TMAZ and NZ of the as-annealed sheet, respec-
tively. After annealing, the elongated grains changed into coarse
nearly-equiaxed grains due to the recovery and recrystallisation
and the average grain size was �18 lm (Fig. 3a). The microstruc-
ture of the HAZ (Fig. 3b) was slightly coarsened compared with
that of the BM and the average grain size was �22 lm. The TMAZ
was characterised by the typical microstructure of the elongated
grains. The NZ had fine, equiaxed recrystallised grains and the
average grain size was �4.3 lm (Fig. 3d).

The XRD patterns (Fig. 4) showed the presence of Al3Er, Mg2Si
and Al6Mn phases in both the NZs and BMs of both the as-rolled
and as-annealed sheets. The SEM images showed the variation of
second phase particle size and distribution in various regions of
the FSW joints (Fig. 5). The BMs (Fig. 5a and d) of the as-rolled
and as-annealed sheets were shown to contain Mg2Si, Al3Er and
Al6Mn through the analysis of EDS. The Mg2Si particles dissolve
at about 525 �C. The Al6Mn particles dissolve at about 600 �C,
which is above the temperatures reached during FSW. The Al3Er
has high thermal stability with a melting temperature of 1067 �C.
The high temperature and severe plastic deformation caused by
the FSW process could result in the dissolution, growth and break-
up of these second phase particles [27]. This combined effect led to
the change of particles after welding. Therefore, the average sizes
of Al3Er, Mg2Si and Al6Mn in the TMAZ and NZ were smaller than
those in the BM due to the breakup effect. Moreover, the volume
fraction of Mg2Si was reduced after welding due to the dissolution
of Mg2Si. The particles in the TMAZ (Fig. 5b and e) were distributed
along the flow direction of the material.

TEM observations showed that a high density of dislocations
was observed in the as-rolled BM (Fig. 6a). This is associated with
the condition of the cold-rolled sheet. After FSW, only a few dislo-
cations were observed in the TMAZ (Fig. 6b) and no dislocations
existed in the NZ (Fig. 6c). This is attributed to the annealing effect
caused by FSW. Compared with the as-rolled BM, little dislocations
were observed in the as-annealed BM (Fig. 6d). However, disloca-
tions could be found in both the TMAZ (Fig. 6e) and the NZ



Fig. 3. Microstructures of positions ‘‘A’’, ‘‘B’’, ‘‘C’’ and ‘‘D’’ in Fig. 1b.

Fig. 2. Microstructures of positions ‘‘a’’, ‘‘b’’, ‘‘c’’ and ‘‘d’’ in Fig. 1a.
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(Fig. 6f) for the annealed sheet. According to the selected area dif-
fraction patterns (Fig. 6b and d), it was found that nano-sized Al3Er
particles (as shown by the arrows) existed in the BM, the TMAZ and
the NZ under the various conditions.

3.2. Microhardness

Fig. 7 shows the hardness profiles of the two FSW joints along
the mid-thickness of the transverse cross-section. The hardness
profiles were almost symmetric on the advancing side (AS) and
the retreating side (RS). For the as-rolled sheet, the hardness
started to decrease in the HAZ, due to the annealing softening
and static recrystallisation (Fig. 2c) that reduced the effect of the
work hardening. The NZ had the lowest hardness compared with
the BM with hardness values decreasing from 130 to 87 Hv. This
could be attributed to significant annealing softening and dynamic
recrystallisation [27]. Compared with the as-rolled BM, the hard-
ness of as-annealed BM dramatically decreased and this could be
attributed to the decrease of the dislocation density due to the
annealing [28] (Fig. 6a and d).



Fig. 4. XRD patterns of (a) as-rolled sheet, (b) NZ of as-rolled sheet, (c) as-annealed
sheet, and (d) NZ of as-annealed sheet.

Fig. 5. Microstructures of (a) as-rolled sheet, (b) TMAZ in joint of as-rolled sheet, (c) NZ
sheet and (f) NZ in joint of as-annealed sheet.
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For the as-annealed sheet, the hardness of the HAZ was similar
to that of the BM. This is attributed to the nearly same grain size be-
tween the HAZ and BM (Fig. 3a and b). The NZ showed the highest
hardness compared with its BM with hardness values increasing
from 83 to 95 Hv. The hardness change of the NZs is attributed to
the following reasons. Firstly, the finer grains increased the hard-
ness of the NZ. According to the Hall–Petch relationship and the
model of Sato et al. [27], if the grain size decreased from 18 to
4.3 lm, the hardness could increase by about 4.5 Hv. This accounts
for more than one third of the hardness difference between the NZ
and BM. Secondly, the increased dislocation density in the NZ also
resulted in the increase of hardness (Fig. 6f). Thirdly, the solid-solu-
tion strengthening of Mg atoms can also affect the hardness of the
Al–Mg–Er sheet because the introduced dislocations can be locked
by Mg atoms [29,30]. Attallah et al. [31] considered that the existing
Mg2Si particles were dissolved in the NZ during FSW and that this
in joint of as-rolled sheet; (d) as-annealed sheet, (e) TMAZ in joint of as-annealed



Fig. 6. Bright field TEM micrographs: (a) as-rolled sheet, (b) TMAZ in joint of as-rolled sheet, (c) NZ in joint of as-rolled sheet; (d) as-annealed sheet, (e) TMAZ in joint of as-
annealed sheet and (f) NZ in joint of as-annealed sheet.

Fig. 7. Hardness profiles of FSW joints of as-rolled sheet and as-annealed sheet.
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dissolution increased the Mg content in the solid solution, leading
to the increase of the hardness in the NZ. Fourthly, for the as-an-
nealed sheet, the volume fraction of particles decreased. According
to the Orowan mechanism, this change would lead to a decrease of
hardness. The combined effect of these four factors resulted in the
increase of hardness in the NZ.

Figs. 8 and 9 show the top and side views of the failed tensile
samples, respectively. The BMs of both sheets fractured randomly
in the parallel part and showed slight necking. Both the two FSW
joints fractured in the lowest hardness region; namely, the joint
of the as-rolled sheet fractured in the NZ, while the joint of the
as-annealed sheet fractured in the BM. The FSW joint failed with
obvious necking occurring near the fracture location for the as-
rolled sheet. The FSW joints of both the as-rolled sheet and the
as-annealed sheet did not fracture along the line ‘‘S’’. This indicates
that the line ‘‘S’’ would not show significant effect on the mechan-
ical properties of the joints. Schneider and Nunesd [21] and Ren
et al. [22] also reported similar results.
3.3. Tensile properties

The tensile properties of the BMs and FSW joints are shown in
Table 1. For the joint of the as-rolled sheet, the YS, UTS and elonga-
tion decreased in contrast with those of the BM and were about
48%, 68% and 83%, respectively of that of the BM. The significant
reduction of the tensile properties was due to the annealing soften-
ing and recrystallisation (Fig. 4a–c). The YS (173 MPa) and UTS
(322 MPa) of the as-annealed sheet were greatly reduced com-
pared with those of the as-rolled sheet, and were only 41% and
66%, respectively of those of the as-rolled sheet. This was because
the as-rolled sheet was in a cold-working state with high density of
dislocations (Fig. 6a), resulting in the high strengths. After anneal-



Fig. 8. Top view of failed tensile specimens: (a) as-rolled sheet, (b) joint of as-rolled sheet, (c) as-annealed sheet and (d) joint of as-annealed sheet.

Fig. 9. Side views of failed tensile specimens: (a) as-rolled sheet, (b) joint of as-rolled sheet, (c) as-annealed sheet and (d) joint of as-annealed sheet.

Table 1
Tensile properties of BMs and FSW joints of Al–Mg–Er alloy.

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

As-rolled BM 423 ± 2.3 489 ± 2.5 9.5 ± 0.8
FSW joint 203 ± 5.5 331 ± 8.0 7.9 ± 0.7 67.6
As-annealed BM 173 ± 3.1 322 ± 1.7 22.6 ± 0.5
FSW joint 162 ± 0.5 314 ± 2.6 17.9 ± 1.2 97.3

Fig. 10. SEM fractographs of (a) as-rolled sheet, (b) joint of as-rolled sheet, (c) as-annealed sheet and (d) joint of as-annealed sheet.

H.L. Hao et al. / Materials and Design 52 (2013) 706–712 711
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ing, the dislocations were reduced dramatically, such that the YS
and UTS decreased.

For the as-annealed sheet, the joint showed only slightly re-
duced YS and UTS compared with the BM and they were about
93% and 97%, respectively of that of the BM. However, the elonga-
tion was reduced to 79% of that of the BM. Nearly 100% of the joint
efficiency was attributed to the higher hardness of the NZ resulting
from the refined grains (Fig. 3b and d) and the increased disloca-
tions (Fig. 6d and f).

For the TIG and LW joints of the cast Al–Mg–Er [9], internal
flaws such as porosity and slag inclusion could be generated, which
deteriorated the mechanical properties of the joints: the joint effi-
ciencies were 80% for TIG and 75% for LW, respectively. However,
no defects were found in the FSW joints of the cold-rolled Al–
Mg–Er alloy in the present study. Moreover, for the as-annealed
sheet, its joint efficiency could reach as high as 97%.
3.4. Fracture surface

Fig. 10 shows the fracture surfaces of the failed BMs and joints.
The fracture surface of as-rolled BM (Fig. 10a) contained small inho-
mogeneous dimples and cleavage planes indicating the mode of
mixed fracture. The fracture also contained many particles as
shown by the arrows. The fracture surface of the joint of the as-
rolled sheet (Fig. 10b) exhibited small-sized dimples with bits of
fine particles, which were consistent with finer second phase parti-
cles in the NZ (Fig. 5c). Compared with the as-rolled BM, the
fracture surface of the as-annealed sheets was covered by fine
homogeneous dimples with some particles being detected
(Fig. 10c). This indicates that the as-annealed sheet failed in the
mode of ductility and possessed better ductility than the as-rolled
sheet. The fracture surface of the joint of the as-annealed sheet
(Fig. 10d) showed little difference from that of the BM, because
the joint also fractured in the BM.
4. Conclusions

Sound FSW joints of 1.7 mm thick Al–Mg–Er sheets under as-
rolled and as-annealed conditions were successfully produced.
For the joint of the as-rolled sheet, the TMAZ did show the typical
characteristics of elongated grains and the fine equiaxed recrystal-
lised grain size of the NZ was 4.5 lm. For the joint of the as-an-
nealed joint, the TMAZ showed the typical microstructure of
elongated grains and the grain size of the BM and the NZ were
18 and 4.3 lm, respectively.

The as-rolled BM had a high density of dislocations. Following
FSW, the dislocations dramatically decreased in the NZ and TMAZ.
Few dislocations were observed in the as-annealed BM but follow-
ing FSW, some dislocations appeared in the NZ and TMAZ.

For the as-rolled sheet, the hardness of the NZ was decreased
from 130 to 87 Hv and the YS and UTS of the joint were 48% and
68%, respectively of that of the BM. However, for the as-annealed
sheet, the hardness of the NZ increased from 83 to 95 Hv and the
YS and UTS of the joint were 94% and 97%, respectively of that of
the BM.
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