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Low-temperature superplasticity of Al–Mg–Sc alloy produced
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Ultrafine-grained (0.7 lm) Al–Mg–Sc alloy with an approximately random misorientation distribution and predominantly high-
angle boundaries of 97% was produced by friction stir processing. A ductility of 235% was obtained at 200 �C. Increasing temper-
ature from 200 to 300 �C resulted in an increase in superplasticity, optimum strain rate and strain rate sensitivity. Low temperature
and high strain rate superplasticity with a ductility of 620% was achieved at 300 �C and 3 � 10�2 s�1. Abnormal grain growth
occurred at 350 �C, resulting in the disappearance of superplasticity.
� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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It is well documented that grain refining in mate-
rials results in either an increase in strain rate or a de-
crease in the temperature at which superplasticity
appears [1–3]. By reducing the grain size to 0.3 lm, Va-
liev et al. [4] first reported the possibility of achieving
low-temperature superplasticity (LTSP), which was de-
fined as the occurrence of superplastic elongations at
temperatures significantly lower than those generally re-
quired for superplasticity. In their work, Valiev et al. [4]
obtained an elongation of �250% in the ultrafine-
grained (UFG) Al–Cu–Zr alloy at 220 �C corresponding
to 0.53 Tm, where Tm is the melting temperature of the
material, expressed by K. This provided a clear demon-
stration of the potential for achieving superplasticity at
relatively low temperatures through refining the grains
to the submicrometer level.

Subsequently, several studies have reported the
occurrence of LTSP in aluminum alloys with ultrafine
grain sizes, where grain refinement was achieved by
using different processing techniques [5–9], such as ther-
momechanical processing (TMP) [5,6], equal-channel
angular pressing (ECAP) [7,8] and high-pressure torsion
(HPT) [9]. Those studies showed that highly refined
grain sizes, sometimes below 1.0 lm in size, can be
1359-6462/$ - see front matter � 2009 Acta Materialia Inc. Published by El
doi:10.1016/j.scriptamat.2009.02.021

* Corresponding author. Tel./fax: +86 24 83978908; e-mail: zyma@
imr.ac.cn
produced and that grain refinement enhances super-
plasticity.

Recently, a solid-state processing technique, friction
stir processing (FSP), was developed as a generic tool
for microstructure modification based on the basic prin-
ciples of friction stir welding (FSW) [10–12]. Through a
single-pass FSP, bulk fine-grained materials with pre-
dominantly high-angle grain boundaries (HAGBs) were
produced. A previous study [3] has shown that FSP
7075Al alloy with an UFG structure of 0.8 lm exhibited
superplastic ductility over a wide low temperature range
of 200–350 �C. At 200 �C, a ductility of 350% was
observed at a strain rate of 1 � 10�5 s�1. Furthermore,
LTSP was obtained at 175 �C (0.48 Tm) in an UFG
Al–4Mg–1Zr prepared via FSP [13]. These results
clearly show the effectiveness of FSP for producing
UFG materials that are amenable to LTSP.

Al–Mg–Sc alloys were developed as a class of highly
formable aluminum alloys with superior properties
(especially yield strength) compared to conventional
Al–Mg alloys with the same magnesium content [14].
They have the potential to be applied in the fabrication
of airframes, stiffened panels and tanks for condensed
gas storage. A previous study [15] indicated that LTSP
was obtained at 200 �C in an Al–3Mg–0.2Sc alloy with
a grain size of 0.2 lm prepared by ECAP. The alloys
containing 3% Mg have only a limited commercial
application due to their low strengths. Increasing the
sevier Ltd. All rights reserved.
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Figure 1. Microstructure of FSP Al–Mg–Sc alloy: (a) EBSD map, (b)
boundary misorientation angle distribution, and (c) pole figures
(sample surface was perpendicular to the FSP direction).
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magnesium content in Al–Mg–Sc alloys increases their
tensile strength significantly. Hence Al–Mg–Sc alloys
with high magnesium content can be used as load-carry-
ing structures.

In this study, an Al–5.3Mg–0.23Sc alloy was sub-
jected to FSP and superplastic investigation. The aim
is (i) to understand the microstructural evolution of
the Al–Mg–Sc alloy subjected to FSP with rapid cool-
ing; (ii) to examine the possibility of achieving LTSP
in the FSP UFG Al–Mg–Sc alloy with high Mg content
at 200 �C; and (iii) to examine the thermal stability of
the FSP UFG Al–Mg–Sc alloy at elevated temperatures.

A 300 mm (length) � 70 mm (width) � 8 mm (height)
extruded plate with a composition of Al–5.33Mg–
0.23Sc–0.49Mn–0.14Fe–0.06Zr (in wt.%) was used in
this study. The detailed description of the extrusion pro-
cess has been presented in a previous work [16]. A single
pass of FSP was carried out on the extruded plate at a
tool rotation rate of 400 rpm and a traverse speed of
100 mm min�1 with immediate room temperature water
quenching of the plate. The total FSP length was
270 mm from pin entry to pin exit. A steel tool with a
concave shoulder 14 mm in diameter, a threaded conical
pin 5 mm in root diameter, 3.5 mm in tip diameter, and
4.5 mm in length was used. Microstructural character-
ization was performed on the cross-section of the stir
zone (SZ) transverse to the FSP direction by scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM). The samples for SEM were lightly
electropolished to produce a strain-free surface. Elec-
tron backscatter diffraction (EBSD) orientation maps
(with a resolution of 80 nm) were obtained using a Zeiss
Supra 35, operated at 20 kV, and interfaced to an HKL
Channel EBSD system. Thin foils for TEM were pre-
pared by twin-jet polishing using a solution of 70%
methanol and 30% nitric acid at �35 �C and 19 V.

Dogbone-shaped superplastic tensile specimens
(2.5 mm gage length, 1.4 mm gage width, and 1.0 mm
gage thickness) were electrodischarge machined from
the SZ of the FSP sample transverse to the FSP direc-
tion. These samples were subsequently ground and pol-
ished to a final thickness of �0.8 mm. Constant
crosshead speed tensile tests were conducted using an In-
stron 5848 micro-tester. Each sample was held at the
testing temperature for about 20 min in order to reach
thermal equilibrium. To check the thermal stability of
the UFG introduced by FSP, small samples with dimen-
sions of 8 � 8 � 10 mm3 cut from the FSP plate were
statically annealed for 20 min at temperatures of 200,
300 and 350 �C, respectively, and then cooled rapidly
in water to provide microstructural information of
the FSP samples just before tensile test at various
temperatures.

Figure 1a shows the microstructure of the FSP Al–
Mg–Sc sample obtained by EBSD mapping. FSP re-
sulted in the generation of the fully recrystallized micro-
structure with a uniform and equiaxed grain size
distribution, and the average grain size was determined
to be 0.7 lm. Microstructure evolution during FSW/
FSP has been widely investigated in previous studies
[17–19]. It was reported that the initial size of newly
recrystallized grains was of the order of 25–100 nm
and grew to 2–5 lm, a size equivalent to that found in
FSP aluminum alloys, when heated for 1–4 min at
350–450 �C [19]. Therefore, it is possible to produce an
ultrafine-grained structure by inhibiting the growth of
the recrystallized grains by cooling the FSP region
immediately behind the pin tool. The production of
the ultrafine grains in the FSP Al–Mg–Sc sample is
attributed to active cooling and the small tool size used.
Similar results have been reported previously in FSP
7075Al alloy [3].

The misorientation angle histogram of the FSP Al–
Mg–Sc sample is shown in Figure 1b. This misorientation
distribution is very close to a random grain assembly pre-
dicted by Mackenzie for randomly oriented cubes [20].
The fraction of HAGBs was 97%, the same as that pre-
dicted for a truely random grain assembly [20]. The aver-
age misorientation angle was determined to be 39.1�,
which is very close to the 40.7� predicted by Mackenzie
for a random misorientation distribution [20]. Further-
more, it was revealed that the FSP Al–Mg–Sc sample
exhibited a very weak texture component as indicated
by the pole figures inFigure 1c. This weak texture compo-
nent is near to rotated cube orientation {001}h110i, or
so-called shear component, which comes from the rem-
nant of shear texture. The shear component was usually
formed with inhomogeneous shear deformation due to
the FSP.

The misorientation distribution for the FSP Al–Mg–
Sc sample is somewhat similar to the previous report for
FSW 7071Al which contained 80–90% of HAGBs [21].
However, the present result is different from the previ-
ous reports about cold-rolled Al–6Cu–0.4Zr and Al–
5Mg–0.2Sc alloys in which two peaks were observed at
10–15� and 50–60� in the misorientation distribution his-
tograms [22,23]. During superplastic deformation, grain
boundary sliding (GBS) deformation accommodated by
random grain rotation resulted in an essentially random
misorientation distribution. Compared with the previ-
ous reports, it can be concluded that FSP is an effective
method of producing fine-grained materials predomi-
nated by HAGBs. The approximately random misorien-
tation distribution of the FSP Al–Mg–Sc alloy may be
suitable for superplastic deformation associated with
GBS. Thus, if the ultrafine grains with predominant



Figure 2. Variation of (a) elongation and (b) flow stress with initial
strain rate for FSP Al–Mg–Sc alloy.

Figure 3. TEM microstructures of (a) as-FSP Al–Mg–Sc alloy and
(b–d) FSP Al–Mg–Sc alloy annealed for 20 min at (b) 200 �C, (c)
300 �C and (d) 350 �C.

Figure 4. Microstructure evolution in FSP Al–Mg–Sc alloy annealed
at different temperatures.
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HAGBs have the capability to resist intergranular sepa-
ration and significant grain growth at high temperature,
it will be possible to achieve superplastic flow accommo-
dated by GBS.

Figure 2a shows the variation in elongation with ini-
tial strain rate for the FSP Al–Mg–Sc sample. Maxi-
mum elongation of 115% was observed at 175 �C. This
means that the FSP Al–Mg–Sc sample did not exhibit
superplasticity at a low temperature of 175 �C. At
200 �C (0.51 Tm), a ductility of 235% was obtained at
a low strain rate of 1 � 10�4 s�1. A temperature increase
from 200 to 300 �C resulted in an increase in the opti-
mum strain rate for superplasticity as well as the maxi-
mum elongation. Maximum superplasticity of 620%
was achieved at a low temperature of 300 �C and a high
strain rate of 3 � 10�2 s�1. This result is attractive be-
cause a single-pass FSP could induce the occurrence of
LTSP in the Al–Mg–Sc alloy at a high strain rate. How-
ever, at 350 �C, the elongations dropped drastically and
were consistently lower than 150% for the various strain
rates.

Figure 2b shows the variation of flow stress (at true
strain of 0.1) with the initial strain rate for the FSP
Al–Mg–Sc sample. An m value of 0.3 or more and an
elongation >200% has been considered to be a rough
indicator of the appearance of superplasticity [24]. At
175 �C, the strain rate sensitivity (m) was consistently
lower than 0.2, which is consistent with the absence of
superplasticity, as shown in Figure 2a. At 200 �C, an
m value of 0.33 was achieved at 1 � 10�4 s�1, indicating
that LTSP was developed at 200 �C in the FSP UFG Al–
Mg–Sc alloy. The strain rate sensitivity for maximum
superplasticity increased with increasing temperature
from 200 to 300 �C. At 300 �C, the m value increased
to �0.5 at the strain rate of 1 � 10�2–1 � 10�1 s�1, the
condition for GBS dominating the flow process. At
350 �C, the m values were consistently lower than 0.3
for various strain rates. The low m values correspond
to the low elongation in the FSP sample at 350 �C.

Figure 3 shows the TEM microstructures of the as-
FSP and annealed FSP Al–Mg–Sc samples. The as-
FSP sample contained a low density of dislocations
in the large grains. For the grains smaller than
200 nm in size, few dislocations were observed in the
grains. This dislocation distribution is somewhat simi-
lar to that in the UFG 7075Al prepared by FSP with
rapid cooling [18]. Figure 3b and c show that the grains
in the FSP Al–Mg–Sc alloy exhibited a slowly and
essentially uniform growth when annealed at 200 and
300 �C due to the presence of fine Al3Sc precipitates
both at the grain boundaries and within the grain inte-
riors. The measured average grain sizes in the annealed
FSP samples are �1.0 and �1.2 lm for 200 and
300 �C, respectively. Such a fine and stable microstruc-
ture is suitable for superplastic deformation at these
temperatures. Furthermore, it is noted that with the in-
crease of the temperature, the density of dislocations in
the grains reduced and the grain boundaries became
more distinct. When annealed at 350 �C for 20 min,
the FSP sample displayed a duplex microstructure with
a small number of large grains being surrounded by ar-
rays of fine grains, indicating the occurrence of abnor-
mal grain growth (AGG). Such a microstructure no
longer meets the requirements for superplastic flow
and accounts for the disappearance of superplasticity
at 350 �C (Fig. 2a).

In the previous reports, AGG in FSP/FSW alumi-
num alloys was often observed to initiate at the SZ/
base metal (BM) interfaces, the material surface in con-
tact with the FSP tool or the root of the SZ [21,25–28].
In this study, when the as-FSP sample was annealed at
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350 �C for 20 min, distinct AGG occurred at the bot-
tom of the SZ (Fig. 4c and e), whereas in the middle
of the SZ, the annealed FSP sample displayed a duplex
microstructure with a small number of large grains
being surrounded by arrays of fine grains (Fig. 4a).
Similar microstructure was also observed at the gage
of the tensile specimen which was annealed at 350 �C
for 20 min (Fig. 4b). This duplex microstructure is also
revealed by the TEM examination (Fig. 3d). The FSP
sample annealed at 300 �C did not show any AGG
phenomena (Fig. 4d and f). It was reported that
AGG initiated at the root of the SZ developed into
the central region of the SZ upwards with increasing
annealing time [21]. Therefore, for the tensile specimen
with the gage being machined from only the middle
part of the SZ as shown in Figure 4, the effect of
AGG in the bottom of the SZ on AGG development
in the gage of the tensile specimen might be signifi-
cantly reduced.

ECAP and cold-rolled UFG Al–Mg–Sc alloys with
similar compositions as the present alloy did not show
AGG at testing temperatures as high as 450 �C [29,23].
Therefore, the development of AGG at 350 �C in the
FSP UFG Al–Mg–Sc alloy is somewhat surprising.
For FSP/FSW alloys, onion rings or banded structures
with alternately changed grain size or particle distribu-
tion are a prominent feature of the SZ due to the geo-
metric effect resulting from the tool movement [30].
AGG occurring in the root of the SZ showed distinct
growth characteristics along the onion rings (Fig. 4c).
This result is consistent with previous studies [21,27].
Rios [31] believed that the local environment is constant
only on average, and is locally subjected to microstruc-
tural fluctuations about this average. These microstruc-
tural fluctuations can consist in either a locally lower
pinning force or a locally higher driving force. Further,
the FSP region contained some large grains that have se-
ven or more faces surrounded by much smaller grains
(Fig. 3). From the topological theory of grain growth,
these large grains have a higher thermodynamic force
for grain growth than the rest of the grains [32]. These
pre-existing large grains and local microstructural fluc-
tuations may be responsible for the AGG in the tensile
specimens.

In summary, the following conclusions are reached:
(1) Fine grains 0.7 lm in size with predominantly

(97%) HAGBs were obtained in Al–Mg–Sc alloy
by FSP with rapid cooling. The misorientation dis-
tribution was very close to a random grain assem-
bly for randomly oriented cubes.

(2) Superplasticity of 235–620% was achieved at low
temperatures of 200–300 �C. A temperature
increase from 200 to 300 �C resulted in an increase
in the optimum strain rate as well as the maximum
elongation. The FSP Al–Mg–Sc exhibited a ductil-
ity of 620% at a lower temperature of 300 �C and a
higher strain rate of 3 � 10�2 s�1.

(3) The FSP material kept a fine grain size of �1 lm
just before the tensile test at 200–300 �C. However,
AGG occurred before the tensile test at 350 �C,
resulting in the disappearance of superplasticity.
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