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Fifteen Al-Mg-Sc samples with subgrain/grain sizes in the range of 1.8 to 4.9 lm were prepared
through the processing methods of friction stir processing (FSP), equal-channel-angular
pressing (ECAP), rolling, annealing, and combinations of the above. The percentages of
high-angle grain boundaries (HAGBs) of these fine-grained alloys were distributed from 39 to
97 pct. The samples processed through FSP had a higher percentage of HAGBs compared to
other samples. Superplasticity was achieved in all fifteen samples, but the FSP samples exhibited
better superplasticity than other samples because their fine equiaxed grains, which were mostly
surrounded by HAGBs, were conducive to the occurrence of grain boundary sliding (GBS)
during superplastic deformation. The dominant deformation mechanism was the same for all
fifteen samples, i.e., GBS controlled by grain boundary diffusion. However, the subgrains were
the GBS units for the rolled or ECAP samples, which contained high percentages of
unrecrystallized grains, whereas the fine grains were the GBS units for the FSP samples.
Superplastic data analysis revealed that the dimensionless A in the classical constitutive
equation for superplasticity of fine-grained Al alloys was not a constant, but increased with an
increase in the percentage of HAGBs, demonstrating that the enhanced superplastic deforma-
tion kinetics can be ascribed to the high percentage of HAGBs. A modified superplastic
constitutive equation with the percentage of HAGBs as a new microstructural parameter was
established.
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I. INTRODUCTION

SUPERPLASTICITY refers to the ability of materi-
als to exhibit high uniform elongation when pulled in
tension while maintaining a stable microstructure.[1]

This phenomenon has considerable industrial potential
for the manufacture of complex sheet structures. It has
been widely accepted that the constitutive relationship
for superplasticity can be expressed in the following
generalized form:[2]
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where _e is the strain rate, A is a dimensionless value, D0

is the pre-exponential constant for diffusivity, E is
Young’s modulus, b is Burger’s vector, k is Boltzmann’s
constant, T is the absolute temperature, Q is the
activation energy dependent on the rate-controlling
process, R is the gas constant, d is the inverse grain
size, p is the grain size exponent, r is the applied stress,
r0 is the threshold stress, and n is the stress exponent.
The superplastic data analysis for a large number of

powder metallurgy-processed Al-based alloys demon-
strated that the activation energies were close to that for
the grain boundary diffusion ofAl (84 kJ/mol), the inverse
grain size dependence p and the stress exponent n were
equal to 2 in Eq. [1], and the dimensionless value, A, was
previously considered to be less than 50.[3–5]

Equation [1] shows that for the classical constitutive
equation, the grain size is the sole microstructural
determining parameter of the superplastic properties,
and therefore, grain refinement is considered to be the
sole method for increasing the superplastic deformation
rate or reducing deformation temperature. Therefore,
many processing methods,[6,7] such as equal channel
angular pressing (ECAP),[8] high-pressure torsion
(HPT),[9] cold rolling,[10] and friction stir processing
(FSP),[11] were used to refine the grains of various alloys
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in order to shift the optimum superplastic deformation
to a lower temperature and/or higher strain rate.[12–14]

Generally, the grain size needs to be reduced to less
than 1 lm to obtain excellent high-strain-rate super-
plasticity (HSRS, optimum strain rates ‡1 9 10�2 s�1)
for most of the Al alloys produced by conventional
severe plastic deformation methods[15,16] due to the fact
that a considerable fraction of grains in these alloys are
partially surrounded by low-angle grain boundaries
(LAGBs with misorientation between 2 deg and
15 deg). A typical example is that the ECAP Al-Mg-Sc
alloy with a grain size of 0.2 lm exhibited a maximum
elongation of 1560 pct at a high strain rate of 3.3 9 10�2

s�1.[15] Comparatively, a maximum elongation of
2150 pct was obtained at an even higher strain rate of
1 9 10�1 s�1 in FSP Al-Mg-Sc alloy with a grain size of
2.6 lm.[16] Furthermore, many FSP Al alloys with grain
sizes in the range of 1 to 10 lm have also exhibited
excellent HSRS.[16–21] The optimum superplastic defor-
mation rate for FSP 7075Al[20] was more than one order
of magnitude higher than that for 7075Al processed by
thermomechanical processing (TMP).[22] These phenom-
ena cannot be completely explained by Eq. [1].

More importantly, through the superplastic data
analysis of two FSP 7075Al samples with average grain
sizes of 3.8 and 7.5 lm, Ma et al.[20] demonstrated that
the dimensionless value A was as high as 790 for the FSP
7075Al, which is almost 20 times higher than the A value
observed in powder metallurgy-processed Al alloys. Ma
et al.[21] also found that the dimensionless value
increased from about 40 in extruded Al-Mg-Zr to about
700 in the FSP Al-Mg-Zr. The high dimensionless values
were subsequently observed in other FSP 7075Al and
Al-Mg-Sc samples.[23–25] These results suggested that the
enhanced superplastic deformation kinetics seems to be
a common phenomenon in FSP Al alloys. Obviously,
the classical constitutive equation cannot explain the
significantly enhanced superplastic deformation kinetics
in these fine-grained FSP Al alloys.

Thanks to the wide application of the electron
backscattered diffraction (EBSD) technique in recent
years, increasing information about the grain boundary
characteristics of the fine-grained Al alloys can be
obtained. It is noted that the percentage of high-angle
grain boundaries (HAGBs with misorientation ‡15 deg)
in the FSP Al alloys was in the range of 90 to
97 pct.[11,26] This value is significantly higher than that
obtained in conventional TMP Al alloys with a typical
ratio of 50 to 65 pct,[27,28] and higher than that in ECAP
Al alloys with a ratio hardly higher than 80 pct.[17,29,30]

It is supposed that the enhanced superplastic deforma-
tion kinetics in the FSP Al alloys should be ascribed to
their high percentage of HAGBs because it is generally
accepted that grain boundary sliding (GBS) can happen
more easily along HAGBs than along LAGBs during
superplastic deformation. However, a detailed investi-
gation on this subject is still lacking.

Based on the above analysis, it seems that the
dimensionless A is a variable associated with the
percentage of HAGBs. In order to confirm this hypoth-
esis, TMP, ECAP, and FSP as well as their combina-
tions were used in this study to prepare fine-grained Al

alloys with various percentages of HAGBs covering a
wide range. All these fine-grained Al alloys were
subjected to microstructural examination, superplastic
testing, and superplastic data analysis. The aim of this
study is (a) to elucidate the origin of enhanced super-
plastic deformation kinetics, (b) to establish the quan-
titative relationship between superplastic deformation
kinetics and the percentage of HAGBs, and (c) to
develop a modified superplastic constitutive equation
that includes the percentage of HAGBs as another
microstructural parameter.

II. EXPERIMENTAL

An Al-Mg-Sc ingot with a composition of
Al-5.33Mg-0.23Sc-0.49Mn-0.14Fe-0.06Zr (wt pct) was
initially homogenized at 703 K (430 �C) for 24 hours,
and then was extruded into plates with an extrusion ratio
of ~16 and a ram speed of 0.5mm s�1. The extruded plates
with dimensions of 300mm (length)9 70 mm (width)9 8
mm (thickness) were subjected to FSP and rolling.
Rectangular blocks with dimensions of 130 mm (length)
9 18 mm (width) 9 8 mm (thickness) were cut from the
extruded plates and then forged into blocks with section
dimensions about 12mm9 12mmat 523K (250 �C). The
cylinders with dimensions of 100 mm (length) 9 10 mm
(diameter) were cut from the forged blocks for ECAP.
ECAP was performed at 723 K (450 �C) and a

pressing speed of ~10 mm s�1 using a die with a channel
angle of 90 deg and an additional angle of 45 deg at the
outer arc of curvature where two channels intersect. An
equivalent strain of ~1 was produced for each pass of
ECAP through the die. The samples were rotated by
90 deg around their longitudinal axis in the same sense
in each pass. Two FSP tools were used in this study.
Tool 1 consisted of a shoulder 12 mm in diameter and a
threaded cylindrical pin 4 mm in diameter and 4 mm in
length. Tool 2 had a shoulder 20 mm in diameter and a
threaded cylindrical pin 8 mm in diameter and 6.5 mm in
length. An independent or a combination of the process
of FSP, ECAP, and rolling was used in order to produce
fine-grained samples with varied percentages of HAGBs.
The processing details are listed in Figure 1.
Mini tensile specimens 2.5 mm in gauge length, 1.4

mm in gauge width, and 0.8 mm in gauge thickness were
cut from the processed samples. For the TMP and
ECAP samples, the tensile directions were parallel to the
rolling and extrusion directions, respectively. For the
FSP samples, the tensile directions were perpendicular
to the FSP direction. All the tensile specimens were
ground and polished using a 1-lm polishing paste before
the tensile test. Constant crosshead speed tensile tests
were conducted using an Instron 5848 micro-tester.
Each specimen was held at the testing temperature for
about 15 minutes in order to reach thermal equilibrium.
EBSD examination was performed on the gauge

center of the mini tensile specimens, which were electri-
cally polished to produce a strain-free surface. In order
to provide the correct microstructure information just
before superplastic deformation, the EBSD specimens
were held at their optimum superplastic deformation
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temperatures for 15 minutes before being subjected to
polishing. The EBSD maps were obtained using a
ZEISS SUPRA 35 scanning electron microscope with
a HKL OIM system operating with an accelerating
voltage of 10 keV. The average subgrain/grain sizes were
estimated by the linear intercept method.

III. RESULTS

A. Microstructure of the Superplastic Materials

EBSD examinations showed that the Al-Mg-Sc sam-
ples produced by different processing methods exhibited
substantially different grain structures (Figure 2). In the
EBSD maps, the HAGBs were depicted as dark lines,
while the LAGBs were depicted as white lines. The lower
limit of 2 deg was selected due to the resolution limit of
the EBSD.[31] Four main microstructural characteristics
were observed. Firstly, the samples processed by the
combination of rolling and annealing (samples 1 to 4)
contained a heavily deformed microstructure composed
of largely irregular-shaped grains with many fine
equiaxed subgrains separated by the LAGBs. Secondly,
the samples processed by ECAP consisted of fine

recrystallized grains and unrecrystallized large grains
due to insufficient plastic deformation. Most of the large
grains in the ECAP samples were also divided into fine
equiaxed subgrains by the LAGBs (samples 5 and 6).
Thirdly, the FSP samples processed at various param-
eters showed homogeneous microstructures consisting
of fine equiaxed grains that differ mainly in the size of
the grains (samples 7 to 15). Fourthly, the samples
processed through ECAP or FSP contained more fine
recrystallized grains than the samples mainly processed
by rolling. This can be ascribed to the larger deforma-
tion or the higher deformation rate for the samples
processed through ECAP or FSP.[11,32]

Table I shows that the average subgrain sizes for all
the samples were determined to be below 5 lm, which is
expected to favor GBS during high temperature
deformation.
The misorientation angle histograms of the Al-Mg-Sc

samples are shown in Figure 3. For comparison, the
theoretical misorientation angle distribution for ran-
domly oriented cubes predicted by Mackenzie[33] is given
as the solid line in each figure. Two peaks in the LAGB
and HAGB ranges were observed in the samples which
involved rolling or ECAP (Figures 3(a) through (f)).
Similar bimodal distribution was also extensively

Fig. 1—Production processes of fine-grained Al-Mg-Sc samples.
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observed in several fine-grained Al alloys prepared by
other plastic deformation processes[7,32,34] due to the
existence of a high percentage of both recrystallized and

unrecrystallized grains. For the samples produced by
FSP, the misorientation distribution matched well with
the theoretical distribution. Table I shows that the

Table I. Microstructural Characteristics of Fine-Grained Al-Mg-Sc Samples Produced by Various Processes

Samples 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Subgrain/grain size (lm) 1.8 2.6 2.4 4.2 4.1 4.2 4.3 4.6 4.4 4.0 4.9 4.2 2.1 2.6 3.3
Percentage of HAGBs (pct) 39 48 53 50 65 64 78 83 89 90 92 93 95 96 97

Fig. 2—EBSD micrographs of fine-grained Al-Mg-Sc samples processed by various processing methods (dark lines represent HAGBs, and white
lines represent LAGBs).
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Fig. 3—Misorientation distribution of fine-grained Al-Mg-Sc samples processed by various processing methods.
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Fig. 4—Variation of elongation with initial strain rate at various test temperatures for fine-grained Al-Mg-Sc samples processed by various pro-
cessing methods.
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Fig. 5—Variation of flow stress with initial strain rate for fine-grained Al-Mg-Sc samples processed by various processing methods.
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percentage of HAGBs differed for each sample and was
scattered over a wide range. Such a distribution is
conducive to clarifying the relationship between the
percentage of HAGBs and superplastic deformation
kinetics.

B. Superplastic Behavior

Figure 4 shows the variation of superplastic elonga-
tion with initial strain rate for the Al-Mg-Sc samples
processed by different processing methods. All the
samples exhibited superplastic elongation higher than
500 pct at their optimum deformation conditions. Fur-
thermore, HSRS was obtained in all the samples except
samples 4 and 7. Especially, the optimum strain rate for
sample 13 has reached 3 9 10�1 s�1, which is extremely
high for the superplastic deformation of Al alloys.

Previous studies have shown that the fine-grained
Al-Mg-Sc alloys exhibited a slow and essentially uni-
form grain growth due to the presence of high density of
fine Al3Sc dispersoids both at the grain boundaries and
within the grain interiors.[35] The fine and stable mi-
crostructure in the Al-Mg-Sc alloys is suitable to super-
plastic deformation at elevated temperatures. The
samples processed by FSP exhibited higher optimal
elongation than those processed by rolling and ECAP
because the fine equiaxed and uniform grain structure in

the FSP samples was beneficial to the occurrence of GBS
during the initial superplastic deformation stage.[32]

Figure 5 shows the variation of flow stress (at true
strain of 0.1) with the initial strain rate for all the
Al-Mg-Sc samples. Consistent with general observation,
the flow stress decreased as the deformation temperature
was increased or the strain rate was reduced. For
comparison, the maximum elongation, its correspond-
ing strain rate sensitivity (m value), and the deformation
condition for each sample are summarized in Table II.
The m values were in the range of 0.35 to 0.6 for all
samples, demonstrating the high contribution of GBS to
the superplastic deformation. It is interesting to note
that the m value tended to increase with an increase in
the percentage of HAGBs, and the largest strain rate
sensitivity was achieved in sample 14, which was
produced by FSP.
Figure 6 shows the stress flow curves of samples 4, 6,

and 12 deformed at 748 K (475 �C) and 1 9 10�2 s�1.
These three samples have the same grain size of 4.2 lmbut
different percentages of HAGBs. Sample 4, mainly
processed through rolling and annealing, exhibited the
highest maximum flow stress and the lowest elongation.
Sample 6, mainly processed through ECAP, showed a
medium maximum flow stress and a medium elongation.
By comparison, the lowest maximum flow stress and the
highest elongation were observed in the FSP sample
(sample 12). These stress flow curves indicate that an
increase in the percentage of HAGBs reduced the super-
plastic flow stress and increased the superplastic
elongation.
Overall, all the Al-Mg-Sc samples processed by

various processing methods exhibited high superplastic
elongation and m values, which are the typical super-
plastic deformation characteristics. Compared to the
other samples, the sample processed by the combination
of rolling and annealing exhibited a lower elongation, a
higher flow stress, and a narrower superplastic defor-
mation window due to the high percentage of subgrain
boundaries. The FSP samples were characterized by fine
and equiaxed grains, which are ideal grain structures for
superplasticity. Therefore, the FSP samples showed very

Table II. A Summary of Superplastic Properties of Fine-Grained Al-Mg-Sc Samples

Sample No.
Strain Rate
Sensitivity Deformation Conditions

Maximum
Elongation (pct)

Percentage
of HAGB (pct) A Value

1 0.40 748 K (475 �C), 3 9 10�2 s�1 1150 39 40
2 0.39 773 K (500 �C), 3 9 10�2 s�1 990 48 70
3 0.37 723 K (450 �C), 3 9 10�2 s�1 800 53 85
4 0.36 698 K (425 �C), 3 9 10�3 s�1 470 50 88
5 0.41 723 K (450 �C), 1 9 10�2 s�1 650 65 145
6 0.45 723 K (450 �C), 1 9 10�2 s�1 830 64 150
7 0.35 748 K (475 �C), 3 9 10�3 s�1 740 78 260
8 0.46 748 K (475 �C), 1 9 10�2 s�1 970 83 335
9 0.44 748 K (475 �C), 1 9 10�2 s�1 1080 89 390
10 0.44 748 K (475 �C), 1 9 10�2 s�1 1100 90 350
11 0.51 773 K (500 �C), 1 9 10�3 s�1 1050 92 420
12 0.49 773 K (500 �C), 1 9 10�2 s�1 1400 93 460
13 0.55 698 K (425 �C), 3 9 10�1 s�1 1350 95 670
14 0.60 723 K (450 �C), 3 9 10�2 s�1 1480 96 990
15 0.57 723 K (450 �C), 1 9 10�1 s�1 2150 97 1000

Fig. 6—Typical flow stresses for different samples deformed at sam-
ple temperature and strain rate.
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high superplastic elongation with high m values at high
strain rates under relatively low flow stress compared to
the samples processed by rolling and ECAP.

C. Typical Microstructure of the Failed Samples

The failed samples, samples 4, 6, and 15, were
subjected to microstructural examination to understand
the microstructural evolution during superplastic defor-
mation for the typical microstructures with a low,
medium, and high percentage of HAGBs, respectively.
The EBSD maps showed that the microstructure of all
the failed samples was characterized by fully recrystal-
lized grains which were somewhat elongated along the
tensile direction (Figures 7(a), (c), and (e)). In all the
failed samples, the percentage of HAGBs was higher
than 90 pct, and the distribution of grain boundary
misorientation was close to the random misorientation
distribution (Figures 7(b), (d), and (f)). It should be

noted that the strong texture (Figures 8(a) and (c)) in
samples 4 and 6 was weakened after superplastic
deformation (Figures 8(b) and (d)). Sample 15 main-
tained weak texture during the superplastic deformation
(Figures 8(e) and (f)).

IV. DISCUSSION

A. Superplastic Deformation Mechanism

The microstructural examinations showed that the
largely irregular-shaped grains with many fine equiaxed
subgrains in the cold-rolled and ECAP samples (Figures
2(d) and (f)) were replaced by approximately equiaxed
grains separated mainly by the HAGBs at high strains
(Figures 7(a) and (c)). Correspondingly, the maximum
texture intensity also decreased greatly (Figures 8(a)
through (d)). Similar microstructural evolutions were

Fig. 7—EBSD micrograph and misorientation distribution for fractured samples.

554—VOLUME 47A, JANUARY 2016 METALLURGICAL AND MATERIALS TRANSACTIONS A



also observed in 8090Al,[36] Al-6Cu-0.4Zr,[37]

Al-Mg-Sc,[38] and Sc-modified 7050Al,[39] in which the
initially deformed structure was replaced by equiaxed
grains with a random misorientation distribution after
superplastic deformation. Although the mechanism by
which the fine-grained structure was obtained is still not
absolutely clear, it is generally accepted that both the
continuous dynamic recrystallization and GBS took
place in the unrecrystallized alloys during superplastic
flow.[36–42]

The microstructural examinations revealed that the
subgrains developed into approximately equiaxed grains
for the cold-rolled and ECAP samples during super-
plastic deformation, indicating a high contribution of
GBS to the deformation and the subgrains being the real
GBS units during superplastic deformation. For the
samples processed mainly by FSP (samples 7 to 15), the
grains retained a random distribution, but the average
grain size increased significantly and the grains were
somewhat elongated along the tensile direction after
superplastic deformation (Figure 7(e)). The misorienta-
tion distribution remained almost unchanged and
matched well with the theoretical distribution. A very
weak, almost random texture was observed in both the
undeformed and deformed samples. This microstruc-
tural evolution clearly demonstrated that the main
deformation mechanism of the FSP Al-Mg-Sc during
superplastic deformation is GBS.

Besides the microstructural evolution, the precise
evaluation of the parametric dependencies is also
important for identifying the superplastic deformation
mechanism. In this study, the m values were lower than
0.5 for the samples processed by rolling and ECAP
(samples 1 to 6). The lower m values might not represent
a genuine change in the deformation mechanism, but
rather originate from the existence of a threshold stress.

Employing an extrapolation of data to the zero strain
rates with a linear regression method in a double linear

plot of r with _e1=2 shows the existence of threshold
stresses in the samples processed by rolling and ECAP
(Figures 9(a) and (c)). After subtracting out the thresh-
old stress from the flow stress, the true m values were
close to 0.5 for these samples.
In order to determine the true activation energy for

the superplastic deformation, the temperature depen-
dence of flow stress at a constant strain rate is shown in
Figures 9(b), (d), and (f). The true activation energies
were determined to be 81, 88, and 80 kJ/mol for typical
samples 4, 6, and 15, respectively. These activation
energies are close to that for the grain boundary
diffusion of Al alloy (84 kJ/mol). This is different from
the high activation energies detected in ultrafine-grained
Al alloys[11] in which the activation energies are close to
that for the lattice self-diffusion in pure Al (142 kJ/mol)
owing to the significantly reduced grain size.
In order to further elucidate the superplastic defor-

mation mechanism of the Al-Mg-Sc alloys, the variation
of _ekTd2=DgEb

3 is plotted against r� r0ð Þ=E in
Figure 10. Because the subgrains were the real GBS
units, the subgrain size instead of the grain size was used
as d in Figure 10 for the samples processed by rolling
and ECAP in this study. It is clear that the data fitted
into a straight line with a slope of 2 for each sample,
showing that the stress dependence of superplastic flow
is approximately 2, and the temperature dependence of
superplastic flow is similar to the activation energy for
the grain boundary self-diffusion of Al. This agrees well
with the superplastic data analysis for other fine-grained
Al alloys,[20,21,24,43] in which the superplastic deforma-
tion was dominated by GBS.
Both the microstructural evolution during superplas-

tic deformation and the superplastic data analysis

Fig. 8—Pole figures of (a) as-processed and (b) fractured specimens of sample 4, (c) as-processed and (d) fractured specimens of samples 6, (e)
as-processed and (f) fractured specimens of sample 15.
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indicated that the dominant superplastic deformation
mechanism is similar for all the Al-Mg-Sc samples
investigated in this study: GBS controlled by grain
boundary diffusion. However, the subgrains were the
GBS units for the samples processed by TMP and
ECAP (samples 1 to 6), in which a high fraction of
unrecrystallized deformed structures were observed. The
fine grains were the superplastic deformation units for
the FSP samples characterized by approximately fully
recrystallized grains.

B. Enhanced Superplastic Deformation Kinetics

The variation of dimensionless values with the per-
centage of HAGBs is plotted in Figure 11 for the
purpose of clarifying their relationships. The superplas-
tic data obtained in a previous investigation[17] are also
included in Figure 11. It is clearly shown that the
dimensionless values increased slightly as the percentage
of HAGBs was increased in the initial stage, and then

increased sharply when the percentage of HAGBs
increased past 80 pct. The relationship of dimensionless
value (A) and the percentage of HAGBs (PHAGBs) can
be approximately expressed by an empirical equation:

A ¼ 1:075 100�PHAGBs½ � ½2�

It should be noted that although the value of A was
mainly determined by the PHAGBs, other factors, such as
the grain shapes and dispersoid distribution, might also
have some small impact on the superplastic flow.
Therefore, it is not completely unexpected if the data
slightly deviate away from Eq. [2].
Based on the discussion above, the steady-state

deformation of fine-grained materials at elevated tem-
peratures can be expressed by the following equation:

_e ¼ B 100�PHAGBs½ � �D0Eb

kT
exp � Q

RT

� �
b

deff

� �2 r� r0
E

� �2

;

½3�

Fig. 9—Threshold stress and activation energy, respectively, for sample 4 (a, b), sample 6 (c, d), and sample 15 (e, f).
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Fig. 10—Variation of _ekTd2
�
DgEb

3
� �

as a function of r� r0ð Þ=E for fine-grained Al-Mg-Sc samples processed by various processing methods.
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where B is a dimensionless value depending on the
materials and their preparation processes. For the
fine-grained Al alloys processed via severe plastic
deformation methods, B is roughly equal to 1.075.

Equation [3] shows that the enhanced superplastic
deformation kinetics is observed in fine-grained samples
which contain a high percentage of HAGBs. This is
consistent with the previous reports that the enhanced
superplastic deformation kinetics was extensively
observed in FSP Al alloys.[20,23,24] The enhanced super-
plastic deformation kinetics is attractive for practical
superplastic forming because it means that (1) the
optimum superplastic deformation rate can be shifted
to a higher value without reducing the grain size, and (2)
a lower flow stress is needed for the samples to be
deformed at the same temperature and strain rate.

It is generally accepted that GBS can occur along
HAGBs. However, the debates about whether GBS can
occur along LAGBs are continuing. A study concerning
bicrystals[44] showed that GBS is unlikerly to occur
between subgrains, owing to minor differences in their
orientation. Hales and McNelley[45] suggested that GBS
would occur when the boundary misorientation reached
about 5 deg to 7 deg. Gudmundsson et al.[46] proposed
that LAGBs cannot slide at the start of the straining of
polycrystalline alloys. Sliding along the pre-existing
HAGBs caused the rotation of adjoining subgrains,
thereby introducing additional HAGBs which are able to
slide. Repetition of this process transformed LAGBs to
HAGBs throughout the microstructure.

In this study, the subgrain boundaries in the rolled
and ECAP samples transformed into HAGBs after
high-strain-rate superplastic deformation under high
tensile stress compared to the FSP samples (Figures 5
through 7), and the superplastic deformation mecha-
nism was dominated by GBS. These indicate that the
sliding along subgrain boundaries is likely to happen at
the early stage of superplastic deformation for the
fine-grained Al alloys. It is noted that GBS along
HAGBs is easier than that along LAGBs and a lower
tensile stress is required to start the sliding along
HAGBs. This is why a lower flow stress or an enhanced
superplastic deformation kinetics was observed in the
fine-grain Al alloys containing high percentages of
HAGBs.

The overall implication of the present results is
significant. It is shown that for the superplastic consti-
tutive equation of fine-grained Al alloys, in addition to
the grain size, the percentage of HAGBs is another
important microstructural parameter for the determina-
tion of the superplastic properties of fine-grained Al
alloys. The modified constitutive equation for superplas-
ticity of fine-grained Al alloys has a wide application. In
order to obtain ideal superplasticity, it is necessary to
produce fine-grained alloys with both a reduced grain
size and an increased percentage of HAGBs.

V. CONCLUSIONS

In order to reveal the origin of the enhanced super-
plastic deformation kinetics, a series of fine-grained Al
alloys with different percentages of HAGBs were pre-
pared by TMP, ECAP, FSP, and their combinations
and were then subjected to superplastic investigation.
The main conclusions are summarized as follows:

(1) All the fine-grained Al-Mg-Sc samples prepared
by TMP, ECAP, FSP, and their combinations
exhibited excellent superplasticity. The FSP sam-
ples exhibited better superplasticity than those
processed by other processing methods because
the fine equiaxed grains mostly surrounded by
HAGBs in the FSP samples were beneficial to the
occurrence of GBS during the superplastic defor-
mation.

(2) The dominant deformation mechanism was the
same for all the fine-grained Al-Mg-Sc samples,
i.e., grain boundary sliding (GBS) controlled by
grain boundary diffusion. However, the subgrains
were the GBS units for the TMP or ECAP
samples, which contained high percentages of
unrecrystallized grains, whereas the fine grains
were the GBS units for the FSP samples, charac-
terized by fully recrystallized grains.

(3) The value of dimensionless A used in the classical
constitutive equation for superplasticity of fine--
grained Al alloys was not a constant, but
increased with an increase in the percentage of
HAGBs, demonstrating that the enhanced super-
plastic deformation kinetics was ascribed to the
high percentage of HAGBs.

(4) The constitutive equation used to describe super-
plastic flow was modified to be
_e ¼ B 100�PHAGBs½ � � D0Eb

kT exp � Q
RT

� �
b
deff

� �2 r�r0
E

� �2
,

where the percentage of HAGBs (PHAGBs) is
another important microstructural parameter in
determining superplastic properties.
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