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This article describes the superplastic behavior of the Al-4.5Mg-0.46Mn-0.44Sc alloy. The investigated alloy
was produced by casting and was conventionally processed to form a sheet with a thickness of 1.9 mm and
an average grain size of 11 lm. The superplastic properties of the alloy were investigated using a uniaxial
tensile testing with a constant cross-head speed and with a constant strain rate in the range 131024 to
53 1022 s21 at temperatures from 390 to 550 �C. The investigations included determinations of the true-
stress, true-strain characteristics, the maximum elongations to failure, the strain-rate sensitivity index m,
and the microstructure of the alloy. The m-values determined with the strain-rate jump test varied from
0.35 to 0.70 in the temperature interval from 390 to 550�C and strain rates up to 23 1022 s21. The
m-values decreased with increased strain during pulling. The elongations to failure were in accordance with
the m-values. They increased with the temperature and were over 1000%, up to 131023 s21 at 480 �C and
up to 131022 s21 at 550 �C. A maximum elongation of 1969% was achieved at an initial strain rate
of 53 1023 s21 and 550 �C. The results show that the addition of about 0.4 wt.% of Sc to the standard
Al-Mg-Mn alloy, fabricated by a conventional manufacturing route, including hot and cold rolling with
subsequent recrystallization annealing, results in good superplastic ductility.
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1. Introduction

The 5083 (Al-Mg-Mn) alloy is one of the conventional Al
alloys for superplastic forming (SPF) under special working
conditions. The superplastic behavior of this alloy has been
investigated extensively (Ref 1-15). These investigations have
included the superplastic-related characteristics, such as the
manufacturing processes of the alloy, the microstructure, the
flow stresses, the maximum tensile elongations to failure,
the strain-rate sensitivity indexes, the optimum working condi-
tions for achieving these properties, the mechanisms of super-
plastic behavior, and models of superplastic deformation using
the finite-element method (Ref 11, 14, 16). These properties were
determined with commercial 5083 alloys at relatively high
forming temperatures and slow or intermediate strain rates.

The requirements for achieving the superplasticity of
materials are now well understood (Ref 17, 18). Recently,
industrial SPF operations have required Al material that is
capable of exhibiting high strain-rate superplasticity at forming
rates faster than 1910�2 s�1 and temperatures lower than

400 �C (Ref 7, 19-21). Good superplastic formability under the
above-mentioned working conditions can be achieved by
making a further reduction in the grain size of the material
(Ref 19). There are several methods for modifying the grain
sizes: (1) an appropriate thermomechanical treatment involving
high reductions of material during cold rolling, (2) new forming
processes, such as equal channel angular pressing (ECAP) and
high-pressure torsion and accumulative roll-bonding (Ref 19,
20, 22-24), and (3) minor additions of Cu, Cr, Zr, and Sc to the
base alloy (Ref 7, 12, 25-27).

It is now well established that the addition of small
quantities of Sc to Al alloys such as Al-Mg leads to an
increase in the superplasticity (Ref 25, 26, 28-32), although Sc
is a very expensive material (Ref 33). The same reports have
shown that it is possible to achieve good ductility after
subjecting the Al-Mg-Sc alloy to simple processing by hot and
cold rolling (Ref 28, 29). Elongations without failure of 1020%
and 1130% were reported for Al-4Mg-0.5Sc (Ref 28) and for
Al-6Mg-0.3Sc (Ref 29) at strain rates up to about 1910�2 s�1

and at temperatures of 538 and 475 �C, respectively. The strain-
rate sensitivity indexes were in the vicinity of m = 0.5. The
effectiveness of Sc is a consequence of the Al3Sc particles that
stabilize the microstructure and thereby producing the super-
plasticity at higher strain rates in Al-Mg-Sc alloys (Ref 29).

Recently, it was established that the best way to achieve
superplastic ductility in the Al-Mg-Sc alloys is by extensive
grain refinement resulting from an intensive plastic strain
through a process such as ECAP (Ref 25, 26, 31, 32, 34).
In these studies, elongations to failure of over 2000%
were achieved at strain rates and temperatures within the
range normally designated as high-strain-rate superplasticity
(Ref 26, 31). Currently, the main disadvantage of this process is
its inability to produce large amounts of material in the form of
a sheet (Ref 20).
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The superplastic characteristics of the 5083 alloy have also
been investigated extensively (Ref 1-15). Various slightly
modified alloys have been produced on a commercial scale by
hot and cold rolling. Generally, with these alloys, a maximum
elongation to failure of about 400%, and rarely up to 600%
(Ref 3), was achieved at relatively high temperatures within the
range of 400 to 560�C and at slow or intermediate strain rates
of 1910�4 to 59 10�3 s�1. The strain-rate sensitivity indexes
were from 0.4 to 0.7, depending on the various thermome-
chanical treatments and experimental conditions. Many inves-
tigations have shown that the addition of minor amounts of Sc
can enhance the plastic forming of Al-Mg-Mn alloys (Ref 27,
34, 35). A tensile elongation of 680% was reported for a
conventionally manufactured Al-Mg-Mn alloy with 0.25 wt.%
Sc and 0.12 wt.% Zr at 1.679 10�3 s�1 and at 490 �C
(Ref 27). Modified alloys processed by ECAP are capable of
elongations in range of 1000 to 2000% in the temperature
interval from 250 to 500 �C and at strain rates higher than
1910�2 s�1 (Ref 34).

This article describes the effect of a 0.44 wt.% addition of
Sc on the superplastic behavior of a slightly modified
commercial 5083 alloy. The examined alloy sheet was prepared
using a simple thermomechanical treatment that is similar to
conventional industrial processing. The aim of this investiga-
tion was to determine the optimum working conditions for
achieving the best superplastic properties, which are character-
ized by the highest elongations to failure and the highest strain-
rate sensitivity indexes. The experiments were uniaxial tensile
tests at constant and variable, slow and intermediate, strain rates
in the temperature range of 390 to 550 �C.

2. Experimental Procedure

The Al-4.5Mg-0.46Mn-0.44Sc alloy was prepared by
induction melting using Al99.9, Mg99.8, master alloys
Al-2.1Sc, Al-80Mn, and Al-5Ti-1B. The melt was cast into a
steel mold with dimensions of 1759 809 27 mm3. The
chemical composition of the alloy is shown in Table 1.

The as-cast ingots were homogenized for 4 h at 440 �C and
for 4 h at 460 �C, followed by air-cooling. The scalped ingots
with a thickness of 24 mm were hot rolled at 400 �C to a
thickness of 10 mm, then annealed for 4 h at 475 �C, and
further cold rolled to a final sheet thickness of 1.9 mm, i.e., a
total reduction of 92%. The samples for the tensile tests were
machined from cold-rolled sheet along the rolling direction,
with a gage section of 10 mm in length and 5.4 mm in width.
The samples were annealed for 2 h at 500 �C, with the
intention being to create a fully recrystallized microstructure.

The uniaxial tests on the investigated alloy were carried out
using a Zwick Z250 universal testing machine with a 0.5 kN
load cell. The machine was equipped with a three-zone
electrical resistance furnace that maintained the test temperature
with an accuracy of ±2 �C. The testing chamber with the
controlled temperature was over 300 mm in length. The testing

procedure and the evaluation of the results were controlled by
the PO software system Texespert II.

The specimens were annealed for 30 min prior to testing to
ensure a uniform and stable temperature in the furnace. The
measurements included determinations of the flow stresses as a
function of the true strains, the elongations to failure, and the
strain-rate sensitivity indexes. The testing temperatures and
strain rates ranged from 390 to 550 �C and from 1910�4 to
59 10�2 s�1, respectively. The tensile tests were conducted at
constant strain rates (CSR) with a continuous change of the
cross-head speed and with constant cross-head speed (CCHS),
where the initial strain rate decreased with the increasing strain.
The strain-rate sensitivity indexes were determined using the
‘‘jump test’’ method. The microstructure of the untested and
tested samples, like the cavitation, was examined using light
microscopy.

3. The Effect of Strain Rate and Temperature
on the Flow Stress

The superplastic behavior of the material is characterized by
the true stress� dependence on the true strain. The true-stress,
true-strain curves were determined during a CSR tensile test
and during a CCHS tensile test at various temperatures and
strain rates. Figure 1 shows the set of stress-strain curves at
temperatures in the range from 390 to 550 �C at an initial strain
rate (CCHS) of 7.59 10�4 s�1. The shapes of the curves
change with the temperatures. In all cases, there is an
immediate hardening followed by a strain softening at lower
temperatures and a slightly increased hardening at higher
temperatures (>480 �C). This increased hardening is reduced,
or even disappears, at higher initial strain rates over
1910�2 s�1 (Fig. 2).

The hardening characteristics of the pulled specimens during
the CCHS test depend on the test conditions (Fig. 3). At a
temperature of 550 �C, the flow stresses increase with the strain
to an initial strain rate of approximately 1910�2 s�1, whereas
in the case of 480 �C, the plots show a consistent softening of
the specimens with increased strain for all CCHS.

The tests were also conducted with a CSR. The true-stress,
true-strain curves for the specimens at a CSR and at 550 �C are
shown in Fig. 4. All the curves have similar shapes. The flow

Table 1 The chemical composition of the investigated
alloy (in wt.%)

Si Fe Mn Mg Ti B Sc Al

0.0064 0.0018 0.466 4.55 0.0213 0.0016 0.435 Bal. Fig. 1 True-stress, true-strain curves for various tested temperatures
at an initial strain rate of 7.59 10�4 s�1 (CCHS)
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stresses explicitly depend on the strain rate; they increase at
higher rates. After a rapid jump in the stresses on loading, the
hardening increases to a peak stress, followed by a gradual
softening to failure. The peak stresses are shifted toward lower
strains at higher strain rates.

The stress-strain characteristics differ depending on the test
used. Figure 5 compares the true-stress, true-strain curves
obtained during CSR and CCHS tests for two different constant
and initial strain rates at 550 �C. The CCHS exhibits a lower
strain hardening than the corresponding CSR tests.

4. Elongation

The elongation to failure is often used as an appropriate
measure for the superplastic behavior of a material because, in
addition to the chemical composition, it depends on the
working conditions, such as the temperature and the strain rate.
The elongations were measured with a tensile test under a CSR
and under a CCHS at temperatures ranging from 390 to 550 �C
and at strain rates (CSR and CCHS) from 1910�4 to
59 10�2 s�1. The elongation depends a great deal on the test
temperature (Fig. 6, 7) and on the strain rate (Fig. 8, 9). The
occurrence of true superplasticity in the alloy is demonstrated in
Fig. 7, where the samples are shown after pulling to failure at
various temperatures and at an equal initial strain rate of

7.59 10�4 s�1. There is no necking in the samples, even at
lower temperatures.

Elongations to failure of over 1000% were achieved at initial
strain rates up to 1910�3 s�1 and 480 �C (the maximum
elongation was 1426% at 7.59 10�4 s�1), up to 2.59 10�3 s�1

and 510 �C (the maximal elongation was 1870% at
7.59 10�4 s�1), and up to 1910�2 s�1 and 550 �C (the max-
imum elongation was 1969% at 59 10�3 s�1). Elongations from

Fig. 3 True-stress, true-strain curves for various initial strain rates at 550 �C (left) and 480 �C (right)

Fig. 4 True-stress, true-strain curves for various constant strain
rates at 550 �C

Fig. 2 True-stress, true-strain curves for three tested temperatures at
an initial strain rate of 1910�2 s�1 (CCHS)

Fig. 5 Comparison of the stress-strain curves obtained during CSR
and CCHS tests at 550 �C
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220 to 510% were obtained in the temperature interval from 480
to 510 �C in the range of higher initial strain rates from
2.59 10�2 to 59 10�2 s�1 (Fig. 8). Figure 9 shows the true
superplasticity of samples at 550 �C and at various initial strain
rates (CCHS), where the upper sample is untested. The samples
show a uniform deformation within the gage length without any

necking to failure. Since a 200% elongation can be considered as
an initial indicator of superplasticity, elongations at higher strain
rates over 1910�2 s�1 (CCHS test) are still in the area of the
superplastic regime at all the tested temperatures.

The elongation values achieved during tensile tests with a
CSR and a CCHS (both tests starting at the same initial strain
rate) are not equal at the same testing temperature, which is
shown in Fig. 10. The elongation peak of the samples during the
CSR test is displaced to slower strain rates in comparison to
the CCHS test. The elongations to failure of the CSR test are
generally lower and decrease with an increased strain rate after
the peak elongation. The CCHS test makes it possible to achieve
total elongations in excess of 1500% across a wider range
of intermediate strain rates, from 59 10�4 to 59 10�3 s�1 at
550 �C and from 59 10�4 to 1910�3 s�1 at 510 �C.

5. The Strain-Rate Sensitivity Index m
of the Tested Alloy

The strain-rate sensitivity index m is one of the most
important parameter that characterizes superplastic deforma-
tion. Higher m-values indicate an increased resistance to

Fig. 6 Elongation to failure as a function of the test temperature at
an initial strain rate of 7.59 10�4 s�1 (CCHS)

Fig. 7 Examples of superplasticity in samples after tensile testing
at various temperatures at an initial strain rate of 7.59 10�4 s�1

(CCHS)

Fig. 8 Elongation to failure as a function of the initial strain rate
at three temperatures

Fig. 9 Samples after tensile testing to failure at different initial
strain rates at 550 �C

Fig. 10 A comparison of elongations to failure as a function of
constant strain rate (CSR test) and of initial strain rate (CCHS test)
at 550 �C
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necking, and thus they allow large elongations to failure. There
are several experimental methods to determine the m-value
(Ref 18, 36). In this study, the m-values as a function of the
strain rate and the test temperature were estimated using the
multi-strain-rate jump test. This test to determine the m-values
as a function of strain rate over the range from 1910�4 to
29 10�2 s�1 was conducted by increasing and decreasing the
strain rate by 20% at every increment of 100% elongation. The
strain rates were constant during the single jumps that were
controlled by the software for a continuous change of cross-
head speed. In Fig. 11, the change of cross-head speed is shown
as an example of increasing the strain rate from _e1 ¼ 1�
10�3 s�1 (downward strain rate) up to _e2 ¼ 1:2� 10�3 s�1

(upward strain rate) during progressive elongation, and the
corresponding simultaneous change of force. The m-values
were calculated using the equation:

m ¼
log r2

r1

log _e2
_e1

¼
log F2

F1

log v2
v1

where r1, r2 are the stresses, _e1; _e2 are the corresponding
instantaneous strain rates, F1, F2 are the forces, and v1, v2,
are the cross-head speeds before and after the jump. By con-
vention, the m-value is attributed to the downward strain rate
_e1 (Ref 18). The multi-strain-rate jump makes possible the

examination of the m-values at various progressive strains
or elongations at a fixed strain rate during a single test.
Similarly, the m-values were also determined as a function of
the test temperature, where the downward constant strain rate
was 39 10�4 s�1 and the upward value was 89 10�4 s�1.

The m-value as a function of testing temperature at 390, 430,
450, 480, 510, and 550 �C to four true-strain levels is shown in
Fig. 12. For all the strains, the m-value increases with the
temperature. The maximum value of 0.7 occurs at 550 �C, and
the lowest value of 0.35 occurs at 390 �C, which still ensures
the superplastic forming. In the temperature range between 420
and 480 �C, the m-value varies from 0.4 to 0.45. These data
relate to a true strain of 1.1 (200%). The index m changes at a
single temperature with the increasing strain (Fig. 13).

The indexes m, calculated from the jump tests, are plotted as
a function of the strain rate for strains over the range from 0.7
(100%) to 2.6 (1300%) at the test temperature, 550 �C, in
Fig. 14. The index m is changed at all strains with the strain
rates; the data demonstrate the bell-shaped curvature that is
typical of superplastic materials. The m-value increases from
the lowest strain rate of 1910�4 s�1. The m plots show peaks
that occur within a narrow range of strain rates, from
3.69 10�4 to 1910�3 s�1. A maximum value of m = 0.68
was obtained in this range at a true strain of e = 0.7 and
m = 0.44 at e = 2.6 and at a strain rate of 3.69 10�4 s�1.

Fig. 11 The change of cross-head speed during the multi-strain-rate
jump test Fig. 12 The strain-rate sensitivity index m as a function of the test

temperature for various strains (the strain-rate jump test at downward
_e1 ¼ 3� 10�4 s�1 and upward _e2 ¼ 8� 10�4 s�1)

Fig. 13 The strain-rate sensitivity index m as a function of the true
strain for various tested temperatures at a constant downward strain
rate _e1 ¼ 3� 10�4 s�1

Fig. 14 The strain-rate sensitivity index m as a function of strain
rate for various strains at 550 �C (the jump test with a 20% increase
of the strain rates)
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The peaks of the m plots are shifted to lower strain rates at
higher strains. The m-values at strain rates above 59 10�3 s�1

are still of an order of magnitude that is required for
superplastic materials, which is important from the technical
point of view. The m-values are consistent with the data shown
in Fig. 8, i.e., the high m-values result in a high tensile
elongation without necking. Figure 15 shows the m-change
with increased strain in a similar way to Fig. 14. The smallest
change is in the range of the highest m-values, at strain rates
between 7.59 10�4 and 1910�3 s�1.

6. Microstructure and Cavitation

The microstructure of the alloy was examined with respect
to the grains under the conditions of static annealing in the grip
section and during superplastic forming in the gage section of
the samples at an initial strain rate of 7.59 10�4 s�1 and
550 �C. The starting microstructure consisted of recrystallized,
equiaxed grains caused by isothermal annealing for 2 h at

500 �C prior to the tensile test. The average initial grain size
was about 11 lm. Optical micrographs of the grains from the
gage section of the samples that were strained to various
elongations are presented in Fig. 16.

The dynamic and static grain growth as a function of
annealing time during the tensile test is shown in Fig. 17. The
static grain growth, measured in the grip region of the
longitudinal section, increases at the beginning of the anneal-
ing, after which the grains were stable. The dynamic grain
growth is approximately two times higher than the static growth
for all elongations in the interval from 200 to 1900%. The
average grain size at higher elongations is about three times
greater than the starting size before the superplastic forming.
This is consistent with the notion that a longer forming time
results in a longer exposure to temperature, which results in
more grain growth (Ref 8). The duration of the dynamic grain
growth, for example, at an initial strain rate of 7.59 10�4 s�1,
was about 45 min for 200% and about 420 min for 1900%. The
grains in the gage section were slightly elongated, with an
aspect ratio of about 1.6, which remained nearly constant for all
elongations.

Fig. 15 The dependence of the strain-rate sensitivity index m on
the true strain for various strain rates at 550 �C

Fig. 16 Samples after tensile testing at various elongations with microstructures and cavitations in the gage length at 550 �C and an initial
strain rate of 7.59 10�4 s�1

Fig. 17 Static and dynamic grain growth measured in the longitu-
dinal grip and the gage section of samples at 550 �C and at an initial
strain rate of 7.59 10�4 s�1
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The cavitation of the alloy during the superplastic forming
was examined with the same samples and under the testing
conditions described in Fig. 16. The fraction of cavitation was
determined by measuring the cavity area on the surface in the
longitudinal and transverse sections of the samples (Fig. 18).

The percentage of cavitation increases with the increasing
strain, in a similar way for all the measured areas. The cavities
are randomly distributed within the volume of the specimens up
to 800% of elongation. At higher elongations, the cavities form
stringers in the tensile direction (Fig. 16). These stringers are
more clearly observed above 1400%. The greatest cavitation
occurs in the middle of the longitudinal section, and the
occurrence of cavities influences the failure mechanism.
Figure 19 shows the fracture surface of a sample deformed to
289% at 2.59 10�2 s�1. The fracture is mainly intergranular,
with only a few dimples. The fractures of samples pulled to
1819% at a slower initial rate of 39 10�4 s�1 show large
cavities as a consequence of the coalescence of smaller voids.
The internal cavitation has a greater role in the failure
mechanism, particularly at slower strain rates, in comparison
to the microstructural evolution during superplastic forming.

7. Discussion

The investigated Al-4.5Mg-0.46Mn-0.44Sc alloy is a mod-
ification of the commercial 5083 alloy. It is known that
additions of Sc to Al alloys act as a grain refiner during the
casting and stabilize the grain structure from Al3Sc dispersoids,
which are essential characteristics for good superplasticity
(Ref 28, 29, 33). The addition of Sc to Al-Mg-Mn alloys results
in a uniform distribution of fine coherent Al3Sc precipitates
which effectively pinned the grain boundaries during the
recrystallization (Ref 29). Compared with other grain-refining
elements used in Al alloys, e.g., Ti and Zr, more Sc must be
added for effective refinement. The addition of 0.44 wt.% Sc in
the investigated alloy is in excess of the maximum solid
solubility of Sc in the Al matrix, which is approximately
0.38 wt.% (Ref 29, 33). A nominal quantity of 0.45 wt.% Sc in
the investigated alloy was chosen on the basis of preliminary
experiments with the Al-4.5Mg-Sc alloy, containing Sc in the
range of 0.1 to 0.5 wt.%. The finest microstructure, with an
average grain size of about 40 lm in the as-cast state, was
obtained in the alloy with the greatest Sc content.

The strain-hardening characteristics during the superplastic
deformation of the investigated alloy depend on the test
temperature, the strain rate, and the method of testing. After a
rapid jump of the stresses on loading, the flow stresses under
CSR tests further increase with increased strain up to a stress
maximum, followed by a softening to failure (Fig. 4). The
slopes of the stress-strain curves decrease during the hardening
process with decreased CSR and the peak stresses are pushed
toward higher strains. These differences in hardening behavior
can be explained by the deformation mechanisms operating
during the pulling of the samples (Ref 2, 3). In theory, the
process of grain-boundary sliding and dislocation slip can
control the superplastic deformation (Ref 2, 3, 8, 27, 29). The
deformation mechanism of the samples tested at a lower CSR
(<1910�3 s�1) is most likely to be grain-boundary sliding.
The hardening at a lower CSR is probably the cause of the
dynamic grain growth. As the grains grow, the required stress to
continue deformation increases (Ref 8). At higher strain rates
(>1910�3 s�1), the hardening is a result of dislocation

Fig. 18 Fraction of cavitation in the gage length of the pulled sam-
ples as a function of the elongation after the tensile test at 550 �C
and 7.59 10�4 s�1. The percentage of cavitation was measured on
the surface both in the transverse section and the longitudinal section
of the samples

Fig. 19 SEI images of the fracture surface of the tested specimens at 510 �C: at an initial strain rate of 39 10�4 s�1 (left, e = 1819%) and of
29 10�2 s�1 (right, e = 289%)
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multiplication and of the interaction between the dislocations
and the fine particles in the matrix.

The tests were also conducted at a CCHS. The shapes of the
true-stress, true-strain curves depend on the working temper-
atures and the initial strain rates (Fig. 1-3). After a rapid
increase of the stresses to approximately 5% strain, the tests
performed at faster initial strain rates show no, or very little,
increase in the flow stresses, whereas there is an appearance of
hardening during the slower CCHS tests. The reason for the
strain hardening of the material, especially at higher temper-
atures (>480 �C) and lower initial strain rates (<1910�2 s�1),
is the grain growth (Ref 29, 34). The samples pulled at
a lower CCHS are exposed for longer times to relatively
high temperatures, which enhances the process of grain
growth.

The CSR tests cause higher flow stresses, higher strain
hardening, and lower strains to failure in comparison to the
CCHS tests, if both tests start at the same initial strain rate
(Fig. 5). This is to be expected because when the specimens are
forming during the CCHS test the strain rate continuously
decreases, which promotes the process of grain-boundary
sliding. The initial strain rate, for example, of 7.59 10�4 s�1

during the CCHS test is reduced to 49 10�4 s�1 at a strain of
e = 1.1 (�200%). For all the examined conditions, steady-state
flow did not appear. Generally, the shapes of true-stress, true-
strain curves of the investigated Al-4.5Mg-0.46Mn-0.44Sc
alloy are comparable to the curves of alloys with a similar
composition, like Al-Mg-Mn (Ref 2, 3, 8), Al-Mg-Sc (Ref 29,
34), and Al-Mg-Mn-Sc (Ref 27). However, there are certainly
some differences in the flow stresses and the strains to failure
because of the different compositions of the alloys and the
testing conditions.

The elongations to failure depend on the strain rate and the
test temperature. The total elongations achieved with the CCHS
tests increase with a decreasing initial strain rate up to a peak
maximum. There is also a large increase of the elongations with
an increased temperature, especially in the range of 450 to
550 �C at intermediate strain rates from 7.59 10�4 to
1910�2 s�1 (Fig. 6, 8). The different tensile elongations
achieved with the CCHS and CSR tests under the correspond-
ing test conditions (temperature, equal initial, and constant
strain rate) are the consequence of a continuously decreasing
strain rate during the CCHS test, which results in larger
elongations.

The investigated alloy was prepared from high-purity Al. It
is known that the increased iron content reduces formability of
these alloy types. The iron combines with other alloying
elements, the particles that act as nucleation sides for cavita-
tions during the deformation (Ref 13). It has been reported that
the maximal elongations to failure of 5083 alloys made from
high-purity Al (SKY5083) are at similar deformation condi-
tions like in this work in the range of about 300 to 600% (Ref 3,
9, 13, 37, 38). These elongations are much lower than the alloys
with Sc.

The strain-rate sensitivity index m varies with the test
temperature, the strain rate, and the strain. The variation of the
m-value is similar to that of the elongation to failure: high
elongations are associated with high m-values. The m-value,
determined by a jump test at a CSR, increases with the
increasing test temperature (Fig. 12) and varies with the strain
rate (Fig. 14). The highest m-values in the range of 0.50 to 0.68
occur at 550 �C, within the interval of constant strain rates,
from 3.69 10�4 to 1910�3 s�1, at strains lower than e < 2.3

(900%). The m-values decrease on both sides of the peak
maximum, with decreasing and increasing strain rates. The
m-values determined at lower strains e < 1.8 (500%) and at a
temperature of 550 �C exceed the value of 0.4 in the range of
the strain rates from 1910�4 to 1910�2 s�1. The m-values at
CSR and constant temperature decrease with the increased
strain (Fig. 13, 15), which is more pronounced at higher
temperatures and slower (3.69 10�4 s�1) or higher (59
10�3 s�1) constant strain rates. The decrease of the m-values
is most likely due to the consequence of a combination of the
grain-growth process and the progressive cavitation (Ref 8).
The reason for the variation of m-values as a function of the
strain rate is, apart from the grain growth and the cavitation,
also connected with the mechanism of superplastic deforma-
tion. At relatively slow and intermediate strain rates, where the
m-values and the elongations to failure at higher temperatures
are the highest, the main mechanism of superplastic forming is
grain-boundary sliding, accommodated by grain-boundary
diffusion. At relatively high strain rates, the deformation of
the alloy is controlled by thermally assisted dislocation motion
(Ref 8).

The starting microstructure of the samples prior to a tensile
test consisted of fully recrystallized grains with an average
grain size of 11 lm. Such a grain size is still considered to be
fine for Al alloys from the superplasticity point of view. During
the subsequent annealing and pulling of the samples, static and
dynamic grain growth occurred. The grain size in the grip and
gage sections changed very little after a certain time of
annealing (approximately 60 min) and elongation (approxi-
mately 800%) under the forming conditions at 550 �C and
7.59 10�4 s�1. In this region, the aspect ratio remains nearly
constant at about 1.6. The value of the aspect ratio is typical for
superplastic alloys where there is a large contribution of grain-
boundary sliding in the total elongation (Ref 34). The grain size
in the gage length at larger elongations is up to three times
larger in comparison to the initial size, which is unusual for
superplastic Al alloys. The intensive, dynamic grain growth
tends to deteriorate the superplastic deformation because of the
increasing flow stresses and cavitation, which nucleates pref-
erentially at the grain boundaries (Ref 3). Despite the relatively
larger grains, very large elongations, up to 2000%, were
achieved with this alloy.

The failure of these types of alloys is often the result of
internal cavitation (Ref 8). Extensive cavitation, which in
addition to larger grains, is a limiting factor for superplasticity,
appeared at over 800%. The percentage of cavitation in this
range increased from about 15 to 50% at an elongation of
1900%, whereas the grains in the longitudinal gage section
grew only from 35 to 37 lm at a constant aspect ratio. Despite
the larger grains, elongations up to 2000% were achieved,
which depends first of all on high values of the strain-rate
sensitivity index and on the resistance to necking. In this alloy,
the cavitation predominates over the grain size as the reason for
the premature failure of the specimens during tensile deforma-
tion. This suggests that it is possible with this alloy to achieve a
further increase in the elongation with a simultaneous decrease
in the amount of cavitation. It is well known that elongations in
range of 300 to 400% are most often required for industrial
superplastic forming (Ref 21, 39). It is possible to achieve this
requirement with a relatively simple thermomechanical treat-
ment of the alloy and with sheet forming above 390 �C at
medium initial or constant strain rates in the range of 59 10�4

to 29 10�2 s�1.
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The investigated Al-4.5Mg-0.46Mn-0.44Sc alloy with a
recrystallized grain size of about 11 lm, which was produced
by a simple thermomechanical treatment, showed good super-
plastic ductility in the temperature interval from 390 to 550 �C
and at intermediate strain rates up to 29 10�2 s�1. There are a
lot of earlier reports on superplasticity for standard Al-Mg-Mn
(5083) alloys that were thermomechanically processed (Ref 2,
3, 5, 6, 8, 9, 12, 13). This alloy, without any Sc addition,
exhibited elongations to failure, mostly up to 600%, with
m-values in the range of 0.4 to 0.65 at strain rates from
1910�4 to 1910�2 s�1 and at temperatures of 450 to 550 �C.
The addition of about 0.4 wt.% of Sc to the 5083 alloy makes it
possible to obtain greater elongations to failure by a factor of
about three for similar testing conditions.

8. Summary and Conclusions

1. The Al-4.5Mg-0.46Mn-0.44Sc alloy was produced by
ingot casting and by a simple thermomechanical rolling
process. The sheet, 1.9 mm thick, with an average grain
size of 11 lm, was the starting material for the superplas-
tic deformation.

2. The true-stress, true-strain characteristics of the investi-
gated alloy differ with respect to the test conditions and to
the type of test used. The CCHS test results in less strain
hardening of the alloy than the corresponding CSR test.

3. The elongation to failure increases with higher tempera-
tures. The elongations of the tests conducted at tempera-
tures above 480 �C exceeded 1000% at initial strain rates
up to 1910�3 s�1; above 510 �C, they were up to
2.59 10�3 s�1, and at 550 �C, they were up to
1910�2 s�1. A maximum elongation of 1969% was
achieved at an initial strain rate of 59 10�3 s�1.

4. While a 200% elongation can be considered as an initial
indicator of superplasticity, elongations of this alloy at
higher strain rates >1910�2 s�1 (CCHS) are still in the
area of the superplastic regime at test temperatures in the
range of 480 to 550 �C.

5. The CCHS tests show larger tensile elongations than the
CSR tests (both tests starting at the same initial strain
rate). The CCHS tests make it possible to achieve total
elongations in excess of 1500% across a wider range of
intermediate initial strain rates between 59 10�4 and
59 10�3 s�1 at 550 �C and up to 1910�3 s�1 at 510 �C.

6. The m-values of the CSR test in the temperature range of
390 to 550 �C and at 39 10�4 s�1 are 0.35 to 0.70. The
m-value varies with the strain rate and has its highest val-
ues from 0.50 to 0.68 at strain rates between 3.69 10�4

and 1910�3 s�1, measured at 550 �C for strains lower
than e < 2.3 (900%). The m-value decreases with the
increased strain during pulling under constant test condi-
tions.

7. The dynamic grain growth of the alloy during superplas-
tic deformation is approximately twice as high as the
static grain growth at elongations ranging from 200 to
1900% at 550 �C. The average grain size at higher
elongations is about three times greater than the starting
size before the superplastic forming.

8. The percentage of cavitation increases with the increasing
strain; it is about 15% at 800% elongation and about
53% at 1900%.

9. The addition of about 0.4 wt.% of Sc to a standard Al-
Mg-Mn (5083) alloy produced by a simple thermome-
chanical treatment, including hot and cold rolling with
subsequent recrystallization annealing, results in good
superplastic ductility, which is reflected in large elonga-
tions in the temperature interval from 390 to 550 �C and
at strain rates up to 29 10�2 s�1.
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