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Effect of minor Sc and Zr on superplasticity of Al-Mg-Mn alloys
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Abstract: The effect of Sc and Zr on the superplastic properties of AI-Mg-Mn alloy sheets was investigated by control experiment.
The superplastic properties and the mechanism of superplastic deformation of the two alloys were studied by means of optical
microscope, scanning electronic microscope and transmission electron microscope. The elongation to failure of Al-Mg-Mn-Sc-Zr
alloy is larger than that of Al-Mg-Mn alloy at the same temperature and initial strain rate. The variation of strain rate sensitivity index
is similar to that of elongation to failure. In addition, Al-Mg-Mn-Sc-Zr alloy exhibits higher strain rate superplastic property. The
activation energies of the two alloys that are calculated by constitutive equation and linear regression method approach the energy of
grain boundary diffusion. The addition of Sc and Zr decreases activation energy and improves the superplastic property of Al-Mg-Mn
alloy. The addition of Sc and Zr refines the grain structure greatly. The main mechanism of superplastic deformation of the two alloys
is grain boundary sliding accommodated by grain boundary diffusion. The fine grain structure and high density of grain boundary,
benefit grain boundary sliding, and dynamic recrystallization brings new fine grain and high angle grain boundary which benefit
grain boundary sliding too. Grain boundary diffusion, dislocation motion and dynamic recrystallization harmonize the grain
boundary sliding during deformation.
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accumulative roll bonding(ARB)[6], equal channel
angular  pressing(ECAP)[7—8]. Of these,
investigations were focused on Al alloy containing minor
Sc and/or Zr. However the exact effect of Sc and/or Zr on

1 Introduction many

Many investigations have shown that the addition of

minor Sc, especially the joint addition of minor Sc with
minor Zr can remarkably enhance the strength of
Al-Mg-Mn alloy[1-2]. The novel Al-Mg-Mn alloy
containing minor Sc and Zr is the most promising
material for aerospace applications due to its high
strength, good corrosion resistance, weldability, and
fatigue fracture resistance[3—5]. It is desired to develop
non-heat-treated Al-Mg-Mn-Sc-Zr alloy sheets by
superplastic forming. The superplastic forming rate is
required to be sufficiently high, and the forming
temperature is required as low as possible. Only when
the strain rate is greater than 10 s', can the current
industrial fabrication speed be satisfied.

In order to obtain high strain rate and low
temperature superplasticity, the method for obtaining
ultra-fine grained materials has been recently developed
by using severe plastic deformation(SPD), such as

the microstructure evolution and the mechanism of
superplastic deformation in Al-Mg-Mn alloy were not
clear. Different researcher brought forward different
mechanism of superplastic deformation for Al-Mg-Mn-
Sc-Zr alloy[7, 9-10].

The aim of present work is to investigate the effect
of Sc and Zr on the superplasticity of Al-Mg-Mn alloy by
control experiment, to quest for the relationship between
the microstructure and the mechanism of superplastic
deformation.

2 Experimental

2.1 Materials

The chemical compositions of the two studied
alloys are listed in Table 1. The both alloy ingots were
produced by semi-continuous casting technique, then
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Table 1 Chemical compositions of studied alloys (mass fraction,

%)

Sample No. Mg Mn Sc Zr Al
1 6.2 0.4 0.25 0.12 Bal.
2 6.2 0.4 - - Bal.

homogenized, hot rolled, cold-rolled to 2.6 mm-thick
sheet successively, and annealed for stabilization in the
end.

2.2 Method

The gauge dimensions of the tensile specimen were
10 mm X6 mmX2.6 mm. Tensile tests were carried out
on Instron 8032 Servo-hydraulic machine equipped with
a three-zone furnace at constant crosshead speed. Tensile
tests were conducted in air at temperatures between 623
K and 813 K and at initial strain rates between 1.67 X
10*s " and 1.67X 10" s™'. The accuracy of temperature
was controlled within 1 K. The specimens were held
for about 15 min at the testing temperature in order to
reach thermal equilibrium. Once specimen was pulled to
failure, it was quenched into cold water quickly.

The metallurgical microstructure of specimens was
investigated by means of optical microscope(OM). The
micrographs of fractures were observed by scanning
electronic microscope (SEM, SIRION 200). Thin foils
for transmission electron microscopy(TEM) were
prepared by twin-jet polishing with an electrolyte
solution consisting of 4% perchloric acid and 96%
absolute alcohol below —20°C. The foils were observed
on a TECNAI G20 transmission electron microscope.

3 Results and discussion

3.1 Mechanical properties

The elongations to failure of Al-Mg-Mn alloy with
and without Sc and Zr at different temperatures and
initial strain rates are shown in Fig.1.
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It is seen that the elongations to failure of
Al-Mg-Mn-Sc-Zr are higher than those of Al-Mg-Mn
alloy at the same temperature and initial strain rate. The
maximum elongation to failure of AI-Mg-Mn alloy
without minor Sc and Zr is only 382% obtained at 763 K
and 1.67X 107 s ', and the maximum elongation to
failure of Al-Mg-Mn alloy with minor Sc and Zr is 690%
obtained at 793 K and 1.67X 107 s™'. For the two alloys,
the optimum strain rate has a tendency of increase with
the increase of deformation temperature. Meanwhile,
Al-Mg-Mn alloy with minor Sc and Zr exhibits
superplastic properties at higher strain rate and/or lower
deformation temperature.

The fractured specimens of Al-Mg-Mn-Sc-Zr alloy
tested at 813 K and various strain rates, the fractured
specimens of Al-Mg-Mn alloy tested at 763 K and
various strain rates and untested specimen are shown in
Fig.2. For Al-Mg-Mn-Sc-Zr alloy, localization deforma-
tion and necking are visible in the specimens pulled to
failure at 1.67>X 10" s™', but very uniform deformation
and negligible necking occur in the gauge length of
specimens tested at other strain rates.

The typical true stress—true strain curves (6— &)
of Al-Mg-Mn alloy with and without Sc and Zr are
shown in Fig.3. It is shown that flow stress begins to
stabilize, and then gradually falls with strain increasing
after initial strain hardening. The relationships of flow
stress and strain rate at different temperatures for the two
alloys are summarized in the Inoc—Inég plot in Fig.4.
And the fitted lines obtained by linear regression method
at various temperatures are also shown in Fig.4. For the
two alloys, at the same temperature, the maximum flow
stress increases with the increase of strain rate. At the
same time the flow stress decreases with the increase of
deformation temperature. In addition, the Al-Mg-Mn-Sc-
Zr alloy exhibits lower flow stresses than Al-Mg-Mn
alloy at the same temperature and initial strain rate.
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Fig.1 Elongations to failure of A1-Mg-Mn-Sc-Zr alloy (a) and Al-Mg-Mn alloy (b)
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Fig.2 Appearance of untested specimen and some specimens pulled to failure
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Fig.4 Ino—In¢ plots of two alloys at different temperatures: (a) AI-Mg-Mn-Sc-Zr; (b) Al-Mg-Mn
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3.2 Strain rate sensitivity index and activation energy
To obtain a clear understanding of the above
features, the strain rate sensitivity index m and the
activation energies of the two alloys are calculated
according to the following constitutive equation[7]:

o = k[ exp(Q/(RT))]" )

where o is the flow stress, k is a material constant, &
is the steady state strain rate, Q is the activation energy
for superplastic deformation, R is the universal gas
constant and 7 is absolute temperature. Q is a definite
value at a certain temperature, so the strain rate
sensitivity index m can be expressed by

Olno
m= -
Ohneg

(2)

Then, the slopes of the fitted lines obtained by
linear regression method at various temperatures in the
plot of In 6—In & are the values of m. From low
temperature to high temperature, the strain rate
sensitivity index m of Al-Mg-Mn-Sc-Zr alloy is 0.31,
0.37, 0.43, 044 and 0.41 in turn; the m value of

Al-Mg-Mn alloy is 0.25, 0.29, 0.32, 0.31 and 0.27 in turn.

At the same temperature, the m of Al-Mg-Mn-Sc-Zr
alloy is greater than that of AI-Mg-Mn alloy. For these
two alloys, the variation of m is similar to that of
elongation. In general, higher m can result in higher
tensile elongation. But the maximal m and the maximal
elongation of Al-Mg-Mn-Sc-Zr don’t emerge at the same
temperature. This
elongation and the maximal m don’t always emerge at

phenomenon that the maximal

the same temperature or same strain rate was reported in
Refs.[11-12]. The activation energy under constant
strain rate, O, can be calculated by the following equation

In(c/MPa)

12 13 14 1.5 1.6
T-1/10-3K1

deduced from Eqn.(1):
R Olno

O=———+ 3)
m o(l/T)

The curves of Ino versus 1/T can be obtained
according to Fig.4. Olno/OIn(1/7) is estimated from the
slopes of the fitted linear regression lines in Fig.5. The
average activation energies of Al-Mg-Mn-Sc-Zr alloy
and Al-Mg-Mn alloy are 74.8 and 84.5 kJ/mol,
respectively. These results are close to the activation
energy of grain boundary diffusion in aluminum alloy, 84
kJ/mol[13—15]. This suggests the dominant mechanism
of superplastic deformation is grain boundary sliding
accommodated by grain boundary diffusion[16—18]. The
grain boundary diffusion plays an important role in
superplastic deformation of these two alloys. As a result
of the addition of Sc and Zr, the activation energy of
Al-Mg-Mn-Sc-Zr alloy is lower than that of Al-Mg-Mn
alloy. The lower activation energy weakens the strain
hardening effect. This leads to the lower resistance of
deformation and larger elongation.

3.3 Observation of microstructure

The optical microstructures of the starting materials
are shown in Fig.6. The microstructure of Al-Mg-Mn-Sc-
Zr alloy has fine unrecrystallization structure, but the
microstructure of Al-Mg-Mn alloy is nearly equiaxial
coarse recrystallized structure. Dispersive Al;Sc and
Al;(Sc—Zr,) particles in Al-Mg-Mn-Sc-Zr alloy can pin
the dislocations and subgrain boundaries strongly[2—3].
The addition of Sc and Zr refines the grain structure of
Al-Mg-Mn alloy and restricts grain growth, so
Al-Mg-Mn alloy containing Sc and Zr has excellent
thermal stability[4]. The fine grain structure makes the
microstructure for better superplastic property. It is the
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Fig.5 Fitted curves of Inc—1/7 at different strain rates: (a) Al-Mg-Mn-Sc-Zr alloy; (b) Al-Mg-Mn alloy; B 1.67X10" s'; O

1.67X107%s ;A 1.67X1073s50 1.67X107*s™!
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refined microstructure and the effect of Sc and Zr on the
dislocations and subgrain boundaries that cause the
excellent superplasticity of Al-Mg-Mn-Sc-Zr alloy at
high strain rate (=107 s ' )[12, 19-20]. The density of
grain boundary in Al-Mg-Mn-Sc-Zr alloy is also higher
than that in Al-Mg-Mn alloy. However, at elevated
temperature, the grain boundary strength is lower than
the grain interior strength. Under the condition of
superplastic tensile, the relationship between flow stress
o and grain size d is 0°<d"[21], where 7 is a coefficient
between 0.7 and 2. Therefore the flow stress of Al-Mg-
Mn-Sc-Zr alloy is lower than that of Al-Mg-Mn alloy at

same temperature and strain rate.

Dynamic recrystallization is often found in the
course of superplastic deformation. Figs.7(a) and (b)
show the typical microstructure of dynamic
recrystallization in the two alloys. There are new grain
growth and emergence of subgrain. It is notable that
some dislocations are pinned by fine Al;Sc and
Al;(Sc;-,Zr,) particles in Figs.7(a) and (c). Although Sc
and Zr are strong microstructure stabilizer in
Al-Mg-Mn-Sc-Zr alloy, dispersive particles Al;Sc and
Al3(Sci—Zr,) can pin dislocation and grain boundary
commendably, and dynamic recrystallization and grain

Fig.7 TEM micrographs of dynamic recrystallization and dislocation motion: (a) Alloy 1 at 763 K and 1.67 X102 s™'; (b) Alloy 2 at
723 K and 1.67X 107 s7!; (c) Alloy 1 at 793 K and 1.67X 102 s™'; (d) Alloy 2 at 793 K and 1.67X 1072 s
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growth still occur at high temperature. The main
mechanism of superplastic deformation is grain
boundary sliding(GBS)[15—-20]. GBS benefits from
dynamic recrystallization, dislocation motion and atomic
diffusion. Dislocation always piles at triangle grain
boundary along with superplastic deformation increment.
Once strain energy is enough, dynamic recrystallization
happens. Dynamic recrystallization can deplete ambient
distortion energy, decrease dislocation density and relax
local stress concentration. And dynamic recrystallization
brings new fine grains and new high angle grain
boundaries that benefit grain boundary sliding. For
Al-Mg-Mn-Sc-Zr alloy, the testing temperature of 623 K
is too low for dynamic recrystallization to occur and then
less elongations are obtained at all testing strain rates.
The elongation at the highest testing temperature of 813
K and strain rate of 1.67X10™*s ™' is lower than that at
testing temperature of 793 K and strain rate of 1.67X
10*s™". This may result from excessive grain growth
during deformation. At low strain rate, the deformation
time is relatively long for dynamic recrystallization and
subsequent grain growth. For Al-Mg-Mn alloy, when the
temperature is higher than or equal to 763 K and strain
rate is 1.67 X 10" s, excessive grain growth may
happen. Its elongations decrease with the increase of
temperature. For the both alloys, their elongations at
higher  strain rates decrease, and dynamic
recrystallization doesn’t happen due to the short time of
deformation. Hence it is difficult for grain boundary to
slide.

The grain boundary strength is lower than
transgranular strength at elevated temperature. The
course of superplastic deformation is similar to the
viscous flow. When GBS is impeded during superplastic
deformation, stress concentration occurs at grain
boundary, triangle grain boundary and the second phase
particle. If local stress concentration is greater than or
equal to the critical shear stress, GBS and dislocation
motion will take place to relax local stress concentration.
Figs.7(c) and (d) show the typical dislocation motion in
the two alloys. The surplus dislocations at a grain
boundary eradiate to interior of grain and vanish at the
opposite grain boundary. Sometimes dislocations at
interior of grain move to grain boundary. These
dislocation motions promote grain boundary sliding, then
grain boundary sliding becomes easy. Additionally,
diffusional creep can also accelerate dislocation climb
and relax stress concentration at low strain rate. There
are lots of high angle grain boundaries in finer grained
structure. Grain boundary sliding in Al-Mg-Mn-Sc-Zr
alloy is easier to happen than in Al-Mg-Mn alloy.
Accordingly, Al-Mg-Mn-Sc-Zr alloy obtain larger
elongations during superplastic deformation.

Fig.8 shows the typical SEM micrographs of
fractures of the two alloys. Many fine grains can be seen
in Figs.8(a) and (b). The fractures of the two kinds of
alloys are mainly intergranular type, and there are a few
dimples and tear ridges. Although the local stress
concentration can be harmonized by grain boundary
diffusion and dislocation motion, cavity nucleates and

Fig.8 SEM images of fracture of two alloys: (a) Alloy 1 at 763 K and 1.67X 10" s™'; (b) Alloy 2 at 763 K and 1.67X10%s';
(c) Alloy 1 at 793 K and 1.67X 10" s™'; (d) Alloy 2 at 793 K and 1.67X 10 % s
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grows at grain boundary and at the second phase particles,
especially at triangle grain boundary when the speed of
grain boundary sliding exceeds the speed of
harmonization. Thus, the connection and growth of
dimples can be found in Figs.8(a) and (b). At higher
temperature, the grains at fractures of the two alloys are
nearly equiaxial grains (Figs.8(c) and (d)), and the
fractures are intergranular  type. These
characteristics of fractures further show that the main
mechanism of superplastic deformation for the both
alloys is grain boundary sliding [22-23].

obvious

4 Conclusions

1) The addition of minor Sc and Zr can improve the
superplastic property of Al-Mg-Mn alloy. The elongation
to failure of Al-Mg-Mn alloy with Sc and Zr is larger
than that of Al-Mg-Mn alloy without Sc and Zr at the
same temperature and initial strain rate. In addition,
Al-Mg-Mn alloy with minor Sc and Zr exhibits higher
strain rate superplastic properties.

2) The activation energies of Al-Mg-Mn alloy with
and without Sc and Zr calculated by constitutive
equation and linear regression method approach the
energy of grain boundary diffusion in Al alloy. The
activation energy of Al-Mg-Mn-Sc-Zr alloy is lower than
that of AI-Mg-Mn alloy. The addition of minor Sc and Zr
decreases the activation energy of superplastic
deformation.

3) The main mechanism of superplastic deformation
of the two grain boundary sliding
accommodated by grain boundary diffusion and
dislocation motion. The addition of Sc and Zr refines the
microstructure of AlI-Mg-Mn alloy. The density of grain
boundary in Al-Mg-Mn-Sc-Zr alloy is higher than that in
the Al-Mg-Mn alloy; and the finer grain structure and
higher density of grain boundary benefit grain boundary
sliding. At elevated  temperature, dynamic
recrystallization brings new fine grains and high angle
grain boundaries that benefit grain boundary sliding.
Grain boundary diffusion, dislocation motion and
dynamic recrystallization in the two alloys harmonize the
grain boundary sliding.

alloys is
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