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Abstract. The effect of the Mg and Zr alloying elements additions on microstructure and
superplasticity of the ultrafine-grained Al-Mg-Si aluminium alloy processed by high pressure
torsion (HPT) has been studied in the paper. Microstructure of the HPT samples was investigated
by transmission electron microscopy and electron back scattering diffraction. Special attention
was paid to thermal stability of the grain structure after tensile tests at elevated temperatures. It
was shown that stabilization of the ultrafine-grained structure by alloying elements provides the
increase of elongation to failure from 120% to 600% at strain rate 10-2 and temperature 300 k
C.

1. INTRODUCTION
It is known that superplasticity refers to the ability
of a material to demonstrate under tensile tests very
high uniform deformation more than several hundreds percents without visible necking. There are
two basic requirements in order to achieve superplastic flow in a polycrystalline material. First, the
material must have a very small and stable grain
size less than 10 m. Second, superplasticity is
achieved only at relatively high temperatures above
0.5Tm (where Tm is the absolute melting temperature) because superplasticity is diffusion-controlled
process.
According to the theory of superplasticity the
strain rate varies inversely with the grain size raised

to a power of two [1]. Therefore a reduction in the
grain size to the submicrometer level must lead to
the occurrence of superplastic flow at high strain
rates >10m(sm .
It is generally recognized that equal channel angular pressing (ECAP) is an effective tool for fabrication of ultrafine-grained (UFG) structure in various
metals and alloys [2].
Presently there are numerous reports of enhanced
superplasticity in UFG aluminum alloys processed
by ECAP [3]. For example, very high superplastic
elongation to failure more than 1500% has been
observed in the aluminum alloys Al-Mg-Sc [4-6], AlMg-Li-Sc-Zr [7,8], Al-Mg-Li-Zr [9] due to development
of grain boundary sliding as main mechanism of
superplastic deformation.
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At the same time some UFG aluminum alloys
exhibit only moderate superplastic properties [10,11]
at the temperature range of 250-450 k
C which is
desirable for superplastic forming of compex shape
components.
For example the UFG specimens of the 6061
alloy with a grain size of 0.4 m processed by equal
channel angular pressing has demonstrated the
elongation to failure of 160% at an initial strain rate
of 10-4 c-1 and the temperature of 250 k
C [10]. The
enhanced ductility up to 400% has been recorded
in this material at higher temperature of 540 k
C, but
in this case both the coarsening of microstructure
up to 30 m and elongation of grains were observed
testifying to the development of dislocation slip as
dominant deformation mechanism.
Several approaches have been suggested recently for achivement of superplasticity in the UFG
samples of the 6061 alloy. They are based on modification of the alloy by addition of fine ceramic particles SiO2, SiC [12,13] or alloying elements Cu, Zr
[14] for stabilization of UFG structure at elevated
temperatures. However, the investigations of superplasticity in these materials have been focused at
the temperature above 570 k
C close to the incipient
melting point of the 6061 alloy (575 k
C).
The main idea of this paper is to investigate the
microstructure of the ECAP samples of the 6061
alloy after tensile tests in the conditions of superplasticity to find a reason of moderate elongation to
failure and to suggest a new scientific approach for
stabilization of the UFG structure to improve superplasticity of the alloy at relatively low temperatures.

2. EXPERIMENTAL
Cast billets of the 6061 aluminium alloy with chemical composition Al-1.1%Mg-0.6%Si were chosen as
initial material for investigations.
The ingots of a modified 6061 alloy of 25 mm in
diameter and 140 mm in length produced by standard casting technique with high cooling rate were
subjected to gomogenization at the temperature of
450 k
C for 6 hours. According to energy-dispersive
analysis the samples had the following chemical
composition Al-5.4%Mg-0.5%Zr-0.6%Si.
Specimens of the 6061 alloy of 40 mm in diameter and 165 mm in length have been subjected to
standard solid solution treatment by annealing at
535 k
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using route Bc whereby the samples were rotated
by 90kin the same direction between two consecutive passes [2]. A traverse speed of ~ 6 mm/s has
been used in these experiments.
The HPT samples of 10 mm in diameter have
been processed under pressure 6 GPa, with the
number of rotations 5 at the temperature of 150 k
C.
Microstructural changes associated with the
ECAP processing and tensile tests were investigated by transmission electron microscope JEM100B. Thin foils for TEM investigations were prepared using Tenupol-5 for double jet electropolishing.
Misorientation angles of grain boundaries have
been investigated in a scanning electron microscope
JSM-6490 operated at 20 kV using INCA Crystal
software (Oxford Instruments) for indexing the electron backscattering diffraction (EBSD) patterns.
Specimens with a gage length of 4 mm and a
cross section of 1.0 x 0.4 mm2 have been tested in
tension at a temperature of 300 k
uO Rd
OW
]caa
bOW
rates using the specially designed tensile testing
machine [15].

3. RESULTS AND DISCUSSION
The uniform UFG structure with a mean grain size
of about 0.5 m and fine particles of the Mg2Si phase
with a size of 50-100 nm and volume fraction of 7%
has been observed in the ECAP specimens of the
6061 alloy (Fig. 1).
However in the spite of very small grain size the
UFG specimens of the 6061 alloy have demonstrated
the moderate ductility at elevated temperature with
maximum elongation to failure of 150% at the temperature of 300 k
u O ROabOW Ob
S]T -4 s-1
(Fig. 2).
Investigations of the deformation relief on the
surface of these specimens have shown that there
is significant grain growth up to 100 mm (Fig. 3a)
leading to localization of deformation and appearance of necking with the following failure.
In the middle of the gage section one can observe the areas with the grains of 10 m in size
alternated with abnormally grown grains (Fig. 3b).
Plastic deformation in these areas is provided obviously by grain boundary sliding in small grains and
by dislocation slip in abnormal grains.
Fig. 3c illustrates typical microstructure in the
areas near to the grips with the grain size of 20
mm. In this case the traces of dislocation slip and
rotation of grains testify to contribution of both the
dislocation slip and grain boundary sliding.
EBSD analysis has confirmed the abnormal grain
growth in the UFG specimens of the 6061 alloy ten-
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Fig. 2. Dependence of ductility on the temperature
of tensile tests for the 6061 alloy at various strain
rates.
Fig. 1. Typical microstructure of the 6061 alloy
after ECAP.

sile tested at the temperature 300 k
u 9W
U O 4R
ditionally the formation of low angle grain boundaries has been detected in the majority of grains
(Fig. 4b).
For comparison, Fig. 5 illustrates large frequency
of high angle grain boundaries and stable grain size
of 4 m in the ECAP sample of the1421 alloy after
tensile tests up to 1500% at the temperature of 400
k
C and a strain rate of 10-1 s-1 [7].
So, instability of the UFG structure leading to
abnormal grain growth in the ECAP specimens of
the 6061 alloy is the main reason of moderate ductility after tensile tests at the temperature of 300
k
C.
Obviously stabilization of the UFG structure in
the 6061 alloy can be achieved by addition of alloying elements leading to precipitation of both the fine

particles lowering mobility of grain boundaries and
segregations reducing grain boundary energy [16].
Presently there are not so many UFG aluminum alloys processed by severe plastic deformation and demonstrated elongation to failure more
than 1000% (Table 1).
From Table 1 one can see that common feature
of chemical composition for the UFG aluminum alloys exhibited the enhanced superplasticity is the
presence of the following alloying elements Mg+Cu
3wt.% and Zr+Sc 0.12wt.%. These elements
(Mg, Cu, Zr, Sc) have the largest difference in the
atomic radius with Al in comparison with other elements (Table 2) contributing to enhancement of elastic strains arising near atoms of alloying elements
and thereby influencing on grain growth.

Fig. 3. Deformation relief on the surface of the 6061 alloy after tensile tests at the temperature of 350 k
uO R
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Table 1. Superplasticity in UFG aluminum alloys.

2004
1420
1421
1421
1570
7034

Al-6Cu-0.4Zr
Al-5.5Mg-2.2Li-0.12Zr
Al-5.5Mg-2.2Li-0.12Zr0.2Sc
Al-5.5Mg-2.2Li-0.12Zr0.2Sc
Al-5.76Mg-0.32Sc0.3Mn-0.2Si
Al-11.5Zn-2.5Mg0.9Cu-0.2Zr
Al-3Mg-0.2Sc
Al-3Mg-0.22Sc-0.15Zr

grain size,
mm

testing
KE I
:K
LI

strain
rate,s-1

maximum
elongation,%

ref.

0.5
0.8

300
400

10-2
10-2

970
1620

[17]
[9]

0.4

400

10-1

>1500

[7]

2.6

450

1.4.10-2

3000

[8]

1.0

450

5.6.10-2

2000

[6]

0.3
0.2
2.0

400
450
450

10-2
3.3.10-3
10-1

1090
2580
2280

[18]
[4]
[5]

Taking into account that scandium is very expensive [19] and has low solubility in aluminummagnesium alloys at typical temperatures of superplasticity (0.01 wt.% at 430 k
C [20]) the 6061
alloy have been modified in the present paper by
the following alloying elements Mg (up to 5.4 wt.%)
and Zr (0.5 wt.%).
To produce the ultrafine-grained samples the
6061 alloy and a modified 6061+Mg+Zr alloy have
been subjected to high pressure torsion.

TEM investigations have shown that presence
of additional alloying elements leads to more strong
grain refinement in the 6061+Mg+Zr alloy in comparison with the 6061 alloy with a mean grain size
of 150 nm and 300 nm, respectively (Fig. 6).
The modified alloy has demonstrated also the
more stable grain size of 0.8 mm after annealing at
the temperature of 300 k
C for 30 min, whereas the
6061 alloy exhibited the mean grain size of 2 m
after the same treatment (Fig. 7).

a)
b)
Fig. 4. Microstructure of the UFG sample of the 6061 alloy after tensile test at the temperature of 350 k
u
and a strain rate of 10-3 s-1: (a) EBSD map; (b) misorientation angle distribution.
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b)
Fig. 5. Microstructure of the UFG sample of the
1421 alloy after tensile test at the temperature of
400 k
uO ROabOW Ob
S]T -1 s-1: (a) EBSD map;
(b) misorientation angle distribution.

a)
b)
Fig. 6. Microstructure of the HPT samples: (a) the 6061 alloy; (b) the 6061+Mg+Zr alloy.

a)

b)

Fig. 7. Microstructure of the HPT samples after annealing at 300 k
C for 30 min: (a) the 6061 alloy; (b) the
6061+Mg+Zr alloy.
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Table 2. Atomic radius of alloying elements.
Elements

Atomic radius, t

Difference in atomic radius with aluminum, j

Al
Mg
Cu
Li
Si
Mn
Zn
Sc
Zr
Cr

1.43
1.60
1.28
1.57
1.32
1.35
1.37
1.62
1.60
1.30

0.17
-0.15
0.13
0.11
-0.08
-0.06
0.19
0.17
-0.13

As a result of tensile tests the UFG specimens
of the 6061+Mg+Zr alloy have demonstrated high
strain rate superplasticity with elongation to failure
of 600% at relatively low temperature of 300 k
C and
a strain rate of 10-2 s-1 (Fig. 8). The specimens show
neck-free elongation that is characteristics of superplastic flow. For comparison the moderate ductility of 120% have been observed in the UFG specimens of the 6061 alloy tested at the same temperature and strain rate.
Investigations of the deformation relief in the 6061
alloy have shown that grains were elongated up to
100 m in the direction of tension indicating that
the dislocation slip is the main mechanism of plastic deformation (Fig. 9a). At the same time the equiaxed grains with a size of 4 m have been observed
in the 6061+Mg+Zr alloy testifying to the development of grain boundary sliding at testing in the conditions of superplasticity (Fig. 9b).
These experiments point out directly that additional alloying of the 6001 alloy by Mg and Zr leads
to stabilization of grain structure during heating contributing to the appearance of high strain rate superplasticity at relatively low temperatures.
For comparison the best results on superplasticity of the HPT aluminum alloys tested at relatively low temperature of 300 k
C has been achieved
before in the 1420 and 1570 alloys with maximum
elongation to failure of 900% [21] and 580% [22],
respectively. It should be noted that chemical composition of these materials also includes the following alloying elements 5.5%Mg+0.12%Zr and
5.76%Mg+0.32%Sc, respectively (Table 1).
It is known also the attempt to improve superplasticity in a 0.15%Zr and 0.7%Cu modified 6061
aluminium alloy with a grain size of 11 m produced

a)

b)
Fig. 8. The view of the samples tensile tested at
the temperature of 300k
u0O b
VS, , OZ
Z
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6061+Mg+Zr alloy.
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b)
a)
Fig. 9. Typical deformation relief on the surface of the HPT samples after tensile test at the temperature of
300 k
uO RO WW
b
W
OZ
abOW Ob
S]T -2 s-1 (failure zone): (a) the 6061 alloy; (b) the 6061+Mg+Zr alloy.

in thin sheets by a commercially viable
thermomechanical process [14]. However this material contained insufficient amount of alloying elements and therefore superplasticity has been
achieved at very high temperature above 570 k
C
close to the incipient melting point of the 6061 alloy
(575 k
C). Obviously in this case one can expect
significant grain growth leading to degradation of
mechanical properties at room temperature.

4. CONCLUDING REMARKS
The addition of the Mg and Zr alloying elements to
the 6061 alloy leads to both the strong grain refinement to 150 nm in the samples produced by high
pressure torsion and stabilization of the ultrafinegrained structure up to temperature of 300 k
C with a
mean grain size of 0.8 mm.
Formation of the stable ultrafine-grained structure in the modified 6061+Mg+Zr alloy contributes
to the appearance of superplasticity with elongation to failure of 600% at relatively low temperature
of 300 k
C and high strain rate of 10-2 s-1.
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