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Abstract: During severe plastic deformation (SPD) of solid solutions, two processes occur simultaneously and compete
with each other, namely the decomposition of a solid solution and dissolution of the second-phase precipitates. After a
certain deformation, a steady-state concentration c_ of the second component is reached in the solution during SPD. This
concentration can be found at the solvus line in the phase diagram at the certain temperature T, (called usually effective
temperature). The effect of high pressure torsion (HPT) on the structure of the Al-10wt.% Mg alloy is studied. In a sample
annealed at a temperature of 420°C, the HPT leads to a noticeable decomposition of the solid solution. In a sample annealed
at a temperature of 300°C, a decrease in the concentration at HPT also occurs, but it is less than in the first case. Finally, in
a sample annealed at a temperature of 200°C, there is practically no change in the concentration in the solid solution. This
means that for Al-Mg alloys ¢ =3+0.3 wt.% Mg. A comparison with the literature data for equal-channel angular pression
(ECAP) of Al-Mg alloys gives approximately the same ¢  value for ECAP. This means that the effective temperature of T, in

the Al-Mg alloys is close to 200°C.
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1. Introduction

The idea of severe plastic deformation (SPD) goes back to the
fundamental works of Bridgman [1]. Bridgman proposed
methods when straining occurs without destroying the
sample and practically without changing its external shape.
The boom in SPD research began in the mid-nineties [2].
In particular, it was found that the SPD not only leads to
exceptional grain refinement, but also allows the mechanical
mixing of a wide variety of materials. It permits us to achieve
a high non-equilibrium concentration of the dissolved
component in a solid solution [3]. Formally, it is possible
to reach by SPD the very high degrees of deformation.
Nevertheless, the defects in the crystal lattice cannot
accumulate indefinitely, but the process of their relaxation
begins. As a result, the formation and annihilation of defects
come to the dynamic equilibrium and a steady-state arises
[4-8]. Thus, the grain size, mechanical properties, the
particle size of the second phase, the composition of the
solid solution etc. reach a steady-state value.

Initially, it seemed that if a material containing a
mixture of different phases and components is subjected

to SPD, then the components always mix. As a result, the
atoms of the second component dissolve in the matrix
and the solubility can reach a high non-equilibrium value.
However, later the experimental facts began to appear that
the opposite process can also take place. In other words,
SPD can also cause the decomposition of a supersaturated
solid solution [5]. A series of works was performed on
copper-based binary alloys specially prepared from pure
components [8]. It was found that during SPD, there is a
competition between the formation and decomposition of a
supersaturated solid solution. With increasing deformation,
these two processes come to the dynamic equilibrium.
As a result, a steady-state concentration ¢ of the second
component in the solid solution is reached [4]. This steady-
state concentration is equal to the solubility of the second
component in the matrix at a certain temperature T
(it is usually called effective temperature). Usually, T, is
higher than the temperature T, of the SPD experiment.
Most frequently, T, =300 K.

If a solid solution containing particles of the second phase
is annealed at a temperature below T, the concentration ¢
in it will be lower than c_. Then, under SPD, the particles of
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the second phase will dissolve and ¢ will increase, striving to
reach the ¢ value “from the left” If the sample is annealed
at a temperature above T, the concentration in the solid
solution will be higher than c_. In this case, the solid solution
will decompose during SPD, and the fine particles of the
second phase will precipitate. As a result, the concentration
in the solid solution will fall, trying to reach ¢ “from the
right” [9]. In copper alloys, it was also found that the value
of the steady-state concentration c_ and, consequently, the
effective temperature of T . depends both on the T, [10]
and on the activation enthalpy of the volume diftusion of the
second component H. T . increases linearly with increasing
H_ [9]. This is not surprising, since the jumps of atoms during
mass transfer caused by SPD are associated with overcoming
the same energy barrier as in conventional volume diffusion.
As a result, the higher the energy barrier H, the more
difficult diffusion relaxation occurs in SPD. Consequently,
the steady-state ¢ concentration rises, as well as the effective
temperature T .

Thus, the competition between the formation and
decomposition of a solid solution in SPD has been studied
in detail for copper alloys. Unfortunately, there is currently
only limited data on similar competition in aluminum-
based alloys. Therefore, the goal of this work was to study
the effect of high-pressure torsion (HPT) on the composition
of a solid solution in Al-Mg alloys. The Al-Mg-based alloys
re very important for modern technologies. Therefore,

=y papers were published on the effects of various SPD
methods on Al-Mg-based alloys. Between them are high
pressure torsion [5,11-29], equal channel angular pressing
(ECAP) [30-37], confined channel-die pressing (CCDP)
[38], surface mechanical grinding treatment (SMGT)
[39,40], friction stir processing (FSP) [41,42], accumulative
roll bonding [43,44], different variants of extrusion [45-47],
multi-directional forging (MDF) [48-50], rotary forging
(swaging) [51,52], different variants of rolling [53-55],
constrained groove pressing (CGP) [56,57], repetitive
corrugation and straightening (RCS) [58], dynamic plastic
deformation [59].
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2. Materials and methods

The Al-10wt.% Mg alloy was prepared from the high-
purity 5N Al and 5N Mg using the vacuum induction
melting. The @10 mm cylindrical Al-Mg ingots were cut
using the spark erosion into 0.7 mm thick disks. Each
disk was sealed into evacuated silica ampoule with a
residual pressure of approximately 4x10~* Pa. Samples were
annealed at temperatures of 200°C for 1200 h, 300°C for
1200 h and 420°C for 500 h and then quenched in water.
The 0.7 mm thick samples were subjected to HPT at room
temperature, 5 revolutions of the plunger under pressure of
5 GPa at a rotation speed of 1 rpm, in a Bridgman anvil-
type installation manufactured by W. Clement GmbH, Lang,
Austria. After the HPT, the thickness of each sample was
0.35 mm. X-ray diffraction (XRD) patterns were obtained
using Rigaku Smartlab X-ray diffractometer (Rigaku, Tokyo,
Japan) under Cu-Kal+a2 radiation, wavelength 0.15419 nm.
Phase analysis and calculation of the lattice parameters were
performed using the PowderCell 2.4 program. (PowderCell
for Windows. Version 2.4. 08.03.2000, Werner Kraus and
Gert Nolze, BAM, Berlin). The microstructure was also
investigated using scanning electron microscopy (SEM).
SEM characterization has been carried out using a Vega
TS5130 MM (Tescan) microscope equipped with the LINK
energy-dispersive spectrometer (Oxford Instruments).

3. Results and discussion

Figure 1 contains XRD patterns for Al-10 wt.% Mg alloy
annealed at 420°C before (upper spectrum, red line) and
after HPT (lower spectrum, black line). Figure 1b shows an
enlarged peak (111), also before and after HPT. The XRD
patterns contain only lines of the Al-based Al-Mg solid
solution (denoted further as (Al)) with a face-centered cubic
(FCCQ) lattice. The lines after HPT are noticeably widened
compared to the lines in the annealed sample. This is due
to a decrease in grain size under SPD. All peaks after HPT
are shifted to the right compared to the peaks before HPT.
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Fig. 1. (Color online) XRD patterns for Al-10 wt.% Mg alloy annealed at 420°C before (upper pattern, red line) and after HPT (lower pattern,

black line). Figure 1b shows an enlarged (111) peak.
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This means that the lattice period of the solid solution of the
matrix decreases as a result of HPT.

Figure 2 shows the XRD patterns for the Al-10wt.% Mg
samples annealed at 200 and 300° C before (a) and after
HPT (b). Black numbers indicate peaks from the FCC matrix
(Al), and blue numbers indicate peaks from the Al Mg,
phase. Peaks from the Al, Mg, phase are present in all spectra
both before and after HPT, however, they are significantly
broadened after HPT. The peaks of the FCC phase (Al) are
also broadened after HPT.

Figure 3 shows the values of the lattice period of a solid
solution (Al) in samples annealed at different temperatures
before (big red squares) and after HPT (small blue squares).
The lattice period in the sample annealed at a temperature of
420°C decreases significantly after HPT. In a sample annealed
at 300°C, the lattice period also decreases, but not as much
as in the first sample. In a sample annealed at a temperature
of 200°C, the lattice period of the matrix (Al) remains
practically unchanged after HPT. The literature data for the
ECAP of Al-7wt.% Mg samples annealed at 500°C are also
shown [32,35,36]. The lattice period in (Al) also decreases
after ECAP. The decrease after 5 ECAP passes [32] is stronger
than after 3 passes [35,36]. Thick strokes on the right-hand
siark the lattice period in (Al) for 10 wt.% Mg (our
satmp=e annealed at 420°C), for 7 wt.% Mg (samples in Refs.
[32,35,36] annealed at 500°C), and for our sample annealed
at 200°C (point on the solvus line at about 3 wt.% Mg). These
values were used to estimate the Mg content in (Al) for the
phase diagram in Fig. 4.

Figure4 showsan Al-rich part of the Al-Mg phase diagram.
Solid black lines show the boundaries of the phase regions.
The Mg concentration in the solid solution before and after
HPT and ECAP was determined on the basis of XRD data on
the lattice parameter (see Fig. 3). The red squares, as in Fig. 3,
show the values of the Mg concentration in the (Al) solid
solution after annealings. At 420°C and 500°C [32,35,36],
the samples were in a single-phase (Al) region, so the Mg
concentration in (Al) coincides with the total concentration
of magnesium in the sample, 10 wt.% Mg and 7 wt.% Mg,
respectively. At 200°C and 300°C, the Mg concentration in
(Al) corresponds to a point on the solubility limit (solvus) line
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Fig. 3. (Color online) Lattice period of a solid solution (Al) in
samples annealed at different temperatures before and after HPT, as
well as before and after ECAP [32,35,36].

600

a
o
o

Temperature, °C
B
o
o

w
o
o

(A+AI Mg,

200

o0 b0y
o 2 4 6 8 10 12 14 16 18 20

Mg concentration, wt.%

Fig. 4. (Color online) The Al-rich part of the Al-Mg phase diagram.
Solid black lines show the boundaries of the phase regions (Al),
(AD+L and (Al)+ALMg. The red and blue squares show the
composition of the solid solution (Al) in the Al-10wt.% Mg alloy
samples, respectively, after annealing and after HPT. The vertical
blue dotted line shows the concentration ¢ =3+0.3wt.% Mg. The
yellow and green squares show the composition of the solid solution
in the samples of alloys Al-7wt.% Mg [32,35,36] and Al-3 wt.% Mg
[31,34] after annealing and after ECAP, respectively.
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Fig. 2. (Color online) XRD patterns for the Al-10 wt.% Mg samples annealed at 200 and 300°C before (a) and after (b) HPT.
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of Mg in the (Al)-based solid solution. The blue squares show
the composition of the solid solution in the Al-10wt.% Mg
alloy samples after HPT. The vertical blue dotted line shows
the concentration value of ¢ =3+0.3 wt.% Mg, to which the
concentration in the solid solution tends after HPT. It can be
interpreted as a steady-state concentration of c_, similar to
that which we observed earlier after HPT of copper-based
binary alloys [13]. However, differently to the Cu-Co as
well as Cu-Ag and Cu-Sn alloys [13], the Mg content in the
samples annealed at 420 and 300°C though moves towards c_
after HPT, but does not reach it. Probably one needs for this
purpose more than 5 anvil rotations.

The upper part of the figure shows the literature
data for samples of alloys Al-7wt.% Mg [32,35,36] and
Al-3wt.% Mg [31,34] annealed at temperatures of 350 and
580°C, respectively (yellow squares), and then subjected to
processing using ECAP (green squares). It is clearly seen
that in samples with an initial magnesium concentration of
7 wt.% Mg, the ECAP treatment leads to a decrease in the
lattice period [32,35,36], similar to how it happens with
HPT. The shift after 5 ECAP passes [32] is stronger than
after 3 passes [35,36]. In samples with a magnesium content
of 3 wt.% Mg [31, 34], the lattice period after ECAP remains
almost unchanged, as in a sample with 3 wt.% Mg treated
with HPT. This means that the steady-state concentration c_
that occurs during SPD by the ECAP method coincides with
the steady-state concentration ¢ that occurs during SPD by
the HPT method.

It can be seen from Fig. 2 that in all three studied samples,
the lattice period of the solid solution decreases during HPT.
First of all, this may indicate the decomposition of a solid
solution with the formation of particles of the second phase
of ALMg,. It may be objected that AL Mg, lines do not appear
on X-ray patterns after HPT in a single-phase sample pre-
annealed at 420°C. It is known, however, that such particles
formed during the decomposition of a solid solution are very
small. Their size is no more than a dozen nanometers [7].
If there are few such particles, then additional lines do not
appear in the X-ray patterns.

However, there is another possible reason for such a shift
of X-ray diffraction lines after HPT in a single-phase sample
pre-annealed at a 420°C. It is well known that with HPT, the
grain size decreases significantly, and the specific GB area in
the sample increases. If the second component segregates at
GBs, then layers enriched with the second element should
form at the new boundaries. Their formation requires atoms of
the second component. If the samples have two-phases, then
the GB enrichment can occur due to the partial dissolution
of the particles of the second phase. If there is no second
phase, and the sample consists only of a solid solution, then
the segregation layers should form from the atoms dissolved
in the volume. As a result, the concentration of the second
component in the volume should decrease.

Thus, the displacement of XRD lines after HPT in a single-
phase sample pre-annealed at a temperature of 420°C can be
caused not only by the decomposition of the solid solution
with the formation of very small Al,Mg, particles, but also
by the escape of magnesium atoms from the solid s nin
volume to new GBs, which appear during HPT. In the samples
annealed at temperatures of 200 and 300°C, the phase Al Mg,

is already present before HPT. Therefore, the shift of X-ray
peaks cannot be caused by the formation of GB segregation
layers, but is associated only with the decomposition of the
solid solution and the formation of new Al Mg, precipitates.

The GB enrichment in (Al) with magnesium atoms was
predicted in theoretical calculations [60-62] and observed
experimentally using atomic tomography [12,19, 32]. However,
the negative GB segregation was observed in aluminum-
magnesium alloys in some GBs [12,18, 39, 63]. This means that
the (Al)/(Al) GBs in these alloys can be not only enriched, but
also depleted of magnesium. At such GBs, the concentration of
magnesium is less than in volume. Thus, although the theory
predicts only positive segregation, in real samples, magnesium
segregation can be both positive and negative. The true ratio
of GBs with positive and negative segregation in a polycrystal
is unknown. If negative segregation prevails in the sample,
then as a result of the formation of such boundaries during
SPD, the solid solution in the volume should, on the contrary,
be enriched rather than depleted.

4. Conclusions

1. High pressure torsion (HPT) of the Al-10wt.% Mg
annealed at different temperatures drives the decomposition
of the (Al) solid solution.

2. The analysis of published data on equal channel
angular pressing (ECAP) of Al-Mg alloys shows that ECAP
also drives the decomposition of the (Al) solid solution.

3. If the Mg content in (Al) exceeds the value of
3+0.3 wt.% Mg, this Mg concentration decreases both under
HPT and ECAP.

4. In the samples with 3+0.3 wt.% Mg HPT and ECAP
do not change the Mg content in (Al).

5. Therefore, the value ¢ =3+03wt%Mg was
determined to be the steady-state Mg concentration in the
(Al) solid solution for HPT and ECAP.
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