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1. Introduction

The Al─Mg binary alloys[1,2] are the base for the various ternary
(mainly Al─Mg─Si)[3–17] and multicomponent[18–38] Al-based
industrial alloys. Their uniquemechanical properties are controlled
by the formation of Guinier–Preston (GP) zones, metastable and
stable intermetallic phases during thermal[3,9,10,12,13,17–19,30,35]

and mechanical[6,7,9,11,15,31,35] pretreatment, and natural and
artificial ageing.[5,9,10,12,13,17,20,35] The alloying with additional
components modifies the precipitation sequence and, conse-
quently, the resulted mechanical properties.[18–38] The plastic

deformation of Al─Mg-based alloys signif-
icantly affects the microstructure stability
during following isothermal aging. It is
because of the large density of dislocations.
Dislocations serve as short-circuit diffusion
paths for solutes[17–19] and favorable nucle-
ation sites for precipitates.[16] It leads to the
extensive heterogeneous precipitation
along dislocations[20,21] and modifies the
precipitation sequence.[8,9,11,15,22–31]

Exactly speaking, the additional defects
shift the precipitation sequence toward
the formation of stable phases instead of
metastable ones. In case of severe plastic
deformation (SPD), not only the disloca-
tions but also numerous grain boundaries
(GBs) appear in a material.[6,14] Therefore,
the prior SPD can promote the formation
of phases in new GBs and, therefore, accel-
erates the precipitation kinetics.[6,14]

The industrial Al─Mg-based alloys usu-
ally have a low concentration of magnesium.[2,5,8,11,18]

Therefore, the study of Al─Mg model alloys with a low magne-
sium content is of great interest for researchers and, ultimately,
for manufacturers.[4,8,11,12,18,20] According to the magnesium con-
tent, all industrial aluminum–magnesium alloys are in the single-
phase region of the (Al) solid solution (called also α-phase) of the
Al─Mg phase diagram.[2,4,5,12] Within the single-phase region of the
(Al) phase, the parameter of the face centered cubic (fcc) lattice of
(Al) matrix continuously increases with increasingmagnesium con-
tent. The hardening of the alloys of this system is explained by an
increase in the distortion of the crystal lattice with an increase in a
portion of Mg atoms in the (Al) fcc lattice positions.[2,4,5,12,19,20]

Coarse-grained (as-cast) Al─Mg alloys with a small concentration
of the second component in addition to the (Al) solid solution
may contain the intermetallic phase(s) with a variable composition
such as stable Al3Mg2 (or β-phase), R (or ϵ-phase), Al12Mg17 (or
γ-phase), and metastable phases.[1,4,5,8,11,16,19,22,25,35] To improve
the mechanical properties of magnesium alloys, the ultrafine-
grained and nanocrystalline alloys were developed applying the
SPD.[6,8,14,15,24] Such alloys have a large number of GBs along which
interlayers of metastable phases can be formed during heat
treatment.[6,11,13,15]

Recently, the authors studied the samples of the Al–10 wt%
Mg alloy in the single-phase region of Al─Mg phase diagram
after SPD by high-pressure torsion (HPT).[39] In this work, it
was shown that such compounds as metastable phases appear
after HPT in the single-phase region of the (Al) solid solution.
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As-cast aluminum–magnesium alloys with 3, 5, and 10 wt% Mg are subjected to
high-pressure torsion (HPT) at room temperature: 5 GPa, five turns with rotation
speed of 1 rpm. HPT leads to the strong grain refinement for both (Al) solid
solution and intermetallic β-phase. Transmission electron microscopy (TEM),
differential scanning calorimetry (DSC), and X-ray diffraction (XRD) are used to
characterize the phase transitions under heating of the HPT-treated alloys. The
decomposition of the solid solution in the ultrafine-grained Al–10 wt% Mg alloy
obtained by HPT does not follow the equilibrium diagram. The results of DSC,
XRD, and TEM show that the Mg-rich intermetallic phases appear during heating
in the following sequence: GP zones ! β ! ε ! β ! γ ! β. The (Al)/(Al) grain
boundaries (GBs) in the fine-grained Al–10 wt% Mg alloy after HPT and
annealing up to 400 �C (i.e., in the solid solution area, far from solvus and solidus
lines) contain the Mg-rich areas. This can be the result of possible GB phase
transitions with the formation of Mg-rich GB phases. The GBs in the binary
Al─Mg can contain the thin layers of a GB phase far away from the solvus line.
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On the contrary, other authors[40–43] found the metastable phases
in the single-phase region of Al─Mg alloys.

Interpretation of metastable phases formed in the GBs causes
some difficulty for researchers because there are disagreements
in the construction of the equilibrium phase diagram of the
Al─Mg system. There are several variants of the Al─Mg phase
diagram with different number of phases and different represen-
tations of their chemical formulae.[43–46] For example, according
to Mikheeva,[45] in Al─Mg alloys three more phases (β, β´, and γ)
are formed apart from solid solutions which are separated by
areas of heterogeneity. According to Mondolfo,[44] the phase
diagram of the Al─Mg system contains such compounds
as β(Al8Mg5), ε(Al30Mg23), Al12Mg17, Al8Mg5þ ε, and
Al12Mg17þ ε. In previous studies,[47,48] the phases β, ε, and γ
are given; in the study by Massalski,[43] the phases Al3Mg2 (or
β-phase), Al12Mg17 (or γ-phase), and R (or β-þ γ-phases) are
present.

To understand which processes precede the formation of
metastable phases in the single-phase region of the α-solid solu-
tion and which phases stand out on the GB, we conducted studies
in the two-phase region of phase diagram. For this purpose, we
investigated the Al─Mg alloys with a low magnesium content of
3, 5, and 10 wt% after HPT treatment using the differential scan-
ning calorimetry (DSC) in the temperature range from 25 to
400 �C. The goal of this work was to check whether (Al)/(Al)

GBs can contain the layers of a second phase “deep” in the
(Al) region, i.e., far away from the solvus line of the phase
diagram.

2. Results and Discussion

Figure 1 shows the micrographs of the Al–10 wt%Mg alloy in the
as-cast state (Figure 1a), after HPT treatment (Figure 1b) and
after heating in the DSC of the deformed sample (after HPT
treatment) from 25 to 400 �C (Figure 1c). The scanning transmis-
sion electron microscopy (STEM) micrograph of the initial state
of the as-cast Al–10 wt% Mg alloy (Figure 1a) shows that it con-
tains a solid solution (Al) appearing light-gray and the β-phase
(Al3Mg2) appearing dark. Inset shows the diffraction pattern
of coarse-grained (Al) matrix. The β-phase has a shape of a crys-
talline colony with an average size of 2–3 μm. The average grain
size of (Al) is 500 μm; the dislocation density in (Al) is about
103 m�2.[49,50]

Figure 1b shows the transmission electron microscopy (TEM)
micrograph of Al–10 wt% Mg alloy after HPT treatment (5 turns,
1 rpm). The average grain size of α-phase (Al) is 150 nm. The
alloy structure is characterized by a high density of dislocations
(>103 m�2) which indicates a high degree of internal strains. In
accordance with the data of electron diffraction (see inset), the

Figure 1. Microstructures of Al–10 wt% Mg alloy. a) STEM micrograph of as-cast alloy. Solid solution (Al) appears light-gray, the β-phase (Al3Mg2)
appears dark. Inset shows the diffraction pattern of (Al) matrix. b) TEM micrograph of the same alloy after HPT. Inset shows the respective diffraction
pattern. c,d) TEM micrograph of different areas in the same alloy after HPT and heating in DSC calorimeter up to T¼ 400 �C.
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structure of the alloy after HPT contains the α-phase (Al) and
intermetallic phase β with particle size is about 10 nm. These
β nanoparticles are uniformly distributed throughout the volume
of the material. Thus, the HPT leads to the strong grain refine-
ment both of α- and β-phases.[49,50]

Figure 1c shows the TEM micrograph of Al–10 wt% Mg alloy
after HPT heated in DSC calorimeter up to 400 �C. According to
the phase diagram, the temperature of 400 �C corresponds to the
single-phase region of the solid solution (Al) far from the bulk
solvus and solidus lines. Nevertheless, it can be seen that the
(Al)/(Al) GBs contain separate particles of the β-phase.
Figure 1d shows the TEMmicrograph of another area of the same
sample, as shown in Figure 1c. Small dark areas (shown by white
arrows) are visible near the GBs. These areas are enriched in Mg
(up to 28 wt% Mg), whereas the average magnesium content in
the volume is 9 wt% Mg. The (Al) grains grew during heating up
to 1 μm (from 150 nm after HPT). It may indicate the abnormally
rapid grain growth as a result of the formation of interlayers in the
GBs. Similar abnormal grain growth was observed in industrial
aluminum alloys in the work.[51] The observed Mg-rich areas can
be the result of possible GB phase transitions with the formation
of Mg-rich GB phases. For example, the GB phases enriched by
the alloying element(s) were observed in the Cu─Bi,[52–54]

Fe─Si─Zn,[55,56] or Al─Zn[57,58] alloys.
Figure 2 shows the temperature dependences of the heat flow

(DSC curves) for Al–10 wt% Mg alloys before and after HPT
treatment; Al–5 wt% Mg and Al–3 wt% Mg after HPT. We used
the standard procedure for the quantification of the DSC
curves[59] (these procedures are also included in the quantifica-
tion of the software of modern DSC equipment). According to
this approach, the position of the deep minimum (peak) corre-
sponds to the melting temperature, i.e., the liquidus temperature
in the phase diagram. The position of the deep minimum (peak)
is slightly influenced by the heating rate. Therefore, we used the
same heating rate in all experiments. The onset temperature of
the peak corresponds to the point of intersection of the tangent
drawn through the inflexion point of the curve with the extrapo-
lated baseline. The baseline is a virtual line drawn through the
interval in which the phase transition takes place.

The great interest is the DSC curve for the Al–10 wt%Mg alloy
after HPT treatment, which has a complex shape. It has one
endothermic peak at T¼ 106.2 �C and three exothermic peaks
at temperatures of 182, 258, and 315 �C. In alloys with a concen-
tration of 3 and 5 wt% Mg (after HPT) and as-cast Al–10 wt% Mg
alloy (before HPT), the shape of the DSC curves is different.
Differently to our results, the Al–10 wt% Mg alloy after mechan-
ical alloying (by ball milling) does not contain any β-phase.[40] It
appears only after heating in the calorimeter. Similar to our
results, the DSC curves of mechanically alloyed samples contain
several peaks.[40] There are also works[14,60–62] where the DSC
curves for heating of Al─Mg alloys doped with third and more
components also contain first one endothermic peak and then
three exothermic peaks, such as our DSC curves for the
Al–10 wt% Mg alloy after HPT (Figure 2, second curve from
the top). These alloys were treated with other SPD methods such
as ECAP (6013 Al─Mg─Si─Cu alloy),[14] stretching (Al─Mg─Cu
alloys),[61] or cryomilling (Al─Mg─Sc alloy).[62] Different
sequence of processes hides under this superficial similarity
of DSC curves. Thus, the formation of alloyed zones and S-phase
proceeds by heating of stretched Al─Mg─Cu alloys[61] or recov-
ery, recrystallization, and precipitation of Al3Sc phase takes place
in Al─Mg─Sc alloys.[62]

In order to understand, what is happening in our case in the
Al–10 wt%Mg alloy after HPT, we heated the samples in the DSC
to temperatures of 182, 258, 295, 315, and 350 �C, corresponding
to peaks on the DSC curve. After heating the samples were tem-
pered in water and examined using X-ray diffraction (XRD).
According to DSC data, the first endothermic peak at the temper-
ature of about 100 �C (as in the Al–10 wt% Mg alloys to HPT and
Al–5 wt% Mg after HPT) corresponds to the decay of the GP
zones and the start of formation of the β-phase. At T¼ 182 �C
at the first exothermic peak (Figure 2), according to the data of
X-ray structural analysis (see Figure 3), the β-phase is formed.

At the second exothermic peak at T¼ 258 �C, according to
X-ray structural analysis (see Figure 3), the β-phase and ϵ-phase
(Al30Mg23) are present in the structure. The XRD peak at an angle
of 2θ¼ 35.87� is an overlap of the peaks of the ϵ-phase
(2θ¼ 35.876�), the β-phase (2θ¼ 35.950�), and the γ-phase
(2θ¼ 36.113�), so it is difficult to interpret this phase unambig-
uously. According to ref. [48], the ε-phase can exist in Al─Mg
alloys at 250 �C. Therefore, we conclude that this peak corre-
sponds to partial dissolution of the β-phase and formation of
ε-phase, but do not exclude the possibility of the presence of
the γ-phase in a small amount.

Some weak peaks are also present in Figure 3, for example, at
50.5� (25 �C), 42� (295 and 315 �C), 66� (258, 295, and 315 �C).
They cannot be attributed to any of β-, γ-, or ϵ-phases. Therefore,
we cannot exclude the presence of very small amounts of other
(metastable) phases in the samples.

At T¼ 295 �C, corresponding to the endothermic peak
(Figure 2), the β-phase is mainly present in the alloy and the
ε-phase is dissolved. At T¼ 315 �C (exothermic maximum in
Figure 2), the formation of the γ-phase occurs, but the β-phase
is also present. At T¼ 350 �C, the γ-phase decomposes and the
amount of the β-phase increases. Thus, the β-phase is formed as
a result of the melting of the Al–10 wt% Mg alloy in the form of
colonies; after HPT it is crushed, forming separate small precip-
itations. During heating of the deformed alloy up to 400 �C

Figure 2. DSC curves of Al–10 wt% Mg as-cast and after HPT; Al–5 wt%
Mg after HPT; Al–3 wt% Mg after HPT.
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magnesium-based solid solution decomposes, the amount of β-
phase changes (but it does not disappear) as a result of the for-
mation and decomposition of new intermetallic ϵ- and γ-phases
(β ! ε ! β ! γ ! β).

The presence of β-phase in (Al)/(Al) GBs after heating up to
400 �C (Figure 1c,d) far away from the solvus line can be the
indication of thin layers of a grain boundary phase rather “deep”
in the one-phase area of a phase diagram in the binary Al─Mg
alloy. For example, the GB phases enriched by the alloying ele-
ment(s) were observed close to the solidus or solvus in the
Cu─Bi,[52–54] Fe─Si─Zn,[55,56] or Al─Zn[57,58] alloys.

3. Conclusions

The decomposition of the solid solution in the ultrafine-grained
Al–10 wt% Mg alloy obtained by HPT does not follow the equi-
librium diagram. The results of DSC, XRD, and TEM show that
the Mg-rich phases appear during heating in following sequence:
GP zones ! β ! ε ! β ! γ ! β. The (Al)/(Al) GBs in the fine-
grained Al–10 wt% Mg alloy after HPT and annealing up to
400 �C contain the Mg-rich areas. The temperature of 400 �C
is in the solid solution area, i.e., far from solvus and solidus lines.
Therefore, the observed Mg-rich areas can be the result of possi-
ble GB phase transitions with the formation of Mg-rich GB
phases. Thus, the results of this work demonstrate that the
GBs in the binary Al-based alloy can contain the thin layers of
a GB phase rather “deep” in the one-phase area of a phase dia-
gram. These results shed light on specific and poorly understood
mechanisms of microstructure formation in the ultrafine-
grained Al-based alloys. The presence of the GB phases has a
potential for the future use for tailoring the properties of Al alloys
for both structural needs and electrical engineering.

4. Experimental Section
The aluminum–magnesium alloys containing 3, 5, and 10 wt%Mg were

prepared in the form of cylindrical ingots with a diameter of 10mm using
vacuum induction melting from highly pure components (5N5 Al and 4N5

Mg). For further research, the discs with a thickness of 3.5 and 0.7mm
were cut off from the ingots using electric-spark cutting. The discs in
0.7mm thickness after chemical etching were subjected to severe plastic
deformation by HPT in a Bridgman anvil-type unit (manufactured by W.
Klement GmbH, Lang, Austria) at room temperature under a pressure of
5 GPa (5 turns, 1 rpm). For the structural studies and calorimetric meas-
urements in the alloys before HPT treatment (3.5mm thickness disks) and
after HPT treatment (0.7 mm thickness disks), samples with a diameter of
3 mm with the center in the middle of the disk radius were cut in the disc.
The samples were heated in a DSC TA Instruments 910 or 1600 from room
temperature to 400 �C at the rate of 10 Kmin�1. After heating, the samples
were cooled in a calorimeter to room temperature at the rate of about
10 K s�1. TEM was conducted on Philips CM 20, TECNAI G2 F20 micro-
scopes, and with TECNAI G2 FEG super TWIN (200 kV) transmission elec-
tron microscope equipped with energy-dispersive X-ray spectroscopy
(EDS) system manufactured by EDAX with accelerating voltages of
200 kV. XRD analysis was performed on Siemens D-500 with Cu Kα radia-
tion (λ¼ 0.15406 nm). The samples for XRD and TEM were heated up to a
certain temperature of 182, 258, 295, 315, and 350 �C (see Figure 3) in
calorimeter to obtain the same states as during continuous DSC with
the same heating and cooling rate of 10 Kmin�1. The mean size of the
(Al) grains (α-phase) and that of crystalline colonies of β-phase
(Al3Mg2) were estimated using STEM micrographs as an average value
for about 100–200 grains or colonies.
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