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Abstract—This paper provides the first part of a study on the effect of magnesium on the structural phase
composition and physical and mechanical properties of nanostructured aluminum–magnesium composite
materials with the composition AlxMgy + 0.3 wt % C60 fullerene. Composite powders are obtained by the
simultaneous mechanical activation of the initial materials in a planetary ball mill in an argon atmosphere. It
is found that the powders have a complex hierarchical structure made up of 50–200 μm aggregates consisting
of 5–10 μm strong high-density agglomerates, which in turn are a combination of nanoscale (30–60 nm)
crystallites. It is found that the increase in magnesium concentration in the composite up to 18 wt % makes
it possible to obtain crystallites with an average size of less than 30 nm during mechanical activation, while
the size of aggregates is less than 50 μm. The maximum solubility of magnesium in aluminum with a crystal-
lite size of 30–70 nm during mechanical activation is 15 wt % (17 at %). Using the differential scanning cal-
orimetry method, it is found that nanostructured composites undergo irreversible structural phase transfor-
mations during heat treatment in a temperature range of 250–400°C: recrystallization, decomposition of the
α-solid solution of magnesium in aluminum, and the formation of intermetallic β-(Al3Mg2), γ-(Al12Mg17)
and carbide (Al4C3) phases. In addition, the Raman spectra contain peaks that, according to some sources,
correspond to covalent compounds of aluminum with C60 fullerene—aluminum–fullerene complexes. The
data that have been obtained will be used in further research to determine the parameters for the thermobaric
treatment of nanocomposite powder mixtures in order to obtain and test bulk samples.
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INTRODUCTION

Today, one of the promising ways to improve the
strength properties of composite materials is to reduce
the size of the matrix grains to a nanometer scale in
conjunction with additional modification with various
nanosized high-modulus and reactive particles—
oxides, nitrides, carbides, carbon nanostructures
(CNS), etc. Such metal-matrix nanostructured com-
posite materials (NCMs) can surpass traditional met-

als and alloys in a series of properties and characteris-
tics [1–4].

In papers [5–7], the possibility of obtaining high-
strength aluminum-matrix alloys modified with C60
fullerene by powder metallurgy methods, including
high-energy processing in a planetary ball mill and
subsequent hot extrusion, is shown. In the process of
such processing, not only are the components mixed
and the matrix material ground, but the intensive
coldworking of grains also occurs, leading to an
132
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increase in their physical and mechanical properties.
High strength properties (ultimate tensile strength up
to 750 MPa, bending strength up to 900 MPa, and
hardness up to 2200 MPa) were achieved when using
strain-hardened aluminum alloy of AMg6 grade as a
matrix material and C60 fullerene as a strengthening
phase. In this case, the determined optimum concen-
tration of fullerene was 0.3 ± 0.05 wt %.

The choice of AMg grade as a matrix material is
due to the fact that, depending on the magnesium
content, alloys of this series are characterized by high
strength, ductility, corrosion resistance, temperature
stability, good weldability, etc. The main alloying
component of this group of alloys is magnesium,
which forms an α-solid solution in the aluminum lat-
tice in a wide concentration range and various inter-
metallic phases.

Commercially available alloys of the AMg type
contain up to 11 wt % magnesium. If its concentration
reaches 6 wt %, then the alloys are classified as struc-
tural strain-hardenable; if there is more magnesium,
then they are usually used in a cast state with addi-
tional heat treatment. This conditional division is due
to the fact that, at room temperature in aluminum
with a grain size of 100–200 μm, about 7 at % Mg can
be present in the form of a supersaturated α-solid
solution [8]. A further increase in the concentration of
magnesium in a solid solution is possible only by
quenching the supersaturated of α-solid solution up to
16.23–18.60 at % [9, 10]. An increase in the magne-
sium content in α-solid solution leads to an improve-
ment in the strength characteristics, but the plasticity
of the alloys sharply decreases [11].

An α-solid solution much more supersaturated
with magnesium can be obtained by various methods.
Thus, in [12], a solid solution with a magnesium con-
tent of up to 20 wt % was prepared by mechanoactiva-
tion treatment; in [13], by crystallization under pres-
sure up to 3 GPa, the concentration of magnesium in
the solution reached 25 wt %; and [14] shows the pos-
sibility of increasing it up to 40 at %. At the same time,
the authors note the dependence of the limiting Mg
concentration on the type of starting materials and the
conditions for the implementing the processes of
mechanoactivation and mechanoalloying [15, 16]. It is
worth noting that the resulting extreme solutions were
metastable and, at insignificant heat exposure, sharply
decomposed with the formation of elemental magne-
sium, γ-(Al12Mg17), and an intermediate β' phase.

The use of carbon nanostructures is an additional
strengthening factor of NCM. As shown in [5, 6, 17],
molecules of fullerene C60 under certain conditions
form strong and stable covalent bonds with aluminum
atoms. In addition, during grinding, the presence of
CNS promotes the refinement of Al grains and, during
subsequent heat treatment, it prevents recrystalliza-
tion processes [17, 18].
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Thus, the combination of various hardening mech-
anisms makes it possible to achieve a significant
increase in a number of key physical and mechanical
properties of NCM; however, the mechanisms and
features of interfacial interactions and transformations
with a characteristic size of structural elements on the
order of several tens of nanometers now require addi-
tional comprehensive study.

This work is aimed at investigating the effect of the
magnesium concentration on the structural phase
composition of powders of nanostructured alumi-
num–magnesium composite materials modified with
fullerene C60.

RESEARCH METHODOLOGY
We used lathe chips of AMg3 and AMg6 alloys

(GOST 4784–97) with an average size of 3 × 3 × 1 mm
as the starting materials for manufacture of NCM. To
change the Mg concentration during grinding, 3, 6, 9,
12, 15, and 18 wt % magnesium chips were added to
the AMg6 alloy chips (STP TU KOMP 3-303-10, chem-
ical pure, purity is 99.9%, and size is 5 × 15 × 0.5 mm).
Hereinafter, these materials are designated as AMg 3,
6, 9, 12, 15, and 18, respectively.

As a modifying phase, 0.3 wt % of C60 fullerene
(99.5%, powder fraction is 100 μm) was additionally
introduced into the NCM composition.

Cooperative processing of raw materials, mecha-
noalloying (MA), was carried out in an AGO-2U
planetary ball mill. The total MA time reached 60 min
(in 5-min cycles with 3-min interruptions) at a rota-
tion speed of carrier of 1800 rpm. The ratio of the
masses of the processed material and the grinding
bodies was 1 : 20.

To reduce the degree of chafing in the MA process,
the containers and grinding bodies were prelined with
the original AMg3 aluminum alloy, which made it
possible to minimize the contamination of the NCM
with foreign impurities.

To prevent oxidation and the occurrence of other
undesirable reactions, all manipulations with the
starting materials and the resulting powders were car-
ried out in an insulating glove box filled with argon,
which maintains the purity of the atmosphere on oxy-
gen and water vapors at least 0.1 ppm.

Structural studies of the obtained samples were
carried out using optical (Olimpus BX51), scanning
(JSM-7600F), and transmission (JEM-2010) electron
microscopy. The X-ray phase analysis (XPA) of the
powders was carried out on a PANalytical Empyrean
diffractometer in CuKα-radiation. On the basis of the
obtained diffraction patterns using the MAUD pro-
gram, the size of the coherent scattering regions
(CSR)—the average crystallite size—was determined
by the method of functional parameters. Studies using
Raman scattering (RS) spectroscopy were carried out
using a setup based on a TRAIX 552 spectrometer and
l. 62  No. 1  2021
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Fig. 1. Changes in the coherent scattering region of alumi-
num crystallites in the NCMs modified by 0.3 wt % С60,
depending on the magnesium concentration during
mechanical alloying. (1) AlMg3 + С60, (2) AlMg6 + С60,
(3) AlMg9 + С60, (4) AlMg12 + С60, (5) AlMg15 + С60,
and (6) AlMg18 + С60.
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Fig. 2. XRD patterns of powders of NCM modified by
0.3 wt % С60 after mechanical alloying (1800 rpm,
60 min). (1) Al 99.999 (for comparison), (2) AlMg6 initial,
(3) AlMg3 + С60, (4) AlMg6 + С60, (5) AlMg9 + С60,
(6) AlMg12 + С60, and (7) AlMg15 + С60.
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a CCD Spec-10 detector, 2KBUV 2048×512. Beam-
Lok 2065-7S lasers (Spectra-Physics) with a wave-
length of λ = 512 nm and WaveTrain lasers with λ =
257 nm were used as the exciting radiation. The ther-
mal stability of the obtained NCMs was studied by dif-
ferential scanning calorimetry (DSC) on a Perkin-
Elmer DSC8000 setup.

RESULTS AND DISCUSSION
In the process of Ma, the average CSR size of alu-

minum decreases from the initial value of 200–250 nm
to 25–80 nm, depending on the magnesium concen-
tration (Fig. 1). As can be seen from the presented
data, at the initial stage of grinding (the first 10–
20 min) with an increase in the Mg concentration, the
average CSR size of all the materials under study
decreases from the initial 200–250 to 85–90 nm for
the AMg3 + 0.3% C60 sample, and up to 50–55 nm for
AMg18 + 0.3% C60. Further, in a time interval from 20
to 60 min, the grinding rate slows down. After 60 min
of MA, the average sizes of NCM crystallites are from
20 to 70 nm, depending on the magnesium concentra-
tion. Further processing has no significant effect on
the average CSR size, which can be explained by the
achievement of a certain critical value, which requires
an increase in the energy loading of the MA process to
overcome it. It should be noted that the average CSR
size for NCMs containing 18 wt % Mg was 18–20 nm,
which, according to [19], is close to the theoretically
possible value for aluminum crystallites at room tem-
perature.

An increase in the intensity of grinding of NCM
crystallites with an increased concentration of magne-
sium can be associated with a local increase in the con-
tent of the intermetallic phase and magnesium concen-
RUSSIAN JOURNAL 
tration in a supersaturated α solid solution [12, 13],
which leads to a decrease in the mobility of dislocations;
a decrease in the plasticity powder particles; and, as a
consequence, to material embrittlement.

According to XRPA data, no changes in the phase
composition were found in NCM powders after grind-
ing (Fig. 2). As the magnesium concentration
increases, broadening of the aluminum peaks is
observed, as well as their shift to the region of smaller
angles of 2θ, which is associated with a decrease in the
average crystallite size and an increase in the lattice
parameter of aluminum due to an increase in the con-
centration of the solid solution of magnesium in alu-
minum [20]. According to Refs [20, 21], an increase in
the lattice parameter by 0.0046 Å corresponds to dis-
solution of 1 at % Mg in aluminum. According to
XRPA data (Fig. 2) and [20, 21], the shift of X-ray
lines completely correlates with the stoichiometry of
the NCM, indicating the formation of a supersatu-
rated α-solid solution with the Mg concentration of
15 wt % (17 at %). A further increase in the magnesium
content up to 18 wt % (20 at %) does not lead to a
noticeable increase in the concentration of Mg in the
solid solution, as is evidenced by the absence of a shift
of the characteristic lines of Al relative to the NCM
sample with 15 wt % Mg.

Thus, based on the XRPA data, the solubility limit
of magnesium in nanosized aluminum grains under
the given MA conditions was determined, which was
17 at %, which is close to the equilibrium solubility
limit at t = 450°C [22].

According to XRPA, TEM, and SEM data, the
NCM powders have a complex hierarchical structure.
Crystallites 20–70 nm in size are combined into strong
high-density agglomerates (Fig. 3).
OF NON-FERROUS METALS  Vol. 62  No. 1  2021
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Fig. 3. TEM images of the AlMg18 + 0.3% С60 NCM structure after 60 min of mechanical alloying. (a) Structure of the nano-
crystalline material of α-solid solution without the intermetallic phase and (b) with the Al3Mg2 intermetallic added.
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Fig. 4. SEM images of NCM aggregates modified by 0.3 wt % С60 obtained by mechanical alloying (1800 rpm, 60 min). (a) AlMg3 +

С60, (b) AlMg6 + С60, (c) AlMg9 + С60, (d) AlMg12 + С60, (e) AlMg15 + С60, and (f) AlMg18 + С60.
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According to the TEM results, the average CSR
size of aluminum, determined by XRPA, corresponds
to the size of crystallites. The agglomerates, which
have a predominantly quasi-globular shape, form
aggregates whose sizes decrease with an increase in the
magnesium content in the NCM powders (Fig. 4).

Nanostructured materials, as a rule, are in a meta-
stable state and turn to more energetically favorable
RUSSIAN JOURNAL OF NON-FERROUS METALS  Vo
state upon the application of any external influence to
them (heating, pressure, irradiation, etc.). In the case
of nanostructured metallic materials, such processes
are mainly manifested in the form of recrystallization
and other structural phase transformations.

To study the thermal stability of the obtained NCM
powders and to establish the critical parameters of fur-
ther processing (consolidation), studies were carried
l. 62  No. 1  2021
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Fig. 5. Thermal stability study of nanostructured composite materials modified by 0.3 wt % С60 obtained by DSC (heating rate

40 K/min). (1) AlMg3 + С60, (2) AlMg6 + С60, (3) AlMg9 + С60, (4) AlMg12 + С60, (5) AlMg15 + С60, and (6) AlMg18 + С60.
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out using DSC (Fig. 5). As can be seen from the pre-
sented data, in the temperature range of 250–400°C,
the occurrence of irreversible transformations in
NCM is observed, accompanied by endo- and exo-
thermic effects. It was established by Raman scattering
and XRPA that the observed thermal effects are asso-
ciated with recrystallization of the matrix alloy, the
decomposition of the supersaturated solid solution,
the destruction of aluminum–fullerene complexes,
and the formation of aluminum carbide Al4C3. The

effects in the region of t = 450°С are associated with
the melting of the Al–Al3Mg2 eutectic [22].

It should be noted that the structural phase compo-
sition of the studied NCM can also be influenced by
the modifying phase—C60 fullerene. Its molecules are

very stable by themselves; however, under conditions
of mechanosynthesis and heat treatment, they can
RUSSIAN JOURNAL 

Fig. 6. Raman spectra of nanostructured composite mate-
rials after annealing at 290 (1) and 400°С (2).
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degrade to elemental carbon and form aluminum car-
bide Al4C3. The appearance of a carbide phase can

negatively affect the strength characteristics of NCM
due to the structural features of the carbide (acicular
shape of particles and tendency to hydrolysis).

The Raman spectra of NCM powders after milling

did not exhibit peaks of Al4C3 (ν = 492 and 857 cm–1)

(Fig. 6, spectrum 1). The formation of aluminum car-
bide was recorded only when the samples were heated
to temperatures above 320°C (Fig. 6, spectrum 2).

It should be noted that the Raman spectra also
contain broad peaks in the region of ν = 750 and

1500 cm–1, which, according to some sources, can be
characteristic of the so-called aluminum–fullerene
complexes—covalent compounds of the Al–C60 type

[5]. According to the calculations carried out in [5],
the strength of such compounds can be higher than the
Al–Al bond, which can have a positive effect on the
strength properties of bulk NCM.

CONCLUSIONS

Thus, comprehensive studies of the effect of mag-
nesium concentration on the structure and phase
composition of nanostructured strain-hardened alu-
minum–magnesium alloys modified with C60 fuller-

ene are performed, including at elevated temperatures.
Based on the results, the following conclusions have
been drawn.

(1) The dynamics of changes in the average size of
aluminum crystallites in NCM during mechanical
activation depends on the magnesium concentration,
which may be due to the embrittlement of the material
due to the increased magnesium content in the super-
saturated α-solid solution and the precipitation of
nanosized inclusions of Al–Mg intermetallic com-
pounds at grain boundaries.
OF NON-FERROUS METALS  Vol. 62  No. 1  2021
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(2) The limit of saturation of the aluminum lattice
with magnesium atoms in the process of mechanical
activation was 17 at %. The resulting supersaturated
solid solution is stable at room temperature.

(3) The structural phase composition of the NCM
samples under study was stable up to a temperature of
270°C, and its excess led to the occurrence of irrevers-
ible structural phase transformations.

(4) NCM powders have a complex hierarchical
structure in which large particles (aggregates) prevail,
consisting of strong high-density agglomerates, which,
in turn, are a set of nanosized crystallites.

Based on the data, the optimal parameters of the
consolidation of mechanically activated powder mix-
tures of NCM will be selected.
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