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Abstract: Comparative experimental studies of the mechanical characteristics of polycrystalline aluminum alloy AMg6 and nanocomposite

based on it n-AMg6/C60 during tension tests, as well as the effect of strain hardening on these characteristics during multi—cycle loading-

unloading processes up to the destruction of the sample, are presented. The limits of strength and ductility, as well as the hardness and, by 

ultrasonic method, all independent second order elastic coefficients were measured. 
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1. Introduction
One of the modern methods used for improving the

mechanical physical properties of metals and alloys is 

nanostructuring, i.e., formation of nanostructure in the entire 
volume of material [1]. In the last few years, there has been 

advanced progress in the development of nanostructuring 

techniques, which lead to new combinations of properties, such as 
high strength, higher hardness, record fatigue life, etc. [2-4]. 

More than 150 aluminum alloys are used in the fabrication of 
industrial products. AMg6 alloy belongs to the Al–Mg–Mn system, 

containing 93.68% aluminum, 5.8–6.8% magnesium, and 0.5–0.8% 
manganese and other impurities [5, 6].  

Being well-welded at room and higher temperatures, it 
combines good strength and plastic characteristics. This set of 

properties favored the wide application of this alloy in the aerospace 

industry, building, and automobile engineering, while the corrosion 
resistance in various media, including seawater, explains its 

successful use in shipbuilding. In order to improve the mechanical 
properties of aluminum alloys, they are preliminarily exposed to 

mechanical deformation and heat treatment. It is, however, difficult 
to increase the strength characteristics of magnesium-containing 

AMg6 via quenching, as this alloy is not thermally hardenable. 

The higher values of mechanical characteristics in 
nanocomposite carbon-hardened AMg6 alloy prepared via the 

milling in a ball mill with the subsequent extruding were acquired 
in [3]. The elongation at break in nanocomposite AMg6 was 

increased to 10.5–14.1% at higher hardness of 1.5–1.7 GPa. 
The second-order elastic coefficients (SOECs) for 

nanomaterials are almost equal to those of the appropriate initial 
microcrystalline objects. This conclusion is, however, valid for 

materials with the low interface fraction (the atom content at the 

interface to the amount of atoms in the bulk). At the crystallite size 
of ≤10 nm, when this fraction is dozens of percent, the elastic 

characteristic values are expected to additively reduce owing to the 
inner porosity in the nanomaterial. Obviously, the pronounced 

decrease in the elastic characteristics can be avoid by filling the 
voids of nanoparticle joints with a material possessing high elastic 

and strength properties (i.e., by forming a nanocomposite), whereas 
the formation of the chemical bounds between this material and the 

nanoparticle surface can also favor the increase in the elastic moduli 

[7]. 
The second- and third-order elastic coefficients in 

polycrystalline AMg6 alloy and the n-AMg6/C60 nanocomposite 
were experimentally determined in our previous work [8-10].  

In the present work these studies are continued and effect of 
reversible mechanical loading-unloading on the mechanical and 

elastic properties of n-AMg6/C60 nanostructured composite was 

experimentally investigated. 
Еxperimental studies on the influence of loading–unloading 

processes on the mechanical, linear, and nonlinear properties of the 
strain-hardening polycrystalline aluminum alloy AMg6 carried out 

in our work [11]. The stress–strain curve is measured for AMg6 
samples under high-cycle loading–unloading up to fracture of a 

sample. The microhardness of the sample is measured before and 

after its fracture. It has been found that the loading–unloading 

process leads to strain hardening of the AMg6 alloy.  

This paper presents the results of  comparative experimental 
studies of the mechanical characteristics of polycrystalline 

aluminum alloy AMg6 and nanocomposite based on it n-AMg6/C60 
during tension tests, as well as the effect of strain hardening on 

these characteristics during multi—cycle loading-unloading 
processes up to the destruction of the sample, are presented. 

2. Experimental procedures

2.1. Sample preparation and characterization 
Nanocomposite n-AMg6/C60 were prepared from a 

commercial castle polycrystalline alloy. The alloy has the following 
chemical composition: Mg - 6.124%, Mn - 0.5977%, Fe - 0.351%, 

Si - 0.310%, Zn - 0.203%, Ti - 0.0843%, Cu - 0.086%, Al - the rest 
main part. 

A mixture of small chips of the alloy with the addition of 0.3 
wt.% fullerite C60 was treated by refinement and homogenization in 

a planetary mill in 60 min work cycles. The resulting product 

consists of 200-500 micron agglomerates of nanoparticles. The 
coherent scattering length (CSL) distribution in powdered samples 

showed the mean nanoparticle size ~ 40-60 nm according to the X-
ray analysis. 

The resulting product consists of 200-500 micron agglomerates 
of nanoparticles. The coherent scattering length (CSL) distribution 

in powdered samples showed the mean nanoparticle size ~ 40-60 
nm according to the X-ray analysis.  

Figure 1 shows the SEM images of n-AMg6/C60 

nanocomposite powder particles after milling.  

Figure 1. SEM image of n-AMg6/C60 nanocomposite powder 

particles after milling. 
Then, the milled nanopowder was pre-compacted in a 

cylindrical mold with a diameter of 180 mm at a temperature of 250 
0C and a pressure of 200-300 MPa. 

The resulting compact was subjected to extruding at a 

temperature of 300 0C with a reduction of cross-sectional area at 
least 4 times (in this case to a diameter of 90 mm). The 

recrystallization process is hindered by grain boundary modification 
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with fullerite C60; the latter plays the role of compacted samples’ 
stabilizer.  

 
Figure 2. Nanocomposite n-AMg6/C60 after extrusion 

  
 
Figure 3. The metallography images of the microstructures of 

the initial AMg6 alloy (a) and nanostructured nAMg6/C60 (b) after 

extrusion, obtained on a BX51 Olympus microscope. 
 

As is seen, the aluminum grains after extrusion are oriented 
along the extrusion axis and there are no pores between the grains. 

It is worth mentioning that the microstructure of the extruded 

nanocomposites inherits the morphology of powders after their 
milling (Fig.1). As is seen, the grain size in the sintered material 

(Fig. 3b) corresponds to the aggregate dimensions and agglomerates 
in the nanocomposite powder (Fig. 1). This inherity allows tuning 

the structure in the nanocomposite at the preparation stage that 
opens the wide abilities in the management of the properties of the 

final product [8]. 
Samples for research were made from the extruded billet.    

 
2.2. Measurements of density, hardness, 

ultrasound velocities and elastic constants 
 

Eighteen samples with the shape of a cuboid of 
20mmx20mmx40 mm size were cut from different areas of the 

extruded rod; two from the central and eight from peripheral parts 
of the extruded n-AMg6/C60 rod. For comparison three samples of 

the same size were made from billet alloy AMg6. The opposite 
sides of the samples were polished and strictly parallel.  

The study of the density via the hydrostatic weighing revealed 
that the density of the extruded samples is 2.63 ± 0.02 g/cm3, which 

corresponds to 99% of the specific density of the AMg6 alloy. The 
density of samples was measured on a KERN-770-60 balance 

equipped with a Sartorius YDK 01 LP console.   
Microhardness measurements were performed on 

metallographic sections cut out from different parts of the 

specimens. The surfaces of the specimens were grinded and 

polished using a LaboPol2(Struers) apparatus. The microhardness 
of metallographic sections was measured according to GOST 2999-

75 State Standard by DuraScan20 hardness gauge by applying a 50-
g load on Vickers indentor during 12 s. 

The second order elastic constants in specimens of parent 
AMg6-alloy and n-AMg6/C60 were determined from measurement 

of the densities and velocities of longitudinal and shear balk 

acoustic waves (BAWs): ρ0VL
2 = C11, ρ0VT

2 = C44, where ρ0 - the 
material’s density, VL and VT - the velocities of longitudinal and 

shear BAWs. The velocity V of elastic waves was measured by a 
pulsed ―reflection‖ method using the formula V = 2L/τ, where L is 

the sample length and τ is the time of double passage of the acoustic 
pulse through the sample. 

2.3. Tensile tests 

The tensile tests were carried out using an Instron 5982 
Multipurpose Floor-mounted System for Electromechanical Tests 

(Germany). When the samples obtained by extrusion were subjected 
to the tensile test, the load direction coincided with the wire axis. 

The load speed was 0.2 mm/min. 

The tensile properties were evaluated for standard-shape 
samples (the neck diameter of 4 mm and the length of 50 mm) 

prepared from the AMg6 precursor and n-AMg6/C60 extruded 
composite. The general view of the experimental setup and the 

samples prepared for the mechanical tests is illustrated in Fig. 4. 
 

 
Figure 4. Instron 5982 test machine-based installation and test 

samples 

 
Figure 5 shows typical deformation diagrams of the samples 

of the initial AMg6 (Fig.5a) and the nanocomposite n-AMg6/C60 
(Fig. 5b). 

 

a b 

Figure 5. Graphics stress-strain curves of samples of the initial 

alloy AMg6 (a) and noncomposite n-AMg6/C60 (b). 

  
Presented in Fig. 5 data show that the yield strength (σ0,2) 

tensile nanostructured n-AMg6/C60 increased from the value of 210 
MPa (for the original alloy AMg6) up to 640 MPa. It is worth 

noting that along with the increase in strength, there is a sharp drop 
in the plasticity of the nanostructured n-AMg6/C60. This behavior is 

typical for nanostructured materials and is associated with the 
difficulty of implementing the mechanisms of intergranular slippage 

and migration of dislocations in the volume of the material. 

 
 

 
2.4. Reversible tensile-compressive tests with 

ultrasound measurements 
The effect of static reversible mechanical deformations on the 

mechanical and linear and nonlinear elastic properties of the initial 

АМg6 alloy was investigated in our previous work [9]. In [10], for 

polycrystalline AMg6 aluminum—magnesium alloy and n-

AMg6/C60 nanocomposite fabricated on its basis, the results of 

ultrasonic measurements of second-order elastic constants as 

functions of hydrostatic pressure up to 1.6 GPa were presented. In 

this paper, we complement these data with the results obtained for n-

AMg6/C60 nanocomposite specimens subjected to multiple 
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loading— unloading cycles. 

The mechanical device producing reversible tensile-com-

pressive strains in the specimens under study was constructed by us 

on the basis of a 20-ton press (produced by the MATRIX company) 

[11]. The measuring system included a Ritec RAM-5000 automated 

ultrasonic system, a DS09104A four-channel digital oscilloscope, 

and a mechanical device producing controlled reversible tensile—

compressive strains in the material under study (Fig. 6). The ultra-

sonic Ritec RAM-5000 SNAP SYSTEM operated in a pulsed mode 

and was intended for measuring linear and nonlinear elastic 

properties of solids.  

 
 
Figure 6. Experimental setup: (1)  personal computer, (2) Ritec 

automated ultrasonic system, (3 )  high-frequency filter, (4) low-

frequency filter, (5 )  lithium niobate piezoelectric transducer, (6) 
specimen, (7)  tensile external force generated by a screw jack, (8) 

anyload pressure gauge, and (9) Waycon elongation detector.  
 

 

The system implemented static method for measuring the o—e 
stress—strain curve under reversible stress variation in the specimen 

under study and pulsed method of measuring the velocity and 
absorption of bulk acoustic waves and determining all the 

components of the second-order elasticity tensor in solids (Fig. 7). 

 

 
Figure 7. Stress-strain curves, σ—ε, for specimens (a) 1 and (b) 2 of 
n-AMg6/C60 alloy under cyclic stress variation.  

3. Results and discussion 

3.1  Microhardness 

For n-AMg6/C60 nanocomposite specimen, microhardness 

measurements were performed on metallographic sections cut out 

from different parts of the n-AMg6/C60 specimen subjected to cyclic 
deformation down to fracture (Fig.7): from part 5, which was almost 

unstrained under cyclic loading—unloading, and from part 6, which 
experienced considerable plastic strain down to fracture. 

Microhardness was measured at five points, which were spaced at 2 
mm and positioned along the diameter, and at another five points, 

which were spaced at 6 mm and positioned at the surface of the head 

of the dumbbell with a diameter of 25 mm (Fig.8). The 
microhardness values were averaged over the results of five 

measurements. 
Figures 7a and 7b represent the results of measuring the stress-

strain curves, σ = σ (ε), for two specimens under cyclic stress 
variation. In the course of reversible loading—unloading, residual 

strains observed at zero tensile stress σ = 0 were virtually absent for 

both specimens. Specimen 2 underwent fracture after 13 loading—
unloading cycles at σ ~ 610 MPa and ε ~ 0.016. For specimen 1, 

fracture occurred after three loading—unloading cycles at σ ~ 486 
MPa and ε ~ 0.02. The difference in the stress and strain values 

corresponding to fracture of specimens 1 and 2 points to 
considerable hardening of material in specimen 2, as compared to 

specimen 1, because specimen 2 was subjected to greater number of 
loading— unloading cycles. For both specimens, no formation of a 

characteristic ―neck‖ was observed in the near-fracture region. This 

fact testifies to brittle fracture of specimens (Fig. 8). 

 
Figure 8. Areas of microhardness measurements. 

 
For metallographic specimens with a circular cross section 8 

mm in diameter (Fig. 8, part 2), which were cut out normally to the 
cylindrical axis of the specimen, microhardness was measured at 

five points, which were spaced at 2 mm and positioned along the 
diameter, and at another five points, which were spaced at 6 mm and 

positioned at the surface of the head of the dumbbell with a diameter 

of 25 mm (Fig. 8, part 1). The microhardness values were averaged 
over the results of five measurements. 

For unstrained part 1 of n-AMg6/C60, the measured values of 
microhardness Н were Н = 1.29 ± 0.03 GPa. For part 2 of n-

AMg6/C60, the average value was Hav = 1.74 ± 0.04 GPa. The 
microhardness distribution along the diameter perpendicular to the 

axis of the specimen was measured. One can see that, at the edges of 
the diameter, microhardness is greater, as compared to the inner 

region of strained part 2. This is related to the fact that, as the 

specimen is machined by a lathe, the external side of the deformed 
part of the specimen is subjected to additional mechanical loading, 

which causes additional hardening of the cylindrical surface of the 
specimen. 

 3.2. Linear elastic properties (second-order 
elastic constant) 
Obtained average values of linear elastic characteristics are 

presented in Table 1. The values of modules for nano-alloy and 

ingot alloy are the same within the error range. In [xz], we found a 
significant difference in the nonlinear elastic constants. The study of 

nonlinear elastic characteristics is beyond the scope of this work. 
Experimental measurements of stress—strain curves allowed us 

to estimate the values of Young’s modulus for linear portions of the 
loading—unloading characteristic of specimen 1. The results are 

shown in Table 2. For the loading portions of the stress—strain 
curve, the values of Young’s modulus are smaller, as compared to 

those for unloading portions. This is related to hardening of the 

specimen under load. 

TABLE 1. Linear elastic characteristics of AMg6 and nanostructured AMg6/C60 alloys 

Material 
   ρ(±0.005) 

       g/cm3 

VL(±0.06) 
km/s 

VT(±0.03) 
km/s 

C11 (±1) 
GPa 

C44(±0.4) 
GPa 

E (±1) 

GPa 

B (±1) 

GPa 
σ (±0.004) 

AMg6 2.630 6.30 3.14 104 26.0 69.3 69.8 0.334 

n-AMg6 2.622 6.325 3.18 105 26.5 70.6 69.7 0.331 
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Table 2. Estimates of Young’s modulus for n-AMg6/C60 composite from stress—strain curves 

E, GPa, portion 1 E, GPa, portion 2 E, GPa, portion 3 E, GPa, portion 4 E, GPa, portion 5 

31.4 ± 0.03 34.9 ± 0.03 32.7 ± 0.03 33.2 ± 0.03 28.8 ± 0.03 

 

 
Simultaneously with measuring the stress—strain curve in the 

course of reversible loading—unloading cycles by the pulsed 
method for specimens 1 and 2, we measured the dependences of 

velocity V of longitudinal bulk acoustic waves on varying tensile 
stress a (Figs. 7a and 7b). After two loading-unloading cycles, the 

velocity increased by 0.2% and, after 12 loading-unloading cycles, it 

increased by almost 0.5%, as compared to the unloaded specimen. 
At the instant of fracture, the velocity of bulk elastic waves in the 

specimen decreased by approximately 16%, as compared to the 
unloaded specimen. 

 

4. Conclusions 

 
Effect of reversible mechanical loading-unloading on the 

mechanical and elastic properties of n-AMg6/C60 nanostructured 

composite was experimentally investigated. 
For n-AMg6/C60 nanostructured composite specimens, stress-

strain curves, σ = σ(ε), were measured under cyclic variation of 
stress applied to the specimens. In the experiments, almost no 

residual strains were detected in n-AMg6/C60 composite specimens 
and the stress-strain curves contained no zones corresponding to 

plastic strain. It was found that reversible mechanical loading—

unloading of n-AMg6/C60 specimens caused their hardening. 

 

5. Acknowledgments 
 

The work was done using the Shared Research Facilities 
―Research of  Nanostructured, Carbon and Superhard Materials‖ 

FSBI TISNCM. 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6. Literature 
 

[1] R. Z. Valiev and I. V. Aleksandrov, Volumetric Nano-

structure Metal Materials. Synthesizing, Structure, and Properties  
(Akademkniga, Moscow, 2007) [in Russian].  

[2] G. S. Bezruchko, S. V. Razorenov, and M. Yu. Popov, 
Tech. Phys. 59 (3), (2014). P. 378. 

[3] N. Lvova, I. Evdokimov, and S. Perfilov, Adv. Mater. Res. 

1119, (2015), P.9. 
[4] A. Evdokimov, S. A. Perfilov, A. A. Pozdnyakov, et al., 

Inorg. Mater.: Appl. Res. 9 (3), (2018), P. 472. 
[5] Construction Materials: A Handbook, Ed. by B. N. 

Arzamasov (Mashinostroenie, Moscow, 1990) [in Russian].  
[6] A. P. Babichev, N. A. Babushkina, and A. M. Bratkovskii, 

in Handbook of Physical Quantities, Ed. By E. S. Grigoriev and E. 
Z. Meilikhov (Energoatomizdat, Moscow, 1991; CRC Press, Boca 

Raton, Florida, United States, 1997).  

[7] V. M. Prokhorov, V. D. Blank, R. H. Bagramov, S. A. 
Perfilov, and G. I. Pivovarov, AIP Conf. Proc. 1569, (2013), P. 389. 

[8] A.I. Korobov, A.I. Kokshaiskii, V.M. Prokhorov, I.A. 
Evdokimov, S.A. Perfilov, A.D. Volkov. Physics of the Solid State, 

58, (2016), P.2472. 

[9] . Volkov, A.I. Kokshaiskii, A.I. Korobov, V.M. Prokhorov, 
Acoustical Physics, 61, (2015), P. 651. 

[10] Prokhorov V., Gromnitskaya E. Material Science. Non-

Equilibrium Phase Transformations. 3, (2017), P.111. 

[11] A.I. Korobov, N.V. Shirgina, A.I. Kokshaiskii, V.M. 
Prokhorov, Acoustical Physics, 65, (2019), P. 151. 

 

INTERNATIONAL SCIENTIFIC JOURNAL "MATERIALS SCIENCE. NON-EQUILIBRIUM PHASE TRANSFORMATIONS" WEB ISSN 2534-8477; PRINT ISSN 2367-749X

45 YEAR VII, ISSUE 2, P.P. 42-45 (2021)




