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Abstract. The instability formation of plastic deformation of aluminum and magnesium alloys under tension or
compression at strain rates from 0.1 up to 1000 s was investigated by experimental tests and numerical simulation. The
experimental results of the study of the processes of development of plastic deformations in samples of AMg3, AMg6
and MA2-1 alloys under uniaxial tension and uniaxial compression were obtained during tests on the Instron VHS 40/50-
20 servo hydraulic stand. It was found that the studied alloys exhibit asymmetry in the true stress versus true strain curves
under uniaxial compression or tension. The ratio values of plastic flow stress under uniaxial tension and compression at
the same initial temperatures and equivalent plastic strains depends on the strain rate. Predictions of macroscopic
instability of plastic flow of the studied alloys in accordance with the Considere criterion are consistent with the obtained
experimental data. It is shown that the onset of macroscopic instability of plastic flow in aluminum and magnesium
alloys occurs at various equivalent plastic deformations under conditions of high strain rates uniaxial compression or
tension. At a strain rates higher than 100 s*! Strain localization in the magnesium alloy MA2-1 starts under compression
at essentially low values of equivalent plastic strain than at tension with similar strain rates. It was established that during
uniaxial compression of aluminum alloys AMg3 and AMg6 in the range of deformation rates from 0.1 to 1000 s™!, the
instability of the macroscopic plastic flow process does not occur.

INTRODUCTION

Application extensions of dynamic forming technologies for rolled aluminum and magnesium alloys without
preheating for the manufacture of structural elements for aerospace, automotive required an increasing in the
accuracy of describing the patterns of plastic deformation of alloys in the computer designing of pressing process
modes [1, 2]. In this regard, an important task is to obtain information on the mechanical behavior of structural light
alloys in a wide range of loading conditions, including dynamic effects.

Aluminum and magnesium alloys have similar melting points, but belong to different isomechanical groups of
materials [3].

Increasing the accuracy of predicting the formability of light alloys under complex loading conditions is
associated with taking into account the difference in resistance to plastic deformation under tension and compression
[4-6].

One of the important aspects of describing the mechanical behavior of deformable magnesium alloys under high-
speed deformation of products is predicting the localization of plastic deformation and the development of damage.
Studies have shown that both the equivalent strain rate and the stress state triaxiality parameter (1= — p/ceq, Where p
is the pressure and o4 is the equivalent von Mises stress) have a significant effect on the conditions of damage and
fracture of magnesium and aluminum alloys during dynamic punching [7, 8].

The aim of this work was to study the plastic flow instability of AMg3, AMg6 and MA2-1 alloys under tension
and compression in strain rate range from 0.1 to 1000 s°!.
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The results of experimental and theoretical studies of the mechanical behavior of magnesium and aluminum
alloys at high strain rates obtained in the work complement the data obtained earlier.

MATERIALS AND TESTING METHOD

Tension and compression tests at various constant strain rates were carried out using an Instron VHS 40/50-20
high-speed test bench (Instron Corporation, High Wycombe, UK) with a 50 kN load cell.

The dog bone shape specimens with initial gauge length of 20 + 0.1 mm and thickness of 1.05 £+ 0.05 mm were
used for tension tests in accordance with the requirements of standards ISO 26203-2-2011, ASTM E8/E8M, GOST
1497-84.

The alloy's resistance to uniaxial compression of alloys in accordance of ASTM E9.09 and GOST 25.503-97
standards were obtained at strain rates of 0.1, 1, 100, 1000 1/s.

The cylindrical specimens were used for uniaxial compression tests. The samples had a diameter-to-height ratio
of 1.The ends of the specimens were ground and polished after being cut from the rod. The specimens before testing
are shown in Fig.1.

o 10 mm 0 mm
10 mm 10
(2) (®) (©)
FIGURE 1. Photograph of samples before testing (a) MA2-1, (b) AMg6, (c) AMg3

All samples were cut out from cylindrical rolled bars alloys using electrical erosion method. Compression testing
of the cylindrical specimens on the VHS 40/50-20 rig yielded data on specimen loading forces and changing of their
height over time. The tests were performed in the velocity control mode at the initial values of the compression
velocity of 0.002 + 0.00001, 2 + 0.01, and 10 + 0.02 m/s.

Reducing the coefficient of friction between the samples and punch was achieving by IPF ER-3 lubricant (OOO
Gazpromneft - lubricant, Moscow, Russia) oil lubricant.

The initial temperature of the sample was measured using an ADA TemPro 900 infrared pyrometer with a
response time of 0.5 s and an accuracy of 1.5 K.

Samples for compression tests were made from round rolled products of industrial alloys AMg3, AMg6, MA-2.
AMg3 (Al 1530), AMg6 (Al 1560) polycrystalline aluminum alloys were manufacturing accordingly of GOST
4784-97.

The AMg3 had a chemical composition in wt. %: 3.42 % Mg, 0.06 % Mn, 0.4 % Fe, 0.31 % Si, 0.05 % Cu,
0.203% Zn, 0.0843 %Ti, 0,086 % Cu, Al is the balance.

The AMg6 had a chemical composition in wt. %: 6,124 % Mg, 5.977 % Mn, 0,351 % Fe, 0,610 % Si, 0,183 %
Zn, 0,083 % Ti, 0.076 % Cu, Al is the balance.

The MA2-1 alloy had a chemical composition in wt. %: 93.7% Mg, 4.36% Al, 1.34% Zn and 0.39% Mn, and a
mass density of 1.79 £ 0.02 g/cm>. The alloy was in a polycrystalline state with an average grain size of ~ 40 pm.

At the room temperature AMg3 alloy has the yield strength 0y of ~80 MPa and the uniaxial tensile strength ours
of 175 MPa under quasi static tension. The Young's modulus E is 71 GPa, the shear modulus is 26.69 GPa, and
Poisson's ratio is v = 0.33, specific heat capacity C,= 880 J/(kg*K), Taylor-Quinney coefficient § = 0.9.

At the room temperature AMg6 alloy has the yield strength of ~190 MPa and a tensile strength of 355 MPa. The
Young's modulus is 71 GPa, the shear modulus is 26.7 GPa, and Poisson's ratio is v = 0.33, specific heat capacity
Cp=992 J/(kg*K), Taylor-Quinney coefficient f = 0.9.

Industrial rolled polycrystalline MA2-1 alloy have the chemical composition (wt. %): 93.7 % Mg, 4.36 % Al,
1.34 % Zn and 0.39 % Mn, and the average grain size was equal to 80 + 10 pm.
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The mass density of MA2-1 alloy was 1.79 g/cm® under quasi-static loads at a temperature of 295 K, the alloy
with an average grain size of 40 um had the yield strength of 6o, = 150 MPa, tensile strength oyrs = 260-280 MPa,
elongation before failure § ~5...12%.

At the room temperature MA2-1 alloy have the shear modulus p = 16.5 GPa, the Young's modulus E = 44.55
GPa, the Poisson's ratio v = 0.35, the quasi static yield strength cp2 = 150 5 MPa, the tensile strength ours =
250410 MPa, the linear thermal expansion coefficient 26210 K-!, specific heat capacity C,= 1088.5 J/(kg*K), and
Taylor-Quinney coefficient =~ 0.4...0.6 [9].

It should be noted that the melting temperatures T of AMg3 (858 K...928 K), AMg6 (883 K ...923 K) and
MA2-1 (903 K...923 K) alloys are close. Therefore, the homologous temperature T/Tn corresponding to room
temperature, is approximately the same for all the alloys studied in this work tests.

The tensile force and displacement of specimens were recorded at high temporal resolution up to complete
fracture of the specimen using the VHS 40/50-20. True stress versus true strain curves were determined using
obtained tensile force and displacement of alloys specimens under tension and compression tests in in accordance of
standards ISO 26203-2-2011, ASTM E8/E8M and recommendation of [10].

DEFORMATION INSTABILITY CRITERION FOR LIGHT ALLOYS UNDER
DYNAMIC COMPRESSION

The Considere criterion [11] was used as a criterion for the origin of plastic deformation instability leading to the
formation of macro localization bands
dos | o déby | Bag OT
ael, ' 0D 9, | oT o<k,
where o= [(3/2)05 0 — 0.5 o?«]"?, is the Mises equivalent stress, o; are the stress tensor components,
gl =[(2/3) el . . . N . .
is equivalent plastic strain, 7' is the temperature in K, g* is the damage parameter of the alloy.

Criterion (1) takes the form (2) under loading at a high constant strain rate, and absence of damage in the initial
alloy state
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where f is the Taylor — Quinney coefficient, p is the mass density, Cp is the specific heat capacity.

The temperature increment during plastic flow due to energy dissipation was determined in the adiabatic
approximation [3]

P
T =T+ [;(B/p Cp) Ouqd €k, ©)

where Ty is the initial temperature, § is the Taylor-Quinney coefficient.

The flow stress of the alloy during damage development was described using the constitutive relation [12]

(0dy/ 0505) + 294 g* cosh[-q, p/(2 {osad)] + (1 -g9)[3(05 — 05) /05 05]p-1-(q3(g*)* = 0 “)

where 6% is the yield strength under compression, o is the yield strength under tension, p is the pressure, qi, q2
and q3 are the model parameters, and g* is the material damage parameter.

Equation (4) can be reduced to the traditional Gurson-Tvergaard-Needleman form if the difference between o'
and o is negligible [8].

Needleman’s damage kinetics equations can be used for determination changes of g* during plastic flow [7, 8,
13].

Experimental true stress versus true strain curves at various strain rates can be used for calibration of constitutive
equations Zerilli-Armstrong (ZA) for aluminium and magnesium alloys. The variant of ZA constitutive equation for
alloys with a face-centered cubic (FCC) lattice should be used for aluminum alloys [3, 8], and the variant of ZA
equation for a subgroup of alloys with a hexagonal close-packed crystal lattice can be used for magnesium alloys [7,
14].

RESULTS AND DISCUSSION

Experimental true stress versus true strain obtained at tension and compression of AMg3, AMg6 and MA2-1
alloys under strain rates of 0.1, 100, and 1000 s*' are shown in Fig. 2.
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FIGURE 2. Experimental true stress versus true strain of AMg3 (a) curves 1, 4 at strain rate of 1000 s-1; curves 2, 5 at 100 s-1;
curves 3, 6 at 0.1 s-1; AMg6 (b) , MA2-1 (c) . Initiation of localization bands shown by filled square symbols the under tension,
and filled rhombic symbols under compression

The true stress — true strain curves under tension of AMg3 alloy at strain rates of 1000, 100, and 0.1 s-1 exhibit
states that satisfy the plastic flow instability criterion (2). These conditions are shown on the curves by filled square
symbols. The strain localization develops and specimen neck before failure formed when the equivalent plastic
strain exceeds the critical values depending on strain rates and temperatures. Experimental results obtained during
compression tests of the AMg3 alloy showed that the true stress — true strain curves do not contain states that satisfy
criterion (2). These results are confirmed by an analysis of the strain state of the specimens after compression
testing. Photographs of the specimens after testing are shown in Fig. 3(a), (b), (c).

Similar results were obtained when testing specimens of the stronger AMg6 aluminum alloy. Plastic flow
instability occurred at the strain ~0.1 under uniaxial tension of AMg6 specimens, leading to the formation of a
region of macro localized deformation before failure. However, under uniaxial compression in the strain rate range
from 0.1 to 1000 s!, plastic flow instability did not occur. Photographs of the specimens without any signs of shear
localization after testing are shown in Fig. 3(d), (e), (f).

Under uniaxial tension of the AMg6 alloy, the equivalent plastic strain at which instability occurred
insignificantly decreased with increasing strain rate. The change in the conditions for the onset of plastic flow
instability under uniaxial tension of AMg3 and AMg6 alloys is due to differences in the strain hardening patterns of
the alloys at equivalent strain rates and temperatures. This is due to the effect on the strain hardening patterns of the
higher magnesium mass concentration in the AMg6 alloy.
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FIGURE 3. Photographs of AMg3 samples after dynamic compression at strain rates of 1000 s (a), 100 s (b), 0.1 s (c); of
AMg6 samples after dynamic compression at strain rates of 1000 s (d), 100 s™! (e), 0.1 s! ();

The true stress — true strain curves under tension of magnesium alloy at strain rates of 1000, 100, and 0.1 s!
exhibit states that satisfy the plastic flow instability criterion (2). Tests were carried out on samples of the MA2-1
alloy under uniaxial tension or compression. The significant difference between the true stress and true strain curves
under tension and compression, which can be seen in Fig. 2(c), was discussed earlier by Lei et al. [15]. The results
obtained in the work showed that a significant difference in the patterns of strain hardening of magnesium alloy
MAZ2-1 under compression and tension is maintained in a wide range of deformation rates from 0.1 to 1000 s

The plastic flow instability was discovered under uniaxial tension at all studied strain rates and under
compression at strain rate above of the 100 s*'. Photographs of the specimens after testing are shown in Fig. 4 (a),
(b), (c). The specimens after testing with clear signs of shear localization shown in Fig. 4 (a), (b). The true stress vs
true strain curves have oscillation caused by developing of local shearing of the material volume blocks. The stress
relaxation starts correlates with the predictions of the occurrence of plastic flow instability based on criterion (2).

(b)
FIGURE 4. Photographs of MA2-1 alloy samples after dynamic compression at strain rates of 1000 s™! (a), 100 s (b), 0.1 s™! (c)

It was noted that, under compression at strain rates below 10 s, localized shear of the bulk material blocks does
not occur in MA2-1 specimens with the of the indicated geometric characteristics used. As the strain rate increases,
plastic flow instability repeatedly occurs in the parts of low deformed specimen. This results in the formation of
multiple localized shears in the material. The formation of multiple shears is accompanied by the generation of
audible signals in the form of crackling sounds, which correlates with the formation of specimen fragments, which
can be seen Fig. 4 (a) and (b).

CONCLUSION

An experimental research of AMg3, AMg6, MA2-1 alloys mechanical response to uniaxial tension and

compression at strain rates of 0.1, 100, and 1000 s™! at room temperature were carried out.

1. It is shown that in cylindrical samples of aluminum alloys AMg3, AMg6 under uniaxial compression at the
studied strain rates, instability of macroscopic plastic flow does not occur, accompanied by the formation of
shear bands leading to the samples failure.

2. The true stress—strain curves of MA2-1 magnesium alloy under uniaxial tension and compression at strain
rates of 0.1, 100, and 1000 s at room temperature differ qualitatively. The magnesium alloy exhibits not
only asymmetry in tensile and compressive yield strengths over a wide range of strain rates but also distinct
strain hardening patterns. The asymmetry of resistance to plastic deformation under compression and
tension over a wide range of strain rates must be taken into account in wide-range constitutive equations.
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3. The experimental results confirm the need to use different constitutive equations for aluminum alloys
belonging to the FCC isomechanical group of alloys and for magnesium alloys belonging to the HCP
isomechanical subgroup of metallic materials.

4. 3. The emergences of instability plastic flow, recorded in experiments on uniaxial tension and compression
of AMg3, AMg6, and MA2-1 alloy samples, correlate well with the predictions according to the Considere
criterion at strain rates of 0.1, 100, and 1000 s*! and at room temperature.
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