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Abstract—Experiments on the dynamic loading of specimens from AMg6 alloy were conducted on a
split Hopkinson–Kolsky bar and with target perforation. The thermodynamics of the deformation
process was studied in situ by recording temperature fields using a CEDIP Silver 450M high-speed
infrared camera in order to reveal the characteristic stages of strain localization. The temperature mea-
surements in the localization zones do not confirm the traditional concept of the strain localization
mechanism caused by thermoplastic instability. Dynamic tests of specimens made of Steel 3, AMg6,
and D16 alloys of a special shape designed to study the localization of plastic deformation on a split
Hopkinson–Kolsky bar were conducted using the StrainMaster noninvasive strain measurement sys-
tem. The displacements and strain fields in these specimens are constructed. A comparison of the
experimentally measured temperature and strain fields with the results of numerical simulation with
allowance for the mesodefect accumulation kinetics in the material gives a satisfactory agreement
within ~20%. In the specimens after the experiments, the surface relief was analyzed using a NewView-
5010 optical surface profiler with subsequent processing of the 3D strain relief data and calculation of
the scale invariant (Hurst index) and the spatial scale of the region on which the correlated behavior
of mesodefects is observed. The data of the experiments and analysis of the surface relief of deformed
specimens, as well as the data of numerical simulation taking the mesodefects accumulation kinetics
in the material into account, suggest that one of the plastic strain localization mechanisms under high-
speed loading is caused by jump-wise processes in the defect structure of materials.

Keywords: plastic shear localization, dynamic loading, numerical simulation, defect structure evolu-
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1. INTRODUCTION
The phenomenon of plastic strain localization, i.e., the formation of small regions of plastic f low, in

which the level of plastic strain is orders of magnitude higher than in the surrounding material, is of sig-
nificant theoretical and practical interest. Plastic strain localization in metals under dynamic loading is a
complex process depending on the strain rate and magnitude, temperature, as well as the evolution of the
structure of the material.

The two most common points of view on the causes of strain localization are thermoplastic instability
and mechanisms associated with the evolution of the structure. The allowance for thermoplastic instabil-
ity [1–12] made it possible to predict the initiation of shear bands, their thickness, and the distance
between them in the case of their multiple occurrence. In [13, 14] it was shown that the behavior of a mate-
rial under dynamic loading is determined by the state of the microstructure (grain size, distribution of
their orientation, dislocation density, dislocation substructures, etc.). In [15, 16], the formation mecha-
nism of plastic f low bands at high strain rates correlates with the processes in the microstructure of the
material. In [17–19], it was stated that dynamic fracture during shear of crystalline solids can be caused
by structural transitions (dynamic recrystallization).
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Fig. 1. (a) A specimen of special form and (b) diagram of its loading on a Hopkinson–Kolsky bar: (1) incident bar,
(2) frame, (3) specimen (shaded areas are in a nearly shear state), and (4) transmission bar.
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Important factors that determine the development of spatial self-organization of plastic strain localiza-
tion bands are the nucleation rate and growth rate of shear bands, as well as the characteristic times of
interaction between the bands [20–24]. The process of formation and development of localized shear
bands was analyzed in [25, 26], which presented the experimental results on the dynamic torsion of thin-
walled cylindrical specimens of structural steels on a Hopkinson–Kolsky bar. Three stages were distin-
guished: initial, in which plastic strain is uniform; the second stage, in which heterogeneities arise due to
plastic instability; and the third stage, in which adiabatic shear bands are formed. The effects of self-orga-
nization of multiple shear bands were studied in [12, 27] for various strain rates.

The appearance of shear bands is traditionally associated with the presence of a maximum on the ten-
sile curve. This maximum is due to the competition between stabilization due to strain hardening and
destabilization due to thermal softening. There are two approaches to studying the evolution of shear
bands. The first approach was developed in [21] and is based on the idea of the relationship between the
diffusion of momentum and local unloading, which determines the presence of undeformable regions
between the shear zones. The second approach is based on methods of perturbation theory [28].

A linear perturbation analysis was used to study the formation of localized shear bands [7]. In [20] and
[9], this approach was used in the case of a one-dimensional simple shear. In [6], the model from [9] was
modified to describe the strain hardening of materials. It was assumed that the wavelength corresponding
to the dominant mode corresponds to the most probable minimum distance between the localized shear
bands. It was concluded that the interaction between shear bands is a complex process and the distance
cannot be predicted using the one-dimensional perturbation theory.

In a number of works, the evolution of the localized shear bands was represented and the distances
between them was determined using the well-known phenomenological models of plasticity [29–32]:
power law, Johnson–Cook model, and the MTS model.

The experimental and theoretical study whose results are presented in this article was devoted to the
substantiation of the plastic strain localization mechanism established in [33, 34] under dynamic loading
of materials due to the collective multiscale behavior of typical mesoscopic defects (microshears).

2. MATERIALS AND METHODS
In this work, we conducted theoretical and experimental studies of the plastic strain localization mech-

anisms in a nearly shear mode under dynamic loading on a split Hopkinson–Kolsky bar of specimens
made of AMg6 aluminum alloy, which tends toward instability of plastic f low. For this, specimens of a
special shape and equipment that provided a planar deformed state were developed and patented [35]. The
temperature fields obtained on the lateral surface of the specimen allow us to judge the development of the
plastic strain localization process in real time.

The thermodynamics of the deformation process, in order to identify the characteristic stages of strain
localization and the development of fracture due to localized shear, was studied in situ by recording tem-
perature fields using a CEDIP Silver 450M high-speed infrared camera, which has the following main
technical characteristics: a sensitivity of at least 25 mK at 300 K, a spectral range of 3–5 μm, a maximum
frame size of 320 240 pixels [36], a coordinate resolution (pixel size px) of ~0.2 mm, and a time resolution
of ~0.25 ms.

It was shown in [37] that at the considered strain rates (~103 s−1) and higher, the characteristic times of
thermal conductivity for the AMg6 alloy are significantly shorter than the characteristic times of the
JOURNAL OF APPLIED MECHANICS AND TECHNICAL PHYSICS  Vol. 61  No. 7  2020
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Fig. 2. An infrared image of the specimen during testing of the specimen from AMg6 alloy and temperature vs. coordinate
at a selected time; the maximum temperature around the perimeter of the hole is 45°C.
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deformation process. The specimen, the schematic of the experiment, and the results are presented in
Figs. 1 and 2.

In situ temperature fields during deformation were obtained. Figure 2 shows an infrared image of the
specimen and the dependence of temperature on the coordinate at a chosen time. The temperature field
in the specimen corresponds to the moment when the temperature reaches a maximum during the test.
The error of temperature measurement is ~10%. It can be seen from the figure that the temperature in the
region of plastic strain localization does not exceed ~45°C. This allows us to conclude that temperature
softening does not play a decisive role in the localized shear mechanism under given loading conditions.

Figure 3 shows the stress–strain diagram in the true shear stress–true shear strain coordinates, as
obtained by testing on a Hopkinson–Kolsky bar for specimens of a special shape from the AMg6 alloy.

Specimens from AMg6 aluminum alloy were also tested on an original ballistic perforation device.
Cylindrical projectile made of high-strength steel with a mass of 7.4 g, diameter of 5 mm, and length of
48 mm were used.

Destruction occurs upon high-speed interaction of the projectile with the target, which consists in the
formation and removal of the plug. The plastic strain distribution on the rear surface of the target during
fracture was studied using a CEDIP Silver 450M infrared camera. Figure 4 shows the schematics of the
experiment and photographs of the perforated target from different angles, the knocked-out plug, and the
projectile.

Figure 5 shows an infrared image of the hole after perforating the specimen and a graph of the tempera-
ture versus coordinate at a selected time; the projectile velocity is 417 m/s. The temperature field in the
specimen is presented at the time when the temperature reaches its maximum during testing. The tem-
perature measurement error is ~10%.
JOURNAL OF APPLIED MECHANICS AND TECHNICAL PHYSICS  Vol. 61  No. 7  2020
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Fig. 3. True shear stress–true shear strain diagrams obtain in testing on a Hopkinson–Kola bar for specimens of a special
shape from AMg6 alloy.
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Fig. 4. (a) The schematics of the experiment: (1) specimen, (2) mirror, (3) infrared camera; (b) perforated target,
knocked-out plug, and projectile; (c) sawed perforated target (side view).
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The data obtained in the experiments with an infrared camera allow us to conclude that temperature
softening did not play a decisive role in the shear localization mechanism under the given loading condi-
tions at an average strain rate of ~5000 s–1, which occurred when testing specimens of a special shape.
Hereinafter, the strain rates were calculated using numerical simulation by D.A. Bilalov. The mean strain
rate during target perforation was 13 900 s–1. At such strain rates, along with the softening associated with
the evolution of defects, temperature softening begins to have a significant effect.

The displacements and strains fields were determined experimentally during dynamic tests of speci-
mens of special shape from the AMg6, D16, and Steel 3 alloys, developed to study the plastic strain local-
JOURNAL OF APPLIED MECHANICS AND TECHNICAL PHYSICS  Vol. 61  No. 7  2020
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Fig. 5. An infrared image of a specimen from AMg6 alloy during testing and temperature vs. coordinate at a selected time;
the maximum temperature around the perimeter of the hole is 340°C.
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ization [35], on a split Hopkinson–Kolsky bar using the StrainMaster system. The displacement
fields were established before and after deformation on the Hopkinson–Kolsky bar. These fields were
later used to determine the deformation fields. The errors in measuring the displacement and shear
strain fields were ~5%.

The results of the tests are presented in Figs. 8a 8c, and 8e.

3. NUMERICAL SIMULATION
The complete system of field equations for describing the deformation behavior of a material has the

following form [36–40]:
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Fig. 6. The evolution of (a) the shear component of the microdefect density tensor and (b) temperature fields in the spec-

imens whose test results are presented in Figs. 2 and 3 at different times  s (from left to right and from top to bot-
tom): 1.1, 2.3, 3.5, and 4.7 (3D modeling).
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Fig. 7. The evolution of the temperature field during the removal of the plug from the specimens whose test results are

presented in Figs. 4 and 5 at times , s (from left to right and from top to bottom) 0.25, 0.5, 0.75, and 1.0 (2D modeling).
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and includes the equations of motion (1) and continuity (2), kinematic relations (3), Hooke’s law in the
high-speed formulation (4), kinetic equations (5) and (6), expressions for nonequilibrium free energy (7),
heat equation (8), and expressions for the characteristic strain rates (9) and (10). Here, we use the
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following notation:  is the mass density;  is the velocity vector;  is the stress tensor;  is the strain ten-
sor; is the strain rate tensor,  is its plastic component;  is the Green–Naghdi derivative;  is
the first invariant of the tensor;  and  are the elastic characteristics of the material;  is the micro-shear
density tensor;  and  are constants responsible for the speed sensitivity of the material;  is char-
acteristic activation energy;  is temperature;  is the Boltzmann constant; , , and  are the kinetic
coefficients;  is the nonequilibrium free energy;  is the structural scaling parameter;  and  are
potential approximation constants;  is specific heat;  is the thermal conductivity; and  is a nondimen-
sionalization parameter equal to 1 s–1. A dot over the symbols indicates a material derivative. The system
of equations (1)–(10) describes the deformation behavior of plastic materials (metals and alloys) in the
range of strain rates 10–4–103 s–1, taking the kinetics of defects and thermal softening into account.

The model parameters were determined by solving the problem of minimizing the discrepancy between
the experimental and theoretical strain diagrams at various strain rates. The constants for the AMg6 and
D16 alloys were previously determined in [38, 40], and the constants for the St3 steel were as follows:

 kg/m3,  GPa,  GPa,  (Pa s)–1,  (Pa s)–1,
(Pa s)–1, , ,  (in the temperature range considered, the thermal

softening of the St3 steel is negligible),  J/(kg K), and  W/(m deg).
The results of numerical simulations of the experiments on loading specimens presented in Figs. 2–5

are shown in Figs. 6 and 7. The calculated temperature fields on the surface of the specimens during defor-
mation agree with the experimental data with an accuracy of ~20%.

Specimens of the Steel 3, AMg6, and D16 alloys of special shapes were experimentally studied on a
split Hopkinson–Kolsky bar using the StrainMaster non-invasive strain measurement system and numer-
ical simulation of these experiments was carried out. The test and simulation data are presented in Fig. 8.
The numerically calculated strain fields agrees with the experimental ones within 20%.
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Fig. 8. The distribution of the absolute value of the strain difference  in specimens of a special shape made of
(a, b) steel St3, (c, d) AMg6 alloy, and (d, f) D16 alloy at the final time point under dynamic loading: (a) experiment and
(b) numerical simulation.
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Fig. 8. (Contd.)
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Fig. 9. An optical image of the surface of a specimen of a special shape, whose test results are presented in Figs. 2 and 3,
after loading.

100 �m

Fig. 10. The 3D image of the surface of a specimen of a special shape, whose test results of are presented in Figs. 2 and 3,
after loading.
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4. STUDY OF THE SURFACE RELIEF OF DEFORMED SPECIMENS
The consistency of theoretical assumptions about the leading role of multiscale mechanisms of struc-

tural relaxation due to the collective behavior of ensembles of defects in the development of plastic f low
localization and fracture was studied by a structural analysis of the morphology of the surface relief.
For this purpose, a NewView-5010 optical profiler was used. The data obtained with it served as a basis for
calculating the scale invariant (Hurst exponent) and the spatial scale of the region in which correlated
behavior of microshears is observed. Based on the value of the Hurst exponent of deformation defect
structures, a physical explanation of the universality of critical phenomena can be given in relation to the
fracture scenarios of various classes of materials and the influence of the state of the structure (including
that formed by dynamic actions) on the threshold characteristics of the transition of a plastically deformed
material to fracture.

The lateral surface of the specimen was polished before testing. The surface relief (Fig. 9) in the region
of maximum shear strains (before and after loading) was registered using an interferometer-profiler
(at magnification of 500×) (Fig. 10) and then analyzed by fractal analysis methods in order to determine
the conditions for the correlated behavior of multiscale defect structures.

Within each 965 × 213 μm window, 10–12 profiles were studied: this number provided representative-
ness of the data on the relief structure induced by defects with a resolution of ~0.1 nm vertically and
~0.1 μm horizontally.

From the one-dimensional relief profiles of the fracture surface (Fig. 10), the function K(r) was calcu-
lated using the formula [41]

which is the averaged difference in the heights of the surface relief  and  on a window of size
, where  is the Hurst exponent.

The representation of the function  in logarithmic coordinates (Fig. 11) allows us to estimate the
structural scaling index (Hurst exponent) for a specimen of a special shape, whose test results are pre-
sented in Figs. 2 and 3, as a spatial invariant determined by a constant slope of the dependence of 
on .
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Fig. 11. (a) A typical one-dimensional profile and (b)  vs.  for the surface after deformation.
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A comparative analysis of the scale-invariant characteristics of dynamically loaded specimens revealed
a significant increase in the Hurst exponent (up to ) in a wide range of spatial scales 25–262 μm,
in contrast to undeformed specimens ( ) in the range of spatial scales 1–6 μm for a specimen of a
special shape, whose test results are presented in Figs. 2 and 3. More substantial results can be associated
with a change in both the lower and upper scales, which reflects the features of strain localization. The
values of the spatial scale can be used to predict fracture kinetics under various types of loading [42].

5. CONCLUSIONS
The temperature fields established during dynamic tests of the AMg6 alloy on a Hopkinson–Kolsky

bar and in target perforation using infrared thermography, the results of dynamic experiments using the
StrainMaster system, the study of the structure of deformed specimens [36–40], as well as the results of
numerical simulation carried out taking the mesodefect accumulation kinetics in the material into
account [36–40], suggest that one of the plastic strain localization mechanisms for the considered mate-
rials under these loading conditions is not related to thermoplastic instability, but is caused by jump-wise
processes in the defect structure of the material.
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