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Abstract⎯In this work, the resistance of high-strain rate deformation and fracture during shock-wave com-
pression of aluminum alloy A5083 previously obtained in two structural states by torsion under high pressure
or dynamic pressing is studied. It is shown by electron microscopy that sub-microcrystalline structures differ
in the size of grain–subgrains, dislocation density, and ratio of low-angle and high-angle boundaries. It is
established that, at the same grain size, the sub-microcrystalline alloy exhibits higher dynamic properties, and
after dynamic pressing, it has higher spall strength.
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INTRODUCTION
Aluminum alloys are materials that, according to

their purpose, are used in extreme conditions of oper-
ation. In this regard, the important issue remains the
creation of an optimal set of mechanical and physical
properties that ensure trouble-free operation of these
materials. It is known that there is a direct relationship
between the properties and structure of the alloys,
which can vary widely, depending on the deformation-
heat treatment. In recent years, promising research
has been aimed at the development of various methods
of megaplastic deformation (MPD), which ensure the
refinement of the structure of alloys to submicro- and
nanolevels [1, 2]. The creation of alloys with such a
structural state led to the improvement of their prop-
erties under static loading conditions [3–6]; however,
under the conditions of high-velocity deformation and
shock-wave loading, this advantage over the coarse-
crystalline state may not be maintained. The analysis
of literature sources shows that the existing experi-
mental data on the effect of the degree of structure
refinement on the dynamic properties of materials are
rather contradictory [7–9]. This is connected not so
much with the nature of the materials and with the size
of the structural components, but with their internal
structure, the number and type of defects, and the
ratio of low-angle and high-angle boundaries, i.e.,
with factors that are determined by the deformation
mechanisms.

The purpose of this work is to determine the
dynamic properties of a material with a different type
of sub-microcrystalline structure and identify the gen-
eral patterns and differences in the mechanical behav-
ior of the A5083 aluminum alloy produced by various
methods of severe plastic deformation using the exam-
ple of an alloy of the same composition under shock-
wave compression.

EXPERIMENTAL
The conventional alloy А5083 with the following

chemical composition (wt %) was investigated: Al
(base)–4.4 Mg–0.6 Mn–0.11 Si–0.23 Fe–0.03 Cr–
0.02 Cu–0.06 Ti.

To obtain the samples with a sub-microcrystalline
(SMC) structure, deformation methods which differ in
the strain rate and loading scheme were used. An indus-
trial hot-pressed alloy rod in the annealed condition with
a hardness of HB = 75 served as a coarse crystalline ana-
log. As a MPD method (deformation rate was 10–2 s–1),
high pressure torsion (HPT) of f lat disks with a diam-
eter of 20 and 1 mm thick was used. The number of rev-
olutions of the anvil n = 1, 5, 10, which corresponded to
the accumulated strain e = 7.0, 8.6, 9.3.

High-strain rate deformation of cylindrical sam-
ples with a diameter of 14 mm and length of 70 mm
was carried out with one cycle of dynamic channel-
angular pressing (DCAP) with a sample acceleration
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Fig. 1. Structure of alloy А5083 after HPT: (a, b, c) bright-field images with microdiffraction pattern; (d, e, f) dark-field images
in matrix reflexes; (a, d) е = 7.0; (b, e ) е = 8.6; (c, f) е = 9.3.
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rate of 300 ms–1 (deformation rate was 105 s–1). The
main factor that distinguishes the DCAP experimental
technique from other methods of deformation is the
overlap of several deformation modes: compression–
tension (due to the circulation of shock waves and rar-
efaction waves) and a simple shear.

In shock-wave experiments, disk-shaped samples
were loaded by striking a f lat aluminum plate, acceler-
ated to 620 ± 30 ms–1 using an explosive device [10].
The rate of deformation before destruction varied
from (1.6–2.0) × 105 to (3.5–4.7) × 105 s–1, changing
the thickness of the impactor. The pressure of shock-
wave compression calculated using the shock adia-
bate of aluminum was 4 GPa. The mechanical char-
acteristics of the alloy in the deformation process
were determined from the free surface velocity pro-
files (Ufs(t)) recorded by a VISAR laser Doppler
velocity meter. Calculations of the dynamic elastic
limit σHEL, the dynamic yield strength Y, and the
spall strength σsp were performed according to the
formulas given in [10].

The structure of the samples after all types of pro-
cessing was studied at different scale levels using a
NEOPHOT-32 light optical microscope and a Philips
CM-30 transmission electron microscope (TEM) at
an accelerating voltage of 200 kV. A quantitative anal-
ysis of the size of structural components was per-
formed via dark-field images using the Siams-700
computer program. X-ray diffraction analysis (XRD)
was carried out on a DRON-3M X-ray diffractometer
in CuKα radiation. The dislocation density was esti-
mated on the basis of data on the root-mean-square
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
microstrain of the crystal lattice of the matrix and the
size of the coherent-scattering regions. The micro-
hardness of HV was determined on a PMT-3 device
with a load of 0.2 N. The measurement error did not
exceed 10%.

RESULTS AND DISCUSSION
Structure

The evolution of structure formation in the process
of MPD depending on the number of revolutions of
the anvil (n = 1, 5, 10) is considered; the real accumu-
lated strain is e = 7.00, 8.6, 9.3. Figure 1 shows the
stages of refinement of the initial coarse-crystalline
(CC) structure to a sub-microcrystalline and nano-
crystalline level.

As follows from the presented electron microscopic
photographs, a strong structural refinement is observed
already at an initial strain of e = 7.0 (see Figs. 1a, 1d). A
fragmented structure is formed, the main part of
which is occupied by deformed grains with an internal
uneven contrast with diffuse high-angle boundaries,
indicating a high level of internal stresses. With an
increase in the degree of accumulated strain, the mor-
phological features of structure formation are pre-
served, and the process of fragmentation is further
developed. In the structure, predominantly high-angle
boundaries are formed, as evidenced by the types of ring-
like electron diffraction patterns with an increasing num-
ber of discretely located point spots, as well as the preser-
vation of the deformational contrast inside the crystallites
(see Figs. 1b, 1c, 1e, 1f). According to the results of the
X-ray diffraction, it was established that, with an
 10  No. 1  2019



170 BRODOVA et al.

Fig. 2. Size distribution of fragments of structure: (a) e =
7.0; (b) e = 8.6; (c) e = 9.3.
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increase in the accumulated strain in the material, the
density of lattice dislocations increases from 7.8 × 1013

to 2.6 × 1014 m–2. As defects accumulate, the disloca-
tion ensemble changes as a whole, the interaction of
dislocations is activated by low-angle boundaries, the
disorientation of deformation boundaries increases,
and mesodefects appear in triple junctions of grain
boundaries—butt disclinations, and rotational modes
of plasticity develop. These considerations are fully
consistent with the physical concepts developed in [1,
2, 4, 11–15] and explain the process of microstructure
refinement during MPD by the transformation of two
types of boundaries of deformational nature.

The change in crystallite size depending on the
magnitude of the accumulated strain was estimated
from dark-field images using the Siams-700 program.
According to the results of statistical analysis, histo-
grams of the size distribution of crystallites were con-
structed and their average size was determined. A com-
parison of the histograms presented in Figs. 2a–2c,
shows that, with increasing accumulated strain, the
range of grain sizes narrows, and the proportion of
large crystallites more than 450 nm in size decreases,
i.e., the structure becomes more one-scale. The aver-
age size of grain-sub-grains of 170–180 nm at e ≤ 8.6
decreases to a nanolevel of 100 nm at e = 9.3 (Fig. 2c).
The observed evolution of structure is in agreement
with hardness data with increasing strain. Compared
to the initial state, the hardness increases by 2.5 times,
reaching 2500 MPa at n = 10. If we assume that the
different mechanisms of hardening make their contri-
butions additively, then the hardness of the deformed
HPT alloy increases owing to the grain-boundary and
dislocation components of hardening, since the pro-
cess of HPT did not lead to the processes of deforma-
tion dissolution of intermetallic compounds or
dynamic aging of the matrix.

During dynamic pressing of a coarse-crystalline
alloy of the same composition, a SMC structure of a
different type is formed. A typical picture of such a
structure is shown in Figs. 3a and 3b. According to the
results of TEM, in the sample of one cycle of pressing,
mesostripes of shear separated by low-angle boundar-
ies are formed. They have a width of 400–500 nm and
are directed at an angle of 30°–45° to the direction of
pressing (see Fig. 3a). The internal substructure (see
Fig. 3a) was found inside the mesostripes on the dark-
field images. Subgrains elongated along the mesoribbons
are weakly oriented between each other, which indicates
their deformation origin. Azimuth diffused reflections
on the microdiffraction pattern (see Fig. 3a) indicate
the predominant presence of low-angle misorienta-
tions. The average size of grains–subgrains deter-
mined via dark-field images was 240 nm. The shear
mesobands parallel to each other pack together and
form a band macrostructure consisting of fibers with
the width of a few microns.
INORGANIC MATE
The density of lattice dislocations according to
XRD data is 8.7 × 1014 m–2, which is higher than at
HPT. Consequently, at the DCAP under high strain
rate of 105 s–1, a high density of dislocations is reached
already after first cycle of DCAP owing to the increase
in mobility of dislocations and activation of additional
systems of sliding in fcc metals and alloys [16]. This
result was previously repeated in the DCAP experi-
ments of aluminum alloys of other compositions [10].
The experimentally detected features of structure for-
mation during the DCAP of aluminum alloys are fully
confirmed by simulating the process of SPD of metals
using the system of equations for the mechanics of
continuous media with defects [17], according to
which under the action of a shock wave the density of
dislocations increases and microscopic localization of
plastic f low occurs in the shear bands [18].
RIALS: APPLIED RESEARCH  Vol. 10  No. 1  2019
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Fig. 3. Structure of alloy А5083 after one cycle of DCAP:
(a) bright-field image with microdiffraction pattern;
(b) dark-field image in matrix reflection.
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Fig. 4. Free surface velocity profiles of HPT samples
obtained under shock compression with a rate of (3.5–4.7) ×
105 s–1.
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The hardness of deformed DCAP A5083 alloy is
equal to 1200 MPa. Taking into account the features of
structure formation described above, it follows that
the growth of hardening is reached mainly because of
the defects of structure, dislocations, and high fraction
of low-angle boundaries.

Thus, analyzing the experimental data described
above, we can conclude that, using two methods of
plastic deformation, HPT and DCAP, two different
structural states were obtained in the same material,
differing in the ratio of low-angle and high-angle
boundaries, dislocation density grain size, and hard-
ness.

Mechanical Properties under Shock Compression
The spall fracture of specimens previously obtained

by HPT was investigated at two strain rates of (1.6–
2.0) × 105 s–1 and (3.5–4.7) × 105 s–1. Figure 4 shows
the velocity profiles of HPT samples obtained in the
process of shock compression at a strain rate of (3.5–
4.7) × 105 s–1, on which the exit to the surface of an
elastic precursor of a plastic shock compression wave
and parts of the next wave of a rarefaction is recorded.
When a compression pulse is reflected from a free sur-
face, tensile stresses arise, leading to spall fracture.
These features are typical of the wave profiles recorded
during the shock compression of aluminum alloys [7,
9, 10]. The dynamic characteristics of SMC and NC
alloys obtained by HPT calculated from wave profiles
in comparison with the CC analog are presented in the
Table 1.

As can be seen from the presented data, an increase
in the strain rate in the investigated range of loading
parameters does not significantly affect the value of
mechanical properties, and their difference can be
attributed to experimental error.

As follows from Table 1, the values   of the dynamic
elastic limit and the dynamic yield strength of the
SMC samples obtained by HPT are higher. For n = 1
and 5 (e = 7.0 and 8.6, respectively), the dynamic elas-
tic limit and dynamic yield strength doubles in a com-
parison with the coarse-crystalline analog. Refinement
of the structure to the nanoscale (at n = 10, e = 9.3)
leads to an additional growth of σHEL and Y, approxi-
mately 10% more. Thus, the obtained values   of σHEL
and Y correlate with changes in the grain size. In con-
trast to this, the value of the critical breaking stress σsp is
unambiguously unrelated to the scale of the structure
obtained by the HPT.

The shock wave loading of the SMC samples previ-
ously obtained by the DCAP was realized at a strain
rate of (1.6–2.0) × 105 s–1. The results of this experi-
ment are shown in Fig. 5. It has been established that,
in the deformed state, the material also has enhanced
dynamic properties relative to the CC analog, namely,
σHEL = 0.56 Gpa and Y = 0.31 GPa, but the increase
in these characteristics is less than only 1.5 times.
 10  No. 1  2019
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Table 1. Dynamic properties of alloy А5083 after HPT

In the numerator, the deformation rate was (3.5–4.7) × 105 s–1, and in the denominator, the deformation rate was (1.6–2.0) × 105 s–1.

Structure n e σHEL, GPa Y, GPa σsp, GPa

SMC 1 7.0 0.76/0.77 0.41/0.42 1.53/1.13
SMC 5 8.6 0.77/0.78 0.42/0.43 1.16/1.18
NC 10 8.3 0.84/0.85 0.46/0.47 1.42/1.44
CC – –/0.37 –/0.19 –/1.52
Consequently, compared to the samples deformed by
HPT, the samples after DCAP exhibit lower dynamic
properties. The spall strength of the alloy after DCAP
corresponds to the spall strength of the CC alloy and is
1.5 GPa. Judging by the amplitude and shape of the
spall pulse, the rates of destruction of these materials
are also close to each other.

To explain these results, we analyze the differences
in the structure of alloys deformed by different meth-
ods. If we do not take into account the small difference
in the average size of the structural components,
namely, 240 nm for the SMC alloy obtained by DCAP
and 200–150 nm for the SMC alloy after HPT (n = 1, 5),
then the main factors for the difference are the ratio of
low-angle and high-angle boundaries and the density
of defects. Both of these factors contribute to the total
hardening of the alloy and regulate the dynamic yield
strength.

On the basis of certain values of Y, it follows that,
despite the lower density of dislocations in the SMC
structure after HPT, higher values of the yield strength
(by 80 MPa) are achieved owing to the grain boundary
hardening caused by the formation of a high fraction
of grains with high-angle misorientation. The transi-
tion to a nanostructure at n = 10 and e = 9.3 and an
increase in the length of nonequilibrium boundaries
reinforce this difference up to 140 MPa, which also
serves as proof of the correctness of the patterns found.
INORGANIC MATE

Fig. 5. Free surface velocity profiles of SMC sample after
DCAP and coarse-crystalline sample obtained under
shock-wave compression with a rate of (1.6–2) × 105 s–1.
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CONCLUSIONS
A comparison of the mechanical behavior under

conditions of shock-wave compression of the SMC
alloy A5083 obtained by HPT and DCAP has been
carried out. On the basis of data of transmission
microscopy and hardness, the main regularities of the
formation of structural parameters (grain size, dislo-
cation density, and ratio of low-angle and high-angle
boundaries) are established depending on the speed
and magnitude of the accumulated deformation, and
the mechanisms of hardening of a material with differ-
ent type of SMC structure are determined. It is shown
that all the dynamic characteristics of the elastoplastic
transition in the SMC states are 1.5–2 times higher
than in the coarse-crystalline alloy. The highest spall
strength is demonstrated by the SMC alloy obtained
by DCAP, and the dynamic yield strength is higher in
the SMC alloy obtained by HPT.
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