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Abstract. The protection of various objects experiencing shock loads from the impact of
irregularly shaped impactors with impact velocities over 1.5-2.0 km/s is of considerable
interest and is relevant. Computer modeling of the processes of high-speed interaction of
impactors with various objects in order to create optimal designs requires deep knowledge of
the physical and mechanical properties and processes occurring in the thickness of at least the
material of the barrier (object). However, the existing technical measuring instruments make
it possible to register only the kinematic parameters of the deformation and destruction of the
barrier and impactor, while the development of internal processes remains inaccessible for
visualization. In addition, the physical processes of high-speed deformation and destruction
occurring in obstacles are highly dependent on the many contact boundaries that are inherent
in irregularly shaped strikers, and in computer modeling and experimental studies, strikers, as
a rule, have the correct geometric shape (cylinder, sphere). As a result, there is a significant
loss of calculation accuracy. The article is devoted to the analysis of the behavior of various
FCC metals — aluminum alloys, stainless steel, and aluminum bronze under impact loading by
irregularly shaped projectiles with velocities of 1.5-2.0 km/s. Transformations of the
deformed state of materials are revealed and it is shown that they depend little on the initial
structure.
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1. Introduction

Protection of various modern technical objects experiencing high-energy loads from the
impact of irregularly shaped strikers (for example, ammunition fragments, micrometeorites,
etc.) with impact velocities over 1.5-2.0 km/s is of significant scientific and practical interest.
In this case, the strain rates in the material reach ~ 10° s™* and more. Computer simulation of
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the processes of high-speed interaction of strikers with various objects in order to create
optimal structures requires deep knowledge of the physical and mechanical properties and
processes occurring in the thickness, at least of the material of the target (object). However,
the existing technical measuring instruments make it possible to register only the kinematic
parameters of deformation and destruction of the obstacle and the striker, while the
development of internal processes remains inaccessible for visualization. In addition, the
physical processes of high-speed deformation and fracture occurring in obstacles are highly
dependent on the set of contact boundaries that are inherent in irregularly shaped strikers, and
in computer modeling and experimental studies, strikers, as a rule, have the correct geometric
shape (cylinder, sphere). As a result, there is a significant loss in the accuracy of calculations.

Therefore, the study of the evolution of the microstructure of the target material under
the conditions of a high-speed impact with an irregularly shaped striker comes to the fore,
despite the fact that such studies are of a post-factor nature and the state of the microstructure
at the moment of dynamic action may differ from that after dynamic loading. But it can be
noted that it is the processes of restructuring the internal structure of the material during its
dynamic deformation and destruction that determine the physical and mechanical properties
of the medium.

Dynamic processes have a multiscale character, as shown in [1], the scale levels of
destruction in the spall zone of steel during longitudinal shear and normal separation differ by
1-1.5 orders. The authors of the work [2] show the presence of 4 scale levels in the D-16
aluminum alloy under shock loading. The destruction as a result of dynamic loading of the
samples is explained by the dispersion of particle velocities (elementary strain carriers) at
different scale-structural levels of deformation and destruction. High-speed fracture most
often occurs at an intermediate between the macroscopic and microscopic structural level
(mesoscopic), corresponding to the scale of the internal structure of the material [3], and this
fact also complicates the interpretation of the results obtained. Dynamic processes occurring
at the mesoscale level, as a rule, are nonequilibrium, unstable and chaotic [4-6].

An equally important task is to study changes in the evolution of the microstructure in a
lower range of strain rates & =10%-10° s™. In particular, this concerns multiphase alloys with
an FCC lattice.

2. Samples, materials, and experimental technique

In this work, we studied the microstructure of samples cut from targets made of an aluminum
alloy of the AMg6 type (but additionally doped with scandium), BrAlFeNiMn_9-4-4-1 tin-
free aluminum bronze, and 18Cr-10Ni-Ti stainless steel (sufficiently detailed information
about these materials is given in [7], pierced by irregularly shaped compact impactors
(otherwise called impact "cores"” [8,9]). The initial velocity of the impact of the striker with
the obstacle was ~ 1.8-2.0 km/s. In addition, samples from BrAlFeNiMn_9-4-4-1 were
studied after testing by the Kolsky method on a split Hopkinson bar (SHB) [10] with different
strain rates. The SHB technique allows one to determine various properties of materials
precisely in the specified range of strain rates, which is included in a wider range of strain
rates of 10°-10° s [11]. The maximum speeds of this range are realized using the direct
impact method, the Taylor method, and the thin ring expansion method loaded with an
electromagnetic pulse, or other short microsecond pulses [12,13,14]. Samples for
metallographic studies were cut from targets with a diameter of 90 mm and a thickness of 11
mm. A view of an aluminum alloy target after penetration is shown in Fig. la. Samples
prepared for metallographic studies are shown in Fig. 1b, 1c.
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b) 0
Fig. 1. General view of an aluminum target after penetration (a) and samples for
metallographic studies (b, ¢): b — stainless steel, ¢ — aluminum bronze

A rod (similar to 90 mm in diameter) annealed at 800°C for three hours, 18 mm in
diameter and 450 mm in length was chosen as the initial semi-finished product of
BrAlFeNiMn_9-4-4-1 tin-free aluminum bronze for research at the SHB.

The statical mechanical characteristics of the investigated alloys were as follows:

0,, =325MPa, o0, =430 MPa, 0J,=25%, w=30% - for aluminum alloy;
0y, =2/5MPa, o0, =620 MPa, 0,=59%, w=70% - for stainless steel;
0,, =385MPa, o, =725 MPa, 6; =35%, y =36% - for aluminum tin-free bronze.

Tests on the SHB were carried out at three strain rates &: & = 915 s, & = 1475 s},

& =1750 s™. The mechanical properties of the samples obtained at these speeds are presented
in Table 1.

Table 1. Dynamic properties of bronze BrAlIFeNiMn_9-4-4-1

. . : Relative Relative
Stra'n;?te' & Y'ii s,t'r\;r;%th, Ten;:):e’ S;;Er;gth elongation &,, | narrowing y,,
% %
915 480 +5 665 + 15 30+1,0 39+25
1475 505 + 15 710+ 20 295+0,5 39+1,0
1750 610 £ 10 695 + 55 31+1,0 40+ 3,0

The structure was studied using an Axio-Observer Z1 M optical microscope in a bright
field and in C-DIC contrast. The initial structures of the studied alloys are shown in Fig. 2.
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Fig. 2. Initial structures of the investigated alloys: a — aluminum alloy; b — steel; ¢c — bronze
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3. Results of microstructural studies of samples after high-velocity impact and their
analysis

General remarks and results. In our case, all targets are classified as obstacles of finite
thickness. In this case, the mutual influence of the cavity formation zone and the rear free
surface becomes a significant factor [15,16]. The compression wave caused by the impact is
reflected from the free surface in the form of a tensile wave, which has time to return to the
cavity even before the plastic flow of the material stops. If the duration and amplitude of
tensile stresses exceed the critical values, then the destruction of the barrier material near the
rear surface occurs — it is spalling. If a spall does not form, the unloading changes the stress-
strain state in the cavity formation zone (compression along one axis is transformed into a
volumetric oppositely deformed state), which contributes to the facilitated penetration of the
obstacle by the striker. In our studies, for all three samples on the rear surface, zones of
destruction were revealed, which are obviously associated with spalling phenomena (Fig. 1).

In all targets, irrespective of the alloy grade, nodal points between the so-called terrace
ledges were found in the macro-relief of the surfaces of the holes formed [17].

Also, in the punched targets, 3 (stainless steel and aluminum bronze) or 4 (aluminum
alloy) penetration zones are distinguished (Fig. 1). The first zone, due to the non-stationary
stage of penetration [18], corresponds to the depth of ~ 0.3 - 0.5 of the penetration thickness
and, the second (and the third for the barrier made of aluminum alloy) ~ 1/3 of the thickness
(stationary stage of penetration), the third (the fourth, for the aluminum alloy) (associated
with spalling phenomena) ~ 1/6 - 1/3 of the thickness.

Evolution of microstructure in aluminum alloy. The original stripe structure (Fig. 2a)
at the very top of the ridge changes to a fragmented one (Figs. 3a - 3b), which indicates large
plastic deformations and high temperatures in this layer. As the projectile velocity decreases,
the strip structure remains unchanged (Fig. 3c), however, periodic protrusions are formed
along the edge of the cavity (Fig. 3d).

d) €) f)

Fig. 3. Consecutive change of the profile of the relief as the target is penetrated
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The formation of such protrusions may be due to the fact that as the striker moves, the
temperature of the material in front of it increases; in combination with high pressures, this
can lead to the appearance of local areas of melting and, accordingly, to a decrease in the
friction force. This leads to stress release and a change in the friction mechanism from dry to
plastic. The transition to a section with a lower temperature creates some stoppers for the
movement of the striker, which again leads to a change in the friction mechanism from plastic
to dry. Such a sequence of changes in mechanisms and the appearance of stoppers can lead to
the appearance of periodic protrusions.

And, finally, when the speed of the striker becomes much less than the initial one,
rotational (vortex) modes of plastic deformation begin to appear intensively (Fig. 3e, d). One
of the probable causes of the vorticity of the target material may be that as the projectile
velocity decreases, the material in front of it may already be in a friable state due to the
appearance of tensile stresses arising from the interaction of the forward and backward
unloading waves. Friability of the material increases the number of degrees of freedom, which
can lead to the formation of structures that experience pure rotation due to shear stresses.

Microstructure evolution in stainless steel. As noted above, there are three zones of
penetration in the stainless steel barrier (Fig. 1b), corresponding to three stages of penetration.

In the first zone, at a distance of 1.5-3.8 mm from the frontal surface and 0.15-0.75 mm
from the edge of the cavity, an area of rotational plastic deformation was found, consisting of
disks with a practically ideal circular shape. The radius of the discs ranges from 35 to 325 um
(Fig. 4). Inside the large circles are smaller circular elements and friable elements (pores). The
microhardness inside the circular formations is higher than the initial hardness of the material
outside these regions (HV = 2.62 GPa) by ~ 25% and on average is HV = 3.14 GPa. Near the
circular formations, closer to the edge of the cavity, adiabatic shear bands (ASB) were found,
which are apparently associated with a high local temperature near the contact surface
between the impactor and the target [19] and with the instability of plastic flow resulting from
the effect of thermal softening at adiabatic or almost adiabatic plastic deformation. It can be
assumed that at the first stage of penetration when the velocity parameters of the striker are
still sufficiently high, the target material does not have time to dissipate the mechanical
energy of the striker due to the collective motion and multiplication of dislocations.
Therefore, to maintain the dissipation rate at the required level, additional rotational modes of
plastic deformation are switched on [20].

a) b)
Fig. 4. Region of rotational plasticity x1000 (a, b) (thin arrows indicate small circular
formations, thick arrows indicate adiabatic shear bands)

The second stage of penetration is characterized by the formation of a wavy relief of the
cavern edges on the contact surface between the striker and the target material. Signs of
rotational (wave-like) plastic deformation inside the grain structure (Fig. 5b) were found in
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the same way as for the first zone. In addition, this zone is characterized by recrystallization
processes, which manifest themselves in the form of crumbling of ferrite colonies (Fig. 5¢) or
coarsening of grains (Fig. 5d).

c) % d)

Fig. 5. Steel microstructure in the second target zone: ASB (indicated by an arrow) and wavy
traces of plastic deformation — (a, b), crushing of &-ferrite colonies — (c) and traces of grain

coarsening — (d)

Fig. 6. Spall and shear cracks in steel (x100)

In the third target zone, associated with the interference of loading and unloading
waves, two types of cracks were observed: parallel to the rear surface and shear cracks
perpendicular to them (Fig. 6). The first type of cracks is caused by tensile stresses during the
interference of unloading waves, and the second ones may be due to their appearance by shear
stresses in a direct load wave when they reach a critical value.
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Evolution of microstructure in aluminum bronze. In the first zone of the aluminum
tin-free bronze target, adiabatic shear bands (ASB) were revealed as characteristic features
(Fig. 7a).

In the second zone, along with ASB, there are also zones of dynamic recrystallization
(Figs. 7b, 7c).

Fig. 7. Adiabatic shear bands — (a, b) (indicated by arrows),
dynamic recrystallization zones — (b), and recrystallized grains — (c)

3

Fig. 8. Cracks in the third zone of the aluminum bronze target

In the third zone, on the sides of the cavity, there are cracks up to 3 mm long, oriented
relative to the direction of the striker's action on different sides at an angle of 45° (Fig. 8).

It can be assumed that in this zone, under the conditions of the dynamic impact of the
striker, compression along one axis was realized in the target, which was transformed into a
volumetric oppositely deformed state, which led to the formation of the indicated oblique
cracks.

Thus, based on the totality of the studies of the evolution of the microstructure of
obstacle materials after a high-speed impact by a compact impactor of irregular shape, we can
draw the following conclusion:

After shock loading with the penetration of targets made of different metals with an
FCC lattice, signs of the transformation of the deformed state due to the dissipation of
mechanical energy were revealed in the following sequence: slip of dislocations, rotational
formations, and localized adiabatic shears, bands of a fragmented state and dynamic
recrystallization, local dynamic polygonization and recrystallization. Structural changes are
weakly dependent on the initial structure of the metal and are realized with the participation of
interference (wave) effects of shock wave scattering.
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4. The results of microstructural studies of specimens made of bronze of the brand
BrAlFeNiMn_9-4-4-1 after tests on the Split Hopkinson Bar

Figure 9 shows the structure of the sample after loading with a strain rate of & =915 s™ when
moving inward: from the fracture surface to its tail (a — d).

Fig. 9. The structure of bronze brand BrAlFeNiMn_9-4-4-1 after loading SHB-1 when
moving from the fracture surface deep into the sample (x1000_C_DIC)

At the fracture surface (Fig. 9a), the structure is practically grain-free - it consists of an
o, substitutional solution of aluminum in copper and a eutectoid « + y' without clearly

defined grain boundaries (quasi-amorphous structure). That is, it can be assumed that in this
case, a certain structural phase transition occurred, which is typical for large plastic
deformations [21]. When moving deeper, grains elongated along the initial rolling appear
(Fig. 9b), consisting of the same two phases, the eutectoid is more often located at the grain
junctions. Further, more equiaxed grains appear (Fig. 9c) with a large amount of eutectoid at
their boundaries. In addition, many small cracks and pores are observed in the sample,
especially near the fracture surface (Fig. 9a). In some places (Fig. 9d), twins are found, which
is more typical for metals with FCC and HCP lattices, while in metals with BCC lattice they
appear only at high strain rates and high pressures [22].

The characteristic structures of the sample after the rupture with a strain rate of
& = 1475 s are shown in Fig. 10. At the discontinuity surface, the structure is similar to the
structure shown in Fig. 9a. Figure 10a (slightly farther from the fracture surface) shows the
region of dynamic recrystallization, and in Fig. 10b, areas of the amorphized structure are
observed (residual formations from amorphization of the structure near the fracture surface).
Pores and cracks are observed in the same figures. Figure 10c shows both equiaxed and
elongated grains with a large amount of eutectoid.

- i ‘ : _.
Fig. 10. Sample structure after loading with strain rate & =1475 s™: a) x500;
b, ¢) x1000 (C_DIC)
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The microstructure of the sample after loading with a strain rate & = 1750 s in the
zone slightly removed from the fracture surface (Fig. 11) differs from the microstructures of
the previous samples. There are no differences near the fracture surface. Micropores and
microcracks are also observed.

Fig. 11. Sample structure after loading at strain rate & =1750 s™ (x1000 C_DIC)

a

But in Figure 11b, vortex-like structures are observed, which indicates that at higher
strain rates, additional rotational modes of plastic deformation are switched on to maintain the
mechanical energy dissipation rate at the required level, just as in the case of a high-speed
impact with a compact impactor (see above). Figures 11c and 11d show areas of
amorphization, individual twins, and localization zones.

As a result of the studies of the evolution of the structure of specimens made of bronze
of the brand BrAlFeNiMn_9-4-4-1, tested at relatively low strain rates [10], it can be stated
that it undergoes the entire spectrum of changes that is characteristic of higher values of strain
rates and pressures. In addition, it was found that in the region of sample rupture, its
microstructure acquires an amorphous (quasi-amorphous) form. This fact indicates that,
during deformation and rupture, a structural phase transition occurred in the neck of the
sample, associated with the formation of unstable excited regions. The structural-phase
transition is also observed at very high strain rates [23]. In an excited state and, accordingly,
during a structural-phase transition, which occurs in very short periods of time, the interaction
of structures of various levels is observed, the material is in a state far from equilibrium, in
which its qualitative rearrangement and an abrupt change in both the properties of the material
and its aggregate state [24-26].

5. Conclusions
The study of the kinetics of the microstructure of FCC metals during high-speed penetration
revealed the following mechanisms of deformation and destruction:

1. Glide of dislocations

2. Rotational deformation modes

3. Adiabatic shifts

4. Spall destruction

5. Dynamic recrystallization.

When loading at lower rates using a Hopkinson rod, the following features of the
microstructure of FCC metals are locally observed, which are typical for high-speed
deformation:

1. Microcracks and pores

2. Doubles

3. Dynamic recrystallization

4. Quasi-amorphous structure

5. Vortex structures

Structural changes in FCC metals under high-speed loading weakly depend on the
initial structure of the metal.
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