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Structural transition of ceramic material initiated by high-velocity impact
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The use of high-modulus ceramic materials under conditions simulating the screen protection of space objects
from damage by fragments of space man-made debris is considered. The introduction of an aluminum jet at a
speed of ~ 10 km/s into an aluminum barrier located behind brittle material screens was experimentally studied. A
comparative analysis of the parameters of the residual cavity in the barrier made it possible to reveal the effect of
the structural rearrangement of the ceramic material on the effectiveness of screen protection.
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The examination of high-velocity interaction of solid
bodies is one of the methods for study of materials in
extreme conditions. These studies are made relevant, e.g.,
by the issue of safety of space flight, which arose after
a catastrophic increase in the concentration of man-made
debris in the near-Earth space.

Screens [1] are used most often to solve the problem of
protection of space objects from a compact high-velocity
impactor. These screens are efficient at compact impactor
velocities below 7—8km/s [2]. The efficiency of screen
protection (SP) in more dangerous scenarios of exposure
to man-made debris was examined in [3].

The aim of the present study is to estimate the efficiency
of application of high-modulus ceramic materials in screen
protection (with account for spallation [4] and other effects
shaping the dynamic response of a screen to an impact)
in conditions [3] simulating a collision between a fragment
of space man-made debris and the duralumin structure of
spacecratft.

The physical and mechanical properties of the studied
brittle materials are listed in Table 1. Composite material
,ldeal,“which has better mechanical characteristics than
reaction-sintered materials based on silicon carbide and
boron carbide [5-8] and glass (for reference), was among
the new ceramic materials studied. Its fine mechanical
performance (sound velocity, hardness, and strength)
is attributable to diamond crystals, which are its main
constituent.

The studies of kinetics of penetration of an elongated
impactor into ceramic materials [9] reveal that the end
result correlates with the ultimate bending strength. The
results of numerical simulations (see the figure, panel
a) confirmed the mechanism of manifestation of material
strength [10] wherein unloading of the region of penetration
of an elongated metallic impactor into a ceramic material
is accompanied by the destruction of cavity walls and the
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formation of spallation fragments. Following a certain time
delay, these fragments collapse inward onto the impactor,
damaging it and destabilizing its further penetration. The
amount of damage and the disruption of penetration depend
on the relation between physical and mechanical properties
and geometric parameters of the impactor and the ceramic
barrier.

As the impact velocity increases, other factors character-
izing updated conditions of conversion of the kinetic energy
of the impactor in interaction with the barrier material (e.g.,
phase and structural transformations under high pressures)
may come into play. For example, the efficiency of applica-
tion of screens made of materials with a capacity for rapid
radial response to high-velocity penetration of an elongated
impactor by means of partial melting and evaporation in
interaction with the SP was demonstrated in [3].

Preliminary results of numerical simulations of the in-
fluence of a high-velocity aluminum impactor on ceramic
boron carbide screens (LV. Guk, 2019, unpublished) re-
vealed the formation of spallation fragments in the in-
teraction region, but did not reproduce the effects of
destabilization of an elongated impactor in the course of
its subsequent penetration (see the figure, panel b). This is
evident in panela that characterizes the penetration into a
ceramic block.

Table 2 presents experimental data on the SP efficiency
determined for a fixed distance between screens and a
barrier (see the figure, panelb) in the case of a collision
between a fragment of man-made debris and the aluminum
barrier. The design of the experiment involving an alu-
minum impactor 3cm in length and 0.07 cm in diameter
with its velocity ranging from 10.2 to 3.7 km/s was detailed
in [3]. The use of a barrier of an excess thickness
made of AMG6 aluminum alloy provided an opportunity
to preserve the cavity and reduce the influence of the back
surface to zero.
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Table 1. Characteristics of brittle materials

Sound velocity, km/s
Material Density p-1073, kg/m® c c Hardness Hy, GPa | Ultimate bending strength, GPa
[ t
Hldeal” [5,6] 33 14.6 — 63—68 0.43-0.48
Boron carbide [7] 2.52 14 8.8 30 0.44
Silicon carbide [8] 3.1 12 7.7 25-30 0.40—0.42
Silicate glass 25 59 36 5.5 0.15

Table 2. Results of experimental determination of the efficiency of a screen made of different materials protecting an AMG6 barrier from
an elongated aluminum impactor with an initial velocity of 10km/s

Number Screen Material density | Number Overall m*, Cavity Cavity

material p-1073, kg/m3 of screens | thickness, cm g/cm2 depth L, cm | volume V, cm’ S S
1 — — — — — 11.3+0.4 10.8 £0.5 0 0
2 LJldeal” 333 2 0.64 2.1 8.8 3.6 023 | 0.67
3 AMG6 2.7 2 0.66 1.8 8.5 44 025 | 0.59
4 Glass 2.5 2 0.70 1.8 9.2 6.9 0.19 | 042
5 Boron carbide 2.52 2 0.8 20 9.1 42 0.20 | 0.61
6 Boron carbide 2.52 1 0.82 2.1 8.9 4.2 022 | 0.61
7 ldeal” 333 1 1.0 33 5.5 3.6 0.52 | 0.69

*Mass of a unit screen area.

The SP efficiency was estimated by measuring the relative
change in barrier damage parameters in the presence of
screens in terms of depth § and volume Sy:

S =1-L/L, S/ =1-Vi/V,

where L; and V; are the depth and the volume of the
cavity in the barrier protected by screens (i.e., with SP) and
Lo and Vj are the corresponding values determined without
screens.

It follows from Table 2 (rows 2—5) that screens made
of different materials reduce the cavity depth by 20—25%,
which is indicative of equal levels of local effect of the head
end of an elongated impactor on SP under a constant length
mass. The influence of the screen material strength does not
manifest itself in experiments with a high-velocity collision.

The reduction in volume of the cavity in the barrier
protected by screens is proportional to the attenuation of ab-
sorbed energy of the impactor due to its dispersion between
the screens and the barrier. An additional (compared, e.g.,
to AMGG6 screens in the third row in Table 2) reduction
of the cavity volume in the case of installation of screens
made of brittle materials is attributable to a secondary radial
destabilizing effect of spallation masses of ceramic screens
on the elongated impactor (see the figure, panelb). The
following condition needs to be satisfied in this case: the
time of flight of the impactor should exceed the time of
radial response (collapse) of spallation fragments of the
screen. Since the thickness of the screen is relatively small,
the radial effect on the propagating impactor is rather weak
and grows stronger with an increase in screen thickness (see
the figure, panelsa and b).

The ,ldeal“ceramic screen has a clear advantage in
impactor dispersion parameter Sy, which assumes the
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highest values (0.67 and 0.69, rows 2 and 7 in Table 2),
This may be attributed to:

— the structural phase transformation of diamond into
graphite (accompanied by an increase in specific volume)
upon unloading of the region of impactor penetration into
the screen under a pressure of 25 GPa [11];

— high sound velocity and, consequently, high acous-
tic impedance and fine strength characteristics (including
spallation strength, which specifies the rate of collapse of
fragments upon destruction of the cavity surface).

A significant reduction in cavity depth S (0.52, row 7
in Table 2) is due to the severe damage sustained by the
impactor in a sufficiently ,thick screen (see the figure,
panela) [9].

As in the case of copper evaporation [3], the emergence
of a lower-density phase in unloading of the penetration
region exerts a perturbing influence on the impactor, desta-
bilizes its directional effect, and enhances the dispersion of
impactor fragments between screens and in the barrier.

While boron carbide is comparable in strength, it lacks
modifications with a significant variation of density in the
solid state [12] under pressures up to 50 GPa; therefore,
protective screens made of this material are less efficient
(rows 5 and 6 in Table 2).

It should be noted that the observed effect is manifested
only for an elongated impactor (when the time of fight of
the impactor through the penetration region exceeds the
time delay of formation and collapse of products of the
impactor—screen interaction).

The diamond—graphite phase transformation completes
in less than 10~%s [13,14], thus enhancing the process
of collapse of transformation products inward onto the
impactor penetrating through relatively thin screens.
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a — Numerical simulation of penetration of a copper impactor
with an initial velocity of 6.6 km/s into a silicon carbide block (in
layers of 1cm) at time points of 1, 8, 15, 22, and 29 us (left
to right) [10]. Inclined straight lines represent the trajectories of
impactor elements with the propagation velocity (in km/s) indi-
cated. / — End of hydrodynamic penetration, 2 — damage to the
impactor, 3 — accumulation of impactor fragments at the bottom
of the cavity. b — Penetration of an aluminum impactor (/) with
an initial velocity of 10.2 km/s through screens (2 and 3) made of
boron carbide into an aluminum barrier (4) in 1 us intervals. The
impactor moves from bottom to top. Time increases from left to
right.

Thus, levels of attenuation of the damaging capacity
of an elongated aluminum impactor with a velocity of
~ 10km/s penetrating through protective screens made
of brittle materials (glass, boron carbide, and ceramic
diamond—silicon carbide composite material ,,Ideal”) were
determined experimentally.

The benefits of application of ,lIdeal“in high-velocity
interaction with an elongated aluminum impactor were
demonstrated.

The higher efficiency of screen protection made of
»ldeal“is attributable to a high value of sound velocity in
this ceramic material (up to 15km/s) and the presence of
the diamond—graphite structural phase transformation that
is accompanied by a change in specific volume.
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