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The protective properties of metallic and nonmetallic screens were experimentally in-
vestigated when penetrated by an aluminum shaped charge jet at collision velocities of
7-10 km/s. Such a projectile is an analog of an elongated fragment of man-made debris.

For materials of protective screens, we used glass, B4C ceramics, and diamond-silicon
carbide ceramic composite. The obtained results were compared with the data obtained
for metal screens. In this paper, we show that the effectiveness of screen protection in-
creases due to phase and structural transitions that occur during the interaction of elon-
gated hypervelocity projectile with protective screens.
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1. INTRODUCTION

The protection of spacecraft from space debris is becom-
ing an increasingly urgent task every year [1-3] stimulat-
ing the ongoing research of the most efficient methods and
materials for this task. The idea of screen protection
against hypervelocity projectiles is based on the prelimi-
nary destruction of the projectile when interacting with a
protective screen located at a distance in front of the rear
barrier [4-6].

The most common material of man-made space de-
bris is aluminum. The effectiveness of screen protection
increases with an increase of the aluminum projectile ve-
locity up to 7 km/s. With further increase in velocity
from 7 km/s to 10 km/s, the ballistic limit remains con-
stant and even decreases. It is related to the fact that at a
velocity of 4 km/s melting of aluminum projectile is
reached, and at a velocity of 7 km/s evaporation of the
projectile happens [5,6], which leads to the increase in
the intensity of destruction in the mentioned velocity

range. As a result of the impact of the projectile with a
screen, molten and evaporated fragments of the projec-
tile form. These fragments acquire a radial velocity com-
ponent directed outward from the impact axis and dis-
perse in inner screen space. They are partially absorbed
by the screens and are excluded from the impact on pro-
tected structures [6]. Further increase in velocity above
7 km/s does not lead to new physical phenomena.

In this work, we investigate the efficiency of different
materials for two-screen protection, with an emphasis on
composite ceramics. In the experiments, an elongated alu-
minum projectile was formed with a specially calibrated
shaped charge with an aluminum liner. The velocity of the
obtained projectile was in the range characteristic of space
debris in near-Earth orbit. Particular attention was paid to
the effects of phase state changes of interacting materials
at high impact velocities.

Most researches devoted to screen protection consider
different variations of aluminum screens that are typically
used in practice to protect spacecraft [5,6]. Recently, there
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Fig. 1. (a) Experimental scheme: 1 — shaped charge, 2 — metal liner (the funnel), 3 — screens, 4 — barrier, 5 — contact sensors for time
measurements; (b) photo of assembly; (c) numerical simulation of screens penetration and diagram of a cavern in a barrier. Damage

parameters: L, v — cavern depth and volume.

is an interest in other technical solutions [7,8] and other
types of materials, namely ceramic materials as part of
composite screens [9,10].

Protective composite structures containing an outer ce-
ramic layer are widely used to protect against bullets and
shrapnel [11,12]. This utilizes such properties of ceramics
as high hardness and high speed of sound. Concerning hy-
pervelocity impacts, these properties of ceramics allow to
increase the amplitude of shock waves that occur in the
projectile when interacting with an obstacle. This leads to
more intensive destruction of the projectile, which, in turn,
leads to an increase in the angle of expansion and facili-
tates the processes of melting and evaporation of formed
particles.

In this work, within the framework of a single method-
ological approach, the protective properties of screens
made of metal, ceramics, and glass, with thick aluminum
AMg6 barrier as a target, are compared when subjected to
the impact of elongated aluminum projectiles with veloci-
ties of 10 km/s.

2. METHOD OF EXPERIMENT

The experimental scheme is shown in Fig. 1. To form the
elongated projectile, shaped charges with an explosive
mass (okfol) of 40 g were used. Shaped charges con-
tained a metal liner in form of a funnel with a full angle
at the top from 30 to 60 degrees, 0.08 cm thick, and with
a 2 cm diameter at the base. The parameters of the
pressed okfol (95/5 octogen/phlegmatizer): density is

1.75 g/em?, detonation velocity is 8700 m/s, the heat of
explosion 5.7 kJ/g. These shaped charges made it possi-
ble to obtain aluminum jets (elongated aluminum projec-
tiles) with velocities up to 11 km/s.

Unlike widespread shaped charges with copper lining
[13,14], charges 1 (Fig. 1) with aluminum alloy funnel 2
were used in the work. In other respects, the experimental
technique was the same as in Refs. [15,16]. The elongated
projectile obtained by detonating the shaped charge, pen-
etrated protective screens 3 and embedded itself in the alu-
minum alloy (AMg6) barrier 4, forming a cavern in it.
With contact sensors 5, the projectile velocity V; was mon-
itored during the penetration into the barrier.

Table 1 shows the parameters of aluminum shaped
charge jets depending on the angle 4 of a 0.08 cm thick
conical funnel made of AMg6. In further experiments, a
short circuit with an aluminum funnel with an angle of 30°
was used. In Table 1 parameters of shaped charge jets for
different geometries and the results of their interaction
with an AMg6 barrier at a focal length of 6 cm are pre-
sented. V' is the velocity of the head of the shaped charge

Table 1. Parameters of shaped charge jets interaction.

A4, degrees Vg, km/s L, cm v, cm3 D, cm’
20 11.6 11.2 14 0.07
30 10.2 114 10.8 0.07
45 8.8 10 9.6 0.08
60 6.9 9.5 7.6 0.09
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Table 2. Characteristics of brittle materials.

Elastic wave velocity, km/s

Material Density, kg/cm? c c Hardness (HV), GPa Bending strength, GPa
/ t

B4C 2.52 14 8.8 30 0.44

Silicate glass 2.5 5.9 3.6 5.5 0.15

“IDEAL” ceramic 33 14.6 - 6368 0.43-0.48

jet, the resulting penetration velocity is 3.7 km/s; L, v are
the depth and volume of the cavern in the barrier without
screen protection at a focal length of 6 cm; D; is the av-
erage diameter of the projectile with a funnel thickness of
0.08 cm. In combination with the AMg6 barrier 4 (Fig. 1),
the situation of the impact of man-made space debris with
the screen protection of spacecraft was simulated in the
experiments. The experiments were carried out in a vac-
uum chamber at a pressure of less than 1 kPa.

3. SELECTION OF MATERIALS USED FOR
PROTECTIVE SCREENS

For protective screens, three significantly differing in
mechanical properties brittle materials were used: boron
carbide B4C, silicate glass, and composite ceramic
“IDEAL”. Their characteristics are presented in Table 2,
where C, is longitudinal speed of sound, C, is transversal
speed of sound, HV is Vickers hardness. Unlike boron
carbide and silicate glass, the ceramic material, named
“IDEAL” by its developers, is not very well known. This
material is a composite with the ceramic silicon carbide
(SiC) matrix filled with diamond particles. The data on
the method of its preparation, structure, and properties
are given below.

4. DIAMOND-SILICON CARBIDE COMPOSITE
MATERIAL “IDEAL”

The following materials were used as initial components
for composite ceramic “IDEAL”:
— amixture of diamond powders with sizes of 20-28 mi-
crons (D,) and 225-250 microns (D,);
— black carbon (technical carbon);
— crushed silicon with average diameter d, 5 =1-2 mm.
A composition with the component ratio of 30 vol.% D,
+ 70 vol.% D, was selected and composite diamond-silicon
carbide ceramics were made with a reaction sintering pro-
cess. The initial D; and D, powders in dry form were mixed
in a drum mixer for 5 hours, with grinding bodies made of
sintered SiC. The powder mixtures were plasticized with a
35% alcohol solution of phenol-formaldehyde resin and
granulated by rubbing through a sieve with a mesh size of
0.3 mm.

Plasticized powders were dried in air at a temperature
of 80 °C for 1 h. Samples with a size of 5x5x50 mm were
pressed by semi-dry molding at a pressure of 100 MPa
(compositions 1 and 2) and 50 MPa (composition 3). The
sample blanks were dried in an air-drying cabinet at a
temperature of 110 °C for 5 hours. Pyrolysis of phenol-
formaldehyde resin was carried out in a vacuum furnace
at a temperature of 800 °C for 5 hours.

During reaction sintering, the samples were placed in
graphite containers and covered with silicon powder top.
The impregnation process of the sample blanks was car-
ried out in a vacuum furnace at a temperature of 1600 °C
in a vacuum for 1 h.

According to Refs. [17-19], when liquid silicon is im-
pregnated with porous blanks from diamond particles, a
diamond-silicon carbide composite is formed according to
the reaction-diffusion Turing mechanism [20]. At the first
stage of impregnation, a thin layer of SiC is formed by
contact of liquid Si with the carbon layer on the surface of
diamond particles. Further reaction of silicon-carbon in-
teraction is carried out by Si diffusion through the SiC
layer. Consequently, the reaction process involves the dif-
fusion of silicon atoms through the silicon carbide layer
and the reaction between Si and carbon.

Accordingly, based on the reaction-diffusion Turing
mechanism, nanoscale SiC grains form on the surface of
diamond particles when gaseous Si diffuses into a porous
workpiece. When liquid silicon is impregnated with a
melt and pyrocarbon and diamond particles are dis-
solved, micron-sized SiC grains form, producing a Tu-
ring “fence” in both cases (Fig. 2).

The layering of silicon carbide onto diamond particles
(the formation of Turing “fence”) leads to the enveloping
of all diamond particles with dense layers of synthesized
silicon carbide until the entire pore space in the diamond
frame in the sample is filled and monolithic composite di-
amond-silicon carbide material is obtained (Fig. 3).

In areas rich in Si, the formation of SiC follows the
dissolution-crystallization mechanism. The SiC grains
crystallize on the diamond surface when carbon is cooled
or saturated with liquid Si melt. Most often, for the im-
pregnation process, Si is taken in excess concerning car-
bon. Carbon dissolves in the Si melt and diffuses into the
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Fig. 2. Formation of micron-size SiC grains (Turing “fence”) on
the surface of a diamond particle, during interaction of pyrocar-
bon with liquid Si.

Fig. 3. Formation of SiC (Turing “fence”) layers on diamond
particles in diamond-—silicon carbide composite material.

cold zones of the material through the melt, where it be-
comes supersaturated in silicon. Micron-sized SiC grains
precipitate and crystallize on the surface of diamond par-
ticles. The reaction rate is controlled by the concentration
of carbon and its solubility in liquid Si [21].

The reaction-diffusion interaction of Si with carbon is
accompanied by exothermic effects (a local increase in the
system temperature to 2400 °C), with an enthalpy
H, =-117.77 kJ/mol, which eliminates temperature gradi-
ents in the workpieces [22]. As a result, the Si diffusion rate
increases several times, and the pores of the workpiece of
diamond material are filled with SiC, which is formed as a
result of the reaction-diffusion Turing mechanism.

Fig. 5. Destruction of the diamond particle in diamond-silicon
carbide composite.

Figure 4 shows the microstructure of the diamond-
silicon carbide composite. Dark phases correspond to di-
amond particles, and the gray ones are -SiC. Diamond
crystals of the correct shape are uniformly distributed in
the composite, which indicates that diamond crystals do
not dissolve in Si during the impregnation process (reac-
tion sintering). Figure 5 shows that diamond crystal in
diamond-silicon carbide composite is destroyed by a
transgranular mechanism. There are practically no pores
in the material, which indicates a strong interfacial bond
between diamond and SiC (Fig. 5).

Grains of B-SiC grow predominantly along the (111)
crystallographic plane [23]. During impregnation, SiC
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nucleation begins predominantly at the sites of defects on
the diamond surface. Also, the nucleation of B-SiC grains
depends on the structure of carbon-containing material
(pyrocarbon, carbon black, graphite, etc.) introduced into
the structure of the composite and obtained as a result of
the pyrolysis of organic binders. Since diamond and sili-
con carbide are heterogeneous materials, when impregnat-
ing with liquid silicon, the Turing reaction-diffusion
mechanism occurs, which makes it possible to synthesize
silicon carbide without a clear transitional boundary be-
tween diamond and SiC particles.

The maximum compaction of workpieces can be
achieved using initial diamond particles of the correct
shape, for example, a truncated cube or a truncated octa-
hedron. In this case, it is possible to obtain a reaction-sin-
tered material consisting only of diamond particles and a
silicon carbide phase. When certain conditions (concen-
tration of components, impregnation temperature, medium
pressure, etc.) are created for the reaction-diffusion inter-
action, SiC grains, predominantly octahedral in shape, are
formed on the initial diamond particles (Fig. 4).

A very high level of mechanical characteristics can
be achieved for materials characterized by high density
and low porosity [24]. The determining factors influenc-
ing the density value of diamond-silicon carbide compo-
site, provided that a practically pore-free material is ob-
tained, are the same as for reaction-sintered silicon
carbide [25]. They are the shape of the initial diamond
particles, the accuracy of selected disperse composition
of diamond powders (two-, three-fraction composition of
powders), the optimal molding pressure of blanks. Hav-
ing achieved such a result, the production of materials
with maximum density and the highest level of mechan-
ical characteristics is possible.

The resulting material, a diamond-silicon carbide
composite called “IDEAL”, surpasses classical materials
— reaction-sintered silicon carbide [26,27] and reaction-
sintered boron carbide [28,29] — in terms of mechanical
characteristics. It can be expected that “IDEAL” will be
effective as a protective material against hypervelocity
impacts [30].

5. RESULTS OF THE EXPERIMENT

At the initial stage, basic characteristics of the destruction
of the rear AMg6 barrier were determined in the absence of
screens (Fig. 3). Figs. 6 and 7 show times and distances
from the barrier surface during the projectile penetration,
obtained with contact sensors. The data obtained earlier for
metal screens are also presented there for comparison [31].

As noted earlier [31], copper screens show the greatest
efficiency in the range of velocities from 7 to 10 km/s,
which is associated with the evaporation of copper in the
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Fig. 6. Trajectories of elongated aluminum projectile penetration
with an initial velocity of 10.2 km/s into AMg6 barrier. Symbols
correspond to measured penetration times into barrier without
screens (), with AMg6 screens (X) and copper screens (—). The
rectangles are located at the final penetration level: light in absence
of screens, dark in presence of copper screens, and AMg6 screens
of equal weight (gray).
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Fig. 7. Trajectories of elongated aluminum projectile penetration
with an initial velocity of 10.2 km/s into AMg6 barrier without
screens (m), with two AMg6 screens (%), two glass screens (0) and
boron carbide screen (A). Screen thicknesses (surface density),
and parameters of a cavern in the barrier are given in Table 1. The
solid curve is the calculated trajectory of elongated projectile pen-
etration in one-dimensional hydrodynamic approximation, with
the strength of the barriers’ material taken into the account [20].

projectile-screen interaction region [14]. The action of
copper vapor destabilizes a significant part of the elon-
gated projectile, which facilitates its dispersion on the way
to the barrier.

The experimentally obtained characteristics of the
penetration of elongated aluminum projectile into AMg6
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Table 3. Parameters of protective screens and characteristics of projectiles’ penetration into AMg6 barrier.

Screen material

Number of Total thickness, .

Depth of cavern Cavern

e Sereen material density, g/cm? screens cm ', glom?® L,cm volume, cm? L S

1 - 2.65 - 0 0 11.4+0.4 10.84+0.5 0 0
- 2.65 - 0 0 9.5 7.6 0 0

2 AMgb6 2.65 2 0.66 1.8 8.5 4.4 0.25 0.59
2" AMg6 2.65 2 0.66 1.8 7.2 34 0.24 0.55
3 Copper M1 8.9 2 0.2 1.8 7.4 2.9 0.37 0.73
3" Copper M1 8.9 2 0.2 1.8 5.2 2.7 0.45 0.64
4 Glass 2.5 2 0.72 1.75 8.6 6.2 0.24 048
5 B4C 2.45 2 0.82 2.0 8.9 4.2 0.22  0.61
6 “IDEAL” 3.33 2 0.64 2.1 8.8 3.6 0.23  0.67
7 Glass 2.5 1 0.72 1.75 7.4 6.2 0.35 048
8 B4C 245 1 0.75 1.8 8.9 4.2 0.11  0.61
9 “IDEAL” 333 1 1.0 33 5.5 3.6 0.52  0.69
10™ Stainless steel 7.8 2 0.22 1.7 5.2 3.0 0.45 0.61

barriers at impact velocities of 6.9 km/s (the number of
the experiment is marked with ** in the Table 3) and
10.2 km/s (every other experiment) are summarized in
Table 3. The effectiveness of screen protection was eval-
uated by a relative decrease in the barrier destruction pa-
rameters, such as depth S; and volume S, in the pres-
ence of screens as follows:

S;=1-L, /L,
S, =1-v,/v,

where L; and v, are the depth and volume of the cavern in
the barrier in the presence of screen protection, and L and
v are the depth and volume of the cavern in the barrier in
the absence of screens.

The results obtained for variants with one and two pro-
tective glass screens with the same total surface density
gave the same value of the volumetric efficiency parame-
ter S, with a small gain in efficiency in terms of the linear
parameter S; . The effectiveness of screens made of glass
turned out to be worse than all other materials.

When comparing two-screen protection scheme made
of B4C and “IDEAL” ceramic, “IDEAL” ceramic
demonstrated the best results in terms of the volume pa-
rameter S,. When comparing the linear parameter S, the
efficiency of screens turned out to be the same, taking
into account a slightly higher surface density m" of
“IDEAL” ceramic. The results for single and double B4C
screens with the same total area density showed the same
efficiency. At the same time, the variant with one screen
had a 10% lower surface density.

The S; and S, parameters used in this work can be
interpreted as estimates of the comparative penetration

depth and the amount of absorbed energy when using
various protective screens. For “IDEAL” ceramic, sur-
face densities of one- and two-screen protection variants
differed by a factor of one and a half. The difference in
the volume parameter S, for a massive screen does not
exceed 3%. At the same time, according to the linear pa-
rameter §;, for a more massive single screen, the result
turned out to be 2.2 times better. If we accept that for
screens made of “IDEAL” the effectiveness of single-
and double-screen protection is close, as in the case of
ceramics, it should be concluded that an increase in the
thickness of a screen made of “IDEAL” ceramic signifi-
cantly increases its protective properties.

The appearance of AMg6 barrier after interaction with
the projectile, when one protective screen made of
“IDEAL” ceramic was used, is shown in Fig. 8. It shows
numerous traces of the interaction of screen fragments with
the barrier over the entire area of the barrier. A similar pic-
ture is observed for B4C screens. The results of computer
simulation show that when an aluminum projectile pene-
trates boron carbide screens, the screens are destroyed with
the formation of a compact flow of fragments (Fig. 9).

6. DISCUSSION OF THE RESULTS

The advantages of “IDEAL” ceramic in absorbing the pro-
jectile energy may be due to the presence of a structural
phase transformation (diamond—graphite), which occurs
with an increase in specific volume [33]. As in the case of
copper evaporation, in the case of “IDEAL” ceramic dur-
ing unloading, a phase insertion zone with a lower density
occurs. This, in turn, has a perturbing effect on the projec-
tile. Elongated projectile destabilizes and its fragments
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Fig. 8. Entrance hole of the cavern (60 mm in diameter) in AMg6
barrier when hit by an aluminum projectile at 10 km/s with a sin-
gle 3.2 mm “IDEAL” protective screen.

Fig. 9. Penetration of aluminum shaped charge jet with
Vio=10.2 km/s through boron carbide screens into AMg6
barrier. Images are separated with an interval of 1 microsecond.
Movement of the jet is from bottom to top, time is from left to
right.

scattering in the interstitial space and in the cavern in-
creases. Boron carbide comparable in strength has no
modifications and/or inclusions with a significant change
in density in the solid state [34] in the pressure range up to
50 GPa and, accordingly, the effectiveness of B4C screen
protection is lower.

Another reason for the effectiveness of “IDEAL” ce-
ramic may be the higher Young’s modulus and, accord-
ingly, the higher speed of sound. This should lead to an
increase in spallation phenomena in the screens. In
Ref. [32], when studying the dynamic strength of various
grades of boron carbide ceramics under flat shock-wave
loading, the registered velocities of free breakaway sur-
face were 102—-103 m/s. In the considered formulation of
projectile penetration into a solid medium, the loading is
not strictly one-dimensional and the breakaway occurs

from the walls of the cavity after unloading of penetrated
area. It can be expected that in “IDEAL” ceramic, with
higher than in boron carbide speed of sound, the role of
spallation and breakaway destruction will increase. The
higher speed of sound in “IDEAL” ceramic allows us to
hope that its efficiency in comparison with boron carbide
will remain even with an increase in the projectile velocity
beyond 10 km/s.

One of the channels of energy dissipation of the pro-
jectile is the absorption of its kinetic energy due to the de-
struction of screens. In experiments with ceramic screens,
their destruction was observed, in contrast to the destruc-
tion of a small area adjacent to the impact site of metal
screens. The experimental scheme, where ceramic screens
did not have a mechanically strong support layer, was used
in the work. At the same time, it is well known that ce-
ramic as a protective ballistic material works only in the
presence of such a layer [11,12]. Such a scheme was used
in Refs. [9,10]. The results obtained in those works show
that at 10 km/s velocities ceramic itself is an effective pro-
tective material.

When using ceramic as an outer layer in composite
screens, its acoustic impedance is of great importance.
The excess of the screen impedance over the incoming
projectile impedance makes it possible to increase the
proportion of shock wave energy reflected from the
screen and propagating through the projectile. Further,
fragmentation of the projectile occurs under the influ-
ence of this shock wave. From this point of view,
“IDEAL” ceramic is an exceptionally promising mate-
rial, having an acoustic impedance four times higher than
the acoustic impedance of aluminum.

In this work one shape of hypervelocity projectile —
an elongated projectile — was experimentally considered.
We acknowledge a limitation of such approach, as the
work [35] has shown that different shapes of the projectile
yield different results. Our future goal is to study, both nu-
merically and experimentally, the interaction of variously
shaped hypervelocity projectiles with screen protection
made of “IDEAL”.

7. CONCLUSION

The levels of reduction of the elongated aluminum projec-
tile destructive power at velocities of 10 km/s during the
penetration of protective screens made of brittle materials
such as glass, boron carbide (B4C), and diamond-silicon
carbide ceramic composite material "IDEAL" have been
experimentally determined. The experiments were carried
out on ceramic screens without a substrate. The best re-
sults in protecting the rear aluminum barrier under the im-
pact of the projectile were shown by the “IDEAL” ceramic
screens. This ceramic is a promising material for creating
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composite organoceramic protective screens. A compari-
son of the newly obtained results with the data on the pro-
tective properties of metal screens confirms the conclusion
that an important factor in increasing their efficiency is the
use of phase transitions. These include melting, evapora-
tion, and phase changes in the solid state. In particular, the
rapid structural graphitization of the diamond phase into
graphite in “IDEAL” ceramic screens, occurs under the in-
fluence of high pressures and temperatures during the in-
teraction of the projectile and the screen.
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VJIK 623.438.3

MeTa/uinyecKue 1 HeMeTaLJInYecKue IKPaHbI IJIA 3allIUThI
OT BBICOKOCKOPOCTHOTO MycCopa

B.B. Pymsinues!, U.B. T'yk?, A.W. Kozauyk!, A.M. Muxaiisiun?, B.41. llleBuenko?,
H.M. Cuabnuxos?, C.H. IlepeBuciion’

' ®I'BY ®usuko-TexHuyeckuii MHCTUTYT uM. A.D. Uodde Poccuiickoii akanemun nayk, [lonurexuudeckas yi., 26, 194021,
Cankr-IlerepOypr, Poccus
2A0 «HITO CneuunanbHeIX MaTepuaoBy, bonbumoi CamMiconueBckuii mp., 28a, 194044, Cankr-IlerepOypr, Poccus
3 HULI «KypuaroBckuii uacturyt» - [IHUU KM «IIpomereit», Ilnanepnas yi., 49, 191015, Canxr-Tletep6ypr, Poccus

AHHOTAUMA. 3aIUTHBIC XapAaKTEPUCTUKH METAUIMYECKUX ¥ HEMETAJUINUECKHX SKPAHOB ObLIM 3KCIIEPUMEHTAIBHO U3y4YEHbI IPH 110-
paKCHHUN aTIOMHHUEBOM KyMYJSITUBHO# CTpy€il co ckopocTsiMu cToikHoBeHHs: 7—10 km/c. Takoit yJapHUK SBISETCS] aHAIOTOM Y IUTH-
HEHHOTO (hparMeHTa KOCMUYECKOTO Mycopa. JlIsl MaTepHaoB 3alUTHEIX SKPAHOB OBLIN UCIIOIb30BaHBI CTEKIIO, KapOua Oopa u kepa-
MHYECKHI KOMIO3UIIMOHHBIN MaTepua anmas-kapoua kpemuus. [IponsBeieHo cpaBHEHHE MOy UYCHHbIX PE3YJIbTaTOB C JaHHBIMH JUIS
METaIMYECKUX IKPaHOB. B crarbe mokazano, 4yto 3¢ GpeKTHBHOCTh SKPAHHOH 3allIUThl YBEINYUBACTCS U3-3a (PA30BBIX U CTPYKTYPHBIX
MEPEX0I0B, KOTOPBIE TPOUCXOJAT MIPU B3aUMOAEHCTBUH yUTMHEHHOTO BHICOKOCKOPOCTHOTO yAapHHKA C 3alIUTHBIMHU SKpaHaMU.

Kniouegvie cnosa: BHICOKOCKOPOCTHOE CTONKHOBEHUE; KyMYJIATUBHAS CTPYS; yUITMHEHHBIH aIIOMUHHUEBBIH yJAPHUK; 3aIIUTHBIE

OKpaHbI; KOMIIO3UTHAasA KEpaMUKa «neam»
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