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PIERCING OF A BARRIER UNDER THE IMPACT OF GLASS
PARTICLES SIMULATING STONY METEORITES

A, P, Anikieva, L, A, Merzhievskili, : UDC 629.198.624
and V, M, Titov

Articles [1-3] discuss a number of the problems of high-speed impact, solved on the basis of experi-
mental data obtained for the impact of steel particles on different barriers. In the present work, this informa-
tion is analyzed with application to the conditions of a collision, more exactly modelling a meteoritic impact
(the impact of glass particles simulating stony meteorites).

For the acceleration of spherical glass particles, a method was developed on the basis of the well-known
principle of a cumulative explosion [4]. A decrease in the density of the gas cumulative jet in comparison with
the schemes ordinarily used [4] has made it possible to conserve the integrity of glass particles with accelera-
tion up to 8 km/sec or more. The parameters of the particles used in the work are given in Table 1 (d is the
diameter of a particle; p, is its density; and v, is the impact velocity). The accuracy in measurement of the
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velocity in all the experiments was not worse than 5%; the error in measurement of the particle size (after
ablation with acceleration) was not more than 3-5%, The materials used for the barrier were aluminum alloys,
copper, and stainless steel. We note that individual data on through penetration with the impact of glass parti-
‘cles are given in [1]; there are no systematic data in the literature, which is obviously connected with the
lack of a method of acceleration.

The first series of experiments was made using massive targets, in which edge effects exert no appre-
ciable influence on the final result of the collision. Such targets have received the name of semiinfinite,
Crater formation in a semiinfinite target has been the most studied in the region of high-speed impact, both
experimentally and theoretically, A description of the physical scheme of the process and a correlation of the
principal results of various methods can be found, for example, in {5, 6].

With the impact of a high-speed particle on a semiinfinite target, a characteristic crater is formed,
whose volume, as a result of plastic flow of the material, can considerably exceed the volume of the particle
itself, A search for the laws connecting the parameters of the particle and the barrier with the characteris-
tics of the crater is important both for study of the phenomenon of high-speed collision and for evaluating the
surface damage {erosion) of a construction. The applicability of the data obtained for such evaluations is pro-
moted also by the fact that, with the variations of various investigators with respect to the dimensions of the
striking particles, over a wide range (from hundreths to tens of millimeters) no appreciable scale effect was
observed (at least for impact velocities vy > 3 km/sec).

The results of the experiments are given in Fig. 1 in the form of dependences of the ratio of the crater
P to the diameter of the particle d on the impact velocity; 1 corresponds to an impact on a target made of D-
16AT; 2, of AMG-6; 3, of AD-1M; 4, of steel Kh18N1OT; and 5, of copper M1 (the designations are used in all
subsequent figures). The final parameters of the crater are strongly affected by the strength characteristics
of the material of the target, which, in the later stages of the process, are comparable to inertial forces, which
is confirmed by the data obtained, While the depths of the craters in targets made of D-16AT and AMG-6,
which are very close in their strength characteristics, are described by practically the same dependence; with
these same impact velocities, the values of P in the less strong AD-1M are considerably lower.

In engineering practice, a number of empirical and semiempirical relationships connecting the depth of
the crater with the parameters of the particle [5-9] are used. This is due to the complexity of making calcu-
lations within the framework of sufficiently exact theoretical models, A comparison of the data obtained with
these dependences showed that the results of the impact of glass particles on targets made of aluminum alloys
are described satisfactorily by the Herman-Jones formula [8]; there is no agreement between the remaining
experimental data and these dependences.

It is usually assumed that craters forming with high-speed impact in isotropic plastic barriers have a
form close to hemispherical. Under the conditions of the experiments set up, where the impact velocity is
still relatively small, this law can break down, The characteristics of the form of a crater is the ratio of the
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depth of the crater to its diameter D, measured at the initial level of the surface of the barrier, Values of
this ratio as a function of the impact velocity are shown in Fig. 2. In targets made of aluminum alloys, whose
yield points are considerably lower than the corresponding characteristics of steel or copper, the craters be-
come hemispherical, even for impact velocities of ~1 km/sec. In copper and steel barriers, over practically
the whole investigated range of velocities, P <D/2, The results differ from the data of [5], where, in aluminum
barriers, there is an anomalous deviation of the form of the crater from hemispherical, In [5] this is inter-
preted as a consequence of a definite orientation of the grains in the rolled plates used as a barrier, A com-
parison of all the data shows that, in the first approximation, in the range of impact velocities under consider-
ation, the form of the crater is determined by the ratio of the densities of the plate and the barrier. A devia-
tion of this ratio from unity leads to corresponding deviations of the form of the crater from hemispherical,

The crater in the target is formed as a result of the development of shock-wave and inertial processes,
accompanying the interaction between the striking particle and the barrier. The parameters of these processes
are determined above all by the velocity of the particle and the ratio pg/p; (p; is the density of the material of
the barrier). Figure 3 gives a comparison of the depth of craters formed by the impact of glass and Pyrex (6
indicates data of [10]) particles on barriers made of an aluminum alloy and of pure aluminum. The results
practically coincide in an overlapping range of velocities. Thus, the results obtained can, with sufficient justi-
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fication, be extrapolated to impact velocities of vy = 15 km/sec, The dimensions of the Pyrex particles were
tenths of a millimeter, which is more than an order of magnitude less than the dimensions of the glass parti-
cles, i.e., the weak effect of the scale factor is confirmed also in these experiments,

The second series of experiments was made using barriers whose thickness was comparable with the
dimensions of the craters formed in them, As a result of the interaction hetween a high-speed particle and
such barriers (called barriers of finite thickness), wave processes, accompanying the arrival of the shock
wave at the rear free surface, exert a great effect. Under these circumstances, the surface is deformed; the
outer layer of the barrier frequently splits off {Fig. 4, a)barrier with a thickness of 6 =7 mm, v,=4.4 km/sec,
d=2.35 mm; b) d=7 mm, v,=7.8 km/sec, d=1.3 mm; c) 6 =5,5 mm, v,=5.4 km/sec, d=1.45, all barriers of
AD-1M; d) 6=5,3 mm, v,=7.8 km/sec, d=1.3 mm, barrier of M1]. By the limiting thickness, penetrated by a
high-speed particle §,, there is understood the maximal thickness of the barrier for which there is a through
breakdown, even if expressed by a system of unsealing cracks [1]. The limiting thickness is not such an ex-
actly fixed quantity as the depth of the crater P and in experiments is determined by the choice of the thickness
of the barrier, The principal factors leading to a limiting breakdown are analyzed in [1], These are either
joining of the crater to the splitting cavity and the fracture of the layer splitting off or fractures of the bridge
between the bottom of the crater and the rear surface of the target with its plastic deformation.

The variety of the observed types of limiting penetration is due to different combinations of the above
factors, With the penetration of barriers made of aluminum alloys by steel particles, splitting phenomena are
only weakly expressed. On the contrary, with the impact of glass particles, the limiting thickness is mainly
determined precisely by splitting effects. This difference is easily explained, assuming that the amplitude of
the shock wave, arriving at the rear free surface of the barrier limiting penetration by a glass particle, is
greater than with the impact of a steel particle, The maximal intensity of the shock wave formed at the initial
moment of the collision can be evaluated, assuming the collision to be plane and the shock adiabats of the
materials to have the form

us=a--bup,
where ug is the velocity of the shock wave; u, is the mass velocity; and a and b are constant quantities, For
the investigated materials, with a good degree of exactness, we can set
Up & Ay,
where A <1 is a constant quantity for a fixed pair of materials, Then the ratio of the initial pressures at the

front of a shock wave, propagating in a barrier with the impact of particles of different density {pps and peg)
with an identical veloeity, has the form

Poi o My (ay 4Ry byvy) ' 1
Doz~ Ay (25 Rybyug)

Ay, Ay, ay, ap, by, by are the corresponding values of A, a, b)., To describe the damping of the amplitude of the
shock wave we use the known law for strong shock waves [11]. In the given case, it can be written in the form
p = p/(rid),

where p is the pressure at the front of the shock wave; p, is the initial value of p; r is the distance traversed
by the wave; and v =const, The ratio of the pressures with the arrival of the shock waves at the surface in the
case of a limiting penetration, taking account of (1), is equal to

Pr . Mlay 4 Mbyve) (502 )"

P2 Aplag I Agbyvg) \8pp

where 0y and 6y, are the corresponding values of the limiting thicknesses, Using the formula for the depen-
dence of the limiting thickness of the barrier on the parameters of the collision from [1], we obtain

8yg/Byy = (Poz/Pul)st
whence

Py, M (eg 4 hbywy) !_3_0_2_)"/3
P T Aglaz -+ Asbavy) \por )

Let us now compare the values of the pressures for the case of the impact of glass (subscript 1) and steel (sub-

script 2) spheres on barriers made of aluminum alloys. In this case, Ay~ 0.47, Ay~ 0.63, a, =5 km/sec, by =

1.35, as =3.8 km/sec, and by =1,58; for the spherical case, ¥=3, In the range of velocities 1-10 km/sec, Pi/Pz
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=~ 2,25-2, Of course, the value v=3 in the case under discussion is too high; however, even in the case v=2,
in the indicated range of velocities, py/py =~ 1.55-1.35, i.e., even such an evidently low evaluation shows that
py exceeds p,.

Data on the dependence of the limiting thickness on the impact velocity are given in Fig, 5. Using the
example of barriers made of aluminum alloys, the weak dependence of the value of 6, on the strength of the
barrier is demonstrated once again.

In spite of the fact that the mechanism of a limiting penetration varies considerably as a function of the
ratio of the properties of the materials of the barrier and the particle, a common approximate description can
be found for all the known experimental data [1, 2].. In the very simple form proposed in these articles, the
dependence of the limiting thickness on the parameters of the particle and the barrier has the form

8o/d = 1.45](pwh/p)"® — 0.7]cos*a, ()

where @ is the angle of deviation of the trajectory of the particle from a normal to the barrier., The relation-
ship (2), as well as a number of analogous relationships, is constructed under the assumption of the existence
of a functional connection between the value of the limiting thickness and the specific kinetic energy of the
particle, which is a natural development of the hypothesis of the approximate proportionality of the volume of
a crater in a semiinfinite target to the kinetic energy of the striking body. The formula does not contain any
of the strength characteristics of the material of the plate; the weak effect of the strength on the value of
has been noted repeatedly. The applicability of (2) in the case of the impact of glass particles is illustrated
in Fig. 6, where the experimental data obtained are given in the coordinates 64/d, x = (p vy )Y/3; the solid line
corresponds to (2). The deviation of the experimental data from dependence (2) does not exceed the exactness
of the formula with respect to the data using which it was constructed.

Article [2] gives the form of the dependence of the limiting thickness on the conditions of the collision,
in which, as the parameter determining the phenomenon, there is taken the ratio of the specific kinetic energy of the
particle to the initial level of the pressure in the barrier, z = (pov%/piusup)i/ 3, The dependence describes all
the experimental results known to the authors, but its applicability is presently limited to impact velocities
v,~ 15 km/sec. The question of the possibility of extrapolating this dependence remains open. Data obtained
for the impact of glass particles are well described by this dependence. A comparison is given in Fig. 7 (the
straight line corresponds to a dependence from [2]).
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For evaluations of the limiting thickness the following relationship is sometimes used:
8y >~ kP, 3)

where k=const, It has been shown that, in the case of the impact of steel particles on barriers made of alu-
minum and its alloys, such an approximate connection actually exists. For the impact of glass particles on
aluminum alloys in the investigated range of velocities, (3) is satisfied even for v, > 1 km/sec (Fig. 8); here
k~1,5. For barriers made of other materials, k is not a constant guantity, and evaluations made using (3)
are inaccurate,

The authors wish to express their gratitude to V. P, Urushkin for his participation in carrying out the
experiments with glass particles,
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