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Superdeep penetration data (mass transfer) have been used in a model based on
the assumption that particle—obstacle interaction is plastic.

It has been found [1-3] that when a dense flow (pf = 10%® kg/m®) of particles moving at
Uf = 1 km/sec and having d < 107* m interacts with a metal obstacle, a small proportion of
the flow (~0.1%) penetrates to a depth h 2 10% d,, although the kinetic energy of each sep-
arate particle (E, = Ug2/2 = 5-10° J/kg) is sufficient only for penetration to a depth h <
10 4, [4, 5]. The phenomenon has been called superdeep penetration.

There is a model for this for elastic interaction [6, 7], but experiments [1-3, 8, 9]
suggest that usually it occurs with plastic interaction, where it has been found that:

1) the effect occurs only with a dense flow, and simulation by the large-particle meth-
od {10, 11] showed that the variations in density and flow rate at the surface can be evalu-
ated in an integral fashion from exponential formulas:

Ug(t) = Uggexp (—ait/ty), pv(f) =o0gexp (ast/t), (1)

where Ugg = 2295 mfsec, pgf = 1107 kg/m3, a; = 1.61, a, = 0.92, and 1, = 7+107° sec is the
total loading time, although in fact the actual Ug(t) and pg(t) are much more complicated;

2) near a channel formed by a particle in the plate there is a region of extensive
plastic strain, at the center of which there is a zone in the material had been rendered
amorphous [12], which indicates considerable heating there; and

3) there is a critical size (d. = 107 m), and for particles having d, 2 d., superdeep
penetration does not occur.

We have constructed a consistent model based on plastic interaction, which is presented
in much more detail than in [13].

The particle flow produces a variable pressure pattern, in which compression pulses
alternate with unloading ones. The length of a pulse is of the order of the characteristic

interaction time (tj = 1q » d/Up = €7% = 107° sec), while the intensity is

P =03 ¢ pe(NUL(H).

With ¢ = 5 km/sec, p is 1-10 GPa. The specific energy provided by an individual compres-
sion pulse is e; = 10* J/kg, which corresponds to heating by AT = ej/cy = 10-20°. The num-
ber of such pulses isn = t1,/7y = 7-10%. With allowance for heat transfer, we find that the

~ specific lattice energy is increased by 10° J/kg, which is comparable with the latent heat
of fusion Ey = cme + L, = 10° J/kg, in which ¢y is the specific heat of the plate. Conse-
quently, the plate is heated to T = Ty in a region whose dimensions are comparable with the
characteristic flow dimension (~0.1 m) and is in a state of unstable equilibrium, where
even a slight increase in any factor can break the bonds. That minor factor may be a pene-
trating particle, for which the specific interaction energy is Ej = Up2/2 = 10% J/kg. The
interaction time is

2
TqXTn=75 ACpp: (Trm—To)2 g%,
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in which 1, is the characteristic melting time, q = StH,U, is the heat flux through unit
contact surface, St the Stanton number, and H, the interaction enthalpy. With tq < 15 =
X2/a?, in which 1R is the thermal relaxation time, the energy released in the interaction
is localized in the interaction zone (=X), which results in melting and zone softening.
The vicosity and strength are comparable with yy, and Hy, the viscosity and strength of the
liquid correspondingly (yy, = 107° m?/sec, Hy = 0).

The pressure on the leading end determines the resistance to a cylindrical particle
with length 2 moving along its axis in the material:

pe=p+H;+pU?2+ plt,E‘-

In our case we have H¢ = Hy = 0, ug = up, and Reynolds number Re = 103. The penetration
can be examined in the approximation of a nonviscous incompressible liquid (U < ¢), when
PF = p + thp2/2 and the equation of motion for a particle is

My (dUpfdt) =—peSy+F. (3)

The penetration depth for a single particle (p = 0, F = 0) can be determined by inte-
grating (3) with the initial condition Up(t = 0) = U, and the final condition Up(t = tp) =
0. With U, = 1-2 km/sec, the penetration of W particles into Fe is h < 20 d,, and the total
interaction time is tp ¢ 1077 sec. The kinetic energy is dissipated in overcoming the resis-
tance. Penetration to h = 103-10* d, requires the particle to have at least 10%2-103 times
more energy.

The only source of energy here is in the explosive used in the acceleration; that ener-
gy is stored in the plate material as the potential energy of the pressure pattern gener-
ated by the particle flux.

Part of that energy may be communicated to a projectile when the channel collapses.
The pressure in the channel is p, « p, and at the walls of the channel, there is a force
difference proportional to Ap = p — p, directed toward the axis. That difference causes the
channel to begin to collapse at a speed W = W(Ap), and the collapse angle is

azzarccos[Ug/(ng-HVH‘Q}A (4)
The collapse velocity can be determined from the conservation of the Bernoulli integral

when the collapse time is 1y = d/W « 1y, in which 1y is the particle movement time in the
plate. Then

, S 2Ap
y) ! 2/9 — ; JUE(Z, ':—'br / }+ » (5)
;sztu‘ /2 p‘t‘pb p! u Pl/ : th;Q)
u? = U2+ W2, W (p) = V2ape,. (6)
If the (4) o exceeds o., the critical value of 15-25° [15], a jet flow arises from point 0
(Fig. 1), which is an accelerating jet that moves in the particle's direction. The velocity

is Vg; = u in the coordinate system linked to the point 0 [16]. The speed of point 0 in the
laboratory coordinate system is

szukosm=UpH+2AMqu?L
so the total velocity of the jet in the laboratory system is
V, =V +Va = Up ({14 28p/(0Up) />4 1+ 28p/ (0.U3)1-

The jet rapidly (t = ty) reaches the particle (Vg > Up), and is retarded at the rear surface
and transfers part of its energy to it. The force on the rear surface is

F=8(pt/2) (Vs—Up)?+pSs+p(S—Ss).
in which Sg is the jet—particle contact area. The speed of the contact point 0 is Vg, > u >

Up, so over a certain time (1q s d/2u = 107° sec), the point of contact emerges from the
rear surface. The cavity collapses and S4 > S, p; > p, 4p > 0, Vg > ZUP, so

F=Sp0.U2/2+Spp. (7)
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Fig. 1. Flow of softened material around a cylindrical par-
ticle for a pressure pattern in the plate set up in the coor-
dinate system related to the center of mass of the particle.

Fig. 2. Penetration depth for W particles in metallic Fe as
a function of initial interaction time t,/1,.

We substitute (7) into (3) to get M dUP/dt = 0. As My # 0, U, = const and the particle
moves uniformly., The duration of tEat motion is governed by the time for which the pressure
pattern p(t) exists in the plate: =T, = 7:107°% sec. The speed in the uniform (stationary)
motion of the particle Uy* can be determined by integrating (3) with F = 0 and Up* = Up(t =
T¢ + Tg), where 1y is the time needed for penetration to x = ¢:

. R 1/2 d
U§=(2p/pf)”2tg{arctgl—(lertU;/?p)v—l} — }

(8)
Y = exp {-— P¢/Pp)-
If p(t) can be taken as constant, the penetration depth is
hpo UIT(TO—’I‘O)‘ IS /N (9)

in which t, is the time reckoned from the start of the interaction between the particle flow
and the baffle up to the time of arrival of the given particle. The mean value is p(t) —
P ~ 4.4 GPa, and with py = 7.83-10% kg/m®, d = ¢ = 10"° m = 19,660 kg/m®, and U, = 1.6

s P
km/sec we get that the maximum penetration depth is (t, = O)Ep = 6-103 d,, Up* = 900 m/sec.

More generally, the pressure pattern varies over time, and there may be several parts
with steady-state motion, and Up* = Up*(t). In the limit, the individual particle penetra-
tion depth is

To
o) = SU (). (10)

The (10) integral was calculated numerically from the (1) approximation. The penetration
depth as a function of t,, which defines the position of the particle in the flow, is shown
in Fig. 2, where we have incorporated the change in the initial interaction rate with t,.
The limiting penetration depth for W in Fe is hp = 0,12 m = 12,000 d,.

This mechanism may be realized if there is a region of weakened material near the par-
ticle, which is necessary to the penetration. At any instant, one should have

Tx+Td\—<~\TR-

We substitute for 14, T4, and TR to get

VAT PR 2
45t dCZE‘Zl/Q—iIH mUZ”] E (11)

This d. thus defines the maximum particle size for which superdeep penetration can occur.
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On the other hand, such penetration is possible if a jet is formed as the channel col-
lapses. The condition for the formation is a 2 o, (or cosa < cosa.), and we substitute for
a from {5) to get

I o
PP P piUp" 8% (12)

This inequality represents the sufficient penetration condition. For tungsten particles
with an iron plate, d. = 88 um and p, = 0.3-1 GPa.

Conclusions. Superdeep penetration can occur if two basic conditions are met: 1. Nec~
essary: local softening near the penetrating particle due to the overall effects from the
variable-pressure pattern generated by the powder flow and the energy deposition at the
striker-plate contact surface, which is expressed mathematically as a constraint on the pen-
etrating particle size. 2. Sufficient: when the channel collapses as formed by a particle
in the presence of the pressure caused by the flow, conditions must be met that are neces-
sary for a jet flow to occur, which catches up with the particle and is retarded at the rear
surface to give it energy sufficient to balance out completely the energy lost in overcoming
the resistance. The pressure generated in the plate by the particle flow should exceed the
(12) critical pressure p., which is related to the minimal potential energy level produced
by the flow.

The penetration depth is proportional to the powder flow loading time or flow length.

NOTATION

p) density; U, V, u) velocities; d) diameter; h) penetration depth; E, ¢) energies;
p) pressure; p) viscosity; H) strength; &) strain rate; Ly) latent heat of fusion; %) parti-
cle length; t) time; t) time interval; Re) Reynolds number; St) Stanton number; M) mass;
F) force acting on rear surface of particle; a) channel wall collapse angle; T) temperature;
S) area; A) plate thermal conductivity; A') distance between slip planes; «?) thermal dif-
fusivity. The subscripts denote the following: f) particle flow; 0) initial state; t)
plate; p) particle; c) critical state; s) channel wall and impelling jet; z) channel cavity;
d) deformation; R) relaxation; F) at front end of particle.
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