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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 3 kg/m 3) of particles moving at 
Uf = I km/sec and having d ~ 10 -4 m interacts with a metal obstacle, a small proportion of 
the flow (-0.1%) penetrates to a depth h e 10 3 do, although the kinetic energy of each sep- 
arate particle (E 0 = Uf2/2 = 5-i0 s J/kg) is sufficient only for penetration to a depth h 
i0 d o [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: 

i) the effect occurs only with a dense flow, and simulation by the large-particle meth- 
od [i0, ii] showed that the variations in density and flow rate at the surface can be evalu- 
ated in an integral fashion from exponential formulas: 

Uf(f] : U~exp (--glf~0~, pv(t~ = ps (g2t~0), (i) 

where Us = 2295 m/sec, ps = 1107 kg/m 3, ~i = 1.61, g2 = 0.92, and t 0 = 7.10 -s sac is the 
total loading time, although in fact the actual Uf(t) and pf(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 c = 10 -4 m), and for particles having d o ~ dc, 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 (~i = ~d = d/Up = e -I = i0 -s sac), while the intensity is 

p(O,~0.3 c pf(~)Uf(t). 

With c = 5 km/sec, p is i-i0 GPa. The specific energy provided by an individual compres- 
sion pulse is e i = 104 J/kg, which corresponds to heating by AT = ~i/cp = 10-20 ~ . The num- 
ber of such pulses is n ~ ~0/~i = 7.103 . With allowance for heat transler, we find that the 
specific lattice energy is increased by 106 J/kg, which is comparable with the latent heat 
of fusion E m =cpT m + L m = 106 J/kg, in which c~ is the specific heat of the plate. Conse- 
quently, the plate is heated to T = T m in a reglon whose dimensions are comparable with the 
characteristic flow dimension (-0.i 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 Ep = Up2/2 = i0 ~ J/kg. The 
interaction time is 

2 
Td~X ~ =~ ~c~9~ (Tin--To) 2/q~, 
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in which ~m is the characteristic melting time, q = StHoUp is the heat flux through unit 
contact surface, St the Stanton number, and H 0 the interaction enthalpy. With *d ~ ~R = 
~2/a2, in which ~R is the thermal relaxation time, the energy released in the interaction 
is localized in the interaction zone (=~), which results in melting and zone softening. 

The vicosity and strength are comparable with >m and Hm, the viscosity and strength of the 
liquid correspondingly (>m = 10-s m2/sec, Hm = 0). 

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

pF= p + Hl + ptU2/2 + gts. 

In our case we have H t = H m = 0, ~t = >m, and Reynolds number Re = 103 . The penetration 
can be examined in the approximation of a nonviscous incompressible liquid (U < c), when 

PF = P + ptUp 2/2 and the equation of motion for a particle is 

M~ (dU~/dt) =--pFSp + F. (3)  

The p e n e t r a t i o n  d e p t h  f o r  a s i n g l e  p a r t i c l e  (p  = O, F = O) c a n  be  d e t e r m i n e d  by  i n t e -  
g r a t i n g  (3) with the initial condition UD(t = 0) = U 0 and the final condition Up(t = t D) = 
0. With U 0 = 1-2 km/sec, the penetration of W particles into Fe is h ~ 20 do, and the total 
interaction time is t D ~ 10 -7 sec. The kinetic energy is dissipated in overcoming the resis- 
tance. Penetration to h = i03-i04 d o requires the particle to have at least 102-103 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 Pz << P, and at the walls of the channel, there is a force 
difference proportional to bp = p - Pz directed toward the axis. That difference causes the 
channel to begin to collapse at a speed W = W(Ap), and the collapse angle is 

~ = a r c c o s  [U;!(U~-i W2) I 2] .  (4) 

The collapse velocity can be determined from the conservation of the Bernoulli integral 
when the collapse time is ~x = d/W << ~h, in which ~h is the particle movement time in the 
plate. Then 

p: + ,o,.w2 = ; + p,u-~/2, ,~- u~ l//" 14- 
2A___~p 

' p~U2 ' 
(5) 

(6) 

If the (4) ~ exceeds ~c, the critical value of 15-25 ~ [15], a jet flow arises from point 0 
(Fig. i), which is an accelerating jet that moves in the particle's direction. The velocity 
is Vsl = u in the coordinate system linked to the point 0 [16]. The speed of point 0 in the 
laboratory coordinate system is 

Vso = u/cos ~ - -  U~, [1 -% 2Ap/(pe U~) !. 

so the total velocity of the jet in the laboratory system is 

V~ = V,I + V~z -- Up [(1 @ 2Ap/(ptU~))~/'~q - 1 .@ 2Ap/(otU~)]. 

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

s=s,(,o~/2) (v~--u~)=+ ;s~+ ;(s--s,), 

in which S s is the jet-particle contact area. The speed of the contact point 0 is Vs2 > u > 
Up, so over a certain time (~d ~ d/2u = 10 -9 sec), the point of contact emerges from the 
rear surface. The cavity collapses and S s + S, Pz § P, bp + 0, V s + 2Up, so 

F=SpptU~/2+Spp. (7) 
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Fig. i. 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 t0/t 0 . 

We substitute (7) into (3) to get MpdUp/dt = 0. As Mp ~ 0, Up = const and the particle 
moves uniformly. The duration of that motion is governed by the time for which the pressure 
pattern p(t) exists in the plate: t 0 = 7.10 -5 sec. The speed in the uniform (stationary) 
motion of the particle Up* can be determined by integrating (3) with F = 0 and Up* = Up(t = 
~x + ~s where ~s is the time needed for penetration to x = s 

r o 11/2 U~=(2p/p,)~/2tg .arctg (1-PptUs/2p)~--1 ] 4-~/ 1 (8) 

= exp(-- Pt/Pp). 

If p(t) can be taken as constant, the penetration depth is 

in which t o 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) - 

-~ 4.4 GPa, and with Pt = 7"83"103 kg/ms, d ~- s = 10 -5 m, PD = 19,660 kg/m 3, and U0 = 1.6 
~m/sec we get that the maximum penetration depth is (t o = 0)hp -~ 6-103 do, 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 

h~,(to) = f U T I O d t  ( lO ) 
fo 

The (10)  i n t e g r a l  was c a l c u l a t e d  n u m e r i c a l l y  f rom t h e  (1)  a p p r o x i m a t i o n .  The p e n e t r a t i o n  
depth as a function of to, 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 o . 
The limiting penetration depth for W in Fe is hp -~ 0.12 m -- 12,000 d0. 

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 _L Td~T/~ 

We s u b s t i t u t e  f o r  ~x,  ~d, and %R t o  g e t  

a ~ d o ,  d o =  ~,; 1 + :..~ . ( l l )  9t Us 

This d c 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 ~ e ~c (or cos~ < cos ~c), and we substitute for 

from (5) to get 

~2 Z P~Pc' Pc=~ -ptU~ tg% (12) 

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

Conclusions. Superdeep penetration can occur if two basic conditionsare met: i. 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 Pc, 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, e) energies; 
p) pressure; ~) viscosity; H) strength; ~) strain rate; L m) latent heat of fusion; Z) parti- 
cle length; t) time; ~) time interval; Re)Reynolds number; St) Stanton number; M) mass; 
F) force acting on rear surface of particle; ~) channel wall collapse angle; T) temperature; 
S) area; i) plate thermal conductivity; I') distance between slip planes; a 2) 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. 

LITERATURE CITED 

i. K. I. Kozorezov, V. N. Maksimenko, and S. M. Usherenko, Selected Topics in Modern 
Mechanics, Part i [in Russian], Moscow (1981), pp. 115-119. 

2. V. G. Gorobtsov, S. M. Usherenko, and V. Ya. Furs, Powder Metallurgy [in Russian], 
Issue 3, Minsk (1979), pp. 8-12. 

3. V. A. Shilkin, S. M. Usherenko, and S. K. Andilevko, Processing Materials at High 
Pressures: Coll. [in Russian], Kiev (1987), pp. 81-85. 

4. G. V. Stepanov, Probi. Prochn., No. 5, 71-75 (1969). 
5. J. Zukas et al., Impact Dynamics, Wiley-lnterscience, New York (1982). 
6. G. G. Chernyi, Dokl. Akad. Nauk SSSR, 292, No. 6, 1324-1328 (1987). 
7. S. S. Grigoryan, Dokl. Akad. Nauk SSSR, 292, No. 6, 1319-1323 (1987). 
8. S. K. Andilevko, G. S. Romanov, E. N. Sai, and S. M. Usherenko, Fiz. Goreniya Vzryva, 

24, No. 7, 85-89 (1988). 
9. L. G. Voroshnin, V. G. Gorobtsov, and V. A. Shilkin, Dokl. Akad. Nauk BSSR, 2_99, 

No. i, 57-58 (1985). 
10. O. M. Belotserkovskii and Yu. M. Davydov, The Large-Particle Method in Gas Dynamics: 

A Computational Experiment [in Russian], Moscow (1982). 
ii. O. M. Belotserkovskii, Simulation in Continuous-Medium Mechanics [in Russian], Moscow 

(1984). 
12. S. M. Usherenko and V. T. Nozdrin, Electron Microscopy in Science and Engineering: 

Coll. [in Russian], Minsk (1988), p. 77. 
13. L. V. Al'tshuler, S. K. Andilevko, G. S. Romanov, and S. M. Usherenko, Pis'ma Zh. 

Tekh. Fiz., 15, No. 5, 55-57 (1989). 
14. D. Grady and J. Asay, J. Appl. Phys., 53, No. ii, 7350-7356 (1982). 
15. S. A. Kinelovskii and Yu. A. Trishin, Fiz. Goreniya Vzryva, 16, No. 5, 29-39 (1980). 
16. M. A. Lavrent'ev and V. V. Shabat, Topics and Models in Hydrodynamics [in Russian], 

Moscow (1979). 

841 


