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THE STRESS-STRAIN STATE IN THE PROCESS OF DEFORMABLE
INDENTER PENETRATION INTO THE ELECTROCONDUCTIVE HALF
SPACE IN THE PRESENCE OF DISCHARGE CURRENT

A.A. Vantsyan
Institute of Mechanics of NAS RA

The main goal of this work is to study the influence of the discharge current on the
characteristic values of penetration. As it has turned out, LRC circuit parameters, the impact
velocity, the type of discharge current significantly influence the penetration. However, as
experiments and numerical calculations have shown, an important role plays the distance
between the target and the plate A . It is known that the electron—plastic effect depends on the

current value, direction of j , as well as the current exposure time. It follows that the distance
of the plate from the target also influences the electron—plastic effect, which occurs in the
penetrating indenter on the segment between the contact surface of the deformed indenter
with the crater and the plate, with a crater. Because the length of the segment affects the closed
LRC circuit time, and which, in its turn, affects the time of discharge current on the plastic

properties of the indenter, as well as the duration of the Ampere force JxH asa pinch—effect
becomes essential.

From a practical point of view, it is important to study the problem of the indenter (jump)
rebound from the crater. For this purpose, approximate estimates were carried out in [1] for the
deformable indenter. The (jump) rebound of the indenter may occur due to the fact that after
stopping the indenter in a half-space or in the case when the depth of penetration is less than
the thickness of the target, in the target, due to the elastic, (stored) accumulated in the indenter
and the target stresses, the reverse motion of the indenter takes place. Thus, if the friction
forces between the indenter and the target are less critical, a (jump) rebound of the indenter
from the crater occurs. This phenomenon was observed at the experiments, when the barrier
was shot in the presence of the current. The blunting of the indenter and the pressing force in
the target create favorable conditions for rebound.

Keywords: penetration, stress—strain, indenter, electro-conductive, discharge current.

Introduction. To the problem of penetration of thin rigid or deformable bodies
into initially elastic media are devoted many works. On the basis of the plate section
theory, early determination of stress—strain state in the indenter and media is carried
out. In the last ten years the influence of discharge currents on the penetration
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processes has been investigated by me. In particular, the essential phenomena of the
influence of discharge currents on the penetration phenomena have been discovered
theoretically. As shown in previous works, the action of the discharge current on the
mechanical parameters of penetration are large. It was experimentally and
theoretically shown that the discharge currents lead to an essential degree of the
penetration depth.
Investigation methods. In the present article, the characteristic equations of the
penetration phenomena are solved numerically.
The study of the impact of the discharge
current on the process of penetration, in particular, on

- the depth of penetration and the shape of the indenter

i I Q JG and the crater was conducted experimentally in [1,2]
Fig.1.

In this article, a numerical calculation is

conducted to investigate the stress—stain state of the

indenter and the crater, where the process of pene-
I tration is accompanied by the discharge current.

Fig.1. The principal scheme of
penetration

A detailed analysis of the influence of parameters of the LRC circuit on the
indenter shape, the crater and the free surface, as well as on the shape of the
equipotential surfaces of the stresses o

G,,0qi1s presented. Is The numerical

rrd T zzd

solution confirms the effect observed by experimentation in [2], — a significant
decrease in the depth of the indenter penetration in the conductive half—space in the
presence of the discharge current. Numerical calculations were carried out for
different values of the L,R,C parameters, as well as different distances between the
half-space and plate set before the half—space.

Taking into account the axis—symmetric problem, to the system of equations that
includes conservation equations of mass, momentum and energy, should be added the
induction equation, then the equation takes the form:

0 0 0
py (Ur)+ e (Fr)+ P (Gr)+Hr=0(1),
where U,F,G are given by (1), and H takes the form:
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Boundary conditions for j, are given in the form j =j =0, for r >, ; while

for <y, j:(t) are given as a solution to (1),7, is the initial radius of the indenter

contact with the target. The problem was numerically solved for penetrating curvilinear
nose shape, cylinder shape and sphere bodies.

The purpose of numerical calculations was to find the maximum depth of

penetration of the indenter, forms of the indenter and the crater with a free surface, the
location of the plastic front in the half—space and in the indenter for various values of
L,R,C during the process of penetration.

Calculations were made for the indenter with length of [, =10 m, initial radius

with different gaps between the target and the plate.

of the cylindrical part of 7, =45-10"m with different initial impact velocities and

Numerical calculations were performed for the following values of the constants:

Parameters of the target:

o, =3-10° N/m?, p, =2700 kg/m?, p="7-10" N/m’,

a, =-1.53-10" N/m?, a, =—1.74-10" N/n?,

a, =—0.532-10" N/m?, a, =-1.912, a, =0.386.

11



Parameters of the indenter:
o, =3-10° N/m?, p, = 2700 kg/m’, p="7-10" N/m’,
a, =-1.53-10" N/m?, a, =—1.74-10" N/m?,
a, =—0.532-10" N/m?, a, =-1.912, a, =0.386.
Investigation results. Values of the L,R,C parameters and the initial impact

velocity are shown in the figures. Fig. 2,3 show the stress—strain state of the target
and the indenter, the indenter shape and the free surface.
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Fig.2. A body with a curvilinear fore Fig.3. A body with a curvilinear fore
part, field G, part, fieldG
V, = 720m/sec., =10’ ZA , L=7-10"*Hn, R=0.0010m, C=0.02F
sec.
t=3.6'10"°

mc sec

In Figures 6,7 are introduced similar pictures for the case of penetration in the
absence of discharge current. Looking at the penetration pictures, and comparing the
cases when there is J #0 and there is no J =0 discharge current, it is easy to see that
a significant decrease in the depth of penetration of the indenter due to the discharge
current occurs. The presence of current also leads to a spatial distribution of stresses

G,,,0..,04, as well as to a significant increase in plastic deformation of the indenter

and the target in the radial direction. Comparing the radius of the circles, proportional
to the corresponding stresses, we can easily notice that the discharge current leads to

an increase of the stress values compared with the case J =0. This can be explained
by the Pinch effect, which as Ampere force F y =JxH leads to the compression
(pressing) of the medium generating additional stresses.

Observing the picture regarding the penetration time, you will notice the stress
waves propagating in 7 and z. The wave in » is much more noticeable. The wave
dynamics is also observed in the indenter, which vibrates both in radial and axial
directions.
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Fig.6. A body with a curvilinear Fig.7. A body with a curvilinear
fore part, field G, fore part, field G,

t=3-10 > mc sec

In Figures 4, fragments flying off the free surface of the target and from the
crater are shown. The presence of the fragments is a consequence of the impact of the
indenter and the target, but mostly it is noticeable in the presence of the discharge
current. Fragments were determined calculating the density of the medium in the
region z<0.
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Fig. 8. A body with a curvilinear Fig. 9. A body with a curvilinear
Jore part, field G, Jore part, field G,

t=32-10 mc sec

To study the influence of the capacitor’s energy on the phenomena of the
penetration depth decrease, experiments [1] and numerical calculations for different
values of the capacitor capacitywere performed. Figs. 8,9 show the corresponding
values at C=0.004F and other identical parameters Figs.8,9 show the little
difference of depth decrease of penetration compared with the case C=0.02F. A
similar effect is also observed during the experiments.

However, there is a significant difference in the stress state pictures for the same
time periods of the penetration process. In particular, it can be seen from Figs. 2-9 for
stresses 6, and o_ at t=36-10"sec.
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Fig. 10. A body with a curvilinear fore part Fig. 11. The dependence of the

penetration velocity from the time
t=1.74-10"* mc sec

At various capacitor capacities, a slight difference in the fragments pictures is
observed.

With a view to designing (projection) of targets it is of interest to determine the
surfaces of the same values of the stresses — the equipotential surfaces.

Fig. 5 also shows equipotential surfaces for the stress o_ with appropriate
parameter values.
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Fig. 12.The distribution of the inner energy Fig. 13.4 body with a curvilinear fore part
t=1.74-10* mc sec t=1.86-10*mc sec

To study the influence of the indenters’ shape, indenters of cylinder shape and
sphere shape were numerically considered. It is made similar to the previous case
pictures for the indenters of cylinder and sphereshapes.

Y ‘ || 800 !

Fig.14. A body with a curvilinear fore part Fig.15. The dependence of the penetration
t=2.1610"* mc sec velocity from the time

Comparing the pictures at the stopping time of the indenter, it can be seen that
the depth of penetration of the cylinder is ~20% less compared with the depth of
penetration of the curvilinear body. There isalso a difference in the stress state.
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Fig. 17. Body cylinder, field G,

t=3.2-10" mc sec

Fig. 16. Body cylinder, field G,

Figs. 18, 22 show the impact fragments of a cylindrical body and the targets.

The influence of the capacitor energy was also investigated in the case of
penetration of a cylindrical indenter, Figures 16,17,20,21 show the stress—strain state
pictures.

In Figs. 19,23 the equipotential surfaces of stresses in the process of penetration
of a cylindrical indenter at the time ¢ =3.8-10™ mc sec is shown.
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Fig. 18. The illustrations of the fragments Fig. 19. Field oy,

t=3.8-107 mc sec

From a practical point of view, the problem of penetration of the indenter of the
sphereshape is of interest. Figs. 24, 25 are made similar to the previous problems, the
values characterize the process of penetration of a deformable indenter.
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Fig. 20. Body cylinder, field G, Fig. 21. Body cylinder, field G,
t=4-10"mc sec t=3-10" mc sec

Comparing the stress—strain state graphs in the problem of penetration of the
sphere, one can conclude that the discharge current has little effect on the process of
penetration. This can be explained by the fact that the characteristic dimension of
thesphere in the direction of penetration, i.e. the diameter is much smaller than the
length of the cylindrical indenter, so the time of the closed circuit (chain) LRC for the
sphere is much less than the same time for a cylindrical indenter, which in its turn,
leads to the small influence of the discharge current.
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Fig. 22. The illustration of the Fig.23. Field 5_,
fragments.
V, = 720m/sec. I, =10° mf:ec ., L=7-10"Hn, R=0.0010m, C=0.004F
t=1510"° mc sec ' t =4-10% mc sec

However, from the Figures of the crater and indenter, it can be seen that their
forms in the absence and the presence of discharge current differ very much. In the
presence of discharge current, the crater has a smoother form (appearance), and the
free surface of the target is wavier. The characteristic dimensions of the plastic regions
for the cases are identical, although the form of plastic surfaces is also significantly
different.
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Fig. 24. Body sphere, field G, surfaces Fig.25. Body sphere, field G ,, Equipotential
V, =720m/sec.1, =10° 2A , L=7-10"Hn, R=0.0010m, C=0.02F
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t=3.6-107 mc sec

From a practical point of view, it is important to study the problem of the
indenter (jump) rebound from the crater. For this purpose, approximate estimates were
carredout in [1] for the deformable indenter. The (jump) rebound of the indenter may
occur due to the fact that after stopping the indenter in a half—space or in the case
when the depth of penetration is less than the thickness of the target, in the target due
to the elastic, (stored) accumulated in the indenter and the target stresses, the reverse
motion of the indenter takes place. Thus if the friction forces between the indenter and
the target are less critical, a (jump) rebound of the indenter from the crater occurs.
This phenomenon was observed at the experiments, when the barrier was shot in the
presence of the current. The blunting of the indenter and the pressing force in the
target create favorable conditions for rebound. Figs. 11,15 show the dependence of

V(t) in the process of penetration. It is clearly shown that after stopping, the indenter

obtains a negative velocity. Figs. 6,7 show that the vibration of the indenter around
the maximum depth occurs. After some time, the velocity becomes zero, the indenter
stops, so there is no rebound.

For this purpose, numerical calculations for different values of A were
performed. Figures 10,12,13,14 show the pattern of penetration of the deformable
indenter for the same values of V,L,R,C but a different A . As the Figures show, the
maximum depth experimentally depends on A . If compared with Fig. 10, in Figure
13, A is doubled, and at the same time, a 20...25%, decrease in the depth of
penetration is observed, then with the further increase of A (Fig.14), an increase in
the depth of penetration is observed or, what is the same (equivalently), a decrease in
the electron—plastic effect. This is due to the insufficient utilization of the capacitor
energy, as in the latter case, interruption of the circuit occurs earlier than in the
previous case. The analysis of the graphs shows that the shape of the plastic front and
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free surface also depend on A. It is evident that the greater the decrease in the depth
of penetration is, the greater the waviness of the free surface is.

Conclusion. In conclusion, it may be noted that in this article, the impact
problem of two deformable media accompanied by discharge current has reached a
qualitatively new level. In the process of studying this problem, in addition to the main
result, a decrease in the penetration depth of the indenter in the target at the cost of
discharge current, qualitatively new results were obtained in physics of discharge
processes.

It should also be noted that the results of this study may serve as a basis for
creating a more impact—resistant target in the military industry.
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ELEUSrU<UN/h 4huuSuruonihe3uL Ut atdlluluhusSdna hususnrh
UhPsuuL CLAEUSLNRY UhUUSUrUONRE@3NRLNRY LUMYUOUYEDNrUUSPNTL
dhsuut MUMMUUL <NUULLLP ULU3NE3ULAEM LN

u.u. Ywugyuu

Nwnwtwuppynd £ djupbdwt  puniewgphsubph Jpw  wwpwdwu  hnuwuph
wqnbgnipiniup, dwutwynpuwbiu' LRC onpwih punipwagphsubiph, hwpqwsh wpwgnyejwl,
hnuwuph wwpwdwu wnbupp: Ywplunp nbp £ luwnnd bwl phpwiuph b upw nhdwg guinuynn
prhprbinh dhol tinwd htinwynpnygyniup: <wyinup k, np bGhupnuw-wwunhynigjwu tplinyep
Ywluqwsd E hnuwuph wnpdtiphg, hnuwuph ninnnueniuhg, huswbu twl hnuwuph wgndwu
dwdwuwlhg: Uuhpwdtion £ ugk), np phpwiunw jwpdwéwnbtynpdwghnt yhéwlyp Yuiudws &
phpwfup U phptnh dholt bnwd hbnwynpnigyniuhg, W pwuph np dupéynn  dwpdup
Gpywpnipinuu. wgnnud £ LRC onpwih wwpwdwlu dwdwuwyh ypw, nwwnh wwpwdwu
hnuwuph wagnbgnieyniup dtupéynn dwpduh wjwunhlulywu hwinyniyeniuubph, huswbu uwl
wdwbnpwu ndh ypw nwnund £ Jupbnp: Yppwnwywu  nbuwybnhg  Yupunp b
nwunwiuwuhnbip hunGunnph hbwnpupwg 2wndnip fuwpwuh dhohg:

19



Wuwwwupnwd  wipdwd £ duwjuwfungnn  hununnph  hGungwpddwu  dnunwynp
quwhwwnwywup: bunkuwnnph hbwnpwnpdnwip uyuynud £ upw phd Ywughg hbiinn Yhuw-
nwnpwdnipjwu dbe Ywd bl dfupddwu funpnipniup thnpp £ wpgbph hwuwnieniuhg: Unwé-
qwlwu nidbipp hunbuwnnpp swpdnd Bu hwlwnwl ninnniyejwdp, wyuhupt' beb huntuwnnph W
fuwpwuh dhol. wnwowgwd sthdwl nidtipp thnpp Gu Yphnphlwlwu wndbiphg, www wnbkinh &
niubunwd  huntuwnph  hGunpwpdnwip  fuwpwuh  dhohg: Wu  Gplnyep  uluwndby |
thnpdwpwpwywu dwuwwwphny, Gpp diupdwu wpngbup wbnh £ nubgh] wwpwdwu
hnuwuph wnlwjnjwu nbwpnid: hunbuwnnph ppwgnwip W ubindnn nidbiph wnyw)niegniup
JYywynid U wyn dwuht:

Unwugpuyhti  pwnbp. Jdfupénd, |jwpjwdwnbdnpdwghnu  yhbwy, hunbuwnnp,
Eiyunpwhwnnpnuwywunyenit, wiwuwmhynigntt, wwpwdwu hnuwup:

HAMNPSXKEHHO-AE®OPMUPOBAHHOE COCTOSIHUE B ITPOLECCE
MNPOHUKHOBEHNA JE®@OPMUPYEMOI'O MHAEHTOPA B
SJIEKTPOITPOBOJALIEE ITOJYIIPOCTPAHCTBO IIPU HAJIMYHNHU
PA3PAJTHOI'O TOKA

A.A. Banusin

W3zyuaercs BIUsIHUE Pa3psIHOTO TOKA HA XapaKTEPUCTHUKY MPOHUKHOBEHUS, B YACTHOCTH,
napamerpsl  nenu LRC, ckopocts ynapa, Tunm paspsaa. OpHako, Kak TOKa3bIBalOT
IKCIIEPUMEHTBI U YUCJIEHHbIE PACUEThl, BXKHYIO POJIb UIPACT PACCTOSHUE MEX/Y MHUILEHbIO U
I1aCTUHOU. M3BECTHO, YTO AJEKTPOHHO—-TUIACTUYECKUI A(PQEeKT 3aBUCUT OT 3HAYCHHUS TOKa,
Hanpasnendss J, a Takke OT BpeMeHH JeiicTBHs Toka. ClelyeT Takke OTMETHTh, UTO
JIEKTPOHOIJIACTUYHOCTh B MULIEHH 3aBUCUT OT PACCTOSIHUSI MEX/Y IUIACTUHOM W MULIECHBIO.
Tax kak jayMHa WHIEHTOpA BIMSET HA BpeMs 3ambikanus uenu LRC, To BiusiHUE pa3psiiHOrO
TOKa Ha IJIACTUUECKHE CBOWMCTBA WHJEHTOpA, a Takke MPOTSHKEHHOCTh aMIEPOBOH CHIIBI

J x H B xauectse [Tanu—>¢peKTa CTAHOBUTCS CYIECTBEHHBIM.

C TOYKM 3peHus TIPAKTHKH, BAXKHO M3yUHMTh 3a/a4y OTCKOKA MHIEHTOPA U3 KpaTepa.

B macrosinel crathe naHa NpuOIMKEHHAs OLEHKa s AepOPMUPYEMOTO HHIEHTOPA.
OTCKOK HHJIEHTOPA MMEET MECTO MOCJIE OCTAHOBKH B MOJYIIPOCTPAHCTBE UIIM B CIIydae, KOraa
rIyOMHa NPOHMKHOBEHWS MEHBIIE TOJIIMHBI NPETPajbl. YIPYrHe HaNpSKeHUs JIBHIaloT
MHJEHTOp B OOPATHOM HAMNpABJECHUH, T.€. €CJIM CHJIbI TPEHUS MEXKIy WHIEHTOPOM M Cpebl
MEHBIIIE KPUTHYECKOTO 3HAYEHHSI, HMEET MECTO OTCKOK MHIEHTOPA M3 KpaTepa. DTO SIBJICHHE
Ha0JIOIANI0Ch DKCIIEPUMEHTATBHBIM My TEM, KOT/[a MPOHHKHOBEHHWE HHIEHTOPA IPOMCXOIHIIO
[pU HAIMYMM TOKA. 3aTyIJIEHWE WHJIEHTOpA M CHKUMAIOLIME CHIIbI B MPETpajie SIBJIAIOTCS
YCJIOBUEM OTCKOKA.

Kniouesvie cnoea: TPOHWKHOBEHHE, HANPSKEHHO—IePOPMUPOBAHHOE  COCTOSIHHE,
MHJIEHTOP, DJIEKTPONPOBOJHOCTD, IJIACTUIHOCTh, Pa3psIHbIH TOK.
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