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The field of application of Functionally Graded Materialsis steadily expanding,
which stimulates research in the relevant areas. In relation to penetration mechanics,
these are primarily experimental studies of multilayer barriers consisting of plates
"in contact" with various mechanical properties. Despite intensive research, explicit
formulas for integral penetration characteristics (penetration depth and ballistic limit)
cannot be obtained, except for the case when sequential penetration of layers (barriers
with large gaps between layers).

In this article, explicit formulas for the depth of penetration into an semi-infinite
shield and for the ballistic limit velocity applying penetration into a shield of a
finite thickness are derived assuming that the hardness of the barrier material varies
continuously depending on barrier depth. The theoretical analysis is based on a
model that represents the normal stress at points on the surface of the penetrating
body that are in contact with the barrier as a quadratic function of the normal
component of local impactor velocity with a zero linear term (the Vitman-Stepanov
model). Difference of the dynamic hardness in different points of impactor-barrier
contact is taken into account. It is also assumed that the nose of the striker has the
form of a straight circular cone and the initial stage of penetration when the striker
is not completely immersed in the barrier is ignored.
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Introduction

The field of application of Functionally Graded Materialsis steadily expanding, which
stimulates research in the relevant areas [ 1—4]. In relation to penetration mechanics, these
are primarily experimental studies of multilayer barriers consisting of plates “in contact”
with various mechanical properties, as evidenced by reviews [5—6] and review sections of
monographs [7, 8]. The theoretical analysis is based mainly on a model that represents the
normal stress at points on the surface of the penetrating body that are in contact with the
barrier as a quadratic function of the local normal velocity component with a zero linear
term (in Russian-language publications, it is known as the Vitman — Stepanov model [9]).
Usually additional simplifications are also accepted, in particular, it is assumed that the
nose of the striker has the form of a straight circular cone, the specifics of the initial and
final stages of penetration are ignored, when the striker is not completely immersed in the
barrier, and others. Despite intensive research [10-20], explicit formulas for integral
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penetration characteristics (penetration depth and ballistic limit) cannot be obtained, except
for the case when sequential penetration of layers (barriers with large gaps between layers)
is actually assumed [7, 10].

This article is close to the work [20] on the approach to the problem. However, unlike
[20], impactors that have a conical shape of the nose are considered, another approximation
of the dependence of hardness on depth is used and difference of the dynamic hardness in
different points of impactor-barrier contact is taken into account. This results in an explicit
formula for the penetration depth with continuously varying hardness of the shield. The
description of the interaction of the barrier with the striker is based on the Vitman — Stepanov
model; the effects associated with incomplete immersion of the striker in the barrier at the
initial stage are not taken into account .

1. Mathematical model and statement of the problem

Consider high speed normal penetration of a rigid, sharp (pointed) body of revolution
into a shield with hardness, depending on the depth of the semi-infinite shield. It is assumed
that the interaction between the projectile and the shield is described by the following
two-term model what is known as the Vitman — Stepanov model [9]:

dF =[yv +Yn’ds, (1)

where Y is density of the shield's material; Y is a parameter that determines mechanical
properties of the material (dynamic hardness); dF is the force acting on the lateral surface
element dS of a projectile that is in contact with the plate (barrier), n’ and v, are the inner
normal unit vector and normal component of the instantaneous velocity of the projectile v
at a given location on the projectile surface, correspondingly.

The resultant force acting on the projectile at each instant of time is determined by
integrating d'F over the lateral surface of the projectile-barrier contact at the same instant,
S~ Then formula for the drag force, D is the following:

D=(=v")[[dF = [[(~v")dF, Q)

Slat Stat

where v” is unit vector of the velocity of the impactor.

Hereafter we use the following notations. The coordinate 4, the instantaneous depth
of penetration, is defined as the distance between the nose of the impactor and the front
surface of the barrier. The cylindrical coordinates x, p, ¢ with the origin in the nose of the
impactor are associated with it whereas the coordinate x directs along the axis of the
impactor. The equation p = ®(x), where ® is a convex function, determines the shape of
the impactor's surface, L is the length of the nose of the impactor which interacts with the
barrier; the impactor has also the cylindrical part of the length L. Note that the section
X =X, is located at the depth &, — x, if the nose of the impactor is situated at the depth
h = h,,.

Neglecting the effect associated with the partial immersion of the impactor in the
barrier at the initial stage of penetration, one can obtain the following relationship for D in
the case of the model given by Eq. (1) [7, 8]:

D(h,v) = fo5v* + f, (), 3)

where
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DD dd
h)=2n|Y(h—-x)D Ddx, =2n 2 , &, =—. 4)
So(h) j (h=2x) i qu)iﬂ "
Then the equation of motion of impactor with the mass m is the following:
m dv* 2
——+ v+ [, (h) =0. 5
Sy T o) )
Solution of this linear relative v* differential equation with condition v(0) = Vimp» Where
Vimp 18 impact velocity, can be written in the form:
1 21
2 2 NOTN AT
Vvi(h) = = Vip, =— | fo(h) Q(h) dh |, (6)
Q(h) { bom !
where
21 2f,h
O(h) = exp [—I fzch = exp (Lj %
ms, m

Using the condition v(H ) = 0, we obtain the equation for determining the dept of penetration
(DOP) H:

H
m
[ foh oty dh="vi,,. @®)
0
Our goal is to obtain an explicit formula for the DOP.

2. Solution of the problem

For more clarity, we consider conical-nosed impactors. In this case the equation of
impactor's generatrix is written as follows:

O(x) = tgdx, )
where U is half apex angle of the cone and
L
fo(h) =2mtg*8[ Y (h—x)xdx,  f, = mytg*Scos” L. (10)
0
Then Eq. (8) is transformed to the form:
H L
[ dn[ ax[xY (h—x)exp (k)] = kv, (11
0 0
where
m 2mytg*9cos’ 9 I
=k, =TTE . (12)
2mwtg 9 m
Taking into account that
— I,

m=nytg28L3[%+Zoj, L,= (13)

Ta

the expression for &, can be rewritten as follows:
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B 2sin’9
U LAB+L)

For function Y(z) that describes dynamic hardness Y depending on the depth of the barrier
z one can select the approximation [2] with empirical coefficients o and [3:

Y(z) =aexp(Pz) (15)

that represent quit well the possible types of behavior of dependence Y(z). Then Eq. (11)
takes the form:

(14)

H L
[exp (esh)dh [ x exp (~Bx)dx = ﬁvfmp. (16)
o
0 0
Calculating integrals in Eq. (16) we obtain the equation:
1 1-(LB+Dexp(-BL) £k
Lpexp(hyry -1 IR De P Ky (17
k, § o
which implied the solution:
He—1 1 (1+ ki), (18)
2
where
ky 2 ky
ky = T ky = (ky +B)B o ks =1=(BL+1)exp(-BL). (19)
5

In the case of homogeneous media, Y(z) = Y(0) = const, oo = Y(0) =Y, B = 0. Since
uncertainty 0/0 appears in the right side of Eq. (19) when B = 0, we use the L'Hospital
rule. Then

dk,/dp _ B2k, +3B)(k,/Y) N 2k, k,

20
dks/dB  BL* exp (-BL) Yr’ 20
and
2_1 (1+—2k1k2 v j: 173+ 1, In 1+—2YSinsz2 : 1)
L kL yr2 ™) 2sin’9 y "™

Consider penetration into a semiinfinite barrier of thickness b. The Army ballistic
limit vy, (BLV) is defined as the minimum impact velocity at which the striker reaches the
back side of the barrier [21]. Then replacing in equation (18) H by b and v,,, by v, we
obtain the explicit formula for the BLV:

W= ki[exp (b(k, +B))~1]. 22)
3

3. Concluding remarks

Further research within the framework of the developed approach is intended in the
following areas: consideration of strikers with a nose in the form of pramids and non-
conical bodies of revolution (including impactord with flat blunting); taking into account
in the model the specificity of the initial stage of penetration with incomplete immersion
of the striker in the barrier and friction between the striker and the barrier; use of other
models describing the dependence of hardness on the depth of the barrier.
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SABHAS ®OPMWIIA IJIA ITTYBUHBI IPOHUKAHUSA YIAPHUKA
C KOHUYECKOM I'OJIOBHOM YACTBIO B AHU3OTPOITHYIO ITPETPATY

Jyounckuii A.B.

Vuueepcumem um. /. ben-Iypuona ¢ Hezese, beap-ILllesa, H3pauns

O0acTh MPUMEHEHHST aHU30TPOIHBIX MAaTEPHAIOB HEYKIOHHO PACIIUPSIETCS, 9TO CTUMYIIHU-
pyeT ucciaenoBaHus B COOTBETCTBYIOIIMX o0nacTsax. [IpuMeHUTeNbHO K MEXaHUKEe TPOHUKHOBE-
HUSI 9TO MPEKAE BCETO IKCIICPUMEHTAIbHBIE HCCIEIOBAHUS MHOTOCIOMHBIX 0apbepoB, COCTOSI-
LIMX U3 [JIACTUH C PA3JIMYHBIMU MEXaHUYECKMMHU CBOMCTBAMH, KOHTAKTHPYIOLIUX APYT C APYTOM.
HecMoTpst Ha HHTEHCHBHBIE UCCIIEI0BAHNS, SBHBIC (YOPMYITBI ISl HHTETPATbHBIX XapaKTePUCTHK
MIpOHKUKaHUs (TI1yOMHA TPOHUKAHUS ¥ OAJUTMCTHYECKUI NPE/Ie) MOMyYUTh HE YIAeTCs 3a UCKITIO-
YEeHHEM CITydasi, Korzna (GaKTHUECKH MPEAIIoNaraeTces, 9To CJIOM MPOOHUBAIOTCS ITOCIEI0BATEILHO
(Gapbepbl ¢ OONBIIMMHU 3230paMU MEXK/LY CIIOSIMHU).

B crarbe momydeHs! siBHBIE (POPMYIIBI JUTS TNIYOWHBI TPOHUKAHMS B TIOTyOECKOHEUHYIO Ipe-
rpaay u ais OanauCcTUYECKOH MpeesibHONH CKOPOCTH MPOHUKAHMUS B IPErpaay KOHEYHOH TONIIH-
HBI B IPEATIONIOKEHUH, YTO TBEPAOCTH MaTepraia Oapbepa HENPEPhIBHO U3MEHSETCS B 3aBUCHMO-
CTH OT INIyOUHBI ITperpaabl. TeopeTnyecKuii aHaaIi3 0OCHOBAH Ha MOJIEIH, MTPEACTABIISIONICH HOp-
MaJIbHOE HAaNpsDKEHNE B TOUYKAX MOBEPXHOCTH MPOHHUKAIOIIETO TeJsla, KOHTAKTUPYIOMINX ¢ O0apb-
€poM, KaK KBaJpaTH4Hy0 (GYHKIHIO HOPMaJIbHOW COCTaBIISAIONICH JIOKaIbHOM CKOPOCTH yIapHUKA
C HYJICBBIM JINHEWHBIM ujieHOM (Mojienb Butmana — CrenanoBa). YUUTBIBACTCS Pa3HUIA AUHAMHU-
YECKOM TBEPJIOCTH B Pa3IMYHBIX TOUYKAX YIAPHOTO MIIM OapbepHOTO KOHTAaKTa. Takske npenonara-
eTcs, 4To Hoc Ooiika nmeeT hopMy MPSMOTO KPYIJIOTo KOHYCa M MTHOPHPYETCS HauaJlbHasl CTaIHst
MIPOHHMKAHUS, KO/l YIAPHUK HE MOJHOCTHIO MTOTPYKEH B ITPErpaiy.

Kurouesvie cnosa: ynapHuk, nperpana, 6apbep, IpoOHUKaHue, [NyOrHa, aHU30TPOTIHSI.
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