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DIAGNOSTICS OF BALLISTIC RESISTANCE
OF MULTI - LAYERED SHIELDS

In the presented work, the author describes a new diagnostic method of ballistic
resistance of multi — layered shields. The proper ballistic energy absorbed by the
shield is introduced in the form VﬁL[R] according to Recht’s and Ipson’s method,
and V[Z,L[Z] according to author’s method. The kinetic energy of the bullet m,, - V;/Z
and the momentum of force / are transferred to the shield and the dynamometer of
ballistic pendulum. They are used to determine the proper energy VIZB’L[Z] and ballistic
thickness /g of the shield. The procedure can be widened onto the absorption of the
energy by individual layers of the shield, where: AZ,"’M — the effect of n — interlayer
on proper energy absorbed by the shield. The effectiveness of the used methods is
expressed by average effectiveness coefficient S, of proper energy absorbed by the
shield V2, as well as by average mass coefficients . The ballistic shields can be
composed of different grades of metal layers and interlayer areas with well-chosen
ballistic proprieties.

The maximization of interlayer effectiveness N, and N,z as well as relative
mass effectiveness Mg, and Mz leads to optimum conditions of selection of multi
— layered shields structures.

NOMENCLATURE
AaHn’fbn — effect of n — interlayer on proper energy absorbed by the
shield, m?s~2,
E aps — ballistic energy absorbed by the shield and the bullet,
(mpL - Vi /2), kg m? s72,
E, — kinetic energy of the bullet, (m,, - V>/2), kg m* s,
hpr — ballistic thickness, m,
I — impulse of force transmitted to the dynamometer of ballistic

pendulum, N,
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mpy. — ballistic mass, kg,

m, — initial mass of the bullet, kg,

myp — residual mass of the bullet, kg,

My — residual mass of the shield, kg,

Nyry» Nnjzy — interlayer effectiveness,

M), Myz — relative mass effectiveness,

Var — ballistic velocity, ms~,

Vp — 1impact velocity of the bullet, ms~!,

V, — residual velocity of the bullet, ms™!,

VI%L — energy absorbed by the shield E,, per unit mass (2Eq,5/m)),
m? s_z,

VIZ;L[R] — proper energy absorbed by the shield according to Recht’s
and Ipson’s method, m?* s72,

VIZ;L[Z] — proper energy absorbed by the shield according to author’s
method, mzs_z,

a/s2 — average mass coeflicient,

Bs — average effectiveness coefficient of the energy absorbed by the
shield.

1. Introduction

The improvement of resistance of ballistic shields to penetration was
possible through introduction of hardened layers since the end of XIX century
[4]. Multi — layered shields consist generally of a hard layer coated on a
plastic layer, together absorbing the kinetic energy of the bullet. The ballistic
shields should comply with the following requirements in order to assure:

e the protection against specific bullets and parameters of firing;

e the integrality and functionality of the shield and the protected construc-
tion under firing;

e the minimum areal density of the shield.

In the result of investigations it has been found that basic requirement for
steel armour is its high hardness. However, there exists a nonlinear depen-
dence between the hardness and ballistic velocity Vp,. In the range of lower
hardness of sheets, ballistic velocity increases with the shield’s hardness, as
penetration of the sheet follows as the result of plastic flow of the material.
In the range of average hardness, ballistic velocity becomes smaller in the
consequence of appearance of adiabatic shear bands [15]. Ballistic shields
in the form of dual hardness clad plates (600/440) HB made it possible to
reduce ballistic thickness hp; to 8 mm and to raise mass effictiveness M
to 1.78 against 7.62 mm AP bullets [9], [13]. The effect of the steel plates
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thickness occurs for the impact velocity V), below 1000 ms~! [20]. Gen-
erally, the expansion of plastic deformations area in radial direction across
successive inclusion of consecutive layers is determined when taking into ac-
count cutting and friction on interfaces. It is connected with the increase of
ballistic velocity of the shield against simulated bullets [3]. Due to the above-
mentioned facts, the thickness of shield /g, is equal to the depth of bullet
penetration p in a very thick plate. Hitherto, many experimental works were
published to assess ballistic resistance of homogeneous and multi — layered
shields. The absorbtion of the energy by multi — layered shields changes with
the impact velocity [8], [11], [12]. Positive effect of enlarged aerial spaces
was observed also for multi — layered steel armour type MARS 190. Then,
the shield type 3 x 10S/50A/50S was introduced instead of perforated plate
80 mm thick, which gave the penetration depth of 45mm [16]. The presented
characteristics can be recommended for the design of multi — layered shields.

2. Momentum and energy conservation laws

The bullet that has the mass m, and the impact velocity V, evokes
ballistic erosion of the shield and the bullet, and causes that their residual
masses m,, and m,, escape with residual velocity V, on the line of fire.
The author introduces the following equations of momentum and energy
conservation laws

my,-V,=m,+m;) V., +1, kgms_1 (D)

m, -V m,, V2 V2]
p_"P _ BL " BL[Z] 4 m.-Vv, 4 2 , kg mZS—Z )
2 2 > oM,

where:

my,, my,, m; — initial and residual mass of the bullet and residual mass of
the shield;

Ver, Vy, V. — ballistic velocity of the shield, the impact velocity and residual
velocity of the bullet;

I — the impulse of force transmitted to the dynamometer of ballistic pendu-
lum;

M, — equivalent mass of ballistic pendulum.

The ballistic mass mp; is determined by

12

mpL = My =
p

kg (3)

when Vg, =V, and V, = 0.
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In accordance with Recht’s and Ipson’s method [14], [S] one can determine
the relationship

2y72
(mrp + mrt) Vr 2

Vi =V, - , m’s2 (4)

m2
14
Armor — piercing (AP) bullets which perforate ductile plates usually
drive very little plate material from plates. Hence, for AP bullets,
m, = m,, +m, = m, and the following equation fits the AP data very

well [1], [2], [4], [5]
Vi =V, - V2, m’s™ (5)
3. Design of ballistic multi-layered shields

In accordance with the results of investigations [1], [2], [4], [8], the
dependences (4, 5) can be used in the first approximation as the energy
absorbed by the plate during perforation of multi - layered shields. The
dependence of the energy absorbed per unit mass Vﬁ . (Vlzg LIR]> Vé 11z)) Versus
ballistic thickness of the plate /g, under normal impact can be described as

Va2, =by +by-hg +b;-hy, m’s? (6)

where: by, by, b3 — experimentally determined constants.
The proper energy VéL absorbed by metal layers of the shield with in-
terlayer areas can be expressed by

2 — 0 Hl bl H2 b2 e Hn bnfl 2.2
VL = XhlaHl +Atll,b1 +Xh2,H2 +Aa2,b2 + Yh3»H3 + +Atlmbn +th»Hn’ m’s™ (7)

where:

X}?I’Hl, x° ‘f‘l — proper energy absorbed by metal layer of the first grade;

hn,
Y ;;2 4, — Proper energy absorbed by metal layer of the second grade;

AaH:,b,, — the effect of n — interlayer on proper energy absorbed by the shield;
h,, H, — the thickness of n — metal layer and total thickness of n — metal
layers;
an, b, — the thickness of n — interlayer and total thickness of n — interlayers.
Then, the structure selection of the shield with taking into account dif-
ferent grades of metal layers and interlayer areas is possible. The solution
is obtained for multi layered shields with different air gaps [19] according
to experimental data [1]. The relationship (6) for constructional steel plates
(S1, S2) that have the yield strenght 230 MPa and 315 MPa [1] is expressed

by
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Vi, = 14496 + 12042.6hp;, +2277.74hy,, m’s™ (8)
Vi, = 35351 — 6584.09hp; +4393.63h%,, m’s™ ©

The ballistic thicknesses i, = 14.7 mm and hg; = 12.9 mm are estimat-
ed from the above equations at ballistic velocity Vg, =V, = 826.2 ms~!. In
accordance with equations (7, 8), proper energy absorbed by homogeneous
steel layers of the shield with air gaps is expressed by

Xy4+ Ago + Xig = 487°, m’s™ (10)

when X7, = 314.8%, Aj, = —109.5%, X}, = 387.4%, m*s™>.
The proper energy absorbed by heterogeneous steel layers with air gaps
is expressed by

ng + Ag,o + Yg 40 = 7847, m?s? (11)

when X¢ o = 410.72%, Yy ,> = 727.48%, and A, = —288.1%, m’s™>.
Negative values of Ag,o and Ag’o show the negative effect of the plate
division on thinner layers with air gaps of the shield. The perforation of
the shield is the basis for the above-mentioned equations (10, 11). The im-
pact processes which are terminated inside of the shield are described by
inequalities. The solution requires estimation of effects of air gaps, and this
estimation must by performed on basis of other tests. For example

X+ Agg+ Y5 o+ Ao + X, = Va, 2 V), m’s™ (12)
the solution to the inequality is received from results of tests [1], where:
Ve, =V, = 8262 ms™": XJ, = 314.8%, Ajy = -111.8%, v§,, = 7287
Aghe = —90.2°, X% = 272.6°, m*s ™.

In this case, the penetration of the last layer attains about 3.1 mm depth.
The procedure makes it possible to estimate the real ballistic thickness of the
shield. The resistance to penetration of multi-layered shields with air, glass
and sand interlayers is presented in the next sections.

4. Experimental verification of ballistic effectiveness
of constructional shields

4.1. Verification methods of ballistic resistance of constructional shields

For the purpose of further analysis, the proper energy absorbed by the
shield Vlsz[Z] is introduced, when m, = m, = mpy,
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2-1 I
2 _ 2.2
Vaiz = . -(V,, = _2m,,)’ m’s (13)

The impulse of force is transferred to the dynamometer of ballistic pen-
dulum

T
sz F(r)-dt, Ns (14)
0

where:
F(t) — the impact force registered on the dynamometer of ballistic pendulum,
T,, — the time at maximum impact force F,y-.

In the first approximation, the impact force is presented as

. -t
F(t):Fmax‘.Sm(2~Tm)’ N (15)
Then, the impulse of force I is expressed by
2 Foax. - Ty
[="—"=""" Ns (16)
Vg

One defines the mass coefficient o

o2 = L _BA a17)

1
al=--) af (18)
n k=1

The effectiveness coefficient B, of proper energy Vé ; 1s defined as

VIZS’L[R]S - VIZS’L[Z]S 19
v (19)

BL[Z]s

Bs =

The average proper energies Vé ;. are defined as

1 n
2 2 2.2
Viurs = Z Vaig> m's (20)
k=1
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and
1 n
2 _ 1 2 2.-2
ViiLizis = . Z ViLizy> m's (21)
k=1

The experimental verification of the above relationships performed on
the basis of tests, which were performed on a unified test stand to investi-
gate ballistic resistance of materials [5], [10]. The test stand is developed,
implemented and patented at the Naval University of Gdynia [6], [7]. The
stand is based on the construction of ballistic pendulum with the following
measuring characteristics: the impact velocity V,,, residual velocity V, and
the impact force F(¢) of the target against the dynamometer.

The constructional shields include double layers 6 mm thick of
AlZn5SMg2CrZr alloy that has 378 MPa yield strenght as well as shields made
of ship steel of 230 MPa yield strenght. Different structures of constructional
shields with the air, sand and crushed glass interlayers 0, 6, 12 mm thick
are tested under firing 7.62 mm LPS bullets with the impact velocity V,
above 820 ms™' [5], [10]. The energy absorbed by the shield is introduced
in general form VéL[R] according to Recht’s and Ipson’s method, and VIZSL[Z]
according to author’s method. The ballistic velocities Vg and Vprz of
double layer steel, steel — aluminium alloy and aluminium alloy shields with
air (1, 2), sand (3, 4) and glass (5, 6) interlayers 0, 6, 12 mm thick (S1, S2,
S3) are presented in Figs la, 2a and 3a. The proper energy V3, ballistic
velocity Vpy, the effectiveness coefficients S, as well as mass coefficients
o? and cxsz are veryfied according to tests results [5], [10]. The coefficients
a? — A? and S, — By of steel, steel — aluminium alloy and aluminium alloy
shields with air (1, 2), sand (3, 4) and glass gaps (5, 6) interlayers 0, 6, 12
mm thick (S1, S2, S3) are presented in Figs 4a, 5a and 6a.
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Fig. 1. Ballistic velocities Vpyr), Viriz) — (2) and the effects of interlayer on proper energy
absorbed by the shield A, Az = Aﬁl,bl — (b) of double-layer steel shields (S) with air (1, 2),
sand (3, 4), and glass (5, 6) interlayers 0, 6, 12 mm thick (S1, S2, S3)
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Fig. 2. Ballistic velocities Vg g}, Variz) — (a) and the effects of interlayer on proper energy
absorbed by the shield Ag, Ajz) = Agl’bl — (b) of steel — aluminium alloy shields (SA) with air (1,
2), sand (3, 4), and glass (5, 6) interlayers 0, 6, 12 mm thick (S1, S2, S3)
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Fig. 3. Ballistic velocities Vg r;, Variz) — (2) and the effects of interlayer on proper energy
absorbed by the shield Az, Az = Agl’bl — (b) of double-layer aluminium alloy shields (A) with
air (1, 2), sand (3, 4), and glass (5, 6) interlayers 0, 6, 12 mm thick (S1, S2, S3)
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Fig. 4. Mass coefficients asz - Af and effectiveness coefficients 8, — B; — (a) and relative mass
effectivenesses M), Mz — (b) of double-layer steel shields (S) with air (1, 2), sand (3, 4),
and glass (5, 6) interlayers 0, 6, 12 mm thick (S1, S2, S3) against steel plate (S/S)



I

www.czasopisma.pan.pl w www.journals.pan.pl

POLSKA AKADEMIA NAUK

DIAGNOSTICS OF BALLISTIC RESISTANCE OF MULTI — LAYERED SHIELDS

213

160

N
B
S

140 1)
2= 0 120
ﬁ £ 420 %E’.‘:
& o 100 | 2% 100
5 < 80 2 s 80
w
N L2 eo
w g g oF
T35 E5 40
S& 20 22
PRI 25 20
20 L)
=0 1 3 4 5 6 o o]
-40 1 2 3 4 5 6
CONFIGURATIONS SA CONFIGURATIONS SA/S
a) mSerie1 g Serie2 ] Serie3 b) mSerie1 @ Serie2 ]Serie3

Fig. 5. Mass coefficients a/f - A? and effectiveness coefficients 8, — B; — (a) and relative mass
effectivenesses Mg, Mz — (b) of steel — aluminium alloy shields (SA) with air (1, 2),
sand (3, 4), and glass (5, 6) interlayers 0, 6, 12 mm thick (S1, S2, S3) against steel plate (SA/S)
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Fig. 6. Mass coefficients o> — A% and effectiveness coefficients 8, — B, — (a) and relative mass
effectivenesses Mg;, Mz — (b) of double-layer aluminium alloy shields (A) with air (1, 2),
sand (3, 4), and glass (5, 6) interlayers 0, 6, 12 mm thick (S1, S2, S3) against aluminium alloy

plate

(ATA)

4.2. Evaluation of relative mass effectiveness of constructional shields

The mass effectiveness M of different light armours against 7.62 mm AP

bullets is best characterized by comparig their areal density, which is their
mass per unit area, with that of RHA

_ (o heL)Rua

- 22
M= ), @)

where:
(0 - hpr)rua — the areal density of rolled homogenous steel armour (RHA);
(o - hpr)x — the areal density of the x material plate, hp;, thick [12].

The mass effectiveness M differents from M), which is derived from hy-
drodynamic theory [13]. It results from the limitation of the impact velocity,
and from the influences of tensile strength and hardness of the materials.
On the other hand, the relative mass effectiveness M, of multi — layered
shields can be characterized by comparing their areal density with that of
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homogenous plate at the same areal energy (o-hpr)y - Vé ;, providing the same
degree of protection against a given threat

(o hpL) x _ Vi,

M, = =
(p ' hBL) s VI%Lx

(23)

where:

V2 V3, —proper energy absorbed by homogenous plate and constructional
shield,

(o - hpr)s — areal density of multi — layered constructional shield

k
(- hpr)s = ZP:‘ < h; (24)
i-1

where: p;, h; — the density and the thickness of i-layer.

The relative mass effectivenesses Mg and Mz of multi — layered
shields are shown in Figs 4b, 5b, 6b and 7. The selection of the shield
structure can be made taking into account the effect of interlayers on proper
energy absorbed by the shield

Al =V, (Hy +by) = Vi, (Hy + by — a,), m*s™ (25)
where: AaHn'fbn — the effect of n — interlayer on proper energy absorbed by the
shield.
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Fig. 7. Relative mass effectivenesses Mg;, Mz of steel — aluminium alloy shields with air
(1, 2), sand (3, 4), and glass (5, 6) interlayers O, 6, 12 mm thick (S1, S2, S3) against aluminium
alloy plate (SA/A)

The values Agy, Az = A21,b1 are presented in Figs 1b, 2b, 3b for multi
— layered shields. The n — interlayer effectiveness N, against proper energy
absorbed by homogenous plate takes the following form

H H
N, = Aanr,lbn _ Aan’?bn M 26
n — V2 - Vz : K ( )

BLx BLs
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Fig. 8. Interlayer effectivenesses Nyg; (1, 3, 5), Nijz; (2, 4, 6) of double-layer steel shields (S) —
(a) and aluminium alloy shields (A) — (b) configurations with air (1, 2), sand (3, 4), and glass
(5, 6) interlayers 0, 6, 12 mm thick (S1, S2, S3)
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Fig. 9. Interlayer effectivenesses Nz (1, 3, 5, 7), Nijz; (2, 4, 6, 8) of double-layer steel —
aluminium alloy shields (1, 2, 3, 4, 5, 6), aluminium alloy — steel shields (7, 8) — with air (1, 2,
7, 8), sand (3, 4), and glass (5, 6) interlayers 0, 6, 12 mm thick (S1, S2, S3) against steel plate

(SA/S) — (a) and aluminium alloy plate (SA/A) — (b) under firing 7.62 mm LPS bullets

The interlayer effectivenesses Nyg; (1, 3, 5, 7) and Nyiz; (2, 4, 6, 8) of
double layer steel, aluminium alloy and steel — aluminium alloy, and alumini-
um alloy — steel (7, 8) shields with air (1, 2, 7, 8), sand (3, 4) and glass (5, 6)
interlayers 0, 6, 12 mm thick (S1, S2, S3 ) are presented in Figs 8 and 9. The
maximization of interlayer effectiveness N, and relative mass effectivenesses
Mgy, Mgz facilitates the selection of the shield layers. The effectiveness of
methods is determined by effectiveness coefficients S, and mass coefficients
a?. The above-mentioned coefficients o and 8, for steel, steel — alumini-
um alloy and aluminium alloy shields show high differentiation of ballistic
velocities Vprg) and Vprpz; only for aluminium alloy shields. In this case,
ballistic velocity Vprjz; must be applied. The relative mass effectivenesses
Mgy and Mz attain a maximum for multi — layered steel — aluminium alloy
shields with air interlayers 0 and 12mm thick, as well as for the shield with
sand interlayer 6 mm thick. The interlayer effectivenesses Njjg; and Nz
reach a maximum for multi — layer steel — aluminium alloy shields with sand
interlayer 12 mm thick or glass interlayer 6 mm thick according to results
of firing 7.62 mm LPS bullets. Positive values of interlayer effectivenesses
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Niry and N,z for double layer steel — aluminium alloy shields, or negative
values Njg) and N[z for aluminium alloy — steel shields with air interlayers
indicate that the selection of the shield’s structure is of primary importance.
When the values of all coefficients, Njg) and Njpz), as well as Mg, and
Mz, approach maxima, one obtains optimum conditions for the selection
of multi — layered shields structures.

(1]

(2]

(3]

(4]

5. Conclusions

A new diagnostics method for determining of ballistic resistance of multi-
layered shields is described. The proper energy absorbed by the shield
is introduced in general form VIZ;L[R] according to Recht’s and Ipson’s

method and V123 11z) according to author’s method.

The absorbed kinetic energy of the bullet m,, - V§/2 and the impulse of
force I transferred to the dynamometer of ballistic pendelum are used to
determine proper energy Vé 11z and ballistic thickness A, of the shield.
The above-mentioned procedure can be widened onto the absorption of
the energy by individual layers of the shield, as well as on different grades
of metal layers and interlayer areas.

The effectiveness of the used methods to determine the proper energy Vi,
is expressed by effectiveness coefficient S, as well as by mass coefficient
o2,
The maximization of interlayer effectivenesses N,z and N,z as well as
relative mass effectiveness Mg and M,z leads to optimum conditions
for the selection of multi — layered shields strucures.

Manuscript received by Editorial Board, February 24, 2006;
final version, February 16, 2007.
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Diagnostyka odpornosci balistycznej oston wielowarstwowych
Streszczenie

W prezentowanej pracy opisano metode diagnostyki odpornosci balistycznej oston wielowarst-

wowych. Wprowadzono energi¢ wlasciwg absorbowang przez ostong w ogdlnej postaci VEL[R] zgod-
nie z metoda Recht i Ipson oraz VﬁLm zgodnie z metoda autora.

Absorpcja energii kinetycznej pocisku m,, - V§/2 i impuls sily / przenoszony do dynamometru

wahadla balistycznego pozwalaja wyznaczy¢ energie wlasciwag VéL[Z] i VéL[R] oraz grubo$¢ balisty-
czng ostony hp,.
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Przedstawiona procedura zostala rozszerzona na absorpcj¢ energii przez poszczegdlne warst-
wy oslony oraz rézne rodzaje warstw metalowych i obszary miedzywarstwowe o odpowiednio
dobranych wiasciwosciach balistycznych , gdzie: Agl’fbn — efekt n — tej miedzywarstwy na energi¢
wlasciwg absorbowana przez ostone. Efektywnos¢ uzytej metody do wyznaczenia energii wiasci-
wej V3, zostala wyznaczona przez wspétczynnik efektywnosci B, oraz wspétczynnik masowy a?.
Maksymalizacja efektywnosci miedzywarstwej N,z i Nyz; oraz wzglednej efektywnosci masowe;j
Mg 1 Mz ulatwia dobdr struktury warstw i miedzywarstw ostony

Weryfikacje metody przeprowadzono na bazie wynikéw ostrzatu oston wielowarstwowych na
opracowanym przez autora i zbudowanym w Akademii Marynarki Wojennej w Gdyni stanowisku
do badania odpornosci balistycznej materialow.



